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xiii

As with all previous editions, the tenth edition 
of Exercise Physiology: Theory and Application to 

Fitness and Performance is intended for students in-
terested in exercise physiology, clinical exercise 
physiology, human performance, kinesiology/exercise 
science, physical therapy, and physical education. The 
overall objective of this text is to provide the student 
with an up-to-date understanding of the physiology 
of exercise. Moreover, the book contains numerous 
clinical applications including exercise tests to evalu-
ate cardiorespiratory fitness and information on ex-
ercise training for improvements in health-related 
physical fitness and sports performance.

This book is intended for a one-semester, upper-
level undergraduate or beginning graduate exercise 
physiology course. Clearly, the text contains more 
material than can be covered in a single 15-week se-
mester. This is by design. The book was written to be 
comprehensive and afford instructors the freedom to 
select the material that they consider to be the most 
important for the composition of their class. Further-
more, if desired, the book could be used in a two- 
semester sequence of exercise physiology courses 
(e.g., Exercise Physiology I and II) to cover the entire 
25 chapters contained in the text.

NEW TO THIS EDITION
The tenth edition of our book has undergone major 
revisions and highlights the latest research in exercise 
physiology. Indeed, every chapter contains new and 
expanded discussions, new text boxes, new figures, up-
dated references, and contemporary suggested readings.

New Topics and Updated Content
The content of this new edition has been markedly 
updated. Specifically, each chapter has been revised 
and updated to include new and amended box 

 features, new illustrations, new research findings, and 
the inclusion of up-to-date references and suggested 
readings. The following list describes some of the sig-
nificant changes that have made the tenth edition 
more complete and up-to-date:

 ■ Chapter 0: Two new “A Look Back” features 
were added to highlight the careers of 
Elsworth Buskirk and Frances Hellebrandt.

 ■ Chapter 1: New suggested readings and 
updated references were added.

 ■ Chapter 2: Updated discussion on the role 
that heat shock proteins play in the cellular 
adaptation to stress.

 ■ Chapter 3: New illustration and box feature 
added to highlight the structure and function 
of the two subpopulations of mitochondria 
found in skeletal muscle.

 ■ Chapter 4: Several figures were upgraded 
along with the addition of a new section on 
measurement of V̇ O2 max.

 ■ Chapter 5: Numerous new and improved 
figures were added along with a new table 
highlighting hormonal changes during 
exercise. New information added on the 
impact of both growth hormone and anabolic 
steroids on skeletal muscle size and function.

 ■ Chapter 6: Update on the latest research 
findings on the impact of exercise on the 
immune system added.

 ■ Chapter 7: Expanded discussion on muscle 
sense organs (i.e., Golgi tendon organ and 
muscle spindles). New information added 
about the exceptions to the size principle. 
Further, a new section was added discussing 
how central pattern generators control 
movement during exercise. Additionally, 
Clinical Applications 7.2 was expanded 

Preface
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xiv Preface

to discuss the risk of chronic traumatic 
encephalopathy (CTE) in contact sports.

 ■ Chapter 8: Updated information on the role 
that satellite cells play in exercise-induced 
skeletal muscle hypertrophy was added. 
Further, new information on how exercise 
training alters the structure and function of 
the neuromuscular junction was included 
in this chapter. Lastly, new research on the 
cause of exercise-related skeletal muscle 
cramps was added along with a new box 
feature discussing new pharmacological 
approaches to prevent muscle cramps.

 ■ Chapter 9: Updated information on the 
prediction of maximal heart rates in older 
individuals. Expanded discussion highlighting 
new research on the regulation of muscle 
blood flow during exercise. Added a new A 
Closer Look 9.3 to discuss the impact of body 
position on stroke volume during exercise.

 ■ Chapter 10: Updated with the newest 
research findings on control of breathing during 
exercise. Also, new research on sex differences 
in breathing during exercise was also added.

 ■ Chapter 11: Several new and improved 
illustrations were added along with an 
expanded discussion on intracellular acid-base 
buffer systems. New section added about how 
buffering capacity differs between muscle 
fiber types and how exercise training impacts 
muscle buffer systems. Further, the chapter 
was improved by the addition of the latest 
information on nutritional supplements used 
to improve acid-base balance during exercise.

 ■ Chapter 12: Several new illustrations 
were added along with a discussion on the 
impact of a hot environment on exercise 
performance. Further, a box feature was added 
to discuss the influence of precooling on 
exercise performance. Lastly, the discussion of 
exercise in a cold environment was expanded 
to discuss the latest research findings.

 ■ Chapter 13: Numerous new illustrations 
were included in this greatly revised chapter 
along with the addition of two new box 
features that discuss (1) the impact of 
genetics on V̇ O2 max and (2) the influence 
of endurance exercise training on skeletal 
muscle mitochondrial volume and turnover. 
Moreover, a new section was also added 
to discuss muscle adaptations to anaerobic 
exercise. Finally, new and expanded 
information on the signaling events that lead 
to resistance training-induced muscle growth 
was included.

 ■ Chapter 14: Major revision to this chapter 
provides more focus on the importance of 
physical activity in the prevention of chronic 
diseases. Section on metabolic syndrome was 
extensively revised to include an expanded 
discussion of how physical activity and diet 
impacts the inflammation that is linked to 
chronic disease.

 ■ Chapter 15: Wide revision of the screening 
process for individuals entering a physical 
activity program along with new figures. 
Latest information regarding the new national 
standards for V̇ O2 max.

 ■ Chapter 16: Updated references and 
suggested readings.

 ■ Chapter 17: New information on ACSM’s 
physical activity recommendations for all 
special populations. New figure added on 
effect of age on V̇ O2 max along with a new 
Clinical Application box discussing physical 
activity and risk of cancer.

 ■ Chapter 18: Extensive revision to include 
new information on vitamins and minerals 
along with the new dietary guidelines for 
Americans. Widespread revision of the 
discussion on how to determine body 
composition along with a focused analysis of 
the causes and treatment for obesity.

 ■ Chapter 19: New “A Look Back” on Brenda 
Bigland-Ritchie along with an expanded 
discussion on the linkages between central 
and peripheral fatigue. Update on the role 
that free radicals play in exercise-induced 
muscle fatigue and new information on why 
Kenyan runners are often successful in long 
distance races.

 ■ Chapter 20: Chapter updated with latest 
research findings plus the addition of new 
suggested readings.

 ■ Chapter 21: Three new box features added 
to address the following: (1) What are the 
physiological limits to the enhancement of 
endurance performance?; (2) Do compression 
garments benefit athletes during competition 
and recovery from training?; and (3) Treatment 
of delayed onset muscle soreness.

 ■ Chapter 22: New illustration was added 
along with the latest research findings on the 
female athlete triad coupled with a discussion 
of the recent proposal to replace the term 
female athlete triad with new terminology.

 ■ Chapter 23: Updated information from 
the 2016 ACSM position stand on nutrition 
and performance along with an expanded 
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discussion of the benefits and problems 
associated for athletes training with low levels 
of muscle glycogen. Expanded discussion 
of protein requirements for athletes along 
with a new discussion of the importance 
of consuming carbohydrates during long 
distance endurance events.

 ■ Chapter 24: Updated discussion on the 
“Live High Train Low” training strategy. 
New recommendations for prevention and 
treatment of heat illnesses coupled with 
new information on how the WBGT Index 
fits into planning workouts in hot/humid 
environments.

 ■ Chapter 25: Latest data on the prevalence 
and use of ergogenic aids. New information 
of dietary supplements for improving 
endurance performance along with additional 
information on the impact of stretching on 
performance.

The tenth edition of Exercise Physiology: Theory and 
Application to Fitness and Performance is now available 
online with Connect, McGraw-Hill Education’s inte-
grated assignment and assessment platform. Connect 
also offers SmartBook™ for the new edition, which 
is the first adaptive reading experience proven to 
improve grades and help students study more effec-
tively. All of the title’s website and ancillary content 
is also available through Connect, including:

 ■ A test bank of quizzes covering material from 
each chapter of the book.

 ■ A full Test Bank of multiple choice questions 
that test students on central concepts and 
ideas in each chapter. Also, new to this 
edition is the classification of test question 
difficulty using Bloom’s taxonomy.

 ■ Lecture Slides for instructor use in class.
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  MUSCLE FIBER TYPES 
  Human skeletal muscle can be divided into major 
classes based on the histochemical or biochemical 
characteristics of the individual fibers. Specifically, 
muscle fibers are classified into two general catego-
ries: (1) slow, type I fibers (also called slow twitch fi-
bers) and (2) fast, type II fibers (also called fast-twitch 
fibers) (16, 18, 26, 27). Only one type of slow muscle 
fiber (type I) exists in human muscle, whereas two 
subcategories of fast, type II fibers exist: (a) type IIa 
fibers and (b) type IIx fibers. Though some muscles 
are composed of predominantly fast or slow fibers, 
most muscles in the body contain a mixture of both 
slow and fast fiber types. The percentage of the re-
spective fiber types contained in skeletal muscles 
can be influenced by genetics, blood levels of hor-
mones, and the exercise habits of the individual. 
From a practical standpoint, the fiber composition 
of skeletal muscles plays an important role in per-
formance in both power and endurance events (11, 
70). How muscle fibers are “typed” is introduced in 
A Closer Look 8.2. 

  Overview of Biochemical and Contractile 
Characteristics of Skeletal Muscle 
 Before discussing the functional characteristics of spe-
cific muscle fiber types, let’s discuss the general bio-
chemical and contractile properties of skeletal muscle 
that are important to muscle function. 

  Biochemical Properties of Muscle     The three pri-
mary biochemical characteristics of muscle that are 
important to muscle function are (1) the oxidative 
capacity, (2) the type of myosin isoform, and (3) the 
abundance of contractile protein within the fiber. The 
oxidative capacity of a muscle fiber is determined by 
the number of mitochondria, the number of capillaries 
surrounding the fiber, and the amount of myoglobin 
within the fiber. A large number of mitochondria pro-
vides a greater capacity to produce ATP aerobically. A 
high number of capillaries surrounding a muscle fiber 
ensures that the fiber will receive adequate oxygen 
during periods of contractile activity. Myoglobin is 
similar to hemoglobin in the blood in that it binds 
O 2 , and it also acts as a “shuttle” mechanism for O 2  

  A CLOSER LOOK 8.2 

How Are Skeletal Muscle Fibers Typed? 
 The relative percentage of fast or 
slow fibers contained in a particular 
muscle can be estimated by remov-
ing a small piece of muscle (via a 
procedure called a biopsy) and per-
forming histochemical analysis of the 
individual muscle cells. A common 
method uses a histochemical proce-
dure that divides muscle fibers into 
three categories based on the specific 
“isoform” of myosin found in the fi-
ber. This technique uses selective 
antibodies that recognize and “tag” 
each of the different myosin proteins 
(e.g., type I, type IIa, and type IIx) 
found in human muscle fibers. Spe-
cifically, this method involves the 
binding of a high-affinity antibody 
to each unique myosin protein. This 
technique can then identify differ-
ent muscle fibers due to color dif-
ferences across the varying muscle 
fiber types. Figure 8.11 is an exam-
ple of a muscle cross-section after 
immunohistochemical staining for a 
skeletal muscle membrane protein 

(dystrophin), as well as immunohis-
tochemical staining for type I, type 
IIa, and type IIx skeletal muscle 
fibers (9, 10, 41, 45).  

 One of the inherent problems 
with fiber typing in humans is that 
a muscle biopsy is usually performed 
on only one muscle group. Therefore, 
a single sample from one muscle is 
not representative of the entire body. 

A further complication is that a small 
sample of fibers taken from a single 
area of the muscle may not be truly 
representative of the total fiber popu-
lation of the muscle biopsied (3, 71). 
Therefore, it is difficult to make a de-
finitive statement concerning the per-
centage of muscle fiber types in the 
whole body based on the staining of a 
single muscle biopsy. 

 Figure 8.11     Immunohisto-
chemical staining of a cross-
sectional area of a skeletal 
muscle. The red staining is 
dystrophin protein, which is 
located within the membrane 
that surrounds a skeletal 
muscle fiber. The blue cells 
are type I fibers, whereas the 
green cells are type IIa fibers. 
The cells that appear black 
are type IIx muscle fibers. 
© Scott Powers
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 during intense exercise in elite athletes could occur due 
to a reduced amount of time that the RBCs spend in the 
pulmonary capillary (34). This short RBC transit time in 
the pulmonary capillaries is due to the high cardiac out-
puts achieved by these athletes during high-intensity 
exercise. This high cardiac output during high- intensity 
exercise results in the rapid movement of RBCs through 
the lung, which limits the time available for gas equi-
librium to be achieved between the lung and blood 
(30, 96, 121).      

  CONTROL OF VENTILATION 
  The precise regulation of pulmonary ventilation at 
rest and during exercise is an example of a highly 
efficient control system that maintains blood gas and 
acid-base homeostasis. Indeed, pulmonary ventilation 
(i.e., alveolar ventilation) increases during exercise in 
direct proportion to the intensity of exercise and the 
increased need for oxygen. This results in a precise 
control of arterial oxygen content, arterial carbon di-
oxide levels, and acid-base balance. Let’s begin our 
discussion of ventilatory control during exercise with 
a review of ventilatory regulation at rest. 

  Ventilatory Regulation at Rest 
 As discussed earlier, inspiration and expiration are 
produced by the contraction and relaxation of the 
diaphragm during quiet breathing, and by accessory 
muscles during exercise. Contraction and relaxation 
of these respiratory muscles are directly controlled 
by somatic motor neurons in the spinal cord. Mo-
tor neuron activity, in turn, is directly controlled by 
the respiratory control center located in the medulla 
oblongata.  

  Respiratory Control Center 
 The respiratory control center is located in the brain 
stem within two distinct areas called the medulla ob-
longata and the pons. The genesis of breathing comes 
from the firing of several clusters of neurons within 
the brain stem that serve as pacemakers. Specifically, 
the stimulus for inspiration comes from three distinct 
respiratory rhythm centers located within both the 
medulla oblongata and the pons regions of the brain 

 IN SUMMARY 
 ■    At the beginning of constant-load submaximal 
exercise, ventilation increases rapidly, followed 
by a slower rise toward a steady-state value. 
Arterial PO 2  and PCO 2  are maintained relatively 
constant during this type of exercise.  

 ■   During prolonged exercise in a hot/humid en-
vironment, ventilation “drifts” upward due to 
the influence of rising body temperature on the 
respiratory control center.  

 ■   Incremental exercise results in a linear increase 
in V̇  E  up to approximately 50% to 70% of O 2  
max; at higher work rates, ventilation begins 
to rise exponentially. This ventilatory 
inflection point is often called the  ventilatory 
threshold .  

 ■   Exercise-induced hypoxemia occurs in 40% to 
50% of elite, highly trained male and female en-
durance athletes.  

 ■   New evidence reveals that women have smaller 
airways than men, even when matched for 
lung size. This results in an increased work of 
breathing during exercise.   

  RESEARCH FOCUS 10.1 

Sex Differences in Breathing during Exercise 
 New evidence reveals that sex differ-
ences exist in anatomy of the respira-
tory system and that these anatomical 
differences impact the breathing re-
sponse to exercise. Specifically, when 
matched for age and body weight, 
women have smaller airways com-
pared to men (98). This is important 
because a smaller airway results in a 
greater resistance to airflow, which 
could limit the maximal ventilatory 
capacity during high intensity exer-
cise. Further, because women have 

smaller airways, the energy require-
ment for breathing during exercise 
is higher in women compared to 
men (41). This is significant because 
an increased work of breathing can 
accelerate the respiratory muscle fa-
tigue that occurs during prolonged 
or high-intensity exercise. Moreover, 
evidence from a growing number of 
studies suggest that elite female en-
durance athletes are more likely to 
experience exercise-induced hypox-
emia than their male counterparts 

(98). It is unclear if the increased 
incidence of exercise-induced hy-
poxemia in elite female endurance 
athletes is due to differences in air-
way diameter between the sexes. To-
gether, these data indicate that sex 
differences exist in the ventilatory 
response to exercise and this could 
impact the cardiopulmonary response 
to exercise. For more details on sex 
differences in the pulmonary system, 
please see Sheel et al. (2016) in the 
suggested reading list. 
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after the first exposure (51, 70) (Fig. 12.13). A brief 
discussion of each of these physiological adaptations 
follows.   

 Heat acclimation results in a 10% to 12% increase 
in plasma volume (17, 67). This increased plasma vol-
ume maintains central blood volume, stroke volume, 
and sweating capacity, and allows the body to store 
more heat with a smaller temperature gain. 

 A key aspect of heat acclimation is an earlier on-
set of sweating and an increase in the sweat rate. An 
earlier onset of sweating simply means that sweating 
begins rapidly after the commencement of exercise; 
this translates into less heat storage at the  beginning 
of exercise and a lower core temperature. In addition, 
heat acclimation can increase the sweating capacity 
almost threefold above the rate achievable prior to 

  ASK THE EXPERT 12.1 

Exercise Performance in a Hot Environment 
Questions and Answers with Dr. Michael Sawka 

    Michael Sawka, Ph.D.,  
 is Professor of  Applied 
Physiology at the Georgia 
Institute of Technology.  

  Dr. Sawka is an inter-
nationally recognized 
expert in both exercise 
physiology and environ-
mental stress. Indeed, 
Dr. Sawka has authored 
more than 200 highly 

regarded research studies related to both ex-
ercise and environmental physiology. In partic-
ular, Dr. Sawka and his team have performed 
many studies investigating the impact of a hot 
environment on exercise performance.  

  In this box feature, Dr. Sawka addresses 
three important questions related to exercise 
performance in the heat.  

  QUESTION : Your work has established 
that environmental heat stress has a 
negative impact on aerobic exercise 
performance. However, how does 
heat stress impact performance 
in team sports, such as soccer or 
American football? 

  ANSWER : The performance of a team is 
dependent upon the performance 
of the individual athletes. If the in-
dividual athlete’s performance is im-
paired, then it is likely the team’s 
performance will also be suboptimal. 
In addition, team sports are greatly 
dependent upon both cohesion and 
decision making, and there is evi-
dence that heat stress and dehydra-
tion can degrade cognitive function, 
which will have a negative impact on 
decision making and team cohesion. 

  QUESTION : Your group has extensively 
studied the mechanism(s) to explain 

why environmental heat stress im-
pairs aerobic exercise performance. 
What are the primary explanations 
as to why a hot environment im-
pairs aerobic performance? 

  ANSWER : Heat stress impairs aerobic ex-
ercise performance because of two 
primary reasons: (1) cardiovascular 
strain needed to support high skin 
blood flow, and (2) dehydration, 
which reduces plasma volume and 
thus increases cardiovascular strain. 
During exercise in a hot environ-
ment, the high skin blood flow and 
reduced plasma volume both act to 
reduce venous pressure and thus re-
duce cardiac filling. Despite a com-
pensatory increase in heart rate and 
contractility, stroke volume will 
usually decline and thus make it 
difficult to maintain blood pressure 
and to sustain adequate blood flow 
to skeletal muscle and the brain. In 
addition, thermal discomfort and 
perceived exertion are elevated. The 
net effect is that heat stress degrades 
maximal aerobic power and that any 
submaximal work rate is performed 
at a greater relative work rate (i.e., 
percent of maximal aerobic power), 
which also increases perception of ef-
fort. Further, heat stress alters skeletal 
muscle metabolism (increased glyco-
gen use and lactate accumulation) 
and may modify central nervous sys-
tem function, which can contribute 
to impaired exercise performance. 

  QUESTION : Strong evidence indicates 
that heat acclimation improves exer-
cise tolerance in hot environments. 
However, are there other strategies 
(e.g., precooling or  hyperhydration) 

that athletes can utilize to improve 
aerobic performance in a hot envi-
ronment? 

  ANSWER : By far the most effective 
strategies to sustain performance 
during heat stress are to achieve 
heat acclimation and maintain ad-
equate hydration. In addition, heat 
acclimation has recently been dem-
onstrated to confer benefits to im-
prove aerobic exercise performance 
in temperate environments. There 
is some evidence that precooling 
and hyperhydration can improve 
performance in a hot environment, 
but in my opinion their benefits 
are marginal and if improperly used 
might be counterproductive. 

 Hyperhydration can result in 
a small increase in blood volume 
and slightly delay developing de-
hydration; together, these changes 
help to support the cardiovascular 
system during exercise in a hot 
environment. Nonetheless, these 
benefits are marginal and, depend-
ing upon the methods employed, 
hyperhydration could increase the 
likelihood of hyponatremia (i.e., low 
blood sodium levels), discomfort as-
sociated with increased urine out-
put, or elevated risk of headache. 

 Precooling allows body tempera-
ture (skin and core) to be lower at 
the beginning of exercise, but the 
small benefits demonstrated in lab-
oratory studies may be lost in real-
life competition when athletes are 
exposed to the hot environment for 
a significant period before initiating 
competition. In addition, overcool-
ing the skeletal muscles might ini-
tially impair muscle performance. 

Courtesy of 
Dr. Michael 
Sawka
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 Let’s discuss the resting membrane potential in 
more detail. Cellular proteins, phosphate groups, and 
other nucleotides are negatively charged (anions) and 
are fixed inside the cell because they cannot cross 
the cell membrane. Because these negatively charged 
molecules are unable to leave the cell, they attract 
positively charged ions (cations) from the extracellu-
lar fluid. This results in an accumulation of a net posi-
tive charge on the outside surface of the membrane 
and a net negative charge on the inside surface of the 
membrane. 

 The magnitude of the resting membrane poten-
tial is primarily determined by two factors: (1) the 
permeability of the cell membrane to different ions 
and; (2) the difference in ion concentrations between 
the intracellular and extracellular fluids (64). Al-
though numerous intracellular and extracellular ions 
exist, sodium, potassium, and chloride ions are pres-
ent in the greatest concentrations and therefore play 
the most important role in generating the resting 
membrane potential (64). The intracellular (inside the 
cell) and extracellular (outside the cell) concentra-
tions of sodium, potassium, chloride, and calcium are 
illustrated in Figure 7.6. Notice that the concentra-
tion of sodium is much greater on the outside of the 
cell, whereas the concentration of potassium is much 
greater on the inside of the cell. For comparative 
purposes, the intracellular and extracellular concen-
trations of calcium and chloride are also illustrated 
(Fig. 7.6).    

 The permeability of the neuron membrane to po-
tassium, sodium, and other ions is regulated by pro-
teins within the membrane that function as channels 
that can be opened or closed by “gates” within the 
channel. This concept is illustrated in Figure 7.7. No-

tice that ions can move freely across the cell mem-
brane when the channel is open, whereas closure 
of the channel gate prevents ion movement. A key 
point to remember is that when channels are open, 
ions move from an area of high concentration toward 
an area of low concentration. Therefore, because the 
concentration of potassium (+ charge) is high inside 
the cell and the concentration of sodium (+ charge) 
is high outside the cell, a change in the membrane’s 
permeability to either potassium or sodium would 
result in a movement of these charged ions down 
their concentration gradients. That is, sodium would 

K+

Cl–

Ca2+

Intracellular fluid
concentrations

Extracellular fluid
concentrations

12 mM

150 mM

9 mM

0.0001 mM

145 mM

5 mM

125 mM

2.5 mM

Na+

 Figure 7.6     Concentrations of ions across a typical cell 
membrane. Although the body contains many different 
ions, sodium (Na+), potassium (K+), and chloride (Cl–)
ions exist in the largest concentrations and therefore 
play the most important roles in determining the rest-
ing membrane potential in cells. 

  CLINICAL APPLICATIONS 7.1 

Benefits of Exercise Training in Multiple Sclerosis 
 Multiple sclerosis (MS) is a neurologi-
cal disease that progressively destroys 
the myelin sheaths of axons in mul-
tiple areas of the central nervous sys-
tem. Although the exact cause of MS 
is not known, the MS-mediated de-
struction of myelin has an inherited 
(i.e., genetic) component and is due to 
an immune system attack on myelin. 
Destruction of the myelin sheath pro-
hibits the normal conduction of nerve 
impulses, resulting in a progressive 
loss of nervous system function. The 
pathology of MS is characterized by 
general fatigue, muscle weakness, poor 

motor control, loss of balance, and 
mental depression (62). Therefore, pa-
tients with MS often have difficulties 
in performing activities of daily living 
and suffer from a low quality of life. 

 Although there is no known cure 
for MS, growing evidence indicates 
that regular exercise, including both 
endurance and resistance exercise, 
can improve the functional capacity of 
patients suffering from this neurologi-
cal disorder (60, 62–63). For example, 
studies reveal that MS patients engag-
ing in a regular exercise program ex-
hibit increased muscular strength and 

endurance, resulting in an improved 
quality of life (9, 60). Importantly, 
regular exercise may also reduce the 
mental depression associated with 
MS (60, 62). However, because of lim-
ited research, the amount and types 
of exercise that provide the optimum 
benefit for MS remains unclear (1). 
Nonetheless, two recent reviews have 
discussed an evidence-based guide-
line for physical activity in adults 
with MS. See Latimer-Cheung et al. 
(2013) along with Motl and Sandroff 
(2015) in the suggested reading list 
for details. 
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  THE WINNING EDGE 11.1 

Exercise Physiology Applied to Sports 

  Nutritional Supplements to Buffer 
Exercise-Induced Acid-Base 
Disturbances and Improve Performance 
 Because intramuscular acidosis is asso-
ciated with muscle fatigue, numerous 
studies have explored nutritional sup-
plements to increase buffering capacity 
in hopes of improving athletic perfor-
mance during high-intensity exercise. 
Indeed, it appears that supplements 
including sodium bicarbonate, sodium 
citrate, and beta-alanine have the po-
tential to improve buffering capacity 
and enhance exercise performance dur-
ing, high-intensity exercise. Let’s discuss 
these supplement strategies to improve 
muscle buffering capacity in more detail. 

  Sodium bicarbonate.   Bicarbonate is 
a buffer that plays an important role in 
maintaining both extracellular and intra-
cellular pH, despite its inability to freely 
cross the muscle membrane (i.e., sarco-
lemma). Although controversy exists 
(2), many studies conclude that perfor-
mance during high-intensity exercise is 
improved when athletes ingest sodium 
bicarbonate prior to exercise (6, 7, 26, 
30–32, 34, 37, 40). Specifically, results 
from numerous studies reveal that boost-
ing the blood-buffering capacity by in-
gestion of sodium bicarbonate increases 
time to exhaustion during high-intensity 
exercise (e.g., 80% to 120% V̇ O 2  max). For 
example, a recent survey of the scientific 
literature reveals that sodium bicarbon-
ate is effective in improving a 60-second 
“all out” exercise bout by approximately 
2% (5). Further, laboratory studies em-
ploying repeated bouts of high-intensity 
exercise (i.e., >100% V̇ O 2  max) have re-
ported that ingestion of sodium bicar-
bonate prior to exercise can enhance 
performance by more than 8% (18). In 
addition to these laboratory studies, evi-
dence exists that sodium bicarbonate is 
also beneficial to sport performance in 
activities where the metabolic demands 
are primarily anaerobic, such as judo, 
swimming, and water polo (18). 

 It appears that sodium bicarbonate 
improves physical performance by 
increasing the extracellular buffering 
capacity, which, in turn, increases the 
transport of hydrogen ions out of the 
muscle fibers (38). This would reduce 
the interference of hydrogen ions on 

muscle ATP production and/or the 
contractile process itself. 

 In deciding whether to use sodium 
bicarbonate prior to a sporting event, 
an athlete should understand the 
risks associated with this decision. 
Ingestion of sodium bicarbonate in 
the doses required to improve blood-
buffering capacity can cause gastroin-
testinal problems, including diarrhea 
and vomiting (7, 37).  

  Sodium Citrate.   Similar to sodium 
bicarbonate, sodium citrate is another 
agent capable of increasing extracellu-
lar buffering capacity (18). The question 
of whether ingestion of sodium citrate 
can improve exercise performance dur-
ing high-intensity exercise remains 
controversial because experimental 
results are often inconsistent. Nonethe-
less, a review of the research literature 
suggests that although low doses of 
sodium citrate does not improve per-
formance, ingestion of high doses of so-
dium citrate (i.e., >0.5 grams/kilogram 
body weight) improves performance 
during high-intensity cycling exercise 
lasting 120 to 240 seconds (18). 

 Unfortunately, similar to sodium bi-
carbonate, ingestion of high doses of so-
dium citrate can produce undesired side 
effects such as nausea, gastrointestinal 
discomfort, and headaches. Therefore, 
before deciding whether to use sodium 
citrate prior to competition, athletes 
should consider the negative side effects 
associated with the use of sodium citrate.  

  Beta-alanine.   Recent evidence 
suggests that supplementation with 
beta-alanine can play a beneficial 
role in protecting against exercise-
induced acidosis and improve perfor-
mance during short, high-intensity 
exercise (39). Beta-alanine is a non-
essential amino acid produced in the 
liver, gut, and kidney. However, fast-
ing blood levels of beta-alanine are 
low indicating that endogenous syn-
thesis of this amino is limited. 

 The link between beta-alanine and 
protection against acidosis is linked 
to the fact that beta-alanine is an im-
portant precursor for the synthesis 
of carnosine in skeletal muscle. As 
discussed in the text, carnosine is a 

small molecule (dipeptide) found in 
the cytoplasm of excitable cells (i.e., 
neurons, skeletal and cardiac muscle 
fibers) (18). Carnosine has several 
important physiological functions 
including the ability to buffer hydro-
gen ions and protect against exercise-
induced decreases in cellular pH (18). 

 The availability of beta-alanine is the 
rate limiting factor for carnosine syn-
thesis in muscle fibers. However, sup-
plementation (2 to 3 grams/day) with 
beta-alanine for >2 weeks results in a 
60% to 80% increase in muscle carnosine 
levels. Importantly, this increase in mus-
cle carnosine levels is associated with 
a 3% to 5% increase in muscle buffer-
ing capacity (18). Theoretically, this in-
crease in intracellular buffering capacity 
could translate into improvements in 
performance during high-intensity ex-
ercise. In this regard, growing evidence 
suggests that beta-alanine supplemen-
tation improves high-intensity exercise 
performance in both running and cy-
cling events lasting 1 to 4 minutes (18). 
Interestingly, some of these studies 
have recorded performance improve-
ments of 12% to 14% (18). 

 The only known side effect of 
beta-alanine supplementation is par-
aesthesia (tingling of the skin); this 
sensation begins within 20 minutes 
after ingestion and lasts up to 60 
minutes (18). Although harmless, par-
aesthesia is unpleasant and, several 
investigations have reported that par-
aesthesia can be avoided by stagger-
ing dosing throughout the day (18).  

  Final words of caution on use of 
“supplement buffers” to improve 
exercise performance.   Regardless of 
the type of buffer ingested, extremely 
large doses of any buffer can result in se-
vere alkalosis and pose negative health 
consequences. Another important con-
sideration in the use of any ergogenic 
aid is the legality of the drug. In regard 
to the use of acid-base buffers, some 
sports regulatory agencies have banned 
the use of sodium buffers during com-
petition. See Sahlin (2014) and Junior 
et al. (2015) in Suggested Readings for 
detailed information about the possible 
ergogenic effects of sodium bicarbon-
ate, sodium citrate, and beta-alanine.   
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 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

1. Describe the scope of exercise physiology as a 
branch of physiology.

2. Describe the influence of European scientists 
on the development of exercise physiology.

3. Name the three Nobel Prize winners whose 
research work involved muscle or muscular 
exercise.

4. Describe the role of the Harvard Fatigue 
Laboratory in the history of exercise physiology 
in the United States.

5. Describe factors influencing physical fitness in 
the United States over the past century.

6. List career options for students majoring in 
exercise science or kinesiology.

Introduction to Exercise 
Physiology

0
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  Chapter Zero Introduction to Exercise Physiology 3

Does one need to have a “genetic gift” of speed to 
be a world-class runner, or is it all due to train-

ing? What happens to your heart rate when you take 
an exercise test that increases in intensity each min-
ute? What changes occur in your muscles as a result 
of an endurance-training program that allows you to 
run at faster speeds over longer distances? What fuel— 
carbohydrate or fat—is most important when running 
a marathon? Research in exercise physiology provides 
answers to these and similar questions.

Physiology is the study of the function of tissues 
(e.g., muscle, nerve), organs (e.g., heart, lungs), and 
systems (e.g., cardiovascular). Exercise physiology ex-
tends this to evaluate the effect of a single bout of 
exercise (acute exercise) and repeated bouts of exer-
cise (i.e., training programs) on these tissues, organs, 
and systems. In addition, the responses to acute exer-
cise and training may be studied at high altitude or 
in extremes of heat and humidity to determine the 
impact of these environmental factors on our abil-
ity to respond and adapt to exercise. Finally, studies 
are conducted on young and old individuals, both 
healthy and those with disease, to understand the 
role of exercise in the prevention of or rehabilitation 
from various chronic diseases.

Consistent with this perspective, we go beyond 
simple statements of fact to show how information 
about the physiology of exercise is applied to the pre-
vention of and rehabilitation from coronary heart dis-
ease, the performances of elite athletes, and the ability of 
a person to work in adverse environments such as high 
altitudes. The acceptance of terms such as sports physi-
ology, sports nutrition, and sports medicine is evidence of 
the growth of interest in the application of physiology 
of exercise to real-world problems. Careers in athletic 
training, personal-fitness training, cardiac rehabilitation, 
and strength and conditioning, as well as the traditional 
fields of physical therapy and medicine, are of interest 
to students studying exercise physiology. We will ex-
pand on career opportunities later in the chapter.

In this chapter, we provide a brief history of exer-
cise physiology to help you understand where we have 
been and where we are going. In addition, throughout 
the text a variety of scientists and clinicians are high-
lighted in a historical context as subject matter is pre-
sented (i.e., muscle, cardiovascular responses, altitude). 
We hope that by linking a person to a major accom-
plishment within the context of a chapter, history will 
come alive and be of interest to you.

BRIEF HISTORY OF  
EXERCISE PHYSIOLOGY
The history of exercise physiology represents a global 
perspective involving scientists from many different 
countries. In this section, we begin with the impact 
European scientists have had on the development of 
exercise physiology. We then describe the role of the 
Harvard Fatigue Laboratory in the growth of exercise 
physiology in this country.

European Heritage
A good starting place to discuss the history of exercise 
physiology in the United States is in Europe. Three sci-
entists, A. V. Hill of Britain, August Krogh of Denmark, 
and Otto Meyerhof of Germany, received Nobel Prizes 
for research on muscle or muscular exercise (13). Hill 
and Meyerhof shared the Nobel Prize in Physiology or 
Medicine in 1922. Hill was recognized for his precise 
measurements of heat production during muscle contrac-
tion and recovery, and Meyerhof for his discovery of the 
relationship between the consumption of oxygen and the 
measurement of lactic acid in muscle. Hill was trained as a 
mathematician before becoming interested in physiology. 
In addition to his work cited for the Nobel Prize, his stud-
ies on humans led to the development of a framework 
around which we understand the physiological factors re-
lated to distance-running performance (6) (see Chap. 19).

A B C

A. Archibald V. Hill, B. August Krogh, C. Otto F. Meyerhof

(A) © Lafayette/Hulton Archive/Getty Images; (B) © Underwood And Underwood/LIFE Images Collection/Getty Images; (C) © Ullstein Bild/Getty Images
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4 Section One Physiology of Exercise

Although Krogh received the Nobel Prize for his 
research on the function of capillary circulation, he had 
a major impact on numerous areas of investigation. Fur-
thermore, like many productive investigators, his influ-
ence was due not only to his own work but to that of 
his students and colleagues as well. Krogh’s collabora-
tion with Johannes Lindhard resulted in classic studies 
dealing with carbohydrate and fat metabolism during 
exercise, and how the cardiovascular and respiratory 
systems’ responses are controlled during exercise (4). 
Three students in Krogh’s lab,  Erling  Asmussen, Erik 
Hohwü-Christensen, and  Marius Nielsen (called “the 
three musketeers” by Krogh), had a major impact on ex-
ercise physiology research throughout the middle of the 
twentieth century. These investigators, in turn, trained 
a number of outstanding physiologists, several of whom 
you will meet throughout this text. The August Krogh 
Institute in Denmark contains some of the most promi-
nent exercise physiology laboratories in the world. Marie 
Krogh, his wife, was a noted scientist in her own right 
and was recognized for her innovative work on measur-
ing the diffusing capacity of the lung. We recommend 
the biography of the Kroghs written by their daugh-
ter, Bodil Schmidt-Nielsen (see Suggested Readings), for 
those interested in the history of exercise physiology.

Several other European scientists must also be 
mentioned, not only because of their contributions to 
the exercise physiology but also because their names 
are commonly used in a discussion of exercise physiol-
ogy. J. S. Haldane did some of the original work on the 
role of CO2 in the control of breathing. Haldane also de-
veloped the respiratory gas analyzer that bears his name 
(16). C. G. Douglas did pioneering work with Haldane in 
the role of O2 and lactic acid in the control of breathing 
during exercise, including some work conducted at var-
ious altitudes. The canvas-and-rubber gas collection bag 

used for many years in exercise physiology laboratories 
around the world carries Douglas’s name. A contempo-
rary of Douglas,  Christian Bohr of Denmark, did the clas-
sic work on how O2 binds to hemoglobin. The “shift” in 
the oxygen–hemoglobin dissociation curve due to the 
addition of CO2 bears his name (see Chap. 10). Interest-
ingly, it was Krogh who did the actual experiments that 
 enabled Bohr to describe his famous “shift” (4, 16).

Harvard Fatigue Laboratory
A focal point in the history of exercise physiology in the 
United States is the Harvard Fatigue Laboratory. Profes-
sor L. J. Henderson organized the laboratory within the 
Business School to conduct physiological research on 
industrial hazards. Dr. David Bruce Dill was the research 
director from the time the laboratory opened in 1927 
until it closed in 1947 (19).  Table 0.1 shows that the 
scientists conducted  research in  numerous areas, in the 
laboratory and in the field, and the results of those early 
studies have been supported over the years. Dill’s clas-
sic text, Life, Heat, and Altitude (15), is a recommended 
reading for any student of exercise and environmental 
physiology. Much of the careful and precise work of 
the laboratory was conducted using the now-classic 
Haldane analyzer for respiratory gas analysis and the 
van Slyke apparatus for blood-gas analysis. The  advent 
of computer-controlled  equipment in the 1980s has 

IN SUMMARY
 ■ A. V. Hill, August Krogh, and Otto Meyerhof 
received the Nobel Prize for work related to 
muscle or muscular exercise.

 ■ Numerous European scientists have had a major 
impact on the field of exercise physiology.

David Bruce Dill
The “three musketeers”: From left to right: Erling Asmussen, Erik 
Hohwü-Christensen, and Marius Nielsen
Courtesy of The Physiological Society Courtesy of American College of Sports Medicine
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  Chapter Zero Introduction to Exercise Physiology 5

made data collection easier but has not improved on 
the accuracy of measurement (see Fig. 0.1).

The Harvard Fatigue Laboratory attracted doctoral 
students as well as scientists from other countries. 
Many of the alumni from the laboratory are recognized 
in their own right for excellence in research in the 
physiology of exercise. Two doctoral students, Steven 

Horvath and Sid Robinson, went on to distinguished 
careers at the Institute of Environmental Stress in 
Santa Barbara and Indiana University, respectively.

Foreign “Fellows” included the “three musketeers” 
mentioned in the previous section (E.  Asmussen, E. 
 Hohwü-Christensen, and M. Nielsen) and the Nobel Prize 
winner August Krogh. These scientists brought new 
ideas and technology to the lab, participated in labora-
tory and field studies with other staff members, and pub-
lished some of the most important work in the exercise 
physiology between 1930 and 1980. Rudolfo  Margaria, 
from Italy, went on to extend his classic work on oxygen 
debt and described the energetics of locomotion. Peter 
F. Scholander, from Norway, gave us his chemical gas 
analyzer that is a primary method of calibrating tank gas 
used to standardize electronic gas analyzers (19).

In summary, under the leadership of Dr. D. B. 
Dill, the Harvard Fatigue Laboratory became a model 
for research investigations into exercise and environ-
mental physiology, especially as it relates to humans. 
When the laboratory closed and the staff dispersed, 
the ideas, techniques, and approaches to scientific 
inquiry were distributed throughout the world, and 
with them, Dill’s influence in the area of environmen-
tal and exercise physiology. Dr. Dill continued his re-
search outside Boulder City, Nevada, into the 1980s. 
He died in 1986 at the age of 93.

Progress toward understanding any issue in ex-
ercise physiology transcends time, national origin, 
and scientific training. Solutions to difficult ques-
tions require the interaction of scientists from di-
verse disciplines and professions such as physiology, 
biochemistry, molecular biology, and medicine. We 
recommend Exercise  Physiology—People and Ideas (see 
the Suggested Readings) to further your understand-
ing of important historical connections. In this book, 
internationally known scientists provide a historical 
treatment of a number of important issues in exercise 

TABLE 0.1 Active Research Areas in the 
Harvard Fatigue Laboratory

Metabolism
Maximal oxygen uptake
Oxygen debt
Carbohydrate and fat metabolism during  

long-term work
Environmental physiology

Altitude
Dry and moist heat
Cold

Clinical physiology
Gout
Schizophrenia
Diabetes

Aging
Basal metabolic rate
Maximal oxygen uptake
Maximal heart rate

Blood
Acid–base balance
O2 saturation: role of PO2, PCO2, and carbon  

monoxide
Nutrition assessment techniques
Vitamins
Foods

Physical fitness
Harvard Step Test

Figure 0.1 Comparison of old and new technology used to measure oxygen consumption and carbon dioxide  
production during exercise. (Right: COSMED.)

(LEFT) © Ullstein Bild/Getty Images; (RIGHT) Photo courtesy of www.cosmed.com
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6 Section One Physiology of Exercise

physiology, with an emphasis on the cross-continent 
flow of energy and ideas. We highlight several scien-
tists and clinicians with our “Ask the Expert” boxes 
throughout the text, both to introduce them to you 
and for them to share their  current ideas. In addition, 
A Look Back—Important People in Science is used to 
recognize well-known scientists who have influenced 
our understanding of exercise physiology. In this con-
text, you will get to know those who have gone be-
fore and those who are currently leading the charge.

PHYSIOLOGY, PHYSICAL 
FITNESS, AND HEALTH
Physical fitness is a popular topic today, and its 
popularity has been a major factor in motivating col-
lege students to pursue careers in physical educa-
tion, exercise physiology, health education, nutrition, 

physical therapy, and medicine. In 1980, the Public 
Health Service listed “physical fitness and exercise” 
as one of 15 areas of concern related to improving 
the country’s overall health (32). This was far from a 
new idea. Similar interests and concerns about phys-
ical fitness existed in this country more than 100 
years ago. Between the Civil War and the First World 
War (WWI), physical education was  primarily con-
cerned with the development and maintenance of 
fitness, and many of the leaders in physical education 
were trained in medicine (14) (p. 5). For example,  
Dr. Dudley Sargent, hired by Harvard University in 
1879, set up a physical training program with indi-
vidual exercise prescriptions to improve a person’s 
structure and function to achieve “that prime physi-
cal condition called fitness—fitness for work, fitness 
for play, fitness for anything a man may be called 
upon to do” (35) (p. 297).

Sargent, D., Physical Education. Boston,  
MA: Ginn and Company, 1906.

Dr. Sargent was clearly ahead of his time in pro-
moting health-related fitness. Later, war became a pri-
mary force driving this country’s interest in physical 
fitness. Concerns about health and fitness were raised 
during WWI and WWII when large numbers of draft-
ees failed the induction exams due to mental and phys-
ical defects (18) (p. 407). These concerns influenced 
the type of physical education programs in the schools 
during these years, making them resemble premilitary 
training programs (40) (p. 484). Interestingly, whereas 
stunted growth and being underweight were major 

A. Steven Horvath, B. Dudley Sargent

A B

IN SUMMARY
 ■ The Harvard Fatigue Laboratory was a focal 
point in the development of exercise physiol-
ogy in the United States. Dr. D. B. Dill directed 
the laboratory from its opening in 1927 until 
its closing in 1947. The body of research in ex-
ercise and environmental physiology produced 
by the scientists in that laboratory formed the 
foundation for new ideas and experimental 
methods that still influence us today.

(A) Courtesy of Steven Horvath; (B) Library of Congress [LC-B2- 1121-5]

pow70456_ch00_001-015.indd   6 1/16/17   12:18 PM



  Chapter Zero Introduction to Exercise Physiology 7

reasons for rejecting military recruits in WWII, obesity 
is the major cause for rejecting recruits today (see “Still 
Too Fat to Fight” at http://www.missionreadiness.
org/2012/still-too-fat-to-fight/).

The present interest in physical activity and 
health was stimulated in the early 1950s by two major 
findings: (1) autopsies of young soldiers killed during 
the Korean War showed that significant coronary ar-
tery disease had already developed and (2) Hans Kraus 
showed that American children performed poorly on 
a minimal muscular fitness test compared to Euro-
pean children (40) (p. 516). Due to the latter finding, 
President Eisenhower initiated a conference in 1955 
that resulted in the formation of the President’s Coun-
cil on Youth Fitness. The American Association for 
Health, Physical Education, and Recreation (AAHPER) 
supported these activities and in 1957 developed the 
AAHPER Youth Fitness Test with national norms to 
be used in physical education programs throughout 
the country. Before he was inaugurated, President 
Kennedy expressed his concerns about the nation’s 
fitness in an article published in Sports Illustrated, 
called “The Soft American” (24):

For the physical vigor of our citizens is one of 
America’s most precious resources. If we waste 
and neglect this resource, if we allow it to dwin-
dle and grow soft, then we will destroy much of 
our ability to meet the great and vital challenges 
which confront our people. We will be unable 
to realize our full potential as a nation.

Kennedy, J., “The Soft American,” Sports Illustrated,  
13, pp. 14–17, 1960.

During Kennedy’s term, the council’s name was 
changed to the “President’s Council on Physical Fit-
ness” to highlight the concern for fitness. The name 
was changed again in the Nixon administration to the 
“President’s Council on Physical Fitness and Sports,” 
which supported fitness not only in schools but also 
in business, industry, and for the general public. The 
name was most recently changed by President Obama 
to the “President’s Council on Fitness, Sports, & Nutri-
tion” to focus more attention on the obesity epidemic 
(see www.fitness.gov). Items in the Youth Fitness 
Test were changed over the years, and in 1980, the 
American Alliance for Health, Physical Education, Rec-
reation, and Dance (AAHPERD) published a separate 
Health-Related Physical Fitness Test Manual (1) to dis-
tinguish between “performance testing” (e.g., 50-yard  
dash) and “fitness testing” (e.g.,  skinfold thickness). 
This health-related test battery is consistent with 
the direction of lifetime fitness programs, being con-
cerned with obesity, cardiorespiratory fitness, and 
low-back function. A parallel fitness test, Fitnessgram, 
was developed by The Cooper Institute in 1982, in-
cluding software to support the scoring and printing 

of reports (see https://www.cooperinstitute.org/
youth/fitnessgram). The President’s Council now 
recommends that the Fitnessgram be used to evalu-
ate fitness in children. For readers interested in the 
history of fitness testing in schools, we recommend 
Morrow et al.’s review in the Suggested Readings.

Paralleling this interest in the physical fitness 
of youth was the rising concern about the death 
rate from coronary heart disease in the middle-aged 
 American male population. Epidemiological studies 
of the health status of the population underscored 
the fact that degenerative diseases related to poor 
health habits (e.g., high-fat diet, smoking, inactivity) 
were responsible for more deaths than the classic 
infectious and contagious diseases. In 1966, a major 
symposium highlighted the need for more research 
in the area of physical activity and health (33). In 
the 1970s, there was an increase in the use of exer-
cise tests to diagnose heart disease and to aid in the 
prescription of exercise programs to improve cardio-
vascular health. Large corporations developed “execu-
tive” fitness programs to improve the health status of 
that high-risk group. While most Americans are now 
familiar with such programs and some students of ex-
ercise physiology seek careers in “corporate fitness,” 
such programs are not new. In fact, as early as 1923, 
textbooks such as McKenzie’s Exercise in Education and 
Medicine (27) showed businessmen participating in 
a dance exercise class. In short, the idea that regular 
physical activity is an important part of a healthy 
lifestyle was “rediscovered.” If any questions remained 
about the importance of physical activity to health, 
the publication of the Surgeon General’s Report in 
1996 and the appearance of the first U.S. Physical 
Activity Guidelines in 2008 put them to rest (see “A 
Closer Look 0.1”).

IN SUMMARY
 ■ Fitness has been an issue in this country from 
the latter part of the nineteenth century until 
the present. War, or the threat of war, exerted 
a strong influence on fitness programs in the 
public schools. In WWII, being underweight 
and small of stature were major reasons for 
rejecting military recruits; today, obesity is a 
major cause for rejection.

 ■ Recent interest in fitness is related to the grow-
ing concern over the high death rates from 
disease processes that are attributable to pre-
ventable factors, such as poor diet, lack of exer-
cise, and smoking. Government and professional 
organizations have responded to this need by 
educating the public about these problems.

 ■ Schools use health-related fitness tests, such as the 
Fitnessgram, to evaluate a child’s physical fitness.
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8 Section One Physiology of Exercise

PHYSICAL EDUCATION  
TO EXERCISE SCIENCE  
AND KINESIOLOGY
Undergraduate academic preparation in physical edu-
cation has changed over the past five decades to re-
flect the explosion in the knowledge base related to 
the physiology of exercise, biomechanics, and exercise 
prescription. This occurred at a time of a perceived re-
duced need for school-based physical education teach-
ers and an increased need for exercise professionals in 
the preventive and clinical settings. These factors, as 
well as others, led some college and university depart-
ments to change their names from Physical Education 
to Exercise Science or Kinesiology. This trend is likely 
to continue as programs move further away from tra-
ditional roots in education and become integrated 
within colleges of arts and sciences or allied health pro-
fessions (38). There has been an increase in the num-
ber of programs requiring undergraduates to take one 
year of calculus, chemistry, and physics, and courses in 
organic chemistry, biochemistry, anatomy, physiology, 
and nutrition. In many colleges and universities, little 
difference now exists between the first two years of 

requirements in a pre-physical therapy or pre-medical 
track and the track associated with  physical education/ 
kinesiology professions. The differences among these 
tracks lie in the “application” courses that follow. Bio-
mechanics, physiology of exercise, fitness assessment, 
exercise prescription, strength and conditioning, and 
so on belong to the physical education/kinesiology 
track. However, it must again be pointed out that this 
new trend is but another example of a rediscovery 
of old roots rather than a revolutionary change. Kroll 
describes two 4-year professional physical education 
programs in the 1890s, one at Stanford and the other 
at Harvard, that were the forerunners of today’s pro-
grams (25) (pp. 51–64). They included the detailed 
scientific work and application courses with clear pre-
requisites cited. Finally, considerable time was allot-
ted for laboratory work. No doubt, Lagrange’s 1890 
text, Physiology of Bodily Exercise (26), served as an 
important reference source for these students. The 
expectations and goals of those programs were almost 
identical to those specified for current kinesiology 
undergraduate tracks. In fact, one of the aims of the 
Harvard program was to allow a student to pursue the 
study of medicine after completing two years of study 
(25) (p. 61).

A CLOSER LOOK 0.1

By the early to mid-1980s, it had be-
come clear that physical inactivity 
was a major public health concern 
(32). In 1992, the American Heart As-
sociation made physical inactivity a 
major risk factor for cardiovascular 
diseases, just like smoking, high blood 
pressure, and high serum cholesterol 
(3). In 1995, the Centers for Disease 
Control and Prevention (CDC) and the 
American College of Sports Medicine 
published a public health physical 
activity recommendation that “Every 
U.S. adult should accumulate 30 min-
utes or more of moderate-intensity 
physical activity on most, preferably 
all, days of the week” (30). A year 
later, the Surgeon General’s Report on 
Physical Activity and Health was pub-
lished (39).

This report highlighted the fact 
that physical inactivity was killing 
U.S. adults, and the problem was a big 
one—60% of U.S. adults did not engage 

in the recommended amount of phys-
ical activity, and 25% were not active 
at all. This report was based on the 
large body of evidence available from 
epidemiological studies, small-group 
training studies, and clinical investi-
gations showing the positive effects 
of an active lifestyle. For example, 
physical activity was shown to

 ■ Lower the risk of dying prema-
turely and from heart disease

 ■ Reduce the risk of developing 
diabetes and high blood pressure

 ■ Help maintain weight and 
healthy bones, muscles, and 
joints

 ■ Help lower blood pressure in 
those with high blood pressure 
and promote psychological 
well-being

In 2008, the first edition of the 
U.S. Physical Activity Guidelines was 

 published (http://www.health.gov 
/paguidelines/guidelines/default.
aspx). This document was developed 
on the basis of an Advisory Commit-
tee’s comprehensive review of the 
research since the publication of the 
Surgeon General’s Report in 1996 
(for the Advisory Committee Report, 
see http://health.gov/paguidelines 
/report/). Recently, a Midcourse 
Report focusing on strategies to in-
crease physical activity among youth 
was published (http://www.health 
.gov/paguidelines/midcourse/). 
The U.S. Physical Activity Guidelines, 
along  with the Dietary Guidelines 
for Americans 2015 (http://health 
.gov/dietaryguidelines/2015 
/ guidelines/), provides important 
information on how to address our 
problems of inactivity and obesity. 
(We discuss this in more detail in 
Chaps. 16, 17, and 18.)
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GRADUATE STUDY AND 
RESEARCH IN THE 
PHYSIOLOGY OF EXERCISE
While the Harvard Fatigue Laboratory was closing 
in 1947, the country was on the verge of a tremen-
dous expansion in the number of universities offering 
graduate study and research opportunities in exer-
cise physiology. A 1950 survey showed that only 16 
colleges or universities had research laboratories in 
departments of physical education (21). By 1966, 151 
institutions had research facilities, 58 of them in ex-
ercise physiology (40) (p. 526). This expansion was 
due to the availability of more scientists trained in 
the research methodology of exercise physiology, the 
increased number of students attending college due 
to the GI Bill and student loans, and the increase in 
federal dollars to improve the research capabilities of 
universities (12, 38).

“The scholar’s work will be multiplied many 
fold through the contribution of his students.” This 
quote, taken from Montoye and Washburn (28, 29), 
expresses a view that has helped attract research-
ers and scholars to universities. Evidence to support 
this quote was presented in the form of genealogical 
charts of contributors to the Research Quarterly (29). 
These charts showed the tremendous influence a 
few people had through their students in the expan-
sion of research in physical education. Probably the 
best example of this is Thomas K. Cureton, Jr., of the 
University of Illinois, a central figure in the training 
of productive researchers in exercise physiology and 
fitness. The proceedings from a symposium honor-
ing Dr. Cureton in 1969 listed 68 Ph.D. students 
who completed their work under his direction (17). 
Although Dr. Cureton’s scholarly record includes 
hundreds of research articles and dozens of books 
dealing with physical fitness, the publications of his 
students in the areas of epidemiology, fitness, cardiac 
rehabilitation, and exercise physiology represent the 
“multiplying effect” that students have on a scholar’s 
productivity. For those who would like to read more 
about Dr. Cureton, see Berryman’s article (7).

Montoye, H., and Washburn, R., “Genealogy of  
 Scholarship Among Academy Members,”  

The Academy Papers, 13: 94–101, 1980.

An example of a major university program that 
can trace its lineage to the Harvard Fatigue Labora-
tory is found at the Laboratory for Human Perfor-
mance  Research (Noll Laboratory) at Pennsylvania 
State University (see “A Look Back—Important People 
in  Science”). However, it is clear that excellent re-
search in exercise and environmental physiology is 
conducted in laboratories other than those that have a 

tie to the Harvard Fatigue Laboratory. Laboratories are 
found in physical education/kinesiology departments, 
physiology departments in medical schools, clinical 
medicine programs at hospitals, and in independent 
facilities such as the Cooper Institute for Aerobics Re-
search. The proliferation and specialization of research 
involving exercise is discussed in the next section.

It should be no surprise that the major issues 
studied by researchers in exercise physiology have 
changed over the years. Table 0.2, from Tipton’s look 
at the 50 years following the closing of the Harvard 
Fatigue Laboratory, shows the subject matter areas 
that were studied in considerable detail between 
1954 and 1994 (38). A great number of these topics 
fit into the broad area of systemic physiology or were 
truly applied physiology issues. Although research 
continues to take place in most of these areas, Tipton 
believes that many of the most important questions 
to be addressed in the future will be answered by 
those with special training in molecular biology. Bald-
win (5) supported Tipton’s viewpoint and provided a 
summary of important questions dealing with exer-
cise and chronic disease whose answers are linked to 
functional genomics and proteomics, important new 
tools for the molecular biologist. However, he also 
noted the need for increased research to address phys-
ical activity and chronic diseases at the lifestyle and 
behavioral levels. This “integrated” approach, crossing 
disciplines and technologies, should be reflected in 
the academic programs educating the next generation 
of kinesiology students. We recommend the chapters 
by Tipton (38) and Buskirk and Tipton (12) for those 
interested in a detailed look at the development of 
exercise physiology in the United States.

IN SUMMARY
 ■ The increase in research in exercise physiology 
was a catalyst that propelled the transforma-
tion of physical education departments into 
exercise science and kinesiology departments. 
The number of exercise physiology laboratories 
increased dramatically between the 1950s and 
1970s, with many dealing with problems in 
systemic and applied physiology and the bio-
chemistry of exercise.

 ■ In the future, the emphasis will be on molecular 
biology and its developing technologies as the 
 essential ingredients needed to solve basic sci-
ence issues related to physical activity and health.

 ■ However, there is no question about the need 
for additional research to better understand 
how to permanently change the physical activ-
ity and eating behaviors of individuals in order 
to realize health-related goals.
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10 Section One Physiology of Exercise

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Dr. Elsworth Buskirk, Noll Laboratory at Pennsylvania State University
We can trace the scientific lineage of 
Dr.  Elsworth R. Buskirk to both the 
Nobel Prize winner August Krogh and 
to the Harvard Fatigue Laboratory. Dr. 
Buskirk completed his Ph.D. under the 
direction of Henry L. Taylor in 1954 at 
the Laboratory of Physiological  Hygiene 
at the University of Minnesota.

 ■ The director of that lab was 
Dr. Ancel Keys. Dr. Keys did 
a  multiyear post-doctoral fel-
lowship with August Krogh in 
 Copenhagen, Denmark, in the 
early 1930s, where the focus of his 
research was on fish  physiology.

 ■ In the mid 1930s, Dr. Keys 
 accepted a position at Harvard 
University to teach biochemis-
try and to work in the Harvard 
Fatigue Laboratory. Part of his 
research involved studying the ef-
fect of high-altitude (over 20,000 
feet in the mountains of Chile) on 
a variety of physiological variables.

 ■ In the late 1930s, after Dr. Keys 
created the Laboratory for Physio-
logical Hygiene, he brought Henry 
L. Taylor, who had been a student 
at the Harvard Fatigue Laboratory, 
to complete a Ph.D. in his lab.

 ■ Dr. Buskirk was accepted into 
the Ph.D. program in the early 
1950s and was involved in a 
wide variety of studies with  
Dr. Taylor. One study on the 

measurement of maximal oxy-
gen uptake (VO2 max), which 
you will see later in this text-
book, remains a classic.

After Dr. Buskirk received his Ph.D. in 
1954, he accepted a position as physiolo-
gist at the U.S. Army Quartermaster Re-
search and Development Lab in Natick, 
Massachusetts. He and his colleagues 
investigated the effects of nutrition, 
training, and acclimatization on physi-
ological responses during exposure to 
exercise and environmental challenges 
on subjects who differed in race, fitness, 
fatness, and hydration level. The goals 
were very pragmatic—to help prepare 
soldiers for battle in whatever theater 
of war they found themselves—high al-
titude, extreme heat, and humidity, etc.

Three years later, in 1957, Dr. Buskirk 
accepted a position as physiologist at the 
National Institutes of Health’s Institute of 
Arthritis and Metabolic Diseases. He was 
responsible for developing and direct-
ing the Metabolic Chamber Facility and 
Program, something that put him on the 
cutting edge of measuring metabolism, 
including when the subject was asleep! 
His laboratory studied the impact of ex-
ercise, cold, heat, drugs, and hormones on 
numerous physiological and metabolic 
variables in populations that differed in 
body composition, sex, and fitness.

In 1963, Dr. Buskirk left the National 
Institutes of Health and accepted a 

 position at Penn State University as Di-
rector of the Laboratory for Human Per-
formance Research. This laboratory grew 
from a small cinder block building to 
the current multistory Noll Laboratory 
of Human Performance that has two en-
vironmental chambers, a hypobaric and 
a hyperbaric chamber, and a Clinical Re-
search Center. Under his direction, the 
laboratory did research on high altitude 
physiology, physical activity and heart 
disease, obesity, and thermal regulation. 
Dr. Buskirk was the major professor for 
28 graduate students, and he worked 
with 27 post-doctoral fellows or visiting 
professors. He published more than 250 
research articles, chapters, and scientific 
reviews, was on the editorial board of 
eight journals, and served as President of 
the American College of Sports Medicine 
(ACSM). His scientific accomplishments 
were recognized with the Honor Award 
from ACSM, and his outstanding com-
mitment to service was recognized with 
the American Physiological Society’s 
Daggs Award.  He passed away in 2010, 
but his impact on environmental and 
exercise physiology lives on (10, 11, 37).

Buskirk, E., From Harvard to Minnesota: Keys to 
Our History. Baltimore, MD: Williams & Wilkins, 
1992, pp. 1–26; Buskirk, E., Personal communication 
based on “Our Extended Family: Graduates from 
the Noll Lab for  Human Performance Research,” 
Noll Laboratory, Pennsylvania State University. 
University Park, PA, 1987.

TABLE 0.2 Significant Exercise Physiology Subject Matter Areas That Were Investigated  
Between 1954 and 1994

A. Basic Exercise Physiology
Exercise Specificity
Exercise Prescription
Central and Peripheral Responses and Adaptations
Responses of Diseased Populations
Action of Transmitters
Regulation of Receptors
Cardiovascular and Metabolic Feed Forward and 

Feedback Mechanisms
Substrate Utilization Profiles
Matching Mechanisms for Oxygen Delivery and Demand
Mechanisms of Signal Transduction
Intracellular Lactate Mechanisms

Plasticity of Muscle Fibers
Motor Functions of the Spinal Cord
Hormonal Responses
The Hypoxemia of Severe Exercise
Cellular and Molecular Adaptive Responses

B. Applied Exercise Physiology
Performance of Elite Athletes
Performance and Heat Stress
Exercise at Altitude
Nutritional Aspects of Exercise
Fluid Balance During Exercise
Performance and Ergogenic Aids
Training for Physical Fitness

From Tipton, C.M., “Contemporary Exercise Physiology: Fifty years after the closure of Harvard Fatigue Laboratory,” Exercise and Sport Sciences 
Reviews, vol. 26, pp. 315–339, 1998. Edited by J.O. Holloszy. Baltimore: Williams & Wilkins.
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PROFESSIONAL AND 
SCIENTIFIC SOCIETIES AND 
RESEARCH JOURNALS
The expansion of interest in exercise physiology and 
its application to fitness and rehabilitation resulted 
in an increase in the number of professional societies 
in which scientists and clinicians could present their 
work. Prior to 1950, the two major societies concerned 
with exercise physiology and its application were the 
American Physiological Society (APS) and the Ameri-
can Association of Health, Physical Education, and 
Recreation (AAHPER). The need to bring together phy-
sicians, physical educators, and physiologists interested 
in physical activity and health into one professional so-
ciety resulted in the founding of the American College 
of Sports Medicine (ACSM) in 1954 (see  Berryman’s 
history of the ACSM in the Suggested Readings). The 
ACSM now has more than 20,000 members, with 12 
regional chapters throughout the country, each hold-
ing its own annual meeting to present research, spon-
sor symposiums, and promote sports medicine. ACSM’s 
impact also has been enhanced by its regular publica-
tion of Guidelines for Exercise Testing and Prescription (2), 
which reaches a very diverse audience.

The explosion in exercise physiology research over 
the past 60 years has been accompanied by a dramatic 
increase in the number of professional and scientific so-
cieties and research journals communicating research 
findings. Table 0.3 provides a brief summary of research 
journals that publish research in exercise physiology.

Training in Research
One of the clear consequences of this increase in re-
search activity is the degree to which scientists must 
specialize to compete for research grants and to man-
age the research literature. Laboratories may focus on 
neuromuscular physiology, cardiac rehabilitation, or 
the influence of exercise on bone structure. Gradu-
ate students need to specialize earlier in their careers 
as researchers, and undergraduates must investigate 
graduate programs very carefully to make sure they 
meet their career goals (23).

This specialization in research has generated com-
ments about the need to emphasize “basic” research 
examining the mechanisms underlying a physiologi-
cal issue rather than “applied” research, which might 
describe responses of persons to exercise, environ-
mental factors, or nutritional factors. It would appear 
that both types of research are needed and, to some 
extent, such a separation is arbitrary. For example, 
one scientist might study the interaction of exercise 
intensity and diet on muscle hypertrophy, another 
may characterize the changes in muscle cell size and 
contractile protein, a third might study changes in the 
energetics of muscle contraction relative to cellular 
enzyme activities, and a fourth might study the gene 
expression needed to synthesize that contractile pro-
tein. Where does “applied” research begin and “ basic” 
research end? In the introduction to his text Human 
Circulation (34), Loring Rowell provided a quote from 
T. H. Huxley that bears on this issue:

I often wish that this phrase “applied science,” 
had never been invented. For it suggests that 
there is a sort of scientific knowledge of direct 
practical use, which can be studied apart from 
another sort of scientific knowledge, which is of 
no practical  utility, and which is termed “pure 
science.” But there is no more complete fallacy 
than this. What people call applied science is 
nothing but the application of pure science 
to particular classes of problems. It consists of 
deductions from those principles, established 
by reasoning and observation, which constitute 
pure science. No one can safely make these 
deductions until he has a firm grasp of the prin-
ciples; and he can obtain that grasp only by per-
sonal experience of the operations of observation 
and of reasoning on which they are found (22).

Huxley, T., Selection from Essays.  
New York, NY: Appleton-Century-Crofts, 1948.

Solutions to chronic disease problems related to 
physical inactivity (e.g., type 2 diabetes, obesity) will 
come from a range of scientific disciplines—from epi-
demiologists on the one hand (39) to cell biologists 
on the other (8). We hope that all forms of inquiry 
are supported by fellow scientists so that present 

TABLE 0.3 Sample of Research Journals for 
Exercise Physiology Research

Acta Physiologica (Scandinavica)
Adapted Physical Activity Quarterly
American Journal of Physiology
Aviation, Space and Environmental Medicine
Canadian Journal of Physiology and Pharmacology
European Journal of Occupational and Applied Physiology
International Journal of Sports Medicine
International Journal of Sport Nutrition
Journal of Aging and Physical Activity
Journal of Applied Physiology
Journal of Cardiopulmonary Rehabilitation
Journal of Clinical Investigation
Journal of Nutrition
Journal of Physical Activity and Health
Journal of Physiology
Journal of Sport Science
Journal of Strength and Conditioning Research
Medicine and Science in Sports and Exercise
Pediatric Exercise Physiology
Research Quarterly for Exercise and Sport
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12 Section One Physiology of Exercise

theories related to exercise physiology are continu-
ally questioned and modified. Last, we completely 
agree with the sentiments expressed in a statement 
ascribed to Arthur B. Otis: “Physiology is a good way 
to make a living and still have fun” (36).

CAREERS IN EXERCISE 
SCIENCE AND KINESIOLOGY
Over the past 30 years, there has been a sustained 
growth in career opportunities for those with aca-
demic training in exercise science and kinesiology.

These include

 ■ Personal fitness training in private, 
commercial, worksite, and hospital  
settings

 ■ Strength and conditioning in commercial, 
rehabilitative, and sport-related  
environments

 ■ Cardiac rehabilitation

 ■ Athletic training

 ■ Massage therapy

 ■ Traditional allied health professions (e.g., 
physical or occupational therapy)

 ■ Medicine (e.g., physician assistant,  
physician)

For those interested in careers in fitness and 
cardiac rehabilitation, coursework is not enough— 
students must develop the requisite skills needed to 
perform the job. That means that students should be 
completing practicum and internship experiences un-
der the direction of a professional who can pass along 
what cannot be taught in a classroom or laboratory. 
Students should make contact with their advisors 
early in the program to maximize what can be gained 

from these experiences. Interested students should 
read the article by Pierce and Nagle on the internship 
experience (31). However, more may be needed to 
realize your career goal.

Those interested in cardiac rehabilitation and ath-
letic training usually pursue graduate study (though 
there are exceptions) to realize their goals. If that is 
the case for you, apply early because there are lim-
ited spaces in most graduate programs. It is impor-
tant to note that passing an appropriate certification 
exam is a normal part of the process to being wel-
comed into the community of professionals. This is 
simple within athletic training because there is only 
one official exam (offered by the National Athletic 
Training Association’s Board of Certification). In the 
fitness area, it is much more complicated given the 
number of certification exams available. If a certifica-
tion exam requires a one-day workshop with little 
or no formal coursework and results in a high pass 
rate, the certification is worthless from a professional’s 
point of view. It is important to pass the most rigor-
ous and respected certification exams that have, at 
a minimum, a formal education requirement in an 
appropriate field. Check out the American College of 
Sports Medicine (www.acsm.org) and the National 
Strength and Conditioning Association (https://
www.nsca.com/certification/) websites for ad-
ditional information for certifications that are recog-
nized as being of high quality. If you are interested in 
a career in physical therapy, as many of our students 
are, be prepared for stiff competition for the limited 
number of available seats in these programs. Some un-
dergraduate students even delay applying until they 
work for a year or do graduate study in an area re-
lated to physical therapy. See A Look Back—Important 
People in Science for someone who was a pioneer in 
physical therapy and whose journey began in physical 
education.

Over the past few years, a special initiative, Ex-
ercise Is Medicine (http://exerciseismedicine.
org), was developed by the American College of 
Sports Medicine and the American Medical Associa-
tion to encourage those working in the medical and 
the  allied health professions to routinely promote 
 physical  activity to their patients. In addition to that 
goal, these health professionals need to know where 
to refer patients when they need more formal sup-
port for their physical activity program. For example, 
physical therapists need to know where to direct 
their patients after the mandated maximum number 
of rehabilitation sessions have been completed. Ex-
tensive resources for healthcare providers, fitness pro-
fessionals, the public, and so on are available at the 
aforementioned website.

Last, but not least, if you are interested in pursu-
ing a career in research so that you can teach and do 

IN SUMMARY
 ■ The growth and development of exercise physi-
ology over the past 60 years has resulted in  
dramatic increases in the number of organiza-
tions and research journals. These journals  
and professional meetings provide additional  
opportunities for research findings to be  
disseminated.

 ■ A greater need exists for graduate students to 
identify and specialize in a particular area of 
research earlier in their careers in order to find 
the best mentor and university program to real-
ize career goals.
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research at a college or university, you should become 
involved in research while you are an undergraduate. 
You might volunteer as a subject for another student’s 
research project, take course credit to assist your pro-
fessor in his or her research, or use a summer break to 
work in a researcher’s lab at another institution. If a 
particular area of research interests you, do a PubMed 
search to see who is currently active in the area; 
this will help you narrow down potential  graduate 
programs. Finally, you also need to get online and 
determine what the requirements are for admission 
to the graduate programs you are interested in; this 
will give you time to take appropriate coursework to 
meet those requirements.

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Frances A. Hellebrandt, M.D.
Frances A. Hellebrandt, M.D., made 
significant contributions to the fields 
of exercise physiology, physical edu-
cation, physical therapy, and physi-
cal medicine. Her interest in muscle 
physiology and physical activity led 
her to enroll as a physical education 
major at the University of Wiscon-
sin (UW), Madison, where she served 
as an undergraduate assistant in the 
Anatomy Department from 1924 
to 1927, and graduated with a B.S. 
degree in 1928. She then entered 
the UW  Medical School and com-
pleted her M.D. Dr. Hellebrandt then 
completed a general internship at 
 Wisconsin General Hospital and did 
her post-graduate medical training at 
several major universities, focusing 
on Physical Medicine and Rehabilita-
tion (PM&R). She was then hired as a 
faculty member at the UW Medical 
School and also as the director of the 
Exercise Physiology Lab.

Her research and training in PM&R 
and in exercise physiology made her 
a perfect candidate to lead efforts 
to rehabilitate soldiers returning in-
jured from World War II (WWII). In 
1944, after retirement from the UW, 
she accepted the position of profes-
sor of Physical Medicine and direc-
tor of the  Baruch Center of PM&R 
at the Medical  College of  Virginia. 
She established research and educa-
tion programs for various modalities  

(e.g., hydrotherapy) and created a 
new residency program in PM&R, 
making it only the second one in the 
South. The program’s focus was on 
the rehabilitation of injured soldiers 
and she felt the war taught physical 
therapy (PT) two major lessons: the 
urgent need for the early use of PT 
to avoid contracture and disuse atro-
phy, and the evils of bed rest (note: 
she was well ahead of her time in 
this regard). She also emphasized the 
need to treat the whole person and 
promoted general physical fitness as 
part of the rehabilitation process—a 
view we take for granted today.

In 1951, the University of Illinois 
hired her as professor and head of 
the Department of Physical Medi-
cine and chief of PM&R. Six years 
later, Dr.  Hellebrandt returned to the 
UW where she established the Mo-
tor Learning Research Laboratory in 
which cross-disciplinary research 
was the means by which important 
 questions were answered. She is prob-
ably best known for her theory of 
muscle overload and pacing, which 
was an extension of research by 
 DeLorme, who developed progressive 
resistance training during WWII.

Over her career, Dr. Hellebrandt 
published over 150 papers on topics 
related to PM&R, exercise physiology,  
physical education, and  physical 
 therapy. She developed several 

unique research instruments, was 
extremely active in professional or-
ganizations, and has had a lasting 
impact on the training of those who 
seek careers in physical therapy. She 
retired a second time from the UW 
in 1964. Her contributions were rec-
ognized with the Anderson Award 
from the American Association of 
Health, Physical Education, and Rec-
reation, and by the American Physio-
logical Society, which established an 
award in her honor (i.e., Caroline tum 
Suden/Frances A. Hellebrandt Profes-
sional Opportunity Award). She was 
both professionally and physically 
active throughout her long life, pass-
ing away in 1992 at the age of 90 
(9, 20).

Brown, J.M., M.A. Brennan, and G. 
Shambes, “On the Death of Professor 
Emerita Frances A. Hellebrandt, M.D.,” 
Madison Faculty Documents, University of 
Wisconsin. https://www.secfac.wisc.edu/
senate/2002/1007/1656(mem_res).pdf. Hudak, 
A.M., M.E. Sandel, G. Goldberg, and A.M. 
Wrynn, “Dr. Frances A. Hellebrandt: Pioneering 
Physiologist, Physiatrist, and Physical  
Medicine and Rehabilitation Visionary,”  
Physical Medicine & Rehabilitation, 5: 
639–646, 2013; Brown, J.M., M.A. Brennan, 
and G. Shambes, “On the Death of Professor 
Emerita Frances A. Hellebrandt, M.D.,” 
Madison Faculty Documents, University of 
Wisconsin. https://www.secfac.wisc.edu/
senate/2002/1007/1656(mem_res).pdf.

IN SUMMARY
 ■ A variety of career paths exist for undergradu-
ates majoring in exercise science and kinesiol-
ogy. Get some practical experience while you 
are an undergraduate to help you make a deci-
sion about your future and facilitate entry to a 
profession or graduate school.

 ■ Organizations such as the American College 
of Sports Medicine and the National Strength 
and Conditioning Association have developed 
certification programs to establish a standard 
of knowledge and skill to be achieved by those 
who lead exercise programs.
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STUDY ACTIVITIES
 1. If you are interested in finding new research ar-

ticles about a topic, for example, “resistance training 
in women athletes,” don’t use Google. Instead, go to 
PubMed (www.ncbi.nlm.nih.gov/pubmed) and 
click PubMed Quick Start Guide to get the basics. Now, 
insert the phrase in the search box and click Search.

Finally, select three references that might be of 
interest to you and send them to your e-mail address 
using the Send To pull-down menu.

 2. Now that you know how to look up research articles 
on a particular topic, find out where the scientists who 
did that research are employed. Go to those univer-
sity (departmental) websites and see what the graduate 
program requires for admission. If you are interested in 

pursuing that line of research, contact the professor and 
see if research or teaching assistantships are available.

 3. Go to the Bureau of Labor Statistics Occupational Out-
look Handbook (http://www.bls.gov/ooh/) and 
search on your career interest(s) to obtain estimates of 
salary, projected needs, degrees required, and so forth. 
Then, locate the office at your college or university that 
provides advising support for your interest.

 4. Identify the primary scientific meeting your professors 
attend. Find out if the organization that sponsors that 
meeting has a membership category for students, how 
much it costs, and what you would receive (e.g., jour-
nals) if you joined.

SUGGESTED READINGS
Berryman, J.W. 1995. Out of Many, One: A History of the 

American College of Sports Medicine. Champaign, IL: 
 Human Kinetics.

Morrow, J.R., Jr., W. Zhu, B.D. Franks, M.D. Meredith, and 
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 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

1. Express work, power, and energy in 
standardized (SI) units and convert those 
units to others commonly used in exercise 
physiology.

2. Give a brief explanation of the procedure used 
to calculate work performed during step, cycle 
ergometer, and treadmill exercise.

3. Describe the concept behind the measurement 
of energy expenditure using (a) direct 
calorimetry and (b) indirect calorimetry.

4. Calculate the following expressions of energy 
expenditure when given the oxygen uptake in 
liters per minute: kcal · min−1, ml · kg−1 · min−1, 
METs, and kcal · kg−1 · hr−1.

5. Estimate energy expenditure during horizontal 
treadmill walking and running, and cycle 
ergometry.

6. Describe the procedure used to calculate 
net efficiency during steady-state exercise; 
distinguish efficiency from economy.

Common Measurements  
in Exercise Physiology

1
© Action Plus Sports Images/Alamy Stock Photo
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How much energy do you expend when you run 
a mile? How fast can you run 100 m? How high 

can you jump? These questions deal with energy, 
speed, and explosive power—and so will you as you 
study exercise physiology. Throughout this text, 
we will discuss such terms as aerobic and anaerobic 
power, efficiency, work capacity, and energy expendi-
ture. The purpose of this chapter is to introduce you 
to some of the most common pieces of equipment 
and measurements linked to these terms. It is very 
important to understand this information at the out-
set, as it is used throughout the text. However, the 
details associated with specific exercise tests for fit-
ness and performance are covered in detail in Chaps. 
15 and 20. Let’s begin with the most basic units of 
measurement.

UNITS OF MEASURE

Metric System
In the United States, the English system of measure-
ment remains in common use. In contrast, the metric 
system, which is used in most countries, is the stan-
dard system of measurement for scientists and is used 
by almost all scientific journals. In the metric system, 
the basic units of length, volume, and mass are the 
meter, the liter, and the gram, respectively. The main 
advantage of the metric system is that subdivisions or 
multiples of its basic units are expressed in factors of 
10 using prefixes attached to the basic unit. Students 
not familiar with the metric system should refer to 
Table 1.1 for a list of the basic prefixes used in metric 
measurements.

SI Units
An ongoing problem in exercise science is the fail-
ure of scientists to standardize units of measurement 
employed in presenting research data. In an effort to 
eliminate this problem, a uniform system of reporting 
scientific measurement has been developed through 
international cooperation. This system, known as 
System International units, or SI units, has been 
endorsed by almost all exercise and sports medicine 

journals for the publication of research data (24, 25). 
The SI system ensures standardization in the reporting 
of scientific data and makes comparison of published 
values easy. Table 1.2 contains SI units of importance 
in the measurement of exercise performance.

WORK AND POWER DEFINED

Work
Work is defined as the product of force and the dis-
tance through which that force acts:

Work = Force × Distance

The SI unit for force is newtons (N), whereas the 
SI unit for distance is meters (m). The following ex-
ample shows how to calculate work when a 10-kg 
weight is lifted upward a distance of 2 m. At the 
earth’s surface, a mass of 1 kg exerts a force of 9.81 N 
due to the force of gravity. Therefore,

 Convert kg to N, where 1 kg = 9.81 N, 
 so 10 kg = 98.1 N

Work = 98.1 N × 2 m
 = 196.2 newton-meters (N · m) or
 196.2 joules (J)

TABLE 1.1 Common Metric Prefixes

mega: one million (1,000,000)
kilo: one thousand (1000)
centi: one-hundredth (0.01)
milli: one-thousandth (0.001)
micro: one-millionth (0.000001)
nano: one-billionth (0.000000001)
pico: one-trillionth (0.000000000001)

IN SUMMARY
 ■ The metric system is the system of measure-
ment used by scientists to express mass, length, 
and volume.

 ■ In an effort to standardize terms for the 
 measurement of energy, force, work, and 
power, scientists have developed a com-
mon system of terminology called System 
 International (SI) units.

TABLE 1.2 SI Units of Importance in the 
Measurement of Human Exercise 
Performance

Units for Quantifying 
Human Exercise SI Unit

Mass kilogram (kg)
Distance meter (m)
Time second (s)
Force newton (N)
Work joule (J)
Energy joule (J)
Power watt (W)
Velocity meters per second (m · s–1)
Torque newton-meter (N · m)
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The work performed was computed by multi-
plying the force (expressed in N) times the distance 
traveled (expressed in m), with the resulting work be-
ing expressed in joules, which is the SI unit for work 
(where 1 joule = 1 N · m; Table 1.3).

Although the SI units are the preferred units for 
quantifying exercise performance and energy expen-
diture, you will encounter situations in which a num-
ber of traditional units are used to express both work 
and energy. For example, body weight (a force) is 
commonly given in kilograms, the unit for mass. To 
avoid confusion in the calculation of work, the term 
kilopond (kp) is used as the force unit, representing 
the effect of gravity on a mass of 1 kilogram. Using the 
preceding example, work may be expressed in kilo-
pond-meters (kpm). In the preceding example, the 10-
kg weight is considered 10-kg force (or 10 kiloponds), 
which when moved through 2 m, results in work of 
20 kpm. Since 1 kpm is equal to 9.81 J (see Table 1.3), 
the work performed is 196.2 J (20 kpm × 9.81 J/kpm). 
Table 1.3 contains a list of terms that are in common 
use today to express work and energy—remember that 
the SI unit for both work and energy is the joule. 
For example, the energy content of commercial food 
products is often listed on the label in kilocalories. 
However, the SI unit for energy content and expen-
diture is joules, where 1 kilocalorie is equal to 4186 
joules (J) or 4.186 kilojoules (kJ).

Power
Power is the term used to describe how much work 
is accomplished per unit of time. The SI unit for 
power is the watt (W) and is defined as 1 joule per 
second (Table 1.4). Power can be calculated as:

Power = Work ÷ Time

The concept of power is important because it 
describes the rate at which work is being performed 
(work rate). It is the work rate, or power output, that 

describes the intensity of exercise. Given enough 
time, any healthy adult could perform a total work 
output of 20,000 J. However, only a few highly 
trained athletes could perform this amount of work 
in 60 seconds (s). The power output of these athletes 
can be calculated as follows:

 Power = 20,000 joules/60 seconds
 = 333.3 watts (W)

Note that the SI unit for power is the watt. 
 Table  1.4 contains a list of both the SI and more 
traditional terms and units used to express power. 
The ability to convert from one expression of work, 
 energy, or power to another is important, as we will 
see later in the chapter when we calculate mechani-
cal efficiency.

MEASUREMENT OF  
WORK AND POWER
The term ergometry refers to the measurement of  
work output. The word ergometer refers to the ap-
paratus or device used to measure a specific type of 
work. It is important to point out that the determina-
tion of work and power requires that a force is moved 
against some resistance. This could be a person's body 
weight (a force) moving up a step against gravity (a 
resistance) or pedaling a stationary bike when a resis-
tance has been applied to the wheel. Many types of 
ergometers are in use today in exercise physiology 
laboratories (Fig. 1.1). A brief introduction to com-
monly used ergometers follows.

Bench Step
One of the earliest ergometers used to measure work 
capacity in humans was the bench step. This ergom-
eter is still in use today and simply involves the sub-
ject stepping up and down on a bench at a specified 
rate. Calculation of the work performed during bench 
stepping is very easy. Suppose a 70-kg man steps up 

TABLE 1.3 Common Units Used to Express  
the Amount of Work Performed  
or Energy Expended

Term Conversion

Kilopond-meter (kpm)* 1 kpm = 9.81 joules (J)
Kilocalorie (kcal) 1 kcal = 4186 J or 4.186 kJ

1 kcal = 426.8 kpm
joule (J)† 1 J = 1 newton-meter (N · m)

1 J = 2.39 × 10−4 kcal
1 J = 0.102 kpm

*The kilopond is a unit of force describing the effect of gravity on 
a mass of 1 kg.
†The joule is the basic unit adopted by the System International 
(called SI unit) for expression of energy expenditure or work.

TABLE 1.4 Common Terms and Units Used  
to Express Power

Term Conversion

Watt (W)* 1 W = 1 J · s−1

1 W = 6.12 kpm · min−1

Horsepower (hp) 1 hp = 745.7 W or J · s−1

1 hp = 10.69 kcal · min−1

Kilopond-meter · min−1 
(kpm · min−1)

1 kpm · min−1 = 0.163 W

*The watt is the basic unit adopted by the System International 
(called SI unit) for expression of power.
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and down on a 30-centimeter (0.3-meter) bench for 
10 minutes (min) at a rate of 30 steps per minute. The 
amount of work performed during this 10- minute 
task can be computed as follows:

 Force = 686.7 N (i.e., 70 kg × 9.81 N/kg)

Distance = 0.3 m · step−1 × 30 steps · min−1 × 10 min
 = 90 m

Therefore, the total work performed is:

 686.7 N × 90 m =  61,803 joules or 61.8 kilojoules (kJ)  
(rounded to nearest 0.1)

The power output during this 10 minutes (600 sec-
onds) of exercise can be calculated as:

 Power = 61,803 J/600 seconds
 = 103 J · s−1 or 103 watts (W)

Using a more traditional unit of work, the kilopond-
meter (kpm), power can be calculated as follows:

Work = 70 kp × 0.3 m × 30 steps · min−1 × 10 min
 = 6300 kpm

Power =  6300 kpm ÷ 10 min = 630 kpm · min−1 or 
 103 watts (See Table 1.4 for conversions)

Cycle Ergometer
The cycle ergometer was developed more than 
100 years ago and remains a popular ergometer in 
exercise physiology laboratories today (see “A Look 
Back—Important People in Science”). This type of 
ergometer is a stationary exercise cycle that per-
mits accurate measurement of the work performed. 
A common type of cycle ergometer is the Monark 

Figure 1.1 Illustrations of four different ergometers used in the measurement of human work output and power. (a) A 
bench step. (b) Friction-braked cycle ergometer. (c) Motor-driven treadmill. Both the treadmill elevation and the hori-
zontal speed can be adjusted by electronic controls. (d) Arm crank ergometer. Arm crank ergometry can be used to 
measure work output with the arms and is based on the same principle as cycle ergometry.

(a) (b)

(c) (d)

(a) © Ryan McVay/Getty Images; (b) Courtesy of Monark Exercise AB; (c) © Comstock Images/Alamy Stock Photo; (d) Courtesy of Monark Exercise AB
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20 Section One Physiology of Exercise

 friction-braked cycle, which incorporates a belt 
wrapped around the wheel (called a flywheel) 
(Fig. 1.1(b)). The belt can be loosened or tightened 
to provide a change in resistance. The distance the 
wheel travels can be determined by computing the 
distance covered per revolution of the pedals (6 me-
ters per revolution on a standard Monark cycle) 
times the number of pedal revolutions. Consider the 
following example for the computation of work and 
power using the cycle ergometer. Calculate work 
given:

 Duration of exercise = 10 min
 Resistance against flywheel = 1.5 kp or 14.7 N
 Distance traveled per pedal revolution = 6 m
 Pedaling speed = 60 rev · min−1

 Therefore, the total revolutions in 10 min  
= 10 min × 60 rev · min−1 = 600 rev

Hence,  total work = 14.7 N × (6 m · rev−1 × 600 rev)
 = 52,920 J or 52.9 kJ

The power output in this example is computed by 
dividing the total work performed by time:

 Power = 52,920 joules ÷ 600 seconds
 = 88.2 watts

The following steps show how to do the calcula-
tions using alternative units:

Work = 1.5 kp × 6 m · rev−1 × 60 rev · min−1 × 10 min
 = 5400 kpm

Power = 5400 kpm ÷ 10 min = 540 kpm · min−1

 = 88.2 watts (See Table 1.4 for conversions)

Treadmill
When a person walks or runs on a treadmill at 0% 
grade, the center of mass (imagine a point at the hip) 
of that person rises and falls with each stride, more 
for running than walking since there is a period of 
flight during each running stride. However, it is very 
difficult to measure that small vertical displacement 
of the center of mass, and consequently “work” can-
not be easily determined when walking or running 
on a horizontal treadmill. In contrast, it is very easy 
to measure work when a person is walking or run-
ning up a slope (grade). The incline of the treadmill 
is expressed in units called “percent grade.” Percent 
grade is defined as the amount of vertical rise per 
100 units of belt travel. For instance, a subject walk-
ing on a treadmill at a 10% grade travels 10 meters 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

August Krogh: Nobel Prize Winner and Inventor
As mentioned in the 
previous chapter, Au-
gust Krogh (1872–
1949) received the 
Nobel Prize in Physi-
ology or Medicine in 
1920 for his research 
on regulation of blood 
flow through capillar-
ies in skeletal muscle. 
Krogh was born in 

Grenaa, Denmark in 1874. After enter-
ing the University of Copenhagen in 
1893, he began to study medicine, but 
developed a strong interest in research 
and decided to leave his medical stud-
ies to devote himself to the study of 
physiology. Krogh began his research 
career at the University of Copenha-
gen in the medical physiology labora-
tory of the famous Danish physiologist 
Christian Bohr.

Krogh completed his Ph.D. studies 
in 1903 and two years later married 
Marie Jørgensen, a renowned physiol-
ogist. August Krogh was a dedicated 

physiologist with extreme curiosity. 
He devoted his entire life to under-
standing physiology, and he worked 
both day and night in his laboratory 
to achieve his research goals. In fact, 
Krogh even performed physiology 
experiments on his wedding day!

During his distinguished research 
career, Dr. Krogh made many impor-
tant contributions to physiology. For 
example, Dr.  Krogh’s work greatly 
advanced our understanding of re-
spiratory gas exchange in both mam-
mals and insects. Further, he studied 
water and electrolyte homeostasis 
in animals and published an impor-
tant book  titled Osmotic Regulation 
in 1939. Nonetheless, Krogh is best 
known for his work on the regula-
tion of blood flow in the capillaries 
of skeletal muscle. He was the first 
physiologist to describe the changes 
in blood flow to muscle in accordance 
with the metabolic demands of the 
tissue. Indeed, his research demon-
strated that the increase in muscle 

blood flow during contractions was 
achieved by the opening of arterioles 
and capillaries. This is the work that 
earned him the Nobel Prize.

In addition to physiology research, 
August Krogh invented many im-
portant scientific instruments. For 
instance, he developed both the spi-
rometer (a device used to measure 
pulmonary volumes) and an appara-
tus for measuring metabolic rate (an 
instrument used to measure oxygen 
consumption). Although Krogh did 
not invent the first cycle ergometer, 
he is credited with developing an au-
tomatically controlled cycle ergome-
ter in 1913. This ergometer was a large 
improvement in the cycle ergometers 
of the day and permitted Krogh and 
his colleagues to accurately measure 
the amount of work performed dur-
ing exercise physiology experiments. 
Cycle ergometers similar to the one 
developed by August Krogh are still 
in use today in exercise physiology 
laboratories.

© Library of 
Congress/Science 
Source
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vertically for every 100 meters of the belt travel. Per-
cent grade is calculated by multiplying the sine of 
the treadmill angle by 100. In practice, the treadmill 
angle (expressed in degrees) can be determined by 
simple trigonometric computations (Fig. 1.2) or by us-
ing a measurement device called an inclinometer (9).

To calculate the work output during treadmill ex-
ercise, you must know both the subject’s body weight 
and the distance traveled vertically. Vertical travel can 
be computed by multiplying the distance the belt 
travels by the percent grade. This can be written as:

Vertical displacement = % Grade × Distance

where percent grade is expressed as a fraction and the 
total distance traveled is calculated by multiplying 
the treadmill speed (m · min−1) by the total minutes 
of exercise. Consider the following sample calculation 
of work output during treadmill exercise:

 Body weight = 60 kg (force = 60 kp or 588.6 N)
 Treadmill speed = 200 m · min−1

 Treadmill angle =  7.5% grade (7.5 ÷ 100 = 0.075 as   
 fractional grade)

 Exercise time = 10 min
 Total vertical distance traveled 
   = 200 m · min−1 × 0.075 × 10 min = 150 m
Therefore,  total work performed = 588.6 N × 150 m
 = 88,290 J or 88.3 kJ

Using more traditional units, the following calcu-
lations can be made:

Work = 60 kp × 0.075 × 200 m · min−1 × 10 min
 = 9000 kpm or 88,290 J (88.3 kJ)

MEASUREMENT OF ENERGY 
EXPENDITURE
Measurement of an individual’s energy expendi-
ture at rest or during a particular activity has many 
practical applications. One direct application applies 
to exercise-assisted weight-loss programs. Clearly, 
knowledge of the energy cost of walking, running, or 
swimming at various speeds is useful to individuals 
who use these modes of exercise as an aid in weight 
loss. Furthermore, an industrial engineer might mea-
sure the energy cost of various tasks around a job site 
and use this information in making the appropriate 
job assignments to workers (17, 35). In this regard, the 
engineer might recommend that the supervisor assign 
those jobs that demand large energy requirements to 
workers who are physically fit and possess high work 
capacities. In general, two techniques are employed 
in the measurement of human energy expenditure: 
(1) direct calorimetry and (2) indirect calorimetry.

Direct Calorimetry
When the body uses energy to do work, heat is liber-
ated. This production of heat by cells occurs via both 
cellular respiration (bioenergetics) and cell work. The 
general process can be drawn schematically as (5, 36, 37):

Nutrients + O2 → ATP + Heat
↓

Cell work + Heat

The process of cellular respiration is discussed in de-
tail in Chap. 3. Note that the rate of heat produc-
tion in an individual is directly proportional to the 
metabolic rate. Therefore, measuring heat production 
(calorimetry) of a person gives a direct measurement 
of metabolic rate.

The SI unit to measure heat energy is the joule 
(the same as for work). However, a common unit 
employed to measure heat energy is the calorie (see 
Table 1.3). A calorie is defined as the amount of heat 
required to raise the temperature of one gram of wa-
ter by one degree Celsius. Because the calorie is very 
small, the term kilocalorie (kcal) is commonly used 
to express energy expenditure and the energy value 
of foods. One kcal is equal to 1000 calories. In con-
verting kcals to SI units, 1 kcal is equal to 4186 joules 
or 4.186 kilojoules (kJ) (see Table 1.3 for conversions). 
The process of measuring a person’s metabolic rate 
via the measurement of heat production is called di-
rect calorimetry, and it has been used by scientists 
since the eighteenth century. This technique involves 
placing the person in a closed chamber (called a calo-
rimeter), which is insulated from the environment 
(usually by a jacket of water surrounding the cham-
ber), and allowance is made for the free exchange of 

Figure 1.2 Determination of the “percent grade” on an 
inclined treadmill. Theta (θ) represents the angle of inclina-
tion. Percent grade is computed as the sine of angle θ × 100.

Axle-to-axle distance
(hypotenuse)

Vertical
rise

Fixed rear-axle treadmill
Grade = Sine    = Rise ÷ Hypotenuseθ 

θ

IN SUMMARY
 ■ An understanding of the terms work and power 
is necessary to compute human work output 
and the associated exercise efficiency.

 ■ Work is defined as the product of force times 
distance:

Work = Force × Distance

 ■ Power is defined as work divided by time:

Power = Work ÷ Time
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O2 and CO2 from the chamber (Fig. 1.3). The person’s 
body heat raises the temperature of the water circu-
lating around the chamber. Therefore, by measuring 
the temperature change per unit of time, the amount 
of heat production can be computed. In addition, heat 
is lost from the person by evaporation of water from 
the skin and respiratory passages. This heat loss is 
measured and is added to the total heat picked up by 
the water to yield an estimate of the rate of energy 
expenditure by the person (5, 9).

Indirect Calorimetry
Although direct calorimetry is considered to be a 
precise technique for the measurement of metabolic 
rate, construction of a chamber that is large enough 
for doing exercise physiology research on humans is 
expensive. Also, the use of direct calorimetry to mea-
sure metabolic rate during exercise is complicated 
because the ergometer itself may produce heat. For-
tunately, another procedure can be used to calculate 
metabolic rate. This technique is termed indirect 
calorimetry because it does not involve the direct 
measurement of heat production. The principle of in-
direct calorimetry can be explained by the following 
relationship:

Nutrients + O2      → Heat + CO2 + H2O
(Indirect calorimetry)     (Direct calorimetry)

Because a direct relationship exists between O2 
consumed and the amount of heat produced in the 
body, measuring O2 consumption provides an es-
timate of metabolic rate (3, 5, 15). To convert the 
amount of O2 consumed into heat equivalents, it is 
necessary to know the type of nutrient (i.e., carbo-
hydrate, fat, or protein) that was metabolized. The 

energy liberated when fat is the only nutrient me-
tabolized is 4.7 kcal (or 19.7 kJ) · L O2

−1, whereas the 
energy released when only carbohydrates are used 
is 5.05 kcal (or 21.13 kJ) · L O2

−1. Although it is not 
exact, the caloric expenditure of exercise is often es-
timated to be approximately 5 kcal (or 21 kJ) per liter 
of O2 consumed (19). Therefore, a person exercising 
at an oxygen consumption of 2.0  L · min−1 would 
expend approximately 10 kcal (or 42 kJ) of energy 
per minute.

The most common technique used to measure 
oxygen consumption today is termed open-circuit 
spirometry. In the classic technique, the subject 
wore a nose clip to prevent nasal breathing and a re-
spiratory valve that allowed room air to be breathed 
in while the exhaled gas was directed to a collec-
tion bag (Douglas bag) that was later analyzed for gas 
volume and percent of O2 and CO2. Gas volume was 
measured in a gasometer, and the O2 and CO2 were ei-
ther analyzed chemically or with the aid of calibrated 
gas analyzers. The steps provided in Appendix A were 
followed to calculate O2 consumption and CO2 pro-
duction. (All appendices can be accessed through 
the Instructor Resources within Connect.) Modern-
day, open-circuit spirometry (see Fig. 1.4) employs 

Temperature
measurement

Direct calorimetry

Circulating
“jacket” of

water

Airflow
into

chamber

Airflow out 
of chamber

(measurement
of evaporative

heat loss)

Figure 1.3 Diagram of a simple calorimeter used to mea-
sure metabolic rate by measuring the production of 
body heat. This method of determining metabolic rate 
is called direct calorimetry.

Figure 1.4 The TrueOne metabolic measurement system 
utilizes electronic flow sensors, gas analyzers, and com-
puter technology. These devices are used to measure 
oxygen uptake and carbon dioxide production at rest 
and during exercise.

© ParvoMedics
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computer technology that measures the volume of 
the exhaled gas on a breath-by-breath basis, which 
is then directed to a mixing chamber where samples 
are taken for continuous gas analysis. The calculations 
of O2 consumption and CO2 production are done au-
tomatically. Although the computer-based system 
certainly makes the  process of measuring oxygen con-
sumption easier, the traditional method is used as the 
“gold standard” to make sure the automated system is 
working correctly (4).

COMMON EXPRESSIONS OF 
ENERGY EXPENDITURE
The oxygen consumption can be used to express en-
ergy expenditure in different ways (21).

V̇O2 (L · min−1) By following the steps outlined in 
Appendix A, oxygen consumption (V̇O2) can be calcu-
lated in liters of oxygen used per minute (L/min). (All 
appendices can be accessed through the Instructor 
Resources within Connect.) For example, the follow-
ing data were collected on a 60-kg trained woman 
during a submaximal run on a treadmill:

 Ventilation (STPD) = 60 L · min−1

 = inspired O2 20.93%
 = expired O2 16.93%
 V̇O2 (L · min−1) = 60 L · min−1 × (20.93% O2

 − 16.93% O2) = 2.4 L · min−1

kcal · min−1 Oxygen uptake can also be expressed 
in kilocalories used per minute. The caloric equiva-
lent of 1 L of O2 varies from 4.7 kcal · L−1 for fats to 
5.05 kcal · L−1 for carbohydrates. However, for practical 
reasons, and with little error, 5 kcal · L−1 of O2 is used 
to convert the V̇O2 to kilocalories per minute. Total 
energy expenditure is calculated by multiplying the 
kilocalories expended per minute (kcal · min−1) by the 
duration of the activity in minutes. For example, if the 
60-kg woman mentioned previously runs on the tread-
mill for 30 minutes at a V̇O2 = 2.4 L · min−1, the total 
energy expenditure can be calculated as follows:

2.4 L · min−1 × 5 kcal · L−1 O2= 12 kcal · min−1  
12 kcal · min−1 × 30 min = 360 kcal

V̇O2 (ml · kg−1 · min−1) When the measured oxygen up-
take, expressed in liters per minute, is multiplied by 
1000 to yield milliliters per minute and then divided 
by the subject’s body weight in kilograms, the value 
is  expressed in milliliters of O2 per kilogram of body 
weight per minute, or ml · kg−1 · min−1. This allows com-
parisons among people of different body sizes. For ex-
ample, for the 60-kg woman with a V̇O2 = 2.4 L · min−1:

 2.4 L · min−1 × 1000 ml · L−1 ÷ 60 kg  
= 40 ml · kg−1· min−1

METs The resting metabolic rate is usually mea-
sured with an individual at quiet supine rest, after 
a period of fasting and not participating in exercise. 
The resting metabolic rate varies with age and gen-
der, being less in females than males, and decreases 
with age (23). The MET (metabolic equivalent) 
is a term used to represent resting metabolism and 
is taken, by convention, to be 3.5 ml · kg−1 · min−1. 
This is called 1 MET. In essence, the energy cost of 
activities can be expressed in terms of multiples of 
the MET unit. METs are useful for comparing the 
relative intensity of various activities. Using the pre-
ceding information:

 40 ml · kg−1· min−1 ÷ 3.5 ml · kg−1 · min−1  = 11.4 METs

kcal · kg−1 · hr−1 The MET expression can also be used 
to express the number of calories the subject uses per 
kilogram of body weight per hour. In the example 
mentioned previously, the subject is working at 11.4 
METs, or 40 ml · kg−1 min−1. When this value is multi-
plied by 60 min · hr−1, it equals 2400 ml · kg−1 · hr−1, 
or 2.4 L · kg−1 · hr−1. If the person is using a mixture 
of carbohydrates and fats as the fuel, the V̇O2 is mul-
tiplied by 4.85 kcal · L−1 of O2 (average between 4.7 
and 5.05 kcal/L O2) to give 11.6 kcal · kg−1 · hr−1. The 
following steps show the detail.

 11.4 METs × 3.5 ml · kg−1 · min−1 = 40 ml · kg−1 · min−1

 40 ml · kg−1 · min−1 × 60 min · hr−1

= 2400 ml · kg−1 · hr−1 = 2.4 L · kg−1 · hr−1

 2.4 L · kg−1 · hr−1 × 4.85 kcal · L−1 O2

 = 11.6 kcal · kg−1· hr−1

IN SUMMARY
 ■ Measurement of energy expenditure at rest or 
during exercise is possible using either direct 
or indirect calorimetry.

 ■ Direct calorimetry uses the measurement of heat 
production as an indication of metabolic rate.

 ■ Indirect calorimetry estimates metabolic rate 
via the measurement of oxygen consumption.

IN SUMMARY
 ■ Energy expenditure can be expressed in terms 
of oxygen consumption (V̇O2) in units of  
L · min−1 and ml · kg−1 · min−1.

 ■ Based on V̇O2, energy expenditure can also  
be expressed as METs, where 1 MET =  
3.5 ml · kg−1 · min−1.

 ■ Energy expenditure can also be expressed in 
terms of kcal · min−1 and kcal · kg−1 · min−1.
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ESTIMATION OF ENERGY 
EXPENDITURE
Researchers studying the oxygen cost (O2 cost = V̇O2 
at steady state) of exercise have demonstrated that 
it is possible to estimate the energy expended dur-
ing certain types of physical activity with reason-
able precision (8, 10, 11, 19, 31). Walking, running, 
and cycling are activities that have been studied in 
detail. The O2 requirements of walking and running 
graphed as a function of speed are presented in Fig-
ure 1.5. Expressing V̇O2 as a function of the body 
weight is referred to as relative V̇O2, and it is appro-
priate when describing the O2 cost of weight-bear-
ing activities such as walking, running, and climbing 
steps. Note that the relationships between the rela-
tive O2 requirement (ml · kg−1 · min−1) and walking/
running speed are straight lines (2, 19). A similar 
relationship exists for cycling, up to a power output 
of about 200 W (see Fig. 1.6). The fact that this re-
lationship is linear over a wide range of speeds and 
power outputs makes the calculation of the O2 cost 
(or energy cost) very easy (see A Closer Look 1.1 and 
1.2 for examples). Estimation of the energy expendi-
ture of other types of activities is more complex. For 
example, estimation of energy expenditure during 
tennis is dependent on whether the match is singles 
or doubles and is also influenced by the  participants’ 

skill level. That said, modern portable oxygen uptake 
devices allow direct measurement of V̇O2 outside 
the laboratory to estimate energy expenditure of al-
most any activity. See the Compendium of Physical 
Activities (http://sites.google.com/site/com-
pendiumofphysicalactivities/) for a detailed list 
of the oxygen cost (MET values) of numerous physi-
cal activities (1).
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Figure 1.5 The relationship between speed and V̇O2 
cost is linear for both walking and running. Note that x 
equals the walking/running speed in m · min−1.

A CLOSER LOOK 1.1

Estimation of the O2 Requirement of Treadmill Walking
The O2 requirement of horizontal treadmill walking can be estimated with reasonable accuracy for speeds between 50 
and 100 m · min−1 using the following formula:

V̇O2 (ml · kg−1 · min−1) = 0.1 ml · kg−1 · min−1/(m · min−1) × speed (m · min−1) + 3.5 ml · kg−1 · min−1 (resting V̇O2)

For example, the O2 cost of walking at 80 m · min−1 is

V̇O2 (ml kg−1 min−1) = 0.1 ml · kg−1 · min−1 × 80 m · min−1 + 3.5 ml · kg−1 · min−1

 = 11.5 ml · kg−1 · min−1 or 3.3 METs (11.5 ÷ 3.5)

Estimation of the O2 Requirement of Treadmill Running
The O2 requirements of horizontal treadmill running for speeds greater than 134 m · min−1 can be estimated in a man-
ner similar to the procedure used to estimate the O2 requirement for treadmill walking. The O2 cost of the horizontal 
component is calculated using the following formula:

V̇O2 (ml · kg−1 · min−1) = 0.2 ml · kg−1 · min−1 /m · min−1 × speed (m · min−1) + 3.5 ml · kg−1· min−1 (resting V̇O2)

What is the oxygen cost of a person running at 6 mph (161 m/min or 9.7 km/hr)?

V̇O2 (ml · kg−1 · min−1) = 0.2 ml · kg−1· min−1/m · min−1 × 161 m · min−1 + 3.5 ml · kg−1 · min−1

 = 35.7 ml · kg−1 · min−1 or 10.2 METs (35.7 ÷ 3.5)

Formulas are taken from reference (2).
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CALCULATION OF EXERCISE 
EFFICIENCY
Efficiency describes the capacity to convert energy 
expenditure into work; it is expressed as the ratio 
of the work done to the energy put in to do the 
work. A more efficient individual uses less energy to 

do the same amount of work. Exercise physiologists 
have long searched for ways to mathematically de-
scribe the efficiency of human movement. Although 
measurements of gross, net, delta, and instantaneous 
efficiency have been used to describe exercise effi-
ciency, one of the most common and simple expres-
sions is net efficiency (6, 7, 10, 13, 16, 30, 31, 38, 
39). Net efficiency is defined as the mathematical 
ratio of work output divided by the energy expended 
above rest:

% Net Efficiency = 
Work Output

Energy Expenditure
 × 100

No machine is 100% efficient, because some 
energy is lost due to friction of the moving parts. 

A CLOSER LOOK 1.2

Estimation of the O2 Requirement of Cycling
Similar to the energy cost of walk-
ing and running, the oxygen require-
ment of cycling is also linear (straight 
line) over a range of work rates up 
to about 200 W (Fig. 1.6). Because 
of this linear relationship, the O2 re-
quirement of cycling can be  easily 
estimated for power outputs be-
tween 50 and 200 watts (i.e., ~300 
and 1200 kpm · min−1). The total O2 
cost of cycling on a cycle ergometer is 
composed of three components. These 
include the resting O2 consumption, 
the O2 demand associated with un-
loaded cycling (i.e., energy cost of 
moving the legs), and the O2 require-
ment that is directly proportional to 

the external load on the cycle. An ex-
planation of how the O2 cost of these 
components is computed follows.

First, the resting O2 consumption 
is estimated at 3.5 ml · kg−1 · min−1. 
Second, at a cranking speed of 50 
to 60 rpm, the oxygen cost of un-
loaded cycling is also approximately  
3.5 ml · kg−1 · min−1. Finally, the rela-
tive O2 cost of cycling against an exter-
nal load is 1.8 ml · kpm−1 × work rate × 
body mass−1. Putting these three com-
ponents together, the collective for-
mula to compute the O2 of cycling is:

V̇O2 (ml · kg−1 · min−1) =  
1.8 ml · kpm−1 (work rate) × M−1  

+ 7 ml · kg−1· min−1

where:

 ■ work rate on the cycle ergome-
ter is expressed in kpm · min−1

 ■ M is body mass in kilograms

 ■ 7 ml · kg−1 · min−1 is the sum of 
resting O2 consumption (3.5) 
and the O2 cost of unloaded 
cycling (3.5)

For example, the O2 cost of cycling at 
600 kpm/min (~100 W) for a 70-kg 
man is:

1.8 ml · kpm−1 (600 kpm · min−1) × 
70 kg−1 + 7 ml · kg−1 · min−1 = 22.4 

ml · kg−1 · min−1

Formulas are from reference (2).

Figure 1.6 The relationship between work rate and V̇ O2 cost is 
linear for cycling over a wide range of workloads. This figure 
illustrates the relative oxygen cost (i.e., V̇ O2 per kilogram of 
body mass) of cycling for a 70-kg individual.Cycle ergometer work rate (watts)
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IN SUMMARY
 ■ The energy cost of horizontal treadmill walking 
or running and cycling can be estimated with 
reasonable accuracy because the O2 require-
ments increase as a linear function of speed and 
power, respectively.
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Likewise, the human machine is not 100% efficient 
because energy is lost as heat. It is estimated that 
the gasoline automobile engine operates with an ef-
ficiency of approximately 20% to 25%. Similarly, net 
efficiency for humans exercising on a cycle ergometer 
ranges from 15% to 27%, depending on work rate (13, 
16, 31, 34, 39).

The calculation of net efficiency during cycle 
 ergometer or treadmill exercise requires measure-
ment of work output and the subject’s energy ex-
penditure during the exercise and at rest. It should 
be emphasized that V̇O2 measurements must be 
made during steady-state conditions. The work rate 
on the cycle ergometer or treadmill is calculated as 
discussed earlier and is generally expressed in kpm 
· min−1. The energy expenditure during these types 
of exercise is usually estimated by first measuring 
V̇O2 (L · min−1) using open-circuit spirometry and 
then converting it to either kcal or kJ using the ex-
act conversion based on the specific nutrients being 
used as fuel (see Chap. 4 for details). In the following 
example, we will use 5 kcal · L−1 O2 to show how to 
do this calculation. To do the computation  using the 
net efficiency formula, both numerator and denomi-
nator must be expressed in similar terms. Because the 
numerator (work rate) is expressed in kpm · min−1 
and energy expenditure is expressed in kcal · min−1, 
 we have to convert one  unit to match the other. 
Consider the following sample calculation of net effi-
ciency during submaximal, steady-state cycle ergom-
eter exercise. Given:

 Resistance against the cycle flywheel = 2 kp (19.6 N)
 Cranking speed = 50 rpm
Resting V̇O2 = 0.25 L · min−1

 Steady-state exercise V̇O2 = 1.5 L · min−1

 Distance traveled per revolution = 6 m · rev−1

Therefore:
Work rate = [2 kp × (50 m · rev−1 × 6 m · rev−1)]
 = 600 kpm · min−1

 Net energy expenditure = [1.5 L · min−1 − 0.25 L · min−1]
 × 5 kcal · L−1 = 6.25 kcal · min−1

 To convert kpm to kcal: 600 kpm · min−1 ÷ 426.8 kpm ·  
kcal−1 = 1.41 kcal · min−1

Hence, net efficiency  =    1.41 kcal · min−1      ____________________________________________       
6.25 kcal · min−1     × 100%

   = − 22.6%

Factors That Influence  
Exercise Efficiency
The efficiency of exercise is influenced by several fac-
tors: (1) the exercise work rate, (2) the speed of move-
ment, and (3) the fiber composition of the muscles 
performing the exercise. A brief discussion of each of 
these factors follows.

Work Rate and Exercise Efficiency Figure 1.7 de-
picts the changes in net efficiency during cycle er-
gometry exercise as a function of work rate. Note 
that efficiency decreases as the work rate increases 
(13, 31). This is because the relationship between en-
ergy expenditure and work rate is curvilinear rather 
than linear over a broad range of power outputs (see 
Fig. 1.8) (16, 31). This may appear to be at odds with 
the previous section in which we stated that oxy-
gen consumption could be estimated from power 
outputs because of the linear relationship between 
work rate and energy expenditure. However, at low-
to-moderate work rates (<200 W), the relationship is 
close to linear and little error is introduced into the 
estimation of V̇O2. In contrast, when we look at this 
relationship across the full range of power outputs, 
it is clearly curvilinear (see Fig. 1.8). The result is 
that as work rate increases, total body energy ex-

Figure 1.7 Changes in net efficiency during arm crank 
ergometry as a function of work rate.
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Figure 1.8 Relationship between energy expenditure and 
work rate. Note that energy expenditure increases as a 
curvilinear function of work rate.
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penditure increases out of proportion to the work 
rate; this is indicative of a lower efficiency at higher 
power outputs.

Movement Speed and Efficiency Research has 
shown that there is an “optimum” speed of move-
ment for any given work rate. Evidence suggests 
that the optimum speed of movement increases as 
the power output increases (8). In other words, at 
higher power outputs, a greater speed of movement 
is required to obtain optimum efficiency. At low-to-
moderate work rates, a pedaling speed of 40 to 60 
rpm is generally considered optimum during arm or 
cycle ergometry (12, 14, 16, 28, 31, 33). Note that 
any change in the speed of movement away from the 
optimum results in a decrease in efficiency (Fig. 1.9). 
This decline in efficiency at low speeds of movement 
is probably due to inertia (31). That is, there may be 
an increased energy cost of performing work when 
movements are slow and the limbs involved must 
repeatedly stop and start. The decline in efficiency as-
sociated with high-speed movement (at low-to-mod-
erate work rates) may be because increasing speeds 
might augment muscular friction and thus increase 
internal work (6, 31).

Fiber Type and Efficiency People differ in their net 
efficiency during cycle ergometer exercise. Why? 
Recent evidence suggests that subjects with a high 
percentage of slow muscle fibers display a higher 
exercise efficiency compared to subjects with a high 
percentage of fast muscle fibers (see Chap. 8 for a 
discussion of muscle fiber types) (20, 22, 26, 32). 
The physiological explanation for this observation is 
that slow muscle fibers are more efficient than fast 
fibers. That is, slow fibers require less ATP per unit 
of work performed compared to fast fibers. It is clear 
that a higher efficiency is associated with better 
performance (20).

RUNNING ECONOMY
As discussed previously, the computation of work 
is not generally possible during horizontal tread-
mill running, and thus a calculation of exercise 
efficiency cannot be performed. However, the mea-
surement of the steady-state V̇O2 requirement (O2 
cost) of running at various speeds offers a means of 
comparing running economy (not efficiency) be-
tween two runners or groups of runners (10, 18, 
19, 27, 29). Although these terms appear similar, 
the distinction is that efficiency refers to the ra-
tio of work output to energy expenditure, and 
if “work” cannot be measured, efficiency cannot 
be calculated. In contrast, it is very easy to mea-
sure an individual’s energy expenditure (oxygen 
uptake) at a specific running speed to determine 
running economy. Figure  1.10 compares the O2 

IN SUMMARY
 ■ Net efficiency is defined as the mathematical 
ratio of work performed divided by the energy 
expenditure above rest and is expressed as a 
percentage:

% Net Efficiency = 
Work Output

Energy Expenditure
 × 100

 ■ The efficiency of exercise decreases as the ex-
ercise work rate increases. This occurs because 
the relationship between work rate and energy 
expenditure is curvilinear.

 ■ To achieve maximal efficiency at any work rate, 
there is an optimal speed of movement.

 ■ Exercise efficiency is greater in subjects who 
possess a high percentage of slow muscle fibers 
compared to subjects with a high percentage 
of fast fibers. This occurs because slow muscle 
fibers are more efficient than fast fibers.

Figure 1.9 Effects of speed of movement (pedal rate) on 
exercise efficiency at 150 W. Note the optimum pedal 
rate for maximum efficiency at this work rate.
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Figure 1.10 Minimum, mean, and maximum  values 
for the oxygen cost of running, expressed in 
ml · kg−1 · km−1, for elite runners (Category 1), sub-elite 
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untrained individuals (Category 4).
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28 Section One Physiology of Exercise

That being said, there is no question that a better 
running economy is associated with a  better perfor-
mance in distance running events. This is addressed 
in more detail in Chaps. 19 and 20.

IN SUMMARY
 ■ Although it is not easy to compute efficiency 
during horizontal running, the measurement 
of the O2 cost of running (ml · kg−1 · min−1) at 
any given speed offers a measure of running 
economy.

 ■ Running economy is better, on average, in elite 
runners compared to those with less ability or 
untrained individuals. However, there is consid-
erable variation in running economy between 
individuals, independent of running ability.

STUDY QUESTIONS
 1. Define the following terms:
 a. work
 b. power
 c. percent grade
 d. relative V̇O2

 e. net efficiency
 f. metric system
 g. SI units
 2. Calculate the total amount of work performed in 5 minutes 

of exercise on the cycle ergometer, given the following:

Resistance on the flywheel = 25 N
Cranking speed = 60 rpm
Distance traveled per revolution = 6 meters

 3. Compute total work and power output per minute for 
10 minutes of treadmill exercise, given the following:

Treadmill grade = 15%
Horizontal speed = 90 m · min−1

Subject’s weight = 70 kg

 4. Briefly describe the procedure used to estimate energy 
expenditure using (a) direct calorimetry and (b) indi-
rect calorimetry.

 5. Compute the estimated energy expenditure (ml · kg−1 
· min−1) during horizontal treadmill walking for the fol-
lowing examples:

 a. Treadmill speed = 50 m · min−1

  Subject’s weight = 62 kg
 b. Treadmill speed = 80 m · min−1

  Subject’s weight = 75 kg
 6. Calculate the estimated O2 cost of horizontal treadmill 

running (ml · kg−1 · min−1) for a 70-kg subject at 150, 
200, and 235 m · min−1.

 7. Calculate the power output (kpm · min−1 and watts) 
during cycle ergometer exercise, given the following:

Resistance on the flywheel = 3.0 kp
Cranking speed = 50 rpm
Distance traveled per revolution = 6 meters

 8. Calculate net efficiency, given the following:

Resting V̇O2 = 0.3 L · min−1

Exercise V̇O2 = 2.1 L · min−1

Work rate = 150 W

 9. Compute the oxygen cost of cycling (ml · kg-1 · min-1) at 
work rates of 50, 75, 100, 125 W for a 60-kg person.
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cost of running among groups differing in running 
ability, from elite runners to untrained individuals 
(29). The economy of running is expressed (on the  
y-axis) in milliliters of oxygen used per kilogram of 
weight per kilometer (ml · kg−1 · km−1). Not surpris-
ingly, the average (mean) oxygen cost of running 
was lowest in elite runners and increased as ability 
level decreased. However, the average difference 
between the elite runners and the untrained indi-
viduals was only 10%, suggesting that systematic 
training has a limited effect on running economy. 
In contrast, one of the most interesting aspects of 
this study was the incredible variability in running 
economy within each group. There was about a 20% 
difference between the least and most economical 
runner in each group, independent of running abil-
ity. This amplifies the point that factors other than 
systematic training influence running economy. 
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 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

1. Define the terms homeostasis and steady state.

2. Diagram and discuss a biological control 
system.

3. Give an example of a biological control system.

4. Explain the term negative feedback.

5. Define what is meant by the gain of a control 
system.

Control of the Internal 
Environment

2
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More than 100 years ago, the French physiolo-
gist Claude Bernard observed that the “milieu 

interior” (internal environment) of the body remained 
remarkably constant despite a changing external en-
vironment (see A Look Back—Important People in Sci-
ence). The fact that the body maintains a relatively 
constant internal environment in spite of stressors 
(e.g., heat, cold, exercise) is not an accident but is the 
result of many control systems (15). Control mecha-
nisms that are responsible for maintaining a stable 
internal environment constitute a major chapter in 
exercise physiology, and it is helpful to examine their 
function in light of simple control theory. Therefore, 
this chapter introduces the concept of “control sys-
tems” and discusses how the body maintains a rela-
tively constant internal environment during periods 
of stress. However, before you begin to read this chap-
ter, take time to review Research Focus 2.1. This box 
provides an overview of how to interpret graphs and 
gain useful information from these important tools of 
science.

HOMEOSTASIS: DYNAMIC 
CONSTANCY
The term homeostasis is defined as the maintenance 
of a relatively constant internal environment. A sim-
ilar term, steady state, is often used to denote a 
steady and unchanging level of some physiological 
variable (e.g., heart rate). Although the terms homeo-
stasis and steady state are similar, they differ in the 
following way. The term homeostasis is commonly 
used to  denote a relatively constant and normal inter-
nal environment during resting conditions (8, 16). In 
 contrast, a steady state does not mean that a physio-
logical variable is at resting values but that the physi-
ological variable is constant and unchanging.

An example that is useful in distinguishing between 
these two terms is the case of body temperature during 
exercise. Figure 2.2 illustrates the changes in body core 
temperature during 60 minutes of constant-load submax-
imal exercise in a thermoneutral environment (i.e., low 

RESEARCH FOCUS 2.1

How to Understand Graphs: A Picture Is Worth a Thousand Words
Throughout this book, we use line 
graphs to illustrate important con-
cepts in exercise physiology. Al-
though these same concepts can be 
explained in words, graphs are useful 
visual tools that can illustrate com-
plicated relationships in a way that 
is easy to understand. Let’s briefly re-
view the basic concepts behind the 
construction of a line graph.

A line graph is used to illustrate 
relationships between two variables, 
that is, how one thing is affected by 
another. You may recall from one of 
your math courses that a variable is 
the generic term for any character-
istic that changes. For example, in 
exercise physiology, heart rate is a 
variable that changes as a function 
of exercise intensity. Figure 2.1 is a 
line graph illustrating the relation-
ship between heart rate and exercise 
intensity. In this illustration, exer-
cise intensity (independent variable) 
is placed on the x-axis (horizontal) 
and heart rate (dependent variable) is  

located on the y-axis (vertical). Heart 
rate is considered the dependent vari-
able because it changes as a function 
of exercise intensity. Because exercise 
intensity is independent of heart rate, 
it is the independent variable. Note  

in Figure 2.1 that heart rate increases 
as a linear (straight-line) function of 
the exercise intensity. This type of 
line graph makes it easy to see what 
happens to heart rate when exercise 
intensity is increased.
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32 Section One Physiology of Exercise

humidity and low temperature). Note that core temper-
ature reaches a new and steady level within 40 minutes 
after start of exercise. This plateau of core temperature 
represents a steady state because temperature is con-
stant; however, this constant temperature is above the 
normal resting body temperature and thus does not rep-
resent a true homeostatic condition. Therefore, the term 
homeostasis is generally reserved for describing normal 
resting conditions, and the term steady state is often 
applied to exercise wherein the physiological variable 
in question (i.e., body temperature) is constant but may 
not equal the “homeostatic” resting value.

Although the concept of homeostasis means that 
the internal environment is unchanging, this does  
not mean that the internal environment  remains 
 absolutely constant. In fact, most physiological vari-
ables vary around some “set” value, and thus homeo-
stasis represents a rather dynamic constancy. An 
example of this dynamic constancy is the arterial 
blood pressure. Figure 2.3 shows the mean (average) 
arterial blood pressure during eight minutes of rest. 
Note the oscillatory change in arterial pressure, but 
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Figure 2.3 Changes in arterial blood pressure across time 
during resting conditions. Notice that although the arte-
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remains unchanged.

39

38

37

B
od

y 
co

re
 te

m
pe

ra
tu

re
 (°

C
)

Exercise time (min)
Rest 20 40 60

Steady state

Figure 2.2 Changes in body core temperature during 
60 minutes of submaximal exercise in a thermoneutral en-
vironment. Note that body temperature reaches a plateau 
(steady state) by approximately 40 minutes of exercise.

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Claude Bernard—A Founding Father of Physiology
Claude Bernard 
(1813–1878) was a 
French physician and 
physiologist who is 
considered one of 
the founding “fathers 
of physiology.” In-
deed, Dr. Bernard’s 
research and writings 
greatly improved 
our understand-

ing of physiology during the nine-
teenth century, and he is credited 
with recognizing the importance 
of a constant internal environment.  
A brief overview of Dr. Bernard’s life and 
contributions to physiology follows.

Claude Bernard was born in the 
French village of Saint-Julien and re-
ceived his early education at the lo-
cal Jesuit school. He attended Lyon  
College briefly, but left college to 

devote his efforts toward becoming 
a successful writer. At the age of 21, 
Dr. Bernard went to Paris to formally 
launch his writing career. However, 
following discussions with literature 
critics, Dr. Bernard abandoned writ-
ing and decided to study medicine 
as a career. As a medical intern at a 
Paris hospital, Dr. Bernard began to 
work with a senior French physician/
physiologist, Francois Magendie, who 
was involved in research and teaching 
medical students. Dr. Bernard quickly 
became Magendie’s deputy professor 
and later succeeded him as a professor.

During his research and medical 
career, Claude Bernard made many 
important contributions to physiol-
ogy and medicine. One of his first 
important studies was aimed at un-
derstanding the role of the pancreas 
in digestion. He also discovered that 

the liver was capable of synthesizing 
glucose from products (e.g., lactate)  
removed from the blood. Additionally, 
Dr. Bernard discovered the vasomo-
tor system, and this important discov-
ery led to our understanding that the 
nervous system can act to both dilate 
and constrict blood vessels. Finally,  
although Dr. Bernard proposed the 
idea that maintaining a stable internal 
environment is a requirement for the 
body to remain healthy, he is not re-
sponsible for the concept of homeo-
stasis. Indeed, the maintenance of a 
stable internal environment was termed 
“homeostasis” by Walter Cannon  
in 1932. The word homeostasis comes 
from the Greek words homoios (meaning 
the same) and stasis (meaning to stay 
or stand). For more details on the work 
of Walter Cannon, see A Look Back—Im-
portant People in Science in Chap. 5.

© Boyer/Roger 
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the mean (average) arterial pressure remains around 93 
mm Hg. The reason such an oscillation occurs in phys-
iological  variables is related to the “feedback” nature of 
 biological control systems (16). This is discussed later 
in the chapter in the “Negative Feedback” section.

CONTROL SYSTEMS  
OF THE BODY
The body has literally hundreds of different control sys-
tems, and the overall goal of most is to regulate some 
physiological variable at or near a constant value (16). 
The most intricate of these control systems reside inside 
the cell itself. These cellular control systems regulate 
cell activities such as protein breakdown and synthesis, 
energy production, and maintenance of the appropriate 
amounts of stored nutrients. Almost all organ systems 
of the body work to help maintain homeostasis (14). 
For example, the lungs (pulmonary system) and heart 
(circulatory system) work together to replenish oxygen 
and to remove carbon dioxide from the extracellular 
fluid. The fact that the cardiopulmonary system is usu-
ally able to maintain normal levels of oxygen and carbon 
dioxide even during periods of strenuous exercise is not 
an accident but the end result of a good control system.

NATURE OF THE CONTROL 
SYSTEMS
To develop a better understanding of how the body 
maintains a stable internal environment, let’s begin 
with the analogy of a simple, nonbiological control 
system, such as a thermostat-regulated heating and 
cooling system in a home. Suppose the thermostat is 
set at 20°C. Any change in room temperature away 
from the 20°C “set point” results in the appropri-
ate response by the temperature “control center” to 
return  the room temperature to 20°C. If the room 
temperature rises above the set point, the thermo-
stat signals the control center to turn off the furnace, 
which gradually returns the room temperature to 
20°C. In contrast, a decrease in temperature below 
the set point results in the thermostat signaling the 
furnace to begin operation. In both cases, the response 

by the control center was to correct the condition—
low or high temperature—that initially turned it on.

Similar to the example of a mechanical control 
system, a biological control system is a series of 
interconnected components that maintain a chemi-
cal or physical parameter of the body near a constant 
value (16). Biological control systems are composed 
of three elements: (1) a sensor (or receptor); (2) a con-
trol center (i.e., center to integrate response); and (3) 
effectors (i.e., organs that produce the desired effect) 
(Fig. 2.4). The signal to begin the operation of a con-
trol system is the stimulus that represents a change in 
the internal environment (i.e., too much or too little 
of a regulated variable). The stimulus excites a sen-
sor that is a receptor in the body capable of detecting 
change in the variable in question. The excited sensor 
then sends a message to the control center. The con-
trol center integrates the strength of the incoming 
signal from the sensor and sends a message to the 
effectors to bring about the appropriate response 
to correct the disturbance (i.e., desired effect). The 
return of the internal environment to normal (i.e., ho-
meostasis) results in a decrease in the original stimu-
lus that triggered the control system into action. This 
type of feedback loop is termed  negative feedback and 
is the primary method responsible for maintaining ho-
meostasis in the body (16) (Fig. 2.4). A more detailed 
discussion of negative feedback follows.

IN SUMMARY
 ■ Homeostasis is defined as the maintenance of a 
constant or unchanging “normal” internal envi-
ronment during unstressed conditions.

 ■ The term steady state is also defined as a con-
stant internal environment, but this does not 
necessarily mean that the internal environ-
ment is normal. When the body is in a steady 
state, a physiological variable (e.g., heart rate) is 
 relatively constant.

Figure 2.4 This schematic illustrates the components 
of a biological control system. The process begins with 
a change in the internal environment (i.e., stimulus), 
which excites a sensor to send information about the 
change to a control center. The control center makes an 
assessment of the amount of response that is needed to 
correct the problem and sends the appropriate message 
to the appropriate organs to bring about the desired ef-
fect. This effect is responsible for correcting the distur-
bance, and thus the stimulus is removed.

Control center

data to control center response to stimulus

negative feedback
and return to normal

change of internal
conditions

stimulus

Sensor E�ectors
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34 Section One Physiology of Exercise

Negative Feedback
Most control systems of the body operate via nega-
tive feedback (16). Negative feedback is an impor-
tant class of biological control systems in the body 
that serves to restore normal values of a variable to 
maintain homeostasis. An example of negative feed-
back is the respiratory system’s regulation of the CO2 
concentration in extracellular fluid. In this case, an 
increase in extracellular CO2 above normal levels 
triggers a receptor, which sends information to the 
respiratory control center to increase breathing and 
bring more air into the lungs. The effectors in this 
example are the respiratory muscles, which act to 
increase breathing. This increase in breathing will 
reduce extracellular CO2 concentrations back to 
normal, thus reestablishing homeostasis. This type 
of feedback is termed negative because the response 
of the control system is negative (opposite) to the 
stimulus. In other words, this type of feedback is 
negative because the high concentration of carbon 
dioxide causes physiological events that decrease the 
concentration back to normal, which is negative to 
the initiating stimulus.

Positive Feedback
Although negative feedback is the primary type of 
feedback used to maintain homeostasis in the body, 
positive feedback control loops also exist. Positive 
feedback control mechanisms act to increase the orig-
inal stimulus. This type of feedback is termed positive 
because the response is in the same direction as the 
stimulus.

A classic example of a positive feedback mecha-
nism involves the enhancement of labor contrac-
tions when a woman gives birth. For example, when 
the head of the baby moves into the birth canal, the 
increased pressure on the cervix (narrow end of the 
uterus) stimulates sensory receptors. These excited 
sensors then send a neural message to the brain 
(i.e., control center), which responds by trigger-
ing the release of the hormone oxytocin from the  
pituitary gland. Oxytocin then travels via the  
blood to the uterus and promotes increased con-
tractions. As labor continues, the cervix becomes  
more stimulated and uterine contractions become 
even stronger until birth occurs. At this point, the 
stimulus (i.e., the pressure) for oxytocin release 
stops and thus shuts off the positive feedback 
mechanism.

Gain of a Control System
The precision with which a control system maintains 
homeostasis is called the gain of the system. Gain can 
be thought of as the “capability” of the control system. 

This means that a control system with a large gain is 
more capable of correcting a disturbance in homeo-
stasis than a control system with a low gain. As you 
might predict, the most important control systems 
of the body have large gains. For example, control 
systems that regulate body temperature, breathing 
(i.e., pulmonary system), and delivery of blood (i.e., 
cardiovascular system) all have large gains. The fact 
that these systems have large gains is not surprising, 
given that these control systems all deal with life-and-
death issues.

EXAMPLES OF HOMEOSTATIC 
CONTROL
To better understand biological control systems, let’s 
consider a few examples of homeostatic control.

Regulation of Body Temperature
An excellent example of a homeostatic control system 
that uses negative feedback is the regulation of body 
temperature (15). The sensors in this system are ther-
mal receptors located in several body locations. The 
control center for temperature regulation is located 
in the brain, and when body temperature increases 
above normal, temperature sensors send a neural mes-
sage to the control center that temperature is above 
normal (top portion of Fig. 2.5). The control center 
responds to this stimulus by directing a response to 
promote heat loss (i.e., skin blood vessels dilate and 
sweating occurs). When body temperature returns to 
normal, the control center is inactivated.

When body temperature falls below normal, 
temperature sensors send these data to the control 
center in the brain, which responds by preventing 
the loss of body heat (e.g., blood vessels in the skin 
constrict); this action serves to conserve heat (bottom 
portion of Fig. 2.5). Again, when body temperature re-
turns to normal, the control center becomes inactive.  
Complete details about how the body regulates tem-
perature during exercise are presented in Chap. 12.

IN SUMMARY
 ■ A biological control system is composed of a 
receptor, a control center, and an effector.

 ■ Most control systems act by way of negative 
feedback.

 ■ The degree to which a control system main-
tains homeostasis is termed the gain of the 
system. A control system with a large gain is 
more capable of maintaining homeostasis than a 
system with a low gain.
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Regulation of Blood Glucose
Maintaining homeostasis is an important function of 
the endocrine system (see Chap. 5). The body con-
tains eight major endocrine glands, which synthesize 
and secrete blood-borne chemical substances called 
hormones. Hormones are transported via the circula-
tory system throughout the body as an aid to regulate 
circulatory and metabolic functions (4, 16). An exam-
ple of the endocrine system’s role in the maintenance 
of homeostasis is the control of blood glucose levels. 
Indeed, in health, the blood glucose concentration is 
carefully regulated by the endocrine system. For ex-
ample, the hormone insulin regulates cellular uptake 
and the metabolism of glucose and is therefore impor-
tant in the regulation of the blood glucose concen-
tration. After consuming a large carbohydrate meal, 
blood glucose levels increase above normal. This rise 
in blood glucose signals the pancreas to release insulin, 
which then lowers blood glucose by increasing cellu-
lar uptake. Failure of the blood glucose control system 
results in disease (diabetes) and is discussed in Clinical 
Applications 2.1.

EXERCISE: A TEST OF 
HOMEOSTATIC CONTROL
Muscular exercise presents a dramatic test of the 
body’s homeostatic control systems because exercise 
has the potential to disrupt many homeostatic vari-
ables. For example, during heavy exercise, skeletal 
muscle produces large amounts of heat, which pose 
a challenge for the body to prevent overheating. Ad-
ditionally, heavy exercise results in large increases in 
muscle O2 requirements, and large amounts of CO2 
are produced. These changes must be countered by 
increases in breathing (pulmonary ventilation) and 
blood flow to increase O2 delivery to the exercising 
muscle and remove metabolically produced CO2. The 
body’s control systems must respond rapidly to pre-
vent drastic alterations in the internal environment.

In a strict sense, the body rarely maintains true 
homeostasis while performing intense exercise or 
during prolonged exercise in a hot or humid envi-
ronment. Heavy exercise or prolonged work results 
in disturbances in the internal environment that are 
generally too great for even the highest gain con-
trol systems to overcome, and thus a steady state is 
not possible. Severe disturbances in homeostasis re-
sult in fatigue and, ultimately, cessation of exercise 
(3, 7, 13). Understanding how various body control 
systems minimize exercise-induced disturbances in 
homeostasis is extremely important to the exercise 
physiology student and is thus a major theme of this 
textbook. Specific details about individual control 
systems (e.g.,  circulatory, respiratory) that affect the 
internal environment during exercise are discussed in 
Chaps. 4 through 12. Furthermore, improved exercise 
performance following exercise training is largely due 
to training adaptations that result in a better mainte-
nance of homeostasis; this is discussed in Chap. 13.  
In the next segment, we highlight the processes 
that promote exercise-induced improvements in the 
body’s homeostatic control mechanisms.

EXERCISE IMPROVES 
HOMEOSTATIC CONTROL VIA 
CELLULAR ADAPTATION
The term adaptation refers to a change in the struc-
ture and function of a cell or an organ system that 
results in an improved ability to maintain homeosta-
sis during stressful conditions. Indeed, a cell’s ability 
to respond to a challenge is not fixed and can be 
improved by prolonged exposure to a specific stress 
(e.g., regular bouts of exercise). Also, cells can adapt 
to environmental stresses, such as heat stress due 
to a hot environment. This type of environmental 

Figure 2.5 Illustration of the negative feedback that is 
used to regulate body temperature. See text for details 
of how this system operates.
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36 Section One Physiology of Exercise

 adaptation—the improved function of an existing ho-
meostatic  system—is known as acclimation (16).

It is well known that regular bouts of exercise 
promote cellular changes that result in an improved 
ability to preserve homeostasis during the “stress” of 
exercise (11, 12). This improved ability of cells and 
organ systems to maintain homeostasis occurs via a 
variety of cell signaling mechanisms. The term cell 
signaling refers to a system of communication be-
tween cells that coordinates cellular activities. The 
ability of cells to detect changes in their internal 
environment and correctly respond to this change 
is essential in the maintenance of homeostasis. It 
should be no surprise that a variety of cell signaling 
mechanisms coordinate all the different functions of 
the body. As you read this text, you will encounter 
five different cell signaling mechanisms. These signal-
ing mechanisms are illustrated in Figure 2.6 and are 
briefly defined next.

 ■ Intracrine signaling. Intracrine signaling 
occurs when a chemical messenger is 
produced inside a cell that triggers a signaling 
pathway within the same cell that leads to 
a specific response. Examples of intracrine 
signaling are provided in Chap. 13, where 
we discuss the cell signaling mechanisms 
responsible for skeletal muscle adaptation to 
exercise training.

 ■ Juxtacrine signaling. Some cells 
communicate by cell-to-cell contact, in 
which the cytoplasm of one cell is in contact 
with the cytoplasm of another through 
small junctions that connect the two cell 
membranes. This type of cell signaling is 
called juxtacrine signaling. You will see this 
in Chap. 9 as the method by which one heart 
cell signals to an adjacent cell to contract; 
this signaling mechanism ensures that the 
heart contracts in a smooth and effective 
manner.

CLINICAL APPLICATIONS 2.1

Failure of a Biological Control System Results in Disease
Failure of any component of a bio-
logical control system results in a 
disturbance in homeostasis. A classic 
illustration of the failure of a biological 
control system is the disease diabetes. 
Although there are two forms of dia-
betes (type 1 and type 2), both types 
are characterized by abnormally high 

blood glucose levels (called hypergly-
cemia). In type 1 diabetes, the beta 
cells in the pancreas do not function 
properly (beta cells produce insulin). 
Hence, insulin is no longer produced 
and released into the blood to promote 
the transport of glucose into tissues.  
Therefore, this malfunction of pan-

creatic beta cells represents a failure 
of the “effector” component of this 
control system. If insulin cannot be 
released in response to an increase in 
blood glucose following a high-carbo-
hydrate meal, glucose transport into 
cells is impaired and the end result is 
hyperglycemia and diabetes.

Figure 2.6 Illustration of the five major cell signaling 
mechanisms that participate in the control of homeo-
stasis and cellular adaptation. (a) Intracrine signaling 
occurs when a chemical messenger is produced inside 
a cell and triggers an intracellular signaling pathway 
that leads to a specific cellular response. (b) Juxtacrine 
signaling occurs when the cytoplasm of one cell is in 
contact with the cytoplasm of another cell through 
small junctions that bridge the two cell membranes. 
This permits a chemical messenger from one cell to 
move into the neighboring cell. (c) Autocrine signal-
ing occurs when a cell produces and releases a chemi-
cal messenger into the extracellular fluid that acts 
upon the cell producing the signal. (d) Paracrine sig-
naling occurs when one cell produces and releases a 
chemical messenger that acts on nearby cells to bring 
about a coordinated response. (e) Endocrine signal-
ing occurs when a cell releases a chemical messenger 
(hormone) into the blood and this hormone is then 
carried by the blood stream throughout the body to 
target cells.
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 ■ Autocrine signaling. Autocrine signaling 
occurs when a cell produces and releases a 
chemical messenger into the extracellular fluid 
that acts upon the cell producing the signal. For 
example, during resistance training, autocrine 
signaling within the muscle cell triggers 
the DNA in the nucleus to produce more 
contractile protein, which in turn increases 
the size of that muscle cell. This type of cell 
signaling is discussed in Chap. 13. A Closer  
Look 2.1 presents an overview of how cell 
signaling can promote protein synthesis in cells.

 ■ Paracrine signaling. Some cells produce 
signals that act locally on nearby cells 
(paracrine signals) to bring about a 
coordinated response. For example, we 
will see in Chap. 6 how immune cells 
communicate with each other to generate 
a coordinated attack to protect the body 
from infection and injury. Synaptic signaling 
is another type of paracrine signaling that 
occurs in the nervous system (Chap. 7).

 ■ Endocrine signaling. Finally, some cells 
release chemical signals (hormones) into the 
blood, and these hormones are then carried 
throughout the body. However, the cells that 
respond to the hormone are only cells with a 
receptor specific to this hormone. This is called 
endocrine signaling and is covered in Chap. 5.

STRESS PROTEINS ASSIST 
IN THE REGULATION OF 
CELLULAR HOMEOSTASIS
A disturbance in cellular homeostasis occurs when a 
cell is faced with a “stress” that surpasses its ability 
to defend against this particular type of disturbance. 
A classic illustration of how cells use control systems 
to combat stress (i.e., disturbances in homeostasis) is 
termed the cellular stress response. The cellular stress 
response is a biological control system in cells that 
battles homeostatic disturbances by manufacturing 
proteins designed to defend against stress. A brief over-
view of the cellular stress response system and how it 
protects cells against homeostatic disturbances follows.

At the cellular level, proteins are important in 
maintaining homeostasis. For example, proteins play 
critical roles in normal cell function by serving as intra-
cellular transporters or as enzymes that catalyze chemi-
cal reactions. Damage to cellular proteins by stress (e.g., 
low pH or free radicals) can result in cell damage and a 
disturbance in homeostasis. To combat this type of dis-
ruption in homeostasis, cells respond by rapidly manu-
facturing protective proteins called stress  proteins 

(5, 9, 10). The term stress protein refers to a family of 
proteins that are manufactured in cells in response to 
a variety of stresses (e.g., high temperature). One of the 
most important families of stress proteins are called 
heat shock proteins. It is well known that exercise 
training results in significant increases in the produc-
tion of numerous heat shock proteins within the heart 
and the trained skeletal muscle (10, 12).

Heat shock proteins were discovered by an Italian 
scientist following the observation that exposure of 
flies to heat stress resulted in the synthesis of select 
proteins in the cells of the flies. Note that production 
of heat shock proteins can also be triggered by other 
types of stress such as free radical production, low 
pH, and inflammation. As a consequence, heat shock 
proteins are also referred to as stress proteins.

The process of synthesizing heat shock proteins be-
gins with a stressor that promotes protein damage (e.g., 
heat or free radicals). After synthesis, heat shock proteins 
go to work to protect the cell by repairing damaged pro-
teins and restoring homeostasis. Many families of heat 
shock proteins exist and each family plays a specific role 
in protecting cells and maintaining homeostasis. For a 
detailed discussion of heat shock proteins and their ef-
fect on protecting skeletal muscle fibers against damage 
see Kim (2015) in the suggested readings.

IN SUMMARY
 ■ Exercise presents a challenge to the body’s con-
trol systems to maintain homeostasis. In general, 
the body’s many control systems are capable of 
maintaining a steady state during most types 
of submaximal exercise in a cool environment. 
However, intense exercise or prolonged work 
in a hot environment (i.e., high temperature/
humidity) may exceed the ability of a control 
system to maintain a steady state, and severe 
disturbances in homeostasis often occur.

 ■ Acclimation is the change that occurs in re-
sponse to repeated environmental stresses and 
results in the improved function of an existing 
homeostatic system.

 ■ Cell signaling is defined as a system of com-
munication that governs cellular activities and 
coordinates cell actions.

 ■ A variety of cell signaling mechanisms participate 
in the regulation of homeostasis and are required 
to regulate cellular adaptation. The major cell sig-
naling mechanisms include (1) intracrine signaling, 
(2) juxtacrine signaling, (3) autocrine signaling,  
(4) paracrine signaling, and (5) endocrine signaling.

 ■ Exercise-induced protein synthesis occurs via 
cell signaling events that lead to the activation 
of genes, which leads to protein synthesis and 
to an improved ability to maintain homeostasis 
during the “stress” of exercise (Closer Look 2.1).
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A CLOSER LOOK 2.1

An Overview of Cellular Protein Synthesis
Often, the exercise-induced improved 
ability of cells to maintain homeosta-
sis results from increased synthesis of 
the specific proteins that participate 
in maintaining cellular balance. Exer-
cise-induced protein synthesis occurs 
via cell signaling events that ulti-
mately lead to the activation of genes 
and, subsequently, protein synthesis 
(1, 2). A brief overview of how cell 
signaling results in protein synthesis 
follows.

Human cells contain between 
20,000 and 25,000 genes, and each 
gene is responsible for the synthe-
sis of a specific protein (6). Cellular 
signals regulate protein synthesis by 
“turning on” or “turning off” specific 
genes. Figure 2.7 illustrates the pro-
cess of exercise-induced protein syn-
thesis in a muscle fiber. The process 
begins with the “stress” of exercise 
stimulating a specific cell signaling 
pathway that results in the activa-
tion of a molecule called a transcrip-
tional activator. Transcriptional 
activators are responsible for “turning  

on” specific genes to synthesize new 
proteins. Once activated in the sar-
coplasm, the transcriptional activa-
tor moves into the nucleus and binds 
to the promoter region of the gene. 
Activation of the gene’s promoter 
provides the stimulus for transcrip-
tion. Transcription results in the 
formation of a message called mes-
senger RNA (mRNA), which contains 
the genetic information for a specific 
protein’s amino acid sequence. The 
message (i.e., mRNA) leaves the nu-
cleus and travels through the sarco-
plasm to the ribosome, which is the 
site of protein synthesis. At the ribo-
some, the mRNA is translated into a 
specific protein. Individual proteins 
differ in structure and function; this 
is important because the types of pro-
teins contained in a muscle fiber de-
termine the fiber characteristic and 
its ability to perform specific types 
of exercise. Therefore, understand-
ing the cellular signaling pathways 
that promote or inhibit gene activa-
tion in skeletal muscle is of major 

importance to exercise physiologists. 
Details of how exercise promotes 
skeletal muscle adaptation by alter-
ing gene expression are discussed in 
Chap. 13.

Note that dissimilar modes of 
exercise promote the expression of 
different genes in the active muscle 
fibers. For example, resistance ex-
ercise and endurance exercise pro-
mote the activation of different cell 
signaling pathways; therefore, differ-
ent genes are activated, resulting in 
the expression of diverse proteins. 
However, you will also learn that re-
sistance exercise and endurance exer-
cise activate several common genes, 
such as the genes that express stress 
proteins. Numerous stress proteins 
exist in cells and play an important 
role in maintaining cellular homeo-
stasis. A brief introduction to stress 
proteins and their role in the control 
of cellular homeostasis is discussed 
in the section titled “Stress Proteins 
Assist in the Regulation of Cellular 
Homeostasis.”

Figure 2.7 Illustration of how exercise promotes the activation of cell signaling pathways in muscle fibers that 
lead to increased gene expression and the synthesis of new proteins.
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STUDY QUESTIONS
 1. Define the term homeostasis. How does it differ from 

the term steady state?
 2. Cite an example of a biological homeostatic control 

system.
 3. Draw a simple diagram that demonstrates the relation-

ships between the components of a biological control 
system.

 4. Briefly explain the role of the receptor, the integrating 
center, and the effector organ in a biological control 
system.

 5. Explain the term negative feedback. Give a biological 
example of negative feedback.

 6. Discuss the concept of gain associated with a biological 
control system.

 7. Define cell signaling and outline the five types of cell 
signaling mechanisms that participate in the regulation 
of homeostasis and cellular adaptation.

 8. List the steps that lead to exercise-induced increases in 
protein synthesis in skeletal muscles.

SUGGESTED READINGS
Fox, S. 2015. Human Physiology. New York, NY: McGraw-

Hill.
Kim, K. 2015. Interaction between HSP70 and iNOS in skel-

etal muscle injury and repair. Journal of Exercise Rehabili-
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Widmaier, E., H. Raff, and K. Strang. 2015. Vander’s Human 
Physiology. New York, NY: McGraw-Hill.
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 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

 1. Discuss the function of the cell membrane, 
nucleus, and mitochondria.

 2. Define the following terms: (1) endergonic 
reactions, (2) exergonic reactions, (3) coupled 
reactions, and (4) bioenergetics.

 3. Describe the role of enzymes as catalysts in 
cellular chemical reactions.

 4. List and discuss the nutrients that are used as 
fuels during exercise.

 5. Describe the structure and function of ATP in 
the cell.

 6. Discuss the biochemical pathways involved in 
anaerobic ATP production.

 7. Describe the aerobic production of ATP.

 8. Describe how the metabolic pathways 
involved in bioenergetics are regulated.

 9. Discuss the interaction between aerobic and 
anaerobic ATP production during exercise.

10. Identify the enzymes that are considered rate 
limiting in glycolysis and the citric acid cycle.

Bioenergetics

3
© Action Plus Sports Images/Alamy Stock Photo

pow70456_ch03_040-067.indd   40 01/16/17   9:18 PM



  Chapter Three Bioenergetics 41

Thousands of chemical reactions occur throughout 
the body during each minute of the day. Collec-

tively, these reactions are called metabolism. Me-
tabolism is broadly defined as the total of all cellular 
reactions and includes chemical pathways that result in 
the synthesis of molecules (anabolic reactions), as well 
as the breakdown of molecules (catabolic  reactions).

Because energy is required by all cells, it is not 
surprising that cells possess chemical pathways that 
are capable of converting foodstuffs (i.e., fats, proteins, 
carbohydrates) into a biologically usable form of en-
ergy. This metabolic process is termed bioenerget-
ics. For you to run, jump, or swim, skeletal muscle 
cells must be able to continuously extract energy 
from food nutrients. Indeed, in order to continue to 
contract, muscle cells must have a continuous source 
of energy. Given the importance of cellular energy 
production during exercise, it is essential that stu-
dents of exercise physiology develop a thorough un-
derstanding of bioenergetics. Therefore, this chapter 
will introduce both general and specific concepts as-
sociated with bioenergetics.

CELL STRUCTURE
Cells were discovered in the seventeenth century by 
the English scientist Robert Hooke. Advancements in 
the microscope over the past 300 years have led to 
improvements in our understanding of cell structure 
and function. To understand bioenergetics, it is impor-
tant to have some appreciation of cell structure and 
function. Four elements (an element is a basic chemi-
cal substance) compose over 95% of the human body. 
These include oxygen (65%), carbon (18%), hydrogen 
(10%), and nitrogen (3%) (10). Additional elements 
found in rather small amounts in the body include so-
dium, iron, zinc, potassium, magnesium, chloride, and 
calcium. These various elements are linked by chemical 
bonds to form molecules or compounds. Compounds 
that contain carbon are called organic compounds, 
whereas those that do not contain carbon are termed 
inorganic. For example, water (H2O) lacks carbon and 
is thus inorganic. In contrast, proteins, fats, and carbo-
hydrates contain carbon and are organic compounds.

As the basic functional unit of the body, the cell 
is a highly organized factory capable of synthesizing 
the large number of compounds necessary for normal 
cellular function. Figure 3.1 illustrates the structure 
of a muscle cell (muscle cells are also called muscle 
fibers). Note that not all cells are alike, nor do they all 
perform the same functions. Nonetheless, in general, 
cell structure can be divided into three major parts:

 1. Cell membrane The cell membrane (also called 
the sarcolemma in skeletal muscle fibers) is a 
semipermeable barrier that separates the cell 

from the extracellular environment. Two impor-
tant functions of the cell membrane are to en-
close the components of the cell and to regulate 
the passage of various types of substances in and 
out of the cell (1, 10, 21).

 2. Nucleus The nucleus is a large, round body 
within the cell that contains the cellular genetic 
components (genes). Genes are composed of 
double strands of deoxyribonucleic acids (DNA), 
which serve as the basis for the genetic code. 
Genes regulate protein synthesis, which deter-
mines cell composition and controls cellular activ-
ity. The field of molecular biology is concerned 
with understanding the regulation of genes and 
is introduced in A Closer Look 3.1. Note that al-
though most cells have only one nucleus, skeletal 
muscle fibers are unique in that they have many 
nuclei along the entire length of the muscle fiber.

 3. Cytoplasm (called sarcoplasm in muscle cells) 
This is the fluid portion of the cell between 
the nucleus and the cell membrane. Contained 
within the cytoplasm are various organelles (tiny 
structures) that are concerned with specific 
cellular functions. One such organelle, the 
mitochondrion, is called the powerhouse of the 
cell and is involved in the oxidative conversion 
of foodstuffs into usable cellular energy. The 
important role that mitochondria plays in 
skeletal muscle bioenergetics will be discussed 
later in this chapter. See Research Focus 3.1 for 
details about the structure and cellular locations 
of mitochondria contained in skeletal muscle 
fibers. Also contained in the cytoplasm are the 
enzymes that regulate the breakdown of glucose 
(i.e., glycolysis). Further, in muscle cells, the 
contractile proteins (also called myofibrillar 
proteins) occupy a large portion of the cytoplasm.

BIOLOGICAL ENERGY 
TRANSFORMATION
All energy on earth comes from the sun. Plants use light 
energy from the sun to drive chemical reactions to form 
carbohydrates, fats, and proteins. Animals (including 
 humans) then eat plants and other animals to obtain the 
energy required to maintain cellular activities.

Energy exists in several forms (e.g., electrical, mechan-
ical, chemical), and all forms of energy are  interchangeable 
(21). For example, muscle fibers convert chemical energy 
obtained from carbohydrates, fats, or proteins into me-
chanical energy to perform movement. The bioenergetic 
process of converting chemical energy to mechanical en-
ergy requires a series of tightly controlled chemical reac-
tions. Before discussing the specific reactions involved, 
we provide a review of cellular chemical reactions.
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Cellular Chemical Reactions
Energy transfer in the body occurs via the release of 
energy trapped within chemical bonds of various mol-
ecules. Chemical bonds that contain relatively large 
amounts of potential energy are termed high-energy  
bonds. As mentioned previously, bioenergetics is 
concerned with the transfer of energy from food-
stuffs into a biologically usable form. This energy 
transfer in the cell occurs as a result of a series of 
chemical reactions. Many of these reactions require 
that energy be added to the reactants (endergonic 
reactions) before the reaction will “proceed.” How-
ever, when energy is added to the reaction, the 
products contain more free energy than the original 
reactants.

Reactions that give off energy as a result of chem-
ical processes are known as exergonic reactions. 
Note that the words endergonic and endothermic can 
be used interchangeably. The same applies for the 
words exergonic and exothermic. Figure 3.3 illustrates 
that the amount of total energy released via exergonic 
reactions is the same whether the energy is released 
in one single reaction (combustion) or many small, 
controlled steps (i.e., cellular oxidation) that usually 
occur in cells.

Coupled Reactions Many of the chemical reac-
tions that occur within the cell are called coupled 
 reactions. Coupled reactions are reactions that  
are linked, with the liberation of free energy in one 
reaction being used to “drive” a second reaction. 

RESEARCH FOCUS 3.1

Skeletal Muscle Fibers Contain Two Distinct Subpopulations of Mitochondria
As discussed in the text, in order to per-
form physical activity (e.g., running), 
skeletal muscle must have a continuous 
supply of energy. Much of this cellular 
energy comes from aerobic metabolism 
in the mitochondrion, which harnesses 
the energy from food and converts this 
chemical energy into usable energy for 
muscle contraction (details of this pro-
cess are provided later in this chapter). 
To supply the muscle with a constant 
supply of usable energy, skeletal muscle 
fibers contain two subpopulations of 
mitochondria that differ in cellular loca-
tion: (1) subsarcolemmal mitochondria 
that are located directly beneath the cell 

membrane (sarcolemma) and (2) inter-
myofibrillar mitochondria that are found 
near the myofibrillar (i.e., contractile) 
proteins (Fig. 3.1) (14). The different cel-
lular locations for these two subpopula-
tions are by design. The subsarcolemma 
mitochondria produce the cellular en-
ergy needed to maintain active trans-
port of ions (e.g., sodium) across the 
sarcolemma. In contrast, the primary job 
of the intermyofibrillar mitochondria is 
to provide the energy needed to sustain 
muscle contraction (Chap. 8). Together, 
these mitochondria form a network to 
provide all regions of the muscle fiber 
with a constant supply of energy.

Mitochondria are usually pictured as 
small bean-shaped structures (Fig. 3.1). 
However, in muscle cells, mitochondria 
are dynamic and are constantly chang-
ing to form a mitochondrial network 
(called a reticulum) (14). Moreover, 
muscle fibers are constantly producing 
new mitochondria (i.e., mitochondrial 
biogenesis), and damaged mitochondria 
are continuously degraded and elimi-
nated from the fiber. Regular bouts 
of endurance exercise (e.g., running) 
promote a significant increase in mi-
tochondrial biogenesis and will be dis-
cussed in detail in Chap. 13.

Figure 3.1 A muscle cell (fiber) and some of its key components including the nucleus, contractile proteins (myofibrillar 
proteins), and the two subpopulations of mitochondria (i.e., subsarcolemmal mitochondria and myofibrillar mitochondria). 
See text for details.
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Figure 3.3 The breakdown of glucose into carbon dioxide and water via cellular oxidation results in a release of  
energy. Reactions that result in the release of free energy are termed exergonic.

A CLOSER LOOK 3.1

Molecular Biology and Exercise Physiology
Molecular biology is the branch of bi-
ology that deals with the molecular 
basis of cellular function. More specifi-
cally, molecular biology is concerned 
with how cells regulate gene activ-
ity and the synthesis of proteins that 
determine the characteristics of cells. 
The field of molecular biology overlaps 
with other areas of biology, including 
physiology, biochemistry, and genetics 
(Fig. 3.2).

Recall from Chap. 2 that each 
gene is responsible for the synthesis 
of a specific cellular protein. Cellular 
signals regulate protein synthesis by 
“turning on” or “turning off” specific 
genes. Therefore, understanding the 
signals that promote or inhibit protein 
synthesis is of importance to exercise 
physiologists.

The technical revolution in the field 
of molecular biology offers another 
opportunity to make use of scientific 
information for the improvement  

of human health and athletic perfor-
mance. For example, exercise train-
ing results in modifications in the 
amounts and types of proteins syn-
thesized in the exercised muscles (see 
Chap. 13 for details). Indeed, it is well 
known that regular strength train-
ing results in an increase in muscle 
size due to an increase in contractile 
proteins. The techniques of  molecular 

biology provide the exercise physiolo-
gist with the “tools” to understand 
how exercise controls gene function 
and the synthesis of new proteins. 
Ultimately, understanding how exer-
cise promotes the synthesis of specific 
proteins in muscles will allow the 
exercise scientist to design the most 
effective training program to achieve 
the desired training effects.

Overlapping areas of study
• Cellular function
• Proteins
• Genes

Physiology

Biochemistry

Genetics

Molecular biology

Figure 3.2 The different fields of biology have overlapping areas 
of study.
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 Figure 3.4 illustrates this point. In this example, en-
ergy released by an exergonic reaction is used to 
drive an energy-requiring reaction (endergonic re-
action) in the cell. This is like two meshed gears 
in which the turning of one (energy-releasing, ex-
ergonic gear) causes the movement of the second 
(endergonic gear). In other words, energy-liberating 
reactions are “coupled” to energy-requiring reactions. 
Oxidation–reduction reactions are an important type 
of coupled reaction and are discussed in the next 
section.

Oxidation–Reduction Reactions
The process of removing an electron from an atom or 
molecule is called oxidation. The addition of an elec-
tron to an atom or molecule is referred to as  reduction. 
Oxidation and reduction are always coupled reactions 
because a molecule cannot be oxidized unless it do-
nates electrons to another atom. The molecule that 
donates the electron is known as the reducing agent, 
whereas the one that accepts the electrons is called 
an oxidizing agent. Note that some molecules can act as 
both an oxidizing agent and a reducing agent. For ex-
ample, when molecules play both roles, they can gain 
electrons in one reaction and then pass these electrons 
to another molecule to produce an  oxidation– reduction 
reaction. Hence, coupled oxidation–reduction reac-
tions are analogous to a bucket brigade, with electrons 
being passed along in the buckets.

Note that the term oxidation does not mean that 
oxygen participates in the reaction. This term is de-
rived from the fact that oxygen tends to accept elec-
trons and therefore acts as an oxidizing agent. This 
important property of oxygen is used by cells to pro-
duce a usable form of energy and is discussed in detail 
in the section “Electron Transport Chain.”

Keep in mind that oxidation–reduction reactions 
in cells often involve the transfer of hydrogen atoms 
(with their electrons) rather than free electrons alone. 
This occurs because a hydrogen atom contains one 
electron and one proton in the nucleus. Therefore, 
a molecule that loses a hydrogen atom also loses an 
electron and therefore is oxidized; the molecule that 
gains the hydrogen (and electron) is reduced. In many 
biological oxidation–reduction reactions, pairs of elec-
trons are passed along between molecules as free 
electrons or as pairs of hydrogen atoms.

Two molecules that play important roles in the 
transfer of electrons are nicotinamide adenine  
dinucleotide and flavin adenine dinucleotide. 
Nicotinamide adenine dinucleotide is derived from 
the vitamin niacin (vitamin B3), whereas flavin ad-
enine dinucleotide comes from the vitamin riboflavin 
(B2). The oxidized form of nicotinamide adenine di-
nucleotide is written as NAD+, whereas the reduced 
form is written as NADH. Similarly, the oxidized form 
of flavin adenine dinucleotide is written as FAD, and 
the reduced form is abbreviated as FADH. Note that 
FADH can also accept a second hydrogen, forming 
FADH2. Therefore, FADH and FADH2 can be thought 
of as the same molecule because they undergo the 
same reactions. An illustration of how NADH is 
formed from the reduction of NAD+ and how FADH2 
is formed from FAD during a coupled oxidation– 
reduction reaction is shown in Figure 3.5. Details of 
how NAD+ and FAD function as “carrier molecules” 
during bioenergetic reactions are discussed later in 
this chapter in the section “Electron Transport Chain.”

Figure 3.4 Illustration of exergonic and endergonic reac-
tions. Note that the energy given off by the exergonic 
reaction (larger, left gear) powers the endergonic reac-
tions (smaller, right gear).
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IN SUMMARY
 ■ Metabolism is defined as the total of all cellular 
reactions that occur in cells of the body; this 
includes both the synthesis of molecules and 
the breakdown of molecules.

 ■ Cell structure includes the following three ma-
jor parts: (1) cell membrane (called sarcolemma 
in muscle), (2) nucleus, and (3) cytoplasm 
(called sarcoplasm in muscle).

 ■ The cell membrane provides a protective bar-
rier between the interior of the cell and the 
extra cellular fluid.

 ■ Genes located within the nucleus contain the 
genetic material (i.e., DNA) that is used to syn-
thesize the proteins that determine the struc-
ture and function of the cell.

 ■ The cytoplasm is the fluid portion of the cell and 
contains numerous organelles and cellular proteins.

 ■ Reactions that require energy to be added 
are called endergonic reactions, whereas reac-
tions that give off energy are called exergonic 
 reactions.

 ■ Coupled reactions are reactions that are con-
nected, with the release of free energy in one re-
action being used to drive the second reaction.
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Enzymes
The speed of cellular chemical reactions is regulated 
by catalysts called enzymes. Enzymes are proteins 
that play a major role in the regulation of metabolic 
pathways in the cell. Enzymes do not cause a reac-
tion to occur but simply regulate the rate or speed 
at which the reaction takes place. Furthermore, the 

enzyme does not change the nature of the reaction 
nor its final result.

Chemical reactions occur when the reactants have 
sufficient energy to proceed. The energy required to 
initiate chemical reactions is called the activation 
energy (8, 31). Enzymes work as catalysts by lower-
ing the activation energy. The end result is to increase 
the rate at which these reactions take place. Figure 3.6 

Figure 3.5 Structural formulas 
for NAD+, NADH, FAD, and 
FADH2. (a) When NAD+ reacts 
with two hydrogen atoms, it 
binds to one of them and ac-
cepts the electron from the 
other. This is shown by two 
dots above the nitrogen  
( ̈  N) in the formula for NADH.  
(b) When FAD reacts with two 
hydrogen atoms to form FADH2, 
it binds each of them to a nitro-
gen atom at the reaction sites.
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Figure 3.6 Enzymes catalyze reactions by lowering the energy of activation. That is, the energy required to achieve the re-
action is reduced, which increases the probability that the reaction will occur. This point is illustrated in the two graphs. 
Notice in the left picture that in a noncatalyzed reaction (i.e., no enzyme present), the energy of activation is high; this high 
barrier reduces the possibility that the reaction will occur. However, note in the picture on the right that when an enzyme is 
present, the energy of activation is lowered (i.e., barrier lowered), the reaction occurs, and the reaction products are produced.
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illustrates this concept. Note that the activation en-
ergy is greater in the noncatalyzed reaction on the left 
when compared to the enzyme-catalyzed reaction pic-
tured on the right. By reducing the activation energy, 
enzymes increase the speed of chemical reactions and 
therefore increase the rate of product formation.

The ability of enzymes to lower the activation 
energy results from unique structural characteristics. 
In general, enzymes are large protein molecules with 
a unique shape. Each type of enzyme has character-
istic ridges and grooves. The pockets that are formed 
from the ridges or grooves located on the enzyme are 
called active sites. These active sites are important 
because it is the unique shape of the active site that 
causes a specific enzyme to adhere to a particular 
reactant molecule (called a substrate). The concept of 
how enzymes fit with a particular substrate molecule 
is illustrated in Figure 3.7. The shape of the enzyme’s 
active site is specific to the shape of a particular sub-
strate, which allows the two molecules (enzyme + 
substrate) to form a complex known as the enzyme– 
substrate complex. Note, the shape of the enzyme’s 
active site is not always a perfect fit for the binding 
of the substrate. Nonetheless, once the correct sub-
strate binds to the enzyme’s active site, the shape of 
the active site changes to allow a perfect fit between 
the substrate and enzyme; this process is called the 
induced fit model of enzyme–substrate interaction. 
After the formation of the enzyme-substrate com-
plex, the energy of activation needed for the reaction 
to occur is lowered, and the reaction is more easily 
brought to completion. When the reaction is com-
plete, the enzyme dissociates and releases the newly 
formed product. Note that the ability of an enzyme 
to work as a catalyst is not constant and can be modi-
fied by several factors; this will be discussed shortly.

Note that cellular enzymes can often play a key 
role in diagnosing specific illnesses. For example, 

when tissues are damaged due to a disease, dam-
aged or dead cells within these tissues release en-
zymes into the blood. Many of these enzymes are 
not normally found in blood and therefore provide 
a clinical “clue” to diagnose the source of the ill-
ness. Details about the use of blood enzyme levels 
in the diagnosis of diseases are contained in Clinical 
 Applications 3.1.

Classification of Enzymes In the early days of bio-
chemistry, enzymes were named by the scientist who 
discovered them. Often, these names did not provide 
a clue as to the function of the enzyme. Therefore, 
to reduce confusion, an international committee de-
veloped a system that names the enzyme according 
to the type of chemical reaction it catalyzes. In this 
scheme, enzymes are provided a systematic name and 
a numerical identification. In addition, a shorter ver-
sion of the systematic name, called the recommended 
name, was provided for everyday use. With the excep-
tion of some older enzyme names (e.g., pepsin, trypsin, 
and rennin) all enzyme names end with the suffix “ase” 
and reflect both the job category of the enzyme and 
the reaction it catalyzes. For example, enzymes called 
kinases add a phosphate group (i.e., phosphorylate) 
to a specific molecule. Other enzyme categories in-
clude dehydrogenases, which remove hydrogen atoms 
from their substrates, and oxidases, which catalyze 
 oxidation–reduction reactions involving molecular 
oxygen. Enzymes called isomerases rearrange atoms 
within their substrate molecules to form structural 
isomers (i.e., molecules with the same molecular for-
mula but with a different structural  formula).

Factors That Alter Enzyme Activity The activity of 
an enzyme, as measured by the rate at which its sub-
strates are converted into products, is influenced by 
several factors. Two of the more important factors  

Figure 3.7 An enzyme-catalyzed reaction. On the far left (a), two substrates fit into the shape of the enzyme’s active 
site; this forms the enzyme–substrate complex. (b) The enzyme then catalyzes the chemical reaction that results in 
the formation of the new product molecule. (c) The end result is a product molecule and an unaltered enzyme. The 
“double arrows” indicate that many enzyme-catalyzed reactions are reversible.
Shier et al, Hole’s Human Anatomy & Physiology. New York, NY: McGraw-Hill Education, 2016, P 124.  Copyright © 2016 by McGraw-Hill Education.
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include temperature and pH (pH is a measure of acid-
ity or alkalinity) of the solution.

Individual enzymes have an optimum tempera-
ture at which they are most active. In general, a small 
rise in body temperature above normal (i.e., 37°C) 
increases the activity of most enzymes. This is use-
ful during exercise because muscular work results in 
an increase in body temperature. The resulting el-
evation in enzyme activity would enhance bioener-
getics (ATP production) by speeding up the rate of 
reactions involved in the production of biologically 
useful energy. This point is illustrated in Figure 3.8. 
Notice that enzyme activity is less than maximum at 
normal body temperature (37°C). Also, note that an 
exercise-induced increase in body temperature (e.g., 
40°C) results in a temperature-induced increase in 
enzyme activity.

The pH of body fluids also has a large effect on 
enzyme activity. The relationship between pH and 
enzyme activity is similar to the temperature/en-
zyme activity relationship; that is, individual enzymes 
have a pH optimum. If the pH is altered from the 
optimum, the enzyme activity is reduced (Fig. 3.9).  
This has important implications during exercise. For 
example, during intense exercise, skeletal muscles 
can produce large amounts of hydrogen ions (34). 
Accumulation of large quantities of hydrogen ions 
results in a decrease in the pH (i.e., increased acidity) 

of body fluids below the optimum pH of important 
bioenergetic enzymes. The end result is a decreased 
ability to provide the energy (i.e., ATP) required  
for muscular contraction. In fact, extreme acid-
ity is an important limiting  factor in various types 
of intense exercise. This will be discussed again in  
Chaps. 10, 11, and 19.

CLINICAL APPLICATIONS 3.1

Diagnostic Value of Measuring Enzyme Activity in the Blood
When tissues become diseased, dam-
aged dead cells often release their en-
zymes into the blood. Because many 
of these intracellular enzymes are not 
normally found in blood, the presence 
of a specific enzyme in blood provides 
important diagnostic information re-
garding the source of the medical prob-
lem. In practice, the diagnostic test 
proceeds as follows. A doctor obtains  

a blood sample from the patient and 
forwards the sample to a clinical lab-
oratory for analysis. The laboratory 
then determines the activity of a spe-
cific enzyme in a test tube. The results 
of this test can often assist in making 
a diagnosis. For example, the finding 
that the blood sample contains high 
levels of the enzyme lactate dehy-
drogenase (cardiac-specific isoform) 

suggests that the patient experienced 
a myocardial infarction (i.e., heart at-
tack). Similarly, elevated blood levels 
of the enzyme creatine kinase would 
also indicate cardiac injury and would 
provide additional evidence that the 
patient suffered a heart attack. See 
 Table 3.1 for additional examples of 
the diagnostic usage for specific en-
zymes found in blood.

TABLE 3.1 Examples of the Diagnostic Value of Enzymes Found in Blood

Enzyme Diseases Associated with High Blood Levels of Enzyme

Lactate dehydrogenase (cardiac-specific isoform) Myocardial infarction
Creatine kinase Myocardial infarction, muscular dystrophy
Alkaline phosphatase Carcinoma of bone, Paget’s disease, obstructive jaundice
Amylase Pancreatitis, perforated peptic ulcer
Aldolase Muscular dystrophy

Figure 3.8 The effect of body temperature on enzyme 
activity. Notice that an optimal range of temperatures 
exist for enzyme activity. An increase or decrease in 
temperature away from the optimal temperature range 
results in diminished enzyme activity.
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FUELS FOR EXERCISE
The body uses carbohydrate, fat, and protein nutri-
ents consumed daily to provide the necessary en-
ergy to maintain cellular activities both at rest and 
during exercise. During exercise, the primary nutri-
ents used for energy are fats and carbohydrates, with 
protein contributing a small amount of the total en-
ergy used (3).

Carbohydrates
Carbohydrates are composed of carbon, hydrogen, 
and oxygen atoms. Stored carbohydrates provide 
the body with a rapidly available form of energy, 
with 1 gram of carbohydrate yielding approximately  
4 kcal of energy (36). As mentioned earlier, plants 
synthesize carbohydrates from the interaction of 

CO2, water, and solar energy in a process called pho-
tosynthesis. Carbohydrates exist in three forms (36):  
(1) monosaccharides, (2) disaccharides, and (3) poly-
saccharides. Monosaccharides are simple sugars such 
as glucose and fructose. Glucose is familiar to most 
of us and is often referred to as “blood sugar.” It can 
be found in foods or can be formed in the digestive 
tract as a result of cleavage of more complex carbo-
hydrates. Fructose is contained in fruits or honey 
and is considered to be the sweetest of the simple 
carbohydrates (33).

Disaccharides are formed by combining two 
monosaccharides. For example, table sugar is called 
sucrose and is composed of glucose and fructose. 
Maltose, also a disaccharide, is composed of two glu-
cose molecules. Sucrose is considered to be the most 
common dietary disaccharide in the United States 
(28). It occurs naturally in many carbohydrates, such 
as cane sugar, beets, honey, and maple syrup.

Polysaccharides are complex carbohydrates that 
contain three or more monosaccharides. Polysaccha-
rides can exist as small molecules (i.e., three mono-
saccharides) or relatively large molecules containing 
hundreds of monosaccharides. The two most com-
mon forms of polysaccharides are cellulose and starch. 
Humans lack the enzymes necessary to digest cellu-
lose, and thus cellulose is discarded as waste in the fe-
cal material. On the other hand, starch—found in corn, 
grains, beans, potatoes, and peas—is easily digested by 
humans and is an important source of carbohydrate in 
the diet (28). After ingestion, starch is broken down 
to form monosaccharides and can be used as energy 
immediately by cells or stored in another form within 
cells for future energy needs.

Glycogen is a polysaccharide stored in animal 
tissue. It is synthesized within cells by linking glu-
cose molecules using the action of the enzyme gly-
cogen synthase. Glycogen molecules are generally 
large and consist of hundreds to thousands of glucose 
molecules. Cells store glycogen as a means of supply-
ing carbohydrates as an energy source. For example, 
during exercise, individual muscle cells break down 
glycogen into glucose (this process is called glyco-
genolysis) and use the glucose as a source of energy 
for contraction. Note that glycogenolysis also occurs 
in the liver, with the free glucose being released into 
the bloodstream and transported to tissues through-
out the body.

Important to exercise metabolism is that glyco-
gen is stored in both muscle fibers and the liver. How-
ever, total glycogen stores in the body are relatively 
small and can be depleted within a few hours as a 
result of prolonged exercise. Therefore, glycogen syn-
thesis is an ongoing process within cells. Diets low 
in carbohydrates tend to hamper glycogen synthesis, 
whereas high-carbohydrate diets enhance glycogen 
synthesis (see Chap. 23).

Figure 3.9 The effect of pH on enzyme activity. Note 
that every enzyme has a narrow range of optimal pH. 
An increase or decrease of pH away from this optimum 
range results in a decrease in enzyme activity.
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IN SUMMARY
 ■ Oxidation is the process of removing an 
 electron from an atom or molecule.

 ■ Reduction is the addition of an electron to an 
atom or molecule.

 ■ Oxidation–reduction reactions are always cou-
pled because a molecule cannot be oxidized 
unless it donates an electron to another atom.

 ■ Enzymes serve as catalysts for cellular reactions 
and regulate the speed of chemical reactions.

 ■ Enzymes are classified into categories based upon 
the type of reaction that the enzyme performs.

 ■ Two important factors that regulate enzyme 
activity are temperature and pH. Individual en-
zymes have an optimum temperature and pH 
at which they are most active.

pow70456_ch03_040-067.indd   48 01/16/17   9:18 PM



  Chapter Three Bioenergetics 49

Fats
Although fats contain the same chemical elements 
as carbohydrates, the ratio of carbon to oxygen in 
fats is much greater than that found in carbohydrates. 
Stored body fat is an ideal fuel for prolonged exer-
cise because fat molecules contain large quantities of 
energy per unit of weight. One gram of fat contains 
about 9 kcal of energy, which is more than twice 
the energy content of either carbohydrates or protein 
(33). Fats are insoluble in water and can be found in 
both plants and animals. In general, fats can be classi-
fied into four groups: (1) fatty acids, (2) triglycerides, 
(3) phospholipids, and (4) steroids. Fatty acids con-
sist of chains of carbon atoms linked to a carboxyl 
group at one end (a carboxyl group contains a carbon, 
oxygen, and hydrogen group). Importantly, fatty acids 
are the primary type of fat used by muscle cells for 
energy.

Fatty acids are stored in the body as triglycer-
ides. Triglycerides are composed of three molecules 
of fatty acids and one molecule of glycerol (not a 
fat but a type of alcohol). Although the largest stor-
age site for triglycerides is fat cells, these molecules 
are also stored in many cell types, including skeletal 
muscle. In times of need, fats are broken down into 
their component parts, with fatty acids being used as 
energy substrates by muscle and other tissues. The 
process of breaking down triglycerides into fatty acids 
and glycerol is termed lipolysis and is regulated by a 
family of enzymes called lipases. The glycerol released 
by lipolysis is not a direct energy source for muscle, 
but can be used by the liver to synthesize glucose. 
Therefore, the entire triglyceride molecule is a useful 
source of energy for the body.

Phospholipids are not used as an energy source by 
skeletal muscle during exercise (17). Phospholipids 
are lipids combined with phosphoric acid and are syn-
thesized in virtually every cell in the body. The bio-
logical roles of phospholipids vary from providing the 
structural integrity of cell membranes to providing an 
insulating sheath around nerve fibers (10).

The final classification of fats is the steroids. 
Again, these fats are not used as an energy source dur-
ing exercise but will be mentioned briefly to provide 
a clearer understanding of the nature of biological 
fats. The most common steroid is cholesterol. Choles-
terol is a component of all cell membranes. It can be 
synthesized in every cell in the body and, of course, 
can be consumed in foods. In addition to its role in 
membrane structure, cholesterol is needed for the 
synthesis of the sex hormones estrogen, progesterone, 
and testosterone (10). Although cholesterol has many 
useful biological functions, high blood cholesterol lev-
els have been implicated in the development of coro-
nary artery disease (38) (this issue will be addressed 
in a later chapter).

Proteins
Proteins are composed of many tiny subunits called 
amino acids. At least 20 types of amino acids are 
needed by the body to form various tissues, enzymes, 
blood proteins, and so on. Nine amino acids, called 
essential amino acids, cannot be synthesized by the 
body and therefore must be consumed in foods. Pro-
teins are formed by linking amino acids by chemi-
cal bonds called peptide bonds. As a potential fuel 
source, proteins contain approximately 4 kcal per 
gram (8). For proteins to be used as substrates for the 
formation of high-energy compounds, they must be 
broken down into their constituent amino acids. Pro-
teins can contribute energy for exercise in two ways. 
First, the amino acid alanine can be converted in the 
liver to glucose, which can then be used to synthe-
size glycogen. Liver glycogen can be degraded into 
glucose and transported to working skeletal muscle 
via the circulation. Second, many amino acids (e.g., 
isoleucine, alanine, leucine, valine) can be converted 
into metabolic intermediates (i.e., compounds that 
may directly participate in bioenergetics) in muscle 
cells and directly contribute as fuel in the bioener-
getic pathways (12).

HIGH-ENERGY PHOSPHATES
The immediate source of energy for muscular con-
traction is the high-energy phosphate compound  
adenosine triphosphate (ATP) (33). Although ATP 
is not the only energy-carrying molecule in the cell, 
it is the most important one, and without sufficient 
amounts of ATP, most cells die quickly.

IN SUMMARY
 ■ The body uses carbohydrate, fat, and protein 
nutrients consumed daily to provide the neces-
sary energy to maintain cellular activities both 
at rest and during exercise.

 ■ During exercise, the primary nutrients used for 
energy are fats and carbohydrates, with protein 
contributing a relatively small amount of the 
total energy used.

 ■ Glucose is stored in animal cells as a polysac-
charide called glycogen.

 ■ Fatty acids are the primary form of fat used as 
an energy source in cells. Fatty acids are stored 
as triglycerides in muscle and fat cells.

 ■ Proteins are composed of amino acids, and 20 
different amino acids are required to form the 
various proteins contained in cells. The use of 
protein as an energy source requires that cellu-
lar proteins be broken down into amino acids.
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The structure of ATP consists of three main 
parts: (1) an adenine portion, (2) a ribose portion, and 
(3) three linked phosphates (Fig. 3.10). The formation 
of ATP occurs by combining adenosine diphos-
phate (ADP) and inorganic phosphate (Pi) and 
requires energy. Some of this energy is stored in the 
chemical bond joining ADP and Pi. Accordingly, this 
bond is called a high-energy bond. When the enzyme 
ATPase breaks this bond, energy is released, and this 

energy can be used to do work (e.g., muscular con-
traction):

ATP  ADP + Pi + Energy 
ATPase

ATP is often called the universal energy donor. 
It couples the energy released from the breakdown 
of foodstuffs into a usable form of energy required 
by all cells. For example, Figure 3.11 presents a 
model depicting ATP as the universal energy do-
nor in the cell. The cell uses exergonic reactions 
(breakdown of foodstuffs) to form ATP via ender-
gonic reactions. This newly formed ATP can then 
be used to drive the energy-requiring processes 
in the cell. Therefore, energy-liberating reactions 
are linked to energy-requiring reactions like two 
meshed gears.

BIOENERGETICS
Muscle cells store limited amounts of ATP. Therefore, 
because muscular exercise requires a constant sup-
ply of ATP to provide the energy needed for contrac-
tion, metabolic pathways must exist in the cell with 
the capability to produce ATP rapidly. Indeed, muscle 
cells produce ATP using a combination of three meta-
bolic pathways that are activated at the beginning of 
muscle contractions: (1) formation of ATP by phos-
phocreatine (PC) breakdown, (2) formation of ATP 
via the degradation of glucose or glycogen (called gly-
colysis), and (3) oxidative formation of ATP. Formation 
of ATP via the PC pathway and glycolysis does not 
involve the use of oxygen (O2); these pathways are 

Figure 3.10 The structural formation of adenosine 
 triphosphate (ATP).
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called anaerobic (without O2) pathways. Oxidative 
 formation of ATP by the use of O2 is termed aerobic 
metabolism. A detailed discussion of the operation of 
the three metabolic pathways involved in the forma-
tion of ATP during exercise follows.

Anaerobic ATP Production
The simplest and, consequently, the most rapid 
method of producing ATP involves the donation of a 
phosphate group and its bond energy from PC to ADP 
to form ATP (33, 36, 37):

PC + ADP  ATP + C
Creatine kinase

The reaction is catalyzed by the enzyme creatine 
kinase. As rapidly as ATP is broken down to ADP + Pi at 
the onset of exercise, ATP is resynthesized via the PC re-
action. However, muscle cells store only small amounts 
of PC, and thus the total amount of ATP that can be 
formed via this reaction is limited. The combination of 
stored ATP and PC is called the ATP-PC  system, or the 
“phosphagen system.” It provides energy for muscular 
contraction at the onset of exercise and during short-
term, high-intensity exercise (i.e., lasting fewer than five 
seconds). PC reformation requires ATP and occurs only 
during recovery from exercise (11).

The importance of the ATP-PC system in athletics 
can be appreciated by considering short-term, intense 

exercise such as sprinting 50 meters, high jumping, 
 performing a rapid weight-lifting move, or a football 
player racing 10 yards downfield. All these activities re-
quire only a few seconds to complete and thus need a 
rapid supply of ATP. The ATP-PC system provides a sim-
ple one-enzyme reaction to produce ATP for these types 
of activities. The fact that depletion of PC is likely to limit 
short-term, high-intensity exercise has led to the sugges-
tion that ingesting large amounts of creatine can improve 
exercise performance (see The Winning Edge 3.1).

A second metabolic pathway capable of producing 
ATP rapidly without the involvement of O2 is termed 
glycolysis. Glycolysis involves the breakdown of glu-
cose or glycogen to form two molecules of pyruvate 
(also called pyruvic acid) or lactate (Fig. 3.13). Sim-
ply stated, glycolysis is an anaerobic pathway used to 
transfer bond energy from glucose to rejoin Pi to ADP. 
This process involves a series of enzymatically cata-
lyzed, coupled reactions. Glycolysis occurs in the sar-
coplasm of the muscle cell and produces a net gain of 
two molecules of ATP and two molecules of pyruvate 
or lactate per glucose molecule (see A Closer Look 3.2).

Let’s consider glycolysis in more detail. First, 
the reactions between glucose and pyruvate can be 
considered as two distinct phases: (1) an energy in-
vestment phase and (2) an energy generation phase 
(Fig. 3.13). The first reactions make up the “energy 
investment phase” where stored ATP must be used 

THE WINNING EDGE 3.1

Exercise Physiology Applied to Sports

Does Creatine Supplementation 
Improve Exercise Performance?
The depletion of phosphocreatine (PC) 
may limit exercise performance dur-
ing short-term, high-intensity exercise 
(e.g., 100- to 200-meter dash) because 
the depletion of PC results in a reduc-
tion in the rate of ATP production 
by the ATP-PC system. Studies have 
shown that ingestion of large amounts 
of creatine monohydrate (20  grams/
day) over a five-day period results in 
increased stores of muscle PC (2, 6, 19, 
26, 39). Although some controversy 
exists, creatine supplementation has 
been shown to improve performance 
in laboratory settings during short- 
duration (e.g., 30 seconds), high- 
intensity exercise (2, 19, 26, 39).

Interestingly, studies also sug-
gest that creatine supplementation in 
conjunction with resistance exercise 

 training results in an enhanced physio-
logic adaptation to weight training (2, 5, 
15, 23, 32, 39). Specifically, these stud-
ies indicate that creatine supplementa-
tion combined with resistance training 
promotes an increase in both dynamic 
muscular strength and fat-free mass.

Does oral creatine supplementa-
tion result in adverse physiological 
side effects and pose health risks? Un-
fortunately, a definitive answer to this 
question is not available. Although an-
ecdotal reports indicate that creatine 
supplementation can be associated 
with negative side effects, such as nau-
sea, neurological dysfunction, minor 
gastrointestinal distress, and muscle 
cramping, these reports are not well 
documented (2, 7, 14, 20, 39). At pres-
ent, due to limited data, a firm conclu-
sion about the long-term health risks 
of creatine supplementation cannot be 

reached. However, current evidence 
suggests that creatine supplementation 
for up to eight weeks does not appear 
to produce major health risks, but the 
safety of more prolonged creatine sup-
plementation has not been established.

An important issue related to 
the use of creatine and other dietary 
supplements is the possibility of con-
tamination within the product; that is, 
the supplement product may contain 
other chemical compounds in addi-
tion to creatine (27). Indeed, this is an 
important safety issue in the “over-the-
counter supplement” industry because 
a large study has reported a high level 
of variability in the purity of over-
the-counter products (27). For more 
information on creatine and exercise 
performance, see Devries and Phillips 
(2014), Lanhers et al. (2015), and Sahlin 
(2014) in the Suggested Readings.
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52 Section One Physiology of Exercise

to form sugar phosphates. Although the end result 
of glycolysis is the release of energy, glycolysis must 
be “primed” by the addition of ATP at two points at 
the beginning of the pathway (Figs. 3.14 and 3.15). 
The purpose of the ATP priming is to add phosphate 
groups (called phosphorylation) to glucose and to 
fructose 6-phosphate. Note that if glycolysis begins 
with glycogen as the substrate, the addition of only 
one ATP is required. That is, glycogen does not re-
quire phosphorylation by ATP but is phosphorylated 

A CLOSER LOOK 3.2

Lactic Acid or Lactate?
In many textbooks, the terms lactic 
acid and lactate are used interchange-
ably. This is often confusing to stu-
dents, who ask, “Are lactic acid and 
lactate the same molecule?” The an-
swer is that lactic acid and lactate are 
related but are technically different 
molecules. Here’s the explanation: 

The term lactate refers to the base of 
lactic acid (Fig. 3.12) (4). You may re-
call from another science course that 
when acids dissociate and release 
hydrogen ions, the remaining mol-
ecule is called the conjugate base of 
the acid. It follows that lactate is the 
conjugate base of lactic acid. Because 

of the close relationship between lac-
tic acid and lactate, many authors use 
these terms interchangeably (3). Re-
membering the relationship between 
lactic acid and lactate will reduce 
confusion when you read about these 
molecules in future chapters within 
this text.

Figure 3.12 The ionization of lactic acid 
forms the conjugate base called lactate. At 
normal body pH, lactic acid will rapidly 
dissociate to form lactate.

Figure 3.13 Illustration of the two phases of glycolysis and 
the products of glycolysis. 

Mathews and van Holde, Biochemistry. The Benjamin/Cummings Publishing 
Company, 1990.
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Figure 3.14 Illustration of the interaction between blood 
glucose and muscle glycogen for the provision of glu-
cose for glycolysis. Regardless of the source of glucose 
for glycolysis, glucose must be phosphorylated to form 
glucose 6-phosphate as the first step in glycolysis. Note, 
however, that phosphorylation of glucose obtained from 
the blood requires 1 ATP, whereas the phosphorylation 
of glucose obtained from glycogen is achieved by using 
inorganic phosphate (Pi) located in the cell.
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by inorganic phosphate instead (Fig. 3.14). The last 
steps of glycolysis represent the “energy generation 
phase.” Figure 3.15 points out that two molecules of 
ATP are produced at each of two separate reactions 
near the end of the glycolytic pathway; thus, the net 
gain of glycolysis is two ATP if glucose is the substrate 
and three ATP if glycogen is the substrate.

Hydrogens are frequently removed from nu-
trient substrates in bioenergetic pathways and are 

transported by “carrier molecules.” Two biologi-
cally important carrier molecules are nicotinamide 
adenine dinucleotide (NAD+) and flavin adenine 
dinucleotide (FAD). Both NAD+ and FAD transport 
hydrogens and their associated electrons to be used 
for later generation of ATP in the mitochondrion 
via aerobic processes. For the chemical reactions 
in glycolysis to proceed, two hydrogens must be 
removed from  glyceraldehyde 3-phosphate, which 

Figure 3.15 Summary of the anaerobic metabolism of glucose that is called glycolysis. Note that the net result of the 
anaerobic breakdown of one molecule of glucose is the production of two molecules of ATP and two molecules of 
 pyruvate.

4. Oxidation, followed by 
phosphorylation, produces 2 
NADH molecules and 2 
high-energy BPG molecules.

5. Removal of 2 energized 
phosphate groups by 2 ADP 
molecules produces 2 ATP 
molecules and 2 3PG molecules.

6. Oxidation by removal of water 
produces 2 high-energy PEP 
molecules.

7. Removal of 2 energized 
phosphate groups by 2 ADP 
molecules produces 2 ATP 
molecules.

8. Pyruvate is the end product of 
glycolysis. If oxygen is available, 
pyruvate enters the 
mitochondria for further 
breakdown.

2. Rearrangement, followed by a 
second phosphorylation by 
ATP,  gives 

    fructose-1,6-bisphosphate.

1. Phosphorylation of glucose by 
ATP produces an activated 
molecule.

3. The 6-carbon molecule is split 
into two 3-carbon G3P 
molecules.
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then combines with inorganic phosphate (Pi) to form 
1,3-biphosphoglycerate. The hydrogen acceptor in 
this reaction is NAD+ (Fig.  3.15). Here, NAD+ ac-
cepts one of the hydrogens, while the remaining 
hydrogen is free in solution. Upon accepting the 
hydrogen, NAD+ is converted to its reduced form, 
NADH. Adequate amounts of NAD+ must be avail-
able to accept the hydrogen atoms that must be 
removed from glyceraldehyde 3-phosphate if gly-
colysis is to continue (3, 31). How is NAD+ reformed 
from NADH? There are two ways that the cell re-
stores NAD+ from NADH. First, if sufficient oxygen 
(O2) is available, the hydrogens from NADH can be 
“shuttled” into the mitochondria of the cell and can 
contribute to the aerobic production of ATP (see A 
Closer Look 3.3). Second, if O2 is not available to ac-
cept the hydrogens in the mitochondria, pyruvate 
can accept the hydrogens to form lactate (Fig. 3.16). 
The enzyme that catalyzes this reaction is lactate 
dehydrogenase (LDH), with the end result being the 
formation of lactate and the reformation of NAD+. 
Therefore, the reason for lactate formation is the “re-
cycling” of NAD+ (i.e., NADH converted to NAD+) so 
that glycolysis can continue.

Again, glycolysis is the breakdown of glucose 
into pyruvate or lactate, with the net production of 
two or three ATP, depending on whether the path-
way began with glucose or glycogen, respectively. 
Figure 3.15 summarizes glycolysis in a simple flow-
chart. Glucose is a six-carbon molecule, and pyruvate 

and lactate are three-carbon molecules. This explains 
the production of two molecules of pyruvate or lac-
tate from one molecule of glucose. Because O2 is not 
directly involved in glycolysis, the pathway is consid-
ered anaerobic. However, in the presence of O2 in the 
mitochondria, pyruvate can participate in the aerobic 
production of ATP. Thus, in addition to being an an-
aerobic pathway capable of producing ATP without 
O2, glycolysis can be considered the first step in the 
aerobic degradation of carbohydrates. This will be 
discussed in detail in the next section, “Aerobic ATP 
Production.”

Aerobic ATP Production
Aerobic production of ATP occurs inside the mi-
tochondria and involves the interaction of two 
cooperating metabolic pathways: (1) the citric 
acid cycle and (2) the electron transport chain. 
The primary function of the citric acid cycle (also 
called the Krebs cycle or tricarboxylic acid cycle) 
is to complete the oxidation (hydrogen removal) 

A CLOSER LOOK 3.3

NADH Is “Shuttled” into Mitochondria
NADH generated during glycolysis 
must be converted back to NAD+ if 
glycolysis is to continue. As discussed 
in the text, the conversion of NADH to 
NAD+ can occur by pyruvate accept-
ing the hydrogens (forming lactate) 

or “shuttling” the hydrogens from 
NADH across the mitochondrial mem-
brane. The “shuttling” of hydrogens 
across the mitochondrial membrane 
requires a specific transport system. 
Figure 4.9 (see Chap. 4) illustrates this 

process. This transport system is lo-
cated within the mitochondrial mem-
brane and transfers NADH-released 
hydrogens from the cytosol into the 
mitochondria, where they can enter 
the electron transport chain.

Figure 3.16 The addition of hydrogen atoms to pyruvate 
forms lactate and NAD+, which can be used again in gly-
colysis. The reaction is catalyzed by the enzyme lactate 
dehydrogenase (LDH).

NADH + H+

+  H+H—C—C—C

NAD+
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Pyruvate Lactate

OH

H O O

H

H

H

OH

H—C—C—C

O
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IN SUMMARY
 ■ The immediate source of energy for muscular 
contraction is the high-energy phosphate ATP. 
ATP is degraded via the enzyme ATPase as 
 follows:

ATP  ADP + Pi + Energy
ATPase

 ■ Formation of ATP without the use of O2 is 
termed anaerobic metabolism. In contrast, the 
production of ATP using O2 as the final electron 
acceptor is referred to as aerobic metabolism.

 ■ Muscle cells can produce ATP by any one or 
a combination of three metabolic pathways: 
(1) ATP-PC system, (2) glycolysis, and (3) oxida-
tive formation of ATP.

 ■ The ATP-PC system and glycolysis are two an-
aerobic metabolic pathways that are capable of 
producing ATP without O2.
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of  carbohydrates, fats, or proteins using NAD+ and 
FAD as hydrogen (energy) carriers. The importance 
of hydrogen removal is that hydrogens (by virtue of 
the electrons that they possess) contain the poten-
tial energy in the food molecules. This energy can 
be used in the electron transport chain to combine 
ADP + Pi to reform ATP. Oxygen does not partici-
pate in the reactions of the citric acid cycle, but 
is the final hydrogen acceptor at the end of the 
 electron transport chain (i.e., water is formed, H2 
+ O  → H2O). The process of aerobic production 
of ATP is termed oxidative phosphorylation. To 
understand the processes involved in aerobic ATP 

generation, it is convenient to think of aerobic ATP 
production as a multi-stage process (Fig. 3.17). This 
process begins with the formation of two molecules 
of acetyl-CoA. Acetyl-CoA can be formed from py-
ruvate produced by glycolysis or from the oxida-
tion of fatty acids or amino acids. Acetyl-CoA then 
enters the citric acid cycle and undergoes oxidation 
resulting in the release of electrons into the electron 
transport chain. The transport of electrons down 
the electron transport chain results in the aerobic 
 formation of ATP, which is commonly called as oxi-
dative phosphorylation. A detailed look at the citric 
acid cycle and electron transport chain follows.

Figure 3.17 The steps lead to oxidative phosphorylation. Glycolysis takes place in the cytosol and does not require oxygen. 
Oxidative phosphorylation (also called aerobic metabolism) takes place in the mitochondria and requires oxygen. The pro-
cess of aerobic metabolism begins with glycolysis producing two molecules of pyruvic acid (also called pyruvate), which 
enters the mitochondria to form two molecules of acetyl-CoA. Acetyl-CoA then undergoes oxidation in the citric acid  cycle 
within the matrix (i.e., center) of the mitochondria. The end products of aerobic metabolism include ATP, heat, carbon di-
oxide (CO2), and water (H2O). Note that the size of mitochondria relative to size of the cytosol is exaggerated to  emphasize 
the metabolic pathways. See Figure 3.1 for a more realistic ratio of the mitochondrial size relative to the cytosol.
Shier et al, Hole’s Human Anatomy & Physiology. New York, NY: McGraw-Hill Education, 2016, P 128.  Copyright © 2016 by McGraw-Hill Education.

The 6-carbon sugar glucose is broken down in the cytosol 
into two 3-carbon pyruvic acid molecules with a net gain 
of 2 ATP and the release of high-energy electrons.

Glycolysis

The 3-carbon pyruvic acids generated by glycolysis enter
the mitochondria separately. Each loses a carbon 
(generating CO2) and is combined with a coenzyme to 
form a 2-carbon acetyl coenzyme A (acetyl CoA). More 
high-energy electrons are released.

Each acetyl CoA combines with a 4-carbon oxaloacetic
acid to form the 6-carbon citric acid, for which the cycle
is named. For each citric acid, a series of reactions
removes 2 carbons (generating 2 CO2’s), synthesizes
1 ATP, and releases more high-energy electrons.
The figure shows 2 ATP resulting directly from 2
turns of the cycle per glucose molecule that enters
glycolysis.

The high-energy electrons still contain most of the
chemical energy of the original glucose molecule.
Special carrier molecules bring the high-energy electrons
to a series of enzymes that transfer much of the remaining
energy to more ATP molecules. The electrons eventually
combine with hydrogen ions and an oxygen atom to form
water. The function of oxygen as the final electron acceptor
in this last step is why the overall process is called aerobic
respiration.
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Citric Acid Cycle The citric acid cycle was discov-
ered by the biochemist Hans Krebs, whose pioneer-
ing research has increased our understanding of this 
rather complex pathway (see A Look Back—Important 
People in Science). Entry into the citric acid cycle re-
quires the formation of a two-carbon molecule, acetyl-
CoA. Acetyl-CoA can be formed from the breakdown 
of carbohydrates, fats, or proteins (Fig. 3.17). For the 
moment, let’s focus on the formation of acetyl-CoA 
from pyruvate. Recall that pyruvate is an end product 
of glycolysis. Figure 3.18 depicts the cyclic nature of 
the reactions involved in the citric acid cycle. Note 
that pyruvate (three-carbon molecule) is broken down 
to form acetyl-CoA (two-carbon molecule), and the 
remaining carbon is given off as CO2. Next, acetyl-CoA 
combines with oxaloacetate (four-carbon molecule) 
to form citrate (six carbons). What follows is a series 
of reactions to regenerate oxaloacetate and two mol-
ecules of CO2, and the pathway begins all over again.

For every molecule of glucose entering glycolysis, 
two molecules of pyruvate are formed, and in the pres-
ence of O2, they are converted to two molecules of 
acetyl-CoA. This means that each molecule of  glucose 
results in two turns of the citric acid cycle. With this 
in mind, let’s examine the citric acid cycle in more 
detail. The primary function of the citric acid cycle is 
to remove hydrogens and the energy associated with 
those hydrogens from various substrates involved in the 

cycle. Figure 3.18 illustrates that during each turn of 
the citric acid cycle, three molecules of NADH and one 
molecule of FADH are formed. Both NADH and FADH 
can return to their oxidized form (i.e., NAD and FAD) 
by releasing electrons to the electron carriers within 
the electron transport chain. For every pair of electrons 
passed through the electron transport chain from NADH 
to the final electron acceptor oxygen, enough energy is 
available to form 2.5 molecules of ATP (10). For every 
FADH molecule that is formed, enough energy is avail-
able to produce 1.5 molecules of ATP. Thus, in terms of 
ATP production, FADH is not as energy rich as NADH.

In addition to the production of NADH and FADH, 
the citric acid cycle results in the direct formation of 
an energy-rich compound guanosine triphosphate (GTP) 
(see bottom of Fig. 3.18). GTP is a high-energy com-
pound that can transfer its terminal phosphate group 
to ADP to form ATP. The direct formation of GTP in the 
citric acid cycle is called substrate-level phosphorylation. 
It accounts for only a small amount of the total energy 
conversion in the citric acid cycle because most of the 
citric acid cycle energy yield (i.e., NADH and FADH) is 
coupled with the electron transport chain to form ATP.

Up to this point, we have focused on the role 
that carbohydrates play in producing acetyl-CoA to 
enter the citric acid cycle. How do fats and proteins 
undergo aerobic metabolism? The answer can be 
found in Figure 3.19. Note that fats (triglycerides) are  

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Hans Krebs and the Discovery of the Citric Acid Cycle
Hans Krebs (1900–
1981) received the 
Nobel Prize in Physi-
ology or Medicine 
in 1953 for his re-
search on a series of 
important chemical 
reactions in cells that 
became known as the 
“Krebs cycle.” Krebs 

was born in Germany and earned his 
M.D. degree from the University of 
Hamburg in 1925. After graduation 
from medical school, he moved to 
Berlin to study chemistry and became 
actively involved in biochemical re-
search. The son of a Jewish physician, 
Hans Krebs was forced to leave Nazi 
Germany in 1933 for England. Upon 
arrival in England, Dr.  Krebs contin-
ued his research at Cambridge Uni-
versity and later at the University of 
Sheffield and Oxford University.

During his distinguished research 
career, Hans Krebs made many impor-
tant contributions to physiology and 
biochemistry. One of his first significant 
areas of research was how protein is me-
tabolized in cells. An important outcome 
of this early work was the finding that 
the liver produces a nitrogenous waste 
product of protein metabolism called 
urea. Further work by Dr. Krebs and his 
colleague Kurt Henseleit (another Ger-
man biochemist) led to the discovery of 
the series of reactions that produce urea 
(later known as the urea cycle).

Although Dr. Krebs’s research on pro-
tein metabolism was important, he is 
best known for his discovery of the cel-
lular reactions involving the substances 
formed from the breakdown of carbo-
hydrates, fats, and proteins in the body. 
Specifically, in 1937, Dr. Krebs discov-
ered the existence of a cycle of chemical 
reactions that combines the end prod-

uct of carbohydrate breakdown (this 
product was later named acetyl-CoA) 
with oxaloacetic acid to form citric acid. 
Dr. Krebs’s work showed that this cycle 
regenerates oxaloacetic acid through a 
series of intermediate compounds while 
liberating carbon dioxide and electrons. 
This cycle is known by three different 
names, including the citric acid cycle, 
Krebs cycle, and the tricarboxylic acid 
cycle. However, this chemical cycle is 
commonly referred to as either the citric 
acid cycle or the Krebs cycle. Therefore, 
the Krebs cycle and the citric acid cycle 
are different names for the same chemi-
cal pathway. The discovery of the citric 
acid cycle and how chemical foodstuffs 
are converted into usable energy was 
of vital importance to our basic under-
standing of cellular energy metabolism 
and paved the way for exercise physi-
ologists to further investigate skeletal 
muscle bioenergetics during exercise.

© Keystone/
Getty Images
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Figure 3.18 Compounds and reactions involved in the citric acid cycle. Note that each turn of the citric acid produces 
two ATP molecules directly and two CO2 molecules. Eight hydrogens with high-energy electrons are also released. Each 
glucose molecule metabolized in glycolysis results in the production of two molecules of acetyl-CoA and two turns of the 
citric acid cycle. Also, please note that the size of mitochondria relative to size of the cytosol is exaggerated to emphasize 
the metabolic pathways. See Figure 3.1 for a more realistic ratio of the mitochondrial size relative to the cytosol.
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broken down to form fatty acids and glycerol. These 
fatty acids can then undergo a series of reactions 
(called beta oxidation) to form acetyl-CoA and thus 
enter the citric acid cycle (8) (see A Closer Look 3.4 
for more details on beta oxidation). Although glycerol 
can be converted into an intermediate of glycolysis in 
the liver, this does not occur to a great extent in hu-
man skeletal muscle. Therefore, glycerol is not an im-
portant direct muscle fuel source during exercise (16).

As mentioned previously, protein is not considered 
a major fuel source during exercise because it contrib-
utes only 2% to 15% of the fuel during exercise (9, 25). 

Proteins can enter bioenergetic pathways in a variety 
of places. However, the first step is the breakdown of 
the protein into its amino acid subunits. What happens 
next depends on which amino acid is involved. For ex-
ample, some amino acids can be converted to glucose 
or pyruvate, some to acetyl-CoA, and still others to 
citric acid cycle intermediates. The role of proteins in 
bioenergetics is illustrated in Figure 3.19.

In summary, the citric acid cycle completes the 
oxidation of carbohydrates, fats, or proteins; produces 
CO2; and supplies electrons to be passed through the 
electron transport chain to provide the energy for the 

A CLOSER LOOK 3.4

Beta Oxidation Is the Process of Converting Fatty Acids to Acetyl-CoA
Fats are stored in the body in the 
form of triglycerides within fat cells 
and within the muscle fiber itself. 
Release of fat from these storage 
depots occurs by the breakdown of 
triglycerides, which results in the 
liberation of fatty acids (see Chap. 4).  
However, for fatty acids to be used 
as a fuel during aerobic metabolism, 
they must first be converted to 
acetyl-CoA. Beta oxidation is the 
process of oxidizing fatty acids to 
form acetyl-CoA. This occurs in the 
mitochondria and involves a series 
of enzymatically catalyzed steps, 
starting with an “activated fatty 
acid” and ending with the produc-
tion of acetyl-CoA.

A simple illustration of this pro-
cess is presented in Figure 3.20. This 
process begins with the “activation” 
of the fatty acid; the activated fatty 
acid is then transported into the 
mitochondria, where the process of 
beta oxidation begins. In short, beta 
oxidation is a sequence of four reac-
tions that “chops” fatty acids into 
two carbon fragments forming ace-
tyl-CoA. Once formed, acetyl-CoA 
then becomes a fuel source for the 
citric acid cycle (i.e., Krebs cycle) 
and leads to the production of ATP 
via the electron transport chain.

Free fatty acid

Fatty acyl-CoA

Beta oxidation

Acetyl-CoA

Activated fatty acid
(fatty acyl-CoA)

Mitochondrion

Citric
acid
cycle

ATP

Electron
transport

chain

Figure 3.20 Illustration of beta  oxidation. 
See text for details.
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aerobic production of ATP. Enzymes catalyzing citric 
acid cycle reactions are located inside the mitochondria.

Electron Transport Chain The aerobic production of 
ATP (called oxidative phosphorylation) occurs in the 
mitochondria. The pathway responsible for this pro-
cess is called the electron transport chain (also called 
the respiratory chain or cytochrome chain). Aerobic 
production of ATP is possible due to a mechanism 
that uses the potential energy available in reduced 
hydrogen carriers such as NADH and FADH to re-
phosphorylate ADP to ATP. Note that NADH and 
FADH do not directly react with oxygen. Instead, 
electrons removed from the hydrogen atoms trans-
ported by NADH and FADH are passed down a series 
of electron carriers known as cytochromes. During 
this passage of electrons down the cytochrome chain, 
enough energy is released to rephosphorylate ADP 
to form ATP (8) (Fig. 3.21). Interestingly, as elec-
trons pass down the electron transport chain, highly  

reactive molecules called free radicals are also formed. 
However, during muscular exercise, the increased 
rates of electron flow through the electron transport 
chain do not increase the rate of radical production in 
the mitochondrion (see Research Focus 3.2).

The hydrogen carriers that bring the electrons to 
the electron transport chain come from a variety of 
sources. Recall that two NADH are formed per glucose 
molecule that is degraded via glycolysis (Fig. 3.15). 
These NADH are outside the mitochondria, and their 
hydrogens must be transported across the mitochon-
drial membrane by special “shuttle” mechanisms. How-
ever, the bulk of the electrons that enter the electron 
transport chain come from those NADH and FADH mol-
ecules formed as a result of citric acid cycle oxidation.

Figure 3.21 outlines the pathway for electrons 
entering the electron transport chain. Pairs of elec-
trons from NADH or FADH are passed down a series 
of compounds that undergo oxidation and reduction, 
with enough energy being released to synthesize ATP. 

Figure 3.21 The steps leading to oxidative phosphorylation in the mitochondria. (1) Molecules within the 
electron transport chain function to pump H+ from the mitochondrial matrix into the intermembrane space. 
(2) This results in an increased concentration of H+ ions in the intermembrane space and therefore a large 
H+ gradient between the intermembrane space and the matrix of the mitochondria. (3) The movement of H+ 
through the ATP synthase provides the energy required to produce ATP.
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RESEARCH FOCUS 3.2

Free Radicals Are Formed in the Mitochondria
Although the passage of electrons 
down the electron transport chain 
performs an essential role in the pro-
cess of aerobic ATP production, this 
pathway also produces free radicals 
(30). Free radicals are molecules that 
have an unpaired electron in their 
outer orbital, which makes them 
highly reactive. That is, free radicals 
quickly react with other molecules in 

the cell, and this combination results 
in damage to the molecule combining 
with the radical.

Historically, it was believed that 
increased aerobic metabolism during 
exercise promotes increased produc-
tion of free radicals in the mitochon-
dria of the working muscles (30). 
However, new research indicates that 
this is not the case. Indeed, although 

exercise results in increased produc-
tion of free radicals in the active skel-
etal muscles, this increase in muscle 
free radical production is not due to 
oxidative phosphorylation in the mi-
tochondrion (22). For additional infor-
mation on the sources of free radical 
production during exercise, see Sakel-
lariou et al. (2013) in the Suggested 
Readings.

Notice that FADH enters the cytochrome pathway at a 
point just below the entry level for NADH (Fig. 3.21). 
This is important because the level of FADH entry by-
passes one of the sites of ATP formation, and thus each 
molecule of FADH that enters the electron transport 
chain has enough energy to form only 1.5 ATP. In con-
trast, NADH entry into the electron transport chain 
results in the formation of 2.5 ATP (details will be 
mentioned later). At the end of the electron transport 
chain, oxygen accepts the electrons that are passed 
along and combines with hydrogen to form water. If 
O2 is not available to accept those electrons, oxidative 
phosphorylation is not possible, and ATP formation in 
the cell must occur via anaerobic metabolism.

How does this ATP formation occur? The mech-
anism to explain the aerobic formation of ATP is 
known as the chemiosmotic hypothesis. As elec-
trons are transferred along the cytochrome chain, the 
energy released is used to “pump” hydrogens (pro-
tons; H+) released from NADH and FADH from the in-
side (i.e., matrix) of the mitochondria across the inner 
mitochondrial membrane (Fig. 3.21). This results in an 
accumulation of hydrogen ions within the space be-
tween the inner and outer mitochondrial membranes. 
The accumulation of H+ is a source of potential en-
ergy that can be captured and used to recombine Pi 
with ADP to form ATP (17). For example, this collec-
tion of H+ is similar to the potential energy of water 
at the top of a dam; when the water accumulates and 
runs over the top of the dam, falling water becomes 
kinetic energy, which can be used to do work (17).

Three pumps move H+ (i.e., protons) from mi-
tochondrial matrix to the intermembrane space 
(Fig. 3.21). The first pump (using NADH) moves four 
H+ into the intermembrane space for every two elec-
trons that move along the electron transport chain. 
The second pump also transports four H+ into the in-
termembrane space, while the third pump moves only 
two H+ into the intermembrane space. As a result, 

there is a higher concentration of H+ within the inter-
membrane space compared to that in the matrix; this 
gradient creates a strong drive for these H+ to diffuse 
back into the matrix. However, because the inner mi-
tochondrial membrane is not permeable to H+, these 
ions can cross the membrane only through specialized 
H+ channels (called respiratory assemblies). This idea is 
illustrated in Figure 3.21. Notice that as H+ cross the 
inner mitochondrial membrane through these chan-
nels, ATP is formed from the addition of phosphate 
to ADP (called phosphorylation). This occurs because 
the movement of H+ across the inner mitochondrial 
membrane activates the enzyme ATP synthase, which 
is responsible for catalyzing the reaction:

 ADP + Pi → ATP

So, why is oxygen essential for the aerobic pro-
duction of ATP? Remember that the purpose of the 
electron transport chain is to move electrons down 
a series of cytochromes to provide energy to drive 
ATP production in the mitochondria. This process, 
illustrated in Figure 3.21, requires each element in 
the electron transport chain to undergo a series of 
 oxidation– reduction reactions. If the last cytochrome 
(i.e., cytochrome a3) remains in a reduced state, it 
would be unable to accept more electrons, and the 
electron transport chain would stop. However, when 
oxygen is present, the last cytochrome in the chain 
can be oxidized by oxygen. That is, oxygen, derived 
from the air we breathe, allows electron transport to 
continue by functioning as the final electron acceptor 
of the electron transport chain. Oxygen is the ultimate 
electron acceptor in the electron transport chain be-
cause oxygen has a high capacity to accept electrons; 
this property is called electronegativity. Indeed, the 
ability of oxygen to accept electrons is an essential step 
in the electron transport chain that allows electron 
transport and oxidative phosphorylation to continue. 
Therefore, at the last step in the electron transport 
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chain,  oxygen accepts two electrons that were passed 
along the electron transport chain from either NADH 
or FADH. This reduced oxygen molecule now binds 
with two protons (H+) to form water (Fig. 3.21).

As mentioned earlier, NADH and FADH differ in 
the amount of ATP that can be formed from each 
of these molecules. Each NADH formed in the mi-
tochondria donates two electrons to the electron 
transport system at the first proton pump (Fig. 3.21). 
These electrons are then passed to the second and 
third proton pumps until they are finally passed 
along to oxygen. The first and second electron pumps 
transport four protons each, whereas the third elec-
tron pump transports two protons, for a total of ten. 
Because four protons are required to produce and 
transport one ATP from the mitochondria to the cy-
toplasm, the total ATP production from one NADH 
molecule is 2.5 ATP (10 protons 4 protons per ATP 
= 2.5 ATP). Note that ATP molecules do not exist in 
halves and that the decimal fraction of ATP indicates 
an average number of ATP molecules that are pro-
duced per NADH.

Compared to NADH, each FADH molecule pro-
duces less ATP because the electrons from FADH are 
donated later in the electron transport chain than 
those by NADH (Fig. 3.21). Therefore, the electrons 
from FADH activate only the second and third proton 
pumps. Because the first proton pump is bypassed, 
the electrons from FADH result in the pumping of 
six protons (four by the second pump and two by 
the third pump). Because four protons are required to 
produce and transport one ATP from the mitochon-
dria to the cytoplasm, the total ATP production from 
one FAD molecule is 1.5 ATP (6 protons 4 protons per 
ATP = 1.5 ATP). See A Closer Look 3.5 for more details 
on the quantity of ATP produced in cells.

AEROBIC ATP TALLY
It is now possible to compute the overall ATP produc-
tion as a result of the aerobic breakdown of glucose 
or glycogen. Let’s begin by counting the total energy 
yield of glycolysis. Recall that the net ATP produc-
tion of glycolysis was two ATP per glucose molecule. 
Furthermore, when O2 is present in the mitochon-
dria, two NADH produced by glycolysis can then be 
shuttled into the mitochondria, with the energy used 
to synthesize an additional five ATP (Table 3.2). Thus, 
glycolysis can produce two ATP directly via substrate-
level phosphorylation and an additional five ATP by 
the energy contained in the two molecules of NADH.

How many ATP are produced as a result of the 
oxidation–reduction activities of the citric acid cycle? 
Table 3.2 shows that two NADH are formed when 
pyruvate is converted to acetyl-CoA, which results in 

A CLOSER LOOK 3.5

A New Look at the ATP Balance Sheet
Historically, it was believed that aer-
obic metabolism of one molecule of 
glucose resulted in the production 
of 38 ATP. However, recent research 
suggests that this number overesti-
mates the total ATP production and 
that only 32 molecules of ATP actu-
ally reach the cytoplasm. The expla-
nation for this conclusion is that new 
evidence indicates that the energy 
provided by NADH and FADH is re-
quired not only for ATP production 
but also to transport ATP across the 
mitochondrial membrane. This added 

energy cost of ATP metabolism re-
duces the estimates of the total ATP 
yield from glucose. Specific details of 
this process follow.

For many years, it was believed 
that for every three H+ pumped into 
the intermembrane space, one mol-
ecule of ATP was produced and could 
be used for cellular energy. Although 
it is true that approximately three H+ 
must pass through the H+ channels 
(i.e., respiratory assemblies) to pro-
duce one ATP, it is now known that 
another H+ is required to move the 

ATP molecule across the mitochon-
drial membrane into the cytoplasm. 
The ATP and H+ are transported into 
the cytoplasm in exchange for ADP 
and Pi, which are transported into the 
mitochondria to resynthesize ATP. 
Therefore, while the theoretical yield 
of ATP from glucose is 38 molecules, 
the actual ATP yield, allowing for the 
energy cost of transport, is only 32 
molecules of ATP per glucose. For 
details of how these numbers are ob-
tained, see the section “Aerobic ATP 
Tally.”

IN SUMMARY
 ■ Oxidative phosphorylation or aerobic ATP pro-
duction occurs in the mitochondria as a result 
of a complex interaction between the citric 
acid cycle and the electron transport chain. 
The primary role of the citric acid cycle is to 
complete the oxidation of substrates and form 
NADH and FADH to enter the electron trans-
port chain. The end result of the electron trans-
port chain is the formation of ATP and water. 
Water is formed by oxygen accepting electrons; 
hence, the reason we breathe oxygen is to use 
it as the final acceptor of electrons in aerobic 
metabolism.
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the formation of five ATP. Note that two GTP (similar 
to ATP) are produced via substrate-level phosphoryla-
tion. A total of six NADH and two FADH are produced 
in the citric acid cycle from one glucose molecule. 
Hence, the six NADH formed via the citric acid cy-
cle results in the production of a total of 15 ATP  
(6 NADH × 2.5 ATP per NADH = 15 ATP), with 3 
ATP being produced from the 2 FADH. Therefore, the 
total ATP yield for the aerobic degradation of glucose 
is 32 ATP. The aerobic ATP yield for glycogen break-
down is 33 ATP, because the net glycolytic produc-
tion of ATP by glycogen is one ATP more than that 
of glucose.

EFFICIENCY OF OXIDATIVE 
PHOSPHORYLATION
How efficient is oxidative phosphorylation as a 
system of converting energy from foodstuffs into 
biologically usable energy? This can be calculated 
by computing the ratio of the energy contained in 
the ATP molecules produced via aerobic respiration 
divided by the total potential energy contained  
in the glucose molecule. For example, a mole (a 
mole is 1  gram molecular weight) of ATP, when 
broken down, has an energy yield of 7.3 kcal. The 
potential energy released from the oxidation of a 
mole of glucose is 686 kcal. Thus, an efficiency  
figure for aerobic respiration can be computed as 
follows (18):

 Efficiency of respiration =  
32 moles ATP/mole glucose × 7.3 kcal/mole ATP

686 kcal/mole glucose

Therefore, the efficiency of aerobic respiration  
is approximately 34%, with the remaining 66% of  
the free energy of glucose oxidation being released 
as heat.

CONTROL OF 
BIOENERGETICS
The biochemical pathways that result in the produc-
tion of ATP are regulated by very precise control 
systems. Each of these pathways contains a number 
of reactions that are catalyzed by specific enzymes. 
In general, if ample substrate is available, an increase 
in the number of enzymes present results in an in-
creased rate of chemical reactions. Therefore, the 
regulation of one or more enzymes in a biochemical 
pathway would provide a means of controlling the 
rate of that particular pathway. Indeed, metabolism is 
regulated by the control of enzymatic activity. Most 
metabolic pathways have one enzyme that is consid-
ered “rate limiting.” This rate-limiting enzyme deter-
mines the speed of the particular metabolic pathway 
involved.

How does a rate-limiting enzyme control the 
speed of reactions? First, as a rule, rate-limiting en-
zymes are found early in a metabolic pathway. This 
position is important because products of the path-
way might accumulate if the rate-limiting enzymes 
were located near the end of a pathway. Second, the 
activity of rate-limiting enzymes is regulated by mod-
ulators. Modulators are substances that increase or 
decrease enzyme activity. Enzymes that are regulated 
by modulators are called allosteric enzymes. In the con-

TABLE 3.2 Aerobic ATP Tally from the Breakdown of One Molecule of Glucose

Metabolic Process
High-Energy 

 Products
ATP from Oxidative 

Phosphorylation ATP Subtotal

Glycolysis 2 ATP —  2 (total if anaerobic)
2 NADH* 5  7 (if aerobic)

Pyruvate to acetyl-CoA 2 NADH 5  12
Citric acid cycle 2 GTP —  14

6 NADH 15 29
2 FADH† 3 32

Grand total: 32 ATP

*2.5 ATP per NADH.
†1.5 ATP per FADH.

IN SUMMARY
 ■ The aerobic metabolism of one molecule of 
glucose results in the production of 32 ATP 
molecules, whereas the aerobic ATP yield for 
glycogen breakdown is 33 ATP.

 ■ The overall efficiency of aerobic respiration is 
approximately 34%, with the remaining 66% of 
the energy being released as heat.
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trol of energy metabolism, ATP is the classic example 
of an inhibitor, whereas ADP and Pi are examples of 
substances that stimulate enzymatic activity (31). The 
fact that large amounts of cellular ATP would inhibit 
the metabolic production of ATP is logical because 
large amounts of ATP would indicate that ATP usage 
in the cell is low. An example of this type of nega-
tive feedback is illustrated in Figure 3.22. In contrast, 
an increase in cell levels of ADP and Pi (low ATP) 
would indicate that ATP utilization is high. Therefore, 
it makes sense that ADP and Pi stimulate the produc-
tion of ATP to meet the increased energy need.

Control of ATP-PC System
Phosphocreatine breakdown is regulated by creatine 
kinase activity. Creatine kinase is activated when 
sarcoplasmic concentrations of ADP increase and is 
inhibited by high levels of ATP. At the onset of ex-
ercise, ATP is split into ADP + Pi to provide energy 
for muscular contraction. This immediate increase 
in ADP concentrations stimulates creatine kinase to 
trigger the breakdown of PC to resynthesize ATP. If 

exercise is continued, glycolysis and finally aerobic 
metabolism begin to produce adequate ATP to meet 
the muscles’ energy needs. The increase in ATP con-
centration, coupled with a reduction in ADP concen-
tration, inhibits creatine kinase activity (Table 3.3). 
Regulation of the ATP-PC system is an example of a 
“negative feedback” control system, which was intro-
duced in Chap. 2.

Control of Glycolysis
Although several factors control glycolysis, the 
most important rate-limiting enzyme in glycolysis is 
phosphofructokinase (PFK) (1). Note that PFK is 
located near the beginning of glycolysis. Table 3.3 
lists known regulators of PFK. When exercise begins, 
ADP + Pi levels rise and enhance PFK activity, which 
serves to increase the rate of glycolysis. In contrast, at 
rest, when cellular ATP levels are high, PFK activity 
is inhibited and glycolytic activity is slowed. Further, 
high cellular levels of hydrogen ions (i.e., decreased 
pH) or citrate (produced via citric acid cycle) also 
inhibit PFK activity (35). Similar to the control of the 
ATP-PC system, regulation of PFK activity operates via 
negative feedback.

Another important regulatory enzyme in car-
bohydrate metabolism is phosphorylase, which is 
responsible for degrading glycogen to glucose. Al-
though this enzyme is not technically considered a 
glycolytic enzyme, the reaction catalyzed by phos-
phorylase plays an important role in providing the 
glycolytic pathway with the necessary glucose at the 
origin of the pathway. With each muscle contrac-
tion, calcium (Ca++) is released from the sarcoplasmic 
reticulum in muscle. This rise in sarcoplasmic Ca++ 
concentration indirectly activates phosphorylase, 
which immediately begins to break down glycogen 
to glucose for entry into glycolysis. In addition, phos-
phorylase activity may be stimulated by high levels of 
the hormone epinephrine. Epinephrine is released at 
a faster rate during heavy exercise and results in the 
formation of the compound cyclic AMP (see Chap. 5).  
It is cyclic AMP, not epinephrine, that directly activates 
phosphorylase. Thus, the influence of epinephrine  
on phosphorylase is indirect.

Figure 3.22 An example of a “rate-limiting” enzyme in a 
simple metabolic pathway. Here, a buildup of the prod-
uct serves to inhibit the rate-limiting enzyme, which in 
turn slows down the reactions involved in the pathway.
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TABLE 3.3 Factors Known to Affect the Activity of Rate-Limiting Enzymes of Metabolic Pathways Involved 
in Bioenergetics

Pathway Rate-Limiting Enzyme Stimulators Inhibitors

ATP-PC system Creatine kinase ADP ATP
Glycolysis Phosphofructokinase AMP, ADP, Pi, pH↑↑ ATP, CP, citrate, pH↓
Citric acid cycle Isocitrate dehydrogenase ADP, Ca++, NAD+ ATP, NADH
Electron transport chain Cytochrome oxidase ADP, Pi ATP
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Control of Citric Acid Cycle and Electron 
Transport Chain
The citric acid cycle, like glycolysis, is subject to en-
zymatic regulation. Although several citric acid cy-
cle enzymes are regulated, the rate-limiting enzyme 
is isocitrate dehydrogenase. Isocitrate dehydro-
genase, like PFK, is inhibited by ATP and stimu-
lated by increasing levels of ADP + Pi (31). Further, 
growing evidence suggests that increased levels of 
calcium (Ca++) in the mitochondria also stimulates 
isocitrate dehydrogenase activity (13, 29). This is 
a logical signal to turn on energy metabolism in 
muscle cells because an increase in free calcium in 
muscle is the signal to begin muscular contraction 
(see Chap. 8).

The electron transport chain is also regulated 
by the amount of ATP and ADP + Pi present (31). 
The rate-limiting enzyme in the electron transport 
chain is cytochrome oxidase. When exercise begins, 
ATP levels decline, ADP + Pi levels increase, and 
cytochrome oxidase is stimulated to begin aerobic 
production of ATP. When exercise stops, cellular 
levels of ATP increase and ADP + Pi concentrations 
decline, and thus the electron transport activity is 
reduced when normal levels of ATP, ADP, and Pi are 
reached.

IN SUMMARY
 ■ Metabolism is regulated by enzymatic activity. 
An enzyme that controls the rate of a metabolic 
pathway is termed the rate-limiting enzyme.

 ■ The rate-limiting enzyme for glycolysis is phos-
phofructokinase, and the rate-limiting enzymes 
for the citric acid cycle and electron transport 
chain are isocitrate dehydrogenase and cyto-
chrome oxidase, respectively.

 ■ In general, cellular levels of ATP and ADP + Pi 
regulate the rate of metabolic pathways involved 
in the production of ATP. High levels of ATP in-
hibit further ATP production, whereas low levels 
of ATP and high levels of ADP + Pi stimulate ATP 
production. Evidence also exists that calcium 
may stimulate aerobic energy metabolism.

IN SUMMARY
 ■ Energy to perform exercise comes from an in-
teraction of anaerobic and aerobic pathways.

 ■ In general, the shorter the activity (high inten-
sity), the greater the contribution of anaerobic 
energy production. In contrast, long-term ac-
tivities (low to moderate intensity) utilize ATP 
produced from aerobic sources.

INTERACTION BETWEEN 
AEROBIC/ANAEROBIC ATP 
PRODUCTION
It is important to emphasize the interaction of anaer-
obic and aerobic metabolic pathways in the produc-
tion of ATP during exercise. Although it is common 

to hear someone speak of aerobic versus anaerobic 
exercise, in reality, the energy to perform most types 
of exercise comes from a combination of anaerobic 
and aerobic sources (11). Indeed, ATP production by 
the ATP-PC system, glycolysis, and oxidative phos-
phorylation occurs simultaneously in contracting 
skeletal muscles. However, during very short bouts 
of exercise (i.e., one to three seconds), the total con-
tribution of aerobically produced ATP to this move-
ment is small because of the time required to achieve 
the many reactions involved in the citric acid cycle 
and the electron transport chain. This point is illus-
trated in The Winning Edge 3.2. Notice that the con-
tribution of anaerobic ATP production is greater in 
short-term, high-intensity activities, whereas aerobic 
metabolism predominates in longer activities. For ex-
ample, approximately 90% of the energy required to 
perform a 100-meter dash would come from anaerobic 
sources, with most of the energy coming via the ATP-
PC system. Similarly, energy to run 400 meters (i.e., 
55 seconds) would be largely anaerobic (70% to 75%).  
However, ATP and PC stores are limited, and thus 
glycolysis must supply much of the ATP during this 
type of event (11).

On the other end of the energy spectrum, events 
like the marathon (i.e., 26.2-mile race) rely on aerobic 
production of ATP for the bulk of the needed en-
ergy. Where does the energy come from in events of 
moderate length (i.e., 2 to 30 minutes)? The Winning 
Edge 3.2 provides an estimation of the percentage of 
anaerobic/aerobic yield in events over a wide range 
of durations. Although these estimates are based on 
laboratory measurements of running or exercising on 
a cycle ergometer, they can be related to other ath-
letic events that require intense effort by comparing 
the length of time spent in the activity. In review, 
the shorter the duration of all-out activity, the greater 
the contribution of anaerobic energy production; 
conversely, the longer the duration, the greater the 
contribution of aerobic energy production. A more 
detailed discussion of the metabolic responses to vari-
ous types of exercise is presented in Chap. 4.

pow70456_ch03_040-067.indd   64 01/16/17   9:19 PM



  Chapter Three Bioenergetics 65

THE WINNING EDGE 3.2

Exercise Physiology Applied to Sports

Contributions of Anaerobic/
Aerobic Energy Production 
During Various Sporting Events
Because sports differ widely 
in both the intensity and the 
duration of physical effort, 
it is not surprising that the 
source of energy production 
differs widely among sporting 
events. Figure 3.23 provides 
an illustration of the anaerobic 
versus aerobic energy produc-
tion during selected sports. 
Knowledge of the interaction 
between the anaerobic and 
aerobic energy production in 
exercise is useful to coaches 
and trainers in planning condi-
tioning programs for athletes. 
See Chap. 21 for more details.

Figure 3.23 Contribution of 
anaerobically and aerobically 
produced ATP for use during 
sports.

100 1001–3 seconds 100-meter
dash
Football

% Aerobic % Aerobic% Anaerobic % Anaerobic

0 0

10 10

20 20

30 30

40 40

50 50

60 60

70 70

80 80

90 90

0 0

100 100

10 10

20 20

30 30

40 40

50 50

60 60

70 70

80 80

90 90

Weight lifting
Diving

Gymnastics
200-meter dash

Wrestling
Ice hockey

Fencing

100-meter swim

Field hockey

800-meter dash

Boxing

Rowing
(2000 meters)

1-mile run
400-meter swim

2-mile run

Skating
10,000 meters

10,000-meter run
Marathon

Tennis

120 minutes Jogging

10 seconds
Basketball
Baseball

30 seconds

Volleyball

400-meter
dash

60 seconds Soccer

2 minutes

200-meter
swim
Skating (1500
meters)

4 minutes

1500-meter
run

10 minutes
800-meter
swim

30 minutes

Cross-country
running
Cross-country
skiing

STUDY ACTIVITIES
 1. List and briefly discuss the function of the three major 

components of cell structure.
 2. Briefly explain the concept of coupled reactions.
 3. Define the following terms: (1) bioenergetics, (2) ender-

gonic reactions, and (3) exergonic reactions.
 4. Discuss the role of enzymes as catalysts. What is meant 

by the expression “energy of activation”?
 5. Where do glycolysis, the citric acid cycle, and oxidative 

phosphorylation take place in the cell?
 6. Define the terms glycogen, glycogenolysis, and glycolysis.
 7. What are high-energy phosphates? Explain the state-

ment that “ATP is the universal energy donor.”
 8. Define the terms aerobic and anaerobic.
 9. Briefly discuss the function of glycolysis in bioenerget-

ics. What role does NAD+ play in glycolysis?

 10. Discuss the operation of the citric acid cycle and the 
electron transport chain in the aerobic production of 
ATP. What is the function of NAD+ and FAD in these 
pathways?

 11. What is the efficiency of the aerobic degradation of glucose?
 12. What is the role of oxygen in aerobic metabolism?
 13. What are the rate-limiting enzymes for the following 

metabolic pathways: ATP-PC system, glycolysis, citric 
acid cycle, and electron transport chain?

 14. Briefly discuss the interaction of anaerobic versus aero-
bic ATP production during exercise.

 15. Discuss the chemiosmotic theory of ATP production.
 16. Briefly discuss the impact of changes in both tempera-

ture and pH on enzyme activity.
 17. Discuss the relationship between lactic acid and lactate.
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 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

 1. Discuss the relationship between exercise 
intensity/duration and the bioenergetic 
pathways that are most responsible for the 
production of ATP during various types of 
exercise.

 2. Describe graphically the change in oxygen 
uptake during the transition from rest to 
steady-state exercise and then recovery from 
exercise. Identify the oxygen deficit, oxygen 
requirement, and oxygen debt (excess post-
exercise oxygen uptake).

 3. Describe graphically the changes in oxygen 
uptake during an incremental (graded) 
exercise test and identify the maximal oxygen 
uptake (V̇O2 max).

 4. Describe the various criteria for having 
achieved (V̇O2 max).

 5. Describe graphically the changes in the blood 
lactate concentration during an incremental 

(graded) exercise test and identify the lactate 
threshold.

 6. Discuss several possible explanations for the 
sudden rise in blood-lactate concentration 
during incremental exercise.

 7. List the factors that regulate fuel selection 
during exercise.

 8. Describe the changes in the respiratory 
exchange ratio (R) with increasing intensities 
of exercise and during prolonged exercise of 
moderate intensity.

 9. Describe the types of carbohydrates and fats 
used during increasing intensities of exercise 
and during prolonged exercise of moderate 
intensity.

 10. Describe the lactate shuttle, with examples of 
how it is used during exercise.

Exercise Metabolism

4
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Exercise poses a serious challenge to the bioenergetic 
pathways in the working muscle. For example, dur-

ing heavy exercise, the body’s total energy expendi-
ture may increase 15 to 25 times above expenditure at 
rest. Most of this increase in energy production is used 
to provide ATP for contracting skeletal muscles, which 
may increase their energy utilization 200 times over 
utilization at rest (1). Clearly, skeletal muscles have 
a great capacity to produce and use large quantities 
of ATP during exercise. This chapter describes (a) the 
metabolic responses at the beginning of exercise and 
during recovery from exercise; (b) the metabolic re-
sponses to high-intensity, incremental, and prolonged 
exercise; (c) the selection of fuels used to produce ATP; 
and (d) how exercise metabolism is regulated.

We begin with an overview of the energy re-
quirements of the body at rest, followed by a discus-
sion of which bioenergetic pathways are activated at 
the onset of exercise.

ENERGY REQUIREMENTS  
AT REST
Recall that homeostasis is defined as a steady and an 
unchanging internal environment (see Chap. 2). Dur-
ing resting conditions, the healthy human body is in 
homeostasis, and therefore the body’s energy require-
ment is also constant. At rest, almost 100% of the 
energy (i.e., ATP) required to sustain bodily functions 
is produced by aerobic metabolism. It follows that 
resting blood lactate levels are also steady and low 
(e.g., 1.0 millimole per liter).

Because the measurement of oxygen (O2) con-
sumption (oxygen consumed by the body) is an in-
dex of aerobic ATP production, measurement of O2 
consumption during rest provides an estimate of the 
body’s “baseline” energy requirement. At rest, the to-
tal energy requirement of an individual is relatively 
low. For example, a 70-kilogram young adult would 
consume approximately 0.25 liter of oxygen each 
minute; this translates to a relative O2 consumption of 
3.5 ml of O2 per kilogram (body weight) per minute. 
As mentioned earlier, muscular exercise can greatly 
increase the body’s need for energy. Let’s begin our 
discussion of exercise metabolism by considering 
which bioenergetic pathways are active during the 
transition from rest to exercise.

REST - TO-EXERCISE 
TRANSITIONS
Assume you are standing alongside a treadmill with 
its belt moving at 7 mph, and you jump onto the belt 
and start running. Within one step, you go from zero 

to 7 mph, and in that one step your muscles increase 
their rate of ATP production from that required for 
standing to that required for running at 7 mph (see 
Fig. 4.1(a) and (b)). If ATP production did not increase 
instantaneously, you would have fallen off the back of 
the treadmill! What metabolic changes must occur in 
skeletal muscle at the beginning of  exercise to provide 

Figure 4.1 The time course of speed (a), rate of ATP use 
(b), and oxygen uptake (V̇ O2) (c) in the transition from 
rest to submaximal exercise.
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70 Section One Physiology of Exercise

the necessary energy to continue movement? Similar 
to the measurement of O2 consumption during rest, 
the measurement of O2 consumption during exercise 
can provide information about aerobic metabolism 
during exercise. For example, in the transition from 
rest to light or moderate exercise, O2 consumption 
increases rapidly and reaches a steady state within 
one to four minutes (12, 22, 99) (Fig. 4.1(c)).

The fact that O2 consumption does not in-
crease instantaneously to a steady-state value 
means that anaerobic energy sources contribute 
to the overall production of ATP at the begin-
ning of exercise. Indeed, much evidence suggests 
that at the onset of exercise, the ATP-PC system 
is the first active bioenergetic pathway, followed 
by glycolysis and, finally, aerobic energy produc-
tion (4, 17, 41, 73, 104). This is shown in Figure 
4.2(a), in which the PC concentration in muscle 
falls dramatically during a three-minute bout of ex-
ercise. Figure 4.2(b) shows that the production of 
ATP from PC was the highest in the first minute of 
exercise and fell off after that, due in part to the 
systematic reduction in the PC store. Figure 4.2(c)  
shows that glycolysis was already contributing ATP 
during the first minute of exercise and increased 
during the second minute (10). The effectiveness of 
these two anaerobic systems in the first minutes of 
exercise is such that ATP levels in muscle are virtu-
ally unchanged, even though ATP is being used at 
a much higher rate (120). However, as the steady-
state O2 consumption is reached, the body’s ATP re-
quirement is met via aerobic metabolism, indicating 
that ATP is being produced aerobically as quickly as 
it is being used. The major point to be emphasized 
concerning the bioenergetics of rest-to-work transi-
tions is that several energy systems are involved. In 
other words, the energy needed for exercise is not 
provided by simply turning on a single bioenergetic 
pathway, but rather by a mixture of several meta-
bolic systems operating with considerable overlap.

The term oxygen deficit applies to the lag in 
oxygen uptake at the beginning of exercise. Specifi-
cally, the oxygen deficit is defined as the difference 
between oxygen uptake in the first few minutes 
of exercise and an equal time period after steady 
state has been obtained (90, 97). During this time, 
much of the ATP is supplied anaerobically (ATP-PC 
system and glycolysis) since aerobic ATP produc-
tion is insufficient until the oxygen uptake reaches 
steady state. This is represented as the shaded area 
in the left portion of Figure 4.1(c). What causes this 
lag in oxygen uptake at the onset of exercise? Is it 
due to inadequate oxygen delivery to the muscle, 
or is it a failure of oxidative phosphorylation to in-
crease immediately when exercise begins (82)? Dr. 
Bruce Gladden answers those questions in Ask the 
Expert 4.1.

Trained adults (64, 99) and adolescents (88) reach 
the steady-state V̇ O2 faster than untrained subjects, 
resulting in a smaller oxygen deficit. What is the ex-
planation for this difference? It seems likely that the 
trained subjects have a better developed aerobic bio-
energetic capacity, resulting from either cardiovas-
cular or muscular adaptations induced by endurance 
training (33, 64, 97, 99). Practically speaking, this 
means that aerobic ATP production is active earlier at 
the beginning of exercise and results in less produc-
tion of lactate and H+ in the trained individual when 
compared to the untrained individual.  Chapter  13  
provides a detailed analysis of this adaptation to 
training.

Figure 4.2 Figure (a) shows the rapid change of phos-
phocreatine (PC) concentration in muscle during a 
three-minute bout of exercise. Figures (b) and (c) show 
the rate of ATP production during this three-minute 
bout from PC and glycolysis, respectively.
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RECOVERY FROM EXERCISE: 
METABOLIC RESPONSES
If a subject is running on the treadmill at a speed that 
can be maintained comfortably for 20 or 30 minutes, 
and then jumps off to the side, the metabolic rate 
(V̇ O2) does not fall instantaneously from the steady-
state value measured during the exercise to the resting 
V̇ O2 value associated with standing by the treadmill. 
The metabolic rate remains elevated for several min-
utes immediately following exercise. This is shown in 
Figure 4.3(a), with a steady-state V̇ O2 being achieved 

ASK THE EXPERT 4.1

Oxygen Uptake Kinetics at the Onset of Constant Work-Rate Exercise: Questions  
and Answers with Dr. Bruce Gladden

Bruce Gladden, Ph.D., 
a professor in the School 
of Kinesiology at Auburn 
University, is an interna-
tionally known expert in 
muscle metabolism during 
exercise. Dr. Gladden’s 
research has addressed 
important questions 
relative to those factors 

that regulate oxygen consumption in skeletal 
muscle during exercise. Examples of Dr. Glad-
den’s work can be found in prestigious interna-
tional physiology journals. In this feature, Dr. 
Gladden answers questions about the time 
course of oxygen consumption at the onset of 
submaximal exercise.

question: What is so important about 
the oxygen consumption response 
at the onset of submaximal, con-
stant work-rate exercise?

answer: First, it is critical to realize 
that O2 consumption is a reliable 
indicator of the energy supplied 
by oxidative phosphorylation (i.e., 
the oxidative or aerobic energy sys-
tem). The fact that there is a “lag” 
or delay before oxygen consump-
tion rises to a steady-state level 
tells us that aerobic metabolism 
(i.e., oxidative phosphorylation in 
the mitochondria) is not fully acti-
vated at the onset of exercise. The 
importance of this response is that 
it can provide information about 
the control or regulation of oxida-
tive phosphorylation. Further, this 
delayed response tells us that the 

anaerobic energy systems must also 
be activated to supply the needed 
energy at the beginning of exercise; 
that is, there is an oxygen deficit.

question: Why is oxidative phosphor-
ylation not fully activated instan-
taneously at the onset of exercise?

answer: Historically, two alternative 
hypotheses have been offered. First, 
it has been suggested that there is 
an inadequate oxygen supply to the 
contracting muscles at the onset of 
exercise. What this means is that in 
at least some mitochondria, at least 
some of the time, there may not be 
molecules of oxygen available to ac-
cept electrons at the end of the elec-
tron transport chains. Clearly, if this 
is correct, the oxidative phosphory-
lation rate, and therefore the whole-
body oxygen consumption, would 
be restricted. The second hypothesis 
holds that there is a delay because the 
stimuli for oxidative phosphorylation 
require some time to reach their final 
levels and to have their full effects 
for a given exercise intensity. As dis-
cussed in Chap. 3, the electron trans-
port chain is stimulated by ADP and 
Pi (e.g., Table 3.3). Shortly after the 
onset of exercise, the concentrations 
of ADP and Pi are barely above resting 
levels because the ATP concentration 
is being maintained by the creatine 
kinase reaction (PC + ADP → ATP + C)  
and accelerated glycolysis (with lac-
tate accumulation). However, the 
concentrations of ADP and Pi will 
continue to rise as PC is broken 

down, gradually providing additional 
stimulation to “turn on” oxidative 
phosphorylation until this aerobic 
pathway is providing essentially 100% 
of the energy requirement of the ex-
ercise. The key point is that these 
stimulators of oxidative phosphory-
lation rate do not instantaneously 
rise from resting concentrations to 
the steady-state concentration levels. 
This has sometimes been referred to 
as the “inertia of metabolism.”

question: Which of the two hypoth-
eses is correct?

answer: This is a difficult question be-
cause the two hypotheses are not 
mutually exclusive. My research 
with numerous colleagues (espe-
cially Drs. Bruno Grassi, Mike Hogan, 
and Harry Rossiter) provides support 
for the second hypothesis (i.e., “slow-
ness” in the stimuli required to fully 
activate oxidative phosphorylation). 
In particular, there is evidence for a 
significant role of the creatine kinase 
reaction in “buffering” some of the 
most important signals (e.g., ADP con-
centration) for activating oxidative 
phosphorylation. Nevertheless, oxy-
gen supply limitation can also play a 
role, a role that likely becomes more 
important at higher exercise intensi-
ties. None of the possible regulators 
or controllers of oxidative phosphor-
ylation should be considered sepa-
rately. All of them interact with each 
other to provide the overall stimulus 
to oxidative phosphorylation under 
any given exercise condition.

IN SUMMARY
 ■ In the transition from rest to light or moderate ex-
ercise, oxygen uptake increases rapidly, generally 
reaching a steady state within one to four minutes.

 ■ The term oxygen deficit applies to the lag in 
oxygen uptake at the beginning of exercise.

 ■ The failure of oxygen uptake to increase in-
stantly at the beginning of exercise means that 
anaerobic pathways contribute to the overall 
production of ATP early in exercise. After a 
steady state is reached, the body’s ATP require-
ment is met via aerobic metabolism.

Courtesy of 
Bruce Gladden
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by  minute 3 of submaximal exercise, and the oxygen 
uptake returning to resting levels by five minutes after 
exercise. This means that, for several minutes after ex-
ercise, the oxygen uptake is above the level needed to 
meet the demands of standing on the treadmill. In con-
trast, Figure 4.3(b) shows the subject doing nonsteady- 
state exercise that can be maintained for only six min-
utes before exhaustion occurs. This test is set at an 
intensity that exceeds the highest V̇ O2 the subject can 
attain (V̇ O2 max). In  this case, the subject could not 
meet the oxygen requirement for the task as shown by 
the much larger oxygen deficit, and the subject’s V̇ O2 

is still not back to the resting level by 14 minutes after 
exercise. Clearly, the magnitude and duration of this 
elevated post-exercise metabolic rate are influenced by 
the intensity of the exercise (6, 53, 97). The reason(s) 
for this observation will be discussed shortly.

Historically, the term oxygen debt has been 
applied to the elevated oxygen uptake (above rest-
ing levels) following exercise. The prominent Brit-
ish physiologist A. V. Hill (65) first used the term 
O2 debt and reasoned that the excess oxygen con-
sumed (above rest) following exercise was repayment 
for the O2 deficit incurred at the onset of exercise 

Figure 4.3 Oxygen 
deficit and the ex-
cess post-exercise O2 
 consumption (EPOC) 
during moderate 
 exercise (a) and dur-
ing heavy, exhausting 
 exercise (b).
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(see A Look Back—Important People in Science). Evi-
dence collected in the 1920s and 1930s by Hill and 
other researchers in Europe and the United States 
suggested that the oxygen debt could be divided into 
two portions: the rapid portion immediately follow-
ing exercise (i.e., approximately two to three minutes 
post-exercise) and the slow portion, which persisted 
for greater than 30 minutes after some types of ex-
ercise. The rapid portion is represented by the steep 
decline in oxygen uptake following exercise, and the 
slow portion is represented by the slow decline in 
O2 across time following exercise (Fig. 4.3(a) and (b)). 
The rationale for the two divisions of the O2 debt was 
based on the belief that the rapid portion of the O2 
debt represented the oxygen that was required to 
resynthesize stored ATP and PC and replace tissue 
stores of O2 (~20% of the O2 debt), while the slow por-
tion of the debt was due to the oxidative conversion 
of lactate to glucose in the liver (~80% of the O2 debt).

Contradicting previous beliefs, current evidence 
shows that only about 20% of the oxygen debt is used 
to convert the lactate produced during exercise to glu-
cose (the process of glucose synthesis from noncarbo-
hydrate sources is called gluconeogenesis) (14,  17). 
Several investigators have argued that the term oxygen 
debt be eliminated from the literature because the ele-
vated oxygen consumption following exercise does not 
appear to be entirely due to the “borrowing” of oxygen 
from the body’s oxygen stores (14, 15, 17, 46). In recent 
years, several replacement terms have been suggested. 
One such term is EPOC, which stands for “excess 
post-exercise oxygen consumption” (15, 46).

If the EPOC is not exclusively used to convert 
lactate to glucose, why does oxygen consumption 
remain elevated post-exercise? Several possibilities 
exist. First, at least part of the O2 consumed imme-
diately following exercise is used to restore PC in 
muscle and O2 stores in blood and tissues (12, 46).

Restoration of both PC and oxygen stores in mus-
cle is completed within two to three minutes of re-
covery (59). This is consistent with the classic view of 
the rapid portion of the oxygen debt. Further, heart 
rate and breathing remain elevated above resting lev-
els for several minutes following exercise; therefore, 
both of these activities require additional O2 above 
resting levels. Other factors that may result in the 
EPOC are an elevated body temperature and specific 
circulating hormones. Increases in body temperature 
result in an increased metabolic rate (called the Q10 
effect) (19, 57, 101). Further, it has been argued that 
high levels of epinephrine or norepinephrine result 
in increased oxygen consumption after exercise (48). 
However, both of these hormones are rapidly removed 
from the blood following exercise and therefore may 
not exist long enough to have a significant impact on 
the EPOC.

Compared to moderate-intensity exercise, the 
EPOC is greater during high-intensity exercise be-
cause (53)

 ■ Heat production and body temperature are 
higher

 ■ PC is depleted to a greater extent and more 
O2 is required for its resynthesis

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

A.V. Hill Was a Pioneer in Exercise Physiology
Archibald Vivian 
(A.V.) Hill (1886–
1977) received the 
Nobel Prize in Physi-
ology or Medicine 
in 1922 for his re-
search on heat pro-
duction in skeletal 
muscle. This work 

precisely described the magnitude of 
heat production in isolated skeletal 
muscle during both contraction and 
relaxation. Professor Hill was born in 
Bristol, England, and his family had 
little money to support his educa-
tion. Nonetheless, he was both mo-
tivated and resourceful as he earned 
scholarships to support his studies 
in mathematics and natural sciences 

(chemistry, physics, and physiology) 
at Trinity College, Cambridge.

After graduation, Hill was encour-
aged to focus on physiology by one of 
his teachers, Dr. Walter Fletcher. Hill ini-
tiated his physiology research career at 
Cambridge in 1909 and began to investi-
gate the nature of muscular contraction 
using frog muscle as a model. Hill later 
held faculty positions at Manchester  
University (1920–1923) and at Univer-
sity College, London (1923–1951).

In addition to his Nobel Prize win-
ning research on heat production in 
skeletal muscle, A.V. Hill made many 
other contributions to our understand-
ing of exercise physiology. For exam-
ple, he was the first physiologist to 
demonstrate that contracting skeletal 

muscle can produce energy anaerobi-
cally. This work was important because 
the general view at the time was that 
all energy for muscular performance 
was derived from aerobic metabolism. 
A.V. Hill also introduced the concept of 
the oxygen debt (i.e., oxygen consump-
tion following exercise), and he was 
the first scientist to clearly describe the 
concept of maximal oxygen consump-
tion in exercising humans. Other im-
portant scientific contributions of Hill 
include his discovery of heat produc-
tion in nerves and the force–velocity 
equation in skeletal muscle.

For more information on A.V. Hill 
and his scientific contributions to ex-
ercise physiology, see the paper by 
Bassett in the Suggested Readings.

© AP Images
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 ■ Higher blood lactate levels mean more O2 is 
required for lactate conversion to glucose in 
gluconeogenesis

 ■ Epinephrine and norepinephrine levels are 
much higher.

All these factors may contribute to the EPOC be-
ing greater following high-intensity exercise than 
following moderate-intensity exercise. This obser-
vation has been used to make claims that high in-
tensity exercise is better for weight loss because 
of the prolonged “after-burn.” However, it isn’t as 
important for weight loss as people might hope. It 
has been shown that when subjects are tested at 
the same absolute work rate following an endur-
ance training program, the majority of these factors 
are reduced in magnitude, and with it, the EPOC 
(110). Figure  4.5 contains a summary of  factors 
thought to contribute to the excess post-exercise  

oxygen consumption. Further, see A Closer Look 4.1 
for more details on removal of lactate following  
exercise.

A CLOSER LOOK 4.1

Removal of Lactate Following Exercise
What happens to the lactate that is 
formed during exercise? Classical the-
ory proposed that the majority of the 
post-exercise lactate was converted 
into glucose in the liver and resulted 
in an elevated post-exercise oxygen 
uptake (i.e., O2 debt). However, recent 
evidence suggests that this is not the 
case and that lactate is mainly oxidized 
after exercise (14, 17). That is, lactate 
is converted to pyruvate and used as 
a substrate by the heart and skeletal 
muscle. It is estimated that approxi-
mately 70% of the lactate produced 
during exercise is oxidized, while 20% 
is converted to glucose and the remain-
ing 10% is converted to amino acids.

Figure 4.4 demonstrates the time 
course of lactate removal from the 
blood following strenuous exercise. 
Note that lactate removal is more 
rapid if continuous light exercise is 
performed as compared to a resting 
recovery. The explanation for these 
findings is linked to the fact that light 
exercise enhances the oxidation of lac-
tate by the working muscle (34, 47, 
63). It is estimated that the optimum 
intensity of recovery exercise to pro-
mote blood lactate removal is around 
30% to 40% of V̇ O2 max (34). Higher 

 exercise intensities would likely result 
in an increased muscle production of 
lactate and therefore hinder removal.

In one study, the intensity of the 
active recovery was set at a percent-
age of the lactate threshold (LT), rather 
than a percentage of V̇ O2 max. They 
found that when subjects did their ac-
tive recovery at intensities just below 
the LT (the point at which lactate ac-
cumulation occurs), blood lactate was 
removed faster than at lower intensi-
ties (e.g., 40% to 60% of the LT) (92).

Due to the increase in muscle 
oxidative capacity observed with 
endurance training, some authors 
have speculated that trained subjects 
might have a greater capacity to re-
move lactate during recovery from 
intense exercise (7, 9). However, two 
well-designed investigations have re-
ported no differences in blood lac-
tate disappearance between trained 
and untrained subjects during rest-
ing recovery from a maximal exer-
cise bout (7, 42).

Figure 4.4 Blood lactate re-
moval following strenuous 
exercise. Note that lactate 
can be removed more rap-
idly from the blood during 
recovery if the subject en-
gages in continuous light 
exercise.
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IN SUMMARY
 ■ The oxygen debt (also called excess post-  
exercise oxygen consumption [EPOC]) is the O2 
consumption above rest following exercise.

 ■ Several factors contribute to the EPOC. First, 
some of the O2 consumed early in the recovery 
period is used to resynthesize stored PC in the 
muscle and replace O2 stores in both muscle 
and blood. Other factors that contribute to the 
“slow” portion of the EPOC include an elevated 
body temperature, O2 required to convert lactate 
to glucose (gluconeogenesis), and elevated blood 
levels of epinephrine and norepinephrine.
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METABOLIC RESPONSES TO 
EXERCISE: INFLUENCE OF 
DURATION AND INTENSITY
The point was made in Chap. 3 that short-term, high-
intensity exercise lasting less than ten seconds utilizes 
primarily anaerobic metabolic pathways to produce 
ATP. In contrast, an event like the marathon makes 
primary use of aerobic ATP production to provide the 
needed ATP for work. However, events lasting longer 
than 10 to 20 seconds and less than 10 minutes gener-
ally produce the needed ATP for muscular contraction 
via a combination of both anaerobic and aerobic path-
ways. In fact, most sports use a combination of anaero-
bic and aerobic pathways to produce the ATP needed 
for muscular contraction. The next three sections con-
sider which bioenergetic pathways are involved in en-
ergy production in specific types of exercise.

Short-Term, Intense Exercise
The energy to perform short-term exercise of high in-
tensity comes primarily from anaerobic metabolic path-
ways. Whether the ATP production is dominated by 
the ATP-PC system or glycolysis depends primarily on 
the length of the activity (1, 4, 73, 80). For example, 
the energy to run a 50-meter dash or to complete a 
single play in a football game comes principally from 
the ATP-PC system. In contrast, the energy to complete 
the 400-meter dash (i.e., 55 seconds) comes from a com-
bination of the ATP-PC system, glycolysis, and aerobic 

metabolism, with glycolysis producing most of the ATP. 
In general, the ATP-PC system can supply almost all 
the needed ATP for work for events lasting one to five 
seconds; intense exercise lasting longer than five sec-
onds begins to utilize the ATP-producing capability of 
glycolysis. It should be emphasized that the transition 
from the ATP-PC system to an increased dependence 
upon glycolysis during exercise is not an abrupt change 
but rather a gradual shift from one pathway to another.

Events lasting longer than 45 seconds use a 
combination of all three energy systems (i.e., ATP-
PC, glycolysis, and aerobic systems). This point was 
emphasized in Figure 3.23 in Chap. 3. In general, in-
tense exercise lasting approximately 60 seconds uti-
lizes 70%/30% (anaerobic/aerobic) energy production, 
whereas competitive events lasting 2 to 3 minutes 
utilize anaerobic and aerobic bioenergetic path-
ways almost equally to supply the needed ATP (see 
Fig. 3.23). Clearly, the contribution of aerobic energy 
production to the total energy requirement increases 
with the duration of the competition.

Prolonged Exercise
The energy to perform long-term exercise (i.e., more 
than ten minutes) comes primarily from aerobic me-
tabolism. A steady-state oxygen uptake can generally 
be maintained during submaximal, moderate-intensity 
exercise. However, two exceptions to this rule exist. 
First, prolonged exercise in a hot/humid environment 
results in a “drift” upward of oxygen uptake; therefore, 
a steady state is not maintained in this type of exer-
cise even though the work rate is constant (101) (see 
Fig. 4.6(a)). Second, continuous exercise at a high rela-
tive work rate (i.e., >75% V̇ O2 max) results in a slow 
rise in oxygen uptake across time (57) (Fig. 4.6(b)). In 
each of these two types of exercise, the drift upward 
in V̇ O2 is due principally to the effects of increasing 
body temperature and to rising blood levels of the hor-
mones epinephrine and norepinephrine (19, 46, 48, 
57, 78). Both of these variables tend to increase the 

Figure 4.5 A summary of factors that might contribute 
to excess post-exercise oxygen consumption (EPOC). 
See text for details.
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IN SUMMARY
 ■ During high-intensity, short-term exercise (i.e., 
2 to 20 seconds), the muscle’s ATP production 
is dominated by the ATP-PC system.

 ■ Intense exercise lasting more than 20 seconds 
relies more on anaerobic glycolysis to produce 
much of the needed ATP.

 ■ Finally, high-intensity events lasting longer 
than 45 seconds use a combination of the  
ATP-PC system, glycolysis, and the aerobic  
 system to produce the needed ATP for  muscular 
 contraction, with a 50%/50% (anaerobic/ 
 aerobic) contribution needed for exercise 
 lasting between two and three minutes.
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metabolic rate, resulting in increased oxygen uptake 
across time. Use of a drug that blocks the receptors 
that epinephrine and norepinephrine bind to (to block 
their effects) results in an elimination of the drift in 
V̇ O2, confirming the link between the two (78). In 
contrast, even though an eight-week endurance train-
ing program was shown to reduce the drift in V̇ O2 
during heavy exercise, it was not linked to a lower 
body temperature (21). Could lower epinephrine and 
norepinephrine levels be the cause, as was shown for 
the lower EPOC following endurance training (110)? 
Clearly, additional research is needed to explain the 
causes of this drift in V̇ O2 in heavy exercise.

Incremental Exercise
Incremental exercise tests (also called graded 
 exercise tests) are often employed by physicians to 
examine patients for possible heart disease and by 
exercise scientists to determine a subject’s cardiovas-
cular fitness. These tests are usually conducted on 
a treadmill or a cycle ergometer. However, an arm 
crank ergometer can be employed for testing indi-
viduals who have lost use of their legs or athletes 
whose sport involves arm work (e.g., swimmers). The 
test generally begins with the subject performing a 
brief warm-up, followed by an increase in the work 
rate every one to three minutes until the subject can-
not maintain the desired power output. This increase 
in work rate can be achieved on the treadmill by 
increasing either the speed of the treadmill or the in-
cline. On the cycle or arm ergometer, the increase in 
power output is obtained by increasing the resistance 
against the flywheel.

Maximal Oxygen Uptake The maximal capacity to 
transport and utilize oxygen during exercise (maximal  
oxygen uptake, or V̇ O2 max) is considered by many  
exercise scientists to be the most valid measurement 
of cardiovascular fitness.

Figure 4.7 illustrates the change in oxygen up-
take during a typical incremental exercise test on a 
cycle ergometer. Oxygen uptake increases systemati-
cally with work rate until V̇ O2 max is reached. When 
V̇ O2 max is reached, an increase in power output does 
not result in an increase in oxygen uptake; thus, V̇ O2 
max represents a “physiological ceiling” for the abil-
ity of the oxygen transport system to deliver O2 to 
contracting muscles. In the classic presentation of this 
test, the V̇ O2 levels off or exhibits a “plateau” when 
the subject completes one stage further in the test 
(66, 117); Figure 4.7 shows this as a dashed line. The 
reason for using a dashed line is that many  subjects 

IN SUMMARY
 ■ The energy to perform prolonged exercise (i.e., 
more than 10 minutes) comes primarily from 
aerobic metabolism.

 ■ A steady-state oxygen uptake can generally be 
maintained during prolonged, moderate-intensity  
exercise. However, exercise in a hot/humid 
environment or exercise at a high relative work 
rate results in an upward “drift” in oxygen con-
sumption over time; therefore, a steady state is 
not obtained in these types of exercise.

Figure 4.6 Comparison of oxygen uptake (V̇ O2) across 
time during prolonged exercise in a hot and humid en-
vironment (a) and during prolonged exercise at a high 
relative work rate (>75% V̇ O2 max) (b). Note that in 
both conditions there is a steady “drift” upward in V̇ O2. 
See text for details.
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Figure 4.7 Changes in oxygen uptake (V̇ O2) during an 
incremental exercise test. The dashed line indicates a 
plateau in V̇ O2 at a higher work rate; however, this is 
not observed in many cases.
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do not demonstrate this plateau at the end of an 
incremental test; they simply cannot do one more 
stage beyond the one at which the highest V̇ O2 was 
achieved. However, there are ways to demonstrate 
that the highest value reached is V̇ O2 max (3, 32, 71, 
72, 76, 106) (see A Closer Look 4.2 for more on this). 
The physiological factors that influence V̇ O2 max in-

clude the following: (a) the maximum ability of the 
cardiorespiratory system to deliver oxygen to the con-
tracting muscle and (b) the muscle’s ability to take up 
the oxygen and produce ATP aerobically. Both genet-
ics and exercise training are known to influence V̇ O2 
max; this will be discussed in Chap. 13. Chapter 15 
describes tests to measure or estimate V̇ O2 max.

A CLOSER LOOK 4.2

V̇O2 max and Its Verification
The concept of V̇ O2 max and its de-
pendence on cardiac output was de-
scribed by Hill and Lupton in 1923 
(66). Over the following decades, 
investigators had to deal with a cen-
tral issue in the measurement of V̇ O2 
max: How can one be certain that a 
true V̇ O2 max had actually been ob-
tained? The concept of a plateau in 
oxygen uptake with increasing inten-
sities of exercise (the “primary” crite-
rion) was central to Hill and Lupton’s 
description of V̇ O2 max. Taylor et al. 
(117) operationally defined the pla-
teau for their test procedures (7 mph, 
2.5% grade change per stage) as a V̇ O2 
increase of <2.1 ml · kg−1 · min−1 bet-
ween stages of the test. However, no 
matter what criterion was used, in 
practice, great variation existed in the 
percentage of subjects who achieved a 
plateau at the end of a continuous in-
cremental exercise test (72). This led 
investigators to use a variety of “sec-
ondary” criteria to provide objective 
evidence that the highest V̇ O2 was, in 
fact, V̇ O2 max. For example, measur-
ing a very high level of lactate in the 
blood (≥8 times resting levels) after 
the test or measuring a very high re-
spiratory exchange ratio of ≥1.15 (see 
later discussion in this chapter) was 
evidence that the subject was prob-
ably working maximally at the time 
the highest V̇ O2 was measured (3, 76). 
However, there was still considerable 
variation in how subjects responded, 
limiting the use of these second-
ary criteria (see Chap. 15 for more  
on this).

There is now a renewed interest in 
obtaining a confirmation of the V̇ O2 
max value on the same test day by 

having the subject do a single-stage 
follow-up test at a work rate higher 
than the last one just completed on 
a maximal incremental exercise test. 
In this sense, a verification of the V̇ O2 
max value would indicate that a “pla-
teau” had been achieved. The follow-
ing studies provide some insights into 
current approaches to this issue. In a 
study by Foster et al. (44), the tread-
mill grade was set at 3% for female run-
ners and at 4% for male runners, with 
the initial speed set at 134 m · min−1 
(5 mph). The speed was increased by 
27 m · min−1 (1 mph) at 3-min in-
tervals until exhaustion. Following 
a 3-min recovery while walking at  
53 m · min−1 (2 mph) and 0% grade, the  
subjects ran at a speed 13.4 m · min−1 
(0.5 mph) or 26.8 m · min−1 (1 mph) 
faster than the last stage of the pre-
vious test. The same V̇ O2 max was 
measured. These results were similar 
to a study on highly trained runners 
by Hawkins et al. (60) in which the 
follow-up test was done on a separate 
day and at a work rate equal to 130% 
of the final stage of the exercise test. 
Both studies clearly supported the  
underlying proposition of Hill and 
Lupton—that there really is an up-
per limit to oxygen uptake. In 2009, 
Midgley and Carroll (93) did a re-
view of studies, including the two 
just mentioned, that used follow-up 
tests to verify that a true V̇ O2 max 
had been achieved in the incremen-
tal exercise test. In general, across all 
of the studies, there was no differ-
ence between the average V̇ O2 max 
value measured on the follow-up  
test and the average value measured 
at the end of the incremental exercise  

test. However, the authors expressed 
appropriate concern that without 
looking at individual data, that is, 
how much of a difference existed be-
tween the first and follow-up test for 
each person, the average values could 
disguise inherent within-subject vari-
ability. In effect, they are asking, what 
is the largest difference in V̇ O2 max 
between the tests that you would 
accept as signifying no difference in 
response? This is similar to the issue 
Taylor et al. (117) dealt with in es-
tablishing their criterion V̇ O2 differ-
ence of 2.1 ml · kg−1 · min−1 for one 
additional stage of their exercise test 
protocol. In addition, the authors in-
dicate that to firm up procedures for 
the verification protocol, there is a 
need to:

 ■ use only a work rate higher 
than the one achieved in the 
incremental exercise test for 
the follow-up test;

 ■ establish the minimum duration 
of the follow-up test consistent 
with allowing the subject time 
to achieve V̇ O2 max;

 ■ identify a consistent rest  
interval and warm-up prior to 
the verification test; and

 ■ establish the minimum gas 
sampling interval (e.g., 20s, 30s) 
to minimize error in estimating 
a one-minute V̇ O2 value.

We are sure to hear more about  
these follow-up tests to verify that 
the V̇ O2 max achieved on an incre-
mental exercise test is, in fact, the 
true V̇ O2 max.
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Lactate Threshold During light and moderate in-
tensity exercise, most of the ATP production used 
to provide energy for muscular contraction comes 
from aerobic sources (86, 98, 111). However, as the 
exercise intensity increases during an incremental 
exercise test, blood levels of lactate begin to rise 
in an exponential fashion (Fig. 4.8). This appears in 
untrained subjects around 50% to 60% of V̇ O2 max, 
whereas it occurs at higher work rates in trained 
subjects (i.e., 65% to 80% V̇ O2 max) (51). Early on, a 
common term used to describe the point of a sys-
tematic rise in blood lactate during incremental ex-
ercise was the anaerobic threshold (16, 31, 40, 
67, 77, 100, 123, 125, 129) because of the obvious 
link between anaerobic metabolism and the appear-
ance of lactate. However, because of arguments over 
terminology (discussed next), a more neutral term, 
the lactate threshold, has been widely adopted 
(30, 34, 116).

Another commonly used term that is related to 
the systematic rise in the blood lactate concentration 
is the onset of blood lactate accumulation (abbreviated 
as OBLA). This term, OBLA, differs from the lactate 
threshold in one important way. Rather than describ-
ing the blood lactate inflection point, the OBLA is 
defined as the exercise intensity (or oxygen consump-
tion) at which a specific blood lactate concentration 
is reached (e.g., 4 millimoles per liter) (15, 61, 116). 
To avoid confusion, we will refer to the sudden rise 
in blood lactate levels during incremental exercise as 
the lactate threshold.

Some investigators believed that this sud-
den rise in the blood lactate concentration dur-
ing incremental exercise represented a point of 
increasing reliance on anaerobic metabolism (i.e., 
glycolysis) (29, 121–125). Consequently, the term 
anaerobic threshold was adopted. The basic argu-
ment against the term anaerobic threshold centers 

around the question of whether the rise in blood 
lactate  during  incremental exercise is due to a 
lack of oxygen (hypoxia) in the working muscle 
or occurs for other reasons. Historically, rising 
blood lactate levels were considered an indica-
tion of increased anaerobic metabolism within the 
contracting muscle because of low levels of O2 in 
the individual muscle cells (123, 125). However, 
whether the end product of glycolysis is pyruvate 
or lactate depends on a variety of factors. First, if 
the rate of glycolysis is rapid, NADH production 
may exceed the transport capacity of the shuttle 
mechanisms that move hydrogens from the sarco-
plasm into the mitochondria (113, 115, 128). In-
deed, blood levels of epinephrine begin to rise at 
50% to 65% of V̇ O2 max during incremental exer-
cise and have been shown to stimulate the gly-
colytic rate; this increase in glycolysis increases 
the rate of NADH production (115). Failure of the 
shuttle system to keep up with the rate of NADH 
production by glycolysis would result in pyruvate 
accepting some “unshuttled” hydrogens, and the 
formation of lactate could occur independent of 
whether the muscle cell had sufficient oxygen for 
aerobic ATP production (Fig. 4.9).

A second explanation for the formation of lac-
tate in exercising muscle is related to the enzyme 
that catalyzes the conversion of pyruvate to lactate. 
The enzyme responsible for this reaction is lactate 
dehydrogenase (LDH), and it exists in several forms 
 (different forms of the same enzyme are called iso-
zymes). Recall that the reaction is as follows:

CH3 LDH CH3

   
C = O + NADH + H+   ↔ H ‒ C ‒ OH + NAD

   
COO— COO—

Pyruvate Lactate

Figure 4.8 Changes in blood lactate concentration 
 during incremental exercise. The sudden rise in lactate 
is known as the lactate threshold (LT).
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Figure 4.9 Failure of the mitochondrial “hydrogen 
shuttle” system to keep pace with the rate of glycolytic 
production of NADH + H+ results in the conversion of 
pyruvate to lactate.

 Mitochondrial membrane

Sarcoplasm PyruvateLactate
LDH

 Mitochondrion

NADH + H+

“Hydrogen shuttle”

H+

Glycolysis

pow70456_ch04_068-091.indd   78 01/16/17   9:22 PM



  Chapter Four Exercise Metabolism 79

This reaction is reversible in that lactate can be 
converted back to pyruvate under the  appropriate 
conditions. Human skeletal muscle can be classified 
into three fiber types (see Chap. 8). One of these is a 
“slow” fiber (sometimes called slow-twitch), whereas 
the remaining two are called “fast” fibers (sometimes 
called fast-twitch). As the names imply, fast fibers 
are recruited during intense, rapid exercise, whereas 
slow fibers are used primarily during low-intensity 
activity. The LDH isozyme found in fast fibers has 
a greater affinity for attaching to pyruvate, promot-
ing the formation of lactate (69, 111). In contrast, 
slow fibers contain an LDH form that promotes the 
conversion of lactate to pyruvate. Therefore, lactate 
formation might occur in fast fibers during exercise 
simply because of the type of LDH present. Thus, 
lactate production would again be independent of 
oxygen availability in the muscle cell. Early in an 
incremental exercise test, it is likely that slow fibers 
are the first called into action. However, as the ex-
ercise intensity increases, the amount of muscular 
force produced must be increased. This increased 
muscular force is supplied by recruiting more and 
more fast fibers. Therefore, the involvement of more 
fast fibers may result in increased lactate produc-
tion and thus may be responsible for the lactate 
 threshold.

A final explanation for the lactate threshold 
may be related to the rate of removal of lactate from 
the blood during incremental exercise. When a re-
searcher obtains a blood sample from a subject during 
an exercise test, the concentration of lactate in that 
sample is the difference between the rate at which 

lactate enters the blood and the rate at which lactate 
is removed from the blood. At any given time during 
exercise, some muscles are producing lactate and re-
leasing it into the blood, and some tissues (e.g., liver, 
skeletal muscles, heart) are removing lactate. There-
fore, the concentration of lactate in the blood at any 
given time can be expressed mathematically in the 
following way:

Blood lactate 
concentration

 
=

 

Lactate 
entry into 
the blood   

‒
 

Blood lactate 
removal

Thus, a rise in the blood lactate concentration can 
occur due to either an increase in lactate produc-
tion or a decrease in lactate removal. Recent evi-
dence suggests that the rise in blood lactate levels 
in animals during incremental exercise may be the 
result of both an increase in lactate production and 
a decrease in the rate of lactate removal (17, 37). See 
Chap. 13 for a discussion of how endurance train-
ing affects lactate production. Also, see The Winning 
Edge 4.1.

To summarize, controversy exists over both the 
terminology and the mechanism to explain the sud-
den rise in blood lactate concentration during in-
cremental exercise. It is possible that any one or a 
combination of the explanations (including lack of 
O2) might explain the lactate threshold. Figure 4.10 
contains a summary of possible mechanisms to ex-
plain the lactate threshold. The search for definitive 
evidence to explain the mechanism(s) altering the 
blood lactate concentration during incremental exer-
cise will continue for years to come.

THE WINNING EDGE 4.1

Exercise Physiology Applied to Sports

Does Lactate Cause Muscle Soreness?
A belief among some athletes and 
coaches is that lactate production 
during exercise is a primary cause of 
delayed-onset muscle soreness (i.e., 
soreness occurring 24 to 48 hours 
after exercise). Nonetheless, physi-
ological evidence indicates that lac-
tate is not a primary cause of this 
type of muscle soreness. Several lines 
of “physiological reasoning” can be 
used to support this position. First, 
although lactate production occurs 
in active skeletal muscle during high- 
intensity exercise, lactate removal 
from the muscle and blood is rapid 

following an exercise session. In 
fact, blood levels of lactate return to 
resting  levels within 60  minutes af-
ter exercise (see A  Closer Look 4.1). 
Therefore, it seems unlikely that lac-
tate production during a single ex-
ercise bout would result in muscle 
soreness one or two days later.

A second argument against lac-
tate causing delayed-onset muscle 
soreness is that if lactate production 
caused muscle soreness, power ath-
letes would experience soreness after 
each workout. Clearly, this is not the 
case. Indeed, well-conditioned power 
athletes (e.g., track sprinters) rarely 

experience muscle soreness after a 
routine training  session.

If lactate is not the cause of delayed-
onset muscle soreness, what is the 
cause? Growing evidence indicates that 
this type of muscle soreness originates 
from microscopic injury to muscle fi-
bers. This kind of injury results in a slow 
cascade of biochemical events leading 
to inflammation and edema within the 
injured muscles. Because these events 
are slow to develop, the resulting pain 
generally doesn’t appear until 24 to 
48 hours after exercise. Details of the 
events leading to delayed-onset muscle 
soreness are discussed in Chap. 21.
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Practical Use of the Lactate Threshold Regardless 
of the physiological mechanism to explain the lactate 
threshold, it has important implications for predicting 
sports performance and perhaps in planning training 
programs for endurance athletes. For example, several 
studies have demonstrated that the lactate thresh-
old, used in combination with other physiological 
measurements (e.g., V̇ O2 max), is a useful predictor 
of success in distance running (43, 87). If V̇ O2 max 
is the “physiological ceiling” for aerobic ATP produc-
tion during exercise, then the LT sets the upper limit 
for sustainable exercise intensity (e.g., %V̇ O2 max or 
running speed). Consequently, the lactate threshold 
might serve as a guideline for coaches and athletes 
in planning the level of exercise intensity needed to 
optimize training results (e.g., choose a training heart 
rate based on the LT). This is discussed in more detail 
in Chaps. 16 and 21.

ESTIMATION OF FUEL 
UTILIZATION DURING 
EXERCISE
A noninvasive technique that is commonly used to es-
timate the percent contribution of carbohydrate or fat 
to energy metabolism during exercise is the ratio of the 
volume of carbon dioxide produced (V̇ CO2) to the vol-
ume of oxygen consumed (V̇ O2) (45, 127). This V̇ CO2/
V̇ O2 ratio is called the respiratory exchange ratio (R). 
During steady-state conditions, the V̇ CO2/V̇ O2 ratio is of-
ten termed the respiratory quotient (RQ), as it is thought 
to reflect CO2 production and O2 consumption by the 
mitochondria of the active muscles. For simplicity, we 
will refer to the V̇ CO2/V̇ O2 ratio as the respiratory ex-
change ratio (R). How can the R be used to estimate 
whether fat or carbohydrate is being used as a fuel? The 
answer is related to the fact that fat and carbohydrate 
differ in the amount of O2 used and CO2 produced dur-
ing oxidation. When using R as a predictor of fuel utili-
zation during exercise, the role that protein contributes 
to ATP production during exercise is ignored. This is 
reasonable because protein generally plays a small role 
as a substrate during physical activity. Therefore, the R 
during exercise is often termed a nonprotein R.

Let’s consider the R for fat first. When fat is oxi-
dized, O2 combines with carbon to form CO2 and 
joins with hydrogen to form water. The chemical re-
lationship is as follows:

 Fat (palmitic acid) C16H32O2

 Oxidation: C16H32O2 + 23 O2 → 16 CO2 + 16 H2O
 Therefore, the R = V̇CO2 ÷ V̇ O2 = 16 CO2 ÷ 23 O2 

 = 0.70

For R to be used as an estimate of substrate utiliza-
tion during exercise, the subject must have reached 
a steady state. This is important because only during 
steady-state exercise are the V̇ CO2 and V̇ O2 reflective 
of O2 uptake and CO2 production in the tissues. For 
example, if a person is hyperventilating due to the 
buildup of hydrogen ions in heavy work, excessive 
CO2 loss from the body’s CO2 stores (see Chaps. 10 
and 11) could bias the ratio of V̇ CO2 to V̇ O2 and in-
validate the use of R to estimate which fuel is being 
consumed. That said, the elevated R measured at the 
end of a maximal incremental exercise test has been 
used as a secondary criterion for having achieved V̇ O2 
max (see previous section on V̇ O2 max).

Carbohydrate oxidation also results in a predict-
able ratio of the volume of CO2 produced to the vol-
ume of O2 consumed. The oxidation of carbohydrate 
results in an R of 1.0:

Glucose = C6H12O6

 Oxidation: C6H12O6 + 6 O2 → 6 CO2 + 6 H2O
R = V̇ CO2 ÷ V̇ O2 = 6 CO2 ÷ 6 O2 = 1.0

IN SUMMARY
 ■ Oxygen uptake increases in a linear fashion 
during incremental exercise until V̇ O2 max is 
reached.

 ■ The point at which there is a sudden increase 
in the blood lactate concentration during an 
incremental (graded) exercise test is termed the 
lactate threshold.

 ■ Controversy exists over the mechanism to  
explain the sudden rise in blood lactate con-
centration during incremental exercise. It is 
possible that any one or a combination of the 
following factors might provide an explanation 
for the  lactate threshold: (1) low muscle oxygen,  
(2) accelerated glycolysis due to epinephrine, 
(3) recruitment of fast muscle fibers, and (4) a 
reduced rate of lactate removal.

 ■ The lactate threshold has practical uses, such 
as predicting endurance performance and as a 
marker of training intensity.

Figure 4.10 Possible mechanisms to explain the lactate 
threshold during incremental exercise. See text for  details.
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Fat oxidation requires more O2 than carbohydrate 
oxidation because carbohydrate contains more O2 
than fat (116). The amount of energy released when 
one liter of oxygen is used (the caloric equivalent) is 
approximately 4.70 kcal when fats alone are used, and 
approximately 5.0 kcal when carbohydrates alone are 
used. Consequently, about 6% more energy (ATP) per 
liter of oxygen is obtained when using carbohydrate, 
compared to fat, as the sole fuel for exercise.

It is unlikely that either fat or carbohydrate 
would be the only substrate used during most types 
of submaximal exercise. Therefore, the R would likely 
be somewhere between 1.0 and 0.70. Table 4.1 lists 
a range of R values and the percentage of fat or car-
bohydrate metabolism they represent. Note that a 
nonprotein R of 0.85 represents a condition wherein 
fat and carbohydrate contribute equally as energy 
substrates. Further, notice that the higher the R, the 
greater the role of carbohydrate as an energy source, 
and the lower the R, the greater the contribution of 
fat. Table 4.1 shows how the caloric equivalent of 
oxygen changes with the mixture of fuel used (79).

FACTORS GOVERNING  
FUEL SELECTION
Proteins contribute less than 2% of the substrate 
used during exercise of less than one hour’s dura-
tion. However, the role of proteins as a fuel source 
may increase slightly during prolonged exercise 
(i.e., three to five hours’ duration). During this type 
of exercise, the total contribution of protein to the 
fuel supply may reach 5% to 10% during the final 
minutes of work (11, 15, 70, 83, 84, 103, 126). 
Therefore, proteins play only a minor role as a sub-
strate during most types of exercise, with fat and 
carbohydrate serving as the major sources of energy 
in healthy individuals consuming a balanced diet. 
Whether fat or carbohydrate is the primary sub-
strate during work is determined by several factors, 
including (a) diet, (b) the intensity and duration 
of exercise, and (c) whether the subject is endur-
ance trained. For example, consuming a high-fat/
low-carbohydrate diet promotes a high rate of fat 
metabolism. In regard to exercise intensity, low-
intensity exercise relies primarily on fat as fuel, 
whereas carbohydrate is the primary energy source 
during high-intensity exercise. Fuel selection is also 
influenced by the duration of exercise. During low-
intensity, prolonged exercise, there is a progressive 
increase in the amount of fat oxidized by the work-
ing muscles. Endurance-trained subjects use more 
fat and less carbohydrate than less-fit subjects dur-
ing prolonged exercise at the same intensity. In the 
next two sections, we discuss in detail the influ-
ence of exercise intensity and duration on fuel se-
lection. The role of endurance training is discussed 
in detail in Chap. 13, and diet and performance is 
covered in Chap. 23.

Exercise Intensity and Fuel Selection
Again, fats are a primary fuel source for muscle during 
low-intensity exercise (i.e., 30% V̇ O2 max), whereas 
carbohydrate is the dominant substrate  during 
 high-intensity exercise (i.e., 70% V̇ O2 max) (20, 25, 
94, 109). Consequently, the R increases as exercise in-
tensity increases. The influence of exercise intensity 
on muscle fuel selection is illustrated in Figure 4.11. 
Note that as the exercise intensity increases, there 
is a progressive increase in carbohydrate metabolism 
and a decrease in fat metabolism. Also notice that as 
the exercise intensity increases, there is an exercise 
intensity at which the energy derived from carbo-
hydrate exceeds that of fat; this work rate has been 
labeled the crossover point (20). That is, as the ex-
ercise intensity increases above the crossover point, 
a progressive shift occurs from fat to carbohydrate 
metabolism.

TABLE 4.1 Percentage of Fat and Carbohydrate 
Metabolized as Determined by a 
Nonprotein Respiratory Exchange 
Ratio (R) and the Caloric Equivalent 
for Oxygen (kcal·L−1 O2)

R % Fat % Carbohydrate kcal · L−1 O2

0.70 100 0 4.69
0.75 83 17 4.74
0.80 67 33 4.80
0.85 50 50 4.86
0.90 33 67 4.92
0.95 17 83 4.99
1.00 0 100 5.05

Knoebel, K.L., “Energy Metabolism,” Physiology, edited by  
E. Selkurt. Boston, MA: Little Brown & Company, 1984, pp. 635–650.

IN SUMMARY
 ■ The respiratory exchange ratio (R) is the ratio 
of carbon dioxide produced to the oxygen  
consumed (V̇ CO2/ V̇ O2).

 ■ For R to be used as an estimate of substrate  
utilization during exercise, the subject must 
have reached a steady state. This is important 
because only during steady-state exercise are 
the V̇ CO2 and V̇ O2 reflective of metabolic  
exchange of gases in tissues.

 ■ The caloric equivalent for oxygen is approxi-
mately 4.7 kcal/L when fat alone is used and 
5.0 kcal/L when carbohydrate alone is used, 
about a 6% difference.
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What causes this shift from fat to carbohydrate 
metabolism as the exercise intensity increases? Two 
 primary factors are involved: (1) recruitment of fast 
 fibers and (2) increasing blood levels of epinephrine. 
As the exercise intensity increases, more and more 
fast muscle fibers are recruited (50). These fibers have 
an abundance of glycolytic enzymes but few mito-
chondrial and lipolytic enzymes (enzymes responsible 
for fat breakdown). In short, this means that fast fibers 
are better equipped to metabolize carbohydrates than 
fats. Therefore, the increased recruitment of fast fibers 
results in greater carbohydrate metabolism and less 
fat metabolism (20).

A second factor that regulates carbohydrate 
metabolism during exercise is epinephrine. As  
exercise intensity increases, there is a progres-
sive rise in blood levels of epinephrine. High lev-
els of epinephrine increase phosphorylase activity,  
which causes an increase in muscle glycogen 
breakdown; this results in an increased rate of gly-
colysis and lactate production (20). Interestingly, 
there are some individuals who lack phosphorylase  
and cannot produce lactate (see Clinical Appli-
cations 4.1). This increased production of lactate  
inhibits fat metabolism by reducing the availabil-
ity of fat as a substrate (119). The lack of fat as a  
substrate for working muscles under these condi-
tions dictates that carbohydrate will be the pri-
mary fuel (see Chap. 5 for more details on how this  
occurs).

Many individuals use exercise as a means of keep-
ing body weight and body fat in check, and you are 
probably familiar with pieces of exercise equipment 
having a selection for a “fat burning” workout. In such 
a workout, the emphasis is on low intensity and long 
duration. But is that really the best way to burn fat? 
See A Closer Look 4.3 for the answer.

Exercise Duration and Fuel Selection
During prolonged (i.e., greater than 30 minutes), 
moderate-intensity (40% to 59% V̇ O2 max) exercise 
the R decreases over time, indicating a gradual shift 
from carbohydrate metabolism toward an increasing 
reliance on fat as a substrate (5, 49, 68, 81, 94, 102). 
 Figure 4.12 demonstrates this point.

Figure 4.11 Illustration of the “crossover” concept. Note 
that as the exercise intensity increases, there is a 
 progressive increase in the contribution of carbohydrate 
as a fuel source.
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CLINICAL APPLICATIONS 4.1

McArdle’s Syndrome: A Genetic Error in Muscle Glycogen Metabolism
McArdle’s syndrome is a genetic dis-
ease in which the person is born with 
a gene mutation and cannot synthe-
size the enzyme phosphorylase. This 
metabolic disorder prevents the in-
dividual from breaking down muscle 
glycogen as a fuel source during exer-
cise. This inability to use glycogen dur-
ing exercise also prevents the muscle 
from producing lactate, as indicated 
by the observation that blood lactate 
levels do not increase in McArdle’s pa-
tients during high-intensity exercise. It 

should be no surprise then that during 
submaximal exercise, McArdle’s pa-
tients use more fat as a fuel compared 
to control subjects (96). However, 
despite rising levels of fatty acids in 
the blood of McArdle’s patients, they 
are not able to oxidize more fat. This 
indicates that carbohydrate availabil-
ity limits fat oxidation even during 
steady-state exercise in these patients. 
See the section “Interaction of Fat/
Carbohydrate Metabolism” for more 
on this.

 An unfortunate side effect of this 
genetic disorder is that McArdle’s 
patients often complain of exercise 
intolerance and muscle pain during 
exertion. This clinical observation 
provides a practical illustration of 
the importance of muscle glycogen 
as an energy source during exercise.  
McArdle’s syndrome is but one of 
many genetic disorders of metabo-
lism. See van Adel and Tarnopolsky’s 
review on these metabolic myopa-
thies in Suggested Readings.
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What factors control the rate of fat metabolism dur-
ing prolonged exercise? Fat metabolism is regulated by 
those variables that control the rate of fat breakdown  

(a process called lipolysis). Triglycerides are broken 
down into free fatty acids (FFAs) and glycerol by 
enzymes called lipases. These lipases are generally in-
active until stimulated by the hormones epinephrine, 
norepinephrine, and glucagon (68). For example, dur-
ing low-intensity, prolonged exercise, blood levels of 
epinephrine rise, which increases lipase activity and 
thus promotes lipolysis. This increase in lipolysis  re-
sults in an increase in blood and muscle levels of FFA 
and promotes fat metabolism. In general, lipolysis is 
a slow process, and an increase in fat metabolism oc-
curs only after several minutes of exercise. This point 
is illustrated in Figure 4.12 by the slow increase in fat 
metabolism across time during prolonged submaximal 
exercise.

The mobilization of FFA into the blood is inhib-
ited by the hormone insulin and high blood levels of 
lactate. Insulin inhibits lipolysis by the direct inhibi-
tion of lipase activity. Normally, blood insulin lev-
els decline during prolonged exercise (see Chap. 5).  
However, if a high-carbohydrate meal or drink is 

A CLOSER LOOK 4.3

Exercise and Fat Metabolism: Is Low-Intensity Exercise Best for Burning Fat?
What intensity of exercise is opti-
mal for burning fat? At first glance, 
it would appear that low-intensity 
exercise would be best because a 
high percentage of the energy expen-
diture is derived from fat oxidation 
(see Fig. 4.11). However, one must 
keep in mind that because overall en-
ergy expenditure is also very low at 
these low exercise intensities, only a 
small amount of fat is oxidized. For 
example, let’s assume an individual is 
working at 20% V̇ O2 max and the met-
abolic rate is 3 kcal · min−1. If the R is 
0.80, two-thirds of the energy (2 kcal ·  
min−1) is coming from fat and one-
third (1 kcal · min−1) from carbohy-
drate (see Table 4.1). If the individual 
is now working at 60% V̇ O2 max, the 
metabolic rate is 9 kcal · min−1. If the 
R is 0.90, only one-third of the energy 
is coming from fat. However, because 
the metabolic rate is three times 
higher, 3 kcal · min−1 are derived 
from fat—50% more fat oxidation than 
at 20% V̇ O2 max. Figure 4.13 shows 
changes in R and in fat oxidation over 
a range of exercise intensities. Fat oxi-
dation increased until about 60% V̇ O2 

max and then decreases thereafter. 
This is a fairly typical pattern of fat 
oxidation.

The highest rate of fat oxidation 
is sometimes termed FATmax, and there 
is support for a connection between 
the LT and FATmax. In effect, the ac-
celeration of glycolysis that is related 
to the rising lactate concentration in 
the blood signifies an overall increase 
in carbohydrate oxidation. Consistent 
with that, the FATmax appears to be 

reached just before the LT (107). In 
addition, fat oxidation appears to be 
higher at the same relative work load 
(%V̇ O2 max) during running compared 
to cycling in both adults (24) and chil-
dren (130). Any discussion of which 
exercise or exercise intensity is best 
for fat oxidation must keep in mind 
that the total energy expenditure is 
key in any weight maintenance or 
weight loss program. See Chap. 16 for 
details on prescribing exercise.

Figure 4.12 Shift from carbohydrate metabolism toward 
fat  metabolism during prolonged exercise.
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Figure 4.13 Changes in the respiratory exchange ratio (R) and in fat oxidation 
with increasing exercise intensity in active men and women. Fat oxidation 
increased from light exercise and reached a peak around 60% V̇ O2 max.
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 consumed 30 to 60 minutes prior to exercise, blood 
glucose levels rise and more insulin is released from 
the pancreas. This elevation in blood insulin may re-
sult in diminished lipolysis and a reduction in fat me-
tabolism, leading to a greater use of carbohydrate as a 
fuel (see Chap. 23 for more on this).

Interaction of Fat/Carbohydrate 
Metabolism
During short-term exercise, it is unlikely that mus-
cle stores of glycogen or blood glucose levels would 
be depleted. However, during prolonged exercise 
(e.g., greater than two hours) muscle and liver 
stores of glycogen can reach very low levels (15, 
26, 50, 55, 62). This is important because depletion 
of muscle and blood carbohydrate stores results in 
muscular fatigue (55). Why do low muscle glyco-
gen levels produce fatigue? Evidence suggests the 
following answer. Depletion of available carbohy-
drate reduces the rate of glycolysis, and therefore 
the concentration of pyruvate in the muscle is also 
reduced (55). This lowers the rate of aerobic pro-
duction of ATP by reducing the number of Krebs-
cycle compounds (intermediates). In human muscle 
with adequate glycogen stores, submaximal exer-
cise (i.e., 70% V̇ O2 max) results in a ninefold increase 
(above resting values) in the number of Krebs-cycle 
intermediates (108). This elevated pool of Krebs-
cycle intermediates is required for the Krebs cycle 
to “speed up” in an effort to meet the high ATP 
demands during exercise. Pyruvate (produced via 
glycolysis) is important in providing this increase in 
Krebs-cycle intermediates. For example, pyruvate 
is a precursor of several Krebs-cycle intermediates 
(e.g., oxaloacetate, malate). When the rate of gly-
colysis is reduced due to the unavailability of glu-
cose or glycogen, pyruvate levels in the sarcoplasm 

decline, and the levels of Krebs-cycle intermedi-
ates decrease as well. This decline in Krebs-cycle 
intermediates slows the rate of Krebs-cycle activity, 
with the end result being a reduction in the rate of 
aerobic ATP production. This reduced rate of mus-
cle ATP production limits muscular performance 
and may result in fatigue.

It is important to appreciate that a reduction in 
Krebs-cycle intermediates (due to glycogen deple-
tion) results in a diminished rate of ATP production 
from fat metabolism because fat can be metabolized 
only via Krebs-cycle oxidation. Hence, when car-
bohydrate stores are depleted in the body, the rate 
at which fat is metabolized is also reduced (108). 
Therefore, “fats burn in the flame of carbohydrates” 
(115). The role that depletion of body carbohydrate 
stores may play in limiting performance during 
prolonged exercise is introduced in The Winning 
Edge 4.2 and is further discussed in both Chaps. 19  
and 23.

Body Fuel Sources
In this section, we outline the storage sites in the 
body for carbohydrates, fats, and proteins. Further, 
we define the role that each of these fuel storage 
sites plays in providing energy during exercise. Fi-
nally, we discuss the use of lactate as a fuel source 
during work.

Sources of Carbohydrate During Exercise Carbo-
hydrate is stored as glycogen in both the muscle 
and the liver (see Table 4.2). Muscle glycogen stores 
provide a direct source of carbohydrate for muscle 
energy metabolism, whereas liver glycogen stores 
serve as a means of replacing blood glucose. For ex-
ample, when blood glucose levels decline during pro-
longed exercise, liver glycogenolysis is stimulated and  

THE WINNING EDGE 4.2

Exercise Physiology Applied to Sports

Carbohydrate Feeding via  
Sports Drinks Improves  
Endurance Performance
The depletion of muscle and blood 
carbohydrate stores can contribute 
to muscular fatigue during prolonged 
exercise. Therefore, can the ingestion 
of carbohydrates during prolonged 
exercise improve endurance per-
formance? The clear answer to this 

question is yes! Studies investigating 
the effects of carbohydrate feeding 
through “sports drinks” have con-
vincingly shown that carbohydrate 
feedings during submaximal (i.e., 70% 
V̇ O2 max), long-duration (e.g., 90 min-
utes) exercise can improve endurance 
performance (28, 89). How much car-
bohydrate is required to improve per-
formance? In general, carbohydrate 

feedings of 30 to 60 grams per hour 
are required to enhance performance.

Current questions include whether 
the addition of protein to these sport 
drinks will provide additional ben-
efits to performance. You will see 
more on this in Chap. 23, in addition 
to the role of carbohydrate loading in 
the days prior to the performance of  
endurance races (e.g., a marathon).
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glucose is released into the blood. This glucose can 
then be transported to the contracting muscle and 
used as fuel.

Carbohydrate used as a substrate during exer-
cise comes from both glycogen stores in muscle 
and from blood glucose (23, 27, 50, 74, 114). The 
relative contribution of muscle glycogen and blood 
glucose to energy metabolism during exercise varies 
as a  function of the exercise intensity and duration. 
Blood glucose plays the greater role during low-
intensity exercise, whereas muscle glycogen is the 
primary source of carbohydrate during high-inten-
sity exercise (see Fig.  4.14). As mentioned earlier, 
the increased glycogen usage during high-intensity 
exercise can be explained by the increased rate of 
glycogenolysis that occurs due to recruitment of 
fast-twitch fibers and elevated blood epinephrine 
levels.

During the first hour of submaximal (i.e., 65% to 
75% V̇ O2 max) prolonged exercise, much of the carbo-
hydrate metabolized by muscle comes from muscle 
glycogen. However, as muscle glycogen levels decline 
across time, blood glucose becomes an increasingly 
important source of fuel (see Fig. 4.15).

Sources of Fat During Exercise When an indi-
vidual consumes more energy (i.e., food) than he 
or she expends, this additional energy is stored in 
the form of fat. A gain of 3500 kcal of energy re-
sults in the storage of 1 pound of fat. Most fat is 
stored in the form of triglycerides in adipocytes (fat 
cells), but some is stored in muscle cells as well (see 
Table 4.2). As mentioned earlier, the major factor 

that determines the role of fat as a substrate during 
exercise is its availability to the muscle cell. To be 
metabolized, triglycerides must be degraded to FFA 
(three molecules) and glycerol (one molecule). The 
FFA can be converted into acetyl-CoA and enter the 
Krebs cycle.

TABLE 4.2 Principal Storage Sites of Carbohydrate and Fat in the Body of a Healthy, Nonobese  
(20% Body Fat), 70-kg Male Subject

Note that dietary intake of carbohydrate influences the amount of glycogen stored in both the liver and muscle. 
Mass units for storage are grams (g) and kilograms (kg). Energy units are kilocalories (kcal) and kilojoules (kJ). Data 
are from references 31, 33, and 69.

  Carbohydrate (CHO) 
Storage Site Mixed Diet High-CHO Diet Low-CHO Diet

Liver glycogen 60 g (240 kcal or 1005 kJ) 90 g (360 kcal or 1507 kJ) <30 g (120 kcal or 502 kJ)
Glucose in blood  
 and extracellular fluid

10 g (40 kcal or 167 kJ) 10 g (40 kcal or 167 kJ) 10 g (40 kcal or 167 kJ)

Muscle glycogen 350 g (1400 kcal  
 or 5860 kJ)

600 g (2400 kcal  
or 10,046 kJ)

300 g (1200 kcal  
 or 5023 kJ)

 
Storage Site

        Fat  
Mixed Diet

   

Adipocytes 14 kg (107,800 kcal  
 or 451,251 kJ)

   

Muscle 0.5 kg (3850 kcal  
 or 16,116 kJ)

   

Figure 4.14 Influence of exercise intensity on muscle 
fuel source. Data are from highly trained endurance 
athletes.

100

80

60

40

20

0

Muscle glycogen
Plasma glucose
Plasma FFA
Muscle triglycerides

Exercise intensity
(% VO2 max)

%
 o

f t
ot

al
 fu

el
 s

ou
rc

e

25 65 85

˙

pow70456_ch04_068-091.indd   85 01/16/17   9:22 PM



86 Section One Physiology of Exercise

Which fat stores are used as a fuel source varies 
as a function of the exercise intensity and duration. 
For example, plasma FFAs (i.e., FFA from adipocytes) 
are the primary source of fat during low-intensity ex-
ercise. At higher work rates, metabolism of muscle 
triglycerides increases (see Fig. 4.14). At exercise in-
tensities between 65% and 85% V̇ O2 max, the contri-
bution of fat as a muscle fuel source is approximately 
equal between plasma FFA and muscle triglycerides 
(25, 58, 105).

The contribution of plasma FFA and muscle tri-
glycerides to exercise metabolism during prolonged 
exercise is summarized in Figure 4.15. Note that 
at the beginning of exercise, the contribution of 
plasma FFA and muscle triglycerides is equal. How-
ever, as the duration of exercise increases, there is 
a progressive rise in the role of plasma FFA as a fuel 
source.

Sources of Protein During Exercise To be used as 
a fuel source, proteins must first be degraded into 
amino acids. Amino acids can be supplied to muscle 
from the blood or from the amino acid pool in the 
fiber itself. Again, the role that protein plays as a 
substrate during exercise is small and is principally 
dependent on the availability of branch-chained 
amino acids and the amino acid alanine (8, 54). 
Skeletal muscle can directly metabolize branched-
chain amino acids (e.g., valine, leucine, isoleucine) 
to produce ATP (52, 70). Further, in the liver, al-
anine can be converted to glucose and returned 
via the blood to skeletal muscle to be utilized as a  
substrate.

Any factor that increases the amino acid pool 
(amount of available amino acids) in the liver or in 
skeletal muscle can theoretically enhance protein 
metabolism (70, 85). One such factor is prolonged 
exercise (i.e., more than two hours). Numerous in-
vestigators have demonstrated that enzymes ca-

pable of degrading muscle proteins (proteases) are 
activated during long-term exercise (2, 35, 36, 95). 
The mechanism responsible for activation of these 
proteases during prolonged exercise appears to be 
exercise-induced increases in calcium levels within 
muscle fibers (2, 91). Indeed, several families of pro-
teases are activated by increases in cellular levels 
of calcium (2, 91). As a result of this activation, 
amino acids are liberated from their parent proteins 
and increase the use of amino acids as fuel during 
exercise (94). The use of protein as a fuel during 
exercise is also related to carbohydrate availability 
(see Chap. 23).

Lactate as a Fuel Source During Exercise For many 
years, lactate was considered to be a waste product 
of glycolysis with limited metabolic use. However, 
evidence has shown that lactate plays a beneficial 
role during exercise by serving as both a substrate 
for the liver to synthesize glucose (see A Closer 
Look  4.4) and as a direct fuel source for skeletal 
muscle and the heart (13, 17, 58). That is, in slow 
skeletal muscle fibers and the heart, lactate removed 
from the blood can be converted to pyruvate, which 
can then be transformed to acetyl-CoA. This acetyl-
CoA can then enter the Krebs cycle and contribute 
to oxidative metabolism. The concept that lactate 
can be produced in one tissue and then transported 
to another to be used as an energy source has been 
termed the lactate shuttle (13, 14, 16–18). This has 
implications well beyond lactate being used as a fuel 
or participating in gluconeogenesis. Lactate shuttles 
have been implicated in the growth of cancer cells 
(38, 75, 112).

Figure 4.15 Percentage of energy derived from the four 
 major sources of fuel during submaximal exercise (i.e., 
65% to 75% V̇ O2 max). Data are from trained endurance 
athletes.
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IN SUMMARY
 ■ The regulation of fuel selection during exercise 
is under complex control and is dependent 
upon several factors, including diet and the 
 intensity and duration of exercise.

 ■ In general, carbohydrates are used as the  
major fuel source during high-intensity 
 exercise.

 ■ During prolonged exercise, there is a gradual 
shift from carbohydrate metabolism toward fat 
metabolism.

 ■ Proteins contribute less than 2% of the fuel 
used during exercise of less than one hour’s 
duration. During prolonged exercise (i.e., three 
to five hours’ duration), the total contribution 
of protein to the fuel supply may reach  
5% to 10% during the final minutes of pro-
longed work.
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STUDY ACTIVITIES
 1. Identify the predominant energy systems used to pro-

duce ATP during the following types of exercise:
 a. Short-term, intense exercise (i.e., less than ten sec-

onds’ duration)
 b. 400-meter dash
 c. 20-kilometer race (i.e., 12.4 miles)
 2. Graph the change in oxygen uptake during the tran-

sition from rest to steady-state, submaximal exercise. 
 Label the oxygen deficit. Where does the ATP come 
from during the transition period from rest to steady 
state?

 3. Graph the change in oxygen uptake during recovery 
from exercise. Label the excess post-exercise oxygen 
consumption (EPOC) (i.e., oxygen debt).

 4. Graph the change in oxygen uptake and blood lactate 
concentration during incremental exercise. Label the 

point on the graph that might be considered the lactate 
threshold.

 5. Discuss several possible reasons why blood lactate be-
gins to rise rapidly during incremental exercise.

 6. Briefly explain how the respiratory exchange ratio is 
used to estimate which substrate is being utilized dur-
ing exercise. What is meant by the term nonprotein R?

 7. List the factors that play a role in the regulation of car-
bohydrate metabolism during exercise.

 8. Discuss the influence of exercise intensity on muscle 
fuel selection.

 9. How does the duration of exercise influence muscle 
fuel selection?

 10. List those variables that regulate fat metabolism during 
exercise.

 11. What is the “lactate shuttle”?

A CLOSER LOOK 4.4

The Cori Cycle: Lactate as a Fuel Source
During exercise, some of the lactate 
that is produced by skeletal muscles 
is transported to the liver via the 
blood (56, 118). Upon entry into the 
liver, lactate can be converted to glu-
cose via gluconeogenesis. This “new” 

glucose can be released into the blood 
and transported back to skeletal mus-
cles to be used as an energy source 
during exercise. The cycle of lactate 
glucose between the muscle and 
liver is called the Cori cycle and is 

illustrated in Figure 4.16. Recent evi-
dence indicates that gluconeogenesis 
plays an essential role in maintaining 
total glucose production during exer-
cise in fasted subjects, independent of 
training state (39).

Bloodstream

Glucose

Glucose

Pyruvate

Lactate

Glucose-6-
phosphate

Pyruvate

Lactate

Lactate

Glucose

Figure 4.16 The Cori cycle. During intense 
exercise, lactate is formed in muscle fibers. 
The lactate formed in muscle can then be 
transported via the blood to the liver and 
converted to glucose by gluconeogenesis.
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 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

 1. Describe the concept of hormone–receptor 
interaction.

 2. Identify the factors influencing the 
concentration of a hormone in the blood.

 3. Describe the mechanisms by which hormones 
act on cells.

 4. Describe the role of the hypothalamus in 
the control of hormone secretion from the 
anterior and posterior pituitary glands.

 5. Identify the site of release, stimulus for 
release, and the predominant action of 
the following hormones: epinephrine, 
norepinephrine, glucagon, insulin, cortisol, 
aldosterone, thyroxine, growth hormone, 
estrogen, and testosterone.

 6. Discuss the use of testosterone (and its 
synthetic analogs) and growth hormone on 
muscle growth and their potential side effects.

 7. Contrast the role of plasma catecholamines 
with intracellular factors in the mobilization 
of muscle glycogen during exercise.

 8. Discuss the four mechanisms by which blood 
glucose homeostasis is maintained.

 9. Graphically describe the changes in the following 
hormones during graded and prolonged exercise: 
insulin, glucagon, cortisol, growth hormone, 
epinephrine, and norepinephrine.

10. Describe the effect of changing hormone and 
substrate levels in the blood on the mobilization 
of free fatty acids from adipose tissue.

Cell Signaling and the Hormonal 
Responses to Exercise

5
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 ■ Key Terms

acromegaly
adenylate cyclase
adiponectin
adrenal cortex
adrenocorticotrophic hormone 

(ACTH)
aldosterone
alpha receptors
anabolic steroids
androgenic steroid
androgens
angiotensin I and II
anterior pituitary
antidiuretic hormone (ADH)
beta receptors
calcitonin
calmodulin
catecholamines
cortisol
cyclic AMP
diabetes mellitus
diacylglycerol

endocrine glands
epinephrine (E)
estrogens
follicle-stimulating hormone  

(FSH)
G protein
glucagon
glucocorticoids
growth hormone (GH)
hormones
hypothalamic somatostatin
hypothalamus
incretins
inositol triphosphate (IP3)
insulin
insulin-like growth factors (IGFs)
leptin
luteinizing hormone (LH)
melanocyte-stimulating hormone 

(MSH)
mineralocorticoids
neuroendocrinology

norepinephrine (NE)
pancreas
phosphodiesterase
phospholipase C
pituitary gland
posterior pituitary gland
prolactin
protein kinase C
receptors
releasing hormones
renin
second messengers
sex steroids
somatostatin
steroids
testosterone
thyroid gland
thyroid-stimulating hormone  

(TSH)
thyroxine (T4)
triiodothyronine (T3)

As presented in Chap. 4, the fuels for muscular exer-
cise include muscle glycogen and fat, plasma glu-

cose and free fatty acids (FFAs), and, to a lesser extent, 
amino acids. These fuels must be provided at an opti-
mal rate for activities as diverse as the 400-meter run 
and the 26-mile, 385-yard marathon, or performance 
will suffer. What controls the mixture of fuel used by 
the muscles? What stimulates the adipose tissue to re-
lease more FFA? How is the liver made aware of the 
need to replace the glucose that is being removed from 
the blood by exercising muscles? If glucose is not re-
placed, a hypoglycemic (low blood glucose) condition 
will occur. Hypoglycemia is a topic of crucial impor-
tance in discussing exercise as a challenge to homeo-
stasis. Blood glucose is the primary fuel for the central 
nervous system (CNS), and without optimal CNS func-
tion during exercise, the chance of fatigue and the risk 
of serious injury increase. Although blood glucose was 
used as an example, it should be noted that sodium, 
calcium, potassium, and water concentrations, as well 
as blood pressure and pH, are also maintained within 
narrow limits during exercise. It should be no surprise 
then that there are a variety of automatic control sys-
tems maintaining these variables within these limits.

Chapter 2 presented an overview of automatic 
control systems that maintain homeostasis. In that 
context, you also were introduced to cell signaling—
the fact that a wide variety of signals, some acting 
locally and others reaching all tissues, are needed 
for our adaptation to a single bout of exercise, or 
to repeated bouts of exercise (training) that lead to 
changes in muscle structure and function. Although 
this chapter focuses primarily on endocrine signals, 

the other types of signals (i.e., autocrine, paracrine, 
and synaptic) are crucial—not only for muscular adap-
tations but also for the health-related benefits such as 
reduced risks of type 2 diabetes and coronary heart 
disease. This chapter provides additional information 
on cell signaling, with an emphasis on neuroendo-
crinology, a branch of physiology dedicated to the 
systematic study of control systems. The first part of 
the chapter presents a brief introduction to each hor-
mone, indicates the factors controlling its secretion, 
and discusses its role in homeostasis. Following that, 
we discuss how hormones control the delivery of 
carbohydrates and fats during exercise.

NEUROENDOCRINOLOGY
Two of the major homeostatic systems involved in 
the control and regulation of various functions (car-
diovascular, renal, metabolic, etc.) are the nervous and 
endocrine systems. Both are structured to sense infor-
mation, organize an appropriate response, and then de-
liver the message to the proper organ or tissue. Often, 
the two systems work together to maintain homeo-
stasis; the term neuroendocrine response is reflective of 
that interdependence. The two systems differ in the 
way the message is delivered: The endocrine system 
releases hormones (endocrine signals) into the blood 
to circulate to tissues, whereas nerves use neurotrans-
mitters (synaptic signals) to relay messages from one 
nerve to the other, or from a nerve to a tissue.

Endocrine glands release hormones (chemical 
messengers) directly into the blood, which carries the 
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hormone to a tissue to exert an effect. It is the bind-
ing of the hormone to a specific protein receptor that 
allows the hormone to exert its effect. In that way, 
the hormone can circulate to all tissues while affect-
ing only a few—those with the specific receptor.

Hormones can be divided into several classes 
based on chemical makeup: amino acid derivatives, 
peptides, proteins, and steroids. The chemical struc-
ture influences the way in which the hormone is 
transported in the blood and the manner in which 
it exerts its effect on the tissue. For example, while 
steroid hormones’ lipid-like structure requires that 
they be transported bound to plasma protein (to “dis-
solve” in the plasma), that same lipid-like structure 
allows them to diffuse through cell membranes to 
exert their effects (96).

Blood Hormone Concentration
The effect a hormone exerts on a tissue is directly 
related to the concentration of the hormone in the 
plasma and the number of active receptors to which 
it can bind. The hormone concentration in the plasma 
is dependent upon the following factors:

 ■ The rate of secretion of the hormone from the 
endocrine gland

 ■ The rate of metabolism or excretion of the 
hormone

 ■ The quantity of transport protein (for some 
hormones)

 ■ Changes in the plasma volume

Control of Hormone Secretion The rate at which a 
hormone is secreted from an endocrine gland is depen-
dent on the magnitude of the input and whether it is 
stimulatory or inhibitory in nature. The input in every 
case is a chemical one, be it an ion (e.g., Ca++) or a sub-
strate (e.g., glucose) in the plasma, a neurotransmitter 
such as acetylcholine or norepinephrine, or another 
hormone. Most endocrine glands are under the direct 
influence of more than one type of input, which may 

either reinforce or interfere with each other’s effect. 
An example of this interaction is found in the con-
trol of insulin release from the pancreas. Figure 5.1 
shows that the pancreas, which produces insulin, re-
sponds to changes in plasma glucose and amino acids, 
to norepinephrine released from sympathetic neurons 
as well as circulating epinephrine, to parasympathetic 
neurons, which release acetylcholine, and to a vari-
ety of hormones, including incretins. Elevations of 
plasma glucose and amino acids increase insulin secre-
tion (+), whereas an increase in sympathetic nervous 
system activity (epinephrine and norepinephrine) de-
creases (−) insulin secretion. The incretins are a group 
of hormones secreted by endocrine cells in the GI 
tract when food is being ingested; these hormones 
anticipate and augment the insulin response due to 
the rising blood glucose or amino acid levels (151). 
This magnitude of inhibitory versus excitatory input 
determines whether there will be an increase or a 
decrease in the secretion of insulin.

Metabolism and Excretion of Hormones The concen-
tration of a hormone in the plasma is also influenced 
by the rate at which it is metabolized (inactivated) 
and/or excreted. Inactivation can take place at or 
near the receptor or in the liver, the major site for 
hormone metabolism. In addition, the kidneys can 
metabolize a variety of hormones or excrete them in 
their free  (active) form. In fact, the rate of excretion of 
a hormone in the urine has been used as an indicator 
of its rate of secretion during exercise (8, 35, 63, 64).  
Because blood flow to the kidneys and liver decreases 
during exercise, the rate at which hormones are in-
activated or excreted decreases. This results in an el-
evation of the plasma level of the hormone over and 
above that due to higher rates of secretion.

Transport Protein The concentration of some hor-
mones is influenced by the quantity of transport pro-
tein in the plasma. Steroid hormones and thyroxine are 
transported bound to plasma proteins. For a hormone 
to exert its effect on a cell, it must be “free” to interact 

Figure 5.1  Major controls of insulin secretion. 
The + and – symbols represent stimulatory and 
inhibitory actions, respectively. Incretions are 
gastrointestinal hormones that act as feedfor-
ward signals to the pancreas.
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with the receptor and not “bound” to the transport pro-
tein. The amount of free hormone is dependent on the 
quantity of transport protein and the capacity and affin-
ity of the protein to bind the hormone molecules. Ca-
pacity refers to the maximal quantity of hormone that 
can be bound to the transport protein, and affinity refers 
to the tendency of the transport protein to bind to the 
hormone. An increase in the quantity, capacity, or af-
finity of transport protein would reduce the amount of 
free hormone and its effect on tissue (38, 76). For exam-
ple, high levels of estrogen during pregnancy increase 
the quantity of thyroxine’s transport protein, causing a 
reduction in free thyroxine. The thyroid gland pro-
duces more thyroxine to counteract this effect.

Plasma Volume Changes in plasma volume will 
change the hormone concentration independent of 
changes in the rate of secretion or inactivation of the 
hormone. During exercise, plasma volume decreases 
due to the movement of water out of the cardiovas-
cular system. This causes a small increase in the con-
centration of hormones in the plasma. By measuring 
changes in plasma volume, it is possible to “correct” 
the concentration of the hormone to obtain a more 
accurate assessment of endocrine gland activity (76).

Hormone–Receptor Interaction
Hormones are carried by the circulation to all tissues, 
but they affect only certain tissues. Tissues responsive 
to specific hormones have specific protein receptors 
capable of binding to those hormones. These protein 
receptors should not be viewed as static fixtures as-
sociated with cells, but like any cellular structure, 
they are subject to change. The number of receptors 
varies from 500 to 100,000 per cell, depending on 
the receptor. Receptor number may decrease when 
exposed to a chronically elevated level of a hormone 
(down-regulation), resulting in a diminished response 
for the same hormone concentration. The opposite 
case, chronic exposure to a low concentration of a 
hormone, may lead to an increase in receptor num-
ber (up-regulation), with the tissue becoming very 
 responsive to the available hormone. Because there 

are a finite number of receptors on or in a cell, a 
situation can arise in which the concentration of a 
hormone is so high that all receptors are bound to 
the hormone; this is called saturation. Any additional 
increase in the plasma hormone concentration will 
have no additional effect (38). Further, because the 
receptors are specific to a hormone, any chemical 
similar in “shape” will compete for the limited recep-
tor sites. A major way in which endocrine function is 
studied is to use chemicals (drugs) to block receptors 
and observe the consequences. For example, patients 
with heart disease may receive a drug that blocks the 
receptors to which epinephrine (adrenaline) binds; 
this prevents the heart rate from getting too high dur-
ing exercise. After the hormone binds to a receptor, 
cellular activity is altered by a variety of mechanisms.

Mechanisms of Hormone Action Mechanisms by 
which hormones modify cellular activity include:

 ■ Altering activity of DNA in the nucleus to 
initiate or suppress the synthesis of a specific 
protein

 ■ Activation of special proteins in the cells by 
“second messengers”

 ■ Alteration of membrane transport mechanisms

Altering Activity of DNA in the Nucleus Due to their 
lipid-like nature, steroid hormones diffuse easily through 
cell membranes, where they become bound to a pro-
tein receptor in the cytoplasm of the cell. Figure 5.2 
shows that the steroid–receptor complex enters the 
nucleus and binds to hormone-responsive elements on 
DNA, which contains the instruction codes for protein 
synthesis. This activates (or, in a few cases, suppresses) 
genes that lead to the synthesis of a specific messenger 
RNA (mRNA) that carries the codes from the nucleus to 
the cytoplasm where the specific protein is synthesized. 
Although thyroid hormones are not steroid hormones, 
they act in a similar manner. These processes—the activa-
tion of DNA and the synthesis of specific protein—take 
time to turn on (making the hormones involved “slow-
acting” hormones), but their effects are longer lasting 
than those generated by “second messengers” (38).

Second Messengers Many hormones, because of 
their size or highly charged structure, cannot easily 
cross cell membranes. These hormones exert their 
effects by binding to a receptor on the membrane 
surface and activating a G protein located in the 
membrane of the cell. The G protein is the link be-
tween the hormone–receptor interaction on the sur-
face of the membrane and the subsequent events 
inside the cell. The G protein may open an ion chan-
nel to allow Ca++ to enter the cell, or it may activate 
an enzyme in the membrane. If the G protein  activates 

IN SUMMARY
 ■ Endocrine glands release hormones directly into 
the blood to alter the activity of tissues possess-
ing receptors to which the hormone can bind.

 ■ The free plasma hormone concentration 
 determines the magnitude of the effect at the 
tissue level.

 ■ The free hormone concentration can be 
changed by altering the rate of secretion or 
inactivation of the hormone, the quantity of 
transport protein, and the plasma volume.
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adenylate cyclase, then cyclic AMP (cyclic 3ʹ,5ʹ-
adenosine mono-phosphate) is formed from ATP (see 
Fig. 5.3). The cyclic AMP concentration increases in 
the cell and activates protein kinase A that, in turn, 
activates response proteins to alter cellular activity. 
For example, this mechanism is used to break down 
glycogen to glucose (by activating phosphorylase) and 
break down triglyceride molecules to free fatty acids 
(by activating hormone-sensitive lipase [HSL]). The cy-
clic AMP is inactivated by phosphodiesterase, an 
enzyme that converts cyclic AMP to 5ʹ AMP. Factors 
that interfere with phosphodiesterase activity, such 
as caffeine, would increase the effect of the hormone 
by allowing cyclic AMP to exert its effect for a longer 
period. For example, caffeine may exert this effect on 
adipose tissue, causing free fatty acids to be mobilized 
at a faster rate (see Chap. 25).

A G protein may activate a membrane-bound en-
zyme phospholipase  C. When this occurs, a phos-
pholipid in the membrane, phosphatidylinositol (PIP2), 
is hydrolyzed into two intracellular molecules,  inositol 
triphosphate (IP3), which causes Ca++ release from 

intracellular stores, and diacylglycerol (DAG). The cal-
cium binds to and activates a protein called calmodulin, 
which alters cellular activity in much the same way as 
cyclic AMP does. The diacylglycerol activates protein 
kinase C (PKC) that, in turn, activates proteins in the 
cell (see Fig. 5.4). Cyclic AMP, Ca++, inositol triphos-
phate, and diacylglycerol are viewed as second mes-
sengers in the events following the hormone’s binding 
to a receptor on the cell membrane. These second mes-
sengers should not be viewed as being independent 
of one another because changes in one can affect the 
action of the others (112, 143).

Membrane Transport After binding to a receptor on 
a membrane, the major effect of some hormones is to 
activate carrier molecules in or near the membrane 
to increase the movement of substrates or ions from 
outside to inside the cell. For example, insulin binds 
to receptors on the surface of the cell and mobilizes 
glucose transporters to the membrane of the cell. The 
transporters link up with glucose on the outside of the 
cell membrane where the concentration of  glucose is 

Receptor

Blood
plasma

Protein

Lipophilic hormones

Cytoplasm

Plasma membrane

Nucleus

mRNA

DNA

Hormone response element

1. Hormone passes 
through plasma 

    membrane

2. Inside target cell
 the hormone 
  binds to a receptor 
  protein in the
  cytoplasm or 
 nucleus

3. Hormone-receptor
    complex binds to 
    hormone response
    element on DNA,
    regulating gene
    transcription   

4. Protein synthesis

5. Change in protein 
 synthesis is cellular
 response

Figure 5.2 The mechanism by which steroid hormones act on target cells. A lipophilic hormone (e.g., steroid hormone) 
diffuses through the plasma membrane (1) and binds to a cytoplasmic receptor (2). This hormone–receptor complex 
translocates to the nucleus, where it binds to hormone-response elements on DNA that regulate the production of 
mRNA (3). The outcome may either increase or decrease protein synthesis (4), which alters cellular activity (5)..
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high, and the glucose diffuses to the inside of the 
membrane for use in the cell (71). If an individual does 
not have adequate insulin, as exists in uncontrolled 
diabetes, glucose accumulates in the plasma because 
the glucose transporters are not activated. Insulin 
does not use second messenger mechanisms to bring 
about its effects on the cell. Instead, insulin binds to a 
tyrosine kinase receptor’s alpha (α) subunits, which re-
side outside the cell (see Fig. 5.5). This  binding causes 

the beta (β) subunits located inside the cell to phos-
phorylate themselves. The activated tyrosine kinase 
phosphorylates insulin-response proteins that lead to 
the movement of glucose transporters (called GLUT4) 
from the cytoplasm to the membrane so glucose can 
enter the cell. The insulin-response protein also acti-
vates the enzyme glycogen synthase to form glycogen 
from the glucose molecules brought into the cell, as 
shown in Figure 5.5 (112).

Cellular
response

GPCR

Response
protein

Activates PKA

cAMP

Cytoplasm

Adenylate cyclase

Hormone

Nucleus

ATP
GDP GTP

β γ β γ
α

Figure 5.3 The cyclic AMP “second messenger” 
mechanism by which hormones act on target 
cells. A hormone binds to a G protein coupled 
receptor (GPCR) on the plasma membrane, 
which activates a G protein. The G protein acti-
vates adenylate cyclase, which causes ATP to be 
 converted to cyclic AMP. The cyclic AMP acti-
vates protein kinase A (PKA) that, in turn, acti-
vates  response proteins to alter cellular activity..

Figure 5.4 The phospholipase C second mes-
senger mechanism by which hormones act on 
target cells. A hormone binds to a G protein 
coupled receptor (GPCR) on the plasma mem-
brane and activates a G protein. The G protein 
activates the effector protein phospholipase C, 
which causes phosphotidylinositol (PIP2) to be 
broken down into inositol triphosphate (IP3) 
and diacylglycerol (DAG). The IP3 causes release 
of calcium from intracellular organelles that ac-
tivates the calcium-binding protein calmodulin, 
and the DAG activates protein kinase C to bring 
about  additional cellular responses.
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HORMONES: REGULATION 
AND ACTION
This section presents the major endocrine glands, 
their hormones and how they are regulated, the ef-
fects the hormones have on tissues, and how some of 
the hormones respond to exercise. This information 
is essential to discuss the role of the neuroendocrine 
system in the mobilization of fuel for exercise.

Hypothalamus and the Pituitary Gland
The pituitary gland is located at the base of the 
brain, attached to the hypothalamus. The gland has 

IN SUMMARY
 ■ The hormone–receptor interaction triggers 
events at the cell, and changing the  
concentration of the hormone, the  
number of receptors on the cell or the  
affinity of the receptor for the hormone  
will all influence the magnitude of  
the effect.

 ■ Hormones bring about their effects by  
activating/suppressing genes to alter  
protein synthesis, activating second  
messengers (e.g., cyclic AMP, Ca++, inositol  
triphosphate, and diacylglycerol), and modify-
ing membrane transport (e.g., tyrosine kinase).
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1. Insulin binds to the
  extracellular domain of 
  the α-subunit of the 
  insulin receptor. 

2. The β-subunit of one
     insulin receptor
     phosphorylates the other,
     allowing the insulin response
     proteins to be activated.

3. Phosphorylated insulin
    response proteins activate
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Figure 5.5 Insulin receptor. Insulin binds to the 
tyrosine kinase receptor’s alpha (α) subunits, 
which reside outside the cell. This binding 
causes the beta (β) subunits located inside the 
cell to phosphorylate themselves and activate 
signaling proteins. The insulin-response  proteins 
activate glycogen synthase to synthesize glyco-
gen from glucose.
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two lobes—the anterior lobe (adenohypophysis), which 
is a true endocrine gland, and the posterior lobe (neu-
rohypophysis), which is neural tissue extending from 
the hypothalamus. Both lobes are under the direct 
control of the hypothalamus. In the case of the ante-
rior pituitary, hormone release is controlled princi-
pally by chemicals (releasing  hormones or factors) 
that originate in neurons  located in the hypothala-
mus. These releasing hormones stimulate or inhibit 
the release of specific hormones from the anterior 
pituitary. The posterior pituitary gland receives 
its hormones from special neurons originating in  
the hypothalamus. The hormones move down the 
axon to blood vessels in the posterior hypothalamus 
where they are discharged into the general circulation  
(38, 77).

Anterior Pituitary Gland The anterior pituitary hor-
mones include adrenocorticotrophic hormone  
(ACTH), follicle-stimulating hormone (FSH), lute-
inizing hormone (LH), melanocyte- stimulating 
hormone (MSH), thyroid-stimulating hormone 
(TSH), growth hormone (GH), and prolactin. 
While prolactin directly stimulates the breast to pro-
duce milk, the majority of the hormones secreted 
from the anterior pituitary control the release of other 
hormones. TSH controls the rate of thyroid hormone 
formation and secretion from the thyroid gland; ACTH 
stimulates the production and secretion of cortisol in  
the adrenal cortex; LH stimulates the production 
of testosterone in the testes and estrogen in the  
ovaries; and GH stimulates the release of insulin- 
like growth factors (IGFs) from the liver and  
other tissues. However, IGFs can be produced by a 
variety of other means. In fact, the IGF-1 produced 
in muscle due to muscle contraction acts locally  
via autocrine and paracrine mechanisms and is a 
principal driver of muscle hypertrophy (51, 80, 127). 
However, as we will see, growth hormone exerts 
important  effects on protein, fat, and carbohydrate  
metabolism.

Growth Hormone Growth hormone is secreted from 
the anterior pituitary gland and exerts profound ef-
fects on the growth of all tissues through the action of 
IGFs. Growth hormone secretion is controlled by re-
leasing hormones secreted from the hypothalamus.  
Growth hormone-releasing hormone (GHRH) stimu-
lates GH release from the anterior pituitary, whereas 
another factor, hypothalamic somatostatin, inhib-
its it. The GH and IGF levels in blood exert a nega-
tive feedback effect on the continued secretion of 
GH. As shown in Figure 5.6, additional input to the 
hypothalamus that can influence the secretion of 
GH includes exercise, stress (broadly defined), a low 
plasma-glucose concentration, and sleep (151). How-
ever, exercise is the most potent stimulus (149). GH 

and IGFs stimulate tissue uptake of amino acids, the 
synthesis of new protein, and long-bone growth. In 
addition, GH spares plasma glucose by

 ■ Opposing the action of insulin (“anti-insulin 
effect”) to reduce the use of plasma glucose

 ■ Increasing the synthesis of new glucose in 
the liver (gluconeogenesis) from amino acids, 
glycerol, and lactate

 ■ Increasing the mobilization of fatty acids  
from adipose tissue to increase the use of  
fat as a fuel

Given these characteristics, it should be no surprise 
that GH increases with exercise to help maintain the 
plasma glucose concentration (this will be covered in 
detail in a later section, “Permissive and Slow-Acting 
Hormones”). However, it is important to keep in mind 
that GH is also important after exercise to stimulate 
protein synthesis. Consistent with this view, a recent 
study showed that prolonged aerobic exercise was as-
sociated with large increases in the pulsatile release of 
GH and in total GH secretion (100). Because of GH’s 

Figure 5.6 Summary of the positive and negative input 
to the hypothalamus, influencing growth hormone 
secretion.
“Summary of the Positive and Negative Input to the Hypothalamus, 
Influencing Growth Hormone Secretion,” from Vander, A. J., et al., 
Human Physiology: The Mechanisms of Body Function, 4th ed. New 
York: McGraw-Hill, Inc., 1985.
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role in protein synthesis, it is being used by some 
athletes to enhance muscle mass and by older adults 
to slow down the aging process. However, there are 
problems with this approach (see A Closer Look 5.1).

Posterior Pituitary Gland The posterior pituitary 
gland provides a storage site for two hormones, oxy-
tocin and antidiuretic hormone (ADH, also called 
arginine vasopressin), which are produced in the 
hypothalamus to which the posterior pituitary is at-
tached. Oxytocin is a powerful stimulator of smooth 
muscle, especially at the time of childbirth, and is also 
involved in the milk “let down” response needed for 
the release of milk from the breast.

Antidiuretic Hormone Antidiuretic hormone 
(ADH) does what its name implies: It reduces wa-
ter loss from the body. ADH favors the reabsorp-
tion of water from the kidney tubules back into the 

IN SUMMARY
 ■ The hypothalamus controls the activity of both the 
anterior pituitary and posterior pituitary glands.

 ■ GH is released from the anterior pituitary gland 
and is essential for normal growth.

 ■ GH increases during exercise to mobilize fatty 
acids from adipose tissue and to aid in the 
maintenance of blood glucose.

A CLOSER LOOK 5.1

Growth Hormone and Performance
An excess of growth hormone (GH) 
during childhood is tied to gigan-
tism, whereas an inadequate secretion 
causes dwarfism. The latter condition 
requires the administration of GH 
(along with other growth-promoting 
hormones) during the growing years if 
the child is to regain his or her nor-
mal position on the growth chart. In 
addition, in GH-deficient adults, thera-
peutic doses of GH cause increases in 
fat oxidation, V̇ O2 max and strength, 
and improve body composition (149). 
However, the gain in strength in these 
GH-deficient adults is typically ob-
served in longer-term (>1 year) stud-
ies; short-term studies show little or no 
gain in strength (150). GH was origi-
nally obtained by extracting it from 
the pituitary glands of cadavers—an 
expensive and time- consuming propo-
sition. Due to the success of genetic 
engineering, recombinant human GH 
(rhGH) is now available.

If an excess of GH occurs dur-
ing adulthood, a condition called 
 acromegaly occurs. The additional 
GH during adulthood does not affect 
growth in height because the epiphy-
seal growth plates at the ends of the 
long bones have closed. Unfortunately, 
the excess GH causes permanent de-
formities, as seen in a thickening of the 
bones in the face, hands, and feet. Until 
recently, the usual cause of acromegaly 
was a tumor in the anterior pituitary 
gland that resulted in  excess secretion 

of GH. This is no longer the case. In a 
drive to take advantage of the anabolic 
effects of GH, young adults with nor-
mal GH levels are injecting the now 
readily available human GH, along 
with other hormones (see A Closer 
Look 5.3). Does GH work on these in-
dividuals? Based on three systematic 
reviews, there appears to be consensus 
on the following (60, 84, 149):

 ■ Normal adults show an increase 
in lean body mass, but this is 
due more to an increase in wa-
ter retention than an increase 
in cell mass.

 ■ There are minimal gains in lean 
body mass, muscle mass, and 
strength in normal, healthy 
men when GH is used with 
resistance training, compared 
to the use of resistance training 
alone.

 ■ There are a variety of adverse 
events when GH is used, and 
these events are dose depen-
dent. Adverse events include 
suppression of the GH/IGF axis, 
water retention and edema, 
joint and muscle aches, and an 
increased risk of injection- 
related diseases (e.g., HIV/AIDS).

But it is not only the athletes who are 
interested in the use of GH. A great 
deal of attention has been focused on 
the role that GH might have on older 
adults (≥65 years) relative to  slowing 

or stopping the loss of bone and 
muscle mass that occurs with age. In 
general, older adults experience an 
increase in lean mass and a decrease 
in body fatness with GH therapy, but 
muscle strength does not change. In 
addition, because a wide variety of ad-
verse effects are associated with this 
therapy, some recommend that GH 
not be used as an anti-aging therapy 
(85). That said, Giannoulis and col-
leagues (44) suggest that the reason 
for poor outcomes in these studies 
may be related to the following:

 ■ Study was not long enough, 
and a multi-year study is 
needed

 ■ GH should be used in combina-
tion with testosterone, a potent 
anabolic hormone (see A Close 
Look 5.3)

 ■ Doses of both hormones should 
be lowered to achieve physio-
logical levels in order to reduce 
adverse effects

 ■ Exercise should be used in 
conjunction with the hormone 
replacement therapy

It is important to remember that 
while the focus of this discussion has 
been on GH and protein synthesis, it 
is clear that it is the IGFs produced by 
contracting skeletal muscle, as well as 
those secreted by the liver, that are 
responsible for bringing about muscu-
lar adaptations (127, 128).
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 capillaries to maintain body fluid. Two major stimuli 
cause an increased secretion of ADH:

 ■ High plasma osmolality (a low water 
concentration) that can be caused by excessive 
sweating without water replacement

 ■ A low plasma volume, which can be due 
either to the loss of blood or to inadequate 
fluid replacement

There are osmoreceptors in the hypothalamus that sense 
the water concentration in the interstitial fluid. When 
the plasma has a high concentration of particles (low  
water concentration), the osmoreceptors shrink, and 
a neural reflex to the hypothalamus stimulates ADH 
release, which causes a reduction in water loss at the 
kidney. If the osmolality of the plasma is normal but 
the volume of plasma is low, stretch receptors in the 
left atrium initiate a reflex leading to ADH release 
to attempt to maintain body fluid. During exercise, 
plasma volume decreases and osmolality increases, 
and for exercise intensities in excess of 60% of V̇ O2 
max, ADH secretion is increased, as shown in Fig-
ure 5.7 (23). This favors the conservation of water to 
maintain plasma volume (145). Recently, it has been 
hypothesized that nonosmotic signals associated with 
exercise may override the usual controls and lead to 
excessive water retention and dilution of the body’s 
sodium concentration, which may result in hypona-
tremia (low blood sodium concentration). This has po-
tentially deadly consequences (see Chap. 23 for more 
on this) (55).

Thyroid Gland
The thyroid gland is stimulated by TSH to synthe-
size two iodine-containing hormones: triiodothy-
ronine (T3) and thyroxine (T4). T3  contains three 
iodine atoms and T4 contains four. TSH is also the 
primary stimulus for the release of T3 and T4 into 

the circulation, where they are bound to plasma 
proteins. Remember, it is the “free” hormone con-
centration (that which is not bound to plasma pro-
teins) that is important in bringing about an effect 
on tissue.

Thyroid Hormones Thyroid hormones are central 
in establishing the overall metabolic rate (i.e., a hypo-
thyroid [low T3] individual would be characterized 
as being lethargic and hypokinetic). It is this effect of 
the hormone that has been linked to weight-control 
problems, but only a small percentage of obese indi-
viduals are hypothyroid. T3 and T4 act as permissive 
hormones in that they permit other hormones to 
exert their full effect. There is a relatively long latent 
period between the time T3 and T4 are elevated and 
the time when their effects are observed. The latent 
period is 6 to 12 hours for T3 and 2 to 3 days for T4. 
However, once initiated, their effects are long lasting 
(38). The control of T3 and T4 secretion is another 
example of the negative feedback mechanism intro-
duced in Chap. 2. At rest, as the plasma concentra-
tions of T3 and T4 increase, they inhibit the release 
of TSH-releasing hormone from the hypothalamus 
as well as TSH itself. This self-regulating system en-
sures the necessary level of T3 and T4 for the main-
tenance of a normal metabolic rate. During exercise, 
the “free” hormone concentration increases due to 
changes in the binding characteristic of the transport 
protein, and the hormones are taken up at a faster 
rate by tissues. To counter the higher rate of removal 
of T3 and T4, TSH secretion increases and causes an 
increased secretion of these hormones from the thy-
roid gland (139). There is some evidence to suggest 
that the exercise-induced increases in prolactin and 
cortisol (see later) also influence TSH release (50). Fi-
nally, evidence suggests that resistance training has 
little effect on the pituitary (TSH)-thyroid (T3, T4) 
function (2).

Calcitonin The thyroid gland also secretes 
 calcitonin, which is involved in a minor way in the 
regulation of plasma calcium (Ca++), a crucial ion for 
normal muscle and nerve function. The secretion of 
this hormone is controlled by another negative feed-
back mechanism. As the plasma Ca++ concentration 
increases, calcitonin release is increased. Calcitonin 
blocks the release of Ca++ from bone and stimulates 
Ca++ excretion at the kidneys to lower the plasma 
Ca++ concentration. As the Ca++ concentration is 
 decreased, the rate of calcitonin secretion is reduced. 

Figure 5.7 Percent change in the plasma antidiuretic 
hormone (ADH) concentration with increasing exercise 
intensity.
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IN SUMMARY
 ■ Thyroid hormones T3 and T4 are important for 
maintaining the metabolic rate and allowing 
other hormones to bring about their full effect.
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Calcitonin is not increased as a result of exercise, an 
appropriate response given its function (88).

Parathyroid Gland
Parathyroid hormone is the primary hormone in-
volved in plasma Ca++ regulation. The parathyroid 
gland releases parathyroid hormone in response to a 
low plasma Ca++ concentration. The hormone stimu-
lates bone to release Ca++ into the plasma and simul-
taneously increases the renal absorption of Ca++; both 
raise the plasma Ca++ level. Parathyroid hormone also 
stimulates the kidney to convert a form of vitamin 
D (vitamin D3) into a hormone that increases the ab-
sorption of Ca++ from the gastrointestinal tract. Para-
thyroid hormone increases during both intense and 
prolonged exercise (10, 90). The increase is related to 
a lower Ca++ concentration and the exercise-induced 
increases in plasma H+ and catecholamine concentra-
tions (88).

Adrenal Gland
The adrenal gland is really two different glands—the 
 adrenal medulla, which secretes the catecholamines, 

epinephrine (E), and norepinephrine  (NE), and 
the adrenal cortex, which secretes steroid  hormones.

Adrenal Medulla The adrenal medulla is part of the 
sympathetic nervous system. Eighty percent of the 
gland’s hormonal secretion is epinephrine, which af-
fects receptors in the cardiovascular and respiratory 
systems, gastrointestinal (GI) tract, liver, other endo-
crine glands, muscle, and adipose tissue. E and NE 
are involved in the maintenance of blood pressure 
and the plasma glucose concentration. Their role in 
the cardiovascular system is discussed in Chap. 9, and 
their involvement in the mobilization of substrate for 
exercise is discussed later in this chapter in the sec-
tion “Fast-Acting Hormones.” E and NE also respond 
to strong emotional stimuli, and they form the basis 
for Cannon’s “fight or flight” hypothesis of how the 
body responds to challenges from the environment 
(14). Cannon’s view was that the activation of the 
sympathetic nervous system prepared you either to 
confront a danger or to flee from it. Statements by 
sportscasters, such as “The adrenalin must really be 
pumping now,” are a rough translation of this hypoth-
esis. See A Look Back—Important People in Science for 
more on Dr. Walter B. Cannon.

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Walter B. Cannon (1871–1945) and the Fight or Flight Response
Walter B. Cannon 
was born and raised 
in Wisconsin and at-
tended Harvard Col-
lege from 1892–1896. 
He then entered Har-
vard University to 
study medicine. Dur-
ing his first year, he 
worked in Dr. Henry 

Bowditch’s lab and began to use the 
new technique of X-rays to study gas-
trointestinal motility. He completed 
his medical degree in 1900 and stayed 
on as an instructor in the Department 
of Physiology, of which Bowditch was 
chairman. Bowditch was a well-known 
physiologist who was one of the five 
founders of the American Physiological 
Society. Two years later, Dr. Cannon was 
promoted to assistant professor, and in 
1906, he succeeded Dr. Bowditch as 
chairman of the department—a post he 
held until his retirement in 1942.

Dr. Cannon’s research included 
work on gastrointestinal motility and 

the physiology of the emotions. He 
developed the concept of the emer-
gency function of the sympathetic 
nervous system—the “fight or flight” 
response—the importance of epineph-
rine and norepinephrine in mobiliz-
ing the resources to the body to stay 
and fight or to take flight in times of 
extreme stress. In addition to these 
important contributions, he was re-
sponsible for the development of the 
concept of homeostasis—the idea that 
a dynamic constancy exists in the 
internal environment that is main-
tained by complex regulatory sys-
tems, of which the neuroendocrine 
system, described in this chapter, is a 
major part. Homeostasis is one of the 
most fundamental theories in biology, 
and a theme that we use through this 
textbook.

Dr. Cannon provided outstanding 
leadership, not only to the Physiology 
Department at Harvard but also to the 
broader field of physiology. He was 
the sixth president of the American 

Physiological Society (1914–1916), 
and he spoke out strongly on a num-
ber of social and political issues, in-
cluding fighting anti-vivisectionists, 
as did his mentor, Dr. Bowditch, be-
fore him. He published several im-
portant textbooks, including Bodily 
Changes in Pain, Fear, and Rage (1915), 
The Wisdom of the Body (1932), and The 
Way of an Investigator (1945), the lat-
ter being an autobiography that de-
scribes his personal experiences as a 
scientist. It provides keen insights for 
those interested in pursuing the life of 
a scientist. Dr. Cannon is regarded as 
the greatest American physiologist of 
the first half of the twentieth century.

For those interested in more de-
tail about this man’s life, see Walter 
B. Cannon, The Life and Times of a Young 
Scientist and Walter B. Cannon, Science 
and Society, both published by Harvard 
University Press.

American Physiological Soci-
ety (http://www.the-aps.org/fm/ 
presidents/introwbc.html)

© BettmannGetty 
Images
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E and NE bind to adrenergic (from adrenaline, the 
European name for epinephrine) receptors on target 
tissues. The receptors are divided into two major 
classes: alpha (α) and beta (β), with subgroups (α1 and 
α2; β1, β2, and β3). E and NE bring about their effects 
via the second messenger mechanisms mentioned 
earlier. The response generated in the target tissue, 
both size and direction (inhibitory or excitatory), is 
dependent on the receptor type and whether E or 
NE is involved. This is an example of how important 
the receptors are in determining the cell’s response 
to a hormone. Table 5.1 summarizes the effects of E 
and NE relative to the type of adrenergic receptor 
involved (132). The different receptors cause changes 
in the cell’s activity by increasing or decreasing the 
cyclic AMP or Ca++ concentrations. From this table, it 
can be seen that if a cell experienced a loss of β1 re-
ceptors and a gain in α2 receptors, the same epineph-
rine concentration would bring about very different 
effects in the cell.

Adrenal Cortex The adrenal cortex secretes a vari-
ety of steroid hormones with rather distinct physi-
ological functions. The hormones can be grouped into 
three categories:

 ■ Mineralocorticoids (aldosterone), involved 
in the maintenance of the Na+ and K+ 
concentrations in plasma

 ■ Glucocorticoids (cortisol), involved in 
plasma glucose regulation

 ■ Sex steroids (androgens and estrogens), 
which support prepubescent growth, with 
androgens being associated with post-
pubescent sex drive in women

The chemical precursor common to all of these ste-
roid hormones is cholesterol; although the final active 
hormones possess minor structural differences, their 
physiological functions differ greatly.

Aldosterone Aldosterone (mineralocorticoid) is an 
important regulator of Na+ reabsorption and K+ secre-
tion at the kidney. Aldosterone is directly involved 
in Na+/H2O balance and, consequently, plasma vol-
ume and blood pressure (see Chap. 9). There are two 
levels of control over aldosterone secretion. The re-
lease of aldosterone from the adrenal cortex is con-
trolled directly by the plasma K+ concentration. An 
increase in K+ concentration increases aldosterone 
secretion, which stimulates the kidney’s active trans-
port mechanism to secrete K+ ions. This control sys-
tem uses the negative feedback loop we have already 
seen. Aldosterone secretion is also controlled by an-
other more complicated mechanism. A decrease in 
plasma volume, a fall in blood pressure at the kidney,  

TABLE 5.1 Adrenergic Receptor Subtypes: The Physiological Responses to Epinephrine 
and Norepinephrine

Receptor 
Type

Effect of  
E/NE

Membrane-Bound 
Enzyme

Intracellular  
Mediator

 
Effects on Various Tissues

β1 E = NE Adenylate cyclase ↑cyclic AMP ↑Heart rate
↑Glycogenolysis
↑Lipolysis

β2 E ⋙ NE Adenylate cyclase ↑cyclic AMP ↑Bronchodilation
↑Vasodilation

β3 NE > E Adenylate cyclase ↑cyclic AMP ↑Lipolysis
α1 E ≥ E Phospholipase C ↑Ca++ ↑Phosphodiesterase

↑Vasoconstriction
α2 E ≥ NE Adenylate cyclase ↓cyclic AMP Opposes action of β1 and β2 receptors

↓Insulin secretion

Tepperman, J., and H. M. Tepperman, Metabolic and Endocrine Physiology. Chicago, IL: Year Book Medical Publishers, 1987;  Brunton, L.,  
J. S. Lazo, and K. L. Parker, eds., Goodman &  Gilman’s The Pharmacological Basis of Therapeutics. New York, NY:  McGraw-Hill, 2005; Zouhal, H., C. 
Jacob, P. Delamarche, and A.  Gratas-Delamarche, “Catecholamines and the Effects of Exercise, Training, and Gender,” Sports Medicine 38: 401–423, 
2008.

IN SUMMARY
 ■ The adrenal medulla secretes the catechol-
amines epinephrine (E) and norepinephrine 
(NE). E is the adrenal medulla’s primary secre-
tion (80%), and NE is primarily secreted from 
the adrenergic neurons of the sympathetic ner-
vous system.

 ■ Epinephrine and norepinephrine bind to α- and 
β-adrenergic receptors and bring about changes 
in cellular activity (e.g., increased heart rate, 
mobilization of fatty acids from adipose tissue) 
via second messengers.
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or an increase in sympathetic nerve activity to the 
kidney stimulates special cells in the kidney to se-
crete an enzyme called renin. Renin enters the 
plasma and converts renin substrate (angiotensino-
gen) to  angiotensin I, which is, in turn, converted 
to angiotensin II by angiotensin-converting enzyme 
(ACE) in the lungs.  Angiotensin II is a powerful vaso-
constrictor, and individuals with hypertension may 
be prescribed an ACE inhibitor to lower blood pres-
sure. Angiotensin II stimulates aldosterone release, 
which increases Na+ reabsorption. The stimuli for al-
dosterone and ADH secretion are also the signals that 
stimulate thirst, a necessary ingredient to restore body 
fluid volume. During light exercise, little or no change 
occurs in plasma renin activity or aldosterone (87).  
However, when a heat load is imposed during light 
exercise, both renin and aldosterone secretion are in-
creased (39). When exercise intensity approaches 50% 
V̇ O2 max (Fig. 5.8), renin, angiotensin, and aldosterone 
increase in parallel, showing the linkage within this 
homeostatic system (87, 139). Further, liver produc-
tion of renin substrate increases to maintain the plasma 
concentration (93). In contrast, a sustained elevation of 
blood volume triggers the release of atrial natriuretic 
hormone (ANH) from heart muscle cells (not from an 
endocrine gland). ANH opposes the action of aldoste-
rone to decrease blood volume (151).

Cortisol The primary glucocorticoid secreted by the 
adrenal cortex is cortisol. By a variety of mechanisms, 
cortisol contributes to the maintenance of plasma 
glucose during long-term fasting and exercise. These  
mechanisms

 ■ Promote the breakdown of tissue protein (by 
inhibiting protein synthesis) to form amino 
acids, which are then used by the liver to 
form new glucose (gluconeogenesis)

 ■ Stimulate the mobilization of free fatty acids 
from adipose tissue

 ■ Stimulate liver enzymes involved in the 
metabolic pathway leading to glucose synthesis

 ■ Block the entry of glucose into tissues, forcing 
those tissues to use more fatty acids as fuel 
(38, 151)

A summary of cortisol’s actions and its regula-
tion is presented in Figure 5.9. Cortisol secretion 
is controlled in the same manner as thyroxine. The 
hypothalamus secretes corticotrophic-releasing hor-
mone (CRH), which causes the anterior pituitary 
gland to secrete more ACTH into the general circula-
tion. ACTH binds to receptors on the adrenal cortex 
and increases cortisol secretion. As the cortisol level 
increases, CRH and ACTH are inhibited in another 
negative feedback system. However, the hypothala-
mus, like any brain center, receives neural input from 
other areas of the brain. This input can influence 
the  secretion of hypothalamic-releasing hormones 
beyond the level seen in a negative feedback sys-
tem. More than 70 years ago, Hans Selye observed 
that a wide variety of stressful events, such as burns, 

Figure 5.8 Parallel increases in renin activity, angioten-
sin II, and aldosterone with increasing intensities of 
exercise. Data are expressed as the percent change from 
resting values.
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Figure 5.9 Control of cortisol secretion, showing the 
balance of positive and negative input to the hypothala-
mus, and cortisol’s influence on metabolism.
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bone breaks, and heavy exercise, led to predictable 
increases in ACTH and cortisol; he called this re-
sponse the General Adaptation Syndrome (GAS). A 
key point in this response was the release of ACTH 
and cortisol to aid in the  adaptation. His GAS had 
three stages: (1) the alarm reaction, involving cortisol 
secretion, (2) the stage of resistance, where repairs 
are made, and (3) the stage of exhaustion, in which 
repairs are not adequate, and sickness or death results 
(130). The usefulness of the GAS is seen in times of 

“stress” caused by tissue damage.  Cortisol stimulates 
the breakdown of tissue protein to form amino acids, 
which can then be used at the site of the tissue dam-
age for repair. While it is clear that muscle tissue 
is a primary source of amino acids, the functional 
overload of muscle with resistance or endurance 
training can prevent the muscle atrophy the gluco-
corticoids can cause (3, 56, 57). Throughout this sec-
tion, we summarize the role of hormones secreted 
from various endocrine glands. A Closer Look 5.2  

A CLOSER LOOK 5.2

Adipose Tissue Is an Endocrine Organ
Many of you know that a connection 
exists between the obesity epidemic in 
this country and the dramatic increase 
in the number of people with type 2 
diabetes and other chronic diseases 
(e.g., coronary artery disease, cancer). 
However, until recently, the direct 
link or cause between obesity and 
these diseases has remained a mystery. 
Fortunately, new evidence provides 
clues as to why too much adipose tis-
sue has a negative impact on health.

Adipose tissue has been viewed, 
simply, as the principal storage site 
for fat, primarily triglycerides. When 
caloric intake exceeds expenditure, 
fat stores increase. Conversely, when 
caloric intake cannot meet energy 
demands, adipose tissue releases free 
fatty acids into the circulation to pro-
vide energy for the cells. Over the past 
15 years, this picture of adipose tis-
sue as a passive energy supply depot 
changed markedly as it became clear 
that adipose tissue secretes a variety of 
hormones and other factors that have a 
direct effect on metabolism and energy 
balance; they act through endocrine, 
paracrine, or autocrine mechanisms.

In the mid-1990s, the hormone 
leptin was discovered. This hormone, 
secreted by adipose cells (adipocytes), 
influences appetite through a direct ef-
fect on the “feeding centers” in the hy-
pothalamus. In addition, leptin acts on 
peripheral tissues to enhance insulin 
sensitivity (allowing insulin to act) and 
promotes the oxidation of free fatty ac-
ids in muscle. Adiponectin is another 
hormone secreted by adipocytes. This 
hormone also increases insulin sensi-
tivity and fatty acid oxidation in mus-
cle (37, 47, 146), and reduces the risk 

of cardiovascular disease by protecting 
both vascular endothelial cells and car-
diac muscle cells (97).

As fat mass increases, leptin secre-
tion also increases, but strangely, food 
intake is not restrained. Another mol-
ecule that blocks leptin’s signal from 
reaching the hypothalamus is also pro-
duced, leading to what is known as 
leptin resistance. In contrast, adiponec-
tin secretion decreases with an increase 
in fat mass, leading to a reduced sensi-
tivity of tissues to insulin (insulin resis-
tance) and the development of type 2 
diabetes (a condition in which there is 
plenty of insulin, but the tissues are un-
responsive to it). In addition, the risk of 
cardiovascular disease is increased (97).

In addition, as fat mass increases, adi-
pocytes produce a variety of proinflam-
matory cytokines (e.g., tumor necrosis 
factor alpha [TNF-α] and interleukin-6 
[IL-6]), and obesity is now recognized 
as contributing to a state of low-grade 
systemic inflammation (101, 122). See 
Chap. 6 for more on inflammation 
and see Chap. 14 for the connection 
between inflammation and chronic 
disease. Adiponectin has the ability to 
suppress this systemic inflammation, 
but because its secretion is reduced in 
obesity, it cannot carry out that role. 
These proinflammatory cytokines (also 
called adipokines in adipose tissue) can 
lead to both insulin resistance and ath-
erosclerosis (37, 47, 146). What causes 
these changes in the adipocyte? One 
potential trigger is hypoxia (a relative 
lack of oxygen). As the mass of adipose 
tissue increases in obesity, some adipo-
cytes will be farther away from exist-
ing capillaries, and O2 will not be as 
available. It has been shown that when 

normal adipocytes are made hypoxic, 
anaerobic metabolism is increased, lac-
tate and hydrogen ion levels increase, 
and the cells respond with a decrease in 
adiponectin secretion and an increase 
in leptin and IL-6 secretion (141).

Given the importance of adipo-
nectin in insulin sensitivity, one 
might  expect that exercise, which is 
known to improve insulin sensitivity  
(see Chap. 17), would increase its con-
centration. Interestingly, neither an 
acute bout of exercise nor exercise train-
ing has any effect on the adiponectin  
concentration in blood. In contrast, the 
adiponectin level increases when there 
is a decrease in fat mass, whether it is 
brought about by exercise, diet, or a 
combined intervention. This suggests 
that the positive effects of exercise 
and weight loss on insulin sensitivity 
are independent and occur by differ-
ent pathways. The same appears to be 
true for leptin; it is more responsive to 
changes in body weight than any exer-
cise intervention (6, 9, 81, 136).

Recently, it has been shown that ad-
ipose tissue releases other factors (e.g., 
resistin, visfatin) that also influence 
health and disease (19). Clearly, adipose 
tissue is not a simple passive depot for 
energy storage but is directly involved 
in appetite, energy expenditure, and 
the development of inflammation-
related diseases, including cardiovas-
cular disease and type 2 diabetes. It is 
clear that being physically active and 
maintaining a normal body weight are 
reasonable goals to minimize the risks 
of developing chronic diseases. See A 
Closer Look 5.4 for more on how mus-
cle counters adipose tissue’s tendency 
to promote inflammation.
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provides a new addition to this list that will have 
 profound implications in our understanding of obe-
sity and its disease-related consequences.

Pancreas
The pancreas is both an exocrine and an endocrine 
gland. The exocrine secretions include digestive en-
zymes and bicarbonate, which are secreted into ducts 
leading to the small intestine. The hormones, released 
from groups of cells in the endocrine portion of the 
pancreas called the islets of Langerhans, include insu-
lin, glucagon, and somatostatin.

Insulin Insulin is secreted from beta (β) cells of the 
islets of Langerhans. Insulin is the most important 
hormone during the absorptive state, when nutrients 
are entering the blood from the small intestine. Insu-
lin stimulates tissues to take up nutrient molecules 
such as glucose and amino acids and store them as 
glycogen, proteins, and fats. Insulin’s best-known role 
is in the facilitated diffusion of glucose across cell 
membranes. A lack of insulin causes an accumulation 
of glucose in the plasma because the tissues cannot 
take it up. The plasma glucose concentration can be-
come so high that reabsorption mechanisms in the 
kidney are overwhelmed and glucose is lost to the 
urine, taking large volumes of water with it. This con-
dition is called diabetes mellitus.

As mentioned earlier in this chapter, insulin se-
cretion is influenced by a variety of factors: plasma 
glucose concentration, plasma amino acid concentra-
tion, sympathetic and parasympathetic nerve stimula-
tion, and various hormones. The rate of secretion of 
insulin is dependent on the level of excitatory and 
inhibitory input to the beta cells of the pancreas (see 
Fig. 5.1). The blood glucose concentration is a ma-
jor source of input that is part of a simple negative 
feedback loop; as the plasma glucose concentration 
increases (following a meal), the beta cells directly 
monitor this increase and secrete additional insulin 
to enhance tissue uptake of glucose. This increased 
uptake lowers the plasma glucose concentration, and 
insulin secretion is reduced (38, 96).

Glucagon Glucagon, secreted from the alpha (α) 
cells in the islets of Langerhans, exerts effects op-
posite those of insulin. Glucagon secretion increases 
in response to a low plasma glucose concentration, 
which is monitored by the alpha cells. Glucagon 
stimulates both the mobilization of glucose from liver 
stores (glycogenolysis) and free fatty acids from adi-
pose tissue (to spare blood glucose as a fuel), using 
the adenylate cyclase second messenger mechanism 
mentioned earlier. Last, along with cortisol, gluca-
gon stimulates gluconeogenesis in the liver. Gluca-
gon secretion is also influenced by factors other than 
the glucose concentration, notably the sympathetic 
nervous system (138). A complete description of the 
role of insulin and glucagon in the maintenance of 
blood glucose during exercise is presented later in 
this chapter in “Fast-Acting Hormones.”

Somatostatin Pancreatic somatostatin is secreted by 
the delta cells of the islets of Langerhans. Pancreatic 
somatostatin secretion is increased during the absorp-
tive state, and it modifies the activity of the GI tract 
to control the rate of entry of nutrient molecules into 
the circulation. It may also be involved in the regula-
tion of insulin secretion (138).

Testes and Ovaries
Testosterone and estrogen are the primary sex ste-
roids secreted by the testes and ovaries, respectively. 
These hormones are not only important in establish-
ing and maintaining reproductive function but they 
also determine the secondary sex characteristics as-
sociated with masculinity and femininity.

Testosterone Testosterone is secreted by the inter-
stitial cells of the testes and is controlled by inter-
stitial cell stimulating hormone (ICSH—also known 
as LH), which is produced in the anterior pituitary. 
LH is, in turn, controlled by a releasing hormone 
secreted by the hypothalamus. Sperm production 
from the seminiferous tubules of the testes requires 
follicle-stimulating hormone (FSH) from the anterior 
pituitary and testosterone. Figure 5.10 shows testos-
terone secretion to be controlled by a negative feed-
back loop involving the anterior pituitary gland and 
the hypothalamus. Sperm production is controlled, in 

IN SUMMARY
 ■ The adrenal cortex secretes aldosterone (miner-
alocorticoid), cortisol (glucocorticoid), and es-
trogens and androgens (sex steroids).

 ■ Aldosterone regulates Na+ and K+ balance. 
 Aldosterone secretion increases with strenuous 
exercise, driven by the renin–angiotensin system.

 ■ Cortisol responds to a variety of stressors, in-
cluding exercise, to ensure that fuel (glucose 
and free fatty acids) is available and to make 
amino acids available for tissue repair.

IN SUMMARY
 ■ Insulin is secreted by the β cells of the islets of 
Langerhans in the pancreas and promotes the 
storage of glucose, amino acids, and fats.

 ■ Glucagon is secreted by the α cells of the islets 
of Langerhans in the pancreas and promotes the 
mobilization of glucose and fatty acids.
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part, by another negative feedback loop involving the 
hormone inhibin (96, 151).

Testosterone is both an anabolic (tissue building) 
and androgenic (promoter of masculine characteris-
tics) steroid because it stimulates protein synthesis 
and is responsible for the characteristic changes in 
boys at adolescence that lead to the high muscle-mass 
to fat-mass ratio. The plasma testosterone concentra-
tion is increased 10% to 37% during prolonged submax-
imal work (144), during exercise taken to maximum 
levels (26), and during endurance or strength training 
workouts (73). Some feel that these small changes are 
due to a reduction in plasma volume or to a decrease 
in the rate of inactivation and removal of testosterone 
(139). However, others have concluded on the basis 
of a parallel increase in the LH concentration that 
the increase in plasma testosterone is due to an in-
creased rate of production (26). The exercise-induced 
increase in testosterone has been viewed as a primary 
stimulus of muscle protein synthesis and hypertro-
phy, but new information suggests that testosterone 
alone accounts for ~10% of the variation in hypertro-
phy observed as a result of resistance training (128). 
That said, there is considerable individual variation in 
hypertrophy as a result of resistance training, and part 
of that variation is believed to be due to differences 
in the testosterone response to exercise. With such 
a developing story, we are sure to hear more on this 
(128). Most readers probably recognize testosterone 
or one of its synthetic analogs as one of the most 
abused drugs in the drive to increase muscle mass and 
performance. Such use is not without its problems 
(see A Closer Look 5.3).

Estrogen and Progesterone Estrogen is a group of 
hormones that exerts similar physiological effects. 
These hormones include estradiol, estrone, and estriol, 
with estradiol being the primary estrogen. Estrogen 
stimulates breast development, female fat deposition, 
and other secondary sex characteristics (see Fig. 5.11). 
During the early part of the menstrual cycle called 
the follicular phase, LH stimulates the production of 
androgens in the follicle, which are subsequently 
converted to estrogens under the influence of FSH. 
Following ovulation, the luteal phase of the menstrual 
cycle begins, and both estrogens and progesterone are 
produced by the corpus luteum, a secretory structure 
occupying the space where the ovum was located 
(151). How does exercise affect these hormones, and 
vice versa? In one study (74), the plasma levels of LH, 
FSH, estradiol, and progesterone were measured at 
rest and at three different work rates during both the 
follicular and luteal phases of the menstrual cycle. 
The patterns of response of these hormones during 
graded exercise were very similar in the two phases 
of the menstrual cycle (74). Figure 5.12 shows only 
small changes in progesterone and estradiol with in-
creasing intensities of work. Given that LH and FSH 
changed little or not at all during the luteal phase, the 
small increases in progesterone and estradiol were be-
lieved to be due to changes in plasma volume and to 
a decreased rate of removal rather than an increased 
rate of secretion (13, 139).

The effect of the phase of the menstrual cycle on 
exercise metabolism is not clear cut. This is due, in 
part, to variations in the research design, methods of 
measurement, and intensity of exercise used in the 
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Figure 5.10 Control of testosterone secretion and sperm 
production by hypothalamus and anterior pituitary.

Figure 5.11 Control of estrogen production in the early 
and middle follicular phases.

Anterior pituitary
gland

Hypothalamus (–)

Gonadotrophin-releasing hormone

(–)(–)

FSH LH

Ovary

Estrogen

Development
of ovum

Inhibin

Breast
development

Deposition of fat
to thighs and buttocks

pow70456_ch05_092-126.indd   107 01/16/17   9:24 PM



108 Section One Physiology of Exercise

studies. Based on a recent review, the following state-
ments can be made (102):

 ■ Anaerobic performances are not affected by 
menstrual cycle phase.

 ■ The effect of menstrual cycle phase on time-
trial endurance performances is mixed, and it 
has been suggested that the focus of future 
research be on ultra-endurance events.

 ■ Glucose mobilization is lower during the luteal 
phase when exercise intensity is high enough 
to create an energy demand for carbohydrate. 
However, when exercise takes place soon after 

a meal or when glucose is provided during the 
exercise, the impact of menstrual cycle phase 
is reduced or eliminated.

 ■ Although animal studies show that estrogen 
increases lipolysis and plasma FFA, human 
studies do not support these findings.

 ■ There is an increase in protein catabolism at rest 
and during exercise in the luteal phase. This 
appears to be due to the effect of progesterone, 
since estrogen has the opposite effect.

Consistent with this, there is strong evidence 
that the response of the glucose-regulatory hormones  

A CLOSER LOOK 5.3

Anabolic Steroids and Performance
Testosterone, as both an anabolic and 
an androgenic steroid, causes size 
changes as well as male secondary 
sexual characteristics, respectively. 
Due to these combined effects, scien-
tists developed steroids to maximize 
the anabolic effects and minimize the 
androgenic effects. However, these ef-
fects can never be completely sepa-
rated. These synthetic steroids were 
originally developed to promote 
tissue growth in patients who had 
experienced atrophy as a result of 
prolonged bed rest. Before long, the 
thought occurred that these anabolic 
steroids might be helpful in devel-
oping muscle mass and strength in 
athletes.

The use of anabolic steroids to en-
hance athletic performance has an in-
teresting history. Results from early 
studies were inconsistent due to vari-
ations in the dose and type of steroid 
used, the training status of the sub-
jects, length of the study, etc. (4, 99, 
154, 155, 158). However, before long 
there was clear evidence that these 
steroids worked. This led to manda-
tory testing of athletes in international 
competitions and in both college 
and professional sports. The problem  
escalated when athletes started to 
take pure testosterone rather than the 
anabolic steroid. Part of the reason for 
the switch was to reduce the chance 
of detection when drug testing was 
conducted, and part was related to 
the availability of  testosterone. The 
following  information, taken from 

two major position stands, provides 
a good summary of what we know 
about the use of these steroids and 
what should be done to curb their 
abuse (60, 99):

 ■ Androgen use causes, in a 
 concentration-dependent 
manner, increases in lean 
body mass, muscle mass, and 
strength in men.

 ■ When androgens and resistance 
training are combined, greater 
gains are realized than with ei-
ther intervention alone.

 ■ The adverse effects in men in-
clude suppression of the hypo-
thalamic–pituitary– gonadal axis, 
mood and behavior disorders, 
increased risk of cardiovascu-
lar disease, liver dysfunction 
(with oral androgens), insulin 
resistance, glucose intolerance, 
acne, and gynecomastia (breast 
development). A recent study’s 
findings of cognitive deficits in 
long-term anabolic steroid users 
supports these concerns (75).

 ■ The adverse effects in women 
are similar to that of men, but 
in addition, the androgens may 
have virilizing effects, such 
as enlargement of the clitoris, 
deepening of the voice, hirsut-
ism, and change in body build. 
These changes may not be 
 reversible when androgen use 
is stopped.

Surveys of those who use anabolic 
steroids provide some insights into 
the problem: The majority of users 
were noncompetitive body build-
ers and nonathletes, used more than 
one anabolic steroid, and took them 
in megadose amounts, compared to 
what was recommended (5, 95, 99, 
108). However, there is evidence 
that the prevalence of use among 
teenagers has decreased (60). Not 
a day goes by that we don’t read 
about an athlete or a whole team 
being suspended because of perfor-
mance-enhancing drugs; however, it 
is clear that the problem is much 
broader than realized by the general 
public. The same position stands 
mentioned earlier emphasize the 
need for continued efforts to edu-
cate the athletes, coaches, parents, 
physicians, athletic trainers, and 
the general public about androgen 
use and abuse (60, 99). For more 
information on a list of prohibited 
substances, go to the World Anti-
Doping Agency’s website (www.
wada-ama.org). One last comment: 
as the number of older adults (≥65 
years) increases, considerable atten-
tion is being directed at the use of 
testosterone as a way to slow down 
or stop the loss of muscle mass and 
strength that occurs with age. This 
is not new, and as discussed in A 
Closer Look 5.1, testosterone is not 
the only hormone being used to 
achieve that goal (44).
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to prolonged exercise is unaffected by menstrual cycle 
phase (82). In addition, there is a general agreement 
that there are no menstrual cycle phase effects on 
V̇ O2 max and the lactate, plasma volume, heart rate, 
and ventilation responses to exercise (156).  Finally, 
there does not appear to be an increased risk of heat 
illness during the luteal phase of the menstrual cycle, 
even though body temperature is higher (89).

There is an ongoing debate about whether es-
trogen influences indices of muscle damage, inflam-
mation, and tissue repair. Animal studies provide 
consistent evidence that estrogen offers protective 
benefits; however, studies on humans fail to con-
firm these results (33). For those interested in hav-
ing a  ringside seat in this debate, read the Point: 
 Counterpoint on this topic in which Tiidus and Enns 
debate Huber and Clarkson (140).

Because female athletes have a four- to six-fold 
greater risk of anterior cruciate injury compared to 
male athletes, there is interest as to whether the 
phase of the menstrual cycle might influence the risk. 

A review by Zazulak et al. (160) suggests that greater 
knee laxity occurs at 10 to 14 days into the cycle, 
compared to days 15 to 28, and the latter was greater 
than that measured during days 1 to 9. However, bio-
mechanical analysis of the forces and the magnitude 
of knee flexion experienced when doing jumping 
tasks showed no differences between phases of the 
menstrual cycle or between genders (17).

Although the changes in estrogen and progester-
one during an acute exercise bout are small, concern 
is being raised about the effect of chronic heavy ex-
ercise on the menstrual cycle of athletes. The two 
principal menstrual disorders are primary amenor-
rhea (absence of menstrual cycles in a girl who has 
not menstruated by 15 years of age) and secondary 
amenorrhea (onset of amenorrhea sometime after 
menarche). The incidence of menstrual disorders in 
athletes varies greatly but is higher in aesthetic, en-
durance, and weight-class sports and, at younger ages, 
higher training volumes, and lower body weights. 
Typically, the prevalence of amenorrhea in college-
age women is about 2% to 5%. In contrast, in colle-
giate runners, the incidence ranged from about 3% 
to 60% as training volume increased from <10 miles 
(16 km) to >68 miles (113 km) per week, and body 
weight decreased from >60 kg to <50 kg. In addi-
tion, the incidence is much higher in younger (69%) 
than older (9%) runners (113). There is evidence that 
amenorrheic athletes demonstrate blunted hormonal 
responses to both aerobic (126) and resistance (98) 
exercise. Special attention is now being directed at 
the issue of secondary amenorrhea because the chron-
ically low estradiol levels can have a deleterious ef-
fect on bone mineral content. Osteoporosis, usually 
associated with the elderly (see Chap. 17), is common 
in athletes with amenorrhea (58). Interested readers 
are referred to Redman and Loucks’s review of the 
possible causes of exercise-induced menstrual cycle 
irregularities (113). What is most interesting is that 
exercise itself may not suppress reproductive func-
tion, but rather the impact of the energy cost of the 
exercise on energy availability. For some first-hand 
insights into this issue, see Ask the Expert 5.1.

The endocrine system is set up to automatically 
respond when homeostasis is threatened; this is espe-
cially true for plasma glucose, the principal fuel for 

Figure 5.12 Percent change (from resting values) in the 
plasma FSH, LH, progesterone, and estradiol concentra-
tions during graded exercise in the follicular and luteal 
phases of the menstrual cycle.
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IN SUMMARY
 ■ Testosterone and estrogen establish and 
 maintain reproductive function and determine 
secondary sex characteristics.

 ■ Chronic exercise (training) can decrease 
 testosterone levels in males and estrogen levels 
in females. The latter adaptation has potentially 
negative consequences related to osteoporosis.
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ASK THE EXPERT 5.1

Reproductive Disorders and Low Bone Mass in Female Athletes Questions and Answers  
with Dr. Anne B. Loucks

Dr. Loucks is Professor 
of Biological Sciences at 
Ohio University. She is a 
productive researcher in 
the area of reproductive 
and skeletal disorders 
in female athletes, the 
author of numerous 
research articles and re-
views on this topic, and 

is recognized internationally as an expert 
in the field. Dr. Loucks was involved in the 
development and revision of the American 
College of Sports Medicine’s position stand 
on the Female Athlete Triad. Her many ac-
complishments in research and scholarship 
were recognized by the American College of 
Sports Medicine in 2008 when she received 
that organization’s prestigious Citation 
Award.

question: Are reproductive disorders 
in female athletes caused by low 
body fatness?

answer: No. Few studies have found 
any difference in body composi-
tion between amenorrheic and 
eumenorrheic athletes. Physiologi-
cal systems, including the repro-
ductive system, depend on energy 
availability, which is the amount 
of dietary energy remaining af-
ter exercise for all other physi-
ological functions. Resting energy 
expenditure is about 30 kcal/ 
kgFFM/day. When energy avail-
ability is less than 30 kcal/
kgFFM/day, the brain activates 
mechanisms that reduce energy 
expenditure. In the reproductive 
system, the pulsatile secretion of 
gonadotropin-releasing hormone 
by the hypothamus slows down 
and this suppresses ovarian func-
tion. Reproductive disorders have 
been induced, prevented, and re-
versed experimentally by chang-
ing energy availability without 
any change in body composition. 
Because menstrual disorders are 

also symptoms of many diseases, 
however, a medical examination 
and endocrine measurements are 
needed to properly diagnose them.

question: Is the low bone mass in 
some female athletes caused by 
amenorrhea?

answer: In part, but not entirely. 
Bone mass declines in proportion 
to the number of menstrual cycles 
missed, and low estrogen levels in-
crease the rate of bone resorption. 
However, low energy availability 
also suppresses anabolic hormones 
(e.g. thyroid hormone, insulin, and 
insulin-like growth factor-1) that 
stimulate bone formation. This 
is especially hazardous in adoles-
cence, when a faster rate of forma-
tion than resorption is needed for 
skeletal development.

question: What has research taught us 
about why so many female athletes 
do not eat enough?

answer: There seem to be four origins 
of low energy availability. Two orig-
inate outside of sport. Some ath-
letes undereat obsessively as part of 
an eating disorder. Because eating 
disorders have one of the highest 
rates of premature death of all men-
tal illnesses, sports programs should 
institute procedures for identifying 
cases of eating disorders, referring 
them for psychiatric care, and ex-
cluding them from participation 
until they receive medical clear-
ance. Other athletes undereat in 
intentional efforts to improve ap-
pearance for social reasons. World-
wide, at all deciles of BMI, about 
twice as many young women as 
young men perceive themselves 
to be overweight, and the multiple 
of young women more than young 
men who are actively trying to lose 
weight increases to 5 to 9 times as 
BMI declines! Indeed, more athletes 

report improving appearance than 
improving performance as a reason 
for dieting.

Two other origins of low en-
ergy availability are found inside 
sport. Many female athletes un-
dereat in intentional efforts to 
improve performance, because per-
formance is optimized by acquir-
ing a sport-specific body size and 
composition. For female athletes, 
this often requires a reduction in 
body weight or fatness, and many 
receive poor advice about how to 
achieve these objectives. Unlike 
athletes with eating disorders, 
these athletes will modify their be-
havior in response to professional 
advice from a trusted source. Be-
cause female athletes report that 
their most trusted source of advice 
is their coach, sports nutritionists 
should seek to educate coaches as 
well as athletes about nutrition. 
Low energy availability also results 
from the inadvertent and imper-
ceptible suppression of appetite by 
prolonged exercise and the high 
carbohydrate diet recommended 
to endurance athletes. Together,  
these two factors can suppress ad 
libitum energy intake enough to re-
duce energy availability below 30 
kcal/kgFFM/day. So, athletes in 
endurance sports need to eat by 
discipline (i.e., specific amounts of 
particular foods at planned times) 
instead of appetite.

question: What are the most impor-
tant issues remaining to be solved?

answer: We think we know how 
much athletes need to eat to com-
pensate for the energy they expend 
in exercise, but we need applied 
research to develop practical tech-
niques for monitoring and manag-
ing energy availability to achieve 
sports objectives without compro-
mising health.

Courtesy of 
Anne B. Loucks
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the brain. The four mechanisms, presented earlier in 
the chapter, by which the plasma glucose concentra-
tion is protected, include the following:

 ■ Mobilize existing glucose from liver glycogen 
stores

 ■ Mobilize FFA from adipose tissue to increase 
the use of fat as a fuel, and thus spare plasma 
glucose

 ■ Synthesize new glucose from amino acids, 
glycerol, and lactate (gluconeogenesis)

 ■ Block glucose entry into cells (an “anti-
insulin” effect), forcing the cells to use fat as a 
fuel, and thus spare plasma glucose

Table 5.2 contains a summary of the most impor-
tant hormones responsible for protecting the plasma 
glucose concentration when glucose is being used 
rapidly (i.e., exercise) or when the dietary intake of 
carbohydrate is inadequate (i.e., starvation). Each of 
these will be discussed in detail in the next section 
of the chapter. However, before we leave this sec-
tion, we need to introduce you to a new member 
of the endocrine family—muscle itself (see A Closer 
Look 5.4).

HORMONAL CONTROL OF 
SUBSTRATE MOBILIZATION 
DURING EXERCISE
The type of substrate and the rate at which it is 
utilized during exercise depend to a large extent on 
the intensity and duration of the exercise.  During 

strenuous exercise, there is an obligatory demand for 
carbohydrate oxidation that must be met; fatty acid 
oxidation cannot substitute. In contrast, there is an 
increase in fat oxidation during prolonged, moder-
ate exercise as carbohydrate fuels are depleted (61). 
Although diet and the training state of the person 
are important (see Chaps. 13, 21, and 23), the factors 
of intensity and duration of exercise ordinarily have 
prominence. Because of this, our discussion of the 
hormonal control of substrate mobilization during 
exercise will be divided into two parts. The first 
will deal with the control of muscle glycogen utili-
zation, and the second with the control of glucose 
mobilization from the liver and FFA from adipose 
tissue.

Muscle-Glycogen Utilization
At the onset of the most types of exercise, and 
for the entire duration of very strenuous exercise, 
muscle glycogen is the primary carbohydrate fuel 
for muscular work (124). The intensity of exercise, 
which is inversely related to exercise duration, de-
termines the rate at which muscle glycogen is used 
as fuel. Figure 5.13 shows a series of lines describing 
the rates of glycogen breakdown for various exer-
cise intensities expressed as a percent of V̇ O2 max 
(124). The heavier the exercise, the faster glycogen 
is broken down. This process of glycogen breakdown 
(glycogenolysis) is initiated by second messengers, 
which activate protein kinases in the muscle cell 
(described in Fig. 5.3). Plasma epinephrine, a power-
ful stimulator of cyclic AMP formation when bound 
to β-adrenergic receptors on a cell, was believed 

TABLE 5.2 Summary of Hormonal Responses That Serve to Mobilize Fuels and Preserve Blood Glucose 
During Exercise

Hormone Gland
Exercise 

 Response Action Effect on Fuel Utilization

Epinephrine
Norepinephrine

Adrenal 
medulla

↑ ↑ Muscle and liver 
 glycogenolysis
↑ FFA mobilization

Mobilizes both fat and 
 carbohydrate fuels

Cortisol Adrenal 
cortex

↑ ↑ FFA mobilization
↑ Gluconeogenesis
↓ Glucose uptake

Mobilizes fat fuels
Preserves blood glucose

Growth hormone Anterior 
pituitary

↑ ↑ FFA mobilization
↑ Gluconeogenesis
↓ Glucose uptake

Mobilizes fat fuels
Preserves blood glucose

Glucagon Pancreas 
(α-cells)

↑ ↑ FFA mobilization
↑ Glycogenolysis
↓ Glucose uptake

Mobilizes fat fuels
Preserves blood glucose

Insulin Pancreas 
(β-cells)

↓ ↑ Glucose, amino acid, and 
FFA uptake into tissues

Stores fuels 
Lowers blood glucose
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to be primarily  responsible for  glycogenolysis.  
Figure 5.14 also shows a family of lines, the slopes of 
which describe how fast plasma E changes with in-
creasing intensities of exercise (78). Clearly, the data 
presented in Figures 5.13 and 5.14 are consistent 

with the view that a linkage exists between changes 
in plasma E  during exercise and the increased rate 
of glycogen degradation. However, there is more to 
this story.

A CLOSER LOOK 5.4

Muscle as an Endocrine Gland
Three of the major causes of death are 
cardiovascular disease, diabetes, and 
cancer. These diseases are linked to 
the presence of a low-grade chronic 
inflammation as shown by elevated 
blood levels of proinflammatory cy-
tokines such as tumor necrosis factor 
alpha (TNF-α). What is important to 
know is that doing moderate-to-vigor-
ous physical activity on a regular basis 
(e.g., 3 to 5 d/wk) is associated with 
positive health outcomes, including a 
reduction in the risk of type 2 diabe-
tes, heart disease, and certain cancers. 
What is the connection between exer-
cise and the reduced risk of these dis-
eases? Until recently, little was known 
about the connection, but now it ap-
pears that it is muscle itself that brings 
about these favorable changes (11, 31, 
90, 106, 111). Over the past ten years, 
it has become clear that muscle is an 
endocrine organ—that is, it produces 
small signaling molecules called myo-
kines (muscle cytokines) when it con-
tracts. The number and types of these 
myokines continue to grow (111), 
 indicating that muscle contraction 

plays a much larger role than simply 
getting us down the road. Some of 
these myokines act locally as autocrine 
agents to stimulate glucose uptake 
and increase fatty acid oxidation, and 
as paracrine agents to promote blood 
vessel growth in muscle. However, 
other myokines are released into the 
blood so that they can act as hormones 
and affect a variety of tissues and or-
gans. For example, some myokines can 
increase liver production of glucose 
and stimulate triglyceride breakdown 
in adipose tissue to provide free fatty 
acids for fuel (11, 90, 106).

Interleukin 6 (IL-6) is the principal 
myokine produced by muscle during 
exercise. IL-6 can act as both a pro-
inflammatory cytokine and an anti-
inflammatory cytokine—that is, it can 
both promote inflammation and re-
duce it. IL-6 is the first myokine to ap-
pear in the muscle and blood during 
exercise, and plasma IL-6 levels can be 
elevated 100-fold compared to resting 
conditions, though smaller changes 
are more typical (107). It is important 
that other proinflammatory cytokines 

associated with chronic inflammation 
(e.g., TNF-α) are suppressed with exer-
cise, suggesting that the IL-6 released 
during exercise promotes an anti- 
inflammatory environment (31). Con-
sistent with that, IL-6 has been shown 
to inhibit the production of TNF-α 
and stimulate the production of other 
anti-inflammatory cytokines (106).

In effect, the relatively large and 
short-lived hormonal (e.g., epineph-
rine, cortisol) and myokine (e.g., IL-
6) responses to exercise are adaptive, 
that is, they help maintain homeosta-
sis. In contrast, the sustained chronic 
elevation of IL-6, as seen in obesity, 
leads to chronic disease (31, 111). 
There is a growing body of evidence 
that skeletal muscle, via its myokines, 
engages in “cross talk” with the pan-
creas, liver, and adipose tissue to fa-
cilitate our adaptation to exercise and 
enhance our overall health (31, 148). 
Consequently, maintaining a healthy 
amount of body fat and a regular ex-
ercise program goes a long way in pre-
venting chronic diseases (see Chap. 14 
for more on this).
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Figure 5.13 Glycogen depletion in the quadriceps mus-
cle during bicycle exercise of increasing intensities.

Figure 5.14 Changes in the plasma epinephrine concentra-
tion during exercises of different intensities and durations.
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To test the hypothesis that glycogenolysis in 
muscle is controlled by circulating E during exer-
cise, investigators had subjects take propranolol, a 
drug that blocks both β1- and β2-adrenergic recep-
tors on the cell membrane. This procedure should 
block glycogenolysis because cyclic AMP forma-
tion would be affected. In the control experiment, 
subjects worked for two minutes at an intensity of 
exercise that caused the muscle glycogen to be de-
pleted to half its initial value and the muscle lactate 
concentration to be elevated 10-fold. Surprisingly, as 
shown in Figure 5.15, when the subjects took the 
propranolol and repeated the test on another day, 
there was no difference in glycogen depletion or 
lactate formation (52). Other experiments have also 
shown that β-adrenergic blocking drugs have little 
effect on slowing the rate of glycogen breakdown 
during exercise (142). How can this be?

As mentioned in Chap. 3, enzymatic reactions 
in a cell are under the control of both intracel-
lular and extracellular factors. In the aforemen-
tioned example with propranolol, plasma E may 
not have been able to activate adenylate cyclase 
to form the cyclic AMP needed to activate the 
protein kinases to initiate glycogen breakdown. 
However, when a muscle cell is stimulated to 
contract, Ca++, which is stored in the sarcoplas-
mic reticulum, floods the cell. Some Ca++ ions are 
used to initiate contractile events (see Chap. 8),  
but other Ca++ ions bind to calmodulin, which, in 
turn, activates the protein kinases needed for gly-
cogenolysis (see Fig. 5.4). In this case, the  increased 
intracellular Ca++ (rather than cAMP) is the initial 
event stimulating muscle glycogen breakdown.  

Figure 5.16 summarizes these events. Experiments 
in which the increased secretion of catecholamines 
was blocked during exercise confirmed the pro-
pranolol experiments, showing that an intact sym-
pathoadrenal system was not necessary to initiate 
glycogenolysis in skeletal muscle (16).

Observations of glycogen-depletion patterns 
support this view. Individuals who do heavy ex-
ercise with one leg will cause elevations in plasma 
E, which circulates to all muscle cells. The muscle 
glycogen, however, is depleted only from the exer-
cised leg (66), suggesting that intracellular factors 
(e.g., Ca++) are more responsible for these events. 
Further, in experiments in which individuals en-
gaged in intermittent, intense exercise interspersed 
with a rest period (interval work), the glycogen was 
depleted faster from fast-twitch fibers (32, 34, 45). 
The plasma E concentration should be the same 
outside both fast- and slow-twitch muscle fibers, 
but the glycogen was depleted at a faster rate from 
the fibers used in the activity. This is reasonable 
because a “resting” muscle fiber should not be using 
glycogen (or any other fuel) at a high rate. The rate 
of glycogenolysis would be expected to parallel the 
rate at which ATP is used by the muscle, and this 
has been shown to be the case, independent of E 
(113). This discussion does not mean that E cannot 
or does not cause glycogenolysis (18, 157). There is 
ample evidence to show that a surge of E will, in 
fact, cause this to occur (72, 132–134).

Figure 5.15 Changes in muscle glycogen due to two 
 minutes of work at 1200 kpm/min, before and after 
propranolol administration. Blocking the beta- adrenergic 
receptors had no effect on glycogen breakdown.
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Figure 5.16 The breakdown of muscle glycogen, glycoge-
nolysis, can be initiated by either the Ca++-calmodulin 
mechanism or the cyclic AMP mechanism. When a drug 
blocks the β-receptor, glycogenolysis can still occur.
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IN SUMMARY
 ■ Glycogen breakdown to glucose in muscle is 
under the dual control of epinephrine-cyclic 
AMP and Ca++-calmodulin. The latter’s role is 
enhanced during exercise due to the increase 
in Ca++ from the sarcoplasmic reticulum. In this 
way the delivery of fuel (glucose) parallels the 
activation of contraction.
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Blood Glucose Homeostasis 
During Exercise
As mentioned in the introduction, a focal point of hor-
monal control systems is the maintenance of the plasma 
glucose concentration during times of inadequate car-
bohydrate intake (fasting/starvation) and accelerated 
glucose removal from the circulation (exercise). In both 
cases, body energy stores are used to meet the chal-
lenge, and the hormonal response to these two differ-
ent situations, exercise and starvation, is quite similar.

The plasma glucose concentration is maintained 
through four processes that

 ■ Mobilize existing glucose from liver glycogen 
stores to maintain the plasma glucose level

 ■ Mobilize plasma FFA from adipose tissue 
to increase the use of fat as a fuel and spare 
plasma glucose

 ■ Synthesize new glucose in the liver 
(gluconeogenesis) from amino acids, lactate, 
and glycerol to have it available as needed

 ■ Block glucose entry into cells (an “anti-insulin 
effect”) to force the cell to use fat as a fuel, 
and thus spare plasma glucose

The overall aim of these four processes is to provide 
fuel for work while maintaining the plasma glucose 
concentration. This is a major task when you consider 
that the liver may have only 80 grams of glucose 
before exercise begins, and the rate of blood glucose 
oxidation approaches 1 g/min in heavy exercise or in 
prolonged (≥3 hours) moderate exercise (21, 25).

Although the hormones will be presented sepa-
rately, keep in mind that each of the four processes is 
controlled by more than one hormone, and all four pro-
cesses are involved in the adaptation to exercise. Some 
hormones act in a “permissive” way, or are “slow acting,” 
while others are “fast-acting” controllers of substrate mo-
bilization. For this reason, this discussion of the hormonal 
control of plasma glucose will be divided into two sec-
tions—one dealing with permissive and slow-acting hor-
mones and the other dealing with fast-acting hormones.

Permissive and Slow-Acting Hormones Thyroxine, 
cortisol, and growth hormone are involved in the reg-
ulation of carbohydrate, fat, and protein metabolism. 
These hormones are discussed in this section because 
they either facilitate the actions of other hormones 
or respond to stimuli in a slow manner. Remember 
that to act in a permissive manner, the hormone con-
centration doesn’t have to change. However, as you 
will see, in certain stressful situations, permissive hor-
mones can achieve such elevated plasma concentra-
tions that they act directly to influence carbohydrate 
and fat metabolism rather than to simply facilitate the 
actions of other hormones.

Thyroid Hormones The discussion of substrate mo-
bilization during exercise must include the thyroid 
hormones T3 and T4, whose free concentrations do 
not change dramatically from resting to the exercising 
state. As mentioned earlier, T3 and T4 are important in 
establishing the overall metabolic rate and in allowing 
other hormones to exert their full effect (permissive hor-
mone). They accomplish this latter function by influenc-
ing either the number of receptors on the surface of a 
cell (for other hormones to interact with) or the affinity 
of the receptor for the hormone. For example, with-
out T3, epinephrine has little effect on the mobilization 
of free fatty acids from adipose tissue. During exercise, 
there is an increase in “free” T3 due to changes in the 
binding characteristics of the transport protein (139). T3 
and T4 are removed from the plasma by tissues during 
exercise at a greater rate than at rest. In turn, TSH secre-
tion from the anterior pituitary is increased to stimulate 
the  secretion of T3 and T4 from the thyroid gland to 
maintain the plasma level (43). Low levels of T3 and T4 
(hypothyroid state) would interfere with the ability of 
other hormones to mobilize fuel for exercise (105, 139).

Cortisol The primary glucocorticoid in humans is 
cortisol. As Figure 5.17 shows, cortisol (38)

 ■ Stimulates FFA mobilization from adipose tissue

 ■ Mobilizes tissue protein to yield amino 
acids for glucose synthesis in the liver 
(gluconeogenesis)

 ■ Decreases the rate of glucose utilization by cells
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Figure 5.17 Role of cortisol in the maintenance of plasma 
glucose.
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There are problems, however, when attempting to 
describe the cortisol response to exercise. Given the 
GAS of Selye, events other than exercise can influ-
ence the cortisol response. Imagine how a naive sub-
ject might view a treadmill test on first exposure. 
The wires, noise, nose clip, mouthpiece, and blood 
sampling could all influence the level of arousal of 
the subject and result in a cortisol response that is 
not related to a need to mobilize additional sub-
strate.

As exercise intensity increases, one might ex-
pect the cortisol secretion to increase. This is true, 
but only within certain limits. For example, Bonen 
(8) showed that the urinary excretion of cortisol was 
not changed by exercise at 76% V̇ O2 max for 10 min-
utes but was increased about two-fold when the du-
ration was extended to 30 minutes. Davies and Few 
(27) extended our understanding of the cortisol re-
sponse to exercise when they studied subjects who 
completed several one-hour exercise bouts. Each 
test was set at a constant intensity between 40% and 
80% V̇ O2 max. Exercise at 40% V̇ O2 max resulted in 
a decrease in plasma cortisol over time, while the 
response was considerably elevated for exercise at 
80% V̇ O2 max. Figure 5.18 shows the plasma cortisol 
concentration measured at 60 minutes into each of 
the exercise tests plotted against % V̇ O2 max. When 
the exercise intensity exceeded 60% V̇ O2 max, the 
cortisol concentration increased; below that, the cor-
tisol concentration decreased. What caused these 
changes? Using radioactive cortisol as a tracer, the 
researchers found that during light exercise, corti-
sol was removed faster than the adrenal cortex se-
creted it, and during intense exercise, the increase in 
plasma cortisol was due to a higher rate of secretion 
that could more than match the rate of removal, 
which had doubled.

What is interesting is that for low-intensity, 
long-duration exercise where the effects of cortisol 
would go a long way in maintaining the plasma glu-
cose concentration, the concentration of cortisol does 
not change very much. Even if it did, the effects on 
metabolism would not be immediately noticeable. 
The direct effect of cortisol is mediated through the 
stimulation of DNA and the resulting mRNA forma-
tion, which leads to protein synthesis, a slow process. 
In essence, cortisol, like thyroxine, exerts a permissive 
effect on substrate mobilization during acute exer-
cise, allowing other fast-acting hormones such as epi-
nephrine and glucagon to deal with glucose and FFA 
mobilization. Support for this was provided in a study 
in which a drug was used to lower plasma cortisol 
before and during submaximal exercise; the overall 
metabolic response was not affected compared to a 
normal cortisol condition (29). Given that athletic 
competitions (triathlon, ultra marathon, most team 
sports) can result in tissue damage, the reason for 
changes in the plasma cortisol concentration might 
not be for the mobilization of fuel for exercising mus-
cles. In these situations, cortisol’s role in dealing with 
tissue repair might come to the forefront.

Growth Hormone Growth hormone plays a major 
role in the synthesis of tissue protein, acting either 
directly or through the enhanced secretion of IGFs 
from the liver. However, GH can also influence fat 
and carbohydrate metabolism. Figure 5.19 shows that 
growth hormone supports the action of cortisol; it

 ■ Decreases glucose uptake by tissue

 ■ Increases FFA mobilization

 ■ Enhances gluconeogenesis in the liver

The net effect is to preserve the plasma glucose con-
centration.

Describing the plasma GH response to exercise 
is as difficult as describing cortisol’s response to ex-
ercise because GH can also be altered by a variety of 
physical, chemical, and psychological stresses (24, 
48, 137). Given that, the earlier comments about 
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Figure 5.18 Percent change (from resting values) in the 
plasma cortisol concentration with increasing exercise 
intensity.
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cortisol should be kept in mind. Figure 5.20(a) 
shows plasma GH to increase with increasing in-
tensities of exercise, achieving, at maximal work, 
values 25 times those at rest (137). Figure 5.20(b) 
shows the plasma GH concentration to increase 
over time during 60 minutes of exercise at 60% V̇ O2 
max (13). What is interesting, compared to other 
hormonal responses, is that the trained runners had 
a higher response compared to a group of nonrun-
ners (see “Fast-Acting Hormones”). By 60 minutes, 
values for both groups were about five to six times 
those measured at rest. It must be added that the 
higher GH response at the same workload shown 
by trained individuals has not been universally 
observed. Some report lower responses following 
training (91, 135). In conclusion, GH, a hormone 
primarily concerned with protein synthesis, can 
achieve plasma concentrations during exercise that 

can exert a direct but “slow-acting” effect on carbo-
hydrate and fat metabolism.

Fast-Acting Hormones In contrast to the afore-
mentioned “permissive” and slow-acting hormones, 
there are very fast-responding hormones whose ac-
tions quickly return the plasma glucose to normal. 
Again,  although each will be presented separately, 
they  behave collectively and in a predictable way 
during exercise to maintain the plasma glucose con-
centration (20).

Epinephrine and Norepinephrine Epinephrine and 
norepinephrine have already been discussed rela-
tive to muscle glycogen mobilization. However, as 
 Figure 5.21 shows, they are also involved in the fol-
lowing (22, 119):

 ■ The mobilization of glucose from the liver

 ■ The mobilization of FFA from adipose tissue

 ■ Interference with the uptake of glucose by 
tissues

Although plasma NE can increase 10- to 20-fold dur-
ing exercise and can achieve a plasma concentra-
tion that can exert a physiological effect (131), the 
primary means by which NE acts is when released 
from sympathetic neurons onto the surface of the 
tissue under consideration. The plasma level of NE 
is usually taken as an index of overall sympathetic 
nerve activity, but there is evidence that muscle 
sympathetic nerve activity during exercise may 
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Figure 5.20 (a) Percent change (from resting values) 
in the plasma growth hormone concentration with 
increasing exercise intensity. (b) Percent change (from 
resting values) in the plasma growth hormone concen-
tration during exercise at 60% V̇ O2 max for runners and 
nonrunners (controls).

IN SUMMARY
 ■ The hormones thyroxine, cortisol, and growth 
hormone act in a permissive manner to support 
the actions of other hormones during exercise.

 ■ Growth hormone and cortisol also provide a 
“slow-acting” effect on carbohydrate and fat 
 metabolism during exercise.

Figure 5.21 Role of catecholamines in substrate 
 mobilization.
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be a better indicator than that of plasma NE (129). 
Epinephrine, released from the adrenal medulla, is 
viewed as the primary catecholamine in the mo-
bilization of glucose from the liver and FFA from 
adipose tissue (28, 40).

Figure 5.22 shows plasma E and NE to increase 
linearly with duration of exercise (65, 109, 161). 
These changes are related to cardiovascular adjust-
ments to exercise—the increased heart rate and 
blood pressure—as well as to the mobilization of fuel. 
These responses favor the mobilization of glucose 
and FFA to maintain the plasma glucose concentra-
tion. While it is sometimes difficult to separate the 
effect of E from NE, E seems to be more responsive 
to changes in the plasma glucose concentration. A 
low plasma glucose concentration stimulates a re-
ceptor in the hypothalamus to increase E secretion 
while having only a modest effect on plasma NE. In 
contrast, when the blood pressure is challenged, as 
during an increased heat load, the primary catechol-
amine involved is norepinephrine (109). Epineph-
rine binds to β-adrenergic receptors on the liver and 
stimulates the breakdown of liver glycogen to form 
glucose for release into the plasma. For example, 
when arm exercise is added to existing leg exercise, 
the adrenal medulla secretes a large amount of E. 
This causes the liver to release more glucose than 
muscles are using, and the blood glucose concentra-
tion actually increases (79). What happens if we 
block the effects of E and NE? If β-adrenergic recep-
tors are blocked with propranolol (a β-adrenergic 
receptor blocking drug), the plasma glucose concen-
tration is more difficult to maintain during exercise, 
especially if the subject has fasted (142). In addition, 
since the propranolol blocks β-adrenergic receptors 
on adipose tissue cells, fewer FFAs are released, and 
the muscles have to rely more on their limited gly-
cogen supply for fuel (42).

Figure 5.23 shows that endurance training 
causes a very rapid decrease in the plasma E and 
NE responses to a fixed exercise bout. Within three 
weeks, the concentration of both catecholamines 
is greatly reduced (152). Paralleling this rapid de-
crease in E and NE with endurance exercise train-
ing is a reduction in glucose mobilization (92). In 
spite of this, the plasma glucose concentration is 
maintained because there is also a reduction in glu-
cose uptake by muscle at the same fixed workload 
following endurance training (118, 153). Interest-
ingly, during a very stressful event, a trained in-
dividual has a greater capacity to secrete E than 
an untrained individual does. In addition, when ex-
ercise is performed at the same relative workload  
(% V̇ O2 max) after training (in contrast to the same 
fixed workload as in Fig. 5.23), the plasma NE con-
centration is higher. This suggests that physical 
training, which stimulates the sympathetic nervous 
system on a regular basis, increases its capacity to 
respond to extreme challenges (161).

Insulin and Glucagon These two hormones will 
be discussed together because they respond to the 
same stimuli but exert opposite actions relative to 
the  mobilization of liver glucose and adipose tissue 
FFA. In fact, the ratio of glucagon to insulin pro-
vides control over the mobilization of these fuels 

Figure 5.22 Percent change (from resting values) in the 
plasma epinephrine and norepinephrine concentrations 
during exercise at ~60% V̇ O2 max.
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(20, 143). Further, they account for the vast ma-
jority of the glucose mobilized from the liver dur-
ing moderate to vigorous exercise (22). Figure 5.24 
shows that when a meal is being absorbed, the ele-
vated insulin (and the resulting low glucagon-to-in-
sulin ratio) drives the uptake and storage of glucose, 
amino acids, and fatty acids to lower their levels in 
the plasma. In contrast, during fasting or exercise, 
the elevated glucagon (and the high glucagon-to-
insulin ratio) stimulates the hydrolysis (breakdown) 
of glycogen, fat and protein, and increases gluconeo-
genesis; the result is an increase in the availability of 
fuel in the plasma.

Given that insulin is directly involved in the up-
take of glucose into tissue, and that glucose uptake 
by muscle can increase 7- to 20-fold during exercise 
(36), what should happen to the insulin concentra-
tion during exercise? Figure 5.25(a) shows that the 
insulin concentration decreases during exercise of in-
creasing intensity (41, 53, 110); this, of course, is an 
appropriate response. If exercise were associated with 
an increase in insulin, the plasma glucose would be 
taken up into all tissues (including adipose tissue) at 
a faster rate, leading to an immediate hypoglycemia. 
The lower insulin concentration during exercise fa-
vors the mobilization of glucose from the liver and 
FFA from adipose tissue, both of which are necessary 
to maintain the plasma glucose concentration. Fig-
ure 5.25(b) shows that the plasma insulin concentra-
tion decreases during moderate-intensity, long-term 
exercise (49).

With plasma insulin decreasing with long-term 
exercise, it should be no surprise that the plasma 
glucagon concentration increases (49). This increase 
in plasma glucagon (shown in Fig. 5.26) favors the 
mobilization of FFA from adipose tissue and glucose 

from the liver, as well as an increase in gluconeo-
genesis. Overall, the reciprocal responses of insulin 
and glucagon favor the maintenance of the plasma 
glucose concentration at a time when the muscle is 
using plasma glucose at a high rate. Figure 5.26 also 
shows that following an endurance training program, 
the glucagon response to a fixed exercise task is di-
minished to the point that there is no increase dur-
ing exercise. In effect, endurance training allows the 
plasma glucose concentration to be maintained with 
little or no change in insulin and glucagon. This is 
related in part to an increase in glucagon sensitivity 
in the liver (30, 83), a decrease in glucose uptake by 
muscle (118), and an increase in the muscle’s use of 
fat as a fuel.

These findings raise several questions. If the 
plasma glucose concentration is relatively constant 
during exercise and the plasma glucose concentra-
tion is a primary stimulus for insulin and gluca-
gon  secretion, what causes the insulin secretion 
to decrease and glucagon secretion to increase? 
The answer lies in the multiple levels of control 
over hormonal secretion mentioned earlier in the 

Figure 5.24 Insulin increases the storage of glycogen, fat 
and protein, during the absorptive state. During fasting 
or exercise glucagon stimulates the breakdown of these 
energy stores to provide glucose, fatty acids, and amino 
acids for tissues.
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in the plasma insulin concentration with increasing 
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chapter (see Fig. 5.1). There is no question that 
changes in the plasma glucose concentration pro-
vide an important level of control over the secre-
tion of glucagon and insulin (42). However, when 
the plasma glucose concentration is relatively con-
stant, the sympathetic nervous system can modify 
the secretion of insulin and glucagon. Figure 5.27 
shows that E and NE stimulate α-adrenergic recep-
tors on the beta cells of the pancreas to decrease 
insulin secretion during exercise when the plasma 
glucose concentration is normal. Figure 5.27 also 
shows that E and NE stimulate β-adrenergic re-
ceptors on the alpha cells of the pancreas to in-
crease glucagon secretion when the plasma glucose 
concentration is normal (22). These effects have 

been confirmed through the use of adrenergic re-
ceptor blocking drugs. When phentolamine, an 
α-adrenergic receptor blocker, is given, insulin se-
cretion increases with exercise. When propranolol, 
a β-adrenergic receptor blocker, is given, the gluca-
gon concentration remains the same or decreases 
with exercise (86). Figure 5.28 summarizes the ef-
fect the sympathetic nervous system has on the 
mobilization of fuel for muscular work. Endurance 
training decreases the sympathetic nervous system 
response to a fixed exercise bout, resulting in less 
stimulation of adrenergic receptors on the pancreas 
and less change in insulin and glucagon (see Figs. 
5.25(b) and 5.26).

The observation that plasma insulin decreases 
with prolonged, submaximal exercise raises another 
question. How can exercising muscle take up glu-
cose 7 to 20 times faster than at rest if the insulin 
concentration is decreasing? Part of the answer lies 
in the large (10- to 20-fold) increase in blood flow to 
muscle during exercise. Glucose delivery is the prod-
uct of muscle blood flow and the blood glucose con-
centration. Therefore, during exercise, more glucose 
and insulin are delivered to muscle than at rest, and 
because the muscle is using glucose at a higher rate, a 
gradient for its facilitated diffusion is created (69, 118, 
153). Another part of the answer relates to exercise-
induced changes in the number of glucose transport-
ers in the membrane. It has been known for some 
time that acute (a single bout) and chronic (training 
program) exercise increase a muscle’s sensitivity to 
insulin so that less insulin is needed to have the same 
effect on glucose uptake into tissue (7, 54, 70). The 

Figure 5.26 Percent change (from resting values) in the 
plasma glucagon concentration during prolonged exer-
cise at 60% V̇ O2 max showing the effect of endurance 
training on that response.
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effects of insulin and exercise on glucose transport are 
additive, suggesting that two separate pools of glu-
cose transporters are activated or translocated in the 
membrane (46, 68, 70, 147). Interestingly, hypoxia 
brings about the same effect as exercise, but it is not 
an additive effect, suggesting that hypoxia and exer-
cise recruit the same transporters (15). What is there 
about exercise that could cause these changes in glu-
cose transporters?

Part of the answer lies in the high intramuscu-
lar Ca++ concentration that exists during exercise. 
The Ca++ appears to recruit inactive glucose trans-
porters so that more glucose is transported for the 
same concentration of insulin (15, 62, 69). This im-
proved glucose transport remains following exercise 
and facilitates the filling of muscle glycogen stores 
(see Chap. 23). Repeated exercise bouts (training) re-
duce whole-body insulin resistance, making exercise 
an important part of therapy for those with diabetes 
(69, 95, 159). Consistent with this, bed rest (94) and 
limb immobilization (117) increase insulin resistance. 
However, it is clear that glucose transporters in con-
tracting muscle are regulated by more than changes 
in the calcium concentration. Factors such as protein 
kinase C, nitric oxide, AMP-activated protein kinase, 
and others play a role (116, 121, 123).

In summary, Figure 5.29(a) and (b) shows the 
changes in epinephrine, norepinephrine, growth 
hormone, cortisol, glucagon, and insulin to exercise 
of varying intensity and duration. The decrease in 
insulin and the increase in all the other hormones 
favor the mobilization of glucose from the liver, 
FFA from adipose tissue, and gluconeogenesis in the 
liver, while inhibiting the uptake of glucose. These 
combined actions maintain homeostasis relative to 
the plasma glucose concentration so that the central 
nervous system and the muscles can have the fuel 
they need.

Hormone–Substrate Interaction
In the examples mentioned previously, insulin and 
glucagon responded as they did during exercise with 
a normal plasma glucose concentration due to the in-
fluence of the sympathetic nervous system. It must be 
mentioned that if there were a sudden change in the 
plasma glucose concentration during exercise, these 
hormones would respond to that change. For exam-
ple, if the ingestion of glucose before exercise caused 
an elevation of plasma glucose, the plasma concentra-
tion of insulin would increase. This hormonal change 
would reduce FFA mobilization and force the muscle 
to use additional muscle glycogen (1).

During intense exercise, plasma glucagon, GH, 
cortisol, E, and NE are elevated and insulin is de-
creased. These hormonal changes favor the mobili-
zation of FFA from adipose tissue that would spare 
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Figure 5.29 (a) Summary of the hormonal responses to exercise of increasing intensity. (b) Summary of the hormonal 
responses to moderate exercise of long duration.

IN SUMMARY
 ■ Plasma glucose is maintained during exercise 
by increasing liver glucose mobilization, using 
more plasma FFA, increasing gluconeogenesis, 
and decreasing glucose uptake by tissues. The 
decrease in plasma insulin and the increase in 
plasma E, NE, GH, glucagon, and cortisol during 
exercise control these mechanisms to maintain 
the glucose concentration.

 ■ Glucose is taken up 7 to 20 times faster during 
exercise than at rest—even with the decrease 
in plasma insulin. The increases in intracellular 
Ca++ and other factors are associated with an 
increase in the number of glucose transport-
ers that increase the membrane transport of 
 glucose.

 ■ Training causes a reduction in E, NE, glucagon, 
and insulin responses to exercise.
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carbohydrate and help maintain the plasma glucose 
concentration. If this is the case, why does plasma 
FFA use decrease with increasing intensities of exer-
cise (120)? Part of the answer seems to be that there 
is an upper limit in the adipose cell’s ability to deliver 
FFA to the circulation during exercise. For example, 
in trained subjects, the rate of release of FFA from 
adipose tissue was the highest at 25% V̇ O2 max, and 
decreased at 65% and 85% V̇ O2 max (120). Given that 
the hormone sensitive lipase (HSL) involved in tri-
glyceride breakdown to FFA and glycerol is under 
stronger hormonal stimulation at the higher work 
rates, the FFA actually appears to be “trapped” in the 
adipose cell (59, 120). This may be due to a vari-
ety of factors, one of which is lactate. Figure 5.30(a) 
shows that as the blood lactate concentration in-
creases, the plasma FFA concentration decreases (67). 
The elevated lactate has been linked to an increase 
in alpha glycerol phosphate, the activated form of 
glycerol needed to make triglycerides. In effect, as fast 
as the FFA becomes available from the breakdown of 
triglycerides, the alpha glycerol phosphate recycles 
the FFA to generate a new triglyceride molecule (see  
Fig. 5.30(b)). In addition, the elevated H+ concentra-
tion (associated with the high lactate level) can inhibit 
HSL. The result is that the FFAs are not released from 
the adipose cell (104). Other explanations of the re-
duced availability of adipose tissue FFA during heavy 

exercise include a  reduced blood supply to adipose 
tissue, resulting in less FFA to transport to muscle 
(40, 120), and an inadequate amount of albumin, the 
plasma protein needed to transport the FFA in the 
plasma (59). The result is that FFAs are not released 
from the adipose cell, the plasma FFA level falls, and 
the muscle must use more carbohydrate as fuel. One 
of the effects of endurance training is to decrease the 
lactate concentration at any fixed work rate, which 
reduces this inhibition to FFA mobilization from adi-
pose tissue. When this is combined with the training-
induced increase in mitochondria, the trained person 
can use more fat as a fuel, spare the limited carbohy-
drate stores, and improve performance.

STUDY ACTIVITIES
 1. Draw and label a diagram of a negative feedback 

 mechanism for hormonal control using cortisol as an 
 example.

 2. List the factors that can influence the blood concentra-
tion of a hormone.

 3. Discuss the use of testosterone and growth hormone as 
aids to increase muscle size and strength, and discuss 
the potential long-term consequences of such use.

 4. List each endocrine gland, the hormone(s) secreted 
from that gland, and its (their) action(s).
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Figure 5.30 (a) Changes in plasma free fatty acids due to increases in lactic acid. (b) Effect of lactate and H+ on the 
 mobilization of free fatty acids from the adipose cell.

IN SUMMARY
 ■ The plasma FFA concentration decreases dur-
ing heavy exercise even though the adipose 
cell is stimulated by a variety of hormones to 
increase triglyceride breakdown to FFA and 
glycerol. This may be due to (1) the higher H+ 
concentration, which may inhibit HSL, (2) the 
high levels of lactate during heavy exercise that 
promote the resynthesis of triglycerides, (3) an 
inadequate blood flow to adipose tissue, or  
(4) insufficient albumin needed to transport the 
FFA in the plasma.
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 5. Describe the two mechanisms by which muscle glyco-
gen is broken down to glucose (glycogenolysis) for use 
in glycolysis. Which one is activated at the same time 
as muscle contraction?

 6. Identify the four mechanisms involved in maintaining 
the blood glucose concentration.

 7. Draw a summary graph of the changes in the follow-
ing hormones with exercise of increasing intensity or 
duration: epinephrine, norepinephrine, cortisol, growth 
hormone, insulin, and glucagon.

 8. What is the effect of training on the responses of epi-
nephrine, norepinephrine, and glucagon to the same 
exercise task?

 9. Briefly explain how glucose can be taken into the mus-
cle at a high rate during exercise when plasma insulin 
is reduced. Include the role of glucose transporters.

 10. Explain how free fatty acid mobilization from the adi-
pose cell decreases during maximal work in spite of 
the cell being stimulated by all the hormones to break 
down triglycerides.
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6
Exercise and the Immune 
System

 ■ Key Terms

B-cells
complement system
cytokines
exercise immunology
immunity
inflammation
leukocytes
macrophages
natural killer cell
neutrophils
phagocytes
T-cells

Overview of the Immune 
System 128
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Acquired Immune 

 System 132
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System 133
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 Infection 133

High-Intensity/Long-Duration 
Aerobic Exercise Increases 
the Risk of Infection 135

Exercising in Environmental 
Extremes: Increased Risk for 
Infection? 137

Should You Exercise When You 
Have a Cold? 138

 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

1. Describe how the innate and acquired immune 
systems work together to protect against 
infection.

2. Discuss the key components that make up the 
innate immune system, and describe how the 
major elements of the innate immune system 
protect the body against infection.

3. Outline the primary components that compose 
the acquired immune system and explain how 
they protect against infection.

4. Explain the differences between acute and 
chronic inflammation.

5. Discuss the effects of moderate exercise 
training on the immune system and the risk 
of infection.

6. Explain how an acute bout of intense and 
prolonged (>90 minutes) exercise impacts 
immune function and the risk of infection.

7. Discuss how exercise in environmental 
extremes (heat, cold, and high altitude) 
influence immune function.

8. Explain the guidelines for exercise when you 
have a cold.
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The concept of homeostasis and the control sys-
tems that regulate the internal environment were 

introduced in Chap. 2. The immune system is a criti-
cal homeostatic system that recognizes and destroys 
foreign agents in the body. Obviously, this is impor-
tant because the body is constantly under attack from 
foreign agents (e.g., bacteria, viruses, and fungi) that 
promote infection. By protecting the body against 
infection, the immune system plays an important role 
in maintaining homeostasis in the body.

Everyone has suffered from the unpleasant 
symptoms (i.e., runny nose and fever) of an upper 
respiratory tract infection (URTI). These URTIs are 
commonly referred to as colds and are caused by 
more than 200 different viruses (16). Currently, 
 URTIs are the most common types of infections 
worldwide, and the average adult suffers from two 
to five colds a year (10, 25). Although colds are not 
usually life threatening in healthy individuals, colds 
have many negative consequences because of in-
creased healthcare costs and lost days from work, 
school, and exercise training (12). Because of the 
high occurrence of colds, these illnesses present a 
real concern to the health of athletes and the general 
population. Since exercise and other stresses (e.g., 
emotional stress, loss of sleep, etc.) are known to 
influence the immune system, it is important to un-
derstand the relationship between physical activity 
and the immune system. Therefore, this chapter will 
introduce the primary components of the immune 
system and to discuss how exercise training affects 
this important homeostatic system. We begin with a 
brief overview of how the immune system works to 
prevent infection.

OVERVIEW OF THE  
IMMUNE SYSTEM
The term immunity refers to all of the mechanisms 
used in the body to protect against foreign agents. 
The origin of this term is from the Latin immunitas 
(meaning “freedom from”) (4). Immunity results from 
a well-coordinated immune system that consists of 
complex cellular and chemical components that pro-
vide overlapping protection against infectious agents. 
This overlapping of immune system components is 
designed to ensure that these redundant systems are 
efficient in protecting the body against infection from 
pathogens (disease-causing agents) such as bacteria, 
viruses, and fungi. The redundancy of the immune 
system is achieved by the teamwork of two arms of 
the immune system referred to as the innate and ac-
quired immune system (also called the adaptive or 
specific immune system). A short introduction to 
these two immune systems follows.

Innate Immune System
Humans and other animals are born with an innate, non-
specific immune system that is made up of a diverse 
collection of both cellular and protein elements. This sys-
tem provides both physical barriers and internal defenses 
against foreign invaders (Fig. 6.1). Physical barriers are the 
first line of innate defense and are composed of barriers 
such as the skin and the mucus membranes (i.e., mucosa) 
that line our respiratory, digestive (gut), and genitourinary 
tracts. So, in order to cause trouble, bacteria and other 
foreign agents must cross these barriers. An invader that 
crosses the physical barrier of skin or mucosa is greeted 
by a second line of innate defense. This internal defense is 
composed of both specialized cells (e.g., phagocytes and 
natural killer cells) designed to destroy the invader, and a 
group of proteins called the complement system, which 
is located in the blood and tissues. The complement sys-
tem is composed of more than 20 different proteins that 
work together to destroy foreign invaders; this system 
also signals other components of the immune system that 
the body has been attacked. Let’s discuss each of these 
components of innate immunity in more detail.

Physical Barriers Again, the first line of defense 
against invaders is the physical barrier of the skin 
and the mucosa. Although we tend to think about 
the skin as being the primary barrier against foreign 
agents, the area covered by the skin is only about 2 
square meters (29). In contrast, the area covered by 
the mucosa (i.e., respiratory, digestive, and genitouri-
nary tracts) measures about 400 square meters (an 
area about the size of two tennis courts) (29). The key 
point here is that there is a larger perimeter that must 
be defended to keep unwanted foreign agents from 
entering the body.

Innate immune system

Complement
proteins

Cellular
components

Phagocytes

Natural
killer cells

Physical
barriers

Mucus
membranes

Skin

Digestive
tract

Reproductive
tract

Respiratory
tract

Figure 6.1 Major components of innate immunity. See 
text for complete details.
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Cellular Components Numerous types of immune 
cells exist to protect the body against infection, but 
a complete discussion of all these cells is beyond the 
scope of this chapter. Therefore, we will focus the dis-
cussion on a few types of cells that play a major role 
in the immune system. Specifically, we will direct our 
attention toward select members of the leukocyte 
family of immune cells that work together with an-
other key immune cell, macrophages, to protect the 
body against infection. Leukocytes (also called white 
blood cells) are an important class of immune cells de-
signed to recognize and remove foreign invaders (e.g., 
bacteria) in the body. Similarly, macrophages are an-
other type of immune cell that is capable of engulfing 
bacteria and protecting against infection. Let’s begin 
with a discussion of how the body produces these 
key cellular players in immune function.

Where do leukocytes come from? All blood cells (red 
and white) are made in the bone marrow, where they are 
produced from common “self-renewing” stem cells. These 
cells are self-renewing because when stem cells divide 
into two daughter cells, one of the daughter cells re-
mains a stem cell (unspecialized cell), whereas the second 
daughter cell becomes a mature blood cell. This strategy 
of renewal ensures that there will always be stem cells 
available to produce mature blood cells.

When stem cells divide, the maturing daughter 
cell must make a choice as to what type of blood cell 
it will become when it matures. These choices are 
not random but are highly regulated by complicated 
control systems. Figure 6.2 illustrates the process of 
stem cells forming a bipotential stem cell that then 
can form a variety of different leukocytes. Table 6.1 
provides a brief description of the function of each 

of these leukocytes. Also, notice that macrophages 
are derived from a specific type of leukocyte called a 
monocyte (Fig. 6.2). In the next segments, we discuss 
the role that both leukocytes and monocytes play in 
innate immunity by protecting against both bacterial 
and viral infections.

Immune cells that consume (i.e., engulf) bacteria 
are classified as phagocytes. Specifically, phagocytes  
are cells that engulf foreign agents in a process called 
phagocytosis. To remove unwanted bacteria, the 
body produces several different types of phagocytes 
that participate in the innate immune system. Two 
key phagocytes are macrophages and neutrophils. To-
gether, these important phagocytes form an impor-
tant line of defense against infection.

As illustrated in Figure 6.2, macrophages are de-
rived from monocytes. Macrophages are located in 
tissues throughout the body and are often called “pro-
fessional” phagocytes because they make their living 
by destroying bacteria (29). When bacteria enter the 
body, macrophages recognize these invading cells 
and attach to the bacteria. This results in the bacteria 
being engulfed into a pouch (vesicle) that is moved 
inside the macrophage. When the bacterium is en-
gulfed by the macrophage, the bacterium is killed by 
powerful chemicals and enzymes contained within 
the macrophage (4).

Macrophages can also contribute to innate im-
munity in two other important ways. First, when 
macrophages are destroying bacteria, they give off 
chemicals to increase the amount of blood flow to 
the infected site. This increased blood flow brings ad-
ditional leukocytes to the area to assist in the battle 
of removing the invading bacteria.

Red blood cells
(Erythrocytes)

Self-renewing stem cell

Bi-potential
stem cell

B-cell T-cell Natural
killer
cell

Basophil

Eosinophil

Neutrophil

Monocyte Macrophage

Platelets
Megakaryocyte Figure 6.2 The formation  

of immune cells from stem  
cells within the bone mar-
row. See text for details.
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Further, during the battle with bacteria, mac-
rophages also produce proteins called cytokines. 
 Cytokines are cell signals that regulate the immune 
system by facilitating communication between cells 
within the immune system (4). For example, some 
cytokines alert immune cells that the battle is on and 
cause these cells to exit the blood to help fight the 
rapidly multiplying bacteria (29). In this case, cyto-
kines serve as a chemoattractant. Chemoattractants 
are chemicals that recruit other immune system “sol-
diers” to the battle site to assist in protecting the 
body from infection. Other cytokines promote fever, 
stimulate production of other components of the im-
mune response, and promote inflammation (8).

Macrophages are not the only phagocytes in-
volved in innate immunity. Indeed, neutrophils may 
be the most important phagocyte in innate immunity 
(29). Neutrophils are leukocytes that also partici-
pate as phagocytes during a bacterial invasion. Neu-
trophils have been called professional killers that are 
“on call” in the blood (29). After neutrophils have 
been summoned to the infected area, these important 
phagocytes exit the blood and become activated to 
begin destroying the foreign invaders. Similar to mac-
rophages, neutrophils also produce cytokines that can 

alert other immune cells. Further, activated neutro-
phils also release chemicals that promote increased 
blood flow to the infected area.

In addition to the professional phagocytes (i.e., 
macrophages and neutrophils), another key cellular 
component of the innate immune system is the natu-
ral killer cell. These cells are produced in the bone 
marrow from stem cells (Fig. 6.2) and are “on call” to 
fight an infection. Most natural killer cells are found 
in the blood, liver, or spleen and when called to fight 
an infection, these cells exit the blood and move to 
the battle ground to take part in the fight. When they 
reach the battle site (i.e., location of the bacteria), 
natural killer cells play two key roles in defending 
us against infections. First, natural killer cells can de-
stroy virus-infected cells, bacteria, parasites, fungi, and 
cancer cells. Second, natural killer cells also give off 
cytokines that help with immune defense. So, natu-
ral killer cells are an important part of the innate 
immune system because they are versatile “killers” 
of foreign agents, including bacteria, viruses, cancer 
cells, and other unwanted invaders of the body.

To summarize, phagocytes (macrophages and 
neutrophils) and natural killer cells are important 
cellular components of the innate immune system 

TABLE 6.1 A Brief Overview of Leukocytes (White Blood Cells) and Their Function  
in Protecting against Foreign Invaders

Leukocyte 
(White Blood Cell) Site Produced

Innate or Acquired  
  Immunity Functions

Neutrophils Bone marrow Innate 1. Phagocytosis
2.  Release chemicals involved in  

inflammation (vasodilators,  
chemotaxins, etc.)

Basophils Bone marrow Innate Release chemicals (e.g., histamine)  
involved in inflammation

Eosinophils Bone marrow Innate 1. Destroy multicellular parasites
2. Involved in hypersensitivity reactions

Monocytes Bone marrow Innate Precursors of macrophages— 
Macrophages are important phagocytes  
involved in innate immunity.

Megakaryocytes Bone marrow Not involved in  
immune function

Precursors of platelets—platelets play  
an important role in blood clotting

B-cell (also called  
B-lymphocyte)

Bone marrow Acquired 1. Initiate antibody-mediated reactions
2.  Precursors of plasma cells—mature  

plasma cells secrete antibodies
T-cell (also called  
T-lymphocyte)

Bone marrow- 
activated in  
thymus

Acquired Several different types of T-cells exist  
collectively; these cells participate in  
cell-mediated responses of the acquired  
immune system

Natural killer cells Bone marrow Innate 1.  Bind directly to virus-infected cells  
and cancer cells to kill them

2.  Function as killer cells in antibody- 
dependent immune response
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and form the second line of defense against infection. 
Collectively, these cells remove dangerous invading 
agents and protect the body against infection when-
ever the physical barriers of defense are compromised 
(e.g., skin wound). When these cellular components 
of the innate immune system are activated following 
an infection, a physiologic response known as inflam-
mation occurs. The hallmark signs of inflammation are 
redness, swelling, heat, and pain. More details about 
inflammation can be found in A Closer Look 6.1.

Complement System The complement system 
plays an important role in innate immunity and con-
sists of numerous proteins that circulate in the blood 
in inactive forms. Like phagocytes and natural killer 
cells, the complement system is another component 
of the innate defense against infection. The more than 
20 proteins that make up the complement system 
are produced primarily by the liver and are present 
in high concentrations in the blood and tissues (29). 
When the body is exposed to a foreign agent (e.g., 
bacterium), the complement system is activated to 

attack the invader. These activated complement pro-
teins recognize the surface of the bacterium as a for-
eign agent and attach to the surface of the foreign 
cell. This triggers a rapid series of events resulting 
in the binding of more and more complement pro-
teins on the surface of the bacteria. The addition of 
multiple complement proteins to the surface of the 
bacterium forms a “hole” (i.e., channel) in the surface 
of the bacterium. And once a bacterium has a hole in 
its membrane, the bacterium dies.

In addition to forming membrane attack com-
plexes, the complement system performs two other 
jobs in innate immunity. The second function is to 
“tag” the cell surface of invading bacteria so that other 
cellular components (e.g., phagocytes) of the innate 
immune system can recognize and kill the invader. 
The third and final role of complement proteins is to 
serve as chemoattractants. As mentioned earlier, a che-
moattractant recruits other immune players to the bat-
tle site to assist in protecting the body from infection.

To summarize, the complement system performs 
three important jobs when the body is invaded by 

A CLOSER LOOK 6.1

Inflammation Is a Normal Part of the Immune Response
The word inflammation comes from 
the Latin word inflammare, which 
means “to set on fire.” Inflamma-
tion is a normal part of the biological 
response to harmful stimuli, such as 
bacteria entering the body. In short, 
the goal of inflammation is to restore 
homeostasis by helping the injured 
tissue return to its normal state. In-
flammation can be classified as either 
acute or chronic. A brief explanation 
of the differences between acute and 
chronic inflammation follows.

Acute Inflammation The follow-
ing example illustrates an acute inflam-
matory response. At some time in your 
life, you have probably experienced a 
small cut on your finger or hand. In this 
case, the break in your skin allows bac-
teria to enter through the wound and 
results in an acute (i.e., brief) and local-
ized inflammatory response. The clini-
cal signs of localized inflammation are 
redness, swelling, heat, and pain. This 
occurs because of a cascade of events 
triggered by the innate immune sys-
tem. The redness, swelling, and heat 
around the injured tissue result from 
the increased blood flow to the dam-
aged area. This increased blood flow is  

triggered by the release of chemicals 
from phagocytes that are summoned to 
the infected area. Indeed, both macro-
phages and neutrophils release chemi-
cals (e.g., bradykinin) that promote 
vasodilation (i.e., widening of the diam-
eter of blood vessels). This vasodilation 
increases blood flow and fluid collec-
tion (i.e., edema) around the injured tis-
sue. The pain associated with this type 
of local inflammatory response comes 
from chemicals (e.g., kinins) that stimu-
late pain receptors in the inflamed area.

Chronic Inflammation Typi-
cally, a small cut on your finger results 
in acute inflammation that is resolved 
within a few days when the immune 
system removes the invading bacteria, 
a scab forms, and the tissue returns to 
normal. However, chronic (i.e., unend-
ing) systemic inflammation occurs 
in situations of persistent infection 
(e.g., tuberculosis) or constant activa-
tion of the immune response as seen 
in diseases such as cancer, heart fail-
ure, rheumatoid arthritis, or chronic 
obstructive lung disease. Interestingly, 
both obesity and  aging are also associ-
ated with chronic inflammation (1, 2).  
Regardless of the cause, chronic inflam-

mation is associated with increased 
circulating cytokines and the so-called 
“acute-phase proteins” such as c-reactive 
protein. This is significant because chron-
ically elevated blood levels of both cyto-
kines and c-reactive proteins are thought 
to contribute to the risk of many dis-
eases, including heart disease (1).

It is also important to appreciate 
that chronic systemic inflammation is 
not “all or none,” but can exist in dif-
fering levels that are often described 
as “high grade” or “low grade” inflam-
mation. A severe “high grade” level of 
inflammation might occur in patients 
suffering from certain types of cancers 
or rheumatoid arthritis. In contrast, 
even in the absence of diagnosed dis-
eases, low grade inflammation can exist 
in both older and obese individuals (2). 
The health significance of “low grade” 
systemic inflammation is a hot topic 
in medicine because low grade inflam-
mation has been linked to increased 
risks of cancer, Alzheimer disease, di-
abetes, and heart disease (1, 2). How-
ever, whether chronic inflammation 
actually causes all of these diseases or 
merely accompanies them is currently 
unknown.
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foreign agents. First, this system can destroy invaders 
by punching a hole in the surface of the invading bac-
terium. Second, it can enhance the function of other 
cells (e.g., phagocytes) within the immune system by 
tagging the invading agent for destruction. Third, it 
can alert other cells in the immune system that the 
body is being attacked. Importantly, all these func-
tions of the complement system can respond rapidly 
to protect the body during invasion.

Acquired Immune System
Over 95 percent of all animals get along fine with only 
the innate immune system to protect them (29). How-
ever, for humans and other vertebrates, Mother Nature 
developed another layer of protection against disease, 
the acquired immune system. This system of immu-
nity adapts to protect us against almost any type of 
invader. The primary purpose of the acquired immune 
system is to protect us against viruses because the in-
nate immune system cannot eliminate many viruses 
(29). The first evidence that the acquired immune sys-
tem existed was provided by Dr. Edward Jenner in the 
1790s (see A Look Back—Important People in Science).

The acquired immune system is composed of 
highly specialized cells and processes that prevent or 
eliminate invading pathogens. This adaptive immune 
response provides us with the ability to recognize 
and remember specific pathogens (i.e., to generate 

 immunity) and to mount stronger attacks each time a 
repeating pathogen is encountered. Therefore, this sys-
tem is sometimes called the adaptive immune system be-
cause it prepares itself for future pathogen challenges.

The major cells involved in the acquired immune 
system are B-cells (also called B-lymphocytes) and  
T-cells (also called T-lymphocytes). Both B- and T-cells 
are members of the leukocyte family of blood cells 
that have their origin from stem cells located within 
bone marrow (Fig. 6.2). A brief overview of how  
B- and T-cells function in acquired immunity follows.

B-Cells These cells are produced in the bone mar-
row and play a key role in specific immunity and 
combat both bacterial and viral infections by secret-
ing antibodies into the blood. B-cells function as 
antibody factories and can produce more than 100 
million different types of antibodies that are required 
to protect us against a wide variety of invading an-
tigens. Antibodies (also called immunoglobulins) 
are proteins manufactured by B-cells to help fight 
against foreign substances called antigens. Antigens 
are any substance that stimulates the immune sys-
tem to produce antibodies. For example, bacteria, vi-
ruses, or fungi are all antigens. Further, antigens that 
promote an allergic response are commonly called 
allergens. Common allergens include pollen, animal 
dander, dust, and the contents of certain foods. When 
the body is confronted by these antigens, B-cells  

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Edward Jenner Was the Pioneer of the Smallpox Vaccine
Edward Jenner (1749–
1823) was an English 
physician who played 
a major role in devel-
oping the smallpox 
vaccine. Because of 
this accomplishment, 
he is sometimes re-
ferred to as the  “father 
of immunology.” Here 

is the story behind Jenner’s discovery 
of the smallpox vaccine.

After discovering that the immune 
system was adaptive, Jenner began 
vaccinating the English against small-
pox in 1796. During the life of Jenner, 
smallpox was a huge health problem, 
and approximately 30 percent of the 
people infected with smallpox died. In 
fact, hundreds of thousands of people 
died from the disease, and many oth-
ers were horribly disfigured (29). Two 

observations led Edward Jenner to de-
velop a vaccination procedure against 
smallpox. First, Jenner observed that 
milkmaids often contracted a disease 
called cowpox, which caused them 
to develop lesions that were similar 
to the sores associated with smallpox. 
Second, Jenner observed that the milk-
maids that contracted cowpox almost 
never got smallpox, which, as it turns 
out, is a close relative of the cowpox 
virus (29). Based upon these observa-
tions, Jenner reasoned that exposure 
to a small amount of cowpox virus can 
promote immunity against smallpox.

To test this hypothesis, Jenner de-
cided to perform a bold experiment. 
He collected pus from the sores of 
milkmaids infected with cowpox. 
He then injected this fluid into the 
arm of a young boy named James 
Phipps. This inoculation produced a 

fever, but no great illness resulted. A 
few weeks following this treatment, 
 Jenner then injected Phipps with pus 
collected from sores of a patient in-
fected with smallpox. This daring ex-
periment was a huge success because, 
remarkably, the young boy did not 
contract smallpox. However, Phipps 
was still able to contract other child-
hood diseases (e.g., measles). This il-
lustrates one of the hallmarks of the 
adaptive immune system. That is, the 
acquired immune system adapts to 
defend against specific invaders.

Obviously, Jenner’s experiments on 
this boy would not be performed today 
because of ethical concerns. Nonethe-
less, we can be thankful that Jenner’s 
experiments were a success because it 
paved the way for future vaccines that 
have saved the lives of countless num-
bers of people around the world.

© Popperfoto/
Getty Images
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respond by producing antibodies to protect against 
this invasion.

Although the body can produce more than 100 mil-
lion different antibodies, there are five general classes of 
antibodies, and each has a different function. The five 
classes of antibodies are IgG, IgA, IgM, IgD, and IgE. 
The abbreviation Ig stands for immunoglobulin (i.e., an-
tibody). A detailed discussion of the specific function of 
each of these classes of antibodies exceeds the goals of 
this chapter. However, an example of how two classes 
of antibodies function is useful in understanding the 
role of antibodies in protecting against disease.

When B-cells are activated by an invading antigen, 
IgM is one of the first classes of antibodies produced. 
Producing this antibody early during an infection is 
a good strategy because IgM antibodies can protect 
against invaders in two important ways. First, IgM an-
tibodies can activate the complement cascade to assist 
in removing the unwanted invader. In fact, the term 
complement was coined by immunologists when they 
discovered that antibodies were much more effective 
in dealing with invaders if they are complemented by 
other proteins—the complement system (29). Second, 
IgM antibodies are good at neutralizing viruses by 
binding to them and preventing the virus from infect-
ing cells. Hence, because of these combined proper-
ties, the IgM is the perfect “first” antibody to protect 
against viral or bacterial invasions (29).

IgG antibodies are another important class of an-
tibodies. These antibodies circulate in the blood and 
other body fluids and defend against invading bac-
teria and viruses (33). The binding of IgG antibodies 
to bacterial or viral antigens activates other immune 
cells (e.g., macrophages, neutrophils, and natural killer 
cells) that destroy these invaders and protect us 
against disease.

T-Cells T-cells are a family of immune cells pro-
duced in the bone marrow. T-cells and B-cells dif-
fer in several ways. First, while B-cells mature in the 
bone marrow, T-cells mature in a specialized immune 
organ called the thymus; this is why they are called 
T-cells. Further, T-cells do not produce antibodies  
but specialize in recognizing protein antigens in the 
body. There are three main types of T-cells: (1) killer 
T-cells (also called cytotoxic T-cells); (2) helper T-cells; 
and (3) regulatory T-cells. Killer T-cells are a potent 
weapon against viruses because they can recognize 
and kill virus-infected cells (6). Helper T-cells secrete 
cytokines that have a dramatic effect on other im-
mune system cells. In this way, helper T-cells serve as 
the quarterback of the immune system by directing 
the action of other immune cells. Finally, as the name 
implies, the regulatory T-cells are involved in regula-
tion of immune function. Specifically, these cells play 
a role in inhibiting responses to  both self-antigens 
(i.e., preventing the immune system from attacking 

normal body cells) and foreign antigens. In this way, 
regulatory T-cells help to regulate self-tolerance and 
prevent autoimmune diseases (4).

EXERCISE AND THE  
IMMUNE SYSTEM
The field of exercise immunology is defined as the 
study of exercise, psychological, and environmental 
influences on immune function. Compared to other 
areas of exercise physiology research, exercise im-
munology is relatively new. However, interest in the 
field of exercise immunology has grown rapidly dur-
ing the past two decades. In the following sections, 
we will discuss several important topics related to the 
effects of exercise on resistance to infection.

Exercise and Resistance to Infection
The concept that exercise can have both a posi-
tive and a negative effect on the risk of infection is 
 almost two decades old. This idea was introduced by  
Dr. David Nieman when he described the risk of a 
URTI as a J-shaped curve that changed as a function of 
the intensity and amount of exercise being performed  
(Fig. 6.3). Note in Figure 6.3 that people engaging 

IN SUMMARY
 ■ The human immune system is a complex 
and redundant system designed to protect us 
against invading pathogens.

 ■ A healthy immune system requires the team-
work of two layers of immune protection: 
(1) innate immune system and (2) acquired 
 immune system.

 ■ The innate system protects against foreign in-
vaders and is composed of three major compo-
nents: (1) physical barriers such as the skin  
and the mucous membranes that line our  
respiratory, digestive, and genitourinary tracts;  
(2) specialized cells (e.g., phagocytes and natu-
ral killer cells) designed to destroy invaders; 
and (3) a group of proteins called the comple-
ment system, which are located throughout the 
body to protect against invaders.

 ■ The acquired immune system adapts to protect 
against almost any type of invading pathogen. 
The primary purpose of the acquired immune 
system is to provide protection against viruses 
that the innate immune system cannot provide. 
B- and T-cells are the major cells involved in 
the acquired immune system. B-cells produce 
antibodies, whereas T-cells specialize in recog-
nizing and removing antigens in the body.
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in regular bouts of moderate exercise are at a lower 
risk of a URTI compared to sedentary individuals and 
people who engage in intense and/or long-duration 
exercise sessions. For example, marathon runners rep-
resent those at the high end of the exercise intensity 
and duration scale. Indeed, running a marathon in-
creases the risk of a URTI in the days following the 
run (24). In the next two segments, we discuss the 
reasons why moderate- and high-intensity exercise 
have different effects on the risk of infection.

Moderate Aerobic Exercise Protects against  
Infection Although controversy exists, several stud-
ies support the concept that people who engage in 
regular bouts of moderate aerobic exercise catch fewer 
colds (i.e., URTIs) than both sedentary individuals and 
people who engage in high-intensity/long-duration 
exercise (22, 23). For example, both epidemiological 
and randomized studies consistently report that regu-
lar exercise results in an 18% to 67% reduction in the 

risk of URTI (9). Interestingly, this exercise-induced 
protection against infection can be achieved with 
many types of aerobic activity (e.g., walking, jogging, 
cycling, swimming, sports play, and aerobic dance). In 
general, it appears that 20 to 40 minutes of moderate-
intensity exercise (i.e., 40% to 60% of V̇O2 max) per 
day is adequate to promote a beneficial effect on the 
immune system. Importantly, this exercise-induced re-
duction in the risk of URTI occurs in both young adult 
and middle age men and women (22). Further, regu-
lar aerobic exercise appears to benefit the  immune 
system in older individuals as well (28). See Clinical 
Applications 6.1 for more details on the impact of ex-
ercise on the aging immune system.

The explanation as to why moderate-intensity 
exercise protects against URTI remains a topic of de-
bate. Nonetheless, there are several possible reasons 
to explain this. First, each bout of moderate aerobic 
exercise causes an increase in blood levels of natural 
killer cells, neutrophils, and antibodies (9). Therefore, 
an acute bout of exercise provides a positive boost to 
both the innate immune system (natural killer cells 
and neutrophils) and the acquired immune system 
(antibodies). Note that this exercise-induced boost in 
immune function is transient and that the immune 
system returns to pre-exercise levels within three 
hours. Nonetheless, it seems that each bout of ex-
ercise improves immune function against pathogens 
over a short period, which results in a reduced risk of 
infection (22). Other factors might also contribute to 
the positive impact of routine exercise on the reduced 
risk of infection. For example, people who engage in 
regular exercise may also benefit from an improved 
psychological well-being (i.e., less emotional stress), 
good nutritional status, and a healthy lifestyle (e.g., 
adequate sleep). Each of these factors has been linked 
to a reduced risk of infection and, therefore, may also 
contribute to the connection between regular exer-
cise and lowered risk for URTI.
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Figure 6.3 “J” shaped model of the relationship between 
varying amounts of exercise and the risk of URTI. This 
model suggests that moderate aerobic exercise reduces 
the risk of infection, whereas high-intensity/long- 
duration exercise may increase the risk of infection (19).

CLINICAL APPLICATIONS 6.1

Is Regular Exercise a Friend or Foe of the Aging Immune System?
Aging is associated with a decline in the 
normal function of the immune system, 
which is referred to as “immunosenes-
cence.” For example, older individuals 
(e.g., >70 years old) often have poor 
vaccine responses and an increased risk 
of infection and cancer (28). Although 
the possibility exists that high- intensity 
exercise may suppress the immune 

 system in older individuals, most re-
search suggests that regular bouts of 
moderate-intensity aerobic exercise can 
improve immune function in older in-
dividuals (28, 32). The positive effects 
of exercise on the immune system in 
older persons is evidenced by enhanced 
vaccination responses, increased num-
bers of T-cells, lower  circulating  levels 

of inflammatory cytokines, and in-
creased neutrophil phagocytic activity 
(28). Nonetheless, whether exercise can 
completely reverse or prevent immu-
nosenescence remains a debated topic, 
and more research is required to reveal 
the optimal volume and intensity of 
 exercise to improve immune function 
in older individuals.
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Although it appears that aerobic exercise pro-
vides protection against colds, it remains unknown 
if resistance exercise training provides the same level 
of protection against infection. This is because few 
studies have systematically investigated the impact 
of resistance exercise on immune function. Nonethe-
less, based on the available evidence, it appears that 
an acute bout of resistance exercise results in a tran-
sient increase in natural killer cells (15). However, 
this immune boost is temporary because blood levels 
of primary immune cells return to normal within a 
short period following a resistance training session 
(5). To summarize, it appears that regular bouts of 
resistance exercise might protect against infection, 
but additional research is required to firmly establish 
that resistance exercise alone is effective in providing 
protection against URTIs.

High-Intensity/Long-Duration Aerobic 
Exercise Increases the Risk of Infection
The idea that athletes engaged in intense training are 
more susceptible to infections originated from anec-
dotal reports from coaches and athletes. For instance, 
the marathon runner Alberto Salazar reported that he 
caught 12 colds in 12 months while training for the 
1984 Olympic marathon (17). Because Salazar was en-
gaged in intense exercise training, many people rea-
soned that the high level of exercise training was 
responsible for his increased number of colds. How-
ever, anecdotal reports do not prove cause and effect, 
and scientific studies were required to determine if 
intense exercise training leads to an increased risk of 
infection. Although controversy exists (31), several 
studies support the concept that athletes engaged in 
intense endurance training suffer a higher incidence 
of URTI compared to sedentary individuals or people 
engaged in moderate exercise (Fig. 6.3) (9, 21, 24).  
For example, compared to the general population, 
evidence indicates that sore throats and flu-like symp-
toms are more common in athletes involved in in-
tense training (11, 24). Indeed, the risk of developing 
a URTI is two- to sixfold higher in athletes follow-
ing a marathon compared to the general public (24).  
This increased risk of illness is a concern for athletes 
because even minor infections can impair exercise 
performance and the ability to sustain intense exer-
cise training (27). Further, prolonged viral infections 
are often associated with the development of per-
sistent fatigue, which poses another threat to the  
athlete (7).

There are several reasons why high-intensity and 
long-duration exercise promotes an increased risk of 
infection (9). First, prolonged (>90 minutes) and in-
tense exercise has a temporary depressive effect on 
the immune system. For example, after a  marathon, 

the following major changes occur in immune  
function:

 ■ Decreased blood levels of B-cells, T-cells, and 
natural killer cells

 ■ Decrease in natural killer cell activity and 
T-cell function

 ■ Decrease in nasal neutrophil phagocytosis

 ■ Decrease in nasal and salivary IgA levels

 ■ Increase in pro- and anti-inflammatory 
cytokines

Collectively, these changes result in a depression of 
the immune system’s ability to defend against invad-
ing pathogens. It has been argued that this immune 
suppression following a marathon provides an “open 
window,” during which viruses and bacteria can gain a 
foothold and increase the risk of infection (see Fig. 6.4).

The biological reason to explain why intense exer-
cise promotes immune depression is probably related 
to the immunosuppressive effects of stress hormones 
such as cortisol (8). You may recall from Chap. 5 that 
prolonged strenuous exercise results in large increases 
in the circulating levels of cortisol. High cortisol levels 
have been reported to depress immune system func-
tion in several ways (8). For example, high levels of 
cortisol can inhibit the function of specific cytokines, 
suppress natural killer cell function, and depress both 
the production and function of T-cells (20).

Although strenuous exercise can depress immune 
function, other factors may also contribute to the 
increased risk of infection in athletes engaged in  in-
tense training. For example, athletes engaged in in-
tense training may also be exposed to other potential 
stressors, including a lack of sleep, mental stress, in-
creased exposure to pathogens due to large crowds, air 
travel, and inadequate diet to support immune health  

Im
m

un
e

su
pp

re
ss

io
n

1

“Open window”

Exercise

90 2 3 4 5 6 7 8

Time (hours)

Im
m

un
e

st
im

ul
at

io
n

Figure 6.4 The open window theory is a potential  
explanation for why high-intensity exercise increases 
the risk of infection. In brief, prolonged exercise (e.g., 
marathon-type exertion) leads to immune depression 
that increases the likelihood for opportunistic upper  
respiratory tract infections (21).
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(see the Ask the Expert feature for more details on diet 
and immune health). Each of these factors has been re-
ported to have a negative impact on immune function 
and, therefore, could contribute to the increased inci-
dence of URTIs in athletes (9). Figure 6.5 summarizes 
the factors that may explain why athletes engaged in 
intense training are at a greater risk of infection.

Finally, do weeks of intense exercise training re-
sult in a chronic state of immune depression? The 
answer to this question is no, because following an 
acute bout of exercise, circulating leukocyte number 
and function return to pre-exercise levels within 3 to 
24 hours (8). Further, comparisons of leukocyte num-
ber and other markers of immune function between 
athletes and nonathletes do not differ markedly (8). 
Therefore, in the resting state, immune function is 
not different between athletes and nonathletes.

ASK THE EXPERT 6.1

Dr. David Nieman, a 
professor in the De-
partment of Health, 
Leisure, and Exercise 
Science at  Appalachian 
State University, is an 
internationally known 
expert on stress and 
 human immune function. 
 Specifically,  Dr.  Nieman’s 

research has addressed numerous important 
questions related to the impact of both ex-
ercise and nutrition on the risk of infection in 
athletes. In this feature, Dr. Nieman answers 
questions about the impact of diet and 
nutritional supplements on immune function 
in athletes.

question: Nutritional deficiencies 
have been shown to impair immune 
function. What nutritional advice 
can you provide to athletes regard-
ing the importance of adequate 
energy intake and the balance of 
macronutrient consumption during 
periods of intense training?

answer: Low energy intake leading to 
rapid weight loss and muscle wast-
ing has a profound, negative effect on 
immune function. However, when 
energy intake matches energy expen-
diture, a wide range in the macronu-
trient and micronutrient content of 
the diet is compatible with healthy 
immune function. Low energy intake 
is just one of several lifestyle factors 

that influence  immune function, and 
others include heavy exertion, men-
tal stress, sleep disruption, and poor 
hygienic practices. All of these factors 
together can seriously undermine im-
mune function, increasing the risk for 
certain infections, including URTI.

question: Some reports suggest that 
consumption of carbohydrate (30–
60 g CHO/hour) during prolonged 
exercise can reduce the degree of 
exercise-induced immunosuppres-
sion. How strong is the experimen-
tal evidence to support this claim?

answer: Multiple research teams have 
investigated this question since the 
mid-1990s. In general, ingesting 30 
to 60 grams carbohydrate during 
each hour of running, cycling, or 
similar aerobic exercise keeps blood 
glucose higher when compared to 
no-carbohydrate conditions, low-
ers blood levels of stress hormones 
such as cortisol and epinephrine, 
and, as a result, takes the edge off 
post-exercise immune inflamma-
tory responses. Nonetheless, con-
sumption of carbohydrates during 
exercise does not protect against 
the transient decrease in immune 
function that is experienced by ath-
letes after long exercise bouts.

question: Numerous advertisements 
claim that specific nutritional 

 supplements can improve immune 
function and reduce the risk of in-
fection. In your opinion, are there 
nutritional supplements that can 
provide the athlete with increased 
protection against the risk of URTI?

answer: There is a growing realiza-
tion that extra vitamins, minerals, 
and amino acids do not provide 
countermeasure immune benefits 
for healthy and well-fed athletes 
during heavy training. As a result, 
the focus has shifted to other types 
of nutritional components such 
as probiotics, bovine colostrum, 
β-glucan, flavonoids, and polyphe-
nols such as quercetin, resveratrol, 
curcumin, and epigallicatechin-
3-gallate (EGCG), N-3 polyunsatu-
rated fatty acids (N-3 PUFAs or 
fish oil), herbal supplements, and 
unique plant extracts (e.g., green tea 
extract, black currant extract, to-
mato extract with lycopene, antho-
cyanin-rich extract from bilberry, 
polyphenol-rich pomegranate fruit 
extract). More well-designed stud-
ies with human subjects are needed 
before enthusiastic support is given 
to any of these supplements. Some 
exert impressive effects when cul-
tured with specialized cells and 
in animal-based models, but then 
fail when studied under double-
blinded, placebo-controlled condi-
tions in human athletes.

Courtesy of 
David C. Nieman

Figure 6.5 Several factors may explain why athletes 
engaged in intense training are at a greater risk of infec-
tion; these include increased exposure to pathogens, 
exercise-induced immune suppression, inadequate diet, 
mental stress, and lack of sleep.
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EXERCISING IN 
ENVIRONMENTAL EXTREMES: 
INCREASED RISK FOR 
INFECTION?
Exercise in environmental extremes (e.g., heat, cold, 
and high altitude) can increase circulating stress hor-
mones such as cortisol (31). Given that high levels of 
cortisol can depress immune function, does exercise in 
environmental extremes result in immune depression 
and increase the risk of infection? Let’s review the evi-
dence regarding the effects of exercise in hot, cold, and 
high-altitude environments on the immune system.

Exercising in a hot versus cool environment re-
sults in significant increases in body temperature and 
elevates circulating levels of stress hormones (31). In 
theory, this increase in circulating stress hormones 
could pose a threat to immune function. Nonethe-
less, laboratory studies indicate that exercise in a hot 
environment does not significantly impair the func-
tion of key cells involved in immune function (e.g., 
neutrophils and natural killer cells) (26, 31). Therefore, 
exercising in the heat does not pose a greater threat to 
immune function than exercise in a cool environment.

It is commonly believed that being exposed to 
cold weather increases the susceptibility to URTIs. 
Indeed, the use of the term colds may have come 
from the belief that cold exposure causes URTI (31). 
Several studies have investigated the impact of short- 
and long-term cold exposure with/without exercise 
on key elements of the immune system. Collectively, 
these investigations provide limited evidence to indi-
cate that cold exposure increases your risk of infec-
tion. For example, both acute exposure and repeated 
bouts of cold exposure increase the number of circu-
lating neutrophils, T- and B-cells, and natural killer 
cells in non-exercising subjects (13). Therefore, cold 
exposure alone does not have a negative impact on 
the immune system; indeed, cold exposure appears 
to have a positive effect on the immune system (31). 
Studies also demonstrate that exercise in a cold en-
vironment does not suppress immune function (31). 
Therefore, current evidence does not support the 
popular belief that short- or long-term cold exposure, 
with or without exercise, suppresses immune func-
tion and increases the risk of infection (31).

Endurance exercise performed at high altitudes 
(e.g., >6,000 feet above sea level) impairs performance 
and is associated with increased levels of stress hor-
mones that could depress immune function. Nonethe-
less, laboratory studies indicate that acute exercise 
at simulated high altitude does not impair immune 
function. In fact, a single bout of exercise in a simu-
lated high-altitude condition results in increased cir-
culating levels of leukocytes (14). In contrast to these 
laboratory studies, field studies conducted in the 
mountains suggest that living and exercising at high 
altitude depresses immune function and increases the 
risk of URTI (3, 30). The increased risk of infection 
that occurs during prolonged exposure to high alti-
tudes may arise from a combination of stresses, such as 
low arterial oxygen levels, high altitude-related sleep 
disorders, and acute mountain sickness. Regardless of 
the mechanisms involved, prolonged high-altitude ex-
posure combined with exercise appears to impair the 
immune system and increase the risk of URTI (31).

IN SUMMARY
 ■ Exercise can have both a positive and a nega-
tive effect on the risk of infection. The relation-
ship between the intensity/amount of exercise 
and the risk of developing a URTI is described 
as a J-shaped curve (Fig. 6.3). This J-shaped 
curve illustrates that moderate-intensity aerobic 
exercise decreases the risk of infection, whereas 
high-intensity/prolonged exercise increases the 
risk of infection.

 ■ Regular aerobic exercise can reduce the risk of 
infection in several ways. In particular, an acute 
bout of moderate exercise increases blood 
levels of antibodies, natural killer cells, and 
neutrophils that provide a positive boost to the 
immune system.

 ■ The fact that moderate aerobic exercise pro-
vides a transient boost to the immune system 
is another example of how regular exercise can 
 enhance a control system in the body to pre-
serve homeostasis. Indeed, by protecting the 
body against infection, the immune system plays 
an important role in maintaining  homeostasis.

 ■ High-intensity/long-duration exercise has been 
shown to have a temporary depressive effect on 
the immune system. This acute immune sup-
pression following an intense exercise session 
provides an “open window” during which viruses 
and bacteria can grow, resulting in an infection.

IN SUMMARY
 ■ Although exercise in the heat can increase cir-
culating levels of stress hormones, exercise in a 
hot environment does not pose a greater threat 
to immune function compared to exercise in a 
cool environment.

 ■ Research does not support the popular belief 
that short- or long-term cold exposure, with or 
without exercise, suppresses immune function 
and increases the risk of infection.

 ■ Prolonged high-altitude exposure (i.e., living in 
the mountains) combined with exercise can in-
crease the risk of URTI.
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SHOULD YOU EXERCISE 
WHEN YOU HAVE A COLD?
Anyone who exercises on a regular basis has been 
faced with the decision of whether to skip a workout 
or exercise during a cold. This is often a difficult deci-
sion because of the uncertainty as to whether a bout 
of exercise will worsen your illness or perhaps make 
you feel better. The next time that you are faced 
with a cold, here are some general guidelines to fol-
low when you are making the decision as to whether 
you should exercise or take the day off. It is typically 
okay to exercise with a cold if your symptoms are 
above the neck (18). That is, if your cold symptoms 
are limited to a runny nose, nasal congestion, and a 
mild sore throat (18). Nonetheless, you should prob-
ably reduce the intensity of workout during a cold 
and avoid high-intensity/long-duration workouts. If 
your cold symptoms get worse with physical activity, 
stop exercise and rest. You can restart your workout 
routine gradually as you begin to feel better.

In contrast to this advice there are some situations 
when you should not exercise. For example, postpone 
your workout if your cold symptoms are below the 
neck (i.e., chest congestion, cough, or stomach pain). 
Further, don’t exercise if you have a fever, general 
 fatigue, or widespread muscle aches (18). You can 
 resume training when the below-the-neck cold symp-
toms have passed and your fever is no longer present. 
For more details on when athletes can return to train-
ing and competition following a URTI, see  Ahmadinejad  
et al. (2014) in the suggested reading list.

STUDY ACTIVITIES
 1. Describe how the innate and acquired immune systems 

work as a unit to protect the body against infection.
 2. Define the key components that make up the innate 

immune system (e.g., macrophages, neutrophils, natural 
killer cells, and complement system), and describe how 
these elements protect against infection.

 3. List the primary components of the acquired immune 
system (e.g., B-cells, antibodies, and T-cells), and explain 
how they protect against infection.

 4. Describe the differences between acute and chronic 
inflammation.

 5. Outline the effects of moderate exercise training on the 
immune system and the risk of infection.

 6. Explain how an acute bout of intense and prolonged 
(>90 minutes) exercise affects immune function and 
the risk of infection.

 7. Discuss the impact of exercise in hot, cold, and high-
altitude environments on the immune system and the 
risk of infection.

 8. Discuss the guidelines for deciding whether it is wise 
to exercise when you have a cold.
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 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

1. Discuss the general organization of the nervous 
system.

2. Describe the structure and function of  
a nerve.

3. Draw and label the pathways involved in a 
withdrawal reflex.

4. Define depolarization, action potential, and 
repolarization.

5. Discuss the role of position receptors in the 
control of movement.

6. Describe the role of the vestibular apparatus in 
maintaining equilibrium.

7. Discuss the areas of the brain involved in 
voluntary control of movement.

8. Describe the structure and function of the 
autonomic nervous system.

The Nervous System:  
Structure and Control of Movement

7
© Action Plus Sports Images/Alamy Stock Photo
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The nervous system provides the body with a 
rapid means of internal communication that 

 allows us to move about, talk, and coordinate the 
activity of billions of cells. Thus, neural activity is 
critically important in the body’s ability to maintain 
homeostasis. This chapter will provide an overview 
of the nervous system, with emphasis on neural con-
trol of voluntary movement. We will begin with a 
discussion of the general function of the nervous 
system.

GENERAL NERVOUS SYSTEM 
FUNCTIONS
The nervous system is the body’s means of perceiving 
and responding to events in the internal and external 
environments. Receptors capable of sensing touch, 
pain, temperature changes, and chemical stimuli send 
information to the central nervous system (CNS) 
concerning changes in our environment (5). The CNS 
can respond to these stimuli in several ways. The 
response may be involuntary movement (e.g., rapid 
removal of a hand from a hot surface) or alteration 
in the rate of release of some hormone from the endo-
crine system (see Chap. 5). In addition to integrating 
body activities and controlling voluntary movement, 
the nervous system is responsible for storing experi-
ences (memory) and establishing patterns of response 
based on previous experiences (learning). Let’s begin 
our discussion of the nervous system by reviewing 
the general organization.

ORGANIZATION OF THE 
NERVOUS SYSTEM
Anatomically, the nervous system can be divided into 
two main parts: the CNS and the peripheral ner-
vous system (PNS). The CNS is the portion of the 
nervous system contained in the skull (brain) and the 
spinal cord; the PNS consists of nerve cells (neurons) 
outside the CNS (see Fig. 7.1). Recall from your previ-
ous courses in physiology that the term innervation 
refers to the supply of nerves to a particular organ 
(e.g., skeletal muscle). In other words, the term in-
nervation means that nerves are connected to a par-
ticular organ.

The PNS can be further subdivided into two 
sections: (1) the sensory portion and (2) the mo-
tor portion. The sensory division is responsible for 
transmission of neuron impulses from sense organs 
(receptors) to the CNS. These sensory nerve fibers, 
which conduct information toward the CNS, are 
called  afferent  fibers. The motor portion of the 

PNS can be further subdivided into the somatic mo-
tor division (which innervates skeletal muscle) and 
autonomic motor division (which innervates invol-
untary effector organs like smooth muscle surround-
ing blood vessels, cardiac muscle, and glands). Motor 
nerve fibers, which conduct impulses away from the 
CNS, are referred to as efferent fibers. The relation-
ships between the CNS and the PNS are visualized in 
Figure 7.2.

Peripheral nervous system

A�erent division

E�erent division

Special sensory

Somatic sensory

Somatic motor

Autonomic motor

Sympathetic

Parasympathetic

Enteric

Visceral sensory

Central nervous system

Brain

Spinal
cord

Figure 7.1 Overview of the anatomical divisions of the 
nervous system.

IN SUMMARY
 ■ The nervous system is the body’s means of 
perceiving and responding to events in the 
 internal and external environments. Recep-
tors capable of sensing touch, pain, tempera-
ture, and chemical stimuli send information 
to the CNS concerning changes in our envi-
ronment. The CNS responds by either vol-
untary movement or a change in the rate of 
release of specific hormones from the endo-
crine system, depending on which response is 
appropriate.

 ■ The nervous system is divided into two major 
divisions: (1) the central nervous system and 
(2) the peripheral nervous system. The central 
nervous system includes the brain and the 
spinal cord, whereas the peripheral nervous 
system includes the nerves outside the central 
nervous system.

 ■ The PNS is divided into afferent and efferent 
divisions.
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Structure of the Neuron
The functional unit of the nervous system is the 
neuron. Anatomically, neurons are cells that are 
typically composed of three regions: (1) cell body,  
(2) dendrites, and (3) axon (see Fig. 7.3). The center 
of operation for the neuron is the cell body, which 
contains the nucleus. Dendrites and axons are pro-
cesses (i.e., extensions) from the cell body. Dendrites 
are thin, branched processes that extend from the 
neuron cell body. Dendrites serve as a receptive 
area that can conduct electrical impulses toward the 
cell body. The axon (also called the nerve fiber) is 
a longer process that carries the electrical message 
(called action potentials) away from the cell body to-
ward another neuron or effector organ. Axons vary in 
length from a few millimeters to a meter (14). Each 
neuron has only one axon; however, the axon can 
divide into several collateral branches that terminate 
at other neurons, muscle cells, or glands (Fig. 7.3). 
Contact points between an axon of one neuron and 
the dendrite of another neuron are called synapses 
(see Fig. 7.4).

In large nerve fibers like those innervating skeletal 
muscle, the axons are covered with an insulating layer 
of cells called Schwann cells. The membranes of 
Schwann cells contain a large amount of a lipid- protein 
substance called myelin, which forms a  discontinuous 

sheath that covers the outside of the axon. The gaps 
or spaces between the myelin  segments along the 
axon are called nodes of Ranvier and play an impor-
tant role in neural transmission. In general, the larger 
the diameter of the axon, the greater the speed of 
neural transmission (14). Thus, those axons with large 
myelin sheaths conduct impulses more rapidly than 
small, nonmyelinated fibers. Damage or destruction of 
myelin along myelinated nerve fibers results in ner-
vous system dysfunction. Indeed, damage to myelin is 
the basis for the neurological disease multiple sclero-
sis (see Clinical Applications 7.1 for more information 
about multiple sclerosis).

Electrical Activity in Neurons
Neurons are considered “excitable tissue” because of 
their specialized properties of irritability and conduc-
tivity. Irritability is the ability of the dendrites and 
neuron cell body to respond to a stimulus and con-
vert it to a neural impulse. Conductivity refers to 
the transmission of the impulse along the axon. In 
simple terms, a nerve impulse is an electrical signal 
carried the length of the axon. This electrical signal 
is initiated by a stimulus that causes a change in the 
electrical charge of the neuron. Let’s begin our discus-
sion of this process with a definition of the resting 
membrane potential.

Figure 7.2 The relationship between the motor and sensory fibers of the PNS and the CNS.
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Resting Membrane Potential At rest, all cells (in-
cluding neurons) are negatively charged on the inside 
of the cell with respect to the charge that exists 
outside the cell. This negative charge is the result 
of an unequal distribution of charged ions (ions are 
elements with a positive or negative charge) across 
the cell membrane. Thus, a neuron is polarized, and 
this electrical charge difference is called the resting 
membrane potential. The magnitude of the rest-
ing membrane potential varies from –5 to –100 mV 
depending upon the cell type. The resting membrane 
potential of neurons is generally in the range of –40 
mv to –75 mV (58) (Fig. 7.5).

Neuron
cell
body

Dendrites

Axon

Schwann cell

Node of Ranvier

Presynaptic terminals

Collateral axon

Myelin sheath
formed by
Schwann cell

Golgi apparatus

Mitochondrion

Nucleolus

Nucleus

Nissl
substance

Dendritic spine

Axon 
hillock

Initial
segment

Trigger
zone

Figure 7.3 The parts of a neuron.

Figure 7.4 An illustration of 
synaptic transmission. For a 
nerve impulse to continue 
from one neuron to another, it 
must cross the synaptic cleft 
at a synapse.

Dendrites

Synapse

Dendrite

Axon

Axon

Presynaptic Neuron

Postsynaptic Neuron

Direction of nerve impulse 

Figure 7.5 Illustration of the resting membrane poten-
tial in cells. Compared to the outside of the cell, more 
negatively charged (fixed) ions exist inside the cell; this 
results in a negative resting membrane potential. Also, 
notice that both sodium and potassium can diffuse 
across the plasma membrane with potassium diffusing 
from the inside of the cell to the extracellular fluid, 
whereas sodium diffuses into the cell from the extracel-
lular fluid.
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Let’s discuss the resting membrane potential in 
more detail. Cellular proteins, phosphate groups, and 
other nucleotides are negatively charged (anions) and 
are fixed inside the cell because they cannot cross 
the cell membrane. Because these negatively charged 
molecules are unable to leave the cell, they attract 
positively charged ions (cations) from the extracellu-
lar fluid. This results in an accumulation of a net posi-
tive charge on the outside surface of the membrane 
and a net negative charge on the inside surface of the 
membrane.

The magnitude of the resting membrane poten-
tial is primarily determined by two factors: (1) the 
permeability of the cell membrane to different ions 
and; (2) the difference in ion concentrations between 
the intracellular and extracellular fluids (64). Al-
though numerous intracellular and extracellular ions 
exist, sodium, potassium, and chloride ions are pres-
ent in the greatest concentrations and therefore play 
the most important role in generating the resting 
membrane potential (64). The intracellular (inside the 
cell) and extracellular (outside the cell) concentra-
tions of sodium, potassium, chloride, and calcium are 
illustrated in Figure 7.6. Notice that the concentra-
tion of sodium is much greater on the outside of the 
cell, whereas the concentration of potassium is much 
greater on the inside of the cell. For comparative 
purposes, the intracellular and extracellular concen-
trations of calcium and chloride are also illustrated 
(Fig. 7.6).

The permeability of the neuron membrane to po-
tassium, sodium, and other ions is regulated by pro-
teins within the membrane that function as channels 
that can be opened or closed by “gates” within the 
channel. This concept is illustrated in Figure 7.7. No-

tice that ions can move freely across the cell mem-
brane when the channel is open, whereas closure 
of the channel gate prevents ion movement. A key 
point to remember is that when channels are open, 
ions move from an area of high concentration toward 
an area of low concentration. Therefore, because the 
concentration of potassium (+ charge) is high inside 
the cell and the concentration of sodium (+ charge) 
is high outside the cell, a change in the membrane’s 
permeability to either potassium or sodium would 
result in a movement of these charged ions down 
their concentration gradients. That is, sodium would 

K+

Cl–

Ca2+

Intracellular fluid
concentrations

Extracellular fluid
concentrations

12 mM

150 mM

9 mM

0.0001 mM

145 mM

5 mM

125 mM

2.5 mM

Na+

Figure 7.6 Concentrations of ions across a typical cell 
membrane. Although the body contains many different 
ions, sodium (Na+), potassium (K+), and chloride (Cl–)
ions exist in the largest concentrations and therefore 
play the most important roles in determining the rest-
ing membrane potential in cells.

CLINICAL APPLICATIONS 7.1

Benefits of Exercise Training in Multiple Sclerosis
Multiple sclerosis (MS) is a neurologi-
cal disease that progressively destroys 
the myelin sheaths of axons in mul-
tiple areas of the central nervous sys-
tem. Although the exact cause of MS 
is not known, the MS-mediated de-
struction of myelin has an inherited 
(i.e., genetic) component and is due to 
an immune system attack on myelin. 
Destruction of the myelin sheath pro-
hibits the normal conduction of nerve 
impulses, resulting in a progressive 
loss of nervous system function. The 
pathology of MS is characterized by 
general fatigue, muscle weakness, poor 

motor control, loss of balance, and 
mental depression (62). Therefore, pa-
tients with MS often have difficulties 
in performing activities of daily living 
and suffer from a low quality of life.

Although there is no known cure 
for MS, growing evidence indicates 
that regular exercise, including both 
endurance and resistance exercise, 
can improve the functional capacity of 
patients suffering from this neurologi-
cal disorder (60, 62–63). For example, 
studies reveal that MS patients engag-
ing in a regular exercise program ex-
hibit increased muscular strength and 

endurance, resulting in an improved 
quality of life (9, 60). Importantly, 
regular exercise may also reduce the 
mental depression associated with 
MS (60, 62). However, because of lim-
ited research, the amount and types 
of exercise that provide the optimum 
benefit for MS remains unclear (1). 
Nonetheless, two recent reviews have 
discussed an evidence-based guide-
line for physical activity in adults 
with MS. See Latimer-Cheung et al. 
(2013) along with Motl and Sandroff 
(2015) in the suggested reading list 
for details.
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enter the cell, and potassium would leave the cell. 
At rest,  almost all the sodium channels are closed, 
whereas a few potassium channels are open. This 
means that there are more potassium ions leaving 
the cell than sodium ions “leaking” into the cell. This 
results in a net loss of positive charges from the inside 
of the membrane, thus making the resting membrane 
potential negative. In short, the negative membrane 
potential in a resting neuron is due primarily to the 
diffusion of potassium out of the cell, caused by (1) 
the higher permeability of the membrane for potas-
sium than sodium and (2) the concentration gradient 
for potassium promotes movement of potassium ions 
out of the cell.

As mentioned previously, a small number of ions 
are always moving across the cell membrane. If potas-
sium ions continued to diffuse out of the cell and the 
sodium ions continued to diffuse into the cell, the 
concentration gradients for these ions would decrease. 
This would result in a loss of the negative membrane 
potential. What prevents this from happening? The 
cell membrane has a sodium/potassium pump that 
uses energy from ATP to maintain the intracellular/
extracellular ion concentrations by pumping sodium 
out of the cell and potassium into the cell. Interest-
ingly, this pump not only maintains the concentra-
tion gradients that are needed to maintain the resting 

membrane potential but it also helps to generate the 
potential because it exchanges three sodium ions for 
every two potassium ions (5, 62) (Fig. 7.8).

Action Potential Research that explained how neu-
rons transmit impulses from the periphery to the 
brain was completed more than 50 years ago. A neu-
ral message is generated when a stimulus of sufficient 
strength reaches the neuron membrane and opens 
sodium gates, which allows sodium ions to diffuse 
into the neuron, making the inside of the cell more 
and more positive (depolarizing the cell). When de-
polarization reaches a critical value called “threshold,” 
more sodium gates open and an action potential, or 
nerve impulse, is formed (see Figs. 7.9 and 7.10(b)). Af-
ter an action potential has been generated, a sequence 
of ionic exchanges occurs along the axon to propa-
gate the nerve impulse. This ionic exchange along the 
neuron occurs in a sequential fashion at the nodes of 
Ranvier (Fig. 7.3).

Repolarization occurs immediately following de-
polarization, resulting in a return of the resting mem-
brane potential with the nerve ready to be stimulated 
again (Figs. 7.9 and 7.10). How does repolarization 
occur? To explain, let’s take a closer look at depolar-
ization. Depolarization of the cell, with a slight time 
delay, causes a brief increase in membrane perme-
ability to potassium. As a result, potassium leaves the 
cell rapidly, making the inside of the membrane more 
negative (see Fig. 7.10(c)). Further, after the depolar-
ization stimulus is removed, the sodium gates within 
the cell membrane close, and sodium entry into the 
cell is slowed (therefore, few positive charges are en-
tering the cell). The combined result of these activi-
ties quickly restores the resting membrane potential 
to the original negative charge, thus repolarizing the 
cell. To summarize, the events leading to neuron de-
polarization and repolarization are illustrated step 
by step in Figures 7.10(a) through 7.10(c). Specifi-
cally, the resting membrane potential is illustrated in 
 Figure 7.10(a), whereas the events that lead to an 
action potential are highlighted in Figure 7.10(b). Fi-
nally, the ionic movements that lead to repolarization 
of the neuron are illustrated in Figure 7.10(c).

All-or-None Law The development of a nerve im-
pulse is considered to be an “all-or-none” response and 
is referred to as the “all-or-none” law of action poten-
tials. This means that if a nerve impulse is initiated, 
the impulse will travel the entire length of the axon 
without a decrease in voltage. In other words, the neu-
ral impulse is just as strong after traveling the length 
of the axon as it was at the initial point of stimulation.

Neurotransmitters and Synaptic Transmission As 
mentioned previously, neurons communicate with 
other neurons at junctions called synapses. A  synapse 

Figure 7.7 Illustration of channels that regulate ion 
passage across the plasma membrane. Ion channels 
are composed of proteins that span the entire mem-
brane from the inside to the outer surface. Ion passage 
through the channels is regulated by the opening or 
closing of “gates” that serve as doors in the middle of 
the channel. For example, when channels are open (i.e., 
gate is open), ions are free to pass through the channel 
(lower portion of figure). In contrast, when the channel 
gate is closed, ions’ movement through the channel is 
halted (upper portion of figure).
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146 Section One Physiology of Exercise

is a small gap (20–30 nanometers) between the synap-
tic endfoot of the presynaptic neuron and a dendrite 
of a postsynaptic neuron (see Fig. 7.11).

Communication between neurons occurs via a 
process called synaptic transmission. Synaptic trans-
mission occurs when sufficient amounts of a specific 
neurotransmitter (a neurotransmitter is a chemi-
cal messenger that neurons use to communicate 
with each other) are released from synaptic vesicles 

 contained in the presynaptic neuron (Fig. 7.11). The 
nerve impulse results in the synaptic vesicles releas-
ing stored neurotransmitter into the synaptic cleft 
(space between presynaptic neuron and postsynap-
tic membrane; see Fig. 7.11). Neurotransmitters that 
cause the depolarization of membranes are termed 
excitatory transmitters. After release into the synap-
tic cleft, these neurotransmitters bind to “receptors” 
on the target membrane, which produces a series of 
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Figure 7.8 Exchange of sodium and potassium across the plasma membrane by the sodium/potassium pump. The 
 sodium/potassium pump requires energy (ATP) and is therefore an active transport pump that moves three molecules 
of sodium out of the cell and returns two molecules of potassium into the cell. The sodium/potassium pump process 
is summarized by steps 1 through 6.
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Figure 7.9 An action potential is produced by an increase 
in sodium conductance into the neuron. As sodium enters 
the neuron, the charge becomes more and more positive, 
and an action potential is generated.Milliseconds
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Figure 7.10 (a) At rest, the membrane is about –70 millivolts. (b) When the membrane reaches threshold, sodium chan-
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open, potassium channels diffuse outward, and the membrane is repolarized.
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graded depolarizations in the dendrites and cell body 
(3, 4, 25, 30, 39, 53). These graded depolarizations 
are known as excitatory postsynaptic potentials 
(EPSPs). If sufficient amounts of the neurotransmitter 
are released, the postsynaptic neuron is depolarized 
to threshold and an action potential is generated.

EPSPs can bring the postsynaptic neuron to 
threshold in two ways: (1) temporal summation and 
(2) spatial summation. The summing of several EPSPs 

from a single presynaptic neuron over a short time 
period is termed temporal summation (“tempo-
ral” refers to time). In other words, temporal summa-
tion is simply the adding of input signals that arrive 
at different times; these signals are additive because 
they result in a greater number of open ion chan-
nels and, therefore, a greater flow of positive ions 
into the cell. The number of EPSPs required to bring 
the postsynaptic neuron to threshold varies, but it is 

Figure 7.11 The basic structure of a chemical synapse. In this illustration, the basic elements of the synapse can be seen: 
the terminal of the presynaptic axon (i.e., sending neuron) containing synaptic vesicles, the synaptic cleft, and the 
postsynaptic membrane (receiving neuron). 
Vander, A. J., et al., Human Physiology: The Mechanisms of Body Function, 8th ed. New York: McGraw-Hill, Inc., 2005.
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 estimated that the addition of up to 50 EPSPs might 
be required to produce an action potential within 
some neurons. Regardless of how many EPSPs are re-
quired, one way by which an action potential can be 
generated is through rapid, repetitive excitation from 
a single excitatory presynaptic neuron (i.e., temporal 
summation).

A second means of achieving an action poten-
tial at the postsynaptic membrane is to sum EPSPs 
from several different presynaptic inputs (i.e., sev-
eral different axons), known as spatial summation. In 
spatial summation, concurrent EPSPs come into 
a postsynaptic neuron from numerous different ex-
citatory inputs. As with temporal summation, up to 
50 EPSPs arriving simultaneously on the postsynaptic 
membrane may be required to produce an action po-
tential (5).

A common neurotransmitter, which also hap-
pens to be the transmitter at the nerve/muscle 
junction, is acetylcholine. Upon release into the 
synaptic cleft, acetylcholine binds to receptors on 
the postsynaptic membrane and opens “channels” 
that permit sodium to enter the nerve or muscle 
cell. As discussed previously, when enough sodium 
enters the postsynaptic membrane of a neuron or 
muscle, depolarization results. To prevent chronic 
depolarization of the postsynaptic neuron, the neu-
rotransmitter must be broken down into less active 
molecules via enzymes located within the synaptic 
cleft. In the case of acetylcholine, the degrading 
enzyme is called acetylcholinesterase. This enzyme 
breaks down acetylcholine into acetyl and choline 
and thus removes the stimulus for depolarization 
(14). Following breakdown of the neurotransmitter, 
the postsynaptic membrane repolarizes and is pre-
pared to receive additional neurotransmitters and 
generate a new action potential. Note that not all 
neurotransmitters are excitatory. In fact, some neu-
rotransmitters have just the opposite effect of excit-
atory transmitters (5). These inhibitory transmitters 
cause a hyperpolarization (increased negativity) of 
the postsynaptic membrane. This hyperpolarization 
of the membrane is called an inhibitory post-
synaptic potential (IPSP). The end result of an 
IPSP is that the neuron develops a more negative 
resting membrane potential, is pushed further from 
threshold, and thus resists depolarization. In gen-
eral, whether a neuron reaches threshold or not is 
dependent on the ratio of the number of EPSPs to 
the number of IPSPs. For example, a neuron that is 
simultaneously bombarded by an equal number of 
EPSPs and IPSPs will not reach threshold and gener-
ate an action potential. On the other hand, if the 
EPSPs outnumber the IPSPs, the neuron is moved 
toward threshold and an action potential may be 
generated.

SENSORY INFORMATION 
AND REFLEXES
The CNS receives a constant bombardment of mes-
sages from receptors throughout the body about 
changes in both the internal and external environ-
ment. These receptors are sense organs that change 
forms of energy in the “real world” into the energy 
of nerve impulses, which are conducted to the CNS 
by sensory neurons. A complete discussion of sense 
organs is beyond the scope of this chapter, so we will 
limit our discussion to those receptors responsible for 
position sense. Receptors that provide the CNS with 
information about body position are called proprio-
ceptors, or kinesthetic receptors, and include muscle 
spindles, Golgi tendon organs, and joint receptors.

IN SUMMARY
 ■ Nerve cells (i.e., neurons) are divided 
 anatomically into three parts: (1) the cell body, 
(2) dendrites, and (3) the axon. Axons are 
 generally covered by Schwann cells, with gaps 
between these cells called nodes of Ranvier.

 ■ Neurons are specialized cells that respond to 
physical or chemical changes in their environ-
ment. At rest, neurons are negatively charged 
in the interior with respect to the electrical 
charge outside the cell. This difference in elec-
trical charge is called the resting membrane 
potential.

 ■ A neuron “fires” when a stimulus changes 
the permeability of the membrane, allowing 
sodium to enter at a high rate, which depolar-
izes the cell. When the depolarization reaches 
threshold, an action potential or nerve impulse 
is initiated. Repolarization occurs immediately 
following depolarization due to an increase in 
membrane permeability to potassium and a de-
creased permeability to sodium.

 ■ Neurons communicate with other neurons at 
junctions called synapses. Synaptic transmission 
occurs when sufficient amounts of a specific 
neurotransmitter are released from the presyn-
aptic neuron. Upon release, the neurotransmit-
ter binds to a receptor on the post-synaptic 
membrane and causes ion channels to open.

 ■ Neurotransmitters can be excitatory or in-
hibitory. An excitatory transmitter increases 
neuronal permeability to sodium and results 
in excitatory postsynaptic potentials (EPSPs). 
Inhibitory neurotransmitters cause the neuron 
to become more negative (hyperpolarized). This 
hyperpolarization of the membrane is called an 
inhibitory postsynaptic potential (IPSP).
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Joint Proprioceptors
The term kinesthesia (also called kinesthetic sense) 
means conscious recognition of the position of body 
parts with respect to one another as well as recogni-
tion of the speed of limb-movement (32, 33, 42, 48, 
49). This sense of body position is important in per-
forming both everyday activities (e.g., walking down 
the stairs) and athletic skills. Indeed, a keen sense of 
body position is essential to perform complex skills 
such as those movements involved in gymnastics, 
diving, and basketball. In fact, it is predicted that in-
dividual differences in kinesthetic sense likely plays 
an important role in defining differences in athletic 
performance between athletes competing in sports 
(e.g., gymnastics, diving) that require a high level of 
kinesthetic sense to be successful. A brief discussion 
of the three primary sensory devices involved in pro-
prioception follows.

There are three principal types of joint proprio-
ceptors: (1) free nerve endings, (2) Golgi-type recep-
tors, and (3) Pacinian corpuscles. The most abundant 
of these are free nerve endings, which are sensitive 
to touch and pressure. These receptors are stimu-
lated strongly at the beginning of movement; they 
adapt (i.e., become less sensitive to stimuli) slightly 
at first, but then transmit a steady signal until the 
movement is complete (7, 17, 29, 34, 48). A second 
type of position receptor, Golgi-type receptors (not 
to be confused with Golgi tendon organs found in 
muscle tendons), are found in ligaments around joints. 
These receptors are not as abundant as free nerve 
endings, but they work in a similar manner. Pacinian 
corpuscles are found in the tissues around joints and 
adapt rapidly following the initiation of movement. 
This rapid adaptation presumably helps detect the 
rate of joint rotation (29). To summarize, the joint re-
ceptors work together to provide a conscious means 
of recognition of the orientation of body parts as well 
as feedback about the rates of limb movement.

Muscle Proprioceptors
Skeletal muscle contains several types of sensory re-
ceptors. These include muscle spindles and Golgi ten-
don organs (29, 34, 49). Collectively, these sensory 
receptors are often called muscle mechanoreceptors 
because these receptors are sensitive to mechanical 
(pressure/length) changes in the muscle. Importantly, 
these mechanoreceptors not only send information to 
higher brain centers about movement patterns but 
these receptors also send afferent neural information 
to both the cardiovascular and respiratory control 
centers; this information is used to regulate the car-
diovascular and respiratory response to exercise. This 
topic will be discussed in more detail in Chaps. 9 and 
10, respectively.

For the nervous system to properly control skel-
etal muscle movements, it must receive continuous 
sensory feedback from the contracting muscle. This 
sensory feedback includes (1) information concern-
ing the tension developed by a muscle; and (2) an 
account of the muscle length. Golgi tendon organs 
provide the central nervous system with feedback 
concerning the tension developed by the muscle, 
whereas the muscle spindle provides sensory infor-
mation concerning the relative length of the mus-
cle (8,  34,  49). A discussion of each sensory organ 
 follows.

Muscle Spindle As previously stated, the muscle 
spindle functions as a length detector. Muscle 
spindles are found in large numbers in most hu-
man locomotor muscles (49). Muscles that require 
the finest degree of control, such as the muscles 
of the hands, have the highest density of spindles. 
In contrast, muscles that are responsible for gross 
movements (e.g., quadriceps) contain relatively few 
spindles.

The muscle spindle is composed of several thin 
muscle cells (called intrafusal fibers) that are sur-
rounded by a connective tissue sheath. Like normal 
skeletal muscle fibers (called extrafusal fibers), mus-
cle spindles insert into connective tissue within the 
muscle. Therefore, muscle spindles run parallel with 
muscle fibers (see Fig. 7.12).

Muscle spindles contain two types of sensory 
nerve endings. The primary endings respond to dy-
namic changes in muscle length. The second type 
of sensory ending is called the secondary ending, 
and it does not respond to rapid changes in mus-
cle length, but provides the central nervous sys-
tem with continuous information concerning static 
muscle length.

In addition to the sensory neurons, muscle spin-
dles are innervated by gamma motor neurons, which 
stimulate the intrafusal fibers to contract simulta-
neously along with extrafusal fibers. Gamma motor 
neuron stimulation causes the central region of the 
intrafusal fibers to shorten, which serves to tighten 
the spindle. The need for contraction of the intra-
fusal fibers can be explained as follows: When skeletal 
muscles are shortened by motor neuron stimulation, 
muscle spindles are passively shortened along with 
the skeletal muscle fibers. If the intrafusal fibers did 
not compensate accordingly, this shortening would 
result in “slack” in the spindle and make them less 
sensitive. Therefore, their function as length detectors 
would be compromised.

Muscle spindles are responsible for the observa-
tion that rapid stretching of skeletal muscles results 
in a reflex contraction. This is called the stretch reflex 
or myotatic reflex; it is present in all muscles but is 
most dramatic in the extensor muscles of the limbs. 
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The so-called knee-jerk reflex is often evaluated by 
the physician by tapping the patellar tendon with a 
rubber mallet. The blow by the mallet stretches the 
entire muscle and thus “excites” the primary nerve 
endings located in muscle spindles. The neural im-
pulse from the muscle spindle synapses at the spinal 
cord level with a motor neuron, which then stimu-
lates the extrafusal fibers of the extensor muscle, re-
sulting in an isotonic contraction.

The function of the muscle spindle is to assist 
in the regulation of movement and to maintain pos-
ture. This is accomplished by the muscle spindle’s 
ability to detect and cause the central nervous sys-
tem to respond to changes in the length of skel-
etal muscle fibers. The following practical example 
shows how the muscle spindle assists in the con-
trol of movement. Suppose a person is holding a 
single book in front of their body with the arm ex-
tended. This type of load poses a tonic stretch on 
the muscle spindle, which sends information to the 
CNS concerning the final length of the extrafusal 
muscle fibers. If a second book is suddenly placed 
upon the first book, the muscles would be suddenly 
stretched (arm would drop) and a burst of impulses 
from the muscle spindle would alert the CNS about 
the change in muscle length due to the increased 

load. The ensuing reflex would recruit additional 
motor units to raise the arm back to the original po-
sition. Generally, this type of reflex action results in 
an overcompensation. That is, more motor units are 
recruited than are needed to bring the arm back to 
the original position. However, immediately follow-
ing the overcompensation movement, an additional 
adjustment rapidly occurs and the arm is quickly 
returned to the original position.

Golgi Tendon Organs The Golgi tendon organs 
(GTOs) continuously monitor the tension produced 
by muscle contraction. Golgi tendon organs are lo-
cated within the tendon and thus are in series with 
the extrafusal fibers (Fig. 7.13). In essence, GTOs 
serve as “safety devices” that help prevent excessive 
force during muscle contraction. When activated, 
GTOs send information to the spinal cord via sen-
sory neurons, which in turn excite inhibitory neu-
rons (i.e., send IPSPs). This inhibitory reflex prevents 
motor neurons from firing, reduces muscle force pro-
duction, and therefore protects the muscle against 
contraction-induced injury. This process is pictured 
in Figure 7.13.

It seems possible that GTOs play an important 
role in the performance of strength activities. For 

Figure 7.12 The structure of muscle spindles and their location in skeletal muscle.

1. Muscle spindles detect stretch of the muscle.

4. Stimulation of the alpha motor neurons causes the muscle to contract  
    and resist being stretched.

2. Sensory neurons conduct action potentials to the spinal cord.

3. Sensory neurons synapse with alpha motor neurons.
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 instance, the amount of force that can be produced 
by a muscle group may be dependent on the ability 
of the individual to voluntarily oppose the inhibi-
tion of the GTO. Because resistance training increases 
tendon stiffness, it is feasible that the inhibitory in-
fluences of the GTO on force production could be 
gradually reduced in response to strength training 
(20, 61). This would allow an individual to produce 
a greater amount of muscle force and, in many cases, 
improve sport performance.

Finally, the GTO is also responsible for a reflex 
known as the inverse stretch reflex (also called inverse 
myotatic reflex). As the name implies, the inverse 
stretch reflex is the opposite of the stretch reflex and 
results in decreased muscle tension by GTO-mediated 
inhibition of motor neurons in the spinal cord supply-
ing the muscle. Here’s how the inverse stretch reflex 
works. A vigorous contraction of a muscle group acti-
vates the GTO. The GTO responds by sending a mes-
sage to the spinal cord to inhibit motor neuron firing 
and reduce the amount of force generated by the 
muscle. Interestingly, passive stretching of a muscle 
also activates the GTO and results in relaxation of the 
stretched muscle.

Golgi
tendon
organ

Muscle contraction increases 
tension applied to tendons. 
In response, action potentials 
are conducted to the spinal 
cord. 

Sensory
neuron

Tendon Muscle

1. Golgi tendon organs detect tension applied to a tendon.

4. Inhibition of the alpha motor neurons causes muscle   
 relaxation, relieving the tension applied to the tendon.

2. Sensory neurons conduct action potentials to the spinal cord.
  
3. Sensory neurons synapse with inhibitory interneurons that
 synapse with alpha motor neurons.
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Figure 7.13 The Golgi tendon organ. The Golgi tendon organ is located in series with muscle and serves as a “tension 
monitor” that acts as a protective device for muscle. See text for details.

IN SUMMARY
 ■ Proprioceptors are position receptors located  
in joint capsules, ligaments, and muscles. 
The three most abundant joint and ligament 
 receptors are free nerve endings, Golgi-type 
receptors, and Pacinian corpuscles. These 
 receptors provide the body with a conscious 
means of recognizing the orientation of body 
parts, as well as feedback about the rates of  
limb movement.

 ■ The muscle spindle functions as a length detec-
tor in muscle.

 ■ Golgi tendon organs continuously monitor  
the tension developed during muscular 
 contraction. In essence, Golgi tendon  
organs serve as safety devices that help  
prevent  excessive force during muscle 
 contractions.

 ■ Collectively, proprioceptors provide important 
information to the CNS about body position 
and speed of limb movement, which is essen-
tial for the successful performance of complex 
sports skills.
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MUSCLE CHEMORECEPTORS
In addition to proprioceptors, skeletal muscles con-
tain chemoreceptors that respond to chemical 
changes within the muscle (26, 28, 35). Specifically, 
these receptors are a type of free nerve ending and are 
sensitive to changes in the chemical environment sur-
rounding the muscle. When stimulated by changes in 
the concentrations of hydrogen ions (i.e., pH changes), 
carbon dioxide, and potassium around the muscle, 
these receptors send information to the CNS via nerve 
fibers classified as group III (myelinated) and group IV 
(nonmyelinated) fibers. The physiological role of mus-
cle chemoreceptors is to provide the CNS with infor-
mation about the metabolic rate of muscular activity 
(i.e., how hard the muscle is working). This informa-
tion is important in the control of the cardiovascular 
and pulmonary responses to exercise (6, 28, 35) and 
will be discussed in Chaps. 9 and 10.

SOMATIC MOTOR FUNCTION 
AND MOTOR NEURONS
The term somatic refers to the outer (i.e., nonvisceral) 
regions of the body. The somatic motor portion of 
the peripheral nervous system is responsible for car-
rying neural messages from the spinal cord to skeletal 
muscle fibers. These neural messages are the signals 
for muscular contraction to occur. Muscular contrac-
tion will be discussed in detail in Chap. 8.

The organization of the somatic motor nervous 
system is illustrated in Figure 7.14. The somatic neu-
ron that innervates skeletal muscle fibers is called a 
motor neuron (also called an alpha motor neuron). 
Note that the cell body of motor neurons is located 
within the spinal cord (Fig. 7.14). The axon of the 
motor neuron leaves the spinal cord as a spinal nerve 
and extends to the muscle that it is responsible for 
innervating. After the axon reaches the muscle, the 
axon splits into collateral branches; each collateral 
branch innervates a single muscle fiber. Each motor 
neuron and all the muscle fibers that it innervates is 
known as a motor unit.

When a single motor neuron is activated, all of 
the muscle fibers that it innervates are stimulated to 
contract. However, note that the number of muscle 
fibers that a motor neuron innervates is not constant 
and varies from muscle to muscle. The number of 
muscle fibers innervated by a single motor neuron 

IN SUMMARY
 ■ Muscle chemoreceptors are sensitive to chemi-
cal changes around muscle fibers.

 ■ When stimulated, muscle chemoreceptors send 
information back to the CNS about the metabolic 
rate of muscular activity, and these messages play 
a role in the regulation of both the cardiovascular 
and pulmonary response to exercise.

Figure 7.14 Illustration of a motor unit. A motor unit is defined as a motor neuron and all the muscle fibers it innervates.
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is called the innervation ratio (i.e., number of muscle 
fibers/motor neuron). In muscle groups that require 
fine motor control, the innervation ratio is low. For 
example, the innervation ratio of the extraocular 
muscles (i.e., muscles that regulate eye movement) is 
23/1. In contrast, innervation ratios of large muscles 
that are not involved in fine motor control (e.g., leg 
muscles) may range from 1000/1 to 2000/1.

One of the ways that the CNS can increase the 
force of muscle contraction is by increasing the num-
ber of motor units that are recruited. The term motor 
unit recruitment refers to the progressive activation 
of more and more motor neurons. Recruitment of 
additional motor units activates more muscle fibers, 
which increases the strength of a voluntary muscle 

contraction. In general, motor units are recruited in 
an orderly fashion as a function of their size. For ex-
ample, when a muscle is initially activated to lift a 
light weight, the first motor units to fire are small 
in size; this results in a limited amount of force gen-
eration. However, when more force is required (i.e., 
lifting a heavy weight), there is a progressive increase 
in the recruitment of more large motor neurons to 
increase muscle force production. This orderly and 
sequential recruitment of larger motor units is called 
the size principle (37). For more details on the size 
principle, see A Closer Look 7.1, and for information 
on the scientist that discovered this important prin-
ciple of neurophysiology, see A Look Back—Important 
People in Science.

A CLOSER LOOK 7.1

Motor Unit Recruitment and the Size Principle
As introduced in the text, motor unit 
recruitment is the progressive activa-
tion of more and more muscle fibers 
by the successive recruitment of addi-
tional motor units. Recall that a motor 
unit consists of one motor neuron and 
all of the muscle fibers that it is respon-
sible for activating. All muscles in the 
body contain many motor units, and 
the fibers belonging to a motor unit 
are spread out across the entire mus-
cle. When a single motor unit is acti-
vated, all the muscle fibers innervated 
by the motor neuron are stimulated to 
contract. The activation of a single mo-
tor unit results in a weak muscle con-
traction (i.e., limited force production). 
To increase muscle force production, 
more motor units must be recruited. 
This process of motor unit recruitment 
occurs in an orderly fashion, beginning 
with the smallest motor neurons and 
eventually activating larger and larger 
motor neurons (37). This concept was 
developed by Elwood Henneman and 
is known as the size principle.

Henneman proposed that the 
mechanism responsible for the size 
principle was that the smaller motor 
neurons had a smaller surface area and 
would produce a larger EPSP, which 
would reach threshold sooner, result-
ing in an action potential. Further, he 
predicted that larger motor neurons 
(with a larger surface area) would 
produce smaller EPSPs; therefore, 
these motor neurons would be more 

 difficult to depolorize and achieve an 
action potential. Taken together, the 
size principle predicts that motor unit 
recruitment will occur in order of 
their increasing size, with the smallest 
motor neurons firing first, followed by 
larger and larger motor neurons.

To better understand how the 
size principle works, let’s discuss the 
three main types of motor units in 
the body:

 1. Type S (slow)—These small motor 
neurons innervate the slow and 
highly oxidative muscle fibers. 
These fibers are called type I mus-
cle fibers; muscle fiber types are 
discussed in detail in Chap. 8.

 2. Type FR (fast, fatigue resistant)—
These larger motor neurons in-
nervate the “intermediate” muscle 
fibers (called type IIa fibers).

 3. Type FF (fast, fatigable)—These are 
the largest motor neurons and in-
nervate the “fast” muscle fibers 
(called type IIx fibers).

An incremental exercise test is a 
good example to illustrate how the size 
principle works during exercise. Recall 
from Chap. 4 that an incremental ex-
ercise test consists of numerous stages 
lasting one to three minutes per stage. 
The test begins at a low work rate and 
with each progressive stage, the work 
rate increases until the subject cannot 
maintain the desired power output. So, 

during the first stage of a graded ex-
ercise test, only a low level of muscle 
force production is required; therefore, 
you would recruit only the slow, type 
S motor units. The recruitment of the 
smaller motor neurons that innervate 
slow (highly oxidative) muscle fibers 
first helps to delay fatigue when high 
force production is not required to per-
form the exercise. However, as the test 
progresses, you will need to produce 
more muscular force and therefore you 
will recruit more and more of the type 
S motor units and eventually progress 
to the type FR motor units. As the ex-
ercise test becomes more difficult, any 
further increase in muscle force pro-
duction would come from recruiting 
the type FF motor units.

Note that exceptions to the size 
principle exist during the perfor-
mance of high intensity and short 
duration exercise. For instance, in 
the human performance example of a 
high velocity and high power output 
activity (e.g., Olympic weight lifting, 
baseball pitchers, or sprinters), fast 
motor units are recruited first in or-
der to allow for a faster movement. 
The recruitment of fast motor units 
first is achieved by inhibiting the acti-
vation of slow motor units; this allows 
the activation of the fast motor units 
first. The size principle and its role in 
muscle force production is discussed 
again in Chap. 8 and is illustrated in 
Figure 19.3 in Chap. 19.
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VESTIBULAR APPARATUS 
AND EQUILIBRIUM
Before we begin a discussion of how the brain controls 
motor functions, it is important to understand how 
the body maintains balance (i.e., equilibrium). The 

 vestibular apparatus, an organ located in the inner 
ear, is responsible for maintaining general equilibrium. 
Although a detailed discussion of the anatomy of the 
vestibular apparatus will not be presented here, a brief 
discussion of the function of the vestibular apparatus 
is appropriate. The receptors contained within the ves-
tibular apparatus are sensitive to any change in head 
position or movement direction (5, 25, 47). Move-
ment of the head excites these receptors, and nerve 
impulses are sent to the CNS regarding this change in 
position. Specifically, these receptors provide informa-
tion about both linear and angular acceleration of the 
head. This mechanism allows us to have a sense of ac-
celeration or deceleration when running or traveling 
by car. Further, a sense of angular acceleration helps us 
maintain balance when the head is turning or spinning 
(e.g., performing gymnastics or diving).

The neural pathways involved in the control of 
equilibrium are outlined in Figure 7.15. Any head 
movement results in the stimulation of receptors 
in the vestibular apparatus, which transmits neural 
information to the cerebellum and the vestibular 
nuclei located in the brain stem. Further, the ves-
tibular nuclei relay a message to the oculomotor 
center (controls eye movement) and to neurons in 
the spinal cord that control movements of the head 
and limbs. Thus, the vestibular apparatus controls 
head and eye movement during physical activity, 
which serves to maintain balance and visually track 
the events of movement. In summary, the vestibular 
apparatus is sensitive to the position of the head 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Elwood Henneman Discovered the Size Principle of Motor Neuron Recruitment
Elwood Henneman (1915–1995) 
was an American scientist inter-
ested in understanding how the 
nervous system controls the actions 
of skeletal muscles. Dr. Henneman 
completed his medical education at 
McGill University, and following his 
post-doctoral training at Johns Hop-
kins, he became a faculty member at 
Harvard.

Although Dr. Henneman’s research 
advanced our understanding of many 
aspects of the nervous system, one of 
his most important discoveries was 
that the susceptibility of a motor neu-
ron to “fire” is a function of its size. 
That is, the smallest motor neurons are 
the most easily excited, whereas large 

motor neurons are the least suscepti-
ble to excitation. This important dis-
covery is referred to as the size principle 
(also called the Henneman size principle) 
and is discussed in A Closer Look 7.1.

Dr. Henneman’s research inter-
est in skeletal muscles developed 
from his lifelong pursuit of sports 
and physical activity. During his un-
dergraduate studies, Henneman was 
a star on the Harvard tennis team. 
Dr. Henneman was also an excellent 
downhill skier, and he remained 
physically active throughout his 
life. In fact, his strong physique is 
credited with allowing him to sur-
vive a series of major operations, 
including installation of an artificial 

aortic valve, coronary bypass sur-
gery, and an aortic aneurysm (i.e., 
tear in the aorta). The latter opera-
tion was described as “colorful” be-
cause the aneurysm occurred when 
Dr. Henneman was delivering a lec-
ture to Harvard medical students. 
He diagnosed the problem himself 
from behind the speakers’ podium 
and ordered a student in the front 
row to call the hospital and alert the 
surgery department that Professor 
Henneman would be arriving to the 
emergency room with an aortic an-
eurysm. Although this was a close 
call, Dr. Henneman survived the sur-
gery and remained active in science 
until his death.

IN SUMMARY
 ■ The somatic motor portion of the peripheral 
nervous system is responsible for carrying neu-
ral messages from the spinal cord to skeletal 
muscle fibers.

 ■ A motor neuron and all the muscle fibers that 
it innervates are known as a motor unit.

 ■ The number of muscle fibers innervated by a 
single motor neuron is called the innervation ratio 
(i.e., number of muscle fibers/motor neuron).

 ■ The size principle is defined as the progressive 
recruitment of motor units, beginning with 
the smallest motor neurons and progressing to 
larger and larger motor neurons.

 ■ Recruiting smaller motor neurons that innervate 
slow (highly oxidative) muscle fibers first helps 
to delay muscle fatigue when high force produc-
tion is not required to perform the exercise.

 ■ Exceptions to the size principle exist as fast motor 
neurons are recruited first during the performance 
of high velocity and high power output move-
ments (e.g., Olympic weight lifters, sprinters, etc.).

pow70456_ch07_140-165.indd   155 01/16/17   9:28 PM



156 Section One Physiology of Exercise

in space and to sudden changes in the direction of 
body movement. Its primary function is to main-
tain equilibrium and preserve a constant plane of 
head position. Failure of the vestibular apparatus 
to function properly would prevent the accurate 
performance of any athletic task that requires head 
movement. Since most sporting events require at 
least some head movement, the importance of the 
vestibular apparatus is obvious.

MOTOR CONTROL 
FUNCTIONS OF THE BRAIN
The brain can be subdivided into three major parts: 
the cerebrum, cerebellum, and brain stem. Figure 7.16 
demonstrates the anatomical relationship of these 
components. Each of these structures makes impor-
tant contributions to the regulation of movement. 
The next several paragraphs will outline the brain’s 
role in regulating the performance of sports skills.

Cerebrum
The cerebrum is the large dome of the brain that is 
divided into right and left cerebral hemispheres. The 
outermost layer of the cerebrum is called the cere-
bral cortex and is composed of tightly arranged neu-
rons. Although the cortex is only about one-fourth of 
an inch thick, it contains over eight million neurons. 
The cortex performs three very important motor be-
havior functions (14): 1) the organization of complex 
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Cerebellum

(control of eye
movements)

Oculomotor
center

Vestibular nuclei
(brain stem)

Spinal cord

(control of body
movements)

Joint, tendon,
and muscle
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Output to
skeletal
muscles

Figure 7.15 The role of the vestibular apparatus in the 
maintenance of equilibrium and balance.

IN SUMMARY
 ■ The vestibular apparatus is responsible for 
maintaining general equilibrium and is located 
in the inner ear. Specifically, these receptors 
provide information about linear and angular 
acceleration.
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Figure 7.16 The anatomical relationship among the cerebrum, the cerebellum, and the brain stem.
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 movement, 2) the storage of learned experiences, and 
3) the reception of sensory information. We will limit 
our discussion to the role of the cortex in the organi-
zation of movement. The portion of the cerebral cor-
tex that is most concerned with voluntary movement 
is the motor cortex. Although the motor cortex plays 
a significant role in motor control, it appears that in-
put to the motor cortex from subcortical structures 
(i.e., cerebellum, etc.) is absolutely essential for coordi-
nated movement to occur (14, 23, 55). Thus, the mo-
tor cortex can be described as the final relay point 
upon which subcortical inputs are focused. After the 
motor cortex sums these inputs, the final movement 
plan is formulated and the motor commands are sent 
to the spinal cord. This “movement plan” can be mod-
ified by both subcortical and spinal centers, which 
supervise the fine details of the movement. See the 
Winning Edge 7.1 for a discussion of the role that the 
CNS plays in exercise-induced fatigue.

Cerebellum
The cerebellum lies behind the pons and medulla 
(Fig. 7.16). Although complete knowledge about cere-
bellar function is not currently available, much is known 
about the role of this structure in movement control. It 
is clear that the cerebellum plays an important role in 
coordinating and monitoring complex movement. This 

work is accomplished via connections leading from the 
cerebellum to the motor cortex, the brain stem, and the 
spinal cord. Evidence exists to suggest that the primary 
role of the cerebellum is to aid in the control of move-
ment in response to feedback from proprioceptors (29, 
55). Further, the cerebellum may initiate fast, ballistic 
movements via its connection with the motor cortex 
(5). Damage to the cerebellum results in poor movement 
control and muscular tremor that is most severe during 
rapid movement. Head injuries due to sport-related inju-
ries can lead to damage and dysfunction in the cerebrum 
and/or cerebellum. For an overview of sport-related con-
cussions, see Clinical Applications 7.2.

Brain Stem
The brain stem is located inside the base of the skull 
just above the spinal cord. It consists of a complicated 
series of nerve tracts and nuclei (clusters of neurons) 
and is responsible for many metabolic functions, cardio-
respiratory control, and some highly complex reflexes. 
The major structures of the brain stem are the medulla, 
pons, and midbrain. In addition, there is a series of com-
plex neurons scattered throughout the brain stem that 
is collectively called the  reticular formation. The reticu-
lar formation receives and integrates information from 
all regions of the CNS and works with higher brain 
centers in controlling muscular activity (5).

WINNING EDGE 7.1

Mind Over Matter? The Central Governor Theory of Exercise-Induced Fatigue
Everyone that has engaged in long-du-
ration or a high intensity exercise train-
ing session has experienced fatigue. In 
theory, exercise-induced fatigue could 
be due to central factors (e.g., higher 
brain centers and/or motor neurons) or 
peripheral factors (fatigue within skel-
etal muscle fibers). Let’s discuss central 
fatigue and peripheral fatigue during 
exercise in more detail. In regard to 
peripheral fatigue, it is clear that pro-
longed or intense exercise can disturb 
homeostasis within the contracting 
muscle fibers resulting in decreased 
force production (45, 46). However, it 
is also possible that exercise-induced 
fatigue could result from dysfunction 
of the central nervous system (i.e., 
central fatigue) resulting in a reduced 
motor output to the exercising skel-
etal muscles (43, 52, 56). This type of 
central fatigue could occur during pro-
longed endurance exercise due to the 
depletion of excitatory neurotransmit-

ters in the motor cortex. This deple-
tion of excitatory neurotransmitters 
would impair the activation of motor 
neurons and the muscle fibers that 
they innervate. In fact, some investiga-
tors have proposed that higher brain 
centers act as a “governor” to control 
exercise tolerance (40, 41). This “cen-
tral governor” theory of fatigue pro-
poses that exercise-induced fatigue is 
regulated by the action of a central 
(brain) control center that regulates ex-
ercise performance (40). It is proposed 
that this type of control system would 
limit muscle activation during exer-
cise by reducing motor output from 
higher brain centers. A theorized ad-
vantage of the central governor theory 
of exercise fatigue is that this system 
would protect the body against cata-
strophic disturbances in homeostasis 
by  promoting fatigue and the cessation 
of exercise before damage occurs to 
the working muscles.

So, is exercise-induced fatigue con-
trolled solely by the brain, as predicted 
by the central governor theory? Unfor-
tunately, the answer to this question 
remains unknown because this is a dif-
ficult problem to study. Nonetheless, 
current evidence suggests that both 
central and peripheral factors can con-
tribute to exercise- induced fatigue, and 
that the relative contribution of central 
or peripheral factors may depend upon 
the environmental conditions and the 
type of exercise (e.g., intensity and du-
ration) performed to induce fatigue. 
Therefore, the “central governor” the-
ory of exercise-induced fatigue remains 
a theory, and future research will be 
required to fully support or reject this 
concept (57). More will be said about 
muscle fatigue in Chap. 8. See Shei 
and Mickleborough (2013) and Rauch 
(2013) in the suggested reading list for 
more details on the central governor 
theory of exercise-induced fatigue.
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CLINICAL APPLICATIONS 7.2

Sport-Related Traumatic Brain Injuries and Development of Chronic Traumatic Encephalopathy (CTE)
Although head injuries can occur 
in many activities, sports with the 
greatest risk of head injury include 
football, gymnastics, ice hockey, 
wrestling, and boxing. Other sporting 
activities that pose a significant risk 
for head injury include horse racing, 
motorcycle and automobile racing, 
martial arts, soccer, and rugby.

A forceful blow to the head dur-
ing sports (e.g., a football collision) 
can result in a traumatic brain injury 
(TBI) that is classified by the amount 
of damage to brain tissue. One of the 
most common brain injuries in sports 
is the concussion, and it is estimated 
that approximately 3.8 million sports-
related concussions occur each year in 
the United States (22, 51). A concus-
sion is defined as a complex TBI result-
ing from a traumatic force to the head, 
neck, or body (36). Concussions differ 
in their degree of severity, but most 
concussions share several common fea-
tures (see Table 7.1). Note that a con-
cussion does not always result in a loss 
of consciousness. Indeed, only 10% of 
athletes who suffer a sport-related con-
cussion are rendered unconscious (2).

Interestingly, girls appear to have 
a higher rate of concussion than boys 
in the same sport (e.g., basketball)  
(11, 22). The reason for this differ-
ence is unknown, but some experts 
suggest that gender differences exist 
in the ability to withstand equivalent 
blows to the head and neck (11, 22). 
It is also possible that, compared to 

female athletes, some male athletes 
may be reluctant to report their head 
injuries to coaches or parents for fear 
of being removed from athletic com-
petition (22). Therefore, the incidence 
of TBI in male athletes may be under-
estimated (22). If this is the case, the 
occurrence of concussions may not 
differ between girls and boys.

What health risks are associated 
with sustaining a concussion? In gen-
eral, most concussions result in a 
short-lived impairment of brain func-
tion that typically resolves naturally 
within a few days (36). Nonetheless, 
there are some atypical outcomes of 
a concussion that present serious 
health risks. These major health risks 
associated with a concussion include 
(51): (1)  permanent brain damage or 
death associated with delayed brain 
swelling; (2) second-impact syndrome; 
(3) same season repeat concussion; and 
(4) late-life consequences of repeated 
concussions. A brief discussion of 
these concussion-related risks follows.

The risk of permanent brain dam-
age or death in most sports is low. For 
example, although American football 
is considered a high-risk sport for head 
injury, it is estimated that only 1 out 
of every 20,500 football players de-
velop an acute injury that results in 
permanent brain injury each year (51). 
The second-impact syndrome occurs 
when an athlete who has sustained 
an initial concussion suffers a second 
head injury before the first injury has  

healed. This second-impact syndrome 
promotes brain vascular congestion, 
which can progress to cerebral swell-
ing and death. Also, after sustaining a 
concussion, the brain is in a state of 
vulnerability for an extended  period. 
Therefore, an additional risk of a sports-
related concussion is the  increased 
vulnerability to a second concussion 
within the same season (51). This 
concussion-related health risk is often 
called the same-season repeat concussion. 
The final risk associated with repeated 
sports-related TBI (i.e., concussions) is 
the increased risk of the development 
of degenerative brain disorders result-
ing in impaired mental function later 
in life (i.e., dementia) (22a, 51). Indeed, 
compared to a nonathletic popula-
tion, evidence indicates that American 
professional football players are at a 
higher risk of developing Alzheimer's 
disease and other forms of dementia 
(19). Moreover, abundant evidence 
exists that exposure to repeated TBI 
from other sports (e.g., boxing) is also 
associated with an increased risk of 
neurodegenerative disease (22a). The 
disease process  responsible for TBI-
induced  dementia is called chronic 
traumatic encephalopathy (CTE); this 
is a complex  disease that is associated 
with neuronal death, loss of axons, 
and chronic inflammation within the 
brain (22a). For more details on sports-
related TBI and CTE see Hay et al. 
(2016) and Pfister et al. (2015) in the 
suggested reading list.

TABLE 7.1 Signs and Symptoms of a Concussion

Physical  Cognitive  Emotional  Sleep

Headache Difficulty remembering Irritability Drowsiness
Nausea Difficulty concentrating Sadness Sleeping more than usual
Vomiting Feeling mentally “foggy” Emotional Sleeping less than usual
Visual problems Answers questions slowly Nervousness Difficulty falling asleep

In general, the neuronal circuits in the brain stem 
are thought to be responsible for the control of eye 
movement and muscle tone, equilibrium, support of 
the body against gravity, and many special reflexes. 
One of the most important roles of the brain stem in 

control of locomotion is that of maintaining postural 
tone. That is, centers in the brain stem provide the 
nervous activity necessary to maintain normal upright 
posture and therefore support the body against grav-
ity. It is clear that the maintenance of upright posture 
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requires that the brain stem receive information from 
several sensory modalities (e.g., vestibular receptors, 
pressure receptors of the skin, vision). Damage to any 
portion of the brain stem results in impaired move-
ment control (5, 13, 25).

MOTOR FUNCTIONS OF  
THE SPINAL CORD
Growing evidence indicates that the spinal cord con-
tributes to the control of movement. Indeed, there 
is increasing evidence that normal motor function is 
influenced by spinal reflexes. Specifically, although 
signals originating in the motor cortex are required 
to drive spinal motor neuron activation, growing evi-
dence reveals that the final movement pattern is in-
fluenced by spinal cord neural circuitry (5, 23, 27, 
59). This occurs by intrinsic spinal networks known 
as central pattern generators.

The spinal cord makes a major contribution to 
the control of movement by preparing spinal centers 
to perform the desired movement. The spinal mecha-
nism by which a voluntary movement is translated 
into appropriate muscle action is termed spinal tun-
ing. Spinal tuning involves intrinsic spinal neuronal 
networks (i.e., central pattern generators) and oper-
ates in the following way (27). Higher brain centers of 
the motor system are concerned with only the gen-
eral parameters of movement. The specific details of 
the movement are refined at the spinal cord level via 
interaction of spinal cord neurons and higher brain 
centers. In other words, although the general pattern 
of the anticipated movement is controlled by higher 
motor centers, additional refinement of this move-
ment may occur by a complex interaction of spinal 
cord neurons and higher centers (5). Thus, spinal cen-
ters play an important role in volitional movement.

Another motor control function of the spinal cord 
is the withdrawal reflex, which occurs via a reflex arc. 

A reflex arc is the nerve pathway from the receptor 
to the CNS and from the CNS along a motor pathway 
back to the effector organ. Reflex contraction of skel-
etal muscles can occur in response to sensory input 
and is not dependent on the activation of higher brain 
centers. One purpose of a reflex is to provide a rapid 
means of removing a limb from a source of pain. Con-
sider the case of a person touching a sharp object. The 
obvious reaction to this painful stimulus is to quickly 
remove the hand from the source of pain. This rapid 
removal is accomplished via reflex action. Again, the 
pathways for this neural reflex are as follows (21): (1) 
a sensory nerve (pain receptor) sends a nerve impulse 
to the spinal column; (2) interneurons within the 
spinal cord are excited and in turn stimulate motor 
neurons; (3) the excited interneurons cause depolar-
ization of specific motor neurons, which control the 
flexor muscles necessary to withdraw the limb from 
the point of injury. The antagonistic muscle group 
(e.g., extensors) is simultaneously inhibited via IPSPs. 
This simultaneous excitatory and inhibitory activity 
is known as reciprocal inhibition (see Fig. 7.17).

Another interesting feature of the withdrawal re-
flex is that the opposite limb is extended to support 
the body during the removal of the injured limb. This 
event is called the crossed-extensor reflex and is il-
lustrated by the left portion of Figure 7.17. Notice 
that the extensors are contracting as the flexors are 
inhibited.

CONTROL OF MOTOR 
FUNCTIONS
Watching a highly skilled athlete perform a sports 
skill is exciting, but it really does not help us to ap-
preciate the complex integration of the many parts 
of the nervous system required to perform this act. 
A pitcher throwing a baseball seems to the observer 
to be accomplishing a simple act, but in reality, 
this movement consists of a complex interaction of 
higher brain centers with spinal reflexes performed 
together with precise timing. How the nervous sys-
tem produces a coordinated movement has been 

IN SUMMARY
 ■ The brain can be subdivided into three parts: 
(1) the cerebrum, (2) the cerebellum, and (3) 
the brain stem.

 ■ The motor cortex controls motor activity with 
the aid of input from subcortical areas.

 ■ Sports with a high risk of traumatic brain injury 
(i.e., concussions) include American football, 
gymnastics, ice hockey, and boxing.

 ■ Repeated sports related brain injuries are asso-
ciated with a higher risk of neurodegenerative 
diseases (e.g., dementia) in later life.

 ■ The disease process responsible for traumatic 
brain injury-induced dementia is called chronic 
traumatic encephalopathy (CTE).

IN SUMMARY
 ■ Evidence exists that the spinal cord plays an 
important role in voluntary movement, with 
groups of neurons controlling certain aspects of 
motor activity.

 ■ The spinal mechanism by which a voluntary 
movement is translated into appropriate muscle 
action is termed spinal tuning.

 ■ Reflexes provide the body with a rapid, uncon-
scious means of reacting to a painful stimuli.
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one of the major unresolved mysteries facing neu-
rophysiologists for many decades. Although progress 
has been made toward answering the basic ques-
tion of “How do humans control voluntary move-
ment?” much is still unknown about this process. 
Our purpose here will be to provide the reader with 
a simplistic overview of the brain and the control of 
movement.

Traditionally, it was believed that the motor cor-
tex controlled voluntary movement with little input 
from subcortical areas. However, evidence suggests 
that this is not the case (23, 55). Although the mo-
tor cortex is the final executor of movement pro-
grams, it appears that the motor cortex does not give 
the initial signal to move, but rather is at the end 
of the chain of neurophysiological events involved 
in volitional movement (44). The first step in per-
forming a voluntary movement occurs in subcortical 
and cortical motivational areas, which play a key role 
in consciousness. This conscious “prime drive” sends 
signals to the so-called association areas of the cor-
tex (different from the motor cortex), which forms a 
“rough draft” of the planned movement from a stock 
of stored subroutines (12, 38). Information concern-
ing the nature of the plan of movement is then sent 
to both the cerebellum and the basal nuclei (clus-
ters of neurons located in the cerebral hemispheres) 

(see Fig. 7.18). These structures cooperate to convert 
the “rough draft” into precise temporal and spatial 
excitation programs (23). The cerebellum is possibly 
more important for making fast movements, whereas 
the basal nuclei are more responsible for slow or de-
liberate movements. From the cerebellum and basal 
nuclei, the precise program is sent through the thala-
mus to the motor cortex, which forwards the message 
down to spinal neurons for “spinal tuning” and finally 
to skeletal muscle (16, 18). Feedback to the CNS from 
muscle receptors and proprioceptors allows for modi-
fication of motor programs if necessary. The ability to 
change movement patterns allows the individual to 
correct “errors” in the original movement plan.

To summarize, the control of voluntary move-
ment is complex and requires the cooperation of 
many areas of the brain as well as several subcortical 
areas. Evidence indicates that the motor cortex does 
not by itself formulate the signals required to initi-
ate voluntary movement. Instead, the motor cortex 
receives input from a variety of cortical and subcor-
tical structures. Feedback to the CNS from muscle 
and joint receptors allows for adjustments to im-
prove the movement pattern. Much is still unknown 
about the details of the control of complex move-
ment, and this topic provides an exciting frontier for 
future research.

Figure 7.17 When the flexor muscle on one side of the body is stimulated to contract via a withdrawal reflex, the 
 extensor on the opposite side also contracts.
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AUTONOMIC NERVOUS 
SYSTEM
The autonomic nervous system plays an impor-
tant role in maintaining homeostasis. In contrast to 
somatic motor nerves, autonomic motor nerves in-
nervate effector organs that are not usually under 
voluntary control. For example, autonomic motor 
nerves innervate cardiac muscle, glands, and smooth 
muscle found in airways, the gut, and blood vessels. 
In general, the autonomic nervous system operates 
below the conscious level, although some individuals 
can learn to control some portions of this system by 
learning relaxation skills using biofeedback to gain 
a greater awareness of physiological functions (e.g., 
heart rate). Although involuntary, it appears that the 
function of the autonomic nervous system is closely 
linked to emotion. For example, all of us have expe-
rienced an increase in heart rate following extreme 
excitement or fear. Further, the secretions from the 
digestive glands and sweat glands are affected by pe-
riods of excitement. It should not be surprising that 
participation in intense exercise results in an increase 
in autonomic activity.

The autonomic nervous system can be sepa-
rated both functionally and anatomically into two 
divisions: (1) sympathetic nervous system and  
(2)  parasympathetic nervous system (see Fig. 
7.19). Most organs receive dual innervation by both 
the parasympathetic and sympathetic branches of the 
autonomic nervous system (62). In general, the sym-
pathetic portion of the autonomic nervous system 
tends to activate an organ (e.g., increases heart rate), 
whereas parasympathetic impulses tend to inhibit it 
(e.g., slows heart rate). Therefore, the activity of a 
particular organ can be regulated according to the ra-
tio of sympathetic/parasympathetic impulses to the 
tissue. In this way, the autonomic nervous system 
may regulate the activities of involuntary muscles 
(i.e., smooth muscle) and glands in accordance with 
the needs of the body (see Chap. 5).

The sympathetic division of the autonomic ner-
vous system has its cell bodies of the preganglionic 
neurons in the thoracic and lumbar regions of the 
spinal cord. These fibers leave the spinal cord and 
enter the sympathetic ganglion (a ganglion is a mass 
of neural tissue outside the CNS) (Fig. 7.19). The 
neurotransmitter between the preganglionic neu-
rons and postganglionic neurons is acetylcholine. 
Postganglionic sympathetic fibers leave these sym-
pathetic ganglia and innervate a wide variety of tis-
sues. The neurotransmitter released at the effector 
organ is primarily norepinephrine. Recall from Chap. 
5 that norepinephrine exerts its action on the ef-
fector organ by binding to either an alpha or a beta 
receptor on the membrane of the target organ (21). 

Figure 7.18 Block diagram of the structures and pro-
cesses leading to voluntary movement.
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IN SUMMARY
 ■ Control of voluntary movement is complex  
and requires the cooperation of many areas  
of the brain as well as several subcortical  
areas.

 ■ The first step in performing a voluntary 
 movement occurs in subcortical and cortical 
motivational areas, which send signals to the 
 association cortex, which forms a “rough draft” 
of the planned movement.

 ■ The movement plan is then sent to both the 
cerebellum and the basal nuclei. These struc-
tures cooperate to convert the “rough draft” 
into precise temporal and spatial excitation 
programs.

 ■ The cerebellum is important for making fast 
movements, whereas the basal nuclei are  
more responsible for slow or deliberate 
 movements.

 ■ From the cerebellum and basal nuclei, the 
 precise program is sent through the  thalamus 
to the motor cortex, which forwards the 
 message down to spinal neurons for “spinal 
 tuning” and finally to skeletal muscle.

 ■ Feedback to the CNS from muscle  
receptors and proprioceptors allows for  
the modification of motor programs if 
 necessary.
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Following  sympathetic stimulation, norepinephrine 
is removed in two ways: (1) reuptake into the post-
ganglionic fiber and/or (2) broken down into nonac-
tive by-products (21).

The parasympathetic division of the autonomic 
nervous system has its cell bodies located within the 
brain stem and the sacral portion of the spinal cord. 
Parasympathetic fibers leave the brain stem and the 
spinal cord and converge on ganglia in a wide variety 
of anatomical areas. Acetylcholine is the neurotrans-
mitter in both preganglionic and postganglionic 
fibers. After parasympathetic nerve stimulation, ace-
tylcholine is released and rapidly degraded by the 
enzyme acetyl-cholinesterase.

At rest, the activities of the sympathetic and 
parasympathetic divisions of the autonomic nervous 
system are in balance. However, during a bout of ex-
ercise, the activity of the parasympathetic nervous 
system decreases and activation of the sympathetic 
nervous system increases. A major role of the sym-
pathetic nervous system during exercise is to regu-
late blood flow to the working muscles (54). This is 
achieved by increasing cardiac output and a redistri-
bution of blood flow toward the contracting muscles 
(discussed in Chap. 9). At the cessation of exercise, 
sympathetic activity decreases and parasympathetic 
activity increases, allowing the body to return to a 
resting state (15).

EXERCISE ENHANCES  
BRAIN HEALTH
Although it is well known that regular exercise can 
benefit overall health, a large body of evidence also re-
veals that exercise can also improve brain (cognitive) 
function, particularly in later life. Maintaining brain 
health throughout life is an important goal, and both 
mental stimulation (e.g., reading) and exercise are in-
terventions that can contribute to good brain health. 
Therefore, daily exercise is a simple and inexpensive 
way to help maintain the health of the CNS.

How strong is the evidence that regular exercise 
improves brain function and protects against age-
related deterioration? In short, the evidence is ex-
tremely strong. Specifically, numerous studies reveal 
that exercise targets many aspects of brain function 
and has broad effects on overall brain health, learning, 
memory, and depression, particularly in older pop-
ulations (8). Moreover, regular exercise can protect 
against several types of dementia (e.g., Alzheimer’s 
disease) and certain types of brain injury (e.g., stroke) 
(8, 24, 50). Therefore, exercise increases brain health, 
just as it improves body health, and thus represents 
an important lifestyle intervention to improve brain 
function and resistance to neurodegenerative diseases 
(10, 31, 50).
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Figure 7.19 A simple schematic demonstrating the neurotransmitters of the autonomic nervous system.
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How does exercise enhance brain health? Reg-
ular aerobic exercise promotes a cascade of brain 
growth factor signaling that (1) enhances learning 
and memory; (2) stimulates neurogenesis (i.e., for-
mation of new neurons); (3) improves brain vascu-
lar function and blood flow; and (4) attenuates the 

STUDY ACTIVITIES
 1. Identify the location and functions of the central ner-

vous system.
 2. Draw a simple chart illustrating the organization of the 

nervous system.
 3. Define synapses.
 4. Define membrane potential and action potential.
 5. Discuss an IPSP and an EPSP. How do they differ?
 6. What are proprioceptors? Give some examples.
 7. Describe the location and function of the vestibular ap-

paratus.
 8. What is meant by the term spinal tuning?
 9. List the possible motor functions played by the brain 

stem, the motor cortex, and the cerebellum.

 10. Describe the divisions and functions of the autonomic 
nervous system.

 11. Define the terms motor unit and innervation ratio.
 12. Briefly describe the positive benefits of exercise on 

brain function.
 13. How does regular exercise maintain neuronal health?
 14. Describe the withdrawal reflex.
 15. Outline the functions of both muscle spindles and the 

Golgi tendon organ.
 16. Describe the general anatomical design of a muscle 

spindle and discuss its physiological function.
 17. Discuss the function of Golgi tendon organs in monitor-

ing muscle tension.
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Figure 7.20 Regular exercise targets many aspects 
of brain function and has broad positive benefits on 
overall brain health. Specifically, exercise promotes an 
increase in several brain growth factors that lead to 
 improved brain health by improving cognition, neuro-
genesis, and vascular function.

Regular exercise

Brain growth factors

Brain health
• Cognition
• Neurogenesis
• Vascular function

IN SUMMARY
 ■ The autonomic nervous system is responsible 
for maintaining the constancy of the body’s in-
ternal environment.

 ■ Anatomically and functionally, the autonomic 
nervous system can be divided into two divi-
sions: (1) the sympathetic division and (2) the 
parasympathetic division.

 ■ In general, the sympathetic portion (releasing 
norepinephrine) tends to excite an  
organ, whereas the parasympathetic portion 
 (releasing acetylcholine) tends to inhibit the 
same organ.

 ■ Research indicates that exercise can improve 
brain (cognitive) function, particularly in older 
individuals.

mechanisms driving depression (7). In addition to 
these central mechanisms, exercise reduces sev-
eral peripheral risk factors for cognitive decline, 
including inflammation, hypertension, and insulin 
resistance (8). Figure 7.20 summarizes the exercise-
induced cascade of events that lead to improved 
brain function and health.
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 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

1. Draw and label the microstructure of a skeletal 
muscle fiber.

2. Define satellite cells. What role do satellite 
cells play in muscle repair from injury?

3. List the chain of events that occur during 
muscular contraction.

4. Define both dynamic and static exercise. What 
types of muscle action occur during each form 
of exercise?

5. Describe the three factors that determine the 
amount of force produced during muscular 
contraction.

6. Compare and contrast the major biochemical 
and mechanical properties of the three primary 
types of muscle fibers found in human skeletal 
muscle.

7. Describe how skeletal muscle fiber types 
influence athletic performance.

8. Graph and describe the relationship between 
movement velocity and the amount of force 
exerted during muscular contraction.

Skeletal Muscle:  
Structure and Function

8
© Action Plus Sports Images/Alamy Stock Photo
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The human body contains more than 600 skeletal 
muscles, which constitute 40% to 50% of the to-

tal body weight (61). Skeletal muscle performs three 
important functions: (1) force generation for locomo-
tion and breathing, (2) force generation for postural 
support, and (3) heat production during cold stress. 
The most obvious function of skeletal muscle is to 
enable an individual to move freely and breathe. New 
evidence also suggests that skeletal muscles are endo-
crine organs and play an important role in the regula-
tion of a variety of organ systems in the body. This 
concept was introduced in Chap. 5 and will be men-
tioned again in this chapter.

Skeletal muscles are attached to bones by tough 
connective tissue called tendons. One end of the mus-
cle is attached to a bone that does not move (origin), 
and the opposite end is fixed to a bone (insertion) 
that is moved during muscular contraction. A variety 
of different movements are possible, depending on 

the type of joint and muscles involved. Muscles that 
decrease joint angles are called flexors, and muscles 
that increase joint angles are called extensors.

Given the role of skeletal muscles in determin-
ing sports performance, a thorough understanding of 
muscle structure and function is important to the ex-
ercise scientist, physical educator, physical therapist, 
and coach. Therefore, this chapter will discuss the 
structure and function of skeletal muscle.

STRUCTURE OF SKELETAL 
MUSCLE
Skeletal muscle is composed of several kinds of tissue. 
These include muscle cells (also called muscle fibers) 
themselves, nerve tissue, blood, and various types of 
connective tissue. Figure 8.1 displays the relationship 

Figure 8.1 Structural organization of skeletal muscle. (a) An entire skeletal muscle is covered by a connective tissue 
layer called the epimysium. (b) Each fascicle (i.e., bundle of muscle fibers) is wrapped within a layer of connective tis-
sue called the perimysium. (c) Each individual muscle fiber is surrounded by a delicate connective tissue layer called 
the endomysium.
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between muscle and the various connective tissues. 
Individual muscles are separated from each other and 
held in position by connective tissue called fascia. 
Three separate layers of connective tissue exist in 
skeletal muscle. The outermost layer that surrounds 
the entire muscle is called the epimysium. As we 
move inward from the epimysium, connective tis-
sue called the perimysium surrounds individual 
bundles of muscle fibers. These individual bundles of 
muscle fibers are called a fascicle. Each muscle fiber 
within the fasciculus is surrounded by connective 
tissue called the endomysium. Just below the endo-
mysium and surrounding each muscle fiber is another 
layer of protective tissue called the basal lamina (also 
called the basement membrane).

Despite their unique shape, muscle fibers contain 
most of the same organelles that are present in other 
cells. That is, they contain mitochondria, lysosomes, 
and so on. However, unlike most other cells in the 
body, muscle cells are multinucleated (i.e., contain nu-
merous nuclei). One of the most distinctive features 
of the microscopic appearance of skeletal muscles is 
their striated appearance (see Fig. 8.2). These stripes 

are produced by alternating light and dark bands that 
appear across the length of the fiber; the dark bands 
contain the primary muscle contractile proteins and 
will be discussed in detail later.

Each individual muscle fiber is a thin, elongated 
cylinder that generally extends the length of the mus-
cle. The cell membrane surrounding the muscle fiber 
cell is called the sarcolemma. Located above the 
sarcolemma and below the basal lamina are a group 
of muscle precursor cells called satellite cells. Satel-
lite cells are undifferentiated cells that are predicted 
to play a key role in muscle growth and repair (80). 
In response to resistance exercise training, satellite 
cells become activated and divide; this increases the 
number of nuclei (called myonuclei) in the muscle 
fiber. In theory, an increase in myonuclei in a muscle 
fiber should enhance the fibers’ ability to synthesize 
proteins and, therefore, assist in muscle growth (80). 
Nonetheless, debate exists as to whether the addition 
of nuclei to muscle is required for muscle growth (see 
Chap. 13 for more details).

The addition of nuclei to growing muscle fibers is 
believed to be a strategy used by the fiber to  maintain 

Figure 8.2 The microstructure of muscle. Note that a skeletal muscle fiber contains numerous myofibrils, each consist-
ing of units called sarcomeres.
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a constant ratio of cell volume per nucleus. The vol-
ume of cytoplasm surrounding an individual nucleus 
is termed the myonuclear domain (1). The biological 
significance of the myonuclear domain is that a sin-
gle nucleus can sustain the necessary gene expres-
sion (i.e., production of proteins) only for a limited 
area of cell volume. Therefore, to maintain a constant 
myonuclear domain, new nuclei (obtained from satel-
lite cells) are incorporated into skeletal muscle fibers 
during growth (49, 79). It follows that to maintain a 
stable myonuclear domain, nuclei are lost from fibers 
when a reduction in muscle fiber size occurs (i.e., 
muscle atrophy).

Beneath the sarcolemma lies the sarcoplasm 
(also called cytoplasm), which contains the cellular 
proteins, organelles, and myofibrils. Myofibrils are 
numerous threadlike structures that contain the con-
tractile proteins (Fig. 8.2). In general, myofibrils are 
composed of two major types of protein filaments: 
(1) thick filaments composed of the protein  myosin 
and (2) thin filaments composed primarily of the pro-
tein actin. The arrangement of these two protein 
filaments gives skeletal muscle its striated appearance 
(Fig. 8.2). Located on the actin molecule itself are two 
additional proteins: troponin and tropomyosin. These 
proteins make up only a small portion of the muscle, 

but they play an important role in the regulation of 
the contractile process.

Myofibrils can be further subdivided into indi-
vidual segments called sarcomeres. Sarcomeres are 
divided from each other by a thin sheet of structural 
proteins called a Z line or Z disk. Myosin filaments 
are located primarily within the dark portion of the 
sarcomere, which is called the A band, while actin 
filaments occur principally in the light regions of the 
sarcomere called I bands (Fig. 8.2). In the center of the 
sarcomere is a portion of the myosin filament with no 
overlap of the actin. This is the H zone.

Within the sarcoplasm of muscle is a network 
of membranous channels that surrounds each myo-
fibril. These channels are called the sarcoplasmic 
 reticulum and are storage sites for calcium (Fig. 8.3). 
This is important because calcium release from the 
sarcoplasmic reticulum is required to trigger muscu-
lar contraction. Another set of membranous channels 
called the transverse tubules extends from the 
 sarcolemma into the muscle fiber and passes com-
pletely through the fiber. These transverse tubules 
pass between two enlarged portions of the sarcoplas-
mic reticulum called the terminal cisternae. All of 
these parts serve a function in muscular contraction 
and are discussed in detail later in this chapter.

Figure 8.3 Structure of an individual skeletal muscle fiber. See text for details.
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NEUROMUSCULAR 
JUNCTION
Recall from Chap. 7 that each skeletal muscle cell is con-
nected to a nerve fiber branch coming from a nerve cell. 
These nerve cells are called motor neurons, and they 
extend outward from the spinal cord. The motor neu-
ron and all the muscle fibers it innervates are called a 
motor unit. Stimulation from motor neurons initiates 
the contraction process. The site where the motor neu-
ron and muscle cell meet is called the neuromuscular 
 junction (NMJ). At this junction the sarcolemma forms 
a pocket that is called the synpaptic cleft (see Fig. 8.4).

The end of the motor neuron does not physically 
make contact with the muscle fiber, but is separated 
by a short gap called the synaptic cleft (also called the 
neuromuscular cleft). When a nerve impulse reaches 
the end of the motor nerve, the neurotransmitter  
acetylcholine is released and diffuses across the 

 synaptic cleft to bind with receptor sites on the motor 
end plate. This causes an increase in the permeability 
of the sarcolemma to sodium, resulting in a depolar-
ization called the end-plate potential (EPP). The 
EPP is always large enough to exceed threshold and is 
the signal to begin the contractile process.

From the description above, it is clear that the 
NMJ is a key component of both the nervous system 
and the muscle system. Indeed, the NMJ is the synapse 
that allows communication from the motor neuron to 
the muscle fiber it innervates. Note that the NMJ is a 
potential site of neuromuscular fatigue (see Chap. 19). 
However, both endurance exercise and resistance exer-
cise training promote positive adaptations to the NMJ. 
Specifically, both forms of exercise training increase the 
size of the NMJ. Importantly, this increase in NMJ size 
is accompanied by an increased number of synaptic 
vesicles (containing acetylcholine) and an expanded 
number of acetylcholine receptors on the postsynaptic 

Figure 8.4 The connecting point between a motor neuron and the muscle fiber is called the neuromuscular junction. 
The neurotransmitter acetylcholine (ACh) is stored in synaptic vesicles at the end of the nerve fiber.
(A) © Victor B. Eichler, Ph.D. 
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membrane (53). These exercise-induced adaptations are 
predicted to improve the ability of the motor neuron 
to activate muscle contraction, which could improve 
performance in many sports.

MUSCULAR CONTRACTION
Muscular contraction is a complex process involv-
ing numerous cellular proteins and energy produc-
tion systems. The final result is the sliding of actin 
over myosin, which causes the muscle to shorten and 
therefore develop tension. Although complete details 
of muscular contraction at the molecular level con-
tinue to be investigated, the basic steps that lead to 
muscular contraction are well defined. The process 
of muscular contraction is explained by the sliding 
filament model of contraction, which is also called 
the swinging lever-arm model of muscle contrac-
tion (31, 40, 69). For a historical overview of the slid-
ing filament theory of muscle contraction, see A Look 
Back—Important People in Science.

Overview of the Sliding Filament/
Swinging Lever-Arm Model
The general process or “big picture” of muscular con-
traction is illustrated in Figure 8.5. Muscle fibers con-
tract by a shortening of their myofibrils due to actin 
sliding over the myosin. This results in a reduction in 
the distance from Z line to Z line. Understanding the 
details of how muscular contraction occurs requires 
an appreciation of the microscopic structure of the 
myofibril. Note that the “heads” of the myosin cross-
bridges are oriented toward the actin molecule (see 
Fig. 8.6). The actin and myosin filaments slide across 
each other during muscular contraction due to the 
action of the numerous cross-bridges extending out 
as “arms” from myosin and attaching to actin. The 
binding of the myosin cross-bridge to actin results in 
the myosin cross-bridge moving the actin molecule 
toward the center of the sarcomere. This “pulling” 
of actin over the myosin molecule results in muscle 
shortening and the generation of force.

IN SUMMARY
 ■ The human body contains more than 600 vol-
untary skeletal muscles, which constitute 40% 
to 50% of the total body weight. Skeletal mus-
cle performs three major functions: (1) force 
production for locomotion and breathing,  
(2) force production for postural support, and 
(3) heat production during cold stress.

 ■ Individual muscle fibers are composed of hun-
dreds of threadlike protein filaments called 
myofibrils. Myofibrils contain two major types 
of contractile protein: (1) actin (part of the thin 
filaments) and (2) myosin (major component of 
the thick filaments).

 ■ The region of cytoplasm surrounding an indi-
vidual nucleus is termed the myonuclear domain. 
The importance of the myonuclear domain is 
that a single nucleus is responsible for the gene 
expression for its surrounding cytoplasm.

 ■ Motor neurons extend outward from the spinal 
cord and innervate individual muscle fibers. 
The site where the motor neuron and muscle 
cell meet is called the neuromuscular junction. 
Acetylcholine is the neurotransmitter that stim-
ulates the muscle fiber to depolarize, which is 
the signal to start the contractile process.

 ■ Both endurance training and resistance exercise 
training stimulate positive adaptations to the 
NMJ that include the following: (1) increasing 
the size of the NMJ, (2) expanding the number 
of synaptic vesicles (containing acetylcholine), 
and (3) increasing the number of acetylcholine 
receptors on the postsynaptic membrane.

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Andrew F. Huxley Developed the “Sliding Filament Theory of Muscle Contraction”
Andrew Huxley 
(1917–2012) re-
ceived the Nobel 
Prize in Physiology 
and Medicine in 
1963 for his  research 
on nerve trans-
mission. Huxley  
was born in Lon-
don, England, and 

was educated at the University of 
 Cambridge.

During his distinguished research 
career, Huxley made many important 
contributions to physiology. One of 
his first significant areas of research 
was the process of how neural trans-
mission occurs. Working with Alan 
Hodgkin, the pair hypothesized that 
neural transmission (i.e., development 
of an action potential) occurs due to 
ions passing through ion channels on 
cell membranes. This hypothesis was 
confirmed years later, and Dr. Huxley 

and Dr. Hodgkin shared the Nobel 
Prize in 1963 for this work.

Although he won the Nobel Prize 
for his research on neural transmis-
sion, Professor Huxley is probably 
best known for his work on how 
skeletal muscles contract. Dr. Huxley 
and his research colleagues developed 
the “sliding filament theory of muscle 
contraction,” and many investigators 
have since confirmed the basic prin-
ciples of this original theory.

© Keystone/Getty 
Images
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Figure 8.5 When a skeletal muscle contracts, (a) individual sarcomeres shorten as thick (myosin) and thin (actin) fila-
ments slide past one another. (b) Photograph taken with an electron microscope that illustrates a shortened sarcomere 
during muscle contraction (magnification to 40,000×).
(B) © Biophoto Associates/Science Source

Figure 8.6 Proposed relationships among troponin, tropomyosin, myosin cross-bridges, and calcium. Note that when 
Ca++ binds to troponin, tropomyosin is removed from the active sites on actin and cross-bridge attachment can occur.

Troponin
Calcium-binding site

Actin Tropomyosin
Actin-binding
site

ATP-binding
site

Myosin head

Myosin tail

Thin
filament

Thick
filament

pow70456_ch08_166-192.indd   172 01/16/17   9:31 PM



  Chapter Eight Skeletal Muscle: Structure and Function  173

The term excitation-contraction coupling refers to 
the sequence of events in which a nerve impulse (ac-
tion potential) reaches the muscle membrane and leads 
to muscle shortening by cross-bridge activity. This pro-
cess will be discussed step-by-step next. Let’s begin 
with a discussion of the energy source for contraction.

Energy for Contraction
The energy for muscular contraction comes from the 
breakdown of ATP by the enzyme myosin ATPase (21, 
32, 36, 37, 41, 43). This enzyme is located on the “head” 
of the myosin cross-bridge. Recall that the bioenergetic 
pathways responsible for the synthesis of ATP were dis-
cussed in Chap. 3 and are resummarized in Figure 8.7. 
The breakdown of ATP to ADP and inorganic phosphate 
(Pi) and the release of energy serves to energize the myo-
sin cross-bridges, which in turn pull the actin molecules 
over myosin and thus shorten the muscle (25, 37, 50, 75).

Note that a single contraction cycle or “power 
stroke” of all the cross-bridges in a muscle would 
shorten the muscle by only 1% of its resting length. 
Because some muscles can shorten up to 60% of their 
resting length, it is clear that the contraction cycle 
must be repeated over and over again.

Regulation of Excitation-Contraction 
Coupling
Again, the term excitation-contraction coupling refers to 
the sequence of events that produce depolarization of 
the muscle (excitation), which leads to muscle short-
ening and force production (contraction). In the next 
sections, we will provide a big-picture overview of 
the excitation-contraction coupling process, followed 
by a discussion of the events leading to muscle relax-
ation. Let’s begin with the process of excitation.

Excitation The process of excitation begins with the 
nerve impulse arriving at the neuromuscular junction. 
The action potential from the motor neuron causes the 
release of acetylcholine into the synaptic cleft of the neu-
romuscular junction; acetylcholine binds to receptors on 
the motor end plate, producing an end-plate potential 
that leads to depolarization of the muscle cell (61). This 
depolarization (i.e., excitation) is conducted down the 
transverse tubules deep into the muscle fiber. This ex-
citation process leads to depolarization of the muscle, 
which results in the release of calcium from the sarco-
plasmic reticulum into the sacroplasm of the muscle. The 
“big picture” of how the release of free calcium results in 
muscular contraction is summarized in the next section.

Contraction When the action potential reaches the 
sarcoplasmic reticulum, calcium is released and diffuses 
into the muscle to bind to a protein called troponin. This 
is the “trigger” step in the control of muscular contraction 
because the regulation of contraction is controlled by 
two regulatory proteins,  troponin and  tropomyosin, 
which are located on the actin molecule. Troponin and 
tropomyosin regulate muscular contraction by control-
ling the interaction of actin and myosin.

To understand how the release of calcium from 
the sarcoplasmic reticulum interacts with troponin 
and tropomyosin to control muscular contraction, let’s 
examine the anatomical relationship between actin, 
troponin, and tropomyosin (see Fig. 8.6). Notice that 
the actin filament is formed from many protein sub-
units arranged in a double row and twisted. Tropomy-
osin is a thin molecule that lies in a groove between 
the double rows of actin. Note that troponin is at-
tached directly to the tropomyosin. This  arrangement 
allows troponin and tropomyosin to work together 
to regulate the attachment of myosin cross-bridges to 
their binding site on the actin molecule. In a  relaxed 
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Vander, A. J., et al., Human Physiology: The Mechanisms 
of Body Function, 8th ed. New York: McGraw-Hill, Inc., 
2005.
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muscle, tropomyosin blocks the active sites on the 
actin molecule where the myosin cross-bridges must 
attach to produce a contraction. The trigger for con-
traction to occur is linked to the release of stored 
calcium (Ca2+) from a region of the sarcoplasmic re-
ticulum termed the lateral sac, or sometimes called 
the terminal  cisternae (51, 72). In a resting (relaxed) 
muscle, the concentration of Ca2+ in the sarcoplasm is 
very low. However, when a nerve impulse arrives at 
the neuromuscular junction, it travels down the trans-
verse tubules to the sarcoplasmic reticulum and causes 
the release of Ca2+. Much of this Ca2+ binds to tropo-
nin (see Fig. 8.6), which causes a position change in 
tropomyosin such that the active sites on the actin are 
uncovered. This permits the binding of a myosin cross-
bridge on the actin molecule. The cross-bridge binding 
initiates the release of energy stored within the myo-
sin molecule; this produces movement of each cross-
bridge, resulting in muscle shortening. This movement 
of the myosin cross-bridge to pull the actin molecule is 
often referred to as the “power-stroke.” Attachment of 
“fresh” ATP to the myosin cross-bridges breaks the my-
osin cross-bridge bound to actin. The enzyme ATPase 
again hydrolyzes (i.e., breaks down) the ATP attached 
to the myosin cross-bridge and provides the energy 

 necessary for “cocking” the myosin cross-bridge for 
reattachment to another active site on an actin mol-
ecule. The breakdown of ATP provides the energy to 
“cock” the myosin cross-bridge into an energized state; 
the “cocked” and energized myosin cross-bridge is now 
ready to bind to another exposed binding site on actin 
and produce another power stroke. This contraction 
cycle can be repeated as long as free Ca2+ is available 
to bind to troponin and ATP can be hydrolyzed to 
provide the energy. Failure of the muscle to maintain 
homeostasis (e.g., due to inadequate Ca2+ levels and 
high levels of hydrogen ions) results in impaired cross-
bridge movement, and the muscle fiber loses the abil-
ity to generate force (i.e., muscle fatigue). The causes 
of exercise-induced muscle fatigue will be introduced 
in a forthcoming segment. See A Closer Look 8.1 and 
the associated Figures 8.8 and 8.9 for a step-by-step 
description of muscle contraction.

Muscle relaxation The signal to stop contraction is 
the absence of the nerve impulse at the neuromuscular 
junction. When this occurs, an energy-requiring Ca2+ 
pump located within the sarcoplasmic reticulum be-
gins to move Ca2+ back into the sarcoplasmic  reticulum. 
This removal of Ca2+ from troponin causes tropomyosin 

A CLOSER LOOK 8.1

Step-by-Step Summary of Excitation-Contraction Coupling and Relaxation
In the sections below, we highlight 
the steps involved in muscle exci-
tation, contraction, and relaxation. 
Note that each numbered step below 
corresponds to the numbered events 
illustrated in Figure 8.8.

Excitation
Excitation is illustrated in the first 
three steps of Figure 8.8.

 1. A nerve signal arrives at the syn-
aptic knob.

 2. The synaptic vesicles release 
acetylcholine (ACh) that diffuses 
across the synaptic cleft and binds 
to receptors on the  sarcolemma 
of the muscle fiber. This opens 
ion channels on the sarcolemma 
that results in the movement of 
sodium into the fiber.

 3. The inward movement of posi-
tive sodium ions depolarizes 
the fiber and sends a wave of 
 depolarization through the  
T-tubules.

Contraction
Muscle contraction occurs follow-
ing depolarization (i.e., excitation) of 
the muscle fiber and is illustrated in 
steps 4 to 8 in Figure 8.8.

 4.   Depolarization of the T-tubules 
results in the release of calcium 
from the sarcoplasmic reticu-
lum (SR) into the cytosol of the 
muscle fiber.

 5.   Calcium ions bind to troponin 
(located on actin molecule). Cal-
cium binding to troponin results 
in a shift in the position of tropo-
myosin so that the myosin bind-
ing sites on actin are exposed.

6–8.  Steps 6 to 8 illustrate cross-bridge 
cycling and development of mus-
cle force production. Briefly, an en-
ergized myosin cross-bridge binds 
to the active site on actin and 
pulls on the actin molecule to pro-
duce movement (i.e., fiber short-
ens). Steps 6 to 8  occur  repeatedly 
as long as neural  stimulation to 

the muscle continues. To view an 
illustration of the process of mus-
cular contraction, please see Figure 
8.9 that illustrates the step-by-step 
events involved in myosin cross-
bridge cycling.

Relaxation

 9. The first step in muscle relaxation 
occurs when the motor neuron 
stops to fire. Indeed, when neural 
stimulation of the muscle ceases, 
ACh is no longer released and the 
muscle fiber is repolarized.

10.  When the motor neuron ceases to 
fire and muscle excitation ceases, 
calcium is pumped from the cyto-
sol into the SR for storage. With-
out free calcium in the cytosol, 
troponin moves tropomyosin back 
into position to cover the myosin 
binding sites on actin. This tropo-
myosin coverage of the active sites 
on actin prevents myosin-actin 
cross-bridge formation and there-
fore muscle relaxation occurs.
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Figure 8.8 The primary events leading muscle excitation, contraction, and relaxation. Steps 1 to 3 illustrate the ex-
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to move back to cover the binding sites on the actin 
molecule, and cross-bridge interaction ceases.

A Closer Look 8.1 summarizes the step-by-step 
events that occur during muscle excitation, con-
traction, and relaxation. For a detailed discussion of 
molecular events involved in skeletal muscle contrac-
tion, see references (9, 25, 28, 30, 31, 37–39, 47, 75). 
Time spent learning the microstructure of muscle and 
the events that lead to contraction will pay dividends 
later, as this material is important to a thorough un-
derstanding of exercise physiology.
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Figure 8.9 The molecular steps leading to muscle contraction via cross-bridge cycling. Step 1 illustrates a resting muscle  fiber 
where cross-bridges are not attached (i.e., calcium remains in the sarcoplasmic reticulum). Step 2 illustrates the  binding of  
the myosin cross-bridge to actin, which occurs after calcium is released from the sarcoplasmic reticulum. Step 3 illustrates the 
release of inorganic phosphate (Pi) from the myosin head; this causes a shift in the position of myosin. Step 4 illustrates the 
power stroke. The power stroke causes the myosin cross-bridge to pull actin inward and actin/myosin filaments slide across 
each other, resulting in fiber shortening. Note that ADP is also released at this step. Step 5 involves the binding of a new ATP 
molecule to the myosin head; this results in the release of the myosin cross-bridge from actin. Step 6 involves the breakdown 
of ATP (hydrolysis), which causes the myosin cross-bridge to return to its original position.

IN SUMMARY
 ■ The process of muscular contraction can be 
best explained by the sliding filament/swinging 
cross-bridge model, which proposes that muscle 
shortening occurs due to movement of the 
 actin filament over the myosin filament.

 ■ Excitation-contraction coupling refers to the 
sequence of events in which the nerve impulse 
(action potential) depolarizes the muscle fiber, 
leading to muscle shortening by cross-bridge 
cycling. The trigger to initiate muscle contrac-
tion is the depolarization-induced release of 
calcium from the sarcoplasmic reticulum.

 ■ Muscular contraction occurs via the binding of 
the myosin cross-bridge to actin and the repeated 
cycling of myosin pulling on the actin molecule 
resulting in the shortening of the muscle fiber.

 ■ Muscle relaxation occurs when the motor neuron 
stops exciting the muscle fiber and calcium is 
pumped backed into the sarcoplasmic reticulum. 
This removal of calcium from the cytosol causes 
a position change in tropomyosin, which blocks 
the myosin cross-bridge binding site on the actin 
molecule; this action results in muscle relaxation.
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EXERCISE AND MUSCLE 
FATIGUE
High-intensity exercise or prolonged, submaximal 
exercise results in a decline in the muscle’s ability to 
generate power. This decrease in muscle power out-
put is called fatigue. Specifically, muscle fatigue is 
defined as a reduction in muscle power output that 
can result from a decrease in both muscle force gen-
eration and shortening velocity. The onset of muscle 
fatigue during exercise is illustrated in Figure 8.10. 
Note that muscle fatigue differs from injury to the 
muscle because muscle fatigue is reversible by a few 
hours of rest, whereas recovery from muscle damage 
may take days to weeks to fully recover (30).

The causes of exercise-induced muscle fatigue are 
complex and not fully understood. Depending upon 
the type of exercise and the environmental condi-
tions, fatigue may result in disturbances in the central 
nervous system and/or peripheral factors within skel-
etal muscle (2). The concept of “central nervous sys-
tem fatigue” was introduced in Chap. 7, and we will 
focus on peripheral (i.e., skeletal muscle) fatigue here.

Although the exact causes of muscle fatigue 
remain under investigation, it is clear that an indi-
vidual’s state of fitness, nutritional status, fiber type 
composition, and the intensity and duration of exer-
cise all affect the fatigue process (30). Further, regard-
less of the cause of muscle fatigue, the end result 
is a decline in muscle force generation due to im-
paired force  production at the cross-bridge level. An 
overview of the potential contributors to exercise-
induced muscle fatigue follows.

The causes of muscle fatigue are complex and 
vary depending upon the type of exercise performed. 
For example, muscle fatigue resulting from high-
intensity exercise lasting approximately 60 seconds 
(e.g., sprinting 400 meters) may be due to several 
factors, including an accumulation of lactate, hydro-
gen ions, ADP, inorganic phosphate, and free radicals 
within the active muscle fibers (30). Collectively, the 
accumulation of these metabolites disrupts muscle 

homeostasis and diminishes the number of cross-
bridges bound to actin, resulting in diminished force 
production (24b, 30, 46, 76, 78).

Muscular fatigue that occurs in the later stages of 
an endurance event lasting two to four hours (i.e., mara-
thon running) may also involve an accumulation of free 
radicals in the muscle, but other factors such as distur-
bances in muscle/extracellular electrolyte homeostasis 
and depletion of muscle glycogen may also contribute 
to this type of muscle fatigue (30, 55, 56, 58, 59, 78). 
Muscle fatigue and the limiting factors to exercise per-
formance are discussed in more detail in Chap. 19.

EXERCISE-ASSOCIATED 
MUSCLE CRAMPS
Almost everyone has experienced muscle cramps at one 
time or another. Exercise-induced cramps are often as-
sociated with prolonged high-intensity exercise. Muscle 
cramps can be painful and are the result of spasmodic, 
involuntary muscle contractions. While it is widely 
agreed that muscle cramps have a nervous system ori-
gin, the question remains as to whether the cause of the 
cramp resides within the peripheral nervous system or 
central nervous system. These possibilities form the two 
primary theories to explain exercise-induced muscle 
cramps. One popular theory is that cramps are caused 
by dehydration and electrolyte balances. The second 
theory is that muscle cramps originate in the central 
nervous system due to increased excitability of motor 
neurons. Let’s discuss each of these potential causes of 
exercise-associated muscle cramping in more detail.

Exercise-Associated Muscle Cramps  
Are Not Caused by Dehydration  
or Electrolyte Imbalance
A popular belief among many coaches and athletes 
is that muscle cramps result from exercise-induced 
dehydration and electrolyte imbalance. Supporters of 
this concept argue that abnormal electrolyte levels 
(e.g., sodium or magnesium) in the interstitial space 
surrounding the nerve terminal result in a discharge of 
acetylcholine from the synaptic knob with the end re-
sult being muscle contraction (Figs. 8.4 and 8.8) (7, 8).  
This uncontrolled release of acetylcholine would 

Figure 8.10 Muscular fatigue is characterized by a 
 reduced ability to generate force.
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IN SUMMARY
 ■ Muscle fatigue is defined as a reduction in mus-
cle power output that results from decreased 
muscle force generation and/or decreased 
 shortening velocity.

 ■ The causes of exercise-induced muscle fatigue 
are complex and vary depending upon the type 
of exercise performed.
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eventually produce widespread, spasmodic muscle 
contractions (i.e., cramps).

To date, few studies support the concept that 
exercise-induced muscle cramps result from elec-
trolyte imbalances, and several observations suggest 
that electrolyte imbalances are not responsible for 
 exercise-associated muscle cramps (66). First, dehydra-
tion and electrolyte imbalance affect the entire body, 
yet the exercising muscles are the only muscles that 
experience cramps. It follows that, if muscle cramps 
are caused by dehydration or electrolyte imbalance, 
cramps would occur in all muscles rather than only 
the working muscles. Second, repeated electrical 
stimulation of a small group of skeletal muscles has 
been shown to induce muscle cramping; this type of 
contraction-induced muscle cramping occurs with-
out any change in blood electrolyte concentrations 
(67). Third, static stretching of the cramping muscle 
often relieves the cramp. If dehydration caused the 
cramp, stretching would have no effect on cramp-
ing because no fluids or electrolytes were added to 
the body. Finally, athletes that commonly suffer from 
exercise-induced cramps often have the same blood 
electrolyte concentrations as athletes that do not ex-
perience cramps. Indeed, cramp-prone athletes often 
drink similar, if not more, fluid than athletes without 
a history of cramping. In conclusion, limited support 
exists for the concept that most exercise-associated 
muscle cramps are the result of dehydration and elec-
trolyte imbalance. Nonetheless, it remains feasible 
that during some extreme exercise conditions (i.e., 
prolonged exercise in a hot environment) electrolyte 
imbalance could result in muscle cramps.

Exercise-Associated Muscle Cramps  
Are Likely Due to Changes in the  
Central Nervous System
In contrast to the limited evidence supporting the no-
tion that dehydration/electrolyte imbalances are the 
most common cause of muscle cramps, experimen-
tal evidence suggests that exercise-associated muscle 
cramps can occur due to exercise-induced changes in 
the central nervous system that result in increased 
excitability of motor neurons. Specifically, if motor 
neurons innervating skeletal muscles become hyper-
excited and undergo repeated depolarization, this 
results in uncontrolled, involuntary muscle contrac-
tions (i.e., cramps). Potential causes of increased motor 
neuron excitability include high levels of excitatory 
input to the motor neurons and/or the lack of inhibi-
tory input to the motor neurons.

How does prolonged and intense exercise pro-
mote increased excitability of motor neurons in the 
spinal cord? One explanation is that prolonged, in-
tense exercise often results in muscle fatigue and/or 

injury, which can promote dysfunction of the muscle 
spindle and/or the Golgi tendon organ (GTO) (67). 
Specifically, it is possible that rigorous exercise results 
in increased afferent signals from the muscle spin-
dle and depressed signals from the GTO. Recall that 
the GTO provides the central nervous system with 
feedback about muscle force generation, whereas the 
muscle spindle functions as a length detector (Chap. 
7). Also, remember that stimulation of the GTO sends 
inhibitory signals to the spinal cord to prevent mo-
tor neuron depolarization, whereas stimulation of the 
muscle spindle sends afferent signals to the spinal 
cord to promote motor neuron activation. Therefore, 
in theory, rigorous exercise could promote muscle 
cramps by decreasing the firing of GTO (i.e., decreased 
inhibition of motor neuron firing) and increasing the 
firing of the muscle spindles (i.e., increased motor 
neuron activation).

Several lines of evidence support the view that 
exercise can promote dysfunction of muscle sense 
organs and trigger muscle cramps. First, rigorous ex-
ercise can impair Golgi tendon function and reduce 
the number of afferent signals sent from the GTO to 
motor neurons (67). Further, electrical stimulation 
of GTO resulting in increased afferent signals can re-
lieve muscle cramps (67). Similarly, passive stretch-
ing of a cramping muscle can often relieve the cramp 
(67). The mechanism to explain this stretch response 
is that passive stretching relieves muscle cramps by 
invoking inverse stretch reflex. Recall that the in-
verse stretch reflex occurs by stretch-induced ac-
tivation of the GTO, which inhibits motor neurons 
in the spinal cord and results in muscle relaxation 
(Chap. 7). Finally, studies also suggest that prolonged 
exercise increases muscle spindle firing and that 
electrical stimulation of muscle spindle afferents in-
duces muscle cramping by sending afferent signals 
to the spinal cord to activate motor neurons (67). 
Collectively, these studies provide support for the 
concept that exercise-induced impairment of muscle 
sense organs is a potential link to generate muscle 
cramps via a central nervous system mechanism.

Exercise-Associated Muscle  
Cramps: Conclusions
The cause(s) of exercise-associated muscle cramps 
remain(s) a debated topic. Nonetheless, growing evi-
dence suggests that many exercise-induced cramps 
are the result of excessive firing of motor neurons in 
the spinal cord. The leading theory to explain exer-
cise-associated muscle cramps is that rigorous exer-
cise alters muscle spindle and GTO function resulting 
in increased excitatory activity of muscle spindles 
and a reduced inhibitory effect of the GTO. Together, 
these actions promote sustained motor neuron activ-
ity and the resulting muscle cramp.
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At present, the only known and reliable relief for 
exercise-induced muscle cramping is passive stretch 
of the muscle. Nonetheless, over the years, many dif-
ferent “home remedies” have been proposed to pre-
vent and relieve muscle cramping. These include salt 
tablets, bananas, pickle juice, and sports drinks. Unfor-
tunately, none of these treatments has been scientifi-
cally proven to consistently prevent exercise-induced 
muscle cramps. However, new research suggests that 
the oral ingestion of one of several natural ingredients 
has the potential to protect against exercise-induced 
muscle cramps (see Research Focus 8.1 for details). 
For more information about exercise and muscle 
cramps, see Miller (2016) and Minetto et al. (2010) in 
the Suggested Readings list.

IN SUMMARY
 ■ Muscle cramps are spasmodic and involuntary 
muscle contractions.

 ■ The cause of exercise-induced muscle cramps con-
tinues to be debated and two major theories have 
emerged: (1) Muscle cramps are caused by dehy-
dration and electrolyte imbalance and (2) muscle 
cramps originate in the central nervous system.

 ■ Although the exact cause of muscle cramps 
remains unsettled, it appears that motor neuron 
hyperexcitability is likely the general underly-
ing cause of many exercise-induced muscle 
cramps suggesting that muscle cramps originate 
from the central nervous system.

RESEARCH FOCUS 8.1

Help for People with Muscle Cramps?
As discussed in the text, growing evi-
dence indicates that repetitive firing 
of motor neurons in the spinal cord 
is the underlying cause of exercise-in-
duced muscle cramps. Although many 
common remedies (e.g., sports drinks, 
bananas, and pickle juice) have been 
proposed to treat and prevent muscle 
cramps, none of these interventions 
has been proven to be consistently ef-
fective in the prevention of cramps.

Nonetheless, a recent study provides 
hope that a treatment plan for muscle 
cramps is on the horizon. The story of 
this discovery begins with two scien-
tists who were avid sea kayakers—Rod 
MacKinnon, MD, Nobel Laureate in 
Chemistry at Rockefeller University, and 
Bruce Bean, Ph.D., professor at Harvard 
Medical School. Both were well-trained 
and experienced paddlers who carefully 
monitored both their nutrition and hy-
dration. Yet, during a paddling trip on 
the ocean, both MacKinnon and Bean 
developed severe muscle cramps. Bat-
tling the persistent muscle cramps, both 
MacKinnon and Bean eventually made 
it back to shore. However, this ordeal 
motivated them to study the mecha-
nisms responsible for muscle cramps.

When MacKinnon found out how 
little the exercise science community 
understood about cramping, he became 
obsessed about developing a treatment 
plan to prevent muscle cramps. For 
MacKinnon, a serious athlete who had 
spent the majority of his professional 

career investigating ion channels, which 
appear to play a role in muscle cramps, 
his two worlds came together, and he 
began to study the causes of muscle 
cramps. After several years of research, 
MacKinnon and his colleagues con-
cluded that muscle cramps do not origi-
nate in the muscle itself. Instead, cramps 
appear to be triggered by a neural mech-
anism in the central nervous system that 
promotes excessive firing of the motor 
neurons in the spinal cord that control 
muscle contraction. MacKinnon then 
asked the question, “How do we prevent 
this excessive firing of motor neurons?”

MacKinnon and colleagues rea-
soned that a potential treatment to 
prevent muscle cramps is to suppress 
the firing of overactive motor neurons 
by sending a strong inhibitory stimu-
lus into the spinal cord. Further, they 
predicted that inhibition of motor 
neuron firing could be achieved by 
ingestion of natural ingredients that 
stimulate sensory nerves located in the 
mouth and throat; importantly these 
sensory nerves project to the spinal 
cord and inhibit hyperexcited motor 
neurons. This mouth to spine connec-
tion is not as far-fetched as it sounds. 
Indeed, we all have experienced the 
pain associated with drinking icy-cold 
drinks (commonly called brain freeze). 
This brain freeze sensation occurs due 
to the rapid cooling of a cluster of 
nerves in the roof of the mouth. For 
similar reasons, ingestion of selected 

spices and other natural ingredients 
(e.g., ginger, capsaicin in red peppers) 
activate specific ion channels in sen-
sory nerves called transient receptor 
potential (TRP) channels. Activation of 
these TRP channels switches on nerves 
that send inhibitory signals to the spi-
nal cord to inhibit the overactive mo-
tor neurons that cause cramping.

To test the hypothesis that oral in-
gestion of natural spices can prevent 
muscle cramps, MacKinnon and col-
leagues conducted experiments on 
volunteer subjects. Their preliminary 
results indicated that ingestion of 
these spices activated TRP channels in 
the mouth and throat, sending inhibi-
tory signals to the spinal cord to block 
excessive firing of motor neurons. 
Importantly, these initial results re-
veal that the frequency and duration 
of exercise-associated muscle cramps 
were reduced when subjects ingested 
a specially formulated spicy bever-
age before exercise (1). Therefore, it 
appears that we are moving closer to 
a scientifically based treatment plan 
for prevention of exercise-induced 
muscle cramps. Stay tuned as help to 
prevent muscle cramps is on the way!

 1. Short et al. Orally-administered 
TRV1 and TRPA1 activators in-
hibit electrically-induced muscle 
cramps in normal healthy volun-
teers. Neurology. 84: Supplement 
S17.003, 2015.
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MUSCLE FIBER TYPES
Human skeletal muscle can be divided into major 
classes based on the histochemical or biochemical 
characteristics of the individual fibers. Specifically, 
muscle fibers are classified into two general catego-
ries: (1) slow, type I fibers (also called slow twitch fi-
bers) and (2) fast, type II fibers (also called fast-twitch 
fibers) (16, 18, 26, 27). Only one type of slow muscle 
fiber (type I) exists in human muscle, whereas two 
subcategories of fast, type II fibers exist: (a) type IIa 
fibers and (b) type IIx fibers. Though some muscles 
are composed of predominantly fast or slow fibers, 
most muscles in the body contain a mixture of both 
slow and fast fiber types. The percentage of the re-
spective fiber types contained in skeletal muscles 
can be influenced by genetics, blood levels of hor-
mones, and the exercise habits of the individual. 
From a practical standpoint, the fiber composition 
of skeletal muscles plays an important role in per-
formance in both power and endurance events (11, 
70). How muscle fibers are “typed” is introduced in 
A Closer Look 8.2.

Overview of Biochemical and Contractile 
Characteristics of Skeletal Muscle
Before discussing the functional characteristics of spe-
cific muscle fiber types, let’s discuss the general bio-
chemical and contractile properties of skeletal muscle 
that are important to muscle function.

Biochemical Properties of Muscle The three pri-
mary biochemical characteristics of muscle that are 
important to muscle function are (1) the oxidative 
capacity, (2) the type of myosin isoform, and (3) the 
abundance of contractile protein within the fiber. The 
oxidative capacity of a muscle fiber is determined by 
the number of mitochondria, the number of capillaries 
surrounding the fiber, and the amount of myoglobin 
within the fiber. A large number of mitochondria pro-
vides a greater capacity to produce ATP aerobically. A 
high number of capillaries surrounding a muscle fiber 
ensures that the fiber will receive adequate oxygen 
during periods of contractile activity. Myoglobin is 
similar to hemoglobin in the blood in that it binds 
O2, and it also acts as a “shuttle” mechanism for O2 

A CLOSER LOOK 8.2

How Are Skeletal Muscle Fibers Typed?
The relative percentage of fast or 
slow fibers contained in a particular 
muscle can be estimated by remov-
ing a small piece of muscle (via a 
procedure called a biopsy) and per-
forming histochemical analysis of the 
individual muscle cells. A common 
method uses a histochemical proce-
dure that divides muscle fibers into 
three categories based on the specific 
“isoform” of myosin found in the fi-
ber. This technique uses selective 
antibodies that recognize and “tag” 
each of the different myosin proteins 
(e.g., type I, type IIa, and type IIx) 
found in human muscle fibers. Spe-
cifically, this method involves the 
binding of a high-affinity antibody 
to each unique myosin protein. This 
technique can then identify differ-
ent muscle fibers due to color dif-
ferences across the varying muscle 
fiber types. Figure 8.11 is an exam-
ple of a muscle cross-section after 
immunohistochemical staining for a 
skeletal muscle membrane protein  

(dystrophin), as well as immunohis-
tochemical staining for type I, type 
IIa, and type IIx skeletal muscle  
fibers (9, 10, 41, 45).

One of the inherent problems 
with fiber typing in humans is that 
a muscle biopsy is usually performed 
on only one muscle group. Therefore, 
a single sample from one muscle is 
not representative of the entire body. 

A further complication is that a small 
sample of fibers taken from a single 
area of the muscle may not be truly 
representative of the total fiber popu-
lation of the muscle biopsied (3, 71). 
Therefore, it is difficult to make a de-
finitive statement concerning the per-
centage of muscle fiber types in the 
whole body based on the staining of a 
single muscle biopsy.

Figure 8.11 Immunohisto-
chemical staining of a cross-
sectional area of a skeletal 
muscle. The red staining is 
dystrophin protein, which is 
located within the membrane 
that surrounds a skeletal 
muscle fiber. The blue cells 
are type I fibers, whereas the 
green cells are type IIa fibers. 
The cells that appear black 
are type IIx muscle fibers.
© Scott Powers
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between the cell membrane and the mitochondria. 
Therefore, a high myoglobin concentration improves 
the delivery of oxygen from the capillary to the mito-
chondria where it will be used. Collectively, the sig-
nificance of these biochemical characteristics is that a 
muscle fiber with a high concentration of myoglobin, 
along with a high number of mitochondria and capil-
laries, will have a high aerobic capacity and therefore 
will be fatigue-resistant during prolonged submaxi-
mal exercise.

The second important biochemical characteristic 
of muscle fibers is that the different myosin isoforms 
differ in their myosin ATPase activity. In humans, 
three major myosin isoforms exist and these isoforms 
differ in their activities (i.e., speed that they break 
down ATP). Muscle fibers that contain ATPase iso-
forms with high ATPase activity will degrade ATP rap-
idly; this results in a high speed of muscle shortening. 
Conversely, muscle fibers with low ATPase activities 
shorten at slow speeds.

Finally, the third important biochemical charac-
teristic of muscle fibers that influences contractile 
properties is the abundance of contractile proteins 
(i.e., actin and myosin) in the muscle fiber. Indeed, 
large fibers that contain large amounts of actin and 
myosin generate more force than fibers with low 
levels of these key contractile proteins. More details 
about fiber type differences in the levels of actin and 
myosin will be discussed later in this chapter.

Contractile Properties of Skeletal Muscle In com-
paring the contractile properties of muscle fiber 
types, four performance characteristics are important: 
(1) maximal force production, (2) speed of contrac-
tion, (3) maximal power output, and (4) efficiency of 
contraction. Let’s discuss each of these characteristics 
briefly.

In general, larger muscle fibers produce more 
force than smaller fibers because they contain more 
actin and myosin than small fibers. This means more 
myosin cross-bridges are available for binding to 
actin and producing force. Also, note that muscle 
fiber maximal force production is often normalized 
to how much force the fiber generates per cross-
sectional area of the fiber. This property of a skeletal 
muscle fiber is called the fiber-specific tension or 
specific force production. In other words, specific 
tension is the force production divided by the size 
of the fiber (e.g., specific force = force/fiber cross-
sectional area). Muscle fiber-specific force produc-
tion varies across muscle fiber types and will be 
discussed in the next segment.

A second key contractile property of muscle fibers 
is the speed of contraction. The contraction speed of 
muscle fibers is compared by measuring the maxi-
mal shortening velocity (called Vmax) of individual 
fibers. Vmax represents the highest speed at which 

a fiber can shorten. Because muscle fibers shorten by 
 cross-bridge movement (called cross-bridge cycling), 
Vmax is determined by the rate of cross-bridge cy-
cling. The key biochemical factor that regulates fiber 
Vmax is the myosin ATPase activity. Therefore, fibers 
with high myosin ATPase activities (e.g., fast fibers) 
possess a high Vmax, whereas fibers with low myo-
sin ATPase activities possess a low Vmax (e.g., slow 
fibers).

A third important contractile property of a mus-
cle fiber is the maximal power output. The power of 
a muscle fiber is determined by both the force gen-
eration and the shortening velocity. Specifically, the 
maximal power output of a muscle fiber is defined 
as the product of force generation multiplied by the 
shortening velocity (i.e., power = force × shortening 
velocity). Therefore, muscle fibers with a high force 
generating capacity and a fast shortening velocity can 
produce a high power output. In contrast, muscle 
fibers that possess slow shortening velocities and/or a 
low force generating capacity are not capable of pro-
ducing extremely high power outputs.

The fourth and final important contractile prop-
erty of a skeletal muscle fiber is the efficiency of the 
fiber. The efficiency of a muscle fiber is a measure 
of the muscle fiber’s economy. That is, an efficient 
fiber would require less energy to perform a certain 
amount of work compared to a less efficient fiber. In 
practice, this measurement is made by dividing the 
amount of energy used (i.e., ATP used) by the amount 
of force produced. In the next segment, we discuss 
how individual fiber types differ across these four key 
contractile properties.

Functional Characteristics of Muscle 
Fiber Types
Three major muscle fiber types exist in human skel-
etal muscle (two subtypes of fast fibers—identified as 
types IIx and IIa; and a slow fiber—identified as type I). 
Let’s begin our discussion of muscle fiber types by 
examining the biochemical and contractile properties 
of both slow and fast fibers.

Slow (Type I) Fibers Only one type of slow fiber 
exists in humans—type I. Type I fibers (also called 
slow-oxidative or slow-twitch fibers) contain large 
numbers of oxidative enzymes (i.e., high mitochon-
drial volume) and are surrounded by more capillar-
ies than fast, type II fibers. In addition, type I fibers 
contain higher concentrations of myoglobin than fast 
fibers. The high concentration of myoglobin, the large 
number of capillaries, and the high mitochondrial 
enzyme activities provide type I fibers with a large 
capacity for aerobic metabolism and a high resistance 
to fatigue.
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In regard to contractile properties (shortening 
velocity and force generation), type I fibers possess 
a slower maximal shortening velocity (Vmax) com-
pared to fast fibers (Fig. 8.12) (13, 19, 57). The mecha-
nism to explain this fact was presented earlier (i.e., 
type I fibers possess a lower myosin ATPase activity 
compared to fast fibers).

Further, type I fibers produce a lower specific 
force than fast fibers do (Fig. 8.13(a)) (19). The ex-
planation for this observation is that type I fibers 
contain less actin and myosin per cross-sectional 
area than fast type II fibers do. This is important 
because the amount of force generated by a muscle 
fiber is directly related to the number of myosin 
cross-bridges bound to actin (i.e., the force generat-
ing state) at any given time. Simply stated, the more 
cross-bridges generating force, the greater the force 
production. Therefore, fast fibers exert more force 
than slow fibers because they contain more myosin 
cross-bridges per cross-sectional area of fiber than do 
slow fibers.

Finally, type I fibers are more efficient than fast 
fibers (23). This is important because at any given 
work rate, highly efficient muscle fibers will require 
less energy (i.e., ATP) than less efficient fibers. The 
difference in efficiency between slow and fast fibers 
is likely due to a lower rate of ATP turnover in slow 
fibers (23).

Fast (Type IIa and Type IIx) Fibers Two subtypes of 
fast fibers exist in humans: (1) type IIx and (2) type 
IIa. Type IIx fibers (sometimes called fast-twitch 
fibers or fast-glycolytic fibers) have a relatively small 
number of mitochondria, have a limited capacity for 
aerobic metabolism, and have less resistance to  fatigue 

than slow fibers (33). However, these fibers are rich in 
glycolytic enzymes, which provide them with a large 
anaerobic capacity (54).

The fastest skeletal muscle fiber in many small an-
imals (e.g., rats) is the type IIb fiber. For several years, 
it was believed that the fastest fiber in human skeletal 
muscle was also a “type IIb” fiber. However, it is now 
established that the fastest muscle fiber in humans 
is the type IIx fiber. The story behind this change in 
scientific thinking follows: In the late 1980s,  German 
and Italian scientists independently discovered a new 
fast muscle fiber, named type IIx, in rodent skele-
tal muscle (5, 64). Since the discovery of this type 
IIx fiber in rodents, it has been determined that this 
type of myosin is similar in structure to that con-
tained in the fastest muscle fiber in humans (63, 65).  
Therefore, throughout this textbook, we will refer to 
type IIx fibers as the fastest skeletal muscle fiber type 
in humans (24).

The specific force (force per cross-sectional area 
of the fiber) of type IIx fibers is similar to type IIa fi-
bers, but is greater than type I fibers (Fig. 8.13a) (19). 

Figure 8.12 Comparison of maximal shortening velocities 
between fiber types.
Data from Canepari, M., Pellegrino, M. A., D’Antona, G., and 
Bottinelli, R., “Single Muscle Fiber Properties in Aging and Disuse,” 
Scandinavian Journal of Medicine & Science in Sports 20: 10–19, 2010.
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Figure 8.13 Comparison of (a) maximal specific force pro-
duction and (b) maximal power output between muscle 
fiber types.

Data from Canepari, M., Pellegrino, M. A., D’Antona, G., and Bottinelli, R.,  
“Single Muscle Fiber Properties in Aging and Disuse,” Scandinavian 
Journal of Medicine & Science in Sports 20: 10–19, 2010.
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Further, the myosin ATPase activity in type IIx fibers 
is higher than other fiber types, resulting in the high-
est Vmax of all fiber types (Fig. 8.12). It follows that 
type IIx fibers generate the highest power output of 
all muscle fiber types (Fig. 8.13(b)) (19).

Type IIx fibers are less efficient than all other fi-
ber types. This low efficiency is due to the high myo-
sin ATPase activity, which results in a greater energy 
expenditure per unit of work performed (23).

The second type of fast fiber is the type IIa fiber 
(also called intermediate fibers or fast-oxidative 
glycolytic fibers). These fibers contain biochemi-
cal and fatigue characteristics that are somewhere 
 between type IIx and type I fibers. Therefore, con-
ceptually, type IIa fibers can be viewed as a mix-
ture of both type I and type IIx fiber characteristics. 
The comparisons of contractile properties between 
type IIa and IIx fibers are illustrated in Figures 8.12  
and 8.13.

Further, it is important to appreciate that regu-
lar exercise training can modify both the biochemi-
cal and contractile properties of human muscle fibers 
and can result in the conversion of fast fibers into 
slow fibers (12, 35). A detailed discussion of exercise-
induced changes in skeletal muscle fibers will be pre-
sented in Chap. 13.

Finally, it is important to understand that while 
the classification of skeletal muscle fibers into three 
distinct groups is a convenient way to group the func-
tional properties of muscle fibers, each classification 
exhibits a wide range of contractile and biochemical 
properties. Indeed, the biochemical and contractile 
properties of type IIx, type IIa, and type I fibers repre-
sent a continuum. Further, an individual muscle fiber 
can exhibit the blended qualities of more than one 
single fiber type. For example, some fibers contain 
more than one type of myosin ATPase (e.g., fibers can 
contain both types I and IIa myosin ATPases, whereas 
others may possess both types IIa and IIx myosin 
ATPases).

Fiber Types and Performance
Numerous studies have investigated the muscle fiber 
type makeup of human skeletal muscles, and several 
interesting facts have emerged. First, there are no ap-
parent sex differences in fiber distribution (54). Sec-
ond, the average sedentary man or woman possesses 
approximately 50% slow fibers. Third, highly success-
ful power athletes (e.g., sprinters) typically possess a 
large percentage of fast fibers, whereas endurance ath-
letes generally have a high percentage of slow fibers 
(22, 26, 73). Table 8.2 presents some examples of the 
percentage of slow and fast fibers found in successful 
athletes and nonathletes.

It is clear from Table 8.2 that considerable varia-
tion in the percentage of various fiber types exists 
even among successful athletes competing in the 
same event or sport. Indeed, although the percentage 
of type I (slow) muscle fibers is highly correlated with 
an individual’s V̇ O2 max, the percentage of type I fi-
bers can explain only 40% of the variation in V̇ O2 max 

TABLE 8.1 Characteristics of Human Skeletal Muscle Fiber Types

FAST FIBERS SLOW FIBERS

Characteristic Type IIx Type IIa Type I

Number of mitochondria Low High/moderate High
Resistance to fatigue Low High/moderate High
Predominant energy system Anaerobic Combination Aerobic
ATPase activity Highest High Low
Vmax (speed of shortening) Highest High Low
Efficiency Low Moderate High
Specific tension High High Moderate

IN SUMMARY
 ■ Human skeletal muscle fiber types can be di-
vided into three classes of fibers based on their 
biochemical and contractile properties. Two 
categories of fast fibers exist: type IIx and type 
IIa. One type of slow fiber exists: type I.

 ■ The biochemical and contractile properties 
characteristic of all muscle fiber types are sum-
marized in Table 8.1.

 ■ Although classifying skeletal muscle fibers into 
three general groups is a convenient system to 
study the properties of muscle fibers, human 
skeletal muscle fibers exhibit a wide range of 
contractile and biochemical properties. That is, 
the biochemical and contractile properties of 
types IIx, IIa, and I fibers represent a continuum 
instead of three neat packages.
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between individuals (68). Furthermore, two equally 
successful 10,000-meter runners have been shown to 
differ in the percentage of slow fibers that each pos-
sesses. For example, one runner might be found to 
possess 70% slow fibers, whereas a similarly success-
ful runner can possess 85% slow fibers. This observa-
tion demonstrates that an individual’s muscle fiber 
composition is not the only variable that determines 
success in athletic events (22). In fact, success in ath-
letic performance is due to a complex interaction of 
psychological, biochemical, neurological, cardiopul-
monary, and biomechanical factors (14, 15).

MUSCLE ACTIONS
The process of skeletal muscle force generation 
is  referred to as a muscle contraction. However, to 
 describe both lengthening and shortening actions of a 
muscle as a contraction can be confusing. Therefore, 
the term muscle action has been proposed to de-
scribe the process of muscle force development. This 
term is now commonly used to describe different 
types of muscular contractions (i.e., both lengthening 
and shortening contractions).

Several types of muscle actions exist. For exam-
ple, it is possible for skeletal muscle to generate force 
without a large amount of muscle shortening. This 
can occur when an individual attempts to perform a 
“curl” with a dumbbell weight that he or she cannot 
move (see Fig. 8.14(a)). What happens here is that 

muscle tension increases, but the dumbbell does not 
move, and therefore neither does the body part that 
applies the force. This kind of muscle force develop-
ment is called an isometric action and is referred to 
as a static exercise. Isometric actions are common in 
the postural muscles of the body, which act to main-
tain a static body position during periods of standing 
or sitting.

In contrast to isometric muscle actions, most 
types of exercise or sports activities require muscle 
actions that result in the movement of body parts. 
Exercise that involves movement of body parts is 
called dynamic exercise (formally called isotonic ex-
ercise). Two types of muscle actions can occur during 
dynamic exercise: (1) concentric and (2) eccentric. 
A muscle action that results in muscular shortening 
with movement of a body part is called a concentric 
action (Fig. 8.14(b)). An eccentric action occurs 
when a muscle is activated and force is produced, but 
the muscle lengthens. Table 8.3 summarizes the clas-
sifications of exercise and muscle action types.

Note that eccentric muscle actions can result in 
high stress within the sarcomere. This eccentric action 
induced stress on the muscle is often associated with 

Figure 8.14 (a) Isometric actions occur when a muscle 
exerts force but does not shorten. (b) Concentric actions 
occur when a muscle contracts and shortens.
(A), (B) Courtesy of Stuart Fox

(a)

(b)

IN SUMMARY
 ■ Successful power athletes (e.g., sprinters) gener-
ally possess a large percentage of fast muscle 
fibers and therefore a low percentage of slow, 
type I fibers.

 ■ In contrast to power athletes, endurance ath-
letes (e.g., marathoners) typically possess a high 
percentage of slow muscle fibers and a low per-
centage of fast fibers.

 ■ Although muscle fiber types are known to play 
a role in sport performance, considerable varia-
tion exists among successful athletes compet-
ing in the same sport.

TABLE 8.2 Typical Muscle Fiber Composition in 
Elite Athletes

 
 
Sport

% Slow  
Fibers  

(Type I)

% Fast Fibers 
(Types IIx  

and IIa)

Distance runners 70–80 20–30
Track sprinters 25–30 70–75
Nonathletes 47–53 47–53
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muscle fiber injury, resulting in a loss of muscle force 
generating capacity and muscle soreness due to inflam-
mation and swelling of the muscle fiber. More details 
about exercise-induced muscle injury and soreness are 
presented in Chap. 21.

SPEED OF MUSCLE ACTION 
AND RELAXATION
If a muscle is given a single stimulus, such as a brief 
electrical shock applied to the nerve innervating 
it, the muscle responds with a simple twitch. The 
movement of the muscle can be recorded on a special 
recording device, and the time periods for contraction 
and relaxation can be studied. Figure 8.15 illustrates 
the time course of a simple twitch in an isolated frog 
muscle. Notice that the twitch can be divided into 
three phases. First, immediately after the stimulus, 
there is a brief latent period (lasting a few millisec-
onds) prior to the beginning of muscle shortening. 
The second phase of the twitch is the contraction 
phase, which lasts approximately 40 milliseconds. Fi-
nally, the muscle returns to its original length during 

the relaxation period, which lasts about 50 millisec-
onds and thus is the longest of the three phases.

The timing of the phases in a simple twitch varies 
among muscle fiber types. The variability in speed of 
contraction arises from differences in the responses of 
the individual fiber types that make up muscles. Individ-
ual muscle fibers behave much like individual neurons 
in that they exhibit all-or-none responses to stimulation. 
To contract, an individual muscle fiber must receive an 
appropriate amount of stimulation. However, fast fibers 
contract in a shorter time period when stimulated than 
do slow fibers. The explanation for this observation is as 
follows: The speed of shortening is greater in fast fibers 
than in slow fibers because the sarcoplasmic reticulum 
in fast fibers releases Ca++ at a faster rate, and fast fibers 
possess a higher ATPase activity compared to the slow 
fiber types (19, 26, 29, 62). The higher ATPase activity 
results in a more rapid splitting of ATP and a quicker 
release of the energy required for contraction.

FORCE REGULATION  
IN MUSCLE
As stated earlier, the amount of force generated in a 
single muscle fiber is related to the number of myosin 
cross-bridges making contact with actin. However, the 
amount of force exerted during muscular contraction in 
a group of muscles is complex and dependent on four 
primary factors: (1) number and types of motor units 
recruited, (2) the initial length of the muscle, (3) the 
nature of the neural stimulation of the motor units, and 
(4) the contractile history of the muscle (4, 18, 20, 29). 
A discussion of each of these factors follows.

First, variations in the strength of contraction 
within an entire muscle depend on both the type 
and the number of muscle fibers that are stimulated 
to contract (i.e., recruited). Recall from Chap. 7 that 
motor units are recruited according to the size prin-
ciple, and if only a few motor units are recruited, the 
force is small. It follows that if more motor units are 
stimulated, the force increases. Figure 8.16 illustrates 
this point. Note that as the stimulus is increased, the 
force of contraction is also increased due to the re-
cruitment of additional motor units. Also, recall that 
fast fibers exert a greater specific force than do slow 
fibers. Therefore, the types of motor units recruited 
also influence force production.

A second factor that determines the force ex-
erted by a muscle is the initial length of the muscle 
at the time of contraction. In regard to force genera-
tion, the muscle’s ability to generate force changes as 
a function of muscle length and an “optimal” length 
exists for maximal force generation. The explanation 
for the existence of an optimal length is related to 
the overlap between actin and myosin. For instance, 

TABLE 8.3 Summary of the Classifications of 
Exercise and Muscle Action Types

Type of  
Exercise

Muscle  
Action

Muscle  
Length Change

Dynamic Concentric
Eccentric

Decreases
Increases

Static Isometric No change

Figure 8.15 A recording of a simple twitch. Note the 
three time periods (latent period, contraction, and relax-
ation) following the stimulus.
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when the  resting length is longer than optimal, the 
overlap between actin and myosin is limited and few 
cross-bridges can attach. This concept is illustrated in 
Figure 8.17. Note that when the muscle is stretched 
to the point where there is no overlap of actin and 

myosin, cross-bridges cannot attach and thus tension 
cannot be developed. At the other extreme, when the 
muscle is shortened to about 60% of its resting length, 
the Z lines are very close to the thick myosin filaments; 
thus, only limited additional shortening can occur.

The third factor that affects the amount of force 
a muscle exerts upon contraction is the nature of 
the neural stimulation. Simple muscle twitches stud-
ied under experimental conditions reveal some in-
teresting fundamental properties about how muscles 
function. However, normal body movements involve 
sustained contractions that are not simple twitches. 
The sustained contractions involved in normal body 
movements can be closely replicated in the labora-
tory if a series of stimulations are applied to the mus-
cle. The recording pictured in Figure 8.18 represents 
what occurs when successive stimuli are applied 
to the muscle. The first few contractions represent 
simple twitches. Note that as the frequency of the 
neural stimulations is increased, the muscle does not 
have time to relax between stimuli, and the force pro-
duced is additive. This response is called summation 
(addition of successive twitches). If the frequency of 
stimuli is increased further, individual contractions 

Figure 8.16 The relationship between increasing stimulus 
strength and the force of contraction. Weak stimuli do not 
activate many motor units and do not produce great force. 
In contrast, increasing the stimulus strength recruits more 
and more motor units and thus produces more force.
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Figure 8.17 Length-tension relationships in skeletal muscle. Note that an optimal length of muscle exists, which will 
produce maximal force when stimulated. Lengths that are above or below this optimal length result in a reduced 
amount of force when stimulated.
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are blended in a single, sustained contraction called 
tetanus. A tetanic contraction will continue until 
the stimuli are stopped or the muscle fatigues.

Muscular contractions that occur during nor-
mal body movements are tetanic contractions. These 
sustained contractions result from a series of rapidly 
repeated neural impulses conducted by the motor 
neurons that innervate those motor units involved 
in the movement. It is important to appreciate that 
in the body, neural impulses to various motor units 
do not arrive at the same time as they do in the lab-
oratory-induced tetanic contraction. Instead, various 
motor units are stimulated to contract at different 
times. Thus, some motor units are contracting while 
some are relaxing. This type of tetanic contraction 
results in a smooth contraction and aids in sustaining 
a coordinated muscle contraction.

The final factor that influences muscle force pro-
duction is the prior contractile activity of the muscle. 
Indeed, the recent contractile history of a muscle can 
impact muscle force generation in two important and 
different ways. First, if a muscle performs a bout fa-
tiguing exercise (i.e., prolonged and/or high-intensity 
contractions), subsequent muscle force production is 
decreased. The factors that contribute to this fatigue-
induced decrement in muscle force generation were 
discussed earlier in this chapter.

In contrast to the negative effect of fatiguing exer-
cise, a short period of non-fatiguing contractions (e.g., 
5 minutes of low-intensity exercise) has been shown 
to increase muscle force production. This type of low- 
intensity muscle “warm up” activity results in a phe-
nomenon known as postactivation  potentiation 
(PAP). PAP is defined as the increase in muscle force 
production that occurs following a bout of non- 
fatiguing, submaximal muscle contractions. The mech-
anism to explain the positive impact of PAP on muscle 
performance is that low-intensity muscle contractions 
results in phosphorylation of myosin light chains (i.e., 
proteins located at the base of the myosin cross-bridge). 
This phosphorylation increases the muscle’s sensitivity 

to calcium released from the sarcoplasmic reticulum, 
and the end result is increased actin-myosin interac-
tion and improved muscle force production.

In theory, the PAP induced by warm up exercises 
can improve athletic performance requiring explosive 
activities such as sprinting, jumping, and throwing. 
Nonetheless, investigations on PAP are inconsistent 
with some studies reporting performance improve-
ment, whereas other investigations conclude that PAP 
does not improve human performance. Therefore, ad-
ditional research is required to determine if PAP im-
proves athletic performance. For more information on 
PAP please see Macintosh et al. (2012) and Bouvea 
et al. (2013) in the Suggested Readings list.

Finally, in addition to the previous discussion of 
the physiological factors that impact muscle force pro-
duction, both aging and disease can negatively impact 
the muscle’s ability to generate force. Indeed, aging 
(>50 years of age) results in a progressive loss of muscle 
mass, which reduces muscle force production. Also, 
several chronic diseases (e.g., cancer, muscular dystro-
phy) result in muscle loss and, therefore, reduce muscle 
strength. See Clinical Applications 8.1 for more details.

FORCE-VELOCITY/POWER-
VELOCITY RELATIONSHIPS
In most physical activities, muscular force is applied 
through a range of movement. For instance, an ath-
lete performing the shot put applies force against the 
shot over a specified range of movement prior to re-
lease. How far the shot travels is a function of both 
the speed of the shot upon release and the angle of 
release. Because success in many athletic events is de-
pendent on speed, it is important to understand the 
concepts underlying the relationship between mus-
cular force and the speed of movement. The relation-
ship between speed of movement and muscular force 
is shown in Figure 8.19.

Figure 8.18 Recording showing the change from simple 
twitches to summation, and finally tetanus. Peaks to the 
left represent simple twitches, while increasing the fre-
quency of the stimulus (as shown on the x-axis by the 
closer lines) results in summation of the twitches, and 
finally tetanus.
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Figure 8.19 Muscle force-velocity relationships. Note that 
at any given speed of movement, muscle groups with a 
high percentage of fast fibers exert more force than those 
with muscle groups that contain primarily slow fibers.
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Two important points emerge from an examina-
tion of Figure 8.19:

 1. At any absolute force exerted by the muscle, the 
velocity or speed of movement is greater in mus-
cles that contain a high percentage of fast fibers 
when compared to muscles that possess predomi-
nantly slow fibers.

 2. The maximum velocity of muscle shortening is 
greatest at the lowest force (i.e., resistance against 
the muscle). In short, the greatest speed of 
movement is generated at the lowest workloads 
(11, 42). This principle holds true for both slow 
and fast fibers.

What is the physiological explanation for the 
force-velocity curve? The answer lies in the analysis of 
the cross-bridge connections between actin and myo-
sin. Recall that the amount of force generated by a 
muscle is determined by the number of cross-bridges 
attached between actin and myosin. Also, note that the 
cross-bridge connections between actin and myosin  

require a certain amount of time to make this con-
nection. Therefore, during rapid muscle shortening 
(i.e., high velocity movement), the actin-myosin fila-
ments move past each other at a fast rate. This rapid 
shortening restricts the number of cross-bridges that 
can make a connection and therefore limits muscle 
force production. Conversely, as muscle shortening 
velocity decreases, more cross-bridges have time to 
connect, and muscle force production increases.

The data contained in Figure 8.19 also dem-
onstrate that fast fibers produce greater force and 
shorten at faster speeds than slow fibers. The bio-
chemical mechanism to explain this observation is re-
lated to the fact that fast fibers possess higher ATPase 
activity than do slow fibers (26, 29). Therefore, ATP is 
broken down more rapidly in fast fibers when com-
pared to slow fibers. Further, calcium release from 
the sarcoplasmic reticulum is faster following neural 
stimulation in fast fibers than in slow fibers (29).

The relationship between force and movement 
speed has practical importance for the physical 

CLINICAL APPLICATIONS 8.1

Both Diseases and Aging Can Negatively Affect Muscle Function
Both old age and disease can have a 
negative influence on the ability of skel-
etal muscle to exert force. Let’s discuss 
the impact of old age and several wide-
spread diseases on muscle function.

Aging and Muscle Loss Aging is 
associated with a loss of muscle mass 
(called sarcopenia) (48, 77). The age-
related decline in muscle mass begins 
around age 25 and occurs across the 
lifetime. However, the rate of age-
related muscle loss occurs in two 
distinct phases. The first is a “slow” 
phase of muscle loss, in which 10% of 
muscle mass is lost from age 25 to 50 
years. Thereafter, there is a rapid loss 
in muscle mass. In fact, from age 50 to 
80 years, an additional 40% of muscle 
mass is lost. Thus, by age 80, one-half 
of the total skeletal muscle mass can 
be lost. Also, aging results in a loss of 
fast fibers (particularly type IIx) and 
an increase in slow fibers (52). From a 
clinical perspective, severe age-related 
sarcopenia can have negative health 
consequences because it increases 
the risk of falls in the elderly and re-
duces the ability to perform activities 
of daily living, which results in a loss 
of independence (52). Researchers are 
actively studying the mechanisms 

to explain age-related sarcopenia in 
hopes of the discovery of therapeutic 
treatments. It is important to note that 
regular bouts of resistance exercise re-
mains one of the most useful and prac-
tical means to delay age-related muscle 
loss. For more details on the impact of 
aging on skeletal muscle see Mitchell 
et al. (2012) in Suggested Readings.

Diabetes The incidence of type II  
diabetes is rapidly increasing world-
wide. Unfortunately, uncontrolled 
diabetes is associated with a progres-
sive loss of muscle mass. Therefore, 
uncontrolled diabetes combined with 
aging has the potential to accelerate 
age-related loss of skeletal muscle 
mass (17). Notably, both aerobic and 
resistance exercise training have been 
shown to be protective against diabe-
tes-induced muscle loss.

Cancer Up to 50% of cancer pa-
tients suffer from a rapid loss of skel-
etal muscle mass (74). This type of 
disease-related muscle loss is called 
cachexia (6). Cancer-mediated loss 
of skeletal muscle results in patient 
weakness and may account for up 
to 20% of deaths in cancer patients 
(34). Indeed, cancer causes wasting of 
breathing muscles (e.g., diaphragm), 

which can lead to respiratory failure 
and patient death (60). Because of the 
clinical significance of cachexia, in-
vestigators are developing methods to 
counteract cancer-induced cachexia. 
Some of the most promising therapies 
include regular exercise combined 
with nutritional interventions (44).

Muscular Dystrophy Muscular 
dystrophy refers to a group of heredi-
tary muscle diseases that weaken skele-
tal muscles. Collectively, these diseases 
are characterized by defects in muscle 
proteins that result in a progressive 
muscle weakness and a loss of muscle 
fibers. Although more than 100 differ-
ent types exist, Duchene muscular dys-
trophy is the most common childhood 
form of this disease. The prognosis for 
people with muscular dystrophy varies 
with the type. Some forms of muscu-
lar dystrophy can be mild and prog-
ress slowly over a normal life span. In 
contrast, other forms of this disorder 
produce severe muscle weakness along 
with the loss of the ability to walk and 
breathe without assistance. Although 
scientists continue to study muscu-
lar dystrophy, there are currently few 
clinical options to successfully treat 
the most severe forms of this disease.
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 therapist, athlete, or physical educator. The message 
is simply that athletes who possess a high percent-
age of fast fibers have an advantage in power-type 
athletic events. This explains why successful sprinters 
and weight lifters typically possess a relatively high 
percentage of fast fibers.

As might be expected, the fiber-type make-up 
of a muscle influences the power-velocity curve (see 
Fig. 8.20). The peak power that can be generated by 
muscle is greater in muscle that contains a high per-
centage of fast fibers than in muscle that is largely 
composed of slow fibers. As with the force-velocity 
curve, two important points emerge from the exami-
nation of the power-velocity curve:

 1. At any given velocity of movement, the peak 
power generated is greater in muscle that con-
tains a high percentage of fast fibers than in 
muscle with a high percentage of slow fibers. 
This difference is due to the aforementioned 
biochemical differences between fast and slow 
fibers. Again, athletes who possess a high percent-
age of fast fibers can generate more power than 
athletes with predominantly slow fibers.

 2. The peak power generated by any muscle increases 
with increasing velocities of movement up to a 
movement speed of 200 to 300 degrees/second. 
The reason for the plateau of power output with 
increasing movement speed is that muscular force 
decreases with increasing speed of movement (see 
Fig. 8.19). Therefore, with any given muscle group, 
there is an optimum speed of movement that will 
elicit the greatest power output.

STUDY ACTIVITIES
 1. Describe the principal functions of skeletal muscles.
 2. List the principal contractile proteins contained in skel-

etal muscle.
 3. Outline the contractile process. Use a step-by-step for-

mat illustrating the entire process, beginning with the 
nerve impulse reaching the neuromuscular junction.

 4. Describe the mechanical and biochemical properties of 
human skeletal muscle fiber types.

 5. Discuss those factors thought to be responsible for reg-
ulating force during muscular contractions.

 6. Define the term summation.
 7. Graph a simple muscle twitch and a contraction that 

results in tetanus.
 8. Discuss the relationship between force and speed of 

movement during a muscular contraction.
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Figure 8.20 Muscle power-velocity relationships. In gen-
eral, the power produced by a muscle group increases 
as a function of velocity of movement. At any given 
speed of movement, muscles that contain a large per-
centage of fast fibers produce more power than those 
muscles that contain primarily slow fibers.

IN SUMMARY
 ■ The amount of force generated during muscu-
lar contraction is dependent on the following 
factors: (1) types and number of motor units 
recruited, (2) the initial muscle length, (3) the 
nature of the motor units’ neural stimulation, 
and (4) prior contractile activity of the muscle.

 ■ The addition of muscle twitches is termed sum-
mation. When the frequency of neural stimula-
tion to a motor unit is increased, individual 
contractions are fused in a sustained contrac-
tion called tetanus.

 ■ The peak force generated by muscle decreases 
as the speed of movement increases. However, 
in general, the amount of power generated by 
a muscle group increases as a function of move-
ment velocity.
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 ■ Objectives

By studying this chapter, you should be able to do the following:

1. Provide an overview of the design and function 
of the circulatory system.

2. Describe the cardiac cycle and the associated 
electrical activity recorded via the electro- 
cardiogram.

3. Discuss the pattern of redistribution of blood 
flow during exercise.

4. Outline the circulatory responses to various 
types of exercise.

5. Identify the factors that regulate local blood 
flow during exercise.

6. List and discuss those factors responsible for 
regulation of stroke volume during exercise.

7. Discuss the regulation of cardiac output during 
exercise.

Circulatory Responses  
to Exercise

9
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One of the major challenges to homeostasis posed 
by exercise is the increased muscular demand for 

oxygen; during heavy exercise, the demand may be 15 
to 25 times greater than at rest. The primary purpose 
of the cardiorespiratory system is to deliver adequate 
amounts of oxygen and remove wastes from body tis-
sues. Further, the circulatory system also transports 
nutrients and aids in temperature regulation. It is im-
portant to remember that the respiratory system and 
the circulatory system function together as a “coupled 
unit”; the respiratory system adds oxygen and removes 
carbon dioxide from the blood, while the circulatory 
system is responsible for the delivery of oxygenated 
blood and nutrients to tissues in accordance with their 
needs. In simple terms, the “cardiorespiratory system” 
works as a unit to maintain oxygen and carbon diox-
ide homeostasis in body tissues. A British physician,  
William Harvey, proposed the first complete theory 
about how the cardiovascular system works in humans 
(see A Look Back—Important People in Science).

To meet the increased oxygen demands of muscle 
during exercise, two major adjustments of blood flow 
must be made: (1) an increased cardiac output (i.e., 
increased amount of blood pumped per minute by the 
heart) and (2) a redistribution of blood flow from inac-
tive organs to the active skeletal muscles. However, 
while the needs of the muscles are being met, other 
tissues, such as the brain, cannot be denied blood flow. 
This is accomplished by maintaining blood pressure, 
the driving force behind blood flow. A thorough un-
derstanding of the cardiovascular responses to exercise 
is important for the student of exercise physiology. 
Therefore, this chapter describes the design and func-
tion of the circulatory system and how it responds 
during exercise. We begin with a brief review of the 
anatomy and function of the heart and blood vessels.

ORGANIZATION OF THE 
CIRCULATORY SYSTEM
The human circulatory system is a closed loop that 
circulates blood to all body tissues. Circulation of 
blood requires the action of a muscular pump, the 
heart, that creates the “pressure head” needed to 
move blood through the system. Blood travels away 
from the heart in arteries and returns to the heart 
by way of veins. The system is considered “closed” 
because arteries and veins are continuous with each 
other through smaller vessels. Arteries branch exten-
sively to form a “tree” of smaller vessels. As the vessels 
become microscopic, they form arterioles, which 
eventually develop into “beds” of much smaller ves-
sels called capillaries. Capillaries are the smallest 
and most numerous of blood vessels; all exchanges 
of oxygen, carbon dioxide, and nutrients between tis-
sues and the circulatory system occur across capillary 
beds. Blood passes from capillary beds to small venous 
vessels called venules. As venules move back toward 
the heart, they increase in size and become veins. 
Major veins empty directly into the heart. The mix-
ture of venous blood from both the upper and lower 
body that accumulates in the right side of the heart is 
termed mixed venous blood. Mixed venous blood, 
therefore, represents an average of venous blood from 
the entire body.

Structure of the Heart
The heart is divided into four chambers and is of-
ten considered to be two pumps in one. The right 
atrium and right ventricle form the right pump, and 
the left atrium and left ventricle combine to make 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

William Harvey Developed the First Complete Theory of the Circulatory System
William Harvey 
(1578–1657) was born  
in England and was ed-
ucated at both King’s 
College and the Uni-
versity of  Cambridge. 
He later studied medi-
cine at the Univer-
sity of Padua in Italy.  

After completion of his medical stud-
ies, he returned to England and be-
came the personal physician of King 
James I.

Dr. Harvey was fascinated by ana-
tomical studies, and King James I en-
couraged him to pursue research to 
improve the practice of medicine. As 
a researcher, William Harvey made 
many important discoveries about 
how the cardiovascular system oper-
ates. First, by observing the action 
of the heart in small animals, Harvey 
proved that the heart expels blood 
during each contraction. Further, he 
also discovered that valves exist in 
veins and correctly identified them as 

restricting the flow of blood in one 
direction. Dr. Harvey’s work on the 
circulatory system was summarized 
in a book published in 1628 titled 
An Anatomical Study of the Motion of 
the Heart and of the Blood in Animals. 
This text explained Harvey’s theories 
on how the heart propelled blood 
through a circular course throughout 
the body and was the first published 
record to accurately describe how the 
circulatory system works in humans 
and other animals.

© Bettmann/
Getty Images
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the left pump (see Fig. 9.1). The right side of the 
heart is separated from the left side by a muscular 
wall called the interventricular septum. This septum 
prevents the mixing of blood from the two sides of 
the heart.

Blood movement within the heart is from the 
atria to the ventricles, and from the ventricles, blood 
is pumped into the arteries. To prevent backward 
movement of blood, the heart contains four one-way 
valves. The right and left atrioventricular valves con-
nect the atria with the right and left ventricles, re-
spectively (Fig. 9.1). These valves are also known as 
the tricuspid valve (right atrioventricular valve) and 
the bicuspid valve (left atrioventricular valve). Back-
flow from the arteries into the ventricles is prevented 
by the pulmonary semilunar valve (right ventricle) 
and the aortic semilunar valve (left ventricle).

Pulmonary and Systemic Circuits
As mentioned previously, the heart can be considered 
two pumps in one. The right side of the heart pumps 
blood that is partially depleted of its oxygen content 
and contains an elevated carbon dioxide content as 
a result of gas exchange in the various tissues of the 
body. This blood is delivered from the right heart into 
the lungs through the pulmonary circuit. At the 

lungs, oxygen is loaded into the blood and  carbon di-
oxide is released. This “oxygenated” blood then trav-
els to the left side of the heart and is pumped to the 
various tissues of the body via the systemic circuit 
(Fig. 9.2).

HEART: MYOCARDIUM  
AND CARDIAC CYCLE
To better appreciate how the circulatory system ad-
justs to the stress of exercise, it is important to un-
derstand elementary details of heart muscle structure 
as well as the electrical and mechanical activities of 
the heart.

Figure 9.1 Anterior view of the heart.
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IN SUMMARY
 ■ The purposes of the cardiovascular system are 
the following: (1) the transport of O2 to tissues 
and removal of wastes, (2) the transport of nu-
trients to tissues, and (3) the regulation of body 
temperature.

 ■ The heart is two pumps in one. The right side 
of the heart pumps blood through the pulmo-
nary circulation, and the left side of the heart 
delivers blood to the systemic circulation.
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Myocardium
The wall of the heart is composed of three layers:  
(1) an outer layer called the epicardium, (2) a mus-
cular middle layer, the myocardium, and (3) an inner 
layer known as the endocardium (see Fig. 9.3). It is 

the myocardium, or heart muscle, that is responsi-
ble for contracting and forcing blood out of the heart. 
The myocardium receives its blood supply via the 
right and left coronary arteries, which branch off the 
aorta and encircle the heart. The coronary veins run 
alongside the arteries and drain all coronary blood 
into a larger vein called the coronary sinus, which 
deposits blood into the right atrium.

Maintaining a constant blood supply to the heart 
via the coronary arteries is critical because, even at 
rest, the heart has a high demand for oxygen and 
nutrients. When coronary blood flow is disrupted 
(i.e., blockage of a coronary blood vessel) for more 
than several minutes, permanent damage to the heart 
occurs. This type of injury results in the death of 
cardiac muscle cells and is commonly called a heart 
attack, or myocardial infarction (see Chap. 17). The 
number of heart cells (i.e., muscle fibers) that die from 
this insult determines the severity of a heart attack. 
That is, a “mild” heart attack may damage only a small 
portion of the heart, whereas a “major” heart attack 
may destroy a large number of heart cells (fibers). 
A major heart attack greatly diminishes the heart’s 
pumping capacity; therefore, minimizing the amount 
of injury to the heart during a heart attack is critical. 
Importantly, strong evidence indicates that exercise 
training can provide cardiac protection during a heart 
attack (see Clinical Applications 9.1).

Heart muscle differs from skeletal muscle in sev-
eral ways. First, cardiac muscle fibers are shorter than 
skeletal muscle fibers and are connected in a tight 
series. Further, cardiac fibers are typically branched, 
whereas skeletal muscle fibers are elongated and do 
not branch. Also, cardiac muscle contraction is in-
voluntary, whereas skeletal muscle contractions are 
under voluntary control.

Another difference between cardiac fibers and 
skeletal muscle fibers is that, unlike skeletal muscle 
fibers, heart muscle fibers are all interconnected via 
intercalated discs. These intercellular connections 
permit the transmission of electrical impulses from 
one fiber to another. Intercalated discs allow ions to 
cross from one cardiac muscle fiber to another. There-
fore, when one heart fiber is depolarized to contract, 
all connecting heart fibers also become excited and 
contract as a unit. This arrangement is called a func-
tional syncytium. Heart muscle cells in the atria are 
separated from ventricular muscle cells by a layer of 
connective tissue that does not permit the transmis-
sion of electrical impulses. Hence, the atria contract 
separately from the ventricles.

One more difference between heart and skeletal 
muscle fibers is that human heart fibers are not di-
vided into different fiber types. The ventricular myo-
cardium is considered to be a homogenous muscle 
containing one primary fiber type that has similarities 
to the type I, slow fibers found in skeletal muscle. In 

Figure 9.2 Illustration of the systemic and pulmonary circu-
lations. As depicted by the color change from blue to red, 
blood becomes fully oxygenated as it flows through the 
lungs and then loses some oxygen (color changes from red 
to blue) as it flows through the other organs and tissues.
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this regard, heart muscle fibers are highly aerobic and 
contain large numbers of mitochondria. Note, how-
ever, that cardiac muscle fibers contain many more 
mitochondria than type I, slow skeletal muscle fibers. 
This fact highlights the importance of continuous aer-
obic metabolism in the heart.

A final difference between cardiac and skeletal 
muscle fibers is the ability to recover following an 
injury to the muscle fibers. Recall from Chap. 8 that 
skeletal muscle fibers are surrounded by muscle pre-
cursor cells called satellite cells. These satellite cells 
are important because they provide skeletal muscle 
with the ability to regenerate (i.e., recover) from in-
jury. However, cardiac muscle fibers do not contain 
satellite cells, and therefore, these heart muscle cells 
have limited regeneration capacity.

Although heart muscle and skeletal muscle differ 
in many ways, they are also similar in several ways. 
For example, both heart and skeletal muscle fibers 
are striated and contain the same contractile proteins: 
actin and myosin. Further, both heart and skeletal 
muscle fibers require calcium to activate the myofila-
ments (17), and both fibers contract via the sliding fil-
ament model of contraction (see Chap. 8). In addition, 
like skeletal muscle, heart muscle can alter its force of 
contraction as a function of the degree of overlap of 

actin-myosin filaments due to changes in fiber length. 
Table 9.1 contains a point-by-point comparison of the 
structural/functional similarities and differences be-
tween cardiac and skeletal muscle fibers.

Cardiac Cycle
The cardiac cycle refers to the repeating pattern of 
contraction and relaxation of the heart. The contrac-
tion phase is called systole and the relaxation period 
is called diastole. Generally, when these terms are 
used alone, they refer to contraction and relaxation 
of the ventricles. However, note that the atria also 
contract and relax; therefore, there is an atrial systole 
and diastole. Atrial contraction occurs during ven-
tricular diastole, and atrial relaxation occurs during 
ventricular systole. The heart thus has a two-step 
pumping action. The right and left atria contract to-
gether, which empties atrial blood into the ventricles. 
Approximately 0.1 second after the atrial contraction, 
the ventricles contract and deliver blood into both 
the systemic and pulmonary circuits.

At rest, contraction of the ventricles during  
systole ejects about two-thirds of the blood out of the 
ventricles, leaving about one-third in the ventricles. 
The ventricles then fill with blood during the next 
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Figure 9.3 The heart wall is composed of three distinct layers: (1) epicardium, (2) myocardium, and (3) endocardium.
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CLINICAL APPLICATIONS 9.1

Exercise Training Protects the Heart
It is now well established that regular 
exercise training is cardioprotective. 
Indeed, many epidemiological stud-
ies have provided evidence that regu-
lar exercise can reduce the incidence 
of heart attacks and that the survival 
rate of heart attack victims is greater 
in active people than in sedentary 
ones. Recent experiments provide 
direct evidence that regular endur-
ance exercise training reduces the 
amount of cardiac damage that oc-
curs during a heart attack (26, 28, 29).  
The protective effect of exercise is 
illustrated in Figure 9.4. Notice that 
exercise training can reduce the 
magnitude of cardiac injury during a 
heart attack by approximately 60%. 
This is significant because the num-
ber of cardiac cells that are destroyed 
during a heart attack determines the 
patient’s chances of a full, functional 
recovery.

Animal experiments indicate that 
exercise-induced protection against 
myocardial injury during a heart at-
tack can be achieved quickly (29). 

For example, it appears that as few as 
three to five consecutive days of aero-
bic exercise (~60 minutes/day) can 
provide significant cardiac protection 
against heart attack-mediated damage 
to the heart muscle (29).

How does exercise training alter 
the heart and provide cardioprotec-
tion during a heart attack? A defini-
tive answer to this question is not 

 available. Nonetheless, evidence 
suggests that the exercise-training-
induced improvement in the heart’s 
ability to resist permanent injury 
during a heart attack is linked to im-
provements in the heart’s antioxidant 
capacity (i.e., the ability to remove 
free radicals) (18, 26, 28, 29). For 
more details, see Powers et al. (2014) 
in the Suggested Readings.

Figure 9.4 Regular endurance ex-
ercise protects the heart against 
cell death during a heart attack. 
Note that during a myocardial 
infarction (i.e., heart attack),  
exercise-trained individuals 
suffer significantly less cardiac 
injury compared to untrained 
individuals.
Data from Powers, S. K., Smuder, A. J.,  
Kavazis, A. N., and Quindry, J. C., 
“Mechanisms of Exercise-Induced 
Cardioprotection,” Physiology  
29: 27–38, 2014.
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TABLE 9.1 A Comparison of the Structural and Functional Differences/Similarities between  
Heart Muscle and Skeletal Muscle

Structural Comparison Heart Muscle Skeletal Muscle

Contractile proteins: actin and  
myosin

Present Present

Shape of muscle fibers Shorter than skeletal muscle fibers  
and branching

Elongated—no branching

Nuclei Single Multiple
Z-discs Present Present
Striated Yes Yes
Cellular junctions Yes—intercalated discs No junctional complexes
Connective tissue Endomysium Epimysium, perimysium, and 

 endomysium
Functional Comparison    

Energy production Aerobic (primarily) Aerobic and anaerobic
Calcium source (for contraction) Sarcoplasmic reticulum and  

extracellular calcium
Sarcoplasmic reticulum

Neural control Involuntary Voluntary
Regeneration potential None—no satellite cells present Some possibilities via satellite cells
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diastole. A healthy 21-year-old female might have an 
average resting heart rate of 75 beats per minute. This 
means that the total cardiac cycle lasts 0.8 second, 
with 0.5 second spent in diastole and the remaining 
0.3 second dedicated to systole (17) (see Fig. 9.5). If 
the heart rate increases from 75 beats per minute 
to 180 beats per minute (e.g., heavy exercise), there 
is a reduction in the time spent in both systole and 
diastole (11). This point is illustrated in Figure 9.5. 
Note that a rising heart rate results in a greater time 
reduction in diastole, whereas systole is less affected.

Pressure Changes during the Cardiac Cycle During 
the cardiac cycle, the pressure within the heart cham-
bers rises and falls. When the atria are relaxed, blood 
flows into them from the venous circulation. As these 
chambers fill, the pressure inside gradually increases. Ap-
proximately 70% of the blood entering the atria during 
diastole flows directly into the ventricles through the 
atrioventricular valves before the atria contract. Upon 
atrial contraction, atrial pressure rises and forces most of 
the remaining 30% of the atrial blood into the ventricles.

Pressure in the ventricles is low while they are 
filling, but when the atria contract, the ventricular 
pressure increases slightly. Then as the ventricles 
contract, the pressure rises sharply, which closes the 
atrioventricular valves and prevents backflow into 
the atria. As soon as ventricular pressure exceeds the 
pressure of the pulmonary artery and the aorta, the 
pulmonary and aortic valves open and blood is forced 
into both pulmonary and systemic circulations. 
 Figure 9.6 illustrates the changes in ventricular pres-
sure as a function of time during the resting cardiac 
cycle. Note the occurrence of two heart sounds that 
are produced by the closing of the atrioventricular 
valves (first heart sound) and the closing of the aortic 
and pulmonary valves (second heart sound).

Arterial Blood Pressure
Blood exerts pressure throughout the vascular system 
but is greatest within the arteries, where it is gener-
ally measured and used as an indication of health. 
Blood pressure is the force exerted by blood against 

the arterial walls and is determined by how much 
blood is pumped and the resistance to blood flow.

Arterial blood pressure can be estimated by the 
use of a sphygmomanometer (see A Closer Look 9.1). 
The normal blood pressure of an adult male is 120/80,  
while that of adult females tends to be lower (110/70). 
The larger number in the expression of blood pres-
sure is the systolic pressure expressed in millime-
ters of mercury (mm Hg). The lower number in the 
blood pressure ratio is the diastolic pressure, again 
expressed in mm Hg. Systolic blood pressure is the 
pressure generated as blood is ejected from the heart 
during ventricular systole. During ventricular relax-
ation (diastole), the arterial blood pressure decreases 
and represents diastolic blood pressure. The differ-
ence between systolic and diastolic blood pressure is 
called the pulse pressure.

Figure 9.5 Illustration of cardiac cycle at rest and during exercise. Notice that increases in heart rate during exercise 
are achieved primarily through a decrease in the time spent in diastole; however, at high heart rates, the length of 
time spent in systole also decreases.

Systole Diastole

0.5 second0.3 second

0.2 second 0.13 second

DiastoleSystole

Rest

Heavy exercise

Heart rate = 75 beats/min

Heart rate = 180 beats/min

Figure 9.6 Relationship among pressure, volume, and 
heart sounds during the cardiac cycle. Notice the 
change in ventricular pressure and volume during the 
transition from systole to diastole.
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A CLOSER LOOK 9.1

Measurement of Arterial Blood Pressure
Arterial blood pressure is not usually 
measured directly but is estimated us-
ing an instrument called a sphygmo-
manometer (see Fig. 9.7). This device 
consists of an inflatable arm cuff con-
nected to a column of mercury. The 
cuff can be inflated by a bulb pump, 
with the pressure in the cuff measured 
by the rising column of mercury. For 
example, a pressure of 100 mm of 
mercury (mm Hg) would be enough 
force to raise the column of mercury 
upward a distance of 100 mm.

Blood pressure is measured in 
the following way: The rubber cuff 
is placed around the upper arm so it 
surrounds the brachial artery. Air is 

pumped into the cuff until the pres-
sure around the arm exceeds arterial 
pressure. Because the pressure ap-
plied around the arm is greater than 
arterial pressure, the brachial artery 
is squeezed shut and blood flow is 
stopped. If a stethoscope is placed over 
the brachial artery (just below the cuff), 
no sounds are heard, since there is no 
blood flow. However, if the air control 
valve is slowly opened to release air, 
the pressure in the cuff begins to de-
cline, and the pressure around the arm 
will quickly reach a point that is just 
slightly below arterial pressure. At this 
point blood begins to spurt through 
the artery, producing turbulent flow, 

and a sharp sound (known as Korot-
koff sounds) can be heard through the 
stethoscope. The pressure (i.e., height 
of mercury column) at which the first 
tapping sound is heard represents sys-
tolic blood pressure.

As the cuff pressure continues to 
decline, a series of increasingly louder 
sounds can be heard. When the pres-
sure in the cuff is equal to or slightly 
below diastolic blood pressure, the 
sounds heard through the stetho-
scope cease because turbulent flow 
ceases. Therefore, resting diastolic 
blood pressure represents the height 
of the mercury column when the 
sounds disappear.

Figure 9.7 A sphygmomanometer is used to measure arterial blood pressure.

No sound is heard because 
there is no blood flow when the 
cu pressure is high enough to 
keep the brachial artery closed.

Systolic pressure is the
pressure at which a Korotko 
sound is first heard. When cu 
pressure decreases and is no 
longer able to keep the brachial 
artery closed during systole, 
blood is pushed through the 
partially opened brachial artery 
to produce turbulent blood flow 
and a sound. The brachial artery
remains closed during diastole.

As cu pressure continues to 
decrease, the brachial artery 
opens even more during
systole. At first, the artery is 
closed during diastole, but, as 
cu pressure continues to 
decrease, the brachial artery 
partially opens during diastole. 
Turbulent blood flow during 
systole produces Korotko 
sounds, although the pitch of
the sounds changes as the
artery becomes more open.

Diastolic pressure is the 
pressure at which the sound 
disappears. Eventually, cu 
pressure decreases below the 
pressure in the brachial artery 
and it remains open during 
systole and diastole. 
Nonturbulent flow is 
reestablished and no
sounds are heard.
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The average pressure during a cardiac cycle is 
called mean arterial pressure. Mean arterial blood pres-
sure is important because it determines the rate of 
blood flow through the systemic circuit.

Determination of mean arterial pressure is not 
easy. It is not a simple average of systolic and diastolic 
pressure, because diastole generally lasts longer than 
systole. However, mean arterial pressure can be esti-
mated at rest in the following way:

Mean arterial pressure = DBP + 0.33 (pulse
pressure)

Here, DBP is the diastolic blood pressure, and the 
pulse pressure is the difference between systolic and 
diastolic pressures. Let’s consider a sample calculation 
of mean arterial pressure at rest.

For example, suppose an individual has a blood 
pressure of 120/80 mm Hg. The mean arterial pres-
sure would be:

Mean arterial pressure = 80 mm Hg
 + 0.33(120 – 80)

= 80 mm Hg + 13
= 93 mm Hg

Note that this equation cannot be used to com-
pute mean arterial blood pressure during exercise be-
cause it is based on the timing of the cardiac cycle at 
rest. That is, arterial blood pressure rises during sys-
tole and falls during diastole across the cardiac cycle. 
Therefore, to accurately estimate the average arterial 
blood pressure at any time, systolic and diastolic blood 
pressure must be measured and the amount of time 
spent in both systole and diastole must be known. Re-
call that the time spent in systole and diastole differs 
between rest and exercise. For example, the formula 
estimates that the time spent in systole occupies 33% 
of the total cardiac cycle at rest. However, during max-
imal exercise, systole may account for 66% of the total 
cardiac cycle time. Therefore, any formula designed 
to estimate mean arterial blood pressure must be ad-
justed to reflect the time spent in systole and diastole.

High blood pressure (called hypertension) is classi-
fied as blood pressures above 140/90 mm Hg. Unfortu-
nately, approximately 33% of all adults (>20 years old) 
in the United States have hypertension (13). Hyperten-
sion is generally classified into one of two categories: 
(1) primary, or essential, hypertension and (2) second-
ary hypertension. The cause of primary hypertension 
is multifactorial; that is, there are several factors whose 
combined effects produce hypertension. This type of 
hypertension constitutes 95% of all reported cases in 
the United States. Secondary hypertension is a result 
of some known disease process, and thus the hyper-
tension is “secondary” to another disease.

Hypertension can lead to a variety of health prob-
lems. For example, hypertension increases the work-
load on the left ventricle, resulting in an adaptive 
increase in the muscle mass of the left heart (called 

left ventricular hypertrophy). In the early phases of hy-
pertension-induced left ventricular hypertrophy, the 
increase in cardiac mass helps to maintain the heart’s 
pumping ability. However, with time, this left ventric-
ular hypertrophy changes the organization and func-
tion of cardiac muscle fibers, resulting in diminished 
pumping capacity of the heart, which can lead to heart 
failure. Further, the presence of hypertension is a ma-
jor risk factor for developing arteriosclerosis and heart 
attacks. Finally, hypertension also increases the risk 
of kidney damage and the rupture of a cerebral blood 
vessel resulting in localized brain injury (i.e., a stroke).

Factors That Influence Arterial  
Blood Pressure
Mean arterial blood pressure is determined by two fac-
tors: (1) cardiac output and (2) total vascular resistance. 
Cardiac output is the amount of blood pumped from 
the heart, and total vascular resistance is the sum of re-
sistance to blood flow provided by all systemic blood 
vessels. Mathematically, mean arterial blood pressure 
is defined as the product of cardiac output times total 
vascular resistance, as given in the following equation:

Mean arterial blood pressure = Cardiac output
× Total vascular  
resistance

Therefore, an increase in either cardiac output or 
vascular resistance results in an increase in mean arte-
rial blood pressure. In the body, mean arterial blood 
pressure depends on a variety of physiological factors, 
including cardiac output, blood volume, resistance 
to flow, and blood viscosity. These relationships are 
summarized in Figure 9.8. An increase in any of these 
variables results in an increase in arterial blood pres-
sure. Conversely, a decrease in any of these variables 

Peripheral
resistance
increases

Blood
viscosity
increases

Stroke
volume

increases

Heart
rate

increases

Blood
pressure
increases

Blood
volume

increases

Figure 9.8 Factors that influence arterial blood pressure.
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causes a decrease in blood pressure. The relationships 
between these factors will be discussed in detail in a 
later section.

How is blood pressure regulated? Acute (short-
term) regulation of blood pressure is achieved by the 
sympathetic nervous system, whereas long-term regu-
lation of blood pressure is primarily a function of the 
kidneys (4). The kidneys regulate blood pressure by 
controlling blood volume.

Pressure receptors (called baroreceptors) in the 
carotid artery and the aorta are sensitive to changes 
in arterial blood pressure. An increase in arterial 
pressure triggers these receptors to send impulses 
to the cardiovascular control center (located 
within the medullar oblongata), which responds 
by decreasing sympathetic activity. A reduction in 
sympathetic activity may lower cardiac output and/
or reduce vascular resistance, which in turn lowers 
blood pressure. Conversely, a decrease in blood pres-
sure results in a reduction of baroreceptor activity 
to the brain. This causes the cardiovascular control 
center to respond by increasing sympathetic out-
flow, which raises blood pressure back to normal. 
For a complete discussion of blood pressure regula-
tion, see Hall (2015) or Fox (2016) in the Suggested 
Readings.

Electrical Activity of the Heart
Many myocardial cells have the unique potential for 
spontaneous electrical activity (i.e., each has an intrinsic 
rhythm). However, in the normal heart, spontaneous elec-
trical activity is limited to a special region located in the 
right atrium. This region, called the sinoatrial node (SA  
node), serves as the pacemaker for the heart (see Fig. 9.9).  
Spontaneous electrical activity in the SA node occurs due 
to a decay of the resting membrane potential via inward 
diffusion of sodium during diastole. When the SA node 
reaches the depolarization threshold and “fires,” the wave 
of depolarization spreads over the atria, resulting in atrial 
contraction. The wave of atrial depolarization cannot di-
rectly cross into the ventricles but must be transported 
by way of specialized conductive tissue. This specialized 
conductive tissue radiates from a small mass of muscle 
tissue called the atrioventricular node (AV node). 
This node, located in the floor of the right atrium, con-
nects the atria with the ventricles by a pair of conductive 
pathways called the right and left bundle branches (Fig. 9.9). 
Note that atrial-mediated depolarization of the AV node 
is delayed by approximately 0.10 second. This time delay 
is important because it allows atrial contraction to empty 
atrial blood into the ventricles prior to ventricular depo-
larization and contraction. Upon reaching the ventricles, 
these conductive pathways branch into smaller fibers 

Figure 9.9 Conduction system of the heart.
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Action potentials originate in the 
sinoatrial (SA) node (the pacemaker)  
and travel across the wall of the atrium 
(arrows) from the SA node to the 
atrioventricular (AV) node.

Action potentials pass through the AV 
node and along the atrioventricular (AV) 
bundle, which extends from the AV 
node, through the fibrous skeleton, into 
the interventricular septum.

The AV bundle divides into right and left 
bundle branches, and action potentials 
descend to the apex of each ventricle
along the bundle branches.

Action potentials are carried by the 
Purkinje fibers from the bundle branches 
to the ventricular walls.
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called Purkinje fibers. The Purkinje fibers then spread the 
wave of depolarization throughout the ventricles.

A recording of the electrical changes that occur 
in the myocardium during the cardiac cycle is called 
an electrocardiogram (ECG or EKG). Analysis of 
ECG waveforms allows the physician to evaluate the 
heart’s ability to conduct impulses and therefore de-
termine if electrical problems exist. Further, analy-
sis of the ECG during exercise is often used in the 
diagnosis of coronary artery disease (see A Closer 
Look 9.2). Figure 9.11 illustrates a normal ECG pat-
tern. Notice that the ECG pattern contains several 
different deflections, or waves, during each cardiac 
cycle. Each of these distinct waveforms is identified 
by different letters. The first deflection on the ECG is 
called the P wave and represents the depolarization of 
the atria. The second wave, the QRS complex, repre-
sents the depolarization of the ventricles and occurs 
approximately 0.10 second following the P wave. The 
final deflection, the T wave, is the result of ventricu-
lar repolarization. Notice that atrial repolarization is 
usually not visible on the ECG because it occurs at 
the same time as the QRS complex (Fig. 9.12). That is, 
atrial repolarization is “hidden” by the QRS complex.

Finally, Figure 9.13 illustrates the relationship 
between changes in the intraventricular pressure and 
the ECG. Note that the QRS complex (i.e., depolar-
ization of the ventricles) occurs at the beginning of 
systole, whereas the T wave (i.e., repolarization of the 

 ventricles) occurs at the beginning of diastole. Also, no-
tice that the rise in intraventricular pressure at the be-
ginning of systole results in the first heart sound, due 
to closure of the atrioventricular valves (AV valves), 
and that the fall in intraventricular pressure at the end 
of systole results in the second heart sound, due to the 
closure of the aortic and pulmonary semi-lunar valves.

A CLOSER LOOK 9.2

Diagnostic Use of the ECG During Exercise
Cardiologists are physicians who spe-
cialize in diseases of the heart and 
vascular system. One of the diagnostic 
procedures commonly used to evalu-
ate cardiac function is to make ECG 
measurements during an incremental 
exercise test (commonly called a stress 
test). This allows the physician to ob-
serve changes in blood pressure as well 
as changes in the patient’s ECG during 
periods of exercise-induced stress.

The most common cause of heart 
disease is the collection of fatty 
plaque (called atherosclerosis) in-
side coronary vessels. This collec-
tion of plaque reduces blood flow to 
the myocardium. The adequacy of 
blood flow to the heart is relative—
it depends on the metabolic demand 
placed on the heart. For example, a 
small obstruction in a coronary artery 
may permit adequate blood flow to 

meet the metabolic needs during rest, 
but a coronary blockage would likely 
result in inadequate blood flow to the 
heart during exercise because of the 
large increase in metabolic demands. 
Therefore, a graded exercise test may 
serve as a “stress test” to evaluate car-
diac function.

An example of an abnormal exer-
cise ECG is illustrated in Figure 9.10. 

Myocardial ischemia (reduced blood 
flow) may be detected by changes in 
the S-T segment of the ECG. Notice the 
depressed S-T segment in the picture 
on the right when compared to the 
normal ECG on the left. This S-T seg-
ment depression suggests to the physi-
cian that ischemic heart disease may 
be present and that additional diagnos-
tic procedures may be warranted.

Figure 9.10 Depression 
of the S-T segment of 
the electrocardiogram 
as a result of myocardial 
ischemia.Normal Ischemia
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IN SUMMARY
 ■ The myocardium is composed of three layers: 
(1) epicardium (outer layer); (2) myocardium 
(middle layer composed of cardiac muscle 
 fibers); and (3) endocardium (inner layer).

 ■ The contraction phase of the cardiac cycle is called 
systole and the relaxation period is called diastole.

 ■ The average blood pressure during a cardiac 
cycle is called mean arterial blood pressure.

 ■ Blood pressure can be increased by one or all of 
the following factors:
a. Increase in blood volume
b. Increase in heart rate
c. Increased blood viscosity
d. Increase in stroke volume
e. Increased peripheral resistance

 ■ The pacemaker of the heart is the SA node.
 ■ A recording of the electrical activity of the 
heart during the cardiac cycle is called the 
 electrocardiogram (ECG or EKG).
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CARDIAC OUTPUT
Cardiac output (Q · ) is the product of the heart rate 
(HR) and the stroke volume (SV) (amount of blood 
pumped per heartbeat):

Q 
.
  = HR × SV

Thus, cardiac output can be increased due to a 
rise in either heart rate or stroke volume. During ex-
ercise in the upright position (e.g., running, cycling, 
etc.), the increase in cardiac output is due to an in-
crease in both heart rate and stroke volume. Table 9.2 
presents typical values at rest and during maximal ex-
ercise for heart rate, stroke volume, and cardiac out-
put in both untrained and highly trained endurance 
athletes. The gender differences in stroke volume and 
cardiac output are due mainly to differences in body 
sizes between men and women (2) (see Table 9.2).

Regulation of Heart Rate
During exercise, the quantity of blood pumped by the 
heart must change in accordance with the elevated 
skeletal muscle oxygen demand. Because the SA node 

controls heart rate, changes in heart rate often involve 
factors that influence the SA node. The two most prom-
inent factors that influence heart rate are the parasym-
pathetic and sympathetic nervous systems (11).

The parasympathetic fibers that supply the heart 
arise from neurons in the cardiovascular control center 
in the medulla oblongata and make up a portion of the 
vagus nerve (4). Upon reaching the heart, these fibers 
make contact with both the SA node and the AV node 
(see Fig. 9.14). When stimulated, these nerve endings 
release acetylcholine, which causes a decrease in the 
activity of both the SA and AV nodes due to hyperpo-
larization (i.e., moving the resting membrane potential 
further from threshold). The end result is a reduction of 
heart rate. Therefore, the parasympathetic nervous sys-
tem acts as a braking system to slow down heart rate.

Even at rest, the vagus nerves carry impulses to 
the SA and AV nodes (11). This is often referred to 
as parasympathetic tone. As a consequence, changes 
in parasympathetic activity can cause heart rate 
to increase or decrease. For instance, a decrease in 
parasympathetic tone to the heart can elevate heart 
rate, whereas an increase in parasympathetic activity 
causes a slowing of heart rate.
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Figure 9.11 The normal electrocardiogram during rest.
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Figure 9.12 An illustration of the relationship between the heart’s electrical events and the recording of the ECG. Panels 1–2  
illustrate atrial depolarization and the formation of the P wave. Panels 3–4 illustrate ventricular depolarization and for-
mation of the QRS complex. Finally, panels 5–6 illustrate repolarization of the ventricles and formation of the T wave.

Figure 9.13 The relationship between changes in the in-
traventricular pressure and the ECG. Notice that the QRS 
complex (i.e., depolarization of the ventricles) occurs at the 
beginning of systole and the rise in ventricular pressure. 
Further, note that the T wave (repolarization of the ven-
tricles) occurs at the same time that the ventricles relax at 
the beginning of diastole.
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206 Section One Physiology of Exercise

TABLE 9.2 Typical Resting and Maximal Exercise Values for Stroke Volume (SV), Heart Rate (HR), and 
Cardiac Output (Q ˙ ) for College-Age Untrained Subjects and Trained Endurance Athletes (Body 
Weights: Male = 70 kg; Female = 50 kg)

 
Subject

HR  
(beats/min)

  SV  
(ml/beat)

  Q̇   
(l/min)

Rest          
Untrained male 72 × 70 = 5.00
Untrained female 75 × 60 = 4.50
Trained male 50 × 100 = 5.00
Trained female 55 × 80 = 4.40

Max Exercise   ×      

Untrained male 200 × 110 = 22.0
Untrained female 200 × 90 = 18.0
Trained male 190 × 180 = 34.2
Trained female 190 × 125 = 23.8

Note that values are rounded off.

Data from Borjesson, M., and Pelliccia, A., “Incidence and Aetiology of Sudden Cardiac Death in Young Athletes: An International Perspective,” 
British Journal of Sports Medicine 43: 644–648, 2009; Miller, J. D., Pegelow, D. F., Jacques, A. J., and Dempsey, J. A., “Skeletal Muscle Pump Versus 
Respiratory Muscle Pump: Modulation of Venous Return from the Locomotor Limb in Humans,” Journal of Physiology 563: 925–943, 2005, p. 68.

Figure 9.14 The activities of the SA and AV nodes can be altered by both the sympathetic and parasympathetic 
 nervous systems.
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The initial increase in heart rate during low- 
intensity exercise, up to approximately 100  beats 
per minute, is due to a withdrawal of parasympathetic 
tone (34). This occurs because, without neural input to 
the SA node, the intrinsic firing rate of the SA node is 
typically 100 beats per minute. At higher work rates, 
stimulation of the SA and AV nodes by the sympathetic 
nervous system is responsible for increases in heart rate 
(34). Sympathetic fibers reach the heart by means of 
the cardiac accelerator nerves, which innervate 
both the SA node and the ventricles (Fig. 9.14). End-
ings of these fibers release norepinephrine upon stimu-
lation, which act on beta receptors in the heart and 
cause an increase in both heart rate and the force of 
myocardial contraction. (See Clinical Applications 9.2.)

At rest, a normal balance between parasympa-
thetic tone and sympathetic activity to the heart is 
maintained by the cardiovascular control center in the 
medulla oblongata. The cardiovascular control center 
receives impulses from various parts of the circula-
tory system relative to changes in important param-
eters (e.g., blood pressure, blood oxygen tension), and 
it relays motor impulses to the heart in response to a 
changing cardiovascular need. For example, an increase 
in resting blood pressure above normal stimulates pres-
sure receptors in the carotid arteries and the arch of 
the aorta, which in turn send impulses to the cardio-
vascular control center (Fig. 9.14). In response, the car-
diovascular control center increases parasympathetic 
activity to the heart to slow the heart rate and reduce 
cardiac output. This reduction in cardiac output causes 
blood pressure to decline back toward normal.

Another regulatory reflex involves pressure re-
ceptors located in the right atrium. In this case, an 
increase in right atrial pressure signals the cardiovas-
cular control center that an increase in venous return 
has occurred; hence, to prevent a backup of blood in 
the systemic venous system, an increase in cardiac 
output must result. The cardiovascular control center 
responds by sending sympathetic accelerator nerve 
impulses to the heart, which increase heart rate and 
cardiac output. The end result is that the increase in 

cardiac output lowers right atrial pressure back to 
normal, and venous blood pressure is reduced.

Finally, a change in body temperature can in-
fluence heart rate. An increase in body temperature 
above normal results in an increase in heart rate, 
whereas lowering of body temperature below normal 
causes a reduction in heart rate (34). For example, ex-
ercise in a hot environment results in increased body 
temperatures and higher heart rates than if the same 
exercise was performed in a cool environment. This 
topic is discussed in more detail in Chap. 12.

Heart Rate Variability
As discussed previously, heart rate is regulated by the 
autonomic nervous system (i.e., balance between the 
parasympathetic and sympathetic nervous systems). The 
term heart rate variability (HRV) refers to the varia-
tion in the time between heartbeats (19). In practice, 
the time interval (expressed in milliseconds) between 
two heartbeats can be measured as the R-R time inter-
val using an ECG tracing, as illustrated in Figure 9.11. 
The HRV is then calculated as the standard deviation of 
the R-R time interval during a selected time period. A 
wide variation in HRV is considered to be a good index 
of a “healthy” balance between the sympathetic and 
parasympathetic nervous systems, whereas low HRV 
indicates an imbalance exists in autonomic regulation.

The physiological significance of HRV is that the 
time variation between heartbeats reflects autonomic 
balance and is an excellent noninvasive screening tool 
for many diseases. For example, low HRV has been 
shown to predict future cardiovascular events, such as 
sudden cardiac death. Further, low HRV is an indepen-
dent risk factor for the development of cardiovascular 
disease, including heart failure, myocardial infarction, 
and hypertension (20). Epidemiological studies have 
also established that low HRV is an excellent predictor 
of increased cardiovascular morbidity and mortality in 
patients with existing cardiovascular disease.

What is the physiological cause of low HRV vari-
ability? Again, the autonomic nervous system regulates 

CLINICAL APPLICATIONS 9.2

Beta-Blockade and Exercise Heart Rate
Beta-adrenergic blocking medications 
(beta-blockers) are commonly prescribed 
for patients with coronary artery disease 
and/or hypertension. Although there 
are many different classes of these drugs, 
all these medications compete with 
epinephrine and norepinephrine for 
beta-adrenergic receptors in the heart.  

The end result is that beta-blockers re-
duce heart rate and the vigor of myo-
cardial contraction, thus reducing the 
oxygen requirement of the heart.

In clinical exercise physiology, it is 
important to appreciate that all beta-
blocking drugs will decrease resting 
heart rate as well as exercise heart rate. 

Indeed, individuals on beta-blocking 
medications will exhibit lower exercise 
heart rates during both submaximal and 
maximal exercise. This is an important 
fact that should be considered when 
prescribing exercise and interpreting 
the exercise test results of individuals 
using beta-blocking medications.
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many cardiovascular parameters, including both heart 
rate and HRV. Recall that heart rate can be elevated 
by increasing sympathetic activity or decreased by in-
creasing parasympathetic (vagal) activity. The balance 
between the effects of the sympathetic and parasym-
pathetic systems, the two opposite-acting branches of 
the autonomic nervous system, is referred to as the 
sympathovagal balance and is reflected in the beat-to-
beat changes of the cardiac cycle (19).

Numerous factors can influence the sympathovagal 
balance and thus affect HRV. For example, with advanc-
ing age or some disease states, there is a decrease in 
parasympathetic tone at rest (19) or an increase in sym-
pathetic nervous system outflow (8). This results in a 
disturbance in sympathovagal balance and a decrease in 
HRV. Some specific examples of diseases that promote a 
decrease in HRV are as follows: HRV is decreased in pa-
tients suffering from depression, hypertension, and heart 
disease, and in individuals following a myocardial infarc-
tion (19). Importantly, research indicates that physical 
inactivity promotes a decrease in HRV, whereas regular 
bouts of aerobic exercise result in increased HRV (19). 
Therefore, investigation of the types of exercise and 
specific training programs that have positive influences 
on HRV has become an important area of research.

Regulation of Stroke Volume
Stroke volume, at rest or during exercise, is regulated 
by three factors: (1) the end-diastolic volume (EDV), 
which is the volume of blood in the ventricles at the 
end of diastole; (2) the average aortic blood pressure; 
and (3) the strength of ventricular contraction.

EDV is often referred to as “preload,” and it in-
fluences stroke volume in the following way. Two 
physiologists, Frank and Starling, demonstrated that 
the strength of ventricular contraction increased with 
an enlargement of EDV (i.e., stretch of the ventricles). 
This relationship has become known as the Frank-
Starling law of the heart. The increase in EDV results 
in a lengthening of cardiac fibers, which improves the 
force of contraction in a manner similar to that seen 
in skeletal muscle (discussed in Chap. 8). The mecha-
nism to explain the influence of fiber length on car-
diac contractility is that an increase in the length of 
cardiac fibers increases the number of myosin cross-
bridge interactions with actin, resulting in increased 
force production. A rise in cardiac contractility re-
sults in an increase in the amount of blood pumped 
per beat; the relationship between EDV volume and 
stroke volume is illustrated in Figure 9.15.

The principal variable that influences EDV is the 
rate of venous return to the heart. An increase in venous 
return results in a rise in EDV and, therefore, an increase 
in stroke volume. Increased venous return and the re-
sulting increase in EDV play a key role in the increase in 
stroke volume observed during upright exercise.

What factors regulate venous return during ex-
ercise? There are three principal mechanisms: (1) con-
striction of the veins (venoconstriction), (2) pumping 
action of contracting skeletal muscle (called the mus-
cle pump), and (3) pumping action of the respiratory 
system (termed the respiratory pump).

 1. Venoconstriction. Venoconstriction increases 
venous return by decreasing the diameter of the 
vessels and increasing the pressure within the 
vein. The end result of increased venous pressure 
is to drive blood back toward the heart. Venocon-
striction occurs via a reflex sympathetic constric-
tion of smooth muscle in veins draining skeletal 
muscle, which is controlled by the cardiovascular 
control center (4).

 2. Muscle pump. The muscle pump is a result of the 
mechanical action of rhythmic skeletal muscle 
contractions. Therefore, when muscles contract 
during exercise, they compress veins and push 
blood back toward the heart. Between contrac-
tions, blood refills the veins and the process is 
repeated. Blood is prevented from flowing away 
from the heart between contractions by one-way 
valves located in large veins (Fig. 9.16). During 
sustained muscular contractions (isometric exer-
cise), the muscle pump cannot operate, and ve-
nous return to the heart is reduced.

 3. Respiratory pump. The rhythmic pattern of breathing 
also provides a mechanical pump by which venous 
return is promoted. The respiratory pump works in 
the following way. During inspiration, the pressure 
within the thorax (chest) decreases and abdominal 
pressure increases. This creates a flow of venous 
blood from the abdominal region into the thorax and 
therefore promotes venous return. Although quiet 
breathing (rest) aids in venous return, the role of the 
respiratory pump is enhanced during exercise due to 
the greater respiratory rate and depth. Indeed, recent 
evidence indicates that the respiratory pump is a 
dominant factor that promotes venous return to the 
heart during upright exercise (22).
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Figure 9.15 An illustration of the relationship between 
ventricular end-diastolic volume and stroke volume. 
 Notice the increase in stroke volume when venous 
 return increases above the normal resting level.
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A second variable that affects stroke volume is 
the aortic pressure (mean arterial pressure). In order 
to eject blood, the pressure generated by the left ven-
tricle must exceed the pressure in the aorta. There-
fore, aortic pressure or mean arterial pressure (called 
afterload) represents a barrier to the ejection of blood 
from the ventricles. Stroke volume is thus inversely 
proportional to the afterload; that is, an increase in 
aortic pressure produces a decrease in stroke vol-
ume. However, afterload is minimized during exer-
cise due to arteriole dilation. This arteriole dilation in 
the working muscles reduces afterload and makes it 
easier for the heart to pump a large volume of blood.

The final factor that influences stroke volume 
is the effect of circulating catecholamines (i.e., epi-
nephrine and norepinephrine) and direct sympa-
thetic stimulation of the heart by cardiac accelerator 
nerves. Both of these mechanisms increase cardiac 
contractility by increasing the amount of calcium 
available to the myocardial cell (34). In particu-
lar, epinephrine and norepinephrine both increase 
the entry of extracellular calcium into the car-
diac muscle fiber, which increases cross-bridge 

 activation and force production. The relationship  
between sympathetic stimulation of the heart and 
stroke volume is illustrated in Figure 9.17. Notice 
that compared to control conditions (i.e., limited sym-
pathetic stimulation), increased sympathetic stimula-
tion of the heart increases stroke volume at any level 
of EDV.

To summarize, stroke volume is regulated by 
three factors: EDV, cardiac contractility, and cardiac 
afterload. During upright exercise, the exercise-in-
duced increases in stroke volume occur due to both 
increases in EDV and increased cardiac contractility 
due to circulating catecholamines and/or sympa-
thetic stimulation. In contrast, an increase in cardiac 
afterload results in a decrease in stroke volume.

Figure 9.16 The action of the one-way venous valves. 
Contraction of skeletal muscles helps to pump  
blood toward the heart, but is prevented from pushing 
blood away from the heart by closure of the venous 
valves.
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Figure 9.17 Effects of sympathetic stimulation of the 
heart on stroke volume. Note that sympathetic stimula-
tion results in an increase in stroke volume at any given 
diastolic volume; that is, sympathetic stimulation in-
creases ventricular contractility via an increased level of 
intracellular calcium, resulting in a higher myosin cross-
bridge interaction with actin.
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IN SUMMARY
 ■ Cardiac output is the product of heart rate 
and stroke volume (Q̇  = HR × SV). Figure 9.18 
 summarizes those variables that influence 
 cardiac output during exercise.

 ■ The pacemaker of the heart is the SA node. SA 
node activity is modified by the parasympa-
thetic nervous system (slows HR) and the sym-
pathetic nervous system (increases HR).

 ■ Heart rate increases at the beginning of exer-
cise due to a withdrawal of parasympathetic 
tone. At higher work rates, the increase in heart 
rate is achieved via an increased sympathetic 
outflow to the SA nodes.

 ■ Stroke volume is regulated via (1) end-diastolic 
volume, (2) afterload (i.e., aortic blood pressure), 
and (3) the strength of ventricular contraction.

 ■ Venous return increases during exercise due to 
(1) venoconstriction, (2) the muscle pump, and 
(3) the respiratory pump.
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HEMODYNAMICS
One of the most important features of the circula-
tory system is that the system is a continuous “closed 
loop.” Blood flow through the circulatory system re-
sults from pressure differences between the two ends 
of the system. To understand the physical regulation 
of blood flow to tissues, it is necessary to appreciate 
the interrelationships between pressure, flow, and re-
sistance. The study of these factors and the physical 
principles of blood flow is called hemodynamics.

Physical Characteristics of Blood
Blood is composed of two principal components: 
plasma and cells. Plasma is the “watery” portion of 
blood that contains numerous ions, proteins, and hor-
mones. The cells that make up blood are red blood 
cells (RBCs), platelets, and white blood cells. Red 
blood cells contain hemoglobin used for the transport 
of oxygen (see Chap. 10). Platelets play an important 
role in blood clotting, and white blood cells are im-
portant in preventing infection (Chap. 6).

The percentage of the blood that is composed 
of cells is called the hematocrit. That is, if 42% of the 
blood is cells and the remainder is plasma, the hema-
tocrit is 42% (see Fig. 9.19). On a percentage basis, 
RBCs constitute the largest fraction of cells found 
in blood. Therefore, the hematocrit is principally in-
fluenced by increases or decreases in RBC numbers. 
The average hematocrit of a normal college-age male 
is 42%, and the hematocrit of a normal college-age 
female averages approximately 38%. These values vary 
among individuals and are dependent on a number of 
variables.

Blood is several times more viscous than water, 
and this viscosity increases the difficulty with which 
blood flows through the circulatory system. One of 
the major contributors to viscosity is the concentra-
tion of RBCs found in the blood. Therefore, during 

periods of anemia (decreased RBCs), the viscosity of 
blood is lowered. Conversely, an increase in hema-
tocrit results in an elevation in blood viscosity. The 
potential influence of changing blood viscosity on 
performance is discussed in Chap. 25.

Relationships among Pressure, 
Resistance, and Flow
As mentioned earlier, blood flow through the vascular 
system is dependent upon the difference in pressure at 
the two ends of the system. For example, if the pressures 
at the two ends of the vessel are equal, no flow will oc-
cur. In contrast, if the pressure is higher at one end of the 
vessel than the other, blood will flow from the region of 
higher pressure to the region of lower pressure. The rate 
of flow is proportional to the pressure difference (P1 – P2) 
between the two ends of the tube. In other words, the 

Figure 9.18 Factors that regulate cardiac output. Variables that stimulate cardiac output are shown by solid arrows,  
and factors that reduce cardiac output are shown by dotted arrows.
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Figure 9.19 Blood cells become packed at the bottom of the 
test tube when blood is centrifuged; this leaves the plasma 
at the top of the tube. The percentage of whole blood that 
is composed of blood cells is termed the  hematocrit.
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blood flow is directly related to the pressure differences 
across the tube, whereby an increase in driving pressure 
will increase flow. Figure 9.20 illustrates the “pressure 
head” driving blood flow in the systemic circulatory sys-
tem under resting conditions. Here, the mean arterial 
pressure is 100 mm Hg (i.e., this is the pressure of blood 
in the aorta), while the pressure at the opposite end of 
the circuit (i.e., pressure in the right atrium) is 0 mm Hg.  
Therefore, the driving pressure across the circulatory 
system is 100 mm Hg (100 – 0 = 100).

It should be pointed out that the flow rate of 
blood through the vascular system is proportional 
to the pressure difference across the system, but it 
is inversely proportional to the resistance. In simple 
terms, this means that when vascular resistance in-
creases, blood flow decreases. Inverse proportionality 
is expressed mathematically by the placement of this 
variable in the denominator of a fraction, because a 
fraction decreases when the denominator increases. 
Therefore, the relationship between blood flow, pres-
sure, and resistance is given by the equation

Blood flow = 
ΔPressure
Resistance

where Δ pressure means the difference in pressure 
between the two ends of the circulatory system. 
Therefore, blood flow can be increased by either an 
increase in blood pressure or a decrease in resistance. 
A fivefold increase in blood flow could be generated 
by increasing pressure by a factor of five; however, 
this large increase in blood pressure would be hazard-
ous to health. Fortunately, increases in blood flow 
during exercise are achieved primarily by a decrease 
in resistance with a small rise in blood pressure.

What factors contribute to the resistance of 
blood flow? Resistance to flow is directly proportional 
to the length of the vessel and the viscosity of blood. 
However, the most important variable determining 

vascular resistance is the diameter of the blood vessel, 
because vascular resistance is inversely proportional 
to the fourth power of the radius of the vessel:

Resistance = 
Length × Viscosity

Radius4

In other words, an increase in either vessel length or 
blood viscosity results in a proportional increase in 
resistance. However, reducing the radius of a blood 
vessel by one-half would increase resistance 16 fold 
(i.e., 24 = 16)!

Sources of Vascular Resistance
The viscosity of blood and the length of the blood 
vessels are not manipulated in normal physiology. 
Therefore, the primary factor regulating blood flow  
through organs is the diameter of the blood vessel. 
Indeed, a small decrease in the radius of the blood 
vessel (vasoconstriction) results in a large increase in 
vascular resistance and a decrease in blood flow. Spe-
cifically, the effect of changes in radius on changes 
in flow rate are magnified by a power of four and 
therefore, blood can be diverted from one organ sys-
tem to another by varying degrees of vasoconstriction 
and vasodilation. This principle is used during heavy 
exercise to divert blood toward contracting skeletal 
muscle and away from less-active tissue. This concept 
is discussed in detail in the next section, “Changes in 
Oxygen Delivery to Muscle During Exercise.”

The greatest vascular resistance in blood flow oc-
curs in arterioles. This point is illustrated in Figure 9.21.  
Note the large drop in arterial pressure that occurs 

Figure 9.20 The flow of blood through the systemic circuit 
is dependent on the pressure difference (ΔP) between the 
aorta and the right atrium. In this illustration, the mean 
pressure in the aorta is 100 mm Hg, while the pressure in 
the right atrium is 0 mm Hg. Therefore, the “driving” pres-
sure across the circuit is 100 mm Hg (100 − 0 = 100).
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Figure 9.21 Pressure changes across the systemic circula-
tion. Notice the large pressure drop across the arterioles.
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across the arterioles; approximately 70% to 80% of the 
decline in mean arterial pressure occurs across the  
arterioles.

CHANGES IN OXYGEN 
DELIVERY TO MUSCLE 
DURING EXERCISE
During intense exercise, the metabolic need for oxy-
gen in skeletal muscle increases many times over the 
resting value. To meet this rise in oxygen demand, 
blood flow to the contracting muscle must increase. 
As mentioned earlier, increased oxygen delivery to 
exercising skeletal muscle is accomplished via two 
mechanisms: (1) an increased cardiac output and  
(2) a redistribution of blood flow from inactive organs 
to the working skeletal muscle.

Changes in Cardiac Output 
During Exercise
Cardiac output increases during exercise in direct 
proportion to the metabolic rate required to perform 
the exercise task. This is shown in Figure 9.22. Note 
that the relationship between cardiac output and 
percent maximal oxygen uptake is essentially linear. 
The increase in cardiac output during exercise in the 
upright position (i.e., running or cycling) is achieved 
by an increase in both stroke volume and heart rate. 
However, in untrained or moderately trained sub-
jects, stroke volume does not increase beyond a 
workload of 40% to 60% of V̇ O2 max (Figure 9.22). 

Therefore, at work rates greater than 40% to 60% V̇ O2 
max, the rise in cardiac output in these individuals 
is achieved by increases in heart rate alone. The ex-
amples presented in Figure 9.22 for maximal heart 
rate, stroke volume, and cardiac output are typical 
values for a 70-kg, active (but not highly trained) 
college-age male. See Table 9.2 for examples of maxi-
mal stroke volume and cardiac output for trained 
men and women.

Figure 9.22 Changes in blood pressure, stroke volume, 
cardiac output, heart rate, and the arterial–mixed ve-
nous oxygen difference as a function of relative work 
rates. See text for details.
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IN SUMMARY
 ■ Blood is composed of two principal compo-
nents: plasma and cells.

 ■ Blood flow through the vascular system is di-
rectly proportional to the pressure at the two 
ends of the system and inversely proportional 
to resistance:

Blood flow = 
ΔPressure
Resistance

 ■ The most important factor determining resis-
tance to blood flow is the radius of the blood 
vessel. The relationship between vessel radius, 
vessel length, blood viscosity, and flow is

Resistance = 
Length × Viscosity

Radius4

 ■ The greatest vascular resistance to blood flow is 
offered in the arterioles.
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Note that although most experts agree that stroke 
volume reaches a plateau between 40% and 60% of 
V̇ O2 max during upright exercise in untrained and 
moderately trained individuals, evidence exists that 
stroke volume does not plateau in highly trained ath-
letes during running exercise. This point is discussed 
in more detail in Research Focus 9.1. Further, dif-
ferences exist in exercise-induced changes in stroke 
volume between upright exercise (e.g., running) 
and supine exercise (e.g., swimming). See A Closer 
Look 9.3 for more details.

Maximal cardiac output tends to decrease in a 
linear fashion in both men and women after 30 years 
of age (12). This is primarily due to a decrease in maxi-
mal heart rate with age (12). For example, because 

cardiac output equals heart rate times stroke volume, 
any decrease in heart rate would result in a decrease 
in cardiac output. The decrease in maximal heart rate 
with age in young adults can be estimated by the fol-
lowing formula:

Max HR = 220 – age (years)

According to this formula, a 20-year-old subject 
might have a maximal heart rate of 200 beats per min-
ute (220 − 20 = 200), whereas a 35 year-old would 
have a maximal heart rate of 185 beats per minute 
(220 − 35 = 185). However, this is only an estimate, 
and values can be 20 beats × min–1 higher or lower.

The previous formula for adults is not a good pre-
dictor of maximal heart rate in older adults or children. 

RESEARCH FOCUS 9.1

Stroke Volume Does Not Plateau in Endurance Athletes
It is widely accepted that during in-
cremental exercise, stroke volume in 
active or untrained subjects reaches 
a plateau at a submaximal work rate 
(i.e., approximately 40% to 60% V̇ O2 
max) (Fig. 9.22). The physiological 
explanation for this plateau in stroke 
volume is that at high heart rates, the 
time available for ventricular filling is 

decreased. Therefore, end-diastolic vol-
ume reaches a plateau or may decrease 
slightly at high-exercise intensities. 
However, new evidence suggests that 
during incremental work rates, the 
stroke volume of endurance athletes 
(e.g., highly trained distance runners) 
does not plateau but continues to in-
crease to V̇O2 max (14, 44). What is 

the explanation for this observation? 
It appears that compared to untrained 
subjects, endurance athletes have im-
proved ventricular filling during heavy 
exercise due to increased venous re-
turn. This increase in end-diastolic vol-
ume results in an increased force of 
ventricular contraction (Frank-Starling 
law) and an increase in stroke volume.

A CLOSER LOOK 9.3

Impact of Body Position on Stroke Volume during Exercise
Body position has a major influence on 
stroke volume at rest and during ex-
ercise because of the effect of gravity 
on venous return to the heart. Indeed, 
in the upright position (i.e., standing 
at rest), gravity promotes blood pool-
ing in the legs. This results in a re-
duced venous return to the heart and 
a reduced end-diastolic volume with 
the outcome being a smaller stroke 
volume because of the Frank-Starling 
law of the heart. However, compared 
to rest, exercise in the upright posi-
tion (e.g., running or cycling) results 
in increased venous return, a larger 
end-diastolic volume, and improved 
stroke volume. For example, in an 

untrained individual, stroke volume 
is typically 60 to 80 ml/beat at rest 
but stroke volume can increase by 
100% during intense exercise due to 
increased venous return.

In contrast to the exercise in the 
upright position, intense exercise in 
a supine position (e.g., swimming) 
results in only small increases (i.e., 
20% to 40%) in stroke volume above 
resting conditions. The explanation 
for the difference in stroke volume 
between exercise in the upright po-
sition and supine position is as fol-
lows. When the body is resting in 
the supine position, blood does not 
pool in the legs, and therefore, venous 

 return to the heart is not impeded. 
So, compared to the upright position, 
end-diastolic volumes and stroke vol-
umes are significantly higher in the 
supine position. Therefore, because 
stroke volume is already high in the 
supine position, the increase in stroke 
volume that occurs during swimming 
exercise is not as great as the increase 
in stroke volume that occurs during 
upright exercise. In summary, differ-
ences in the resting end-diastolic vol-
ume and stroke volume account for 
the variations in the exercise-induced 
increases in stroke volume between 
swimming and upright exercises such 
as swimming or cycling.
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In adults (>40 years old) and children (ages 7–17), the 
following formula can be used to predict maximal 
heart rate (21,39):

Max HR = 208 – 0.7 × age (years)

According to this formula for children, a 12-year-
old child would have a maximal heart rate of 200 
beats (208 − 8 = 200). Similar to the formula used to  
predict maximal heart rates in young adults, the for-
mula for children and older adults provides only an 
estimate of maximal heart rates, and wide variability 
in maximal heart rates can exist between different 
individuals (21,29).

Changes in Arterial-Mixed Venous  
O2 Content during Exercise
Figure 9.22 illustrates the exercise-induced changes  
in the arterial-mixed venous oxygen difference (a −  

___
 v O2  

diff). The a −  
___
 v O2 difference represents the amount of 

O2 that is taken up from 100 ml of blood by the tis-
sues during one trip around the systemic circuit. An 
increase in the a −  

___
 v O2 difference during exercise is 

due to an increase in the amount of O2 taken up and 
used for the oxidative production of ATP by skeletal 
muscle. The relationship between cardiac output (Q̇ ), 
a −  

___
 v O 2 diff, and oxygen uptake is given by the Fick 

equation:

V̇ O2 = Q 
.
  × (a –  

___
 v O2 diff)

Simply stated, the Fick equation says that V̇ O2 is 
equal to the product of cardiac output and the a −  

___
 v O2  

diff. This means that an increase in either cardiac out-
put or a −  

___
 v O2 diff would elevate V̇ O2. Figure 9.22 

illustrates that, during exercise, oxygen consumption 
increases due to both an increase in cardiac output 
and an increase in the a −  

___
 v O2 difference.

Redistribution of Blood  
Flow during Exercise
To meet the increased oxygen demand of the skel-
etal muscles during exercise, it is necessary to in-
crease muscle blood flow while reducing blood flow 
to less active organs such as the liver, kidneys, and 
GI tract. Figure 9.23 points out that the change in 
blood flow to muscle and the splanchnic (pertaining 
to the viscera) circulation is dictated by the exercise 
intensity (metabolic rate). That is, the increase in 
muscle blood flow during exercise and the decrease 
in splanchnic blood flow change as a linear function 
of % V̇ O2 max (34).

Figure 9.24 illustrates the change in blood flow 
to various organ systems between resting conditions 
and during maximal exercise. Several important  

points need to be stressed. First, at rest, approxi-
mately 15% to 20% of total cardiac output is di-
rected toward skeletal muscle (2, 34). However, 
during maximal exercise, 80% to 85% of total car-
diac output goes to contracting skeletal muscle 
(34). This is necessary to meet the huge increase 
in muscle oxygen requirements during intense ex-
ercise. Second, notice that during heavy exercise, 
the percentage of total cardiac output that goes to 
the brain is reduced compared to that during rest. 
However, the absolute blood flow that reaches the 
brain is slightly increased above resting values; this 
is due to the elevated cardiac output during ex-
ercise (6, 45). Further, although the percentage of 
total cardiac output that reaches the myocardium is 
the same during maximal exercise as it is at rest, the 
total coronary blood flow is increased due to the 
increase in cardiac output during heavy exercise. 
Also, note that skin blood flow increases during 
both light and moderate exercise but decreases dur-
ing maximal exercise (6). Finally, compared to rest, 
blood flow to abdominal organs is also decreased 
during maximal exercise (Fig. 9.24). This reduction 
in abdominal blood flow during heavy exercise is an 
important means of shifting blood flow away from 
“less active” tissues and toward the working skeletal 
muscles.
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Figure 9.23 Changes in muscle and splanchnic blood 
flow as a function of exercise intensity. Notice the  
large increase in muscle blood flow as the work rate  
increases. 
Data from Rowell, L. B., Human Circulation: Regulation During 
Physical Stress. New York, NY: Oxford University Press, 1986.
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Regulation of Local Blood Flow  
during Exercise
What regulates blood flow to various organs during 
exercise? Muscle as well as other body tissues have 
the unique ability to regulate their own blood flow 
in direct proportion to their metabolic needs. Blood 
flow to skeletal muscle during exercise is regulated  
in the following way. First, the arterioles in skeletal 
muscle have a high vascular resistance at rest. This 
is due to adrenergic sympathetic stimulation, which 
causes arteriole smooth muscle to contract (vasocon-
striction) (41). This produces a relatively low blood flow 
to muscle at rest (4 to 5 ml per minute per 100 grams  
of muscle), but because to muscles have a large mass, 

this accounts for 20% to 25% of total blood flow from 
the heart.

During exercise, skeletal muscle blood flow in-
creases in direct proportion to the metabolic demand 
(25). In fact, compared to blood flow at rest, blood 
delivery to contracting skeletal muscle during intense 
exercise may rise 100 times (25). This increased mus-
cle blood flow occurs because of a decrease in vascu-
lar resistance and is combined with “recruitment” of 
the capillaries in skeletal muscle. At rest, only 50% 
to 80% of the capillaries in skeletal muscle are open 
at any one time. However, during intense exercise, 
almost all of the capillaries in contracting muscle are 
open, resulting in increased oxygen delivery to the 
contracting muscle fibers (34).

25   /min.

5   /min.

Heavy exercise

Heavy 
exercise

Rest

Rest

  0.75   /min.

  20   /min.

Cardiac output
= 25   /min.

Cardiac output
= 5   /min.

100%

100% 20% 15%20–25% 15–20%4–5% 3–5% 4–5%

3–5% 3–4%4–5% 2–4% 0.5–1% 80–85%

Figure 9.24 Distribution of cardiac output during rest and maximal exercise. At rest, the cardiac output is 5 ℓ/min. 
(bottom of figure); during maximum exercise, the cardiac output increased five-fold to 25 ℓ/min (top of figure). Note 
the large increases in blood flow to the skeletal muscle and the reduction in flow to the liver/GI tract.
Reference 2 from Åstrand, P., Rodahl, K., Textbook of Work Physiology, 3rd ed. New York: McGraw-Hill, Inc., 1986.
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216 Section One Physiology of Exercise

The increase in muscle blood flow that occurs 
during exercise is regulated by several factors that 
promote vasodilation (25). This type of blood flow 
regulation is termed autoregulation and is the 
most important factor in regulating blood flow to 
muscle during exercise. The level of vasodilation 
that occurs in arterioles and small arteries leading 
to skeletal muscle is regulated by the metabolic (i.e., 
oxygen and nutrients) need of the muscle. Specifi-
cally, the intensity of exercise and the number of 
motor units recruited determine the overall need 
for blood flow to the muscle. For example, during 
low-intensity exercise, a relatively small number of 
motor units are recruited into action, resulting in a 
relatively small demand for blood flow to the con-
tracting muscle. In contrast, high-intensity exercise 
results in the recruitment of a large number of mo-
tor units and, therefore, results in a large increase in 
muscle blood flow.

What factors are responsible for the autoregula-
tion of muscle blood flow to match the metabolic 
demand? Skeletal muscle blood flow is controlled by 
an interaction between several locally formed vasodi-
lators including nitric oxide, prostaglandins, ATP, ad-
enosine, and endothelium derived hyperpolarization 
factors (25). Further, separate from these substances 
that promote vasodilation, some locally produced sub-
stances inhibit the vasoconstrictor effect of increased 
sympathetic nerve activity during exercise. The local 
inhibition of sympathetic-induced vasoconstriction 
that occurs during exercise is called sympatholysis 
(25). Although it is clear that sympatholysis occurs 
and increases muscle blood flow during exercise, the 
relative importance of this phenomenon on the con-
trol of muscle blood flow continues to be a debated 
topic (25).

Let’s discuss the local factors involved in the con-
trol of muscle blood flow during exercise in more 
detail. The increased metabolic rate of skeletal muscle 
during exercise causes local changes such as increased 
production of nitric oxide, prostaglandins, ATP, ad-
enosine, and endothelium derived hyperpolarization 
factors. Each of these factors has been independently 
shown to promote vasodilation by increasing smooth 
muscle relaxation in arterioles (25). For example, both 
nitric oxide and prostaglandins (e.g., prostacyclin) are 
potent vasodilators. Further, both ATP and adenosine 
are important vasodilators that increase muscle blood 
flow during exercise. Finally, endothelium derived 
hyperpolarization factors act to promote hyperpolar-
ization of smooth muscle cells in arterioles with the 
end result being smooth muscle relaxation and dila-
tion of the arterioles (25). Current evidence indicates 
that an interplay between these vasodilatory factors 
exists so that these elements work together to cause 
vasodilation of arterioles feeding the contracting skel-
etal muscle; this vasodilation reduces the vascular 

resistance and, therefore, increases blood flow (25). 
To summarize, the exercise-induced increase in local 
factors result in increased vasodilation of arterioles/
small arteries and promote increased blood flow to 
the contracting muscle in order to match the meta-
bolic demand.

While the vascular resistance in skeletal mus-
cle decreases during exercise, vascular resistance to 
flow in the visceral organs and other inactivity tis-
sue  increases. This occurs due to an increased sym-
pathetic output to these organs, which is regulated 
by the cardiovascular control center. As a result of 
the increase in visceral vasoconstriction during ex-
ercise (i.e., resistance increases), blood flow to the 
viscera can decrease to only 20% to 30% of resting 
values (34).

CIRCULATORY RESPONSES 
TO EXERCISE
The changes in heart rate and blood pressure that 
occur during exercise reflect the type and intensity 
of exercise performed, the duration of exercise, and 
the environmental conditions under which the work 
was performed. For example, heart rate and blood 
pressure are higher during arm work when compared 
to leg work at a given oxygen uptake. Further, exer-
cise in a hot/humid condition results in higher heart 
rates when compared to the same exercise in a cool 

IN SUMMARY
 ■ Oxygen delivery to exercising skeletal muscle 
increases due to (1) an increased cardiac out-
put and (2) a redistribution of blood flow from 
 inactive organs to the contracting skeletal 
muscles.

 ■ Cardiac output increases as a linear function of 
oxygen uptake during exercise. During exercise 
in the upright position, stroke volume reaches 
a plateau at approximately 40% to 60% of V̇ O2 
max; therefore, at work rates above 40% to 60% 
V̇ O2 max, the rise in cardiac output is due to 
increases in heart rate alone.

 ■ During exercise, blood flow to contracting mus-
cle is increased, and blood flow to less-active 
tissues is reduced.

 ■ Regulation of muscle blood flow during ex-
ercise is primarily regulated by local factors 
(called autoregulation). Autoregulation refers to 
intrinsic control of blood flow by increases in 
local metabolites (e.g., nitric oxide, prostaglan-
dins, ATP, adenosine, and endothelium-derived 
hyperpolarization factors). These factors work 
together to promote vasodilation to increase 
blood flow to the working muscles.
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environment. The next several sections discuss the 
cardiovascular responses to exercise during a variety 
of exercise conditions.

Emotional Influence
Submaximal exercise in an emotionally charged at-
mosphere results in higher heart rates and blood 
pressures when compared to the same work in a psy-
chologically “neutral” environment. This emotional 
elevation in heart rate and blood pressure response 
to exercise is mediated by an increase in sympathetic 
nervous system activity. If the exercise is maximal 
(e.g., 400-meter dash), high emotion elevates the pre-
exercise heart rate and blood pressure but does not 
generally alter the peak heart rate or blood pressure 
observed during the exercise itself.

Transition from Rest to Exercise
At the beginning of exercise, there is a rapid increase 
in heart rate, stroke volume, and cardiac output. It has 
been demonstrated that heart rate and cardiac output 
begin to increase within the first second after muscu-
lar contraction begins (see Fig. 9.25). If the work rate 
is constant and below the lactate threshold, a steady-
state plateau in heart rate, stroke volume, and cardiac 
output is reached within two to three minutes. This 
response is similar to that observed in oxygen uptake 
at the beginning of exercise (see Chap. 4).

Recovery from Exercise
Recovery from short-term, low-intensity exercise is 
generally rapid. This is illustrated in Figure 9.25. No-
tice that heart rate, stroke volume, and cardiac out-
put all decrease rapidly back toward resting levels 
following this type of exercise. Recovery speed varies 
from individual to individual, with well-conditioned 
subjects demonstrating better recuperative powers 
than untrained subjects. In regard to recovery heart 
rates, the slopes of heart-rate decay following exer-
cise are generally the same for trained and untrained 
subjects. However, trained subjects recover faster fol-
lowing exercise because they don’t achieve as high 
a heart rate as untrained subjects during a particular 
exercise.

Recovery from long-term exercise is much slower 
than the response depicted in Figure 9.25. This is par-
ticularly true when the exercise is performed in hot/ 
humid conditions, because an elevated body tempera-
ture delays the fall in heart rate during recovery from 
exercise (36).

Incremental Exercise
The cardiovascular responses to dynamic incremental 
exercise were illustrated in Figure 9.22. Heart rate and 

cardiac output increase in direct proportion to oxy-
gen uptake. Further, blood flow to muscle increases 
as a function of oxygen uptake (see Fig. 9.23). This en-
sures that as the need to synthesize ATP to supply the 
energy for muscular contraction increases, the supply 
of O2 reaching the muscle also increases. However, 
both cardiac output and heart rate reach a plateau 
at approximately 100% V̇ O2 max (see Fig. 9.22). This 
point represents a maximal ceiling for oxygen trans-
port to exercising skeletal muscles, and it is thought 
to occur simultaneously with the attainment of maxi-
mal oxygen uptake.

The increase in cardiac output during incremen-
tal exercise is achieved via a decrease in vascular 
resistance to flow and an increase in mean arte-
rial blood pressure. The elevation in mean arterial 
blood pressure during exercise is due to an increase 
in systolic pressure, because diastolic pressure re-
mains fairly constant during incremental work (see  
Fig. 9.22).

As mentioned earlier, the increase in heart  
rate and systolic blood pressure that occurs during 
exercise results in an increased workload on the 
heart. The increased metabolic demand placed on 
the heart during exercise can be estimated by ex-
amining the double product. The double product 

Figure 9.25 Changes in cardiac output, stroke  volume, 
and heart rate during the transition from rest to 
 submaximal constant intensity exercise and during 
 recovery. See text for discussion. 
Data from Rowell, L., Human Circulation: Regulation During Physical 
Stress. New York: Oxford University Press, 1986.
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218 Section One Physiology of Exercise

(also known as rate-pressure product) is computed 
by multiplying heart rate times systolic blood  
pressure:

Double product = Heart rate 
× Systolic blood pressure

Table 9.3 contains an illustration of changes in 
the double product during an incremental exercise 
test. The take-home message in Table 9.3 is simply 
that increases in exercise intensity result in an eleva-
tion in both heart rate and systolic blood pressure; 
each of these factors increases the workload placed 
on the heart.

Careful examination of Table 9.3 reveals that the 
double product during exercise at V̇ O2 max is five 
times greater than the double product at rest. This 
implies that maximal exercise increases the workload 
on the heart by 500% over rest.

The practical application of the double product 
is that this measure can be used as a guideline to 
prescribe exercise for patients with coronary artery 
blockage. For example, suppose a patient develops 
chest pain (called angina pectoris) at a certain inten-
sity of exercise due to myocardial ischemia at a dou-
ble product of 30,000. Because chest pain appears at a 
double product of 30,000, the cardiologist or exercise 
physiologist would recommend that this patient per-
form types of exercise that result in a double product 
of 30,000. This would reduce the risk of the patient 
developing chest pain due to a high metabolic de-
mand on the heart.

Arm Versus Leg Exercise
As mentioned earlier, at any given level of oxygen 
consumption, both heart rate and blood pressure 
are higher during arm work when compared to leg 
work (1, 24, 33) (see Fig. 9.26). The explanation for 

the higher heart rate seems to be linked to a greater 
sympathetic outflow to the heart during arm work 
when compared to leg exercise (2). In addition, iso-
metric exercise also increases the heart rate above 
the expected value based on relative oxygen con-
sumption (1).

The relatively large increase in blood pressure 
during arm work is due to a vasoconstriction in the 
inactive muscle groups (2). In contrast, the larger 
the muscle group (e.g., legs) involved in performing  
the exercise, the more resistance vessels (arterioles) 

TABLE 9.3 Changes in the Double Product (i.e., Heart Rate × Systolic Blood Pressure) during an 
Incremental Exercise Test in a Healthy 21-Year-Old Female Subject

Note that the double product is a dimensionless term that reflects the relative changes in the workload placed on 
the heart during exercise and other forms of stress.

Condition Heart Rate (beats · min–1) Systolic Blood Pressure (mm Hg) Double Product

Rest  75 110  8,250
Exercise      
25% V̇O2 max 100 130 13,000
50% V̇O2 max 140 160 22,400
75% V̇O2 max 170 180 30,600
100% V̇O2 max 200 210 42,000

Figure 9.26 Comparison of mean arterial blood pressure 
and heart rate during submaximal rhythmic arm and 
leg exercise.
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that are dilated. Therefore, this lower peripheral  
resistance is reflected in lower blood pressure (be-
cause cardiac output × resistance = pressure).

Intermittent Exercise
If exercise is intermittent (e.g., interval training), the 
extent of the recovery of heart rate and blood pres-
sure between exercise bouts depends on the level 
of subject fitness, environmental conditions (tem-
perature, humidity), and the duration and intensity 
of the exercise. With a relatively light effort in a 
cool environment, there is generally complete re-
covery between exercise bouts within several min-
utes. However, if the exercise is intense or the work 
is performed in a hot/humid environment, there is 
a cumulative increase in heart rate between efforts, 
and thus recovery is not complete (38). The practi-
cal consequence of performing repeated bouts of 
light exercise is that many repetitions can be per-
formed. In contrast, the nature of high-intensity ex-
ercise dictates that a limited number of efforts can 
be tolerated.

Prolonged Exercise
Figure 9.27 illustrates the change in heart rate, 
stroke volume, and cardiac output that occurs dur-
ing prolonged exercise at a constant work rate. 
Note that cardiac output is maintained at a con-
stant level throughout the duration of the exer-
cise. However, as the duration of exercise increases, 
stroke volume declines while heart rate increases 
(6). Figure 9.27 demonstrates that the ability to 
maintain a constant cardiac output in the face of 
declining stroke volume is due to the increase in 
heart rate being equal in magnitude to the decline 
in stroke volume.

The increase in heart rate and decrease in stroke 
volume observed during prolonged exercise is often 
referred to as cardiovascular drift and is due to the 
influence of rising body temperature on dehydra-
tion and a reduction in plasma volume (5, 30, 34). A 
reduction in plasma volume acts to reduce venous 
return to the heart and therefore reduce stroke vol-
ume. If prolonged exercise is performed in a hot/
humid environment, the increase in heart rate and 
decrease in stroke volume is exaggerated even more 
than depicted in Figure 9.27 (27, 32). In fact, it is 
not surprising to find near-maximal heart rates during 
submaximal exercise in the heat. For example, it has 
been demonstrated that during a 2.5-hour marathon 
race at a work rate of 70% to 75% V̇ O2 max, maximal 

heart rates may be maintained during the last hour of 
the race (10).

Does prolonged exercise at high heart rates pose 
a risk for cardiac injury? The answer to this ques-
tion is almost always “no” for healthy individuals. 
However, sudden cardiac deaths have occurred in 
individuals of all ages during exercise. See Clinical 
Applications 9.3 for more details on sudden cardiac 
death during exercise.

Figure 9.27 Changes in cardiac output, stroke volume, 
and heart rate during prolonged exercise at a constant 
intensity. Notice that cardiac output is maintained by 
an increase in heart rate to offset the fall in stroke vol-
ume that occurs during this type of work.
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IN SUMMARY
 ■ The changes in heart rate and blood pressure 
that occur during exercise are a function of the 
type and intensity of exercise performed, the 
duration of exercise, and the environmental 
conditions.

 ■ The increased metabolic demand placed on the 
heart during exercise can be estimated by ex-
amining the double product.

 ■ At the same level of oxygen consumption, 
heart rate and blood pressure are greater during 
arm exercise than during leg exercise.

 ■ The increase in heart rate that occurs during 
prolonged exercise is called cardiovascular  
drift.
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220 Section One Physiology of Exercise

REGULATION OF 
CARDIOVASCULAR 
ADJUSTMENTS TO EXERCISE
The cardiovascular adjustments at the beginning 
of exercise are rapid. Within one second after the 
commencement of muscular contraction, there is a 
withdrawal of vagal outflow to the heart, which is 
followed by an increase in sympathetic stimulation 
of the heart (34). At the same time, there is a vaso-
dilation of arterioles in active skeletal muscles and 
a reflex increase in the resistance of vessels in less 
active areas. The end result is an increase in cardiac 
output to ensure that blood flow to muscle matches 
the metabolic needs (see Fig. 9.28). What is the signal 
to “turn on” the cardiovascular system at the onset of 
exercise? This question has puzzled physiologists for 
many years (15). At present, a complete answer is not 
available. However, recent advances in understanding 
cardiovascular control have led to the development of 
the central command theory (42).

The term central command refers to a motor 
signal developed within the brain (42). The central 
command theory of cardiovascular control argues 
that the initial cardiovascular changes at the begin-
ning of dynamic exercise (e.g., cycle ergometer ex-
ercise) are due to centrally generated cardiovascular  

motor signals, which set the general pattern of the 
cardiovascular response. However, it is clear that 
cardiovascular activity is also regulated by affer-
ent feedback to higher brain centers from heart 
mechanoreceptors, muscle chemoreceptors, muscle 
mechanoreceptors, and pressure-sensitive receptors 
(baroreceptors) located within the carotid arteries 
and the aortic arch (31, 42). Muscle chemorecep-
tors are sensitive to increases in muscle metabolites 

CLINICAL APPLICATIONS 9.3

Sudden Cardiac Death during Exercise
Sudden death is defined as an unex-
pected, natural, and nonviolent death 
occurring within the first six hours 
following the beginning of symp-
toms. Note that not all sudden deaths 
are due to cardiac events. In fact, in 
the United States, only 30% of sud-
den deaths in people between 14 and 
21 years of age are cardiac in origin 
(14, 40). How many of these cases of 
sudden death occur during exercise? 
Each year, fewer than 20 cases of sud-
den cardiac death during exercise are 
reported in the United States. There-
fore, given that millions of people are 
actively engaged in sports and regu-
lar exercise in the United States, the 
likelihood that a healthy person will 

die from sudden cardiac death is ex-
tremely small. Across the world, it is 
estimated that sudden cardiac death 
occurs in 1 out of 200,000 youth ath-
letes (9). Again, the risk of sudden car-
diac death in young athletes is limited.

The causes of sudden cardiac death 
are diverse and vary as a function of 
age. For example, in children and ado-
lescents, most sudden cardiac deaths 
occur due to lethal cardiac arrhyth-
mias (abnormal heart rhythm). These 
arrhythmias can arise from genetic 
anomalies in coronary arteries, cardio-
myopathy (wasting of cardiac muscle 
due to disease), and/or myocarditis 
(inflammation of the heart) (3, 9, 40). 
In adults, coronary heart disease and 

cardiomyopathy are the most com-
mon causes of sudden cardiac death 
(40). Similar to sudden deaths in chil-
dren, sudden cardiac deaths in adults 
are also generally associated with le-
thal cardiac arrhythmias.

Can a medical exam identify peo-
ple at risk for sudden cardiac death 
during exercise? Yes. The combina-
tion of a medical history and a com-
plete medical exam by a qualified 
physician can usually identify indi-
viduals with undetected heart disease 
or genetic defects that would place 
them at risk for sudden death during 
exercise. See Semsarian et al. (2015) 
in the Suggested Readings for more 
details.

Figure 9.28 A summary of cardiovascular responses to 
exercise.
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(e.g., potassium, lactic acid) and send messages to 
higher brain centers to fine-tune the cardiovascu-
lar responses to exercise (42). This type of periph-
eral feedback to the cardiovascular control center  
(medulla oblongata) is called the exercise pressor  
reflex (7, 23).

Muscle mechanoreceptors (e.g., muscle spin-
dles, Golgi tendon organs) are sensitive to the force 
and speed of muscular movement. These receptors,  
like muscle chemoreceptors, send information to 
higher brain centers to aid in modification of the 
cardiovascular responses to a given exercise task  
(34, 35, 43).

Finally, baroreceptors, which are sensitive to 
changes in arterial blood pressure, may also send  
afferent information back to the cardiovascular con-
trol center to add precision to the cardiovascular ac-
tivity during exercise. These pressure receptors are 
important because they regulate arterial blood pres-
sure around an elevated systemic pressure during  
exercise (34).

In summary, the central command theory pro-
poses that the initial signal to the cardiovascular 
system at the beginning of exercise comes from 
higher brain centers. However, fine-tuning of the 
cardiovascular response to a given exercise test is 
accomplished via a series of feedback loops from 
muscle chemoreceptors, muscle mechanoreceptors, 
and arterial baroreceptors (see Fig. 9.29). The fact 
that there appears to be some overlap among these 
three feedback systems during submaximal exercise 
suggests that redundancy in cardiovascular control 
exists (34). This is not surprising considering the 
importance of matching blood flow to the metabolic 
needs of exercising skeletal muscle. Whether one  
or many of these feedback loops becomes more 
important during heavy exercise is not currently 

known and poses an interesting question for future 
research.

STUDY ACTIVITIES
 1. What are the major purposes of the cardiovascular system?
 2. Briefly outline the design of the heart. Why is the heart 

often called “two pumps in one”?
 3. Outline the cardiac cycle and the associated electrical 

activity recorded via the electrocardiogram.
 4. Graph the heart rate, stroke volume, and cardiac output 

response to incremental exercise.
 5. What factors regulate heart rate during exercise? Stroke 

volume?
 6. How does exercise influence venous return?

 7. What factors determine local blood flow during exercise?
 8. Graph the changes that occur in heart rate, stroke vol-

ume, and cardiac output during prolonged exercise. 
What happens to these variables if the exercise is per-
formed in a hot/humid environment?

 9. Compare heart rate and blood pressure responses to 
arm and leg work at the same oxygen uptake. What 
factors might explain the observed differences?

 10. Explain the central command theory of cardiovascular 
regulation during exercise.
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Figure 9.29 A summary of cardiovascular control during 
exercise. See text for discussion.
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IN SUMMARY
 ■ The central command theory of cardiovascular 
control during exercise proposes that the initial 
signal to “drive” the cardiovascular system at 
the beginning of exercise comes from higher 
brain centers.

 ■ Although central command is the primary drive 
to increase heart rate during exercise, the car-
diovascular response to exercise is fine-tuned 
by feedback from muscle chemoreceptors, 
muscle mechanoreceptors, and arterial barore-
ceptors to the cardiovascular control center.
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 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

 1. Describe the primary function of the 
pulmonary system.

 2. Outline the major anatomical components of 
the respiratory system.

 3. List the major muscles involved in inspiration 
and expiration at rest and during exercise.

 4. Discuss the importance of matching blood 
flow to alveolar ventilation in the lung.

 5. Explain how gases are transported across the 
blood–gas interface in the lung.

 6. Describe the major transportation modes of 
O2 and CO2 in the blood.

 7. Discuss the effects of increasing temperature, 
decreasing pH, and increasing levels of 2–3 

DPG on the oxygen–hemoglobin dissociation 
curve.

 8. Describe the ventilatory response to constant 
load, steady-state exercise. What happens 
to ventilation if exercise is prolonged and 
performed in a hot environment?

 9. Describe the ventilatory response to 
incremental exercise. What factors contribute 
to the alinear rise in ventilation at work rates 
above 50% of V̇O2 max?

10. Identify the location and function of 
chemoreceptors and mechanoreceptors that 
contribute to the regulation of breathing.

11. Discuss the neural-humoral theory of 
ventilatory control during exercise.

Respiration during Exercise

10
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 ■ Key Terms

alveolar ventilation (V̇ 
A)

alveoli
anatomical dead space
aortic bodies
Bohr effect
bulk flow
carotid bodies
cellular respiration
deoxyhemoglobin

diaphragm
diffusion
hemoglobin
myoglobin
oxyhemoglobin
partial pressure
pleura
pulmonary respiration
residual volume (RV)

respiration
spirometry
tidal volume
total lung capacity (TLC)
ventilation
ventilatory threshold (Tvent)
vital capacity (VC)

The word respiration is often used in two dif-
ferent contexts in physiology: (1) pulmonary 

 respiration and (2) cellular respiration. Pulmonary 
respiration refers to ventilation (breathing) and the ex-
change of gases (O2 and CO2) in the lungs. Cellular res-
piration relates to O2 utilization and CO2 production 
by the tissues (see Chap. 3). This chapter is concerned 
with pulmonary respiration, and the term respiration is 
used in this chapter as a synonym for pulmonary respi-
ration. Because the pulmonary system plays a key role 
in maintaining blood–gas homeostasis (i.e., O2 and CO2 
tensions) during exercise, an understanding of lung 
function during exercise is important. Therefore, this 
chapter will discuss the design and function of the 
respiratory system during exercise.

FUNCTION OF THE 
RESPIRATORY SYSTEM— 
THE BIG PICTURE
The primary purpose of the respiratory system is to 
provide a means of gas exchange between the atmo-
sphere and the cells of the body. That is, the respi-
ratory system provides the individual with a means 
of replacing O2 and removing CO2 from the blood. 
The exchange of O2 and CO2 between the lung and 
blood occurs as a result of two processes: (1) ventila-
tion and (2) diffusion. The term ventilation refers 
to the mechanical process of moving air into and out 
of the lungs; this process is commonly called breath-
ing.  Diffusion is the random movement of molecules 
from an area of high concentration to an area of lower 
concentration. The big picture summary of the ex-
change of respiratory gases (i.e., O2 and CO2) between 
the atmosphere and the cells of the body can be de-
scribed into four continuous and simultaneously oc-
curring processes (Fig. 10.1):

1 Ventilation: Ventilation refers to the movement 
of respiratory gases between the atmosphere and 
the gas exchange region of the lung (called the 
alveolar region).

2 Alveolar gas exchange: Alveolar gas  exchange 
is the movement of respiratory gases (via   

diffusion) between the alveolar region of the lung 
and the blood. Because the O2 tension (i.e., O2 
pressure) in the alveolar region of the lungs is 
higher than the blood, O2 moves from the lungs 
to the blood. Similarly, because the tension of 
CO2 in the blood is higher than the lung, CO2 
moves from the blood to the lung and is expired.

3 Circulatory transport: Circulatory transport 
refers to the transport of respiratory gases in the 
blood between the lungs to the cells of the body.

4 Systemic gas exchange: Systemic gas 
exchange is the movement of respiratory gases 
(via diffusion) from the blood into the cells of 
the body. Because of the pressure differences, 
O2 diffuses from the blood to the cells and CO2 
diffuses from the cells into the venous blood.

The respiratory system also plays an important 
role in the regulation of the acid–base balance during 
heavy exercise. This important topic is introduced in 
this chapter and discussed in more detail in Chap. 11.

STRUCTURE OF THE 
RESPIRATORY SYSTEM
The human respiratory system is composed of a group 
of passages that filter air and transport it into the 
lungs, where gas exchange occurs within tiny air sacs 
called alveoli. The major components of the respira-
tory system are pictured in Figure 10.2. The  organs of 
the respiratory system include the nose, nasal cavity, 
pharynx, larynx, trachea, bronchial tree, and the lungs 
themselves. The upper portion of the respiratory 
tract includes the nose, nasal cavity, and the pharynx. 
The lower respiratory zone comprises the trachea, 

IN SUMMARY
 ■ The primary function of the pulmonary system 
is to provide a means of gas exchange between 
the atmosphere and the body.

 ■ The respiratory system also plays an important 
role in the regulation of the acid–base balance 
during exercise.
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Figure 10.1 Overview of Respiration.  
Respiration involves four processes that include 
pulmonary ventilation, alveolar gas exchange, 
gas transport, and systemic gas exchange.
McKinley, O’Loughlin, and Bidle, Anatomy and Physiology: 
An Integrative Approach, 2nd ed. New York: McGraw Hill, 
Inc., 2016.
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Figure 10.2 Major organs of the respiratory system.
McKinley, O’Loughlin, and Bidle, Anatomy and Physiology: An Integrative Approach, 2nd ed. New York: McGraw Hill, Inc., 2016.
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 bronchus, and bronchioles; the respiratory bronchi-
oles lead into the alveoli where gas exchange occurs  
(Fig. 10.2). The anatomical position of the lungs rela-
tive to the major muscle of inspiration, the diaphragm, 
is pictured in Figure 10.3. Notice that both the right 
and the left lungs are enclosed by a set of membranes 
called pleura. The visceral pleura adheres to the outer 
surface of the lung, whereas the parietal pleura lines 
the thoracic walls. These two pleura are separated by 
a thin layer of fluid that acts as a lubricant, allowing a 
gliding action of one pleura on the other. The pressure 
in the pleural cavity (intrapleural pressure) is less than 
atmospheric and becomes even lower during inspira-
tion, causing air from the environment to move into 
the lungs. The fact that intrapleural pressure is less 
than atmospheric is important because it prevents 
the collapse of the fragile air sacs (i.e., alveoli) within  
the lungs. 

The airways leading to and from the lung are di-
vided into two functional zones: (1) the conducting 
zone and (2) the respiratory zone (see Fig. 10.2 and  
Fig. 10.4). The conducting zone includes all those ana-
tomical structures (e.g., trachea, bronchial tree, bron-
chioles) that air passes through to reach the respiratory 
zone. The respiratory zone is the region of the lung 
where gas exchange occurs and includes the respi-
ratory bronchioles, alveolar ducts, and alveolar sacs. 
Respiratory bronchioles are included in this region  
because they contain small clusters of alveoli. Let’s dis-
cuss each of these zones of the respiratory system in 
more detail.

Conducting Zone
Air enters the trachea from the pharynx (throat), and 
receives air from both the nasal and oral cavities. At 
rest, healthy humans breathe through the nose. How-
ever, during moderate to heavy exercise, the mouth 
becomes the major passageway for air (33). For gas 
to enter or leave the trachea, it must pass through a 
valve-like opening called the epiglottis, which is lo-
cated between the vocal cords.

The trachea branches into two primary bronchi 
(right and left) that enter each lung. The bronchial tree 
then branches several more times before forming bron-
chioles. Brochioles are small branches of the bronchial 
tree. The bronchioles then branch several times before 
they become the alveolar ducts leading to the alveolar 
sacs and respiratory zone of the lung (see Fig. 10.5).

The conducting zone of the respiratory system 
not only serves as a passageway for air, but also func-
tions to filter and humidify the air as it moves to-
ward the respiratory zone of the lung. Regardless of 
the temperature or humidity of the environment, the 
air that reaches the lung is warmed and is saturated 
with water vapor (67, 69). This warming and humidi-
fication of air prevents the delicate lung tissue from 
 desiccation (drying out) during exercise when breath-
ing is increased (67).
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Figure 10.4 The conducting zones and respiratory zones 
of the pulmonary system.
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Figure 10.3 Position of the lungs, diaphragm, and pleura.
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Respiratory Zone
Gas exchange in the lungs occurs across about 
300  million tiny alveoli. The enormous number of 
these structures provides the lung with a large sur-
face area for diffusion. Indeed, it is estimated that the 
total surface area available for diffusion in the human 
lung is 60 to 80 square meters (i.e., size of a tennis 
court). The rate of gas diffusion is further assisted by 
the fact that each alveolus is only one cell layer thick, 
so the total blood–gas barrier is only two cell layers 
thick (alveolar cell and capillary cell) (see Fig. 10.6).

Although the alveoli provide the ideal structure 
for gas exchange, the fragility of these tiny “bubbles” 
presents some problems for the lung. For example, 
because of the surface tension (pressure exerted due 
to the properties of water) of the liquid lining the 
alveoli, relatively large forces develop, which tend 
to collapse alveoli. Fortunately, some of the alveolar 
cells (called type II, see Fig. 10.6) synthesize and re-
lease a material called surfactant, which lowers the 
surface tension of the alveoli and thus prevents their 
collapse (60).

MECHANICS OF BREATHING
Movement of air from the environment to the lungs 
is called pulmonary ventilation and occurs via a 

Figure 10.5 The bronchial tree consists of the passageways that connect the trachea and the alveoli.

Respiratory zoneConducting zone
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Primary
bronchus

Bronchial 
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Terminal 
bronchioles

Respiratory 
bronchioles
(500,000)

Terminal bronchiole

(1)

(2)

(60,000)

Alveolar sacs
(8 million)

Alveolus

Figure 10.6 Relationship between type II alveolar cells 
and the alveolus.

Type I alveolar cell Type II alveolar cell

Fluid with surfactant

Alveolus

Macrophage

Red blood cell

Capillary

White blood cell

IN SUMMARY
 ■ Anatomically, the pulmonary system consists of 
a group of passages that filter air and transport 
it into the lungs where gas exchange occurs 
within tiny air sacs called alveoli.

 ■ The air passages of the respiratory system are 
divided into two functional zones: (1) conduct-
ing zone and (2) respiratory zone.
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 process known as bulk flow. Bulk flow refers to 
the movement of molecules along a passageway due 
to a pressure difference between the two ends of 
the passageway. Thus, inspiration occurs due to the 
pressure in the lungs (intrapulmonary) being reduced 
below atmospheric pressure. Conversely, expiration 
occurs when the pressure within the lungs exceeds 
atmospheric pressure. The process by which this pres-
sure change within the lungs is achieved is discussed 
within the next several paragraphs.

Inspiration
Any muscle capable of increasing the volume of the 
chest is considered to be an inspiratory muscle. The 
 diaphragm is the most important muscle of inspiration 
and is essential for normal breathing to occur (33, 66, 67, 
89, 91, 93). This thin, dome-shaped muscle attaches to 
the lower ribs and is innervated by the phrenic nerves. 
When the diaphragm contracts, it forces the abdominal 
contents downward and forward. Further, the ribs are 
lifted outward. The outcome of these two actions is to 
reduce intrapleural pressure, which in turn causes the 
lungs to expand. This expansion of the lungs results in 
a reduction in intrapulmonary pressure below atmo-
spheric, which allows airflow into the lungs (Fig. 10.7).

During normal, quiet breathing, the diaphragm per-
forms most of the work of inspiration. However, during 
exercise, accessory muscles of inspiration are called into 
action to assist in breathing (71, 73, 97). These include 

the external intercostal muscles,  pectoralis  minor, 
the scalene muscles, and the sternocleidomastoids 
(see Fig.  10.8). Collectively, these muscles assist the 
diaphragm in increasing the dimensions of the chest, 
which aids in inspiration (see A Closer Look 10.1).

Expiration
Expiration is passive during normal, quiet breathing. 
That is, no muscular effort is necessary for expiration 
to occur at rest. This is true because both the lung and 
chest wall are elastic and return to their equilibrium 
position after expanding during inspiration (101). 
However, during exercise, expiration becomes active. 
The most important muscles involved in expiration 
are those found in the abdominal wall, which include 
the rectus abdominus and the external oblique (67). 
The internal intercostal muscles also assist in expi-
ration by pulling down on the ribs (i.e., depressing 
the ribs) and decreasing the size of the thoracic cav-
ity. When these muscles contract, the diaphragm 
is pushed upward (ascends) and the ribs are pulled 
downward and inward. This results in a decrease in 
the volume of the chest and expiration occurs.

Airway Resistance
At any rate of airflow into the lungs, the pressure 
difference that must be developed depends on the 
resistance of the airways. Airflow through the airways 

Atmospheric pressure
(760 mmHg)

Intrapulmonary
pressure
(760 mmHg)

Intrapleural
pressure
(756 mmHg)

763 mmHg

757 mmHg

(b)

757 mmHg

754 mmHg

(a)
Diaphragm

(c)

1. At rest 2. Inspiration

3. Expiration

Figure 10.7 Illustration of the mechanics 
of inspiration and expiration.
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(elevates ribs 3–5)
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of thoracic cavity)

Inspiration

Internal intercostals,
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by compressing
abdominal organs)

External abdominal oblique
(same eects as
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Figure 10.8 The muscles of respiration. The principal muscles of  inspiration are shown on the left side of the trunk; the 
principal muscles of expiration are shown on the right side.

A CLOSER LOOK 10.1

Respiratory Muscles and Exercise
Respiratory muscles are skeletal mus-
cles that are functionally similar to loco-
motor muscles. Their primary task is to 
act upon the chest wall to move gas in 
and out of the lungs to maintain arterial 
blood gas and pH homeostasis. The im-
portance of normal respiratory muscle 
function can be appreciated by consid-
ering that respiratory muscle failure due 
to disease or spinal cord injury would 
result in the inability to ventilate the 
lungs and maintain blood gas and pH 
levels within an acceptable range.

Muscular exercise results in an in-
crease in pulmonary ventilation, and 

therefore an increased workload is 
placed on respiratory muscles. Histor-
ically, it was believed that respiratory 
muscles do not fatigue during exer-
cise. However, abundant evidence in-
dicates that both prolonged exercise 
(e.g., 120 minutes) and high-intensity 
exercise (80% to 100% V̇ O2 max) can 
promote respiratory muscle fatigue 
(110). The impact of respiratory mus-
cle fatigue on exercise performance is 
discussed later in this chapter.

Respiratory muscles adapt to regu-
lar exercise training in a similar man-
ner to locomotor skeletal muscles. 

Indeed, endurance exercise training 
increases respiratory muscle oxida-
tive capacity and improves respira-
tory muscle endurance (81, 82, 94, 
106, 107). Further, exercise training 
also increases the oxidative capacity 
and endurance of the upper airway 
muscles (108). This is important be-
cause these muscles play a key role in 
maintaining open airways to reduce 
the work of breathing during exer-
cise. For more information on respi-
ratory muscle adaptation to exercise, 
see McKenzie (2012) in the Suggested 
Readings.
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of the respiratory system can be explained by the fol-
lowing relationship:

Airflow =    
P1 – P2 _____________________________  Resistance  

where P1 − P2 is the pressure difference at the two ends 
of the airway, and resistance is the resistance to flow of-
fered by the airway. Airflow is increased anytime there is 
an increase in the pressure gradient across the pulmonary 
system, or if there is a decrease in airway resistance. This 
same relationship for blood flow was discussed in Chap. 9.

What factors contribute to airway resistance? By far, 
the most important variable contributing to airway re-
sistance is the diameter of the airway. Airways that are 
reduced in size due to disease (chronic obstructive pul-
monary disease, asthma, etc.) offer more resistance to flow 
than healthy, open airways. When the radius of an airway 
is reduced, the resistance to flow is increased markedly. 
Therefore, one can easily understand the effect of obstruc-
tive lung diseases (e.g., exercise-induced asthma) on in-
creasing the work of breathing, especially during exercise 
when pulmonary ventilation is 10 to 20 times greater 
than at rest (see Clinical Applications 10.1 and 10.2).

PULMONARY VENTILATION
Before beginning a discussion of ventilation, it is help-
ful to define some commonly used pulmonary physi-
ology symbols:

 1. V is used to denote a volume of gas.
 2. V̇ means volume per unit of time (generally 

one minute).
 3. The subscripts T, D, A, I, E are used to denote tidal 

(T), dead space (D), alveolar (A), inspired (I), and 
expired (E), respectively.

Pulmonary ventilation refers to the movement of 
gas into and out of the lungs. The amount of gas 
 ventilated per minute is the product of the frequency 
of breathing (f) and the amount of gas moved per 
breath (tidal volume):

V̇ =  VT × f

In a 70-kg man, the V̇ at rest is generally around 
7.5  liters/minute, with a tidal volume of 0.5 liter and 
a frequency of 15 breaths per minute. During maximal 
exercise, ventilation may reach 120 to 175 liters per 
minute, with a frequency of 40 to 50 breaths per min-
ute and a tidal volume of approximately 3 to 3.5 liters.

It is important to understand that not all of 
the air that passes the lips reaches the alveolar gas 
compartment where gas exchange occurs. Part of 
each breath remains in conducting airways (trachea, 
bronchi, etc.) and thus does not participate in gas 
 exchange. This “unused” ventilation is called dead-
space ventilation (VD), and the space it occupies is 
known as  anatomical dead space. The volume of 
inspired gas that reaches the respiratory zone is re-
ferred to as alveolar ventilation (V̇ A). Thus, total 

CLINICAL APPLICATIONS 10.1

Exercise-Induced Asthma
Asthma is a disease that results in a re-
versible narrowing of the airways. An 
asthma “attack” can be caused by both 
contraction of smooth muscle around 
the airways (called a bronchospasm) 
and a collection of mucus within the 
airway. This reduction in airway di-
ameter results in an increased work 
of breathing, and individuals suffering 
from asthma generally report being 
short of breath (called dyspnea).

Although there are many potential 
causes of asthma (24, 72), some asth-
matic patients develop a bronchospasm 
during or immediately after exercise. 

This is called “exercise-induced bron-
chospasm” or “exercise-induced asthma” 
(terms are used interchangeably). When 
an individual experiences an asthma 
attack during exercise, breathing be-
comes labored and a wheezing sound 
is often heard during expiration. If the 
asthma attack is severe, it becomes im-
possible for the individual to exercise 
at even low intensities because of the 
dyspnea associated with the increased 
work of breathing. Asthma is an excel-
lent example of how even a small de-
crease in airway diameter can result in 
a large increase in breathing resistance.

Exercise-induced asthma is esti-
mated to occur in more than 10% of 
elite endurance athletes. However, if 
asthma is correctly managed in ath-
letes, this problem does not impair 
performance. Moreover, many of the 
inhaled asthma drugs do not improve 
athletic performance and therefore, 
the doping regulations for these drugs 
are less strict than in previous times 
(26). See Del Giacco et al. (2015) in 
the suggested readings for more de-
tails on exercise and asthma. More 
will be said about exercise-induced 
asthma in Chap. 17.

IN SUMMARY
 ■ The major muscle of inspiration is the  diaphragm.
 ■ Air enters the pulmonary system due to 
 intrapulmonary pressure being reduced below 
atmospheric pressure (bulk flow).

 ■ At rest, expiration is passive. However,  during 
exercise, expiration becomes active, using 
 muscles located in the abdominal wall (e.g., 
 rectus abdominus and external oblique).

 ■ The primary factor that contributes to airflow 
resistance in the pulmonary system is the 
 diameter of the airway.

pow70456_ch10_224-255.indd   231 01/16/17   9:37 PM



232 Section One Physiology of Exercise

minute  ventilation can be subdivided into dead space 
ventilation and alveolar ventilation:

V ̇ =  V̇ A + V̇ D
Note that pulmonary ventilation is not equally dis-

tributed throughout the lung. The bottom of the lung 
receives more ventilation than the apex (top region), 
particularly during quiet breathing (67). This changes 
during exercise, with the apical (top) regions of the 
lung receiving an increased percentage of the total ven-
tilation (56). More will be said about the regional dis-
tribution of ventilation in the lung later in the chapter.

PULMONARY VOLUMES  
AND CAPACITIES
Pulmonary volumes can be measured via a technique 
known as spirometry. Using this procedure, the sub-
ject breathes into a device that is capable of measuring 
inspired and expired gas volumes. Modern spirometers 
use computer technology to measure pulmonary vol-
umes and the rate of expired airflow (see Fig. 10.9). 
Figure 10.10 is a graphic illustration  showing the 

measurement of tidal volumes during quiet breathing 
and the various lung volumes and capacities that are 
defined in Table 10.1. Several of these terms require 
special mention. First, vital  capacity (VC) is the 
maximum amount of gas that can be expired after a 
maximum inspiration. Second, the residual volume 
(RV) is the volume of gas remaining in the lungs after 
a maximum expiration. Finally, total lung capacity 
(TLC) is the volume of gas in the lungs after a maxi-
mum inspiration; it is the sum of the two lung volumes 
(VC + RV) just  mentioned. Note that exercise training 
does not affect any of these lung volumes or capacities. 
More will be said about this later on page 249.

Clinically, spirometry is useful in diagnosing 
lung diseases such as chronic obstructive pulmonary 

CLINICAL APPLICATIONS 10.2

Exercise and Chronic Obstructive Pulmonary Disease
Chronic obstructive pulmonary disease 
(COPD) is clinically identified by a de-
creased expiratory airflow resulting 
from increased airway resistance. Al-
though COPD and asthma both result in 
blockage of the airways, these diseases 
differ in one key feature. Asthma is a 
reversible narrowing of the airways; that 
is, asthma can come and go. In contrast, 
COPD is a constant narrowing of the 
airways. Although COPD patients can 
experience some variation in airway 
blockage, these individuals always expe-
rience some level of airway obstruction.

Note that COPD is often the result 
of a combination of two separate lung 
diseases: (1) chronic bronchitis and (2) 
emphysema. Each of these individual 
diseases results in increased airway 

 obstruction. Chronic bronchitis is a 
lung disorder that results in a constant 
production of mucus within airways, 
resulting in airway blockage. Emphy-
sema causes a decreased elastic support 
of the airways, resulting in airway col-
lapse and increased airway resistance. 
Two of the greatest risk factors in devel-
oping COPD are tobacco smoking and a 
family history of emphysema (116).

Because COPD patients have a con-
stant narrowing of the airways, this 
airway resistance places an increased 
workload on respiratory muscles to 
move gas in and out of the lung. Recog-
nition of this increased work of breath-
ing leads to the sensation of being short 
of breath (dyspnea). Because the magni-
tude of dyspnea is closely linked to the 

amount of work performed by respira-
tory muscles, dyspnea in COPD patients 
is greatly increased during exercise. In 
patients with severe COPD, dyspnea 
may become so debilitating that the 
patient has difficulty in performing 
routine activities of daily living (e.g., 
walking to the bathroom, showering, 
etc.). Treatment guidelines for patients 
with COPD include a program of pul-
monary rehabilitation which includes 
bouts of regular exercise training (42, 
50). Indeed, exercise training (both re-
sistance and aerobic exercise) has been 
shown to improve the quality of life of 
patients suffering from COPD (42, 50). 
See Garvey et al. (2016) and Emtner 
et al. (2016) in the Suggested Readings 
for more details on COPD and exercise.

IN SUMMARY
 ■ Pulmonary ventilation refers to the movement 
of gas into and out of the lungs.

 ■ The volume of gas moved per minute is the 
product of tidal volume times breathing 
 frequency.

Figure 10.9 Photograph of a computerized spirometer 
used to measure lung volumes.
© Agencja Fotograficzna Caro/Alamy Stock Photo
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Figure 10.10 A spirogram showing lung volumes and capacities at rest.

TABLE 10.1 Respiratory Volumes and Capacities for a 70-Kg Young Adult Male

Measurement Typical Value Definition

Respiratory Volumes
Tidal volume (TV) 500 ml Amount of air inhaled or exhaled in one breath during  

 quiet breathing
Inspiratory reserve volume (IRV) 3,000 ml Amount of air in excess of tidal volume that can be  

  inhaled with maximum effort
Expiratory reserve volume (ERV) 1,200 ml Amount of air in excess of tidal volume that can be  

  exhaled with maximum effort
Residual volume (RV) 1,300 ml Amount of air remaining in the lungs after maximum  

 expiration; that is, the amount of air that can never be  
 voluntarily exhaled

Respiratory Capacities
Vital capacity (VC) 4,700 ml Amount of air that can be forcefully exhaled following  

 a maximum inspiration VC = (ERV + TV + IRV)
Inspiratory capacity (IC) 3,500 ml Maximum amount of air that can be inhaled following  

 a normal expiration (IC = TV + IRV)
Functional residual capacity (FRC) 2,500 ml Amount of air remaining in the lungs following a normal  

 expiration (FRC = RV + ERV)
Total lung capacity (TLC) 6,000 ml Maximum amount of air in the lungs at the end of a  

 maximum inspiration (TLC = RV + VC)

 disease (COPD). For example, because of increased 
 airway resistance, COPD patients will have a dimin-
ished vital capacity and a reduced rate of expired 
airflow during a maximal expiratory effort. An illustra-
tion of how spirometry can detect airway obstruction 
in patients follows. One of the easiest lung function 
tests to detect airway blockage is the measurement of 
forced expiratory volume and vital capacity (VC). The 
forced expiratory volume (called FEV1) is the volume 
of gas expired in 1 second during a forced (maximal 
effort) expiration from a full inspiration. Recall that 
vital capacity is the total amount of gas that can be 
expired during a maximal expiration following a full 

inspiration. A simple way to make these  measures 
is illustrated in Figure 10.9. The patient is seated in 
front of the spirometer and breathes through a rubber 
mouthpiece connected to the spirometer. The patient 
breathes in maximally and then maximally exhales. 
The spirometer records the expired volume of gas 
over time during the expiratory effort.

Figure 10.11 compares the measurements of 
FEV1 and VC in both a normal, healthy individual 
and a patient with COPD. Notice, in the normal in-
dividual, the vital capacity is 5.0 liters and the FEV1 
was 4.0 liters. Therefore, the FEV in this healthy in-
dividual is 80% of the VC (i.e., 4.0/5.0 × 100 = 80%). 
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Indeed, the normal ratio of FEV1 to VC in healthy 
individuals is 80% or higher.

Now let’s analyze the measurement of FEV1 and VC 
in the patient with COPD. Note that the rate at which 
air was expired in the COPD patient is much slower 
than in the healthy subject and only 1.0 liter of air is 
expired in the first second. Moreover, the vital capacity 
in the COPD patient is only 3.0 liters. Therefore, in this 
patient, the ratio of forced expired volume to vital capac-
ity (1.0/3.0 × 100) is 33%. This value is much lower than 
the normal values for a normal individual (i.e., 80%) and 
is typical of a COPD patient with severe airway obstruc-
tion. For more information on the impact of COPD on 
exercise tolerance, see Clinical Applications 10.2.

DIFFUSION OF GASES
Prior to discussing diffusion of gases across the alveo-
lar membrane into the blood, let’s review the con-
cept of the partial pressure of a gas. According to 
 Dalton’s law, the total pressure of a gas mixture is 
equal to the sum of the pressures that each gas would 
exert independently. Thus, the pressure that each 
gas exerts independently can be calculated by mul-
tiplying the fractional composition of the gas by the 
 absolute pressure (barometric pressure). Let’s consider 
an example calculating the partial pressure of oxy-
gen in air at sea level. The barometric pressure at sea 
level is 760 mm Hg (recall that barometric pressure is 
the force  exerted by the weight of the gas contained 
within the atmosphere). The composition of air is gen-
erally considered to be as follows:

Gas Percentage Fraction

Oxygen 20.93 0.2093

Nitrogen 79.04 0.7904

Carbon dioxide    0.03 0.0003

 Total 100.0

Therefore, the partial pressure of oxygen (PO2) at sea 
level can be computed as:

PO2 = 760 × 0.2093
 PO2 = 159 mm Hg

In a similar manner, the partial pressure of nitrogen 
can be calculated to be:

PN2 = 760 × 0.7904
PN2 = 600.7 mm Hg

Because O2, CO2, and N2 make up almost 100% of the 
atmosphere, the total barometric pressure (P) can be 
computed as:

P (dry atmosphere) = PO2 + PN2 + PCO2

Diffusion of a gas across tissues is described by 
Fick’s law of diffusion, which states that the rate of 
gas transfer (V gas) is proportional to the tissue area, 
the  diffusion coefficient of the gas (i.e., how easily a 
molecule diffuses), and the difference in the partial 
pressure of the gas on the two sides of the tissue, and 
is inversely proportional to the thickness:

V gas =   A _____ T   × D × (P1 – P2)

where A is the area, T is the thickness of the tissue, 
D is the diffusion coefficient of the gas, and P1 – P2 
is the difference in the partial pressure between the 
two sides of the tissue. In simple terms, the rate of 
diffusion for any single gas is greater when the surface 

Figure 10.11 A spirogram illustrating the use of forced 
 expired airflow to diagnose airway obstruction. Notice the 
marked difference in both the forced expired volume in 
one second (FEV1) and the vital capacity (VC) between 
the normal individual and the patient with chronic 
 obstructive pulmonary disease (COPD). See text for details.
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IN SUMMARY
 ■ Pulmonary volumes can be measured using 
 spirometry.

 ■ Vital capacity is the maximum amount of gas 
that can be expired after a maximal  inspiration.

 ■ Residual volume is the amount of gas left in 
the lungs after a maximal expiration.

 ■ Chronic obstructive pulmonary disease 
 decreases the vital capacity and reduces the 
rate of expired airflow from the lung during a 
maximal expiratory effort.
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area for diffusion is large and the “driving pressure” be-
tween the two sides of the tissue is high. In contrast, 
an increase in tissue thickness impedes diffusion. The 
lung is well designed for the diffusion of gases across 
the alveolar membrane into and out of the blood. 
First, the total surface area available for diffusion is 
large. Second, the alveolar membrane is extremely 
thin. Together, this design makes the lung the ideal 
organ for gas exchange; this is important because dur-
ing maximal exercise, the rate of O2 uptake and CO2 
output can increase 20 to 30 times above rest.

The amount of O2 or CO2 dissolved in blood obeys 
Henry’s law and is dependent on the  temperature of 

blood, the partial pressure of the gas, and the solubil-
ity of the gas. Because the temperature of the blood 
does not change a great deal during exercise (i.e., 
1–3°C) and the solubility of the gas remains constant, 
the major factor that determines the amount of dis-
solved gas is the partial pressure.

Figure 10.12 illustrates gas exchange via diffusion 
across the alveolar–capillary membranes and at the 
tissue level. Note that the PCO2 and PO2 of blood en-
tering the lung are approximately 46 and 40 mm Hg, 
respectively. In contrast, the PCO2 and PO2 in alveolar 
gas are around 40 and 105 mm Hg, respectively. As 
a consequence of the difference in partial pressure 
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O2 loading

CO2 unloading
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from systemic
tissues to
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Figure 10.12 Partial pres-
sures of oxygen (PO2) 
and carbon dioxide 
(PCO2) in blood as a 
result of gas exchange 
in the lung and gas 
exchange between 
capillaries and tissues. 
Note that the alveolar 
PO2 of 104 is a result 
of mixing atmospheric 
air (i.e., 159 mm Hg at 
sea level) with existing 
alveolar gas along with 
water vapor.
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across the blood–gas interface, CO2 leaves the blood 
and diffuses into the alveolus, and O2 diffuses from 
the alveolus into the blood. Blood leaving the lung 
has a PO2 of approximately 95 mm Hg and a PCO2 of 
40 mm Hg.

BLOOD FLOW TO THE LUNG
The pulmonary circulation begins at the pulmonary 
artery, which receives venous blood from the right 
ventricle (recall that this is mixed venous blood). 
Mixed venous blood is then circulated through the 
pulmonary capillaries where gas exchange occurs, and 
this oxygenated blood is returned to the left atrium 
via the pulmonary vein to be circulated throughout 
the body (see Fig. 10.13).

Recall that the rates of blood flow in the pulmo-
nary and systemic circulation are equal. In the healthy 
adult, the left and right ventricles of the heart have 
an output of approximately 5 liters/minute. However, 
the pressures in the pulmonary circulation are rela-
tively low when compared to those in the systemic 
circulation (see Chap. 9). This low-pressure system 
is due to low vascular resistance in the pulmonary 
circulation (67, 118). An interesting feature of pulmo-
nary circulation is that during exercise, the resistance 
in the pulmonary vascular system falls due to the 
distension of vessels and the recruitment of previ-
ously unused capillaries. This decrease in pulmonary 
vascular resistance results in increased lung blood 
flow during exercise with relatively small increases in 
pulmonary arterial pressure.

When we are standing, considerable inequality 
of blood flow exists within the human lung due to 
gravity. For example, in the upright position, blood 
flow decreases almost linearly from bottom to top, 
reaching very low values at the top (apex) of the lung 
(see Fig. 10.14). This distribution is altered during 
exercise and with a change in posture. During low-
intensity (e.g., ~40% VO2 max) exercise, blood flow 
to the top of the lung is increased (19). This will 
improve gas exchange and is discussed in the next 
section. When individuals lie on their backs (supine), 
blood flow becomes more uniform within the lung. In 
contrast, measurements of blood flow in humans who 
are suspended upside down show that blood flow to 
the apex (top) of the lung greatly exceeds that found 
in the base.
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Figure 10.13 The pulmonary circulation is a low- pressure 
system that pumps mixed venous blood through 
the pulmonary capillaries for gas exchange. After the 
completion of gas exchange, this oxygenated blood is 
returned to the left heart chambers to be circulated 
throughout the body.
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Figure 10.14 Regional blood flow within the lung. Note 
that there is a linear decrease in blood flow from the 
lower regions of the lung toward the upper regions.

IN SUMMARY
 ■ Gas moves across the blood–gas interface in the 
lung due to simple diffusion.

 ■ The rate of diffusion is described by Fick’s law, 
and diffusion is greater when the surface area is 
large, the tissue thickness is small, and the driv-
ing pressure is high.
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VENTILATION–PERFUSION 
RELATIONSHIPS
Thus far, we have discussed pulmonary ventilation, 
blood flow to the lungs, and diffusion of gases across 
the blood–gas barrier in the lung. It seems reasonable to 
assume that if all these processes were adequate, nor-
mal gas exchange would occur in the lung. However, 
normal gas exchange requires a matching of ventilation 
to blood flow (perfusion, Q). In other words, an alveolus 
can be well ventilated, but if blood flow to the alveolus 
does not adequately match ventilation, gas exchange 
does not occur. Indeed, mismatching of ventilation and 
perfusion is responsible for most of the problems of gas 
exchange that occur due to lung diseases.

The ideal ventilation-to-perfusion ratio (V/Q) is 
1.0 or slightly greater. That is, there is a one-to-one 
matching of ventilation to blood flow, which results 
in optimum gas exchange. However, the V/Q ratio is 
generally not equal to 1.0 throughout the lung, but 
varies depending on the section of the lung  being 
considered (40, 57, 67, 117). This concept is illus-
trated in Figure 10.15, where the V/Q ratio at the 
top and the base of the lung is calculated for resting 
 conditions.

Let’s discuss the V/Q ratio in the apex of the lung 
first. Here, the ventilation (at rest) in the upper re-
gion of the lung is estimated to be 0.24 liter/minute, 
whereas the blood flow is predicted to be 0.07 liter/
minute. Thus, the V/Q ratio is 3.4 (i.e., 0.24/0.07 =  
3.4). A large V/Q ratio represents a disproportionately 
high ventilation relative to blood flow, which results 
in poor gas exchange. In contrast, the ventilation at 
the base of the lung (Fig. 10.15) is 0.82 liter/minute, 
with a blood flow of 1.29 liters/minute (V/Q ratio = 
0.82/1.29 = 0.64). A V/Q ratio less than 1.0 means 
that blood flow is higher than ventilation to the re-
gion in question. Although V/Q ratios less than 1.0 are 
not indicative of ideal conditions for gas exchange, in 
most cases, V/Q ratios greater than 0.50 are adequate 
to meet the gas exchange demands at rest (117).

What effect does exercise have on the V/Q  ratio? 
Light-to-moderate exercise improves the V/Q rela-
tionship, whereas heavy exercise may result in a small 
V/Q inequality and thus, a minor impairment in gas 
exchange (56). Whether the increase in V/Q inequal-
ity is due to low ventilation or low perfusion is not 

clear. The possible effects of this V/Q mismatch on 
blood gases will be discussed later in the chapter.

O2 AND CO2 TRANSPORT 
IN BLOOD
Although some O2 and CO2 are transported as dis-
solved gases in the blood, the major portion of O2 and 
CO2 transported via blood is done by O2 combining 
with hemoglobin and CO2 being transformed into bi-
carbonate (HCO3). A summary of how O2 and CO2 are 
transported in blood follows.

Hemoglobin and O2 Transport
Approximately 99% of the O2 transported in the blood 
is chemically bound to hemoglobin, which is a pro-
tein contained in the red blood cells (erythrocytes). 
Each molecule of hemoglobin can transport four O2 

IN SUMMARY
 ■ The pulmonary circulation is a low-pressure 
system with a rate of blood flow equal to that 
in the systemic circuit.

 ■ In a standing position, most of the blood flow 
to the lung is distributed to the base of the 
lung due to gravitational force.

Figure 10.15 The relationship between ventilation and 
blood flow (ventilation/perfusion ratios) at the top 
(apex) and the base of the lung. The ratios indicate that 
the base of the lung is overperfused relative to venti-
lation and that the apex is underperfused relative to 
ventilation. This uneven matching of blood flow to ven-
tilation results in less-than-perfect gas exchange.
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IN SUMMARY
 ■ Efficient gas exchange between the blood and 
the lung requires proper matching of blood 
flow to ventilation (called ventilation–perfusion 
relationships).

 ■ The ideal ratio of ventilation to perfusion is 1.0 
or slightly greater, because this ratio implies a 
perfect matching of blood flow to ventilation.
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molecules. The binding of O2 to hemoglobin forms 
oxyhemoglobin; hemoglobin that is not bound to 
O2 is referred to as deoxyhemoglobin.

The amount of O2 that can be transported per 
unit volume of blood is dependent on the concentra-
tion of hemoglobin. Normal hemoglobin concentra-
tion for a healthy male and female is approximately 
150 grams and 130 grams, respectively, per liter of 
blood. When completely saturated with O2, each 
gram of hemoglobin can transport 1.34 ml of O2 
(67). Therefore, at sea level, if hemoglobin is 100% 
saturated with O2, the healthy male and female can 
transport approximately 200 ml and 174 ml of O2, 
respectively, per liter of blood.

Oxygen–Hemoglobin Dissociation Curve
The quantitative relationship between the partial 
pressure of O2 (PO2) and the binding of O2 to he-
moglobin in blood is called the oxygen–hemoglobin 
disassociation curve (also called the oxyhemoglobin 
dissociation curve) (Fig. 10.16). Here, the term disas-
sociate means “to separate” O2 from hemoglobin and 
therefore, this curve could have also been named the 
oxygen– hemoglobin association curve. The combina-
tion of O2 with hemoglobin in the lung (alveolar cap-
illaries) is often called loading, and the release of O2 
from hemoglobin at the tissues is commonly called 
unloading. Thus, loading and unloading are reversible 
reactions:

Deoxyhemoglobin + O2 ⟷ Oxyhemoglobin

The factors that determine the direction of this reac-
tion are (1) the PO2 of the blood and (2) the affin-
ity or bond strength between hemoglobin and O2. A 
high PO2 drives the reaction to the right (i.e., loading), 
whereas low PO2 and a reduced affinity of hemoglo-
bin for O2 moves the reaction to the left (i.e., unload-
ing). For example, a high PO2 in the lungs results in 

an increase in arterial PO2 and the formation of oxy-
hemoglobin (i.e., reaction moves right). In contrast, 
a low PO2 in peripheral tissue (e.g., skeletal muscle) 
results in a decrease of PO2 in the systemic capillaries 
and thus O2 is released from hemoglobin to be used 
by the tissues (reaction moves left).

The effect of PO2 on the combination of O2 with 
hemoglobin is illustrated by the oxyhemoglobin dis-
sociation curve (Fig. 10.16). This sigmoidal (S-shaped) 
curve has several interesting features. First, the per-
cent hemoglobin saturated with O2 (% HbO2) increases 
sharply up to an arterial PO2 of 40 mm Hg. At PO2 
values above 40 mmHg, the increase in % HbO2 rises 
slowly to a plateau around 90 to 100 mm Hg, at this 
point the % HbO2 is approximately 97%. At rest, the 
body’s O2 requirements are relatively low, and only 
about 25% of the O2 transported in the blood is un-
loaded to the tissues. In contrast, during intense exer-
cise, the mixed venous PO2 can be lowered to 18 to  
20 mm Hg, and the peripheral tissues can extract up 
to 90% of the O2 carried by hemoglobin.

The shape of the oxyhemoglobin dissociation 
curve is well designed to meet human O2 transport 
needs. The relatively flat portion of the curve (above a 
PO2 of approximately 90 mm Hg) allows arterial PO2 to 
oscillate from 90 to 100 mm Hg without a large drop 
in % HbO2. This is important because there is a decline 
in arterial PO2 with aging and upon ascent to high al-
titude. At the other end of the curve (steep portion,  
0 to 40 mm Hg), small changes in PO2 result in a re-
lease of large amounts of O2 from hemoglobin. This is 
critical during exercise when muscle O2 consumption 
is high.

In addition to the effect of blood PO2 on O2 bind-
ing to hemoglobin, an increase in acidity, temperature, 
or red blood cell (RBC) levels of 2-3-diphosphoglceric 
acid (2-3 DPG) can affect the O2 loading/unloading 
reaction. This becomes important during exercise and 
will be discussed in the next segment.
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Figure 10.16 The relationship 
 between the partial pressure 
of O2 in blood and the rela-
tive  saturation of hemoglobin 
with O2 is pictured here in the 
oxygen–hemoglobin dissociation 
curve. Notice the relatively steep 
portion of the curve up to PO2 
values of 40 mm Hg, after which 
there is a gradual rise to reach a 
plateau.
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Effect of pH on O2–Hb Dissociation Curve Let’s con-
sider the effect of changing blood acid–base status 
on hemoglobin’s affinity for O2. The strength of the 
bond between O2 and hemoglobin is weakened by 
a decrease in blood pH (increased acidity), which re-
sults in increased unloading of O2 to the tissues. This 
is represented by a “right” shift in the oxyhemoglobin 
curve and is called the Bohr effect (see Fig. 10.17). 
A right shift in the oxyhemoglobin dissociation curve 
occurs during heavy exercise due to the rise in blood 
hydrogen ion levels observed in this type of work. 
The mechanism to explain the Bohr effect is the fact 
that hydrogen ions bind to hemoglobin, which re-
duces its O2 transport capacity. Therefore, when there 
is a higher-than-normal concentration of hydrogen 
ions in the blood (i.e., acidosis), there is a reduction in 
hemoglobin affinity for O2. This facilitates the unload-
ing of O2 to the tissues during exercise because the 
acidity level is higher in muscles.

Temperature Effect on O2–Hb Dissociation Curve  
Another factor that affects hemoglobin affinity for 
O2 is temperature. At a constant pH, the affinity 
of hemoglobin for O2 is inversely related to blood 
temperature. That is, a decrease in temperature re-
sults in a left shift in the oxyhemoglobin curve, 
whereas an increase in temperature causes a right 
shift of the curve. This means that an increase in 
blood temperature weakens the bond between O2 
and hemoglobin, which assists in the unloading of O2 

to working  muscle. Conversely, a decrease in blood 
temperature results in a stronger bond between O2 
and  hemoglobin, which hinders O2 release. The effect 
of increasing blood temperature on the oxyhemoglo-
bin dissociation curve is presented in Figure 10.18. 
During exercise, increased heat production in the 
contracting muscle would promote a right shift in 
the oxyhemoglobin dissociation curve and facilitate 
unloading of O2 to the tissue.

2–3 DPG and the O2–Hb Dissociation Curve A fi-
nal factor that can affect the shape of the oxyhe-
moglobin dissociation curve is the concentration of 
2,3 diphosphoglycerate (2-3 DPG) in red blood cells 
(RBCs). Here’s the story on 2-3 DPG’s effect on O2 
binding to hemoglobin. Red blood cells are unique 
in that they do not contain a nucleus or mitochon-
dria. Therefore, they must rely on anaerobic glycoly-
sis to meet the cell’s energy needs. A by-product of 
RBC glycolysis is the compound 2–3 DPG, which can 
combine with hemoglobin and reduce hemoglobin’s 
affinity for O2 (i.e., right shift in oxyhemoglobin dis-
sociation curve).

Red blood cell concentrations of 2–3 DPG in-
crease during exposure to altitude and in anemia (low 
blood hemoglobin) (67). However, blood 2–3 DPG lev-
els do not increase significantly during exercise at sea 
level (70, 99). Therefore, the right shift in the oxyhe-
moglobin curve that occurs during heavy exercise is 
not due to changes in 2–3 DPG, but to the degree of 
acidosis and blood temperature elevation.

Figure 10.17 The effect of changing blood pH on the shape 
of the oxygen–hemoglobin dissociation curve. A decrease 
in pH (increased acidity) results in a rightward shift of the 
curve (Bohr effect), while an increase in pH (decreased 
acidity) results in a leftward shift of the curve.
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Figure 10.18 The effect of changing blood temperature 
on the shape of the oxygen–hemoglobin dissociation 
curve. An increase in temperature results in a rightward 
shift in the curve, while a decrease in blood tempera-
ture results in a leftward shift in the curve.
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O2 Transport in Muscle
Myoglobin is an oxygen-binding protein found in 
skeletal muscle fibers and cardiac muscle (not in blood) 
and acts as a “shuttle” to move O2 from the muscle cell 
membrane to the mitochondria. Myoglobin is found in 
large quantities in slow-twitch fibers (i.e., high aerobic 
capacity), in smaller amounts in intermediate fibers, 
and in only limited amounts in fast-twitch fibers. Myo-
globin is similar in structure to hemoglobin, but is 
about one-fourth the weight. The difference in struc-
ture between myoglobin and hemoglobin results in a 
difference in O2 affinity between the two molecules. 
This point is illustrated in Figure 10.19. Myoglobin has 
a greater affinity for O2 than hemoglobin, and therefore 
the myoglobin–O2 dissociation curve is much steeper 
than that of hemoglobin for PO2 values below 20 mm 
Hg. The practical implication of the shape of the myo-
globin–O2 dissociation curve is that myoglobin dis-
charges its O2 at very low PO2 values. This is important 
because the PO2 in the mitochondria of contracting 
skeletal muscle may be as low as 1 to 2 mm Hg.

Myoglobin O2 stores may serve as an “O2 reserve” 
during transition periods from rest to exercise. At the 
beginning of exercise, there is a short time lag between 
the onset of muscular contraction and an increased 
O2 delivery to the muscle. Therefore, O2 bound to 
myoglobin prior to the initiation of exercise serves to 
buffer the O2 needs of the muscle until the cardiopul-
monary system can meet the new O2 requirement. At 
the conclusion of exercise, myoglobin O2 stores must 
be replenished, and this O2 consumption above rest 
contributes to the O2 debt (see Chap. 4).

CO2 Transport in Blood
Carbon dioxide is transported in the blood in three 
forms: (1) dissolved CO2 (about 10% of blood CO2 is 
transported this way), (2) CO2 bound to hemoglobin 
(called carbaminohemoglobin; about 20% of blood 

CO2 is transported via this form), and (3) bicarbonate 
(70% of CO2 found in blood is transported as bicarbon-
ate: HCO–

3). The three forms of CO2 transport in the 
blood are illustrated in Figure 10.20.

Because most of the CO2 that is transported in blood 
is transported as bicarbonate, this mechanism deserves 
special attention. Carbon dioxide can be converted to 
bicarbonate (within RBCs) in the following way:

CO2 
+ 

H2O
 

Carbonic 
anhydrase 

⟷
 

H2CO3 

Carbonic 
acid

 
⟷

 
H+  
+  

HCO3

A high PCO2 causes CO2 to combine with water 
to form carbonic acid. This reaction is catalyzed by 
the enzyme carbonic anhydrase, which is found in 
RBCs. After formation, carbonic acid dissociates into a 
hydrogen ion and a bicarbonate ion. The hydrogen ion 
then binds to hemoglobin, and the bicarbonate ion 
diffuses out of the RBC into the plasma (Fig. 10.20). 
Because bicarbonate carries a negative charge (anion), 
the removal of a negatively charged molecule from a 
cell without replacement would result in an electro-
chemical imbalance across the cell membrane. This 
problem is avoided by the replacement of bicarbon-
ate by chloride (Cl–), which diffuses from the plasma 
into the RBC. This exchange of anions occurs in the 
RBC as blood moves through the tissue capillaries and 
is called the chloride shift (Fig. 10.20).

When blood reaches the pulmonary capillaries, the 
PCO2 of the blood is greater than that of the alveo-
lus, and thus CO2 diffuses out of the blood across the 
blood–gas interface. At the lung, the binding of O2 to Hb 
results in a release of the hydrogen ions bound to he-
moglobin and promotes the formation of carbonic acid:

H+ + HCO–
3 ⟶ H2CO3
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Figure 10.19 Comparison of the 
dissociation curve for myo-
globin and hemoglobin. The 
steep myoglobin dissociation 
demonstrates a higher affinity 
for O2 than hemoglobin.
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Under conditions of low PCO2 that exist at the  alveolus, 
carbonic acid then dissociates into CO2 and H2O:

H2CO3 ⟶ CO2 + H2O

The release of CO2 from the blood into the alveoli is 
removed from the body in the expired gas.

VENTILATION AND  
ACID–BASE BALANCE
Pulmonary ventilation can play an important role 
in removing H+ from the blood by the HCO3 reac-
tion discussed previously (102). For example, an 
increase in CO2 in blood or body fluids results in 
increased hydrogen ion accumulation and thus a 
decrease in pH. In contrast, removal of CO2 from 
blood or body fluids decreases hydrogen ion con-
centration, and thus an increase in pH results. 
Recall that the CO2-carbonic anhydrase reaction 
occurs as follows:

   Lung 

     CO2 + H2O ⟷ H2CO3 ⟷ H+ + HCO3

  Muscle 

Therefore, an increase in pulmonary ventilation 
causes exhalation of additional CO2 and results in a 
reduction of blood PCO2 and a lowering of hydro-
gen ion concentration (i.e., pH would increase in the 
blood). In contrast, a reduction in pulmonary ventila-
tion would result in a buildup of CO2 and an increase 
in hydrogen ion concentration (pH would decrease). 
The role of the pulmonary system in acid–base bal-
ance is discussed again in Chap. 11.

Figure 10.20 Summary of carbon dioxide (CO2) movement from tissues into the blood (a) and from the blood into the 
alveolus of the lung (b). Note in Figure 10.20(a) that CO2 is released from the cells and moves into the blood. Carbon 
dioxide is transported in the blood in three forms: (1) dissolved CO2, (2) CO2 combined with hemoglobin (HbCO2), 
and (3) bicarbonate (HCO3). Notice that as HCO3 moves out of red blood cells (erythrocytes), chloride (Cl–) moves into 
the erythrocyte (chloride shift) to maintain a balanced charge in the cell. Figure 10.20(b) illustrates the movement of 
CO2 from the blood into the alveolus of the lung. At the time of CO2 release into the lung, there is a “reverse chloride 
shift” and carbonic acid dissociates into CO2 and H2O.
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IN SUMMARY
 ■ More than 99% of the O2 transported in blood is 
chemically bonded with hemoglobin. The effect 
of the partial pressure of O2 on the  combination 
of O2 with hemoglobin is illustrated by the  
S-shaped O2–hemoglobin dissociation curve.

 ■ An increase in body temperature and a reduc-
tion in blood pH results in a right shift in the 
O2–hemoglobin dissociation curve and a re-
duced affinity of hemoglobin for O2.

 ■ Carbon dioxide is transported in blood in three 
forms: (1) dissolved CO2 (10% is transported in 
this way), (2) CO2 bound to hemoglobin (called 
carbaminohemoglobin; about 20% of blood CO2 
is transported via this form), and (3) bicarbon-
ate (70% of CO2 found in blood is transported as 
bicarbonate [HCO3]).

 ■ Myoglobin is the oxygen-binding protein found 
in muscle and acts as a shuttle to move O2 from 
the muscle cell membrane to the mitochondria.
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VENTILATORY AND  
BLOOD–GAS RESPONSES  
TO EXERCISE
Before discussing ventilatory control during exercise, 
let’s examine the ventilatory response to several types 
of exercise.

Rest-to-Work Transitions
The change in pulmonary ventilation observed in the 
transition from rest to constant-load submaximal ex-
ercise (i.e., below the lactate threshold) is illustrated 
in Figure 10.21. Note that pulmonary ventilation (i.e., 
expired ventilation (V̇ E)) increases abruptly at the 
 beginning of exercise, followed by a slower rise toward 
a steady-state value (8, 21, 22, 38, 53, 80, 87, 120).

Figure 10.21 also points out that arterial pressures 
of PCO2 and PO2 are relatively unchanged  during 
this type of exercise (35, 37, 113). However, note 
that arterial PO2 decreases and arterial PCO2 tends  
to  increase slightly in the transition from rest to 

steady-state exercise (37). This observation indicates 
that the increase in alveolar ventilation at the be-
ginning of exercise is not as rapid as the increase in 
metabolism.

Prolonged Exercise in a Hot Environment
Figure 10.22 illustrates the change in pulmonary ven-
tilation during prolonged, constant-load, submaximal 
exercise (below the lactate threshold) in two different 
environmental conditions. The neutral environment 
represents exercise in a cool, low-relative-humidity 
environment (19°C, 45% relative humidity). The sec-
ond condition represented in Figure 10.22 is a hot/
high-humidity environment, which hampers heat loss 
from the body. The major point to appreciate from 
Figure  10.22 is that ventilation tends to “drift” up-
ward during prolonged work. The mechanism to ex-
plain this increase in V̇ E during work in the heat is an 
increase in blood temperature, which directly affects 
the respiratory control center (88).

Another interesting point illustrated in Fig-
ure 0.22 is that although ventilation is greater during 
exercise in a hot/humid environment when com-
pared to work in a cool environment, there is little 
difference in arterial PCO2 between the two types of 
exercise. This finding indicates that the increase in 
ventilation observed during exercise in the heat is 
due to an increase in breathing frequency and dead-
space ventilation.

Incremental Exercise
The ventilatory response for an elite male distance 
runner and an untrained college student during an in-
cremental exercise test is illustrated in Figure 10.23. 
In both subjects, ventilation increases as a linear 
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Figure 10.21 The changes in ventilation and partial 
pressures of O2 and CO2 in the transition from rest to 
steady-state submaximal exercise.
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Figure 10.22 Changes in ventilation and blood gas 
 tensions during prolonged, submaximal exercise in a 
hot/humid environment.

IN SUMMARY
 ■ An increase in pulmonary ventilation causes  
exhalation of additional CO2, which results  
in a reduction of blood PCO2 and a lowering  
of  hydrogen ion concentration (i.e., pH  
increases).
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 function of oxygen uptake up to 50% to 75% of O2 

max, where ventilation begins to rise exponentially 
(114). This V̇ E “inflection point” has been called the 
ventilatory threshold (Tvent) (7, 55, 77, 78).

An interesting point that emerges from Fig-
ure  10.23 is the startling difference between the 
highly trained elite athlete and the untrained subject 
in arterial PO2 during heavy exercise. The untrained 
subject is able to maintain arterial PO2 within 10 to 
12 mm Hg of the normal resting value, whereas the 
highly trained distance runner shows a decrease of 30 
to 40 mm Hg at near-maximal exercise (30, 33). This 
drop in arterial PO2, often observed in the healthy, en-
durance athlete, is  similar to that observed in exercis-
ing patients who have severe lung disease. However, 
not all healthy, elite endurance athletes develop low-
arterial PO2  values (low PO2 is called hypoxemia) dur-
ing heavy exercise. It appears that only about 40% to 
50% of elite highly trained, male endurance athletes 
(V̇ O2 max 4.5 l/min or 68 ml · kg · min−1) show this  

marked hypoxemia (85, 93). In addition, the degree of 
hypoxemia observed in these athletes during heavy 
work varies considerably among individuals (30, 86, 
93, 111). The reason for the subject differences is 
unclear.

Female endurance athletes also develop exercise-
induced hypoxemia (54, 58, 59, 61). In fact, it appears 
that the incidence of exercise-induced hypoxemia 
in highly trained and elite female athletes may be 
greater than males (54, 59, 61). For more information 
on gender differences in breathing during exercise, 
see Research Focus 10.1.

Perhaps the most important question concerning 
exercise-induced hypoxemia in healthy athletes is, what 
factor(s) accounts for this failure of the pulmonary sys-
tem? Unfortunately, a complete answer to this question 
is not available. Nonetheless, it appears that both ven-
tilation-perfusion mismatch and diffusion limitations  
are likely contributors to exercise-induced hypoxemia 
in elite athletes (73, 93, 119). Diffusion limitations 

V
E

(  
 /m

in
)

“Untrained Student” “Elite, Trained Runner”

pH
PO

2
(m

m
 H

g)

PO
2

(m
m

 H
g)

pH

100

90

80

70

7.4

7.3

7.2

110

90

60

30

0
0 25 50 75 100

100

90

80

70

7.4

7.3

7.2

140

110

80

50

0
0 25 50 75 100

Work rate (% VO2 max)˙Work rate (% VO2 max)˙

˙ V
E

(  
 /m

in
)

˙

Figure 10.23 Changes in 
ventilation, blood–gas ten-
sions, and pH during incre-
mental exercise in a highly 
trained male distance run-
ner and an untrained male 
college student.
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 during intense exercise in elite athletes could occur due 
to a reduced amount of time that the RBCs spend in the 
pulmonary capillary (34). This short RBC transit time in 
the pulmonary capillaries is due to the high cardiac out-
puts achieved by these athletes during high-intensity 
exercise. This high cardiac output during high- intensity 
exercise results in the rapid movement of RBCs through 
the lung, which limits the time available for gas equi-
librium to be achieved between the lung and blood  
(30, 96, 121).

CONTROL OF VENTILATION
The precise regulation of pulmonary ventilation at 
rest and during exercise is an example of a highly 
efficient control system that maintains blood gas and 
acid-base homeostasis. Indeed, pulmonary ventilation 
(i.e., alveolar ventilation) increases during exercise in 
direct proportion to the intensity of exercise and the 
increased need for oxygen. This results in a precise 
control of arterial oxygen content, arterial carbon di-
oxide levels, and acid-base balance. Let’s begin our 
discussion of ventilatory control during exercise with 
a review of ventilatory regulation at rest.

Ventilatory Regulation at Rest
As discussed earlier, inspiration and expiration are 
produced by the contraction and relaxation of the 
diaphragm during quiet breathing, and by accessory 
muscles during exercise. Contraction and relaxation 
of these respiratory muscles are directly controlled 
by somatic motor neurons in the spinal cord. Mo-
tor neuron activity, in turn, is directly controlled by 
the respiratory control center located in the medulla 
oblongata.

Respiratory Control Center
The respiratory control center is located in the brain 
stem within two distinct areas called the medulla ob-
longata and the pons. The genesis of breathing comes 
from the firing of several clusters of neurons within 
the brain stem that serve as pacemakers. Specifically, 
the stimulus for inspiration comes from three distinct 
respiratory rhythm centers located within both the 
medulla oblongata and the pons regions of the brain 

IN SUMMARY
 ■ At the beginning of constant-load submaximal 
exercise, ventilation increases rapidly, followed 
by a slower rise toward a steady-state value. 
Arterial PO2 and PCO2 are maintained relatively 
constant during this type of exercise.

 ■ During prolonged exercise in a hot/humid en-
vironment, ventilation “drifts” upward due to 
the influence of rising body temperature on the 
respiratory control center.

 ■ Incremental exercise results in a linear increase 
in V̇ E up to approximately 50% to 70% of O2 
max; at higher work rates, ventilation begins  
to rise exponentially. This ventilatory  
inflection point is often called the ventilatory 
threshold.

 ■ Exercise-induced hypoxemia occurs in 40% to 
50% of elite, highly trained male and female en-
durance athletes.

 ■ New evidence reveals that women have smaller 
airways than men, even when matched for 
lung size. This results in an increased work of 
breathing during exercise.

RESEARCH FOCUS 10.1

Sex Differences in Breathing during Exercise
New evidence reveals that sex differ-
ences exist in anatomy of the respira-
tory system and that these anatomical 
differences impact the breathing re-
sponse to exercise. Specifically, when 
matched for age and body weight, 
women have smaller airways com-
pared to men (98). This is important 
because a smaller airway results in a 
greater resistance to airflow, which 
could limit the maximal ventilatory 
capacity during high intensity exer-
cise. Further, because women have 

smaller airways, the energy require-
ment for breathing during exercise 
is higher in women compared to 
men (41). This is significant because 
an increased work of breathing can 
accelerate the respiratory muscle fa-
tigue that occurs during prolonged 
or high-intensity exercise. Moreover, 
evidence from a growing number of 
studies suggest that elite female en-
durance athletes are more likely to 
experience exercise-induced hypox-
emia than their male counterparts 

(98). It is unclear if the increased 
incidence of exercise-induced hy-
poxemia in elite female endurance 
athletes is due to differences in air-
way diameter between the sexes. To-
gether, these data indicate that sex 
differences exist in the ventilatory 
response to exercise and this could 
impact the cardiopulmonary response 
to exercise. For more details on sex 
differences in the pulmonary system, 
please see Sheel et al. (2016) in the 
suggested reading list.
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stem (47). The primary rhythm-generating center 
in the medulla is called the preBötzinger Complex 
 (preBötC) (32) (Fig. 10.24). Other rhythm-generating 
centers exist in the pons and are composed of two 
clusters of neurons called the pneumotaxic center and 
the caudal pons (Fig. 10.24). The normal rhythm of 
breathing occurs due to an interaction between pace-
maker neurons in each of these regions (7). At rest, the 
breathing rhythm is dominated by pacemaker neurons 
in the preBötC. During exercise, the preBötC interacts 
with the other respiratory rhythm centers to regulate 
breathing to match the metabolic demand (100). The 
interaction between these respiratory pacemakers to 
control breathing involves both positive and negative 
feedback to achieve tight regulation.

Input to the Respiratory Control 
Center
The respiratory control center receives input from 
both higher brain centers and afferent neural signals 
from several locations outside of the central nervous 
system. In general, input to the respiratory control 
center can be classified into two types: (1)  neural 
and (2) humoral (blood-borne). Neural input refers to 
signals from higher brain centers or afferent input 

to the respiratory control center from neurons that 
are excited by factors other than blood-borne stimuli. 
Humoral input to the respiratory control center re-
fers to the influence of blood-borne stimuli reaching 
a specialized chemoreceptor. This receptor reacts to 
the strength of the stimuli and sends the appropriate 
message to the medulla. A brief overview of each of 
these receptors will be presented prior to a discussion 
of ventilatory control during exercise.

Humoral Chemoreceptors Chemoreceptors are spe-
cialized neurons that are capable of responding to 
changes in the internal environment. Traditionally, 
respiratory chemoreceptors are classified according to 
their location as being either central chemoreceptors or 
peripheral chemoreceptors.

The central chemoreceptors are located in the 
medulla (anatomically separate from the respiratory 
center) and are affected by changes in PCO2 and H+ 
of the cerebrospinal fluid (CSF). An increase in either 
PCO2 or H+ of the CSF results in the central chemo-
receptors sending afferent input into the respiratory 
center to increase ventilation (32, 35).

The primary peripheral chemoreceptors are lo-
cated in the aortic arch and at the bifurcation of the 
common carotid artery. The receptors located in the 

Figure 10.24 Locations of the brain stem  respiratory control centers.

Medulla oblongata

PreBötzinger complex

Retrotrapezoid nucleus
Caudal pons
Pneumotaxic centerBrain stem

respiratory
centers

Pons

Midbrain

pow70456_ch10_224-255.indd   245 01/16/17   9:37 PM



246 Section One Physiology of Exercise

aorta are called aortic bodies, and those found in 
the carotid artery are carotid bodies (Fig.  10.25). 
These peripheral chemoreceptors respond to in-
creases in arterial H+ concentrations and PCO2  
(1, 4, 10, 49, 109, 116, 122). In addition, the carotid 
bodies are sensitive to increases in blood potassium 
levels, norepinephrine, decreases in arterial PO2, and 
increased body temperature (17, 32, 49, 75). When 
comparing these two sets of peripheral chemorecep-
tors, early studies suggested that the carotid bodies 
are more important in the control of breathing dur-
ing exercise (5, 11, 16, 35, 49, 51–52, 67, 103, 105, 
113, 115). However, new evidence suggests that the 
aortic bodies are capable of sensing changes in blood 
levels of CO2 (indirectly) and therefore, these chemo-
receptors could play an important role in the control 
of breathing both at rest and during exercise (31). 
Stay tuned, more research on this topic should be 
available soon.

How do the central and peripheral chemorecep-
tors respond to changes in chemical stimuli? The  effects 
of increases in arterial PCO2 on minute  ventilation is 

shown in Figure 10.26. Note that V̇ E increases as a 
linear function of arterial PCO2. In general, a 1 mm Hg 
rise in PCO2 results in a 2 liter/minute increase in V̇ E 
(35). The increase in V̇ E that results from a rise in arte-
rial PCO2 is likely due to CO2 stimulation of both the 
carotid bodies and the central chemoreceptors (35, 76).

In healthy individuals breathing at sea level, 
changes in arterial PO2 have little effect on the con-
trol of ventilation (67). However, exposure to an envi-
ronment with a barometric pressure much lower than 
that at sea level (i.e., high altitude) can decrease arte-
rial PO2 and stimulate the carotid bodies, which in 
turn signal the respiratory control center to increase 
ventilation (49). The relationship between arterial 
PO2 and V̇ E is illustrated in Figure 10.27. The point 
on the PO2/V̇ E curve where V̇ E begins to rise rapidly is 
called the hypoxic threshold (hypoxic means low PO2) 
(2). This hypoxic threshold usually occurs around an 
 arterial PO2 of 60 to 75 mm Hg. The chemorecep-
tors responsible for the increase in V̇ E following ex-
posure to low PO2 are the carotid bodies because the 
aortic and central chemoreceptors in humans do not 
respond to changes in PO2 (35, 67).

Increases in blood levels of potassium can also 
stimulate the carotid bodies and promote an increase 
in ventilation (17, 75). Because blood potassium  levels 
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(branch of vagus
nerve)

Aorta

Heart

Aortic bodies

Sensory nerve
(branch of
glossopharyngeal
nerve)

Medulla oblongata

Figure 10.25 Illustration of the anatomical location of 
the peripheral chemoreceptors (i.e., aortic bodies and 
carotid bodies). The aortic chemoreceptors respond 
to arterial changes in arterial H+ ion concentration 
(i.e., pH) and PCO2. The carotid bodies also respond to 
 arterial changes in arterial pH, PCO2, and also changes 
in PO2.
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Figure 10.26 Changes in ventilation as a function of in-
creasing arterial PCO2. Notice that ventilation increases 
as a linear function of increasing PCO2.
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Figure 10.27 Changes in ventilation as a function of de-
creasing arterial PO2. Note the existence of a “hypoxic 
threshold” for ventilation as arterial PO2 declines.
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rise during exercise due to a net potassium efflux 
from the contracting muscle, potassium may play a 
role in regulating ventilation during exercise (17, 75). 
More will be said about this later.

Neural input to the respiratory control center Neu-
ral input to the respiratory control center comes from 
both higher brain centers and afferent pathways. For 
example, impulses from the  motor cortex (i.e., central 
command) can activate skeletal muscles to contract 
and increase ventilation in proportion to the amount 
of exercise being performed (43). Indeed, neural im-
pulses originating in the motor cortex pass through 
the medulla and “spill over,” causing an increase in V̇ E 
that reflects the number of muscle motor units being 
recruited.

Afferent input to the respiratory control center 
during exercise comes from several peripheral mecha-
noreceptors, including the muscle spindles, Golgi ten-
don organs, or joint pressure receptors (25, 27, 65, 104). 
Growing evidence suggests that this afferent neural 
feedback from the working muscles is important in 
regulating breathing during  submaximal, steady-state 
exercise (27, 31). In addition, chemoreceptors located 

in muscle may respond to changes in potassium and 
H+  concentrations and send afferent information to 
the  respiratory control center to increase breathing. 
This type of input to the medulla is considered affer-
ent neural information because the stimuli are not hu-
morally mediated. Further, evidence suggests that the 
right ventricle of the heart contains mechanoreceptors 
that send afferent information back to the  respiratory 
control center relative to increases in cardiac output 
(e.g., during exercise) (115). These mechanoreceptors 
could play important roles in providing afferent input 
to the respiratory control center at the onset of exer-
cise. Table 10.2 summarizes the major receptors that 
participate in the control of breathing during exercise.

Ventilatory Control during  
Submaximal Exercise
In the previous sections, we have discussed several 
sources of input to the respiratory control center. 
Let’s now discuss how the body regulates breathing 
during exercise (9, 15, 18, 25, 27, 43, 46, 65, 79, 95, 
113, 122). Current evidence suggests that the “initial” 
drive to increase ventilation during exercise is due to 

TABLE 10.2 A Summary of Receptors that Provide Input to the Respiratory Control Center to Regulate 
Breathing during Exercise

Receptor Stimulus Comments on Control of Breathing

Chemoreceptors 
located in medulla 
 oblongata  
(central  chemoreceptor)

PCO2 ↑ Central chemoreceptors are sensitive to changes in pH of the 
 cerebrospinal fluid. An increase in arterial PCO2 results in diffusion of 
CO2 from the blood into the brain; this lowers pH and stimulates the 
central chemoreceptor to send signals to the respiratory control  center 
to increase breathing. This results in increased alveolar ventilation and 
the elimination of CO2.

Carotid body
(peripheral 
 chemoreceptor)

PCO2 ↑
pH ↓
PO2 ↓

The carotid body is sensitive to changes in arterial PO2, PCO2, and 
pH. An increase in arterial PCO2 stimulates the carotid bodies to send 
signals to the respiratory control center to increase breathing. Similarly, 
a decrease in either arterial pH or PO2 stimulates the carotid bodies to 
send signals to the respiratory control center to increase ventilation.

Aortic body
(peripheral 
 chemoreceptor)

PCO2 ↑
pH ↓

The aortic body is sensitive to changes in arterial PCO2 and pH. 
 Increased arterial PCO2 or a decrease in blood pH stimulates the 
 aortic body to send  signals to the respiratory control center to  increase 
breathing.

Muscle 
 mechanoreceptors

Muscle 
 contractile 
 activity ↑

Skeletal muscle contains several mechanoreceptors (e.g., muscle 
 spindle and Golgi tendon organ). Muscle contractile activity stimulates 
these receptors to send neural signals to the respiratory control center 
to increase breathing in direct proportion to the exercise intensity.

Muscle   
chemoreceptors
(also called muscle 
metaboreceptors)

pH ↓
Potassium ↑

Skeletal muscle contains chemoreceptors that are sensitive to chemical 
changes inside and around the muscle fibers. Exercise can decrease 
muscle pH and increase extracellular potassium concentration; this 
stimulates these chemoreceptors to send neural signals to the respira-
tory control center to increase breathing.
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neural input from higher brain centers (central com-
mand) to the respiratory control center (29). However, 
the fact that arterial PCO2 is tightly regulated during 
most types of submaximal exercise indicates that hu-
moral chemoreceptors and afferent neural feedback 
from working muscles act to  fine-tune breathing to 
match the metabolic rate and thus maintain a rather 
constant arterial PCO2 (13, 14, 27, 49, 74, 113). In-
deed, new evidence reveals that during submaximal 
exercise, 40% to 50% of the drive to breath comes from 
afferent neural signals sent from exercising muscle to 
higher brain centers (31). Therefore, ventilation dur-
ing exercise is regulated by several overlapping fac-
tors that provide redundancy to the control system.

During prolonged exercise in a hot environment, 
ventilation can be influenced by factors other than 
those discussed previously. For example, the drift up-
ward in V̇ E seen in Figure 10.22 may be due to a 
direct influence of rising blood temperature on the 
respiratory control center, and rising blood catechol-
amines (epinephrine and norepinephrine) stimulating 
the carotid bodies to increase V̇ E (88).

In summary, the increase in ventilation during 
submaximal exercise occurs due to an interaction of 
both neural and chemoreceptor input to the respira-
tory control center. Efferent neural mechanisms from 
higher brain centers (central command) provide the 
initial drive to breathe during exercise, with humoral 
chemoreceptors and neural feedback from working 
muscles providing a means of precisely matching ven-
tilation with the amount of CO2 produced via metab-
olism. This redundancy in control mechanisms is not 
surprising when one considers the important role that 
respiration plays in maintaining a steady state during 
exercise (48). A summary of respiratory control dur-
ing submaximal exercise appears in Figure 10.28.

Ventilatory Control during 
Heavy Exercise
Debate continues regarding the mechanism(s) responsi-
ble for the alinear rise in ventilation (ventilatory thresh-
old) that occurs at exercise intensities above the lactate 
threshold during an incremental exercise test. It appears 
that several factors contribute to this rise. First, exami-
nation of Figure 10.23 suggests that the alinear rise in 
V̇ E and the decrease in pH often occur simultaneously. 
Because rising hydrogen ion levels in blood can stimu-
late the carotid bodies and increase V̇ E, it is likely that 
the rise in blood lactate that occurs during incremental 
exercise is a key stimulus causing the alinear rise in 
V̇ E (i.e., ventilatory threshold). Based on this belief, it is 
common for researchers to estimate the lactate thresh-
old noninvasively by measuring ventilatory threshold  
(6, 18, 112, 114). Nonetheless, this technique is not per-
fect; the ventilatory threshold and the lactate threshold 
do not always occur at the same work rate (44, 78).

What additional factors, other than rising blood 
lactate, might cause the alinear rise in V̇ E observed 
during incremental exercise? The close relationship 
between blood potassium levels and ventilation dur-
ing heavy exercise has led several investigators to 
speculate that potassium is an important factor in 
controlling ventilation during heavy exercise (17, 
68, 75). Certainly, other secondary factors, such as 
rising body temperature and blood catecholamines, 
can also play a contributory role to the increasing 
V̇ E during heavy exercise. Further, it is likely that 
neural input to the respiratory control center influ-
ences the ventilatory pattern during incremental ex-
ercise. For example, as exercise intensity increases, 
motor unit recruitment may occur in a nonlinear 
fashion, and the associated efferent and afferent 
neural signals to the respiratory control center may 
 promote the alinear rise in V̇ E seen at the ventilatory 
 threshold (78).

To summarize, the rise in blood hydrogen ions 
observed at the lactate threshold can stimulate ven-
tilation and thus may be a key mechanism to explain 
the ventilatory threshold. However, secondary factors 
such as an increase in blood potassium levels, rising 
body temperature, elevated blood catecholamines, 
and afferent neural influences might also contrib-
ute to ventilatory control during heavy exercise (see  
A Closer Look 10.2).

Although many investigators, including Jerome 
Dempsey, H. V. Forster, Brian Whipp, and Karl Was-
serman, have all contributed to our understanding of 
the control of breathing during exercise, we highlight 
the career of Karl Wasserman for his important con-
tributions to the study of respiratory function during 
exercise (see Important People in Science).
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Figure 10.28 A summary of respiratory control during 
submaximal exercise. See text for details.
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A CLOSER LOOK 10.2

Training Reduces the Ventilatory Response to Exercise
Although exercise training does not al-
ter the structure of the lung, endurance 
training does promote a decrease in ven-
tilation during submaximal exercise at 
moderate-to-high-intensity work rates. 
For example, when comparisons are 
made at a fixed submaximal work rate, 
a training program can reduce exercise 
ventilation by 20% to 30% below pre-
training levels (20, 23) (see Fig. 10.29).

What is the mechanism to explain 
this training-induced reduction in ex-
ercise ventilation? A definitive answer 
is not known. However, this training 
effect is likely due to changes in the 
aerobic capacity of the locomotor skel-
etal muscles. These training- induced 
changes result in less production of 
H+ ions and probably less afferent 
feedback from the working muscles 
to stimulate breathing (20).
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Figure 10.29 Illustration of the effects of endurance training on ventilation 
during exercise.

DO THE LUNGS ADAPT TO 
EXERCISE TRAINING?
It is well known that the muscular–skeletal system 
and the cardiovascular system are actively engaged 
during muscular exercise and that both organ systems 
undergo adaptive changes in response to regular en-
durance exercise. In contrast, the lungs do not adapt 
to exercise. Indeed, the lungs in exercise trained indi-
viduals are not significantly different from the lungs 
in a sedentary individual (36, 62). More specifically, 
endurance exercise training (months to years) has no 
measurable effect on lung structure and pulmonary 
function (e.g., diffusion capacity) that will improve 
pulmonary gas exchange during exercise (36, 62). See 
McKenzie (2012) for a discussion of the evidence indi-
cating that the lungs do not adapt to exercise training.

If both the cardiovascular system and skeletal muscles 
adapt to exercise training, why is the adaptability of pul-
monary structures substantially less than these other links 
in the oxygen transport system? The answer is that the 
structural capacity of the normal lung is “overbuilt” and 
exceeds the demand for oxygen and carbon dioxide trans-
port in young adults during exercise (36). Therefore, in 
most individuals, adaptation of the lung to exercise train-
ing is not required for the lung to adequately perform the 
job of maintaining blood–gas homeostasis during exercise. 
However, one exception to this rule is the highly trained 
and elite endurance athlete. In a segment of these athletes, 

IN SUMMARY
 ■ The normal rhythm of breathing is generated 
by the interaction between separate respira-
tory rhythm centers located in the medulla 
oblongata and the pons. At rest, the breathing 
rhythm is dominated by pacemaker neurons in 
the preBötzinger Complex.

 ■ During exercise, the respiratory control center 
receives input from both neural and humoral 
sources.

 ■ Neural input to the respiratory control center 
can may come from higher brain centers and 
from receptors in the exercising muscle.

 ■ Humoral chemoreceptor input to the 
 respiratory control center comes from both 
central chemoreceptors and peripheral 
 chemoreceptors. The central chemoreceptors 
are sensitive to increases in PCO2 and decreases 
in pH. The peripheral chemoreceptors (carotid 
bodies are the most important) are  sensitive  
to increases in PCO2 and decreases in PO2  
or pH.

 ■ A primary drive to increase ventilation dur-
ing exercise comes from higher brain centers 
(central command). Importantly, humoral che-
moreceptors and neural feedback from working 
muscles act to fine-tune ventilation and play a 
significant role in controlling breathing during 
moderate intensity exercise.
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the inability of the lung to increase its gas exchange capa-
bilities in response to exercise training results in a failure 
of the pulmonary system to match the high requirement 
for oxygen transfer across the blood–gas barrier during 
maximal exercise. This failure results in a reduction in the 
arterial oxygen content (i.e., hypoxemia). The impact of 
exercise-induced hypoxemia in elite athletes on exercise 
performance is discussed in the next section.

DOES THE PULMONARY 
SYSTEM LIMIT MAXIMAL 
EXERCISE PERFORMANCE?
Although some controversy exists (12), the pulmonary 
system is not generally considered to be the limiting 
factor during prolonged submaximal exercise (19, 28, 
39, 45). Respiratory muscle failure can occur during cer-
tain disease states (e.g., obstructive lung disease), but re-
spiratory muscle fatigue is not thought to limit exercise 
in healthy humans exercising at low-to-moderate inten-
sity at sea level (28, 39). Indeed, the major muscle of 
inspiration, the diaphragm, is a highly oxidative muscle 
that resists fatigue (83, 89, 90). The best evidence that 
the lungs and respiratory muscles are performing well 
during prolonged submaximal exercise (e.g., 75% V̇ O2 
max) is the observation that arterial oxygen content 
does not decrease during this type of work (84).

Historically, it has not been believed that the pul-
monary system limits performance during high-intensity 

exercise at sea level (39, 45, 64). However, several stud-
ies question this idea. Indeed, growing evidence suggests 
that the pulmonary system may limit exercise perfor-
mance during high-intensity exercise (e.g., 95% to 100% 
V̇ O2 max) in trained and untrained healthy subjects. For 
example, reducing the work of the respiratory muscles 
(e.g., breathing a low-density helium/oxygen gas) during 
heavy exercise (90% V̇ O2 max) improves exercise per-
formance (63). Breathing this low-density gas decreases 
the work of breathing and increases the amount of air 
that can be moved in/out of the lung per minute during 
heavy exercise. This observation indicates that respira-
tory muscle fatigue may play a role in limiting human 
performance at extremely high work rates.

Further, additional research confirms that respi-
ratory muscle fatigue occurs during high-intensity 
exercise (e.g., ten minutes of exercise at 80% to 85% 
V̇ O2 max) (3). For details on the impact of the respi-
ratory system on exercise performance, see Ask the 
Expert  10.1. The pulmonary system may also limit 
performance during high-intensity exercise in the elite 
endurance athlete who exhibits exercise-induced hy-
poxemia. Recall that in approximately 40% to 50% of 
elite endurance athletes, arterial PO2 declines during 
heavy exercise to a level that negatively affects their 
ability to transport oxygen to the working muscles (92, 
96, 121) (Fig. 10.22). In these athletes, the pulmonary 
system cannot keep pace with the need for respiratory 
gas exchange at workloads near V̇ O2 max (30–31, 85, 
92, 93). This failure in pulmonary gas exchange may 
limit exercise performance in these subjects (92).

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Karl Wasserman—A Research Pioneer in Exercise and the Pulmonary System
Karl Wasserman 
was born in  Brooklyn, 
New York, and com-
pleted both his PhD 
and MD degrees at 
Tulane University. 
Dr. Wasserman be-
gan his post- doctoral 
research career at 
Stanford University 

working with the well-known pulmo-
nary physiologist, Dr. Julius Comroe. Dr. 
Wasserman was later recruited to UCLA, 
where he served as Division Chief in 
Pulmonary Medicine at Harbor-UCLA 
Medical Center for more than 30 years.

During his long and productive re-
search career, Professor Wasserman and 
colleagues made major contributions to 
our understanding of exercise metabo-

lism and how the lung functions during 
exercise. For example, Wasserman per-
formed important studies that carefully 
described the exercise-induced changes 
in pulmonary ventilation and arterial 
blood gases. Further, Dr. Wasserman per-
formed many of the early investigations 
of the lactate threshold (aka, anaerobic 
threshold). He also published key studies 
on the efficiency of muscular exercise.

Another important accomplishment 
of the Wasserman research group was 
the development of a computerized 
system to measure pulmonary gas ex-
change on a breath-by-breath basis. This 
vital research tool is now commercially 
available and is widely used by exer-
cise physiologists to measure breath-
by-breath changes in gas exchange 
during exercise. This  computerized 

system (often called a metabolic cart) 
allows the researcher or clinician to 
measure the both size of each breath 
and the amount of oxygen consumed 
in the body during a short period. One 
advantage of this breath-by-breath sys-
tem is that it allows investigators to 
measure rapid changes (i.e., seconds) in 
breathing and whole-body metabolism 
during exercise. Using this advanced 
system, Dr. Wasserman and colleagues 
performed many studies regarding the 
rapid changes in oxygen consumption 
at the beginning of exercise.

Dr. Wasserman’s research also 
added greatly to our understanding of 
how breathing is controlled during ex-
ercise. Clearly, Dr. Karl Wasserman was 
a pioneer in research involving exer-
cise and the cardiopulmonary system.

Courtesy of David 
Wasserman
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ASK THE EXPERT 10.1

The Pulmonary System and Exercise Performance Questions and Answers  
with Dr. Jerome Dempsey

Jerome Dempsey, Ph.D., 
a professor emeritus at the 
University of  Wisconsin–
Madison, is an internation-
ally known researcher in the 
field of pulmonary physiol-
ogy. A significant portion of 
Dr. Dempsey’s research has 
focused on respiratory gas 
exchange during exercise 
and the regulation of pul-

monary gas exchange during intense exercise. 
Without question, Dr. Dempsey’s research team 
has performed many of the “classic” studies 
that explore the mechanisms responsible for 
exercise-induced hypoxemia in elite athletes 
and the effects of exercise on respiratory mus-
cle function. Here, Dr. Dempsey answers ques-
tions related to the role that the pulmonary 
system plays in exercise performance.

question: Some investigators argue 
that “specific” training of the respi-
ratory muscles can improve both 
submaximal and maximal exercise 
performance. How strong is the evi-
dence to support these claims?

answer: Early research on respiratory 
muscle training claimed large and 
unrealistic effects on exercise per-
formance, but these studies did not 
include placebo controls. When exer-
cise performance is a major outcome 
variable under consideration, it must 
be recognized that this has a large 
volitional component. Therefore, it is 
essential that the placebo effect be in-
cluded in the experimental design; i.e., 
the athletes in both the experimental 
or control groups must have an “ex-
pectation” that their performance will 
improve as a result of the “treatment.” 
More recently, well-designed studies 
of respiratory muscle training have 
shown a small but significant 2% to 
3% improvement in time-trial perfor-
mance (>placebo group) as a result of 
several weeks of respiratory muscle 
training, using resistive inspiratory 
loading. So, if properly done, respira-
tory muscle training does indeed have 
a significant, although small, positive 
influence on endurance performance.

question: What are the potential 
mechanism(s) to explain why 

 respiratory muscle training im-
proves exercise performance?

answer: In the absence of direct evi-
dence on this question, we can offer 
the following possibilities. During 
heavy-intensity endurance exercise, 
as the respiratory muscles fatigue (see 
next) this initiates a metaboreflex 
from the fatiguing muscles, which in-
creases efferent sympathetic vasocon-
strictor activity, which in turn causes 
a redistribution of blood flow—i.e., 
reduced blood flow to the limb loco-
motor muscles and (presumably) in-
creased blood flow to the respiratory 
muscles. If respiratory muscle training 
delays the onset of respiratory muscle 
fatigue during endurance exercise, 
this will allow less vasoconstriction 
and therefore greater blood flow and 
O2 transport to the exercising limbs, 
thereby allowing exercise to be sus-
tained longer. We need to add here 
that highly fit endurance athletes 
who have not undergone specific re-
spiratory muscle training but who un-
dergo high levels of daily whole-body 
training also show better conditioned 
and less fatigable respiratory muscles.

question: Does whole-body endur-
ance exercise promote respiratory 
muscle fatigue?

answer: Yes, fatigue of both inspiratory 
and abdominal expiratory muscles 
has been demonstrated to result 
from heavy-intensity endurance ex-
ercise in humans of widely varying 
fitness levels. The method used to 
quantify this fatigue requires specific 
electric or magnetic supermaximal 
stimulation of the motor nerves in-
nervating the diaphragm or expira-
tory muscles and measurement of a 
significant reduction in force output 
of these muscles from pre- to post-ex-
ercise, with this fatigue lasting more 
than 30 to 60 minutes following the 
exercise. The exercise must be in ex-
cess of 80% to 85% of V̇ O2 max and be 
sustained for at least several (>10–15) 
minutes to the point of volitional 
exhaustion. It is also known that 
exercise-induced respiratory muscle 
fatigue is caused both by the amount 
of sustained work exerted by the 

 diaphragm (both force production 
and a high velocity of shortening) 
and because of the limited amount 
of blood flow available; i.e., the avail-
able total cardiac output must be 
shared by both the respiratory and 
limb muscles during heavy exercise.

question: What are the physiologic ef-
fects of respiratory muscle fatigue?

answer: These effects are revealed by 
the use of a special mechanical ven-
tilator that is capable of unloading 
the respiratory muscles and substan-
tially reducing the work of breathing 
during heavy exercise and thereby 
preventing diaphragm fatigue. Relief 
of a substantial amount of this high 
sustained level of respiratory muscle 
work reduces the rate of develop-
ment of limb muscle fatigue during 
whole-body exercise and significantly 
improves endurance exercise perfor-
mance. Preventing respiratory muscle 
fatigue does not result in an improve-
ment in ventilation or pulmonary gas 
exchange, apparently because there 
is sufficient reserve in the accessory 
respiratory muscles, and even in the 
primary inspiratory and expiratory 
muscles, to provide sufficient alveo-
lar ventilation in healthy subjects. 
Rather, the major effect of preventing 
exercise-induced respiratory muscle 
fatigue is more likely the prevention 
of the respiratory muscle metabore-
flex effects on increasing sympatheti-
cally mediated vasoconstriction and 
an improved vasodilation and blood 
flow to limb locomotor muscles (see 
earlier). Please note that these effects 
of reducing respiratory muscle work 
on alleviating the development of 
limb muscle fatigue and increasing 
exercise performance are present in 
normal healthy subjects exercising 
at sea level. These cardiovascular ef-
fects of exercise- induced respiratory 
muscle work are greatly enhanced 
under conditions of increased ventila-
tion during exercise, such as occurs 
in healthy subjects in the hypoxia of 
high altitude and to an even greater 
extent in patients with chronic heart 
failure exercising at relatively mild 
levels at sea level.

Courtesy 
of Jerome 
Dempsey
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STUDY ACTIVITIES
 1. What is the primary function of the pulmonary system? 

What secondary functions does it serve?
 2. List and discuss the major anatomical components of 

the respiratory system.
 3. What muscle groups are involved in ventilation during 

rest? During exercise?
 4. What is the functional significance of the ventilation-

perfusion ratio? How would a high V/Q ratio affect gas 
exchange in the lung?

 5. Discuss those factors that influence the rate of diffusion 
across the blood–gas interface in the lung.

 6. Graph the relationship between hemoglobin–O2 saturation 
and the partial pressure of O2 in the blood. What is the func-
tional significance of the shape of the O2– hemoglobin dis-
sociation curve? What factors affect the shape of the curve?

 7. Discuss the modes of transportation for CO2 in the 
blood.

 8. Graph the ventilatory response in the transition from 
rest to constant-load submaximal exercise. What hap-
pens to ventilation if the exercise is prolonged and per-
formed in a hot/humid environment? Why?

 9. Graph the ventilatory response to incremental exercise. 
Label the ventilatory threshold. What factor(s) might 
explain the ventilatory threshold?

 10. List and identify the functions of the chemoreceptors 
that contribute to the control of breathing.

 11. What neural afferents might also contribute to the reg-
ulation of ventilation during exercise?

 12. Discuss the control of ventilation during exercise.

SUGGESTED READINGS
Del Giacco, S., D. Firinu, L. Bjermer, and K. Carlsen. Exercise 

and asthma: an overview. European Clinical Respiratory 
Journal. 2:27984, 2015.

Dempsey, J. and C. Smith. Pathophysiology of human venti-
latory control. European Respiratory Journal. 44:495–512, 
2014.

Emtner, M. and K. Wadell. Effects of exercise training in pa-
tients with chronic obstructive pulmonary disease-a nar-
rative review for FYSS. British Journal of Sports Medicine. 
doi: 10.1136/bjsports-2015-095872, 2016.

Fox, S. Human Physiology. New York, NY: McGraw-Hill Com-
panies, 2016.

Garvey, C, M. Bayles, L. Hamm, K. Hill, A. Holland,  
T.  Limberg, and M. Spruit. Pulmonary rehabilitation ex-
ercise prescription in chronic obstructive pulmonary 

disease: Review and selected guidelines: An official state-
ment from the American Association of Cardiovascular 
and Pulmonary Rehabilitation. Journal of Cardiopulmonary 
Rehabilitation Prevention. 36:75–83, 2016.

McKenzie, D.C. Respiratory physiology: adaptations to high 
level exercise. British Journal of Sports Medicine. 46: 381–
384, 2012.

Sheel, A. W., P. Dominelli, and Y. Mogat-Seon. Revisiting dy-
anapsis: sex-based differences in airways and the mechan-
ics of breathing during exercise. Experimental Physiology. 
101:213–218, 2016.

West, J. and A. Luks. Respiratory Physiology—The Essentials. 
Philadelphia, PA: Lippincott Williams & Wilkins, 2015.

Widmaier, E., H. Raff, and K. Strang. Vander’s Human Physiol-
ogy. New York, NY: McGraw-Hill Companies, 2016.

REFERENCES
 1. Allen CJ and Jones NL. Rate of change of alveolar 

carbon dioxide and the control of ventilation during ex-
ercise. Journal of Physiology 355: 1–9, 1984.

 2. Asmussen E. Control of ventilation in exercise. In: Exer-
cise and Sport Science Reviews, edited by Terjung R. Phila-
delphia, PA: Franklin Press, 1983.

 3. Babcock MA, Pegelow DF, Harms CA, and 
Dempsey JA. Effects of respiratory muscle unloading 
on exercise-induced diaphragm fatigue. Journal of Applied 
Physiology 93: 201–206, 2002.

 4. Band DM, Wolff CB, Ward J, Cochrane GM, and Prior 
J. Respiratory oscillations in arterial carbon  dioxide tension 
as a control signal in exercise. Nature 283: 84–85, 1980.

 5. Banzett RB, Coleridge HM, and Coleridge JC. I. 
 Pulmonary-CO2 ventilatory reflex in dogs:  effective range 
of CO2 and results of vagal cooling. Respiration Physiology 
34: 121–134, 1978.

 6. Beaver WL, Wasserman K, and Whipp BJ. A 
new method for detecting anaerobic threshold by gas 

e xchange. Journal of Applied Physiology 60: 2020–2027, 
1986.

 7. Bellissimo N, Thomas SG, Goode RC, and  Anderson 
GH. Effect of short-duration physical  activity and venti-
lation threshold on subjective appetite and short-term 
energy intake in boys. Appetite 49: 644–651, 2007.

 8. Bennett FM and Fordyce WE. Characteristics of 
the ventilatory exercise stimulus. Respiration Physiol-
ogy 59: 55–63, 1985.

 9. Bennett FM, Tallman RD, Jr., and Grodins FS. 
Role of VCO2 in control of breathing of awake exercising 
dogs. Journal of Applied Physiology 56: 1335–1339, 1984.

 10. Bisgard GE, Forster HV, Mesina J, and Sarazin RG.  
Role of the carotid body in hyperpnea of moderate 
exercise in goats. Journal of Applied Physiology 52: 
1216–1222, 1982.

 11. Boon JK, Kuhlmann WD, and Fedde MR. Control of 
respiration in the chicken: effects of venous CO2 loading. 
Respiration Physiology 39: 169–181, 1980.

IN SUMMARY
 ■ The pulmonary system does not limit exercise 
performance in healthy, young subjects during 
prolonged submaximal exercise (e.g., work rates 
90% V̇ O2 max).

 ■ In contrast to submaximal exercise, new  evidence 
indicates that the respiratory  system (i.e., respira-
tory muscle fatigue) may be a  limiting factor in ex-
ercise performance at work rates >90% V̇ O2 max. 
Further, incomplete  pulmonary gas exchange may 
occur in some elite endurance athletes and limit 
exercise  performance at high exercise intensities.

pow70456_ch10_224-255.indd   252 01/16/17   9:37 PM



  Chapter Ten Respiration during Exercise 253

 12. Boutellier U and Piwko P. The respiratory system as 
an exercise limiting factor in normal sedentary subjects. 
European Journal of Applied Physiology 64: 145–152, 1992.

 13. Brice AG, Forster HV, Pan LG, Funahashi A, 
 Hoffman MD, Murphy CL, and Lowry TF. Is the 
hyperpnea of muscular contractions critically depen-
dent on spinal afferents? Journal of Applied Physiology 
64: 226–233, 1988.

 14. Brice AG, Forster HV, Pan LG, Funahashi A, Lowry 
TF, Murphy CL, and Hoffman MD.  Ventilatory and 
PaCO2 responses to voluntary and electrically induced leg 
exercise. Journal of Applied Physiology 64: 218–225, 1988.

 15. Brown DR, Forster HV, Pan LG, Brice AG, 
 Murphy CL, Lowry TF, Gutting SM, Funahashi A,  
Hoffman M, and Powers S. Ventilatory response of 
spinal cord-lesioned subjects to electrically induced ex-
ercise. Journal of Applied Physiology 68: 2312–2321, 1990.

 16. Brown HV, Wasserman K, and Whipp BJ. Effect 
of beta-adrenergic blockade during exercise on venti-
lation and gas exchange. Journal of Applied Physiology 
41: 886–892, 1976.

 17. Busse MW, Maassen N, and Konrad H. Relation 
between plasma K+ and ventilation during incremen-
tal exercise after glycogen depletion and repletion in 
man. Journal of Physiology 443: 469–476, 1991.

 18. Caiozzo VJ, Davis JA, Ellis JF, Azus JL, Vandagriff R, 
Prietto CA, and McMaster WC. A comparison of gas 
exchange indices used to detect the anaerobic threshold. 
Journal of Applied Physiology 53: 1184–1189, 1982.

 19. Capen RL, Hanson WL, Latham LP, Dawson CA, 
and Wagner WW, Jr. Distribution of pulmonary 
capillary transit times in recruited networks. Journal 
of Applied Physiology 69: 473–478, 1990.

 20. Casaburi R, Storer TW, and Wasserman K. Me-
diation of reduced ventilatory response to exercise 
after endurance training. Journal of Applied Physiology 
63: 1533–1538, 1987.

 21. Casaburi R, Whipp BJ, Wasserman K, Beaver 
WL, and Koyal SN. Ventilatory and gas exchange 
dynamics in response to sinusoidal work. Journal of 
Applied Physiology 42: 300–301, 1977.

 22. Casaburi R, Whipp BJ, Wasserman K, and 
Stremel RW. Ventilatory control characteristics of 
the exercise hyperpnea as discerned from dynamic 
forcing techniques. Chest 73: 280–283, 1978.

 23. Clanton TL, Dixon GF, Drake J, and Gadek JE. 
Effects of swim training on lung volumes and inspira-
tory muscle conditioning. Journal of Applied Physiology 
62: 39–46, 1987.

 24. Coleridge H and Coleridge J. Airway axon  reflexes—
where now? News in Physiological Sciences 10: 91–96, 1995.

 25. Davidson AC, Auyeung V, Luff R, Holland M, 
Hodgkiss A, and Weinman J. Prolonged benefit in 
post-polio syndrome from comprehensive rehabilitation: a 
pilot study. Disability and Rehabilitation 31: 309–317, 2009.

 26. Del Giacco, S., D. Firinu, L. Bjermer, and K. Carlsen. 
Exercise and asthma: an overview. European Clinical Respi-
ratory Journal 2:27984, 2015.

 27. Dempsey J, Blain G, and Amann M. Are type II–IV 
afferents required for a normal steady-state exercise hyper-
pnea in humans? Journal of Physiology 592: 463–474, 2014.

 28. Dempsey J, Aaron E, and Martin B. Pulmonary 
function during prolonged exercise. In: Perspectives in 
Exercise and Sports Medicine: Prolonged Exercise, edited 
by Lamb D, and Murray R. Indianapolis, IN: Bench-
mark Press, 1988, p. 75–119.

 29. Dempsey J, Forster H, and Ainsworth D. Regula-
tion of hyperpnea, hyperventilation, and respiratory 
muscle recruitment during exercise. In: Regulation 

of Breathing, edited by Pack A, and Dempsey J. New 
York, NY: Marcel Dekker, 1994, p. 1034–1065.

 30. Dempsey J, Hanson P, Pegelow D, Claremont 
A, and Rankin J. Limitations to exercise capacity 
and endurance: pulmonary system. Canadian Journal of 
 Applied Sport Sciences 7: 4–13, 1982.

 31. Dempsey, J., G. Blain, and M. Amann. Are the 
type III-IV muscle afferents required for normal 
steady-state exercise hyperpnoea in humans. Journal 
of Physiology 592:463–474, 2014.

 32. Dempsey J and C Smith. Pathophysiology of 
 human ventilatory control. European Respiratory 
 Journal 44:495–512, 2014.

 33. Dempsey JA and Fregosi RF. Adaptability of the 
pulmonary system to changing metabolic requirements. 
American Journal of Cardiology 55: 59D–67D, 1985.

 34. Dempsey JA, McKenzie DC, Haverkamp HC, 
and Eldridge MW. Update in the understanding of 
respiratory limitations to exercise performance in fit, 
active adults. Chest 134: 613–622, 2008.

 35. Dempsey JA, Mitchell GS, and Smith CA. Exer-
cise and chemoreception. American Review of Respira-
tory Disease 129: S31–34, 1984.

 36. Dempsey JA, Sheel AW, Haverkamp HC, Bab-
cock MA, and Harms CA. [The John Sutton Lecture: 
CSEP, 2002]. Pulmonary system limitations to exer-
cise in health. Canadian Journal of Applied Physiology 
28 Suppl: S2–24, 2003.

 37. Dempsey JA, Vidruk EH, and Mitchell GS. Pul-
monary control systems in exercise: update. Federation 
Proceedings 44: 2260–2270, 1985.

 38. Dodd S, Powers S, O’Malley N, Brooks E, and 
Sommers H. Effects of beta-adrenergic blockade on 
ventilation and gas exchange during the rest to work 
transition. Aviation, Space, and Environmental Medicine 
59: 255–258, 1988.

 39. Dodd SL, Powers SK, Thompson D, Landry G, 
and Lawler J. Exercise performance following in-
tense, short-term ventilatory work. International Jour-
nal of Sports Medicine 10: 48–52, 1989.

 40. Domino KB, Eisenstein BL, Cheney FW, and 
Hlastala MP. Pulmonary blood flow and ventilation-
perfusion heterogeneity. Journal of Applied Physiology 
71: 252–258, 1991.

 41. Dominelli, P., J. Render, Y. molgat-Seon, G. Foster, 
L. Romer, and A. Sheel. Oxygen cost of exercise hyper-
pnoea is greater in women compared with men. Journal of 
Physiology 593: 1965–1979, 2015.

 42. Emtner M and K Wadell. Effects of exercise train-
ing in patients with chronic obstructive pulmonary 
disease-a narrative review for FYSS. British Journal of 
Sports Medicine. doi:10.1136/bjsports-2015-095872, 
2016.

 43. Eldridge FL, Millhorn DE, and Waldrop TG. Exer-
cise hyperpnea and locomotion: parallel activation from 
the hypothalamus. Science 211: 844–846, 1981.

 44. England P. The effect of acute thermal dehydration on 
blood lactate accumulation during incremental exercise. 
Journal of Sports Sciences 2: 105–111, 1985.

 45. Fairbarn MS, Coutts KC, Pardy RL, and 
 McKenzie DC. Improved respiratory muscle en-
durance of highly trained cyclists and the effects on 
maximal exercise performance. International Journal of 
Sports Medicine 12: 66–70, 1991.

 46. Favier R, Desplanches D, Frutoso J, 
 Grandmontagne M, and Flandrois R. Ventila-
tory and circulatory transients during exercise: new 
 arguments for a neurohumoral theory. Journal of 
 Applied Physiology 54: 647–653, 1983.

pow70456_ch10_224-255.indd   253 01/16/17   9:37 PM



254 Section One Physiology of Exercise

 47. Feldman JL and Del Negro CA. Looking for inspira-
tion: new perspectives on respiratory rhythm. Nature Re-
views Neuroscience 7: 232–242, 2006.

 48. Forster H and Pan L. Exercise hyperpnea: characteris-
tics and control. In: The Lung: Scientific Foundations, edited 
by Crystal R, and West J. New York, NY: Raven Press, 
1991, p. 1553–1564.

 49. Forster HV and Smith CA. Contributions of central and 
peripheral chemoreceptors to the ventilatory response to 
CO2/H+. Journal of Applied Physiology 108: 989–994, 2010.

 50. Garvey, C., M. Bayles, L. Hamm, K. Hill, A.  Holland, 
T. Limberg, and M. Spruit. Pulmonary rehabilitation 
exercise prescription in chronic obstructive pulmonary 
disease: Review and selected guidelines: An official state-
ment from the American Association of Cardiovascular 
and Pulmonary Rehabilitation. Journal of Cardiopulmonary 
Rehabilitation Prevention. 36:75–83, 2016.

 51. Green JF and Schmidt ND. Mechanism of hyper-
pnea induced by changes in pulmonary blood flow.  
Journal of Applied Physiology 56: 1418–1422, 1984.

 52. Green JF and Sheldon MI. Ventilatory changes asso-
ciated with changes in pulmonary blood flow in dogs. 
Journal of Applied Physiology 54: 997–1002, 1983.

 53. Grucza R, Miyamoto Y, and Nakazono Y. Kinetics 
of cardiorespiratory response to dynamic and rhythmic-
static exercise in men. European Journal of Applied Physiol-
ogy 61: 230–236, 1990.

 54. Guenette JA and Sheel AW. Exercise-induced arterial 
hypoxaemia in active young women. Applied Physiology, 
Nutrition, and Metabolism 32: 1263–1273, 2007.

 55. Hagberg JM, Coyle EF, Carroll JE, Miller JM, Martin 
WH, and Brooke MH. Exercise hyperventilation in pa-
tients with McArdle’s disease. Journal of Applied Physiology 
52: 991–994, 1982.

 56. Hammond MD, Gale GE, Kapitan KS, Ries A, and 
Wagner PD. Pulmonary gas exchange in humans dur-
ing exercise at sea level. Journal of Applied Physiology 60: 
1590–1598, 1986.

 57. Hansen JE, Ulubay G, Chow BF, Sun XG, and Was-
serman K. Mixed-expired and end-tidal CO2  distinguish 
between ventilation and perfusion defects during exer-
cise testing in patients with lung and heart diseases. Chest 
132: 977–983, 2007.

 58. Harms CA, McClaran SR, Nickele GA, Pegelow 
DF, Nelson WB, and Dempsey JA. Effect of exercise-
induced arterial O2 desaturation on V̇ O2 max in women. 
Medicine & Science in Sports & Exercise 32: 1101–1108, 2000.

 59. Harms CA, McClaran SR, Nickele GA, Pegelow DF, 
Nelson WB, and Dempsey JA. Exercise- induced arte-
rial hypoxaemia in healthy young women. The Journal of 
Physiology 507 ( Pt 2): 619–628, 1998.

 60. Hawgood S and Shiffer K. Structures and properties of 
the surfactant-associated proteins. Annual Review of Physi-
ology 53: 375–394, 1991.

 61. Hopkins SR, Barker RC, Brutsaert TD, Gavin TP, 
Entin P, Olfert IM, Veisel S, and Wagner PD. Pul-
monary gas exchange during exercise in women: effects 
of exercise type and work increment. Journal of Applied 
Physiology 89: 721–730, 2000.

 62. Hopkins SR and Harms CA. Gender and pulmonary 
gas exchange during exercise. Exercise and Sport Sciences 
Reviews 32: 50–56, 2004.

 63. Johnson BD, Aaron EA, Babcock MA, and 
Dempsey  JA. Respiratory muscle fatigue during exer-
cise: implications for performance. Medicine & Science in 
Sports & Exercise 28: 1129–1137, 1996.

 64. Johnson BD and Dempsey JA. Demand vs. capacity 
in the aging pulmonary system. Exercise and Sport Sciences 
Reviews 19: 171–210, 1991.

 65. Kao F. An experimental study of the pathways involved 
in exercise hyperpnea employing cross- circulation tech-
niques. In: The Regulation of Human Respiration, edited by 
Cunningham D. Oxford: Blackwell, 1963.

 66. Kavazis AN, DeRuisseau KC, McClung JM, 
Whidden MA, Falk DJ, Smuder AJ, Sugiura T, 
and Powers SK. Diaphragmatic proteasome function 
is maintained in the ageing Fisher 344 rat. Experimen-
tal Physiology 92: 895–901, 2007.

 67. Levitzky M. Pulmonary Physiology. New York, NY: 
 McGraw-Hill 2007.

 68. Lindinger MI and Sjogaard G. Potassium regula-
tion during exercise and recovery. Sports Medicine 11: 
382–401, 1991.

 69. Lumb AB. Nunn’s Applied Respiratory Physiology.  Oxford: 
Butterworth-Heinemann, 2010.

 70. Mairbaurl H, Schobersberger W, Hasibeder W, 
Schwaberger G, Gaesser G, and Tanaka KR. Regulation 
of red cell 2,3-DPG and Hb-O2-affinity during acute exercise. 
European Journal of Applied Physiology 55: 174–180, 1986.

 71. McParland C, Mink J, and Gallagher CG. Respira-
tory adaptations to dead space loading during maxi-
mal incremental exercise. Journal of Applied Physiology 
70: 55–62, 1991.

 72. Moreira A, Delgado L, and Carlsen KH. Exercise-in-
duced asthma: why is it so frequent in Olympic athletes? 
Expert Review of Respiratory Medicine 5: 1–3, 2011.

 73. Nielsen H. Arterial desaturation during exercise in man: 
implications for O2 uptake and work capacity. Scandinavian 
Journal of Medicine in Science and Sports 13: 339–358, 2003.

 74. Pan LG, Forster HV, Wurster RD, Brice AG, and 
Lowry TF. Effect of multiple denervations on the exer-
cise hyperpnea in awake ponies. Journal of Applied Physiol-
ogy 79: 302–311, 1995.

 75. Paterson DJ. Potassium and ventilation in exercise.  
Journal of Applied Physiology 72: 811–820, 1992.

 76. Paulev PE, Mussell MJ, Miyamoto Y, Nakazono Y, 
and Sugawara T. Modeling of alveolar carbon dioxide 
oscillations with or without exercise. The Japanese Journal 
of Physiology 40: 893–905, 1990.

 77. Powers S. Ventilatory threshold, running economy, and 
distance running performance. Research Quarterly for Ex-
ercise and Sport 54: 179–182, 1983.

 78. Powers S and Beadle R. Onset of hyperventilation dur-
ing incremental exercise: a brief review. Research Quar-
terly for Exercise and Sport 56: 352–360, 1985.

 79. Powers SK and Beadle RE. Control of ventilation dur-
ing submaximal exercise: a brief review. Journal of Sports 
Sciences 3: 51–65, 1985.

 80. Powers SK, Beadle RE, Thompson D, and Lawler 
J. Ventilatory and blood gas dynamics at onset and off-
set of exercise in the pony. Journal of Applied Physiol-
ogy 62: 141–148, 1987.

 81. Powers SK, Coombes J, and Demirel H. Exercise 
training-induced changes in respiratory muscles. Sports 
Medicine 24: 120–131, 1997.

 82. Powers SK and Criswell D. Adaptive strategies of re-
spiratory muscles in response to endurance exercise. Med-
icine & Science in Sports & Exercise 28: 1115–1122, 1996.

 83. Powers SK, Criswell D, Lawler J, Martin D, Ji LL, 
Herb RA, and Dudley G. Regional training-induced 
alterations in diaphragmatic oxidative and antioxidant en-
zymes. Respiration Physiology 95: 227–237, 1994.

 84. Powers SK, Dodd S, Criswell DD, Lawler J,  Martin 
D, and Grinton S. Evidence for an  alveolar-arterial PO2 
gradient threshold during incremental exercise. Interna-
tional Journal of Sports Medicine 12: 313–318, 1991.

 85. Powers SK, Dodd S, Lawler J, Landry G,  Kirtley 
M, McKnight T, and Grinton S. Incidence of 

pow70456_ch10_224-255.indd   254 01/16/17   9:37 PM



  Chapter Ten Respiration during Exercise 255

exercise- induced hypoxemia in elite endurance ath-
letes at sea level. European Journal of Applied Physiol-
ogy 58: 298–302, 1988.

 86. Powers SK, Dodd S, Woodyard J, Beadle RE, and 
Church G. Haemoglobin saturation during incremen-
tal arm and leg exercise. British Journal of Sports Medi-
cine 18: 212–216, 1984.

 87. Powers SK, Dodd S, Woodyard J, and Mangum M. 
Caffeine alters ventilatory and gas exchange kinetics dur-
ing exercise. Medicine & Science in Sports & Exercise 18: 
101–106, 1986.

 88. Powers SK, Howley ET, and Cox R. Ventilatory 
and metabolic reactions to heat stress during pro-
longed exercise. The Journal of Sports Medicine and 
Physical Fitness 22: 32–36, 1982.

 89. Powers SK, Lawler J, Criswell D, Dodd S, Grinton 
S, Bagby G, and Silverman H. Endurance-training-
induced cellular adaptations in respiratory muscles. 
Journal of Applied Physiology 68: 2114–2118, 1990.

 90. Powers SK, Lawler J, Criswell D, Lieu FK, and 
Martin D. Aging and respiratory muscle metabolic 
plasticity: effects of endurance training. Journal of 
 Applied Physiology 72: 1068–1073, 1992.

 91. Powers SK, Lawler J, Criswell D, Silverman H, 
Forster HV, Grinton S, and Harkins D. Regional 
metabolic differences in the rat diaphragm. Journal of 
Applied Physiology 69: 648–650, 1990.

 92. Powers SK, Lawler J, Dempsey JA, Dodd S, and 
Landry G. Effects of incomplete pulmonary gas ex-
change on V̇ O2 max. Journal of Applied Physiology 66: 
2491–2495, 1989.

 93. Powers SK, Martin D, Cicale M, Collop N, Huang 
D, and Criswell D. Exercise-induced hypoxemia in 
athletes: role of inadequate hyperventilation. European 
 Journal of Applied Physiology 65: 37–42, 1992.

 94. Powers SK and Shanely RA. Exercise-induced changes 
in diaphragmatic bioenergetic and antioxidant capacity. 
Exercise and Sport Sciences Reviews 30: 69–74, 2002.

 95. Powers SK, Stewart MK, and Landry G. Ventilatory 
and gas exchange dynamics in response to head-down tilt 
with and without venous occlusion. Aviation, Space, and 
Environmental Medicine 59: 239–245, 1988.

 96. Powers SK, and Williams J. Exercise-induced  hypoxemia 
in highly trained athletes. Sports Medicine 4: 46–53, 1987.

 97. Ramonatxo M, Mercier J, Cohendy R, and Pre-
faut C. Effect of resistive loads on pattern of respira-
tory muscle recruitment during exercise. Journal of 
Applied Physiology 71: 1941–1948, 1991.

 98. Sheel, A. W., P. Dominelli, and Y. Mogat-Seon. 
Revisiting dyanapsis: sex-based differences in airways 
and the mechanics of breathing during exercise. 
 Experimental Physiology. 101:213–218, 2016.

 99. Spodaryk K and Zoladz JA. The 2,3-DPG levels of 
human red blood cells during an incremental exercise 
test: relationship to the blood acid-base balance. Physi-
ological Research 47: 17–22, 1998.

 100. St John WM and Paton JF. Role of pontile mecha-
nisms in the neurogenesis of eupnea. Respiratory Phys-
iology & Neurobiology 143: 321–332, 2004.

 101. Stamenovic D. Micromechanical foundations of pulmo-
nary elasticity. Physiological Reviews 70: 1117–1134, 1990.

 102. Stringer W, Casaburi R, and Wasserman K. Acid-
base regulation during exercise and recovery in hu-
mans. Journal of Applied Physiology 72: 954–961, 1992.

 103. Suzuki S, Suzuki J, and Okubo T. Expiratory 
muscle fatigue in normal subjects. Journal of Applied 
Physiology 70: 2632–2639, 1991.

 104. Tibes U. Reflex inputs to the cardiovascular and respira-
tory centers from dynamically working canine muscles. 

Some evidence for involvement of group III or IV nerve 
fibers. Circulation Research 41: 332–341, 1977.

 105. Trenchard D, Russell NJ, and Raybould HE. Non-
myelinated vagal lung receptors and their reflex effects on 
respiration in rabbits. Respiration Physiology 55: 63–79, 1984.

 106. Vincent HK, Powers SK, Demirel HA, Coombes 
JS, and Naito H. Exercise training protects against 
 contraction-induced lipid peroxidation in the diaphragm. 
European Journal of Applied Physiology and Occupational 
Physiology 79: 268–273, 1999.

 107. Vincent HK, Powers SK, Stewart DJ, Demirel HA, 
Shanely RA, and Naito H. Short-term exercise training 
improves diaphragm antioxidant capacity and endurance. 
European Journal of Applied Physiology 81: 67–74, 2000.

 108. Vincent HK, Shanely RA, Stewart DJ, Demirel HA, 
Hamilton KL, Ray AD, Michlin C, Farkas GA, and 
Powers SK. Adaptation of upper airway muscles to 
chronic endurance exercise. American Journal of Respira-
tory and Critical Care Medicine 166: 287–293, 2002.

 109. Virkki A, Polo O, Gyllenberg M, and Aittokallio T. 
Can carotid body perfusion act as a respiratory controller? 
Journal of Theoretical Biology 249: 737–748, 2007.

 110. Walker DJ, Walterspacher S, Schlager D, Ertl T, 
Roecker K, Windisch W, and Kabitz HJ. Character-
istics of diaphragmatic fatigue during exhaustive exercise 
until task failure. Respiratory Physiology & Neurobiology 
176: 14–20, 2011.

 111. Warren GL, Cureton KJ, Middendorf WF, Ray CA, 
and Warren JA. Red blood cell pulmonary capillary 
transit time during exercise in athletes. Medicine & Science 
in Sports & Exercise 23: 1353–1361, 1991.

 112. Wasserman K. The anaerobic threshold measurement 
to evaluate exercise performance. American Review of Re-
spiratory Disease 129: S35–40, 1984.

 113. Wasserman K. CO2 flow to the lungs and ventila-
tory control. In: Muscular Exercise and the Lung, edited 
by Dempsey J, and Reed C. Madison, WI: University of 
Wisconsin Press, 1977.

 114. Wasserman K, Whipp BJ, Koyl SN, and Beaver WL. 
Anaerobic threshold and respiratory gas exchange during 
exercise. Journal of Applied Physiology 35: 236–243, 1973.

 115. Weissman ML, Jones PW, Oren A, Lamarra N, 
Whipp  BJ, and Wasserman K. Cardiac output in-
crease and gas exchange at start of exercise. Journal of 
Applied Physiology 52: 236–244, 1982.

 116. West J. Pulmonary Pathophysiology. Philadelphia, PA: Lip-
pincott Williams & Wilkins, 2012.

 117. West J and Wagner P. Ventilation-perfusion rela-
tionships. In: The Lung: Scientific Foundations, edited 
by Crystal R, and West J. New York, NY: Raven Press, 
1991, p. 1289–1305.

 118. West JB and A. Luks. Respiratory Physiology: The Es-
sentials. Philadelphia, PA: Wolters Kluwer/Lippincott Wil-
liams & Wilkins, 2015.

 119. Wetter TJ, Xiang Z, Sonetti DA, Haverkamp HC, 
Rice AJ, Abbasi AA, Meyer KC, and Dempsey JA. 
Role of lung inflammatory mediators as a cause of exer-
cise-induced arterial hypoxemia in young athletes. Journal 
of Applied Physiology 93: 116–126, 2002.

 120. Whipp BJ and Ward SA. Physiological determinants of 
pulmonary gas exchange kinetics during exercise. Medi-
cine & Science in Sports & Exercise 22: 62–71, 1990.

 121. Williams JH, Powers SK, and Stuart MK. Hemoglo-
bin desaturation in highly trained athletes during heavy 
exercise. Medicine & Science in Sports & Exercise 18: 168–
173, 1986.

 122. Yamamoto WS and Edwards MW, Jr. Homeostasis 
of carbon dioxide during intravenous infusion of carbon 
dioxide. Journal of Applied Physiology 15: 807–818, 1960.

pow70456_ch10_224-255.indd   255 01/16/17   9:37 PM



256

 ■ Key Terms

acid
acidosis
alkalosis
base
buffer
hydrogen ion
ion
pH
respiratory compensation
strong acids
strong bases

Acids, Bases, and pH 257

Hydrogen Ion Production 
during Exercise 258

Importance of Acid-Base 
Regulation during Exercise 260

Acid-Base Buffer Systems 260
Intracellular Buffers 260
Influence of Muscle Fiber 

Type and Exercise  Training 
on Intracellular Buffer 
 Capacity 261

Extracellular Buffers 261

Respiratory Influence on  
Acid-Base Balance 262

Regulation of Acid-Base Balance 
via the Kidneys 264

Regulation of Acid-Base Balance 
during Exercise 265

 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

1. Define the terms acid, base, and pH.

2. Discuss the principal ways that hydrogen ions 
are produced during exercise.

3. Discuss the importance of acid-base regulation 
to exercise performance.

4. List the principal intracellular and extracellular 
buffers.

5. Explain the role of respiration in the regulation 
of acid-base status during exercise.

6. Outline the interaction between intracellular/
extracellular buffers and the respiratory system 
in acid-base regulation during exercise.

Acid-Base Balance  
during Exercise

11
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An ion is any atom that is missing electrons or has 
gained electrons. A hydrogen ion is formed by the 

loss of the electron; molecules that release  hydrogen 
ions are called acids. Substances that readily combine 
with hydrogen ions are termed bases. In physiology, 
the concentration of hydrogen ions in body fluids is 
expressed in pH units. The pH of body fluids must be 
regulated (i.e., normal arterial blood pH = 7.40 ± .02) 
in order to maintain homeostasis. This regulation of 
the pH of body fluids is important because changes 
in hydrogen ion concentrations can alter the rates of 
enzyme-controlled metabolic reactions and modify nu-
merous other normal body functions. Therefore, acid-
base balance is primarily concerned with the regulation 
of hydrogen ion concentrations. High-intensity exer-
cise can present a serious challenge to hydrogen ion 
control systems due to hydrogen ion production, and 
hydrogen ions may limit performance in some types of 
intense activities (7, 14, 16, 20, 40). Therefore, given 
the potential detrimental influence of hydrogen ion ac-
cumulation on exercise performance, it is important to 
have an understanding of acid-base regulation.

ACIDS, BASES, AND pH
In biological systems, one of the simplest but most 
important ions is the hydrogen ion. The concentra-
tion of hydrogen ions influences the rates of chemical 
reactions, the shape and function of enzymes as well 
as other cellular proteins, and the integrity of the cell 
itself (10, 46).

An acid is defined as a molecule that releases 
hydrogen ions and thus can raise the hydrogen ion 
concentration of a solution above that of pure water. 
In contrast, a base is a molecule that is capable of 
combining with hydrogen ions, which would lower 
the hydrogen ion concentration of the solution.

Acids that give up hydrogen ions (ionize) more 
completely are called strong acids. For example, sul-
furic acid is produced by the metabolism of sulfur-
containing amino acids (e.g., cysteine) and is a strong 
acid. At normal body pH, sulfuric acid liberates almost 
all of its hydrogen ions and therefore elevates the hy-
drogen ion concentration of the body.

Bases that ionize more completely are defined 
as strong bases. The bicarbonate ion HCO3 is an 
example of a biologically important strong base. Bi-
carbonate ions are found in relatively large concentra-
tions in the body. Importantly, bicarbonate ions are 
capable of combining with hydrogen ions to form a 
weak acid called carbonic acid. The role of HCO3 in 
the regulation of acid-base balance during exercise 
will be discussed later in the chapter.

As stated earlier, the concentration of hydrogen 
ions is expressed in pH units on a scale that runs from 
0 to 14. Solutions that contain pH values below 7 are 

acidic, whereas pH values above 7 are basic. The pH of 
a solution is defined as the negative logarithm of the hy-
drogen ion concentration (H+). Recall that a logarithm 
is the exponent that indicates the power to which one 
number must be raised to obtain another number. For 
instance, the logarithm of 100 to the base 10 is 2. Thus, 
the definition of pH can be written mathematically as:

pH = –log10 [H+]

As an example, if the [H+] = 40 nM (0.000000040 M),  
then the pH would be 7.40. A solution is considered 
neutral in terms of acid-base status if the concentra-
tion of H+ and hydroxyl ions (OH−) are equal. This is 
the case for pure water, in which the concentrations 
for both H+ and OH− are 0.00000010 M. Thus, the pH 
of pure water is:

pH (pure water) = –log10 [H+]
 = 7.0

Figure 11.1 illustrates the pH scale and highlights 
that the normal pH of arterial blood is 7.4. Note that 
as the hydrogen ion concentration increases, pH de-
clines and the acidity of the blood increases, resulting 
in a condition termed acidosis. Conversely, as the 
hydrogen ion concentration decreases, pH increases 
and the solution becomes more basic (alkalotic). This 
condition is termed alkalosis. Conditions leading to 
acidosis or alkalosis are summarized in Figure 11.2.

Again, the normal arterial pH is 7.4, and in healthy 
people, this value varies less than 0.05 pH unit (42). 
Failure to maintain acid-base homeostasis in the body 
can have serious consequences. Indeed, even small 
changes in blood pH can have negative effects on 
the function of organ systems. In particular, acidosis 
can cause dysfunction of both the central nervous 
system and the cardiovascular system. For example, 
acidosis can lead to mental confusion and a feeling 
of fatigue. Further, both increases and decreases in 
arterial pH can promote abnormal electrical activity 
in the heart, resulting in  rhythm disturbances, and 
arterial pH values below 7.0 and above 7.8 can have 
lethal consequences (12, 42). Numerous disease states 
can result in acid-base disturbances in the body and 
are introduced in Clinical Applications 11.1.

pH of Arterial Blood

Normal pH

7.4

Survival range

7.87.0

AlkalosisAcidosis

Figure 11.1 The pH scale. If the pH of arterial blood drops 
below the normal value of 7.4, the resulting  condition 
is termed acidosis. In contrast, if the pH  increases 
above 7.4, blood alkalosis occurs.
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258 Section One Physiology of Exercise

HYDROGEN ION 
PRODUCTION DURING 
EXERCISE
Much debate exists regarding the primary sites of 
hydrogen ion production during exercise (3, 18, 28).  
Nonetheless, it is clear that high-intensity exer-
cise results in a marked decrease in both muscle 
and blood pH. Current evidence indicates that the 
exercise-induced decrease in muscle pH is due  
to multiple factors. Three important contributors  
to exercise-induced muscle acidosis are outlined 
here (11, 25):

 1. Exercise-induced production of carbon 
dioxide and carbonic acid in the working 
skeletal muscles. Carbon dioxide, an end prod-
uct in the oxidation of carbohydrates, fats, and 
proteins, is regarded as an acid by virtue of its 
ability to react with water to form carbonic acid 
(H2CO3), which in turn dissociates to form H+ and 
bicarbonate (HCO3):

 CO2 + H2O ⟷ H+ + HCO3

Because CO2 is a gas and can be eliminated by 
the lungs, it is often referred to as a volatile acid. 
 During the course of a day, the body produces 
large amounts of CO2 due to normal metabolism. 
During exercise, metabolic production of CO2 in-
creases and therefore adds a “volatile acid” load on 
the body.

CLINICAL APPLICATIONS 11.1

Conditions and Diseases That Promote Metabolic Acidosis or Alkalosis
As mentioned previously, failure 
to maintain acid-base homeostasis 
in the body can have serious con-
sequences and can lead to dysfunc-
tion of essential organs. Indeed, even 
relatively small changes in arterial 
pH (i.e., 0.1–0.2 pH units) can have 
a significant negative affect on organ 
function (12).

Metabolic acidosis occurs due to 
a gain in the amount of acid in the 
body. A  number of conditions and 
disease states can promote meta-
bolic acidosis. For example, long-term 

 starvation (i.e., several days without 
food) can result in metabolic acido-
sis due to the production of ketoacids 
in the body as a by-product of high 
levels of fat metabolism. In extreme 
circumstances, the type of metabolic 
acidosis can result in death.

Diabetes is a common metabolic 
disease that promotes metabolic 
acidosis. Uncontrolled diabetes can 
 result in a form of metabolic acidosis 
called diabetic ketoacidosis. Similar 
to  starvation-induced acidosis, this 
form of acidosis is also due to the 

 overproduction of ketoacids due to 
high levels of fat metabolism. World-
wide, numerous deaths occur each year 
from this form of acidosis (12, 42).

Metabolic alkalosis results from a 
loss of acids from the body. Condi-
tions leading to metabolic alkalosis 
include severe vomiting and diseases 
such as kidney disorders that result 
in a loss of acids (12, 42). In both of 
these circumstances, the loss of acids 
results in an overabundance of bases 
in the body, leading to metabolic 
 alkalosis.

7.4pH scale

Alkalosis

Decrease concentration of H+

Acidosis

Increase concentration of H+

Accumulation
of acids

Loss of
bases

Loss of
acids

pH drops

pH rises

Accumulation
of bases

Figure 11.2 Acidosis results from an accumulation of 
acids or a loss of bases. Alkalosis results from a loss of 
acids or an accumulation of bases.

IN SUMMARY
 ■ Acids are defined as molecules that release 
 hydrogen ions, which increases the hydrogen 
ion concentration of an aqueous solution  
(e.g., body fluids).

 ■ Bases are molecules that are capable of  combining 
with hydrogen ions; this results in a lower hydro-
gen ion concentration and an  increase in pH.

 ■ The concentration of hydrogen ions in a 
 solution is quantified by pH units. The pH of a 
solution is defined as the negative logarithm of 
the hydrogen ion concentration:

pH = –log10 [H+]
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 2. Exercise-induced production of lactic acid 
in the working muscle. Although controversy 
exists, it is likely that production of lactic acid 
(lactate) in the muscle during heavy exercise is a 
key factor that causes the decrease in muscle  
pH (3, 28).

 3. Exercise-induced ATP breakdown in the 
working muscles. The breakdown of ATP 
for energy during muscle contraction results 
in the release of H+ ions (36). For example, 
the breakdown of ATP results in the following 
reaction:

ATP + H2O → ADP + HPO4 + H+

Therefore, the breakdown of ATP alone during 
exercise can be an important source of H+ ions 
in contracting muscles.

To summarize, debate exists about the primary 
causes of exercise-induced acidosis. Nonetheless, it is 
clear that contracting muscles can produce H+ from 
several sites; therefore, the cause of exercise-induced 
acidosis is likely due to the production of H+ ions 
from several different sources. Figure 11.3 provides 
a summary of the three major metabolic processes 
that serve as primary sources of hydrogen ions in 
working skeletal muscle. A discussion of which sports 
or exercise activities pose the greatest risk of acid-
base disturbances is contained in A Closer Look 11.1. 
 Table 11.1 provides an estimate of the risk of develop-
ing acidosis in several popular sports.

A CLOSER LOOK 11.1

Sport and Exercise-Induced Disturbances in Muscle Acid-Base Balance
What types of sports or exercise pro-
mote acid-base disturbances in skel-
etal muscle? In general, any sport 
or exercise activity requiring high-
intensity muscular contractions that 
persist for 45 seconds or longer can 
produce significant amounts of hy-
drogen ions, resulting in a decrease 
in muscle and blood pH. Table 11.1 
provides a list of popular sports and 
the risk of developing muscle acid-
base disturbances in each sport. 
Note that the risk of acid-base dis-
turbances is classified as being high, 
moderate, or low. For sports clas-
sified in the low-to-moderate risk 
category (e.g., soccer), the risk of 

muscle acid-base disturbance is of-
ten connected to effort of the com-
petitor. That is, an aggressive athlete 
that is constantly playing at 100% 
effort is more likely to develop an 
acid-base imbalance compared to the 
athlete that plays at “half speed” dur-
ing the game. Also, note that track 
and field races like the 5,000- and 
10,000- meter runs are listed as mod-
erate and low to moderate risks for 
acid-base disturbances, respectively. 
In these types of track races, athletes 
generally produce small amounts of 
hydrogen ions during most of the 
race, but a sustained sprint to the 
finish during the last lap of these 

events could result in production of 
relatively large amounts of hydrogen 
ions and, therefore, result in acid-
base disturbances in the muscle and 
blood.

Because acid-base disturbances 
can contribute to muscle fatigue and 
limit exercise performance, it is not 
surprising that scientists have inves-
tigated the possibility that increasing 
the buffering capacity of the blood 
results in improved exercise perfor-
mance. One approach to this problem 
is to ingest large quantities of a buffer 
prior to exercise. A discussion of this 
topic can be found in The Winning 
Edge 11.1.

Hydrogen ions (H+)

Carbonic acid Lactate

Aerobic metabolism
of glucose

Anaerobic metabolism
(glycolysis) of glucose

ATP breakdown and
release of H+

Figure 11.3 Primary sources of hydrogen ions in contract-
ing skeletal muscles.

IN SUMMARY
 ■ High-intensity exercise results in a marked de-
crease in both muscle and blood pH.

 ■ This exercise-induced decrease in muscle pH is 
due to multiple factors, including (1) increased 
production of carbon dioxide; (2) increased pro-
duction of lactic acid; and (3) the release of H+ 
ions during the breakdown of ATP.

 ■ Only sporting events that involve high- 
intensity exercise present a threat to acid- 
base disturbances during exercise (see  
Table 11.1).
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IMPORTANCE OF ACID-
BASE REGULATION DURING 
EXERCISE
As discussed earlier, high-intensity exercise results 
in the production of large amounts of hydrogen ions. 
These hydrogen ions can exert a powerful effect on 
other molecules by interacting with molecules and 
thus altering their shape and function (14, 16, 33, 41).  
For example, high levels of hydrogen ions can alter the 
function of enzymes by decreasing their activity; this 
could have a negative effect on normal metabolism.

How can changes in muscle pH affect exercise 
performance? An increase in the intramuscular hy-
drogen ion concentration can impair exercise perfor-
mance in at least two ways. First, an increase in the 
hydrogen ion concentration reduces the muscle cell’s 
ability to produce ATP by inhibiting key enzymes 
involved in both anaerobic (glycolysis) and aerobic 
production of ATP (14, 19). Second, hydrogen ions 
compete with calcium ions for binding sites on tropo-
nin, thereby hindering the contractile process (14, 45).  
This is discussed again in Chap. 19.

ACID-BASE BUFFER 
SYSTEMS
From the preceding discussion, it is clear that a rapid 
accumulation of hydrogen ions during intense exer-
cise can negatively influence muscular performance. 
Therefore, it is important that the body has control 
systems capable of regulating acid-base status to pre-
vent drastic decreases or increases in pH. One of the 
most important means of regulating hydrogen ion 
concentrations in body fluids is by the aid of buffers. 
A buffer resists pH change by removing hydrogen 
ions when the hydrogen ion concentration increases, 
and releasing hydrogen ions when the hydrogen ion 
concentration falls.

Buffers often consist of a weak acid and its associ-
ated base (called a conjugate base). The ability of indi-
vidual buffers to resist pH change is dependent upon 
two factors. First, individual buffers differ in their in-
trinsic physiochemical ability to act as buffers. Simply 
stated, some buffers are better than others. A second 
factor influencing buffering capacity is the concentra-
tion of the buffer present (22, 39). The greater the 
concentration of a particular buffer, the more effec-
tive the buffer can be in preventing pH change.

Intracellular Buffers
The first line of defense in protecting against exercise-
induced decreases in pH resides within the muscle fiber 
itself. Indeed, muscle fibers can protect against the ac-
cumulation of hydrogen ions and a decrease in cellular 
pH in two different ways. First, muscle fibers contain 
numerous classes of chemical buffers that can eliminate 
hydrogen ions. Second, the muscle fiber membrane 
(sarcolemma) contains two major types of hydrogen 
ion transporters that carry hydrogen ions from inside 
the muscle fiber into the interstitial space. Let’s discuss 
each of these buffering systems in more detail.

Four major classes of intracellular chemical buf-
fer systems exist in the cytosol of muscle fibers:  
(1) bicarbonate, (2) phosphates, (3) cellular proteins, 
and (4) histidine-dipeptides (primarily carnosine)  
(1, 25, 39). The presence of bicarbonate in skeletal 
muscle fibers is a useful buffer during exercise (4, 16). 
Further, several phosphate-containing compounds 
also serve as intracellular buffers in skeletal muscle 
fibers, and phosphate buffers are of particular impor-
tance at the beginning of exercise (22). Numerous 
 cellular proteins contain the amino acid histidine, 
which possesses an ionizable group that can accept 
(i.e., buffer) hydrogen ions. This combination of a 
 hydrogen ion with this cellular protein results in the 
formation of a weak acid, which protects against a 
decrease in cellular pH. Finally, muscle fibers also 
contain  several histidine-dipeptides (dipeptides are 

TABLE 11.1 Risk of Developing an Acid-Base 
Disturbance in Popular Sports

 
Sport

Risk of Acid-Base 
 Disturbance

Baseball Low
Basketball Low-to-moderate
Boxing Low-to-moderate
Cross-country skiing Low
Football (American) Low
100-meter sprint Low
100-meter swim High
400-meter run High
800-meter run High
1,500-meter run Moderate-to-high
5,000-meter run Moderate
10,000-meter run Low-to-moderate
Marathon run Low
Soccer Low-to-moderate
Weight lifting (low repetitions) Low
Volleyball Low

IN SUMMARY
 ■ Hydrogen ions can interact with molecules and 
alter their original size and function.

 ■ Failure to maintain acid-base homeostasis dur-
ing exercise can impair performance by inhib-
iting metabolic pathways responsible for the 
production of ATP or by interfering with the 
contractile process in the working muscle.
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two linked amino acids) that are capable of buffering 
hydrogen ions. One of the major histidine-dipeptides 
found in skeletal muscle is carnosine, and growing ev-
idence indicates that carnosine is an important  buffer 
in muscle fibers. Collectively, these four intracellular 
chemical buffer systems work as unit to provide pro-
tection against decreases in muscle pH during intense 
exercise. A summary of these buffer systems is pro-
vided in Table 11.2.

Muscle pH homeostasis is also regulated by the 
transport of hydrogen ions from muscle fibers into the 
interstitial space; these hydrogen ions are then buffered 
by extracellular fluid and blood buffer systems. Two 
primary transporters that move hydrogen ions across 
the sarcolemma are the sodium-hydrogen exchanger 
(NHE) and monocarboxlate transporters (MCTs). The 
NHE moves sodium ions into the muscle and hydro-
gen ions out of the muscle into the interstitial space 
(Fig. 11.4). Specifically, this transporter moves one hy-
drogen ion out the cell in exchange for one sodium 
ion. The second hydrogen ion transporter is the MCT. 
Human skeletal muscles contain two different MCTs 
that are labeled as MCT1 and MCT4. Both of these 
molecules mediate a one-to-one co-transport of lactate 

and hydrogen ions out of the muscle fiber. In other 
words, these MCTs carry one lactate molecule and one 
hydrogen ion across the sarcolemma. Research reveals 
that these transporters are important in regulating 
muscle pH during high-intensity exercise.

Influence of Muscle Fiber Type and 
Exercise Training on Intracellular  
Buffer Capacity
As discussed in the previous section, muscle fibers can 
protect against the accumulation of hydrogen ions and 
a decrease in cellular pH in two different ways: (1) intra-
cellular buffers and (2) hydrogen ion transporters that 
move hydrogen ions from inside the muscle fiber into 
the interstitial space. Studies reveal that, compared to 
slow (i.e., type I) muscle fibers, the intracellular buffer-
ing capacity is higher in fast (i.e., type II) muscle fibers 
(1). Obviously, this higher buffer capacity in fast fibers is 
advantageous for performance during high-intensity ex-
ercise because fast muscle fibers produce high levels of 
both lactate and hydrogen ions during intense exercise.

Several studies show that high-intensity exercise 
training improves muscle buffer capacity in both un-
trained and trained individuals (8, 15). The precise 
mechanism(s) to explain exercise training-induced 
improvements in muscle buffer capacity remains a 
topic of debate. Nonetheless, training has been shown 
to increase the intracellular content of both carno-
sine and hydrogen ion transporters (i.e., MCT) in 
muscle fibers (8, 15). Therefore, it seems likely that 
a  training-induced improvement in muscle buffer ca-
pacity is due to increases in both carnosine and hy-
drogen ion transporters in skeletal muscle.

Extracellular Buffers
The blood contains three principal buffer systems 
(4,  12, 16, 25): (1) proteins, (2) hemoglobin, and  
(3) bicarbonate. Blood proteins act as buffers in the 

TABLE 11.2 Chemical Acid-Base Buffer Systems

Buffer Constituents Actions

Bicarbonate Bicarbonate 
(HCO3)

Converts strong 
acid into weak acid

Phosphates Phosphates 
(HPO4)

Converts strong 
acid into weak acid

Proteins Proteins 
 containing 
 histidine groups

Accepts hydrogens

Histidine-
dipeptides

Primary 
 component is 
carnosine

Accepts hydrogens

Figure 11.4 Illustration of the two important hydrogen ion (H+) transporters in skeletal muscle fibers. The sodium-
hydrogen exchanger (NHE) moves one sodium (Na+) molecule into the fiber in exchange for transporting one H+ out-
ward. The monocarboxlate transporters (MCTs) co-transport one lactate molecule and one H+ out of the muscle fiber.

MCTNHE

Lactate

Lactate
Lactate

Lactate

Lactate

Lactate
Lactate

H+
H+

H+

H+H+
H+

H+

H+

Na+

Na+

H+

Skeletal muscle

Interstitial space
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262 Section One Physiology of Exercise

extracellular compartment. Like intracellular proteins, 
these blood proteins contain ionizable groups that are 
weak acids and therefore act as buffers. However, be-
cause blood proteins are found in small quantities, their 
usefulness as buffers during heavy exercise is limited.

In contrast, hemoglobin is a particularly impor-
tant protein buffer and is a major blood buffer during 
resting conditions. In fact, hemoglobin has approx-
imately six times the buffering capacity of plasma 
proteins due to its high concentration (12, 25). Also 
contributing to the effectiveness of hemoglobin as a 
buffer is the fact that deoxygenated hemoglobin is a 
better buffer than oxygenated hemoglobin. As a re-
sult, after hemoglobin becomes deoxygenated in the 
capillaries, it is better able to bind to hydrogen ions 
formed when CO2 enters the blood from the tissues. 
Thus, hemoglobin helps to minimize pH changes 
caused by loading of CO2 into the blood (12).

The bicarbonate buffer system is probably the 
most important buffer system in the body (4, 25). This 
fact has been exploited by some investigators who 
have demonstrated that an increase in blood bicarbon-
ate concentration (ingestion of bicarbonate) results in 
an improvement in performance in some types of ex-
ercise (4, 7, 20, 26) (see The Winning Edge 11.1).

The bicarbonate buffer system involves carbonic 
acid (H2CO3), which undergoes the following dissocia-
tion reaction to form bicarbonate (HCO3):

CO2 + H2O ⟷ H2CO3 ⟷ H+ + HCO3

The ability of bicarbonate (HCO3) and carbonic acid 
(H2CO3) to act as a buffer system is described math-
ematically by a relationship known as the Henderson-
Hasselbalch equation:

pH = pKa + log10  (  
HCO3 ____________________ H2CO3

  )  

where pKa is the dissociation constant for H2CO3 
and  has a constant value of 6.1. In short, the 
 Henderson-Hasselbalch equation states that the pH of 
a weak acid solution is determined by the ratio of the 
concentration of base (i.e., bicarbonate, HCO3) in solu-
tion to the concentration of acid (i.e., carbonic acid). 
The normal pH of arterial blood is 7.4, and the ratio of 
bicarbonate to carbonic acid is 20 to 1.

Let’s consider an example using the Henderson-
Hasselbalch equation to calculate arterial blood pH. 
Normally the concentration of blood bicarbonate is 
24  mEq/l and the concentration of carbonic acid is 
1.2 mEq/l. Note that mEq/l is an abbreviation for milli-
equivalent per liter, which is a measure of concentration. 
Therefore, the blood pH can be calculated as follows:

 pH = pKa + log10  (   24 _________ 1.2   )  
 = 6.1 + log10 20
 = 6.1 + 1.3
 pH = 7.4

Although the traditional view of acid-base chemistry 
has considered the levels of bicarbonate and hydrogen 
ions as two primary determinants of pH, new ideas were 
advanced in the early 1980s that exposed the complex-
ity of regulating pH balance in the body. These new 
concepts were launched by Peter Stewart and are in-
troduced in A Look Back—Important People in Science.

RESPIRATORY INFLUENCE ON 
ACID-BASE BALANCE
The fact that the respiratory system contributes to 
acid-base balance during exercise was introduced in 
Chap. 10. However, more details about how the respi-
ratory system contributes to the control of pH will be 
presented here. Recall that CO2 is considered a vola-
tile acid because it can be readily changed from CO2 
to carbonic acid (H2CO3). Also, remember that it is the 
partial pressure of CO2 in the blood that determines 
the concentration of carbonic acid. For example, ac-
cording to Henry’s law, the concentration of a gas in 
solution is directly proportional to its partial pressure. 
That is, as the partial pressure increases, the concen-
tration of the gas in solution increases, and vice versa.

Because CO2 is a gas, it can be eliminated by the 
lungs. Therefore, the respiratory system is an  important 
regulator of blood carbonic acid and pH. To better 
 understand the role of the lungs in acid-base balance, 
let’s reexamine the carbonic acid dissociation equation:

 CO2 +H2O ↔ H2CO3 ↔ H+ + HCO3

This relationship demonstrates that when the 
amount of CO2 in the blood increases, the amount 
of H2CO3 increases, which lowers pH by elevating 
the acid concentration of the blood (i.e., the reaction 
moves to the right). In contrast, when the CO2 con-
tent of the blood is lowered (i.e., CO2 is eliminated 
by the lungs), the pH of the blood increases because 

IN SUMMARY
 ■ The body maintains acid-base homeostasis 
by buffer-control systems. A buffer resists pH 
change by removing hydrogen ions when the 
pH declines and by releasing hydrogen ions 
when the pH increases.

 ■ The principal intracellular buffers are proteins, 
phosphates, bicarbonates, and histidine-dipep-
tides (i.e., carnosine).

 ■ Muscle fibers possess two important hydrogen 
ion transporters that carry hydrogen ions from 
inside the muscle fiber into the interstitial 
space: (1) sodium/hydrogen exchanger and  
(2) monocarboxlate transporters.

 ■ Primary extracellular buffers include bicarbon-
ates, hemoglobin, and blood proteins.
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THE WINNING EDGE 11.1

Exercise Physiology Applied to Sports

Nutritional Supplements to Buffer 
Exercise-Induced Acid-Base 
Disturbances and Improve Performance
Because intramuscular acidosis is asso-
ciated with muscle fatigue, numerous 
studies have explored nutritional sup-
plements to increase buffering capacity 
in hopes of improving athletic perfor-
mance during high-intensity exercise. 
Indeed, it appears that supplements 
including sodium bicarbonate, sodium 
citrate, and beta-alanine have the po-
tential to improve buffering capacity 
and enhance exercise performance dur-
ing, high-intensity exercise. Let’s discuss 
these supplement strategies to improve 
muscle buffering capacity in more detail.

Sodium bicarbonate. Bicarbonate is 
a buffer that plays an important role in 
maintaining both extracellular and intra-
cellular pH, despite its inability to freely 
cross the muscle membrane (i.e., sarco-
lemma). Although controversy exists 
(2), many studies conclude that perfor-
mance during high-intensity exercise is 
improved when athletes ingest sodium 
bicarbonate prior to exercise (6, 7, 26, 
30–32, 34, 37, 40). Specifically, results 
from numerous studies reveal that boost-
ing the blood-buffering capacity by in-
gestion of sodium bicarbonate increases 
time to exhaustion during high-intensity 
exercise (e.g., 80% to 120% V̇ O2 max). For 
example, a recent survey of the scientific 
literature reveals that sodium bicarbon-
ate is effective in improving a 60-second 
“all out” exercise bout by approximately 
2% (5). Further, laboratory studies em-
ploying repeated bouts of high-intensity 
exercise (i.e., >100% V̇ O2 max) have re-
ported that ingestion of sodium bicar-
bonate prior to exercise can enhance 
performance by more than 8% (18). In 
addition to these laboratory studies, evi-
dence exists that sodium bicarbonate is 
also beneficial to sport performance in 
activities where the metabolic demands 
are primarily anaerobic, such as judo, 
swimming, and water polo (18).

It appears that sodium bicarbonate 
improves physical performance by 
increasing the extracellular buffering 
capacity, which, in turn, increases the 
transport of hydrogen ions out of the 
muscle fibers (38). This would reduce 
the interference of hydrogen ions on 

muscle ATP production and/or the 
contractile process itself.

In deciding whether to use sodium 
bicarbonate prior to a sporting event, 
an athlete should understand the 
risks associated with this decision. 
Ingestion of sodium bicarbonate in 
the doses required to improve blood-
buffering capacity can cause gastroin-
testinal problems, including diarrhea 
and vomiting (7, 37).

Sodium Citrate. Similar to sodium 
bicarbonate, sodium citrate is another 
agent capable of increasing extracellu-
lar buffering capacity (18). The question 
of whether ingestion of sodium citrate 
can improve exercise performance dur-
ing high-intensity exercise remains 
controversial because experimental 
results are often inconsistent. Nonethe-
less, a review of the research literature 
suggests that although low doses of 
sodium citrate does not improve per-
formance, ingestion of high doses of so-
dium citrate (i.e., >0.5 grams/kilogram 
body weight) improves performance 
during high-intensity cycling exercise 
lasting 120 to 240 seconds (18).

Unfortunately, similar to sodium bi-
carbonate, ingestion of high doses of so-
dium citrate can produce undesired side 
effects such as nausea, gastrointestinal 
discomfort, and headaches. Therefore, 
before deciding whether to use sodium 
citrate prior to competition, athletes 
should consider the negative side effects 
associated with the use of sodium citrate.

Beta-alanine. Recent evidence 
suggests that supplementation with 
beta-alanine can play a beneficial 
role in protecting against exercise-
induced acidosis and improve perfor-
mance during short, high-intensity 
exercise (39). Beta-alanine is a non-
essential amino acid produced in the 
liver, gut, and kidney. However, fast-
ing blood levels of beta-alanine are 
low indicating that endogenous syn-
thesis of this amino is limited.

The link between beta-alanine and 
protection against acidosis is linked 
to the fact that beta-alanine is an im-
portant precursor for the synthesis 
of carnosine in skeletal muscle. As 
discussed in the text, carnosine is a 

small molecule (dipeptide) found in 
the cytoplasm of excitable cells (i.e., 
neurons, skeletal and cardiac muscle 
fibers) (18). Carnosine has several 
important physiological functions 
including the ability to buffer hydro-
gen ions and protect against exercise-
induced decreases in cellular pH (18).

The availability of beta-alanine is the 
rate limiting factor for carnosine syn-
thesis in muscle fibers. However, sup-
plementation (2 to 3 grams/day) with 
beta-alanine for >2 weeks results in a 
60% to 80% increase in muscle carnosine 
levels. Importantly, this increase in mus-
cle carnosine levels is associated with 
a 3% to 5% increase in muscle buffer-
ing capacity (18). Theoretically, this in-
crease in intracellular buffering capacity 
could translate into improvements in 
performance during high-intensity ex-
ercise. In this regard, growing evidence 
suggests that beta-alanine supplemen-
tation improves high-intensity exercise 
performance in both running and cy-
cling events lasting 1 to 4 minutes (18). 
Interestingly, some of these studies 
have recorded performance improve-
ments of 12% to 14% (18).

The only known side effect of 
beta-alanine supplementation is par-
aesthesia (tingling of the skin); this 
sensation begins within 20 minutes 
after ingestion and lasts up to 60 
minutes (18). Although harmless, par-
aesthesia is unpleasant and, several 
investigations have reported that par-
aesthesia can be avoided by stagger-
ing dosing throughout the day (18).

Final words of caution on use of 
“supplement buffers” to improve 
exercise performance. Regardless of 
the type of buffer ingested, extremely 
large doses of any buffer can result in se-
vere alkalosis and pose negative health 
consequences. Another important con-
sideration in the use of any ergogenic 
aid is the legality of the drug. In regard 
to the use of acid-base buffers, some 
sports regulatory agencies have banned 
the use of sodium buffers during com-
petition. See Sahlin (2014) and Junior 
et al. (2015) in Suggested Readings for 
detailed information about the possible 
ergogenic effects of sodium bicarbon-
ate, sodium citrate, and beta-alanine.
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less acid is present (reaction moves to the left). There-
fore, the respiratory system provides the body with 
a rapid means of regulating blood pH by controlling 
the amount of CO2 present in the blood (17, 27, 44).

REGULATION OF ACID-BASE 
BALANCE VIA THE KIDNEYS
Because the kidneys do not play an important part in 
acid-base regulation during short-term exercise, only 
a brief overview of the kidney’s role in acid-base bal-
ance will be presented here. The principal means by 
which the kidneys regulate hydrogen ion concentra-
tion is by increasing or decreasing the bicarbonate 

concentration (9–11, 23). When the pH decreases (hy-
drogen ion concentration increases) in body fluids, 
the kidney responds by reducing the rate of bicarbon-
ate excretion. This results in an increase in the blood 
bicarbonate concentration, which assists in buffering 
the increase in hydrogen ions. Conversely, when the 
pH of body fluids rises (hydrogen ion concentration 
decreases), the kidneys increase the rate of bicarbon-
ate excretion. Therefore, by changing the amount of 
buffer present in body fluids, the kidneys aid in the 
regulation of the hydrogen ion concentration. The 
kidney mechanism involved in regulating the bicar-
bonate concentration is located in a portion of the 
kidney called the tubule, and acts through a series of 
complicated reactions and active transport across the 
tubular wall.

Why is the kidney not an important regulator 
of acid-base balance during exercise? The answer lies 
in the amount of time required for the kidney to 
respond to an acid-base disturbance. It takes several 
hours for the kidneys to react effectively in response 
to an increase in blood hydrogen ions (10, 46). There-
fore, the kidneys respond too slowly to be of major 
benefit in the regulation of hydrogen ion concentra-
tion during exercise.

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Peter Stewart Challenged Acid-Base Research by Proposing the Concept  
of  “Strong Ion Difference”
Peter Stewart (1921–1993) was born 
and raised in Winnipeg, Canada.  
He earned both his Master’s and 
Ph.D. degrees from the University of 
 Minnesota. During a long and pro-
ductive research career, Dr. Stewart 
served on the faculty of the Univer-
sity of Illinois, Emory University, and 
Brown University.

In the 1970s, Dr. Stewart devel-
oped a strong interest in acid-base 
regulation and started to mathemati-
cally analyze the variables involved 
in controlling the pH of body fluids. 
In 1981, he challenged the tradi-
tional concepts of acid-base control 
by publishing his book titled How 
to Understand Acid-Base Balance—A 
Quantitative Acid-Base Primer for Biol-
ogy and  Medicine. This book quickly 
stirred both controversy and debate 
among researchers in acid-base bal-
ance. A brief synopsis of this contro-
versy follows. Historically, it has been 

believed that the balance between 
the levels of hydrogen ions and bi-
carbonate ions determines the pH of 
body fluids. Dr.  Stewart challenged 
this concept and argued that hydro-
gen ions and bicarbonate ions are not 
the independent variables that con-
trol acid-base. Instead, he suggested 
that these variables are dependent 
variables that are regulated by other 
factors, including the strong ion dif-
ference,* carbon dioxide levels, and 
the amount of weak and nonvolatile 
acids in body fluids. So, does this 
mean that calculating pH using the 
Henderson-Hasselbalch equation is 
of no value? The short answer to this 
question is no. However, Dr.  Stewart’s 
work demonstrates that the factors 
that regulate acid-base balance in 
the body are probably more complex 
than originally believed.

Although some physiologists have 
accepted the science supporting  

Dr. Stewart’s proposal of how acid-
base balance is maintained, criticism 
of his concept of strong ion differ-
ence remains. A concern with the 
strong ion balance concept of acid-
base control is the complexity of the 
chemistry and mathematics behind 
this model. Moreover, in practice, it 
is often difficult to measure all the 
variables required to calculate pH us-
ing Dr. Stewart’s strong ion difference 
method. Therefore, in the foresee-
able future, the traditional approach 
to acid-base balance seems certain to 
prevail.

*In Dr. Stewart’s terminology, the strong ion 
difference is defined as the contrast between 
the number of strong cations (e.g., sodium, 
 potassium, and calcium) and strong anions (e.g., 
chloride and lactate) in body fluids (21). You 
can visit acidbase.org for Stewart’s original text. 
A new edition of Stewart’s Textbook of Clini-
cal Acid-Base Medicine was recently published 
and is cited in the references at the end of this 
chapter (Kellum and Elbers, 2009) (21).

IN SUMMARY
 ■ Respiratory control of acid-base balance 
 involves the regulation of blood PCO2.

 ■ An increase in blood PCO2 lowers pH, whereas 
a decrease in blood PCO2 increases pH.

 ■ Increased pulmonary ventilation can re-
move CO2 from the body and thus eliminate 
 hydrogen ions and increase pH.
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REGULATION OF ACID-BASE 
BALANCE DURING EXERCISE
During the final stages of an incremental exercise 
test or during near-maximal exercise of short dura-
tion, there is a decrease in both muscle and blood 
pH primarily due to the increase in the production 
of hydrogen ions by the muscle (13, 29). This point is 
illustrated in Figure 11.5, where the changes in blood 
and muscle pH during an incremental exercise test 
are graphed as a function of exercise (i.e., % V̇ O2 max). 
 Notice that muscle and blood pH follow similar trends 
during this type of exercise, but that muscle pH is 
always 0.4 to 0.6 pH unit lower than blood pH. This 
ocurrs because muscle hydrogen ion  concentration is 
higher than that of blood, and muscle buffering capac-
ity is lower than that of blood.

The amount of hydrogen ions produced during 
exercise is dependent on (1) the exercise intensity, 
(2) the amount of muscle mass involved, and (3) the 
duration of the exercise (13). Exercise involving high-
intensity leg work (e.g., running) may reduce arterial 

pH from 7.4 to a value of 7.0 within a few minutes 
(13, 27, 35, 43). Further, repeated bouts of this type 
of exercise can cause blood pH to decline even fur-
ther to a value of 6.8 (13). This level of blood pH is 
the lowest ever recorded and would present a life-
threatening situation if it were not corrected within 
a few minutes.

How does the body regulate acid-base balance 
during exercise? Because working muscles are the 
primary source of hydrogen ions during exercise, it 
is logical that the first line of defense against a rise 
in acid production resides in the individual muscle 
fibers. It is estimated that intracellular proteins and 
histidine dipeptides (i.e., carnosine) contribute as 
much as 60% of the cell’s buffering capacity, with an 
additional 20% to 30% of the total buffering capacity 
coming from muscle bicarbonate (25). The final 10% 
to 20% of muscle buffering capacity comes from intra-
cellular phosphate groups.

Because the muscle’s buffering capacity is lim-
ited, extracellular fluid (principally the blood) must 
possess a means of buffering hydrogen ions as well. 
Therefore, the blood buffering systems become the 
second line of defense against exercise-induced aci-
dosis. The principal extracellular buffer is blood bi-
carbonate (25, 39). Hemoglobin and blood proteins 
assist in this buffer process, but play only a minor role 
in blood buffering of hydrogen ions during exercise 
(25). Figure  11.6 illustrates the role of blood bicar-
bonate as a buffer during incremental exercise (44). 
Note that at approximately 50% to 60% of V̇ O2 max, 
blood levels of lactate begin to increase and blood pH 
declines due to the rise in hydrogen ions in the blood. 
This increase in blood hydrogen ion concentration 
stimulates the carotid bodies, which then signal the 
respiratory control center to increase alveolar ventila-
tion (i.e., ventilatory threshold; see Chap. 10). An in-
crease in alveolar ventilation results in the reduction 
of blood PCO2 and therefore acts to reduce the acid 
load produced by exercise (17). The overall process of 
respiratory assistance in buffering lactic acid during 
exercise is referred to as respiratory compensation 
for metabolic acidosis.

In summary, the control of acid-base balance 
during exercise is important. During high-intensity 
exercise (i.e., work above the lactate threshold), the 
contracting skeletal muscle produces significant 
amounts of hydrogen ions. The first line of defense 
against exercise-induced acidosis resides in the mus-
cle fiber (i.e., bicarbonate, phosphate, and protein 
buffers). However, because the muscle fiber’s buff-
ering capacity is limited, additional buffer systems 
are  required to protect the body against exercise-
induced acidosis. In this regard, the second line of 
defense against pH shifts during exercise is the blood  
buffer systems (i.e., bicarbonate, phosphate, and pro-
tein buffers). Importantly, an increase in pulmonary 

IN SUMMARY
 ■ Although the kidneys play an important role in 
the long-term regulation of acid-base balance, 
the kidneys do not play a major role in the 
 regulation of acid-base balance during exercise.

Figure 11.5 Changes in arterial blood pH and muscle pH 
during incremental exercise. Notice that arterial and 
muscle pH begin to fall together at work rates above 
50% V̇ O2 max.
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266 Section One Physiology of Exercise

during intense exercise assists in eliminating carbonic 
acid by “blowing off carbon dioxide.” This  respiratory 
 compensation to exercise-induced acidosis plays an 
important role in the second line of defense against 
pH change during intense exercise. Together, these 
first and second lines of defense protect the body 
against exercise-induced acidosis (Fig. 11.7).

STUDY ACTIVITIES
 1. Define the terms acid, base, buffer, acidosis, alkalosis,  

and pH.
 2. Graph the pH scale. Label the pH values that represent 

normal arterial and intracellular pH.
 3. List and briefly discuss the major sources of hydrogen 

ions produced in the muscle during exercise.
 4. Why is the maintenance of acid-base homeostasis im-

portant to physical performance?
 5. Discuss both the intracellular and extracellular buf-

fer mechanisms that protect against  exercise-induced 

 acidosis. What are the principal buffer systems and 
 hydrogen ion transporters found in each of these lines 
of defense?

 6. Discuss respiratory compensation for metabolic acido-
sis. What would happen to blood pH if an individual 
began to hyperventilate at rest? Why?

 7. Briefly outline how the body resists pH change during 
exercise. Include in your outline both the cellular and 
blood buffer systems.

SUGGESTED READINGS
Fox, S. 2015. Human Physiology. New York, NY: McGraw-Hill.
Junior, A., V. Painelli, B. Saunders, and G. Artioli. 2015. 

 Nutritional strategies to modulate intracellular and extra-
cellular buffering capacity during high intensity exercise. 
Sports Medicine 45: S71–S81.

Sahlin, K. 2014. Muscle energetics during explosive activi-
ties and potential effects of nutrition and training. Sports 
Medicine 44: S167–S173.

Widmaier, E., H. Raff, and K. Strang. 2015. Vander’s Human 
Physiology, 10th ed. New York, NY: McGraw-Hill.

Figure 11.6 Changes in blood concentrations of bicarbon-
ate, lactate, and pH as a function of work rate.
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Figure 11.7 The two major lines of defense against pH 
change during intense exercise.

IN SUMMARY
 ■ Figure 11.7 summarizes the “two-stage” process 
of buffering exercise-induced production of 
 hydrogen ions.

 ■ The first line of defense against hydrogen ions 
produced in the muscle resides inside the 
 muscle fiber itself. During exercise, muscle  buffer 
systems act rapidly to buffer hydrogen ions and 
prevent a significant decline in muscle pH.

 ■ The second line of defense against exercise-
induced acidosis is the blood buffer systems, 
which include bicarbonate, phosphate, and 
 protein buffers.

 ■ Importantly, increased pulmonary ventilation 
during intense exercise eliminates carbonic acid 
by “blowing off” carbon dioxide. This  process is 
termed “respiratory compensation for metabolic 
acidosis” and plays an important role in the second 
line of defense against exercise-induced acidosis.
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12
Temperature Regulation

 ■ Key Terms

acclimation
acclimatization
conduction
convection
evaporation
homeotherms
hyperthermia
hypothermia
preoptic-anterior 

 hypothalamus
radiation
specific heat

Overview of Heat Balance during 
Exercise 270

Temperature Measurement 
during Exercise 271
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Heat Loss 272
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Heat Loss 272
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Body’s Thermostat—Preoptic-
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Shift in the Hypothalamic 
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Thermal Events during 
Exercise 277
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Exercise in a Hot 
Environment 279

Sweat Rates during 
 Exercise 279

Exercise Performance 
Is  Impaired in a Hot 
 Environment 279

Gender and Age Differences in 
Thermoregulation 283

Heat Acclimation 284
Loss of Acclimation 286

Exercise in a Cold 
Environment 287

Physiological Responses to 
 Exercise in the Cold 288

Cold Acclimation 289

 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

 1. Define the term homeotherm.

 2. Present an overview of heat balance during 
exercise.

 3. Discuss the concept of “core temperature.”

 4. List the principal means of involuntarily 
increasing heat production.

 5. Define the four processes by which the body 
can lose heat during exercise.

 6. Discuss the role of the preoptic-anterior 
hypothalamus as the body’s thermostat.

 7. Explain the thermal events that occur during 
exercise in both a cool/moderate and hot/
humid environment.

 8. List the physiological adaptations that occur 
during acclimatization to heat.

 9. Describe the physiological responses to a cold 
environment.

10. Discuss the physiological changes that occur 
in response to cold acclimatization.
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Body core temperature regulation is critical because 
cellular structures and metabolic pathways are af-

fected by temperature. For example, enzymes that 
regulate metabolic pathways are greatly influenced 
by temperature changes. Indeed, an increase in body 
temperature above 45°C (normal core temperature is 
approximately 37°C) can alter the normal structure of 
enzymes, resulting in the inability to produce cellular 
energy (i.e., ATP). Ultimately, an inability to produce 
cellular energy would result in cell death and eventu-
ally death to the organism. Further, a decrease in body 
temperature below 34°C causes a slowed metabolism 
and abnormal cardiac function (arrhythmias), which can 
also lead to death. Hence, people and warm-blooded 
animals live their entire lives only a few degrees from 
their thermal death point. Therefore, it is clear that 
body temperature must be carefully regulated.

Humans and other animals that maintain a rather 
constant body core temperature are called homeo-
therms. The maintenance of a constant body tem-
perature requires that heat loss must match the rate 
of heat production. To accomplish thermal regulation, 
the body is well equipped with both nervous and hor-
monal mechanisms that regulate metabolic rate as well 
as the amount of heat loss in response to body temper-
ature changes. The temperature-maintenance strategy 
of homeotherms uses a “furnace” rather than a “refriger-
ator” to maintain body temperature at a constant level. 
That is, the body temperature is set near the high end 
of the survival range and is held constant by continu-
ous metabolic heat production coupled with a small 
but continual heat loss. The rationale for this strategy 
is that temperature regulation by heat generation and 
conservation is very efficient, whereas the body's cool-
ing capacity is much more limited (5, 20).

Because contracting skeletal muscles produce 
large amounts of heat, prolonged exercise in a hot/
humid environment presents a serious challenge to 
temperature homeostasis. In fact, many exercise phys-
iologists believe that overheating is the only serious 
threat to health that exercise presents to a healthy 
individual. This chapter discusses the principles of 
temperature regulation during exercise. The cardio-
vascular and pulmonary responses to exercise in a hot 
environment have already been discussed in Chaps. 
9 and 10, respectively, and the influence of tempera-
ture on performance is discussed in Chap. 24.

OVERVIEW OF HEAT 
BALANCE DURING EXERCISE
D. B. Dill and colleagues performed many of the first 
studies of heat stress in humans at the Harvard Fa-
tigue Laboratory. This early research provided the 
scientific foundation for our current understanding 

of thermal stress and temperature regulation during 
exercise. See A Look Back—Important People in Sci-
ence for a historical overview of the work of D. B. Dill.

The goal of temperature regulation is to maintain 
a constant core temperature and thus prevent over-
heating or overcooling. If the core temperature is to 
remain constant, the amount of heat lost must match 
the amount of heat gained (see Fig. 12.1). Consistent 
with that, if heat loss is less than heat production, 
there is a net gain in body heat and, therefore, body 
temperature rises; if heat loss exceeds heat produc-
tion, there is a net loss in body heat, and body tem-
perature decreases.

During exercise, body temperature is regulated 
by making adjustments in the amount of heat that is 
lost. In this regard, one of the important functions of 
the circulatory system is to transport heat. Blood is 
very effective in this function because it has a high 
capacity to store heat. When the body is attempting 
to lose heat, blood flow is increased to the skin as a 
means of promoting heat loss to the environment. In 
contrast, when the goal of temperature regulation is 
to prevent heat loss, blood is directed away from the 
skin and toward the interior of the body to prevent 
additional heat loss.

It is important to point out that within the body, 
temperature varies significantly. That is, there is a gra-
dient between core temperature (i.e., deep central 
areas, including the heart, lungs, abdominal organs) 
and the “shell” (skin) temperature. In extreme cir-
cumstances (i.e., exposure to very cold temperatures), 
the core temperature can be 20°C higher than the 
skin (33). However, such large core-to-shell gradients 
are rare, and the ideal difference between core and 
skin temperatures is approximately 4°C (3, 57). Even 
within the core, temperature varies from one organ 
to another. Therefore, when discussing body tempera-
ture, it is important to be precise as to where the 
temperature measurements were obtained (i.e., skin 
temperature or core temperature) (3).

Figure 12.1 During steady-state conditions, temperature 
homeostasis is maintained by an equal rate of body heat 
gain and heat loss.
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TEMPERATURE 
MEASUREMENT DURING 
EXERCISE
Measurements of deep-body temperatures can be ac-
complished with several devices, including mercury 
thermometers, devices known as thermocouples or 
thermistors, and/or ingestible core temperature pills 
(9). In the laboratory setting, a common site of core 
temperature measurement is the rectum. Although 
rectal temperature is not the same as the temperature 
in the brain, where temperature is regulated, it can 
be used to measure changes in deep-body tempera-
ture during exercise. In addition, measuring tempera-
ture near the eardrum (called tympanic temperature) 
is a good estimate of the actual brain temperature. 

 Another alternative is to measure the temperature of 
the esophagus as an indication of core temperature. 
Like rectal temperature, esophageal temperature is 
not identical to brain temperature, but it provides a 
measure of deep-body temperature.

Although the measurements of rectal, tympanic, 
and esophageal temperature can easily be performed 
in the laboratory setting, each of these techniques has 
limitations in a field setting. Indeed, it would be difficult 
to apply these temperature measurement techniques in 
athletes during an American football or soccer practice 
session. Nonetheless, the recent development of ingest-
ible temperature sensor telemetry systems has made 
on-field core temperature measurement possible and al-
lowed the investigation of core temperature changes in 
athletes during practice sessions (4, 41). These ingestible 
temperature sensors use low-power radio frequency 
transmissions to communicate with a temperature 
monitor. These probes have been shown to be both 
valid and reliable in measuring core temperature in foot-
ball players during practice (4). Further, numerous other 
commercially available devices exist for the measure-
ment of body temperature in the field setting, and the 
validity of these products has been established (9).

In the laboratory, the measurement of skin 
temperature provides useful information about 
the temperature gradient between deep body (i.e., 
core) temperature and the skin. The magnitude of 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

D. B. (Bruce) Dill Was a Pioneer in Environmental and Heat Stress Research
After earning his 
Ph.D. from Stanford 
University in 1925, 
D. B. (Bruce) Dill 
(1891–1986) went 
to Harvard Univer-
sity to work with the 
renowned physiolo-
gist L. J. Henderson. 
Professor Henderson 
remains well known 
today for his contribu-

tions to acid-base chemistry, including 
the Henderson-Hasselbalch equation in-
troduced in Chap. 11.

In 1927, Dr. Dill became one of 
the founding members of the Harvard 
Fatigue Laboratory. This important 
research laboratory was charged with 
investigating factors that influenced 
human fatigue, including the impact 
of extreme environments (i.e., heat, 
cold, and high altitude), exercise, 

 nutrition, acid-base balance, and ag-
ing. During the 20-year existence of 
the Harvard Fatigue Laboratory, the 
work completed by Dr. Dill and his 
colleagues greatly advanced our un-
derstanding of both environmental 
and exercise physiology.

After the closure of the Harvard 
Fatigue Laboratory, Dr. Dill became 
the scientific director of the Medical 
Division of the Army Chemical Cen-
ter, where he directed research until 
1961. Dr. Dill’s research at this Army 
research center produced many im-
portant outcomes, including research 
that led to better methods of cardio-
pulmonary resuscitation. These same 
procedures are used today and have 
saved many lives around the world.

Following his retirement from 
the Army research center at age 70, 
Dr. Dill joined the faculty at Indiana 
University for a five-year research 

 appointment. He then moved to Boul-
der City, Nevada, to become a research 
professor at the Desert Research Insti-
tute, University of Nevada–Las Vegas. 
At the Desert Research Institute, Dill 
continued his work on the physiolog-
ical impact of heat stress, and he re-
mained active in environmental stress 
research until his death at age 95. He 
presented his last lecture at a scien-
tific conference at the age of 93. The 
topic discussed was the change in D. 
B. Dill’s V̇O2 max during the past 60 
years! In fact, at age 93, Bruce Dill was 
the oldest person to perform a V̇O2 
max test. During Dr. Dill’s long and 
productive scientific career, he co-
authored numerous books and more 
than 300 research reports. Many of 
these studies provided the foundation 
for our current understanding of the 
impact of heat stress on human physi-
ology and performance.

Courtesy of 
American 
College of 
Sports Medicine

IN SUMMARY
 ■ Homeotherms are animals (e.g., humans and other 
mammals) that maintain a rather constant body 
core temperature. To maintain a constant core 
temperature, heat loss must match heat gain.

 ■ Temperature varies markedly within the body. 
In general, there is a thermal gradient from 
deep body temperature (core temperature) to 
the shell (skin) temperature.
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this  core-to-skin temperature gradient is important 
for body heat loss and will be discussed later in the 
chapter. Skin temperature can be measured by plac-
ing temperature sensors on the skin at various loca-
tions. The mean skin temperature can be calculated 
by measuring skin temperature at several locations 
and computing the average temperature across these 
locations. For example, mean skin temperature (Ts) 
can be estimated by the following formula (27):

Ts = ( Tforehead + Tchest + Tforearm + Tthigh + Tcalf +  
Tabdomen + Tback) ÷ 7

where Tforehead, Tchest, Tforearm, Tthigh, Tcalf, Tabdomen, and 
Tback represent skin temperatures measured on the 
forehead, chest, forearm, thigh, calf, abdomen, and 
back, respectively.

OVERVIEW OF HEAT 
PRODUCTION/HEAT LOSS
As previously stated, the goal of temperature regu-
lation (i.e., thermoregulation) is to maintain a con-
stant core temperature. This regulation is achieved by 
controlling the rate of heat production and heat loss. 
When out of balance, the body either gains or loses 
heat. The temperature control center is an area in the 
brain called the preoptic-anterior hypothalamus. The 
preoptic-anterior hypothalamus (POAH) works 
like a thermostat by initiating an increase in heat pro-
duction when body temperature falls and an increase 
in the rate of heat loss when body temperature rises. 
Temperature regulation is controlled by both physi-
cal and chemical processes. Let’s begin our discussion 
of temperature regulation by introducing those fac-
tors that govern heat production and heat loss.

Heat Production
The body produces internal heat due to normal met-
abolic processes. At rest or during sleep, metabolic 
heat production is small; however, during intense 
exercise, heat production is large. Heat production 
in the body can be classified as (1) voluntary (exer-
cise) or (2) involuntary (shivering or biochemical heat 

 production caused by the secretion of hormones such 
as thyroxine and catecholamines) (see Fig. 12.2).

Because the body is, at most, 20% to 30% efficient, 
70% to 80% of the energy expended during exercise 
appears as heat. During intense exercise, this can re-
sult in a large heat load. Indeed, prolonged exercise in 
a hot/humid environment serves as a serious test of 
the body’s ability to lose heat.

Involuntary heat production by shivering is the 
primary means of increasing heat production during 
exposure to cold. Maximal shivering can increase the 
body’s heat production by approximately five times 
the resting value (1, 5). In addition, release of thyrox-
ine from the thyroid gland can also increase meta-
bolic rate. Thyroxine acts by increasing the metabolic 
rate of all cells in the body (16). Finally, an increase 
in blood levels of catecholamines (epinephrine and 
norepinephrine) can increase the rate of cellular me-
tabolism (16). The increase in heat production due to 
the combined influences of thyroxine and catechol-
amines is called nonshivering thermogenesis.

Heat Loss
Heat loss from the body may occur by four processes:  
(1) radiation, (2) conduction, (3) convection, and/or (4) 
evaporation. The first three of these heat-loss mechanisms 
require a temperature gradient to exist between the skin 
and the environment. Radiation is heat loss in the form 
of infrared rays. This involves the transfer of heat from 
the surface of one object to the surface of another, with 
no physical contact being involved (e.g., sun transferring 
heat to the earth via radiation). At rest in a comfortable 
environment (e.g., room temperature = 21°C), 60% of 
body heat loss occurs via radiation. This is possible be-
cause skin temperature is greater than the temperature 
of surrounding objects (walls, floor, etc.), and the loss 
of body heat occurs due to the thermal gradient. Note 
that on a hot, sunny day when surface temperatures are 
greater than skin temperature, the body can also gain 
heat via radiation. To summarize, radiation is heat trans-
fer by infrared rays and can result in either body heat loss 
or heat gain depending on the environmental conditions.

IN SUMMARY
 ■ Measurements of deep-body temperatures can 
be accomplished via mercury thermometers or 
devices known as thermocouples or thermistors. 
Common sites of temperature measurement 
include the  rectum, the ear (tympanic tempera-
ture), and the esophagus.

 ■ Skin temperature can be measured by placing 
temperature sensors (thermistors) on the skin at 
various locations.

Figure 12.2 The body produces heat due to normal 
metabolic processes. Heat production can be classified 
as either voluntary or involuntary.

Heat Production

Shivering

Nonshivering
thermogenesis

Exercise

Voluntary Involuntary
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Conduction is the transfer of heat from the body 
to the molecules of cooler objects in contact with its 
surface. In general, the body loses only small amounts 
of heat due to this process. An example of heat loss 
due to conduction is the transfer of heat from the 
body to a metal chair while a person is sitting on it. 
The heat loss occurs as long as the chair is cooler than 
the body surface in contact with it.

Convection is a form of heat loss in which heat is 
transmitted to either air or water molecules in contact 
with the body. In convective heat loss, air or water 
molecules are warmed and move away from the source 
of the heat and are replaced by cooler molecules. An 
example of forced convection is a fan moving large 
quantities of cool air past the skin; this would increase 
the number of cool air molecules coming in contact 
with the skin and thus promote heat loss. Practically 
speaking, the amount of heat loss due to convection is 
dependent on the magnitude of the airflow over the 
skin. Therefore, under calm wind conditions, cycling at 
high speeds would improve convective cooling when 
compared to cycling at slow speeds. Swimming in cool 
water (water temperature less than skin temperature) 
also results in convective heat loss. In fact, water’s ef-
fectiveness in cooling is about 25 times greater than 
that of air at the same temperature.

The final means of heat loss is evaporation. Evapora-
tion accounts for approximately 25% of the heat loss at 
rest, but under most environmental conditions, it is the 
most important means of heat loss during exercise (44). 
In evaporation, heat is transferred from the body to 
water on the surface of the skin. When this water gains 
sufficient heat (energy), it is converted to a gas (water 
vapor), taking the heat away from the body. Evapora-
tion occurs due to a vapor pressure gradient between 
the skin and the air. Vapor pressure is the pressure ex-
erted by water molecules that have been converted 
to gas (water vapor). Evaporative cooling during exer-
cise occurs in the following way. When body tempera-
ture rises above normal, the nervous system stimulates 
sweat glands to secrete sweat onto the surface of the 
skin. As sweat evaporates, heat is lost to the environ-
ment, which in turn lowers skin temperature.

Evaporation of sweat from the skin is dependent 
on three factors: (1) ambient conditions (i.e., air tem-
perature and relative humidity), (2) the convective 
currents around the body, and (3) the amount of skin 
surface exposed to the environment (3, 43). At high 
environmental temperatures, relative humidity is the 
most important factor influencing the rate of evapora-
tive heat loss. High relative humidity reduces the rate 
of evaporation. Indeed, when the relative humidity 
is near 100%, evaporation is lower compared to the 
level of evaporation that occurs when relative humid-
ity is low (e.g., 30%). Therefore, cooling by way of 
evaporation is most effective under conditions of low 
humidity.

Why does high relative humidity reduce the rate 
of evaporation? The answer is linked to the fact that 
high relative humidity (RH) reduces the vapor pres-
sure gradient between the skin and the environment. 
On a hot/humid day (e.g., RH = 80% – 100%), the 
vapor pressure in the air is close to the vapor pres-
sure on moist skin. Therefore, the rate of evaporation 
is greatly reduced. High sweat rates during exercise 
in a hot/high-humidity environment result in useless 
water loss. That is, sweating per se does not cool the 
skin; it is evaporation that cools the skin.

Let’s explore in more detail those factors that reg-
ulate the rate of evaporation. The major point to keep 
in mind is that evaporation occurs due to a vapor pres-
sure gradient. That is, for evaporative cooling to occur 
during exercise, the vapor pressure on the skin must be 
greater than the vapor pressure in the air. Vapor pres-
sure is influenced by both temperature and relative 
humidity. This relationship is illustrated in Table 12.1. 
Notice that at any given air temperature, a rise in rela-
tive humidity results in increased vapor pressure in 
the air. Practically speaking, this means that less evapo-
rative cooling occurs during exercise on a hot/humid 
day when compared to a cool/low-humidity day. For 
example, an athlete running on a hot/humid day (e.g., 
air temperature = 30°C; RH = 100%) could have a 
mean skin temperature between 33°C and 34°C. In 
this example, the vapor pressure on the skin would be 
approximately 35 mm Hg, and the air vapor pressure 
would be approximately 32 mm Hg (Table 12.1). This 

TABLE 12.1 The Relationship Between 
Temperature and Relative Humidity 
(RH) on Vapor Pressure

50% RH  
Temperature (°C)

Vapor Pressure  
(mm Hg)

0 2.3
10 4.6
20 8.8
30 15.9

75% RH  
Temperature (°C)

Vapor Pressure  
(mm Hg)

0 3.4
10 6.9
20 13.2
30 23.9

100% RH  
Temperature (°C)

Vapor Pressure  
(mm Hg)

0 4.6
10 9.2
20 17.6
30 31.9
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small vapor pressure gradient between the skin and 
air (3 mm Hg) would permit only limited evaporation, 
and therefore little cooling would occur. In contrast, 
the same athlete running on a cool/low-humidity day 
(e.g., air temperature = 10°C; RH = 50%) might have 
a mean skin temperature of 30°C. The vapor pressure 
gradient between the skin and air under these condi-
tions would be approximately 28 mm Hg (32 − 4 = 
28) (Table 12.1). This large skin-to-air vapor pressure 
gradient would permit a relatively large evaporative 
rate, and therefore body cooling would occur under 
these conditions.

How much heat can be lost via evaporation during 
exercise? Heat loss due to evaporation can be calculated 

in the following manner. The body loses 0.58 kcal of 
heat for each ml of water that evaporates (68). There-
fore, evaporation of 1 liter of sweat would result in 
a heat loss of 580 kcal (1000 ml × 0.58 kcal/ml =  
580 kcal). See A Closer Look 12.1 for additional 
 examples of body heat loss calculations.

In summary, most heat loss during exercise (other 
than swimming) in a cool/moderate environment 
 occurs primarily due to evaporation. In fact, when 
exercise is performed in a hot environment (where air 
temperature is greater than skin temperature), evap-
oration is the only means of losing body heat. The 
means by which the body gains and loses heat during 
exercise are summarized in Figure 12.3.

A CLOSER LOOK 12.1

Calculation of Heat Loss via Evaporation
Knowledge that evaporation of 1000 
ml of sweat results in 580 kcal of heat 
loss makes it possible to calculate the 
sweat and evaporation rate necessary 
to maintain a specified body tem-
perature during exercise. Consider 
the following example: John is work-
ing on a cycle ergometer at a V̇O2 of 
2.0  liters · min−1 (energy expenditure 
of 10.0  kcal · min−1). If he exercises 
for 20 minutes at this metabolic 
rate and is 20%  efficient, how much 

 evaporation would be  necessary to 
prevent an increase in core tempera-
ture?1 The total heat produced can be 
calculated as:

Total energy expenditure
= 20 min × 10 kcal/min
= 200 kcal

Total heat produced
= 200 kcal × .801

= 160 kcal

The total evaporation necessary to 
prevent any heat gain would be com-
puted as:

   160 kcal  ______________________________________  
580 kcal/liter

    =  .276 liter2  
(evaporation 
 necessary to pre-
vent heat gain)

1If efficiency is 20%, then 80%, or .80, of the total 
energy expenditure must be released as heat.
2Assumes no other heat-loss mechanism is 
 active.

Sky thermal radiation

Evaporation
(sweat)

Evaporation
(respiratory)

Skin blood
convection

Air temperature
Air humidity

Convection

Metabolic
storage

Body
core

Radiation

Work

Contracting
muscle

Conduction

Ground thermal
radiation Reflected solar

radiation

Muscle blood flow
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Solar radiation
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Figure 12.3 A summary of heat exchange mechanisms during exercise.
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Heat Storage in the Body during Exercise
Now that we have discussed both heat production and 
heat loss, let’s talk about heat storage in the body during 
exercise. As mentioned earlier, any heat that is produced 
by the working muscles during exercise and is not lost 
must be stored in body tissues. Therefore, the amount 
of heat gain in the body during exercise is computed as 
the difference between heat production and heat loss:

 Body heat gain during exercise  
   = (heat  produced − heat loss)

The amount of heat energy required to raise body 
temperature depends upon the size of the individual 
(i.e., body weight) and a characteristic of body tissue 
called specific heat. The term specific heat refers to the 
amount of heat energy required to raise 1 kg of body 
tissue by 1°C. The specific heat for the human body is 
0.83 kilocalorie (kcal) per kilogram of body mass. There-
fore, the amount of heat required to elevate the body 
temperature by 1°C can be computed as follows:

 Heat required to increase  
body temperature by 1°C =  (specific heat × 

body mass)

For example, using the preceding equation, the 
amount of heat required to increase body temperature 
by 1°C in a 70-kg individual can be computed by mul-
tiplying the specific heat of the body (0.83 kcal/kg)  

by the individual’s body weight (70 kg). Therefore, 
the heat required to increase body temperature by 
1°C would be 58.1 kcal (i.e., 0.83 kcal/kg × 70 kg =  
58.1 kcal). See A Closer Look 12.2 for an example of 
body heat gain calculations during exercise.

A CLOSER LOOK 12.2

Calculation of Body Temperature Increase during Exercise
Knowledge of the specific heat of the 
human body, along with information 
regarding how much heat is produced 
and lost from the body during exer-
cise, permits the calculation of how 
much body temperature will increase 
during an exercise session. To better 
understand how to perform these cal-
culations, let’s consider the following 
example of an athlete performing an en-
durance training workout. For example, 
a well-trained distance runner performs 
a training session on an outdoor track. 
The weather on this day is relatively hot 
(30°C) and humid (60% relative humid-
ity). The runner weighs 60 kg and per-
forms a 40-minute workout at a V̇O2 of 
3.0 liters · min−1 (i.e., energy expenditure 
of 15 kcal per minute). If this runner is 
20% efficient and can lose only 60% of 
the heat produced during exercise, how 
much will her or his body temperature 
increase during this exercise session? 

The total heat storage and body tem-
perature increase during exercise can be 
calculated in the following steps:

 1. Total energy expenditure
= 40 min × 15 kcal/min
= 600 kcal

 2. Total heat produced
= 600 kcal × 0.801

= 480 kcal

 3. Total heat stored during 
 exercise

= 480 kcal × 0.402

= 192 kcal

 4. Amount of heat storage 
 required to increase body 
 temperature by 1°C

= 0.83 kcal/kg × 60 kg3

= 49.8 kcal

The increase in body temperature re-
sulting from this exercise session can 
now be calculated as follows:

5. Increase in body temperature 
(°C) during exercise = Total 
heat stored during exercise 
(specific heat × body mass)

= 192 kcal/49.8 kcal/°C
= 3.86°C

In the current example, this exercise 
bout would result in an increase in body 
temperature by 3.86°C—that is, 192 kcal/ 
(0.83 kcal/kg × 60 kg). Therefore, if 
the athlete began the training session 
with a body temperature of 37°C, the 
post-exercise body temperature would 
increase to 40.86°C (i.e., 37°C + 3.86°C).

1If the efficiency is 20%, then 80%, or 0.80, of 
the total energy expenditure must be released 
as heat.
2If the athlete can lose only 60% of the heat 
produced during exercise, the remaining 40%, 
or 0.40, of the heat produced must be stored as 
heat energy.
3The amount of heat required to increase body 
temperature by 1°C = (specific heat × body 
mass).

IN SUMMARY
 ■ Exercise using large muscle groups (i.e., legs) 
can result in large amounts of heat produc-
tion. Because the body is, at most, 20% to 30% 
 efficient, 70% to 80% of the energy expended 
during exercise is released as heat.

 ■ Body heat can be lost by evaporation, 
 convection, conduction, and radiation. During 
exercise in a cool environment, evaporation is 
the primary avenue for heat loss.

 ■ The rate of evaporation from the skin is 
 dependent upon three factors: (1) temperature 
and relative humidity, (2) convective currents 
around the body, and (3) the amount of skin 
exposed to the environment. 

 ■ Body heat storage is the difference between 
heat production and heat loss.

 ■ The amount of heat required to elevate body 
temperature by 1°C is termed the specific heat 
of the body.
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BODY’S THERMOSTAT—
PREOPTIC-ANTERIOR 
HYPOTHALAMUS
Again, the body’s temperature regulatory center is lo-
cated in the preoptic-anterior hypothalamus (POAH). 
In general, the POAH operates much like a thermo-
stat in your home—that is, it attempts to maintain 
a relatively constant core temperature around some 
“set point.” The set-point temperature in humans is 
approximately 37°C.

The input to the temperature-regulating centers 
in the POAH comes from receptors in both the skin 
and the core. Changes in environmental temperature 
are first detected by thermal receptors (both heat and 
cold) located in the skin. These skin temperature re-
ceptors transmit nerve impulses to the POAH, which 
then initiates the appropriate response in an effort to 
maintain the body’s set-point temperature. Further, 
heat/cold-sensitive neurons are located in both the 
spinal cord and the POAH itself, sensing changes in 
the core temperature.

An increase in core temperature above the set 
point results in the hypothalamus initiating a se-
ries of physiological actions aimed at increasing the 
amount of heat loss. First, the hypothalamus stimu-
lates the sweat glands, which results in an increase 
in evaporative heat loss (25, 29). In addition, the 
vasomotor control center withdraws the normal 
vasoconstrictor tone to the skin, promoting cuta-
neous vasodilation and increased skin blood flow 
and therefore allowing increased heat loss (62). Fig-
ure 12.4 illustrates the physiological responses asso-
ciated with an increase in core temperature. When 
core temperature returns to normal, the stimulus to 
promote both sweating and vasodilation is removed. 
This is an example of a control system using negative 
feedback (see Chap. 2).

When cold receptors are stimulated in the skin or 
the POAH, the thermoregulatory control center acts 

to minimize heat loss and increase heat  production. 
To prevent further loss of heat, the body takes sev-
eral steps of action. First, the vasomotor center di-
rects peripheral blood vessels to vasoconstrict, which 
reduces heat loss (5, 23). Second, if core tempera-
ture drops significantly, involuntary shivering begins 
(5, 65). Additional responses include stimulation of 
the pilomotor center, which promotes piloerection 
(goosebumps). This piloerection reflex is an effective 
means of increasing the insulation space over the skin 
in fur-bearing animals but is not an effective means of 
preventing heat loss in humans. Further, the POAH 
indirectly increases thyroxine production and release, 
which increases cellular heat production (5). Finally, 
the POAH initiates the release of norepinephrine, 
which increases the rate of cellular metabolism (non-
shivering thermogenesis). The physiological responses 
to a decrease in core temperature are summarized in 
Figure 12.5.

Shift in the Hypothalamic Thermostat Set 
Point Due to Fever
A fever is an increase in body temperature above the 
normal range, and it may be caused by numerous 
bacterial/viral infections or brain disorders. During a 
fever, select proteins and toxins secreted by bacteria 
can cause the set point of the body thermostat to rise 
above the normal level. Substances that cause this 
effect are called pyrogens. When the set point of the 
body thermostat is raised to a higher level than nor-
mal, all the mechanisms for raising body temperature 
are called into play (16). Within a few hours after the 
thermostat has been set to a higher level, the body 
core temperature reaches this new level due to heat 
conservation.

Figure 12.4 A summary illustration of the physiological 
responses to an increase in “heat load.”
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Figure 12.5 An illustration of the physiological responses 
to cold stress.
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THERMAL EVENTS 
DURING EXERCISE
Now that an overview of how the POAH responds 
to different thermal challenges has been presented, 
let’s discuss the thermal events that occur during sub-
maximal constant-load exercise in a cool/moderate 
environment (i.e., low humidity and room tempera-
ture). Heat production increases during exercise due 
to muscular contraction and is directly proportional to 
the exercise intensity. The venous blood draining the 
exercising muscle distributes the excess heat through-
out the body core. As core temperature increases, 
thermal sensors in the POAH sense the increase in 
blood temperature, and the thermal integration center 
in the POAH compares this increase in temperature 
with the set-point temperature and finds a difference 
between the two (18, 43, 46, 66). The response is to 
direct the nervous system to initiate sweating and to 
increase blood flow to the skin (45). These acts serve 
to increase body heat loss and minimize the increase 
in body temperature. At this point, the internal tem-
perature reaches a new, elevated steady-state level. 
Note that this new steady-state core temperature does 
not represent a change in the set-point temperature, 
as occurs in fever (18, 43, 46, 70). Instead, the thermal 
regulatory center attempts to return the core temper-
ature back to resting levels but is incapable of doing 
so in the face of the sustained heat production associ-
ated with exercise.

Figure 12.6 illustrates the roles of evaporation, 
convection, and radiation in heat loss during con-
stant-load exercise in a moderate environment. No-
tice the constant but small role of convection and 
radiation in heat loss during this type of exercise. 
This is due to a constant temperature gradient be-
tween the skin and the room. In contrast, evapora-
tion plays the most important role in heat loss during 
exercise in a cool and low-humidity environment 
(43, 46, 48).

During constant intensity exercise, the core tem-
perature increase is directly related to the exercise 
intensity and is independent of ambient temperature 
over a wide range of conditions (i.e., 8° to 29°C with 
low relative humidity) (47). This point is illustrated 
in Figure 12.7. Notice the linear rise in core tem-
perature as the metabolic rate increases. Further, this 
exercise-induced increase in body core temperature is 
the same for both arm and leg exercise. The fact that 
it is the exercise intensity and not the environmental 
temperature that determines the rise in core tem-
perature during exercise suggests that the method of 
heat loss during continuous exercise is modified ac-
cording to ambient conditions (31, 47). This concept 
is presented in Figure 12.8, which shows heat loss 
mechanisms during constant-intensity exercise at the 
same relative humidity but at different environmental 
(i.e., ambient) temperatures. Note that as the  ambient 

IN SUMMARY
 ■ The body’s thermostat is located in the preop-
tic-anterior hypothalamus (POAH).

 ■ An increase in core temperature results in the 
POAH initiating a series of physiological actions 
aimed at increasing heat loss. These actions 
 include the commencement of sweating and an 
increase in skin blood flow due to cutaneous 
vasodilation.

 ■ Cold exposure results in the POAH promoting 
physiological changes that increase body heat 
production (shivering) and reduce heat loss 
 (cutaneous vasoconstriction).

Figure 12.6 Changes in metabolic energy production, 
evaporative heat loss, convective heat loss, and radiative 
heat loss during 25 minutes of submaximal exercise in 
a cool environment.
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temperature increases, the rate of convective and ra-
diative heat loss decreases due to a decrease in the 
skin-to-room temperature gradient. This decrease in 
convective and radiative heat loss is matched by an 
increase in evaporative heat loss, which allows core 
temperature to remain the same (see Fig. 12.8).

The relationship between exercise intensity and 
body heat production is illustrated in Figure  12.9. 
Notice the linear increase in energy output (ex-
penditure), heat production, and total heat loss as 

a function of exercise work rate. Further, note that 
convective and radiative heat loss are not increased 
as a function of exercise work rate. This is due to 
a relatively constant temperature gradient between 
the skin and the environment. In contrast, there is 
a consistent rise in evaporative heat loss with incre-
ments in exercise intensity. This observation reem-
phasizes the point that evaporation is the primary 
means of losing heat during exercise in most envi-
ronmental conditions.

Figure 12.8 Heat exchange during exercise at 
different environmental temperatures. Notice 
the change in evaporative and convective/ 
radiative heat loss as the environmental 
 temperature increases. See text for discussion.
Nelson, M., “Die Regulation der Korpertemperatur  
bei Muskelarbeit,” Scandinavica Archives Physiology   
79: 193. Oxford, England: Blackwell Scientific Publications, 
Ltd., 1938.
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HEAT INDEX—A MEASURE  
OF HOW HOT IT FEELS
The Heat Index (HI) is typically expressed in degrees 
Fahrenheit (F) (or Centigrade) and is a measure of 
how hot it feels when relative humidity is added to 
the actual air temperature. In other words, the HI is a 
measure of the body’s perception of how hot it feels. 
The HI is calculated by combining the air tempera-
ture and relative humidity to compute an apparent 
temperature. As discussed previously, heat loss by 
evaporation is the most important means of heat loss 
during exercise (44). However, when the relative hu-
midity is high (i.e., high water vapor saturation in the 
atmosphere), the evaporation rate of sweat is reduced. 
This means that heat is removed from the body at a 
lower rate, resulting in body heat storage and an in-
crease in body temperature. Therefore, high humidity 
increases an individual’s perception of how hot the 
environment feels. For example, if the air temperature 
is 82°F and the relative humidity is 80%, the calcu-
lated HI is 89°F. In this illustration, the environment 
feels like 89°F rather than the actual air temperature 
of 82°F. Figure 12.10 provides the HI over a range of 
relative humidity (%) values and temperatures.

EXERCISE IN A HOT 
ENVIRONMENT
Continuous exercise in a hot/humid environment 
poses a particularly stressful challenge to the main-
tenance of normal body temperature and fluid ho-
meostasis. High heat and humidity reduce the body’s 
ability to lose heat by radiation/convection and evap-
oration, respectively. This inability to lose heat dur-
ing exercise in a hot/humid environment results in 
a greater core temperature and a higher sweat rate 
(more fluid loss) when compared to the same exercise 
in a moderate environment (53–55, 57, 58, 63). This 
point is illustrated in Figure 12.11. Notice the marked 
differences in sweat rates and core temperatures dur-
ing exercise between the hot/humid conditions and 
the moderate environment. The combined effect of 
fluid loss and high core temperature increases the 
risk of hyperthermia (large rise in core tempera-
ture) and heat injury (see Clinical Applications 12.1 
and Chap. 24).

Sweat Rates during Exercise
In an effort to increase evaporative heat loss during 
exercise, humans rely on their ability to increase 
sweat production via eccrine sweat glands (i.e., sweat 
glands under sympathetic cholinergic control) (30). In 
this regard, exercise in a hot environment greatly in-
creases sweat rates during exercise training or sports 
competition (4, 19, 30, 61). Note, however, that sweat 
rates may vary widely across different individuals. For 
example, heat-accustomed individuals have an ear-
lier onset of sweating and a higher sweat rate dur-
ing exercise. Further, large individuals (i.e., large body 
mass) will likely have higher sweat rates compared 
to smaller individuals. Finally, genetic variations in 
sweat rates exist such that two individuals with the 
same body size and level of heat adaptation may also 
differ in sweat rates.

American football players, wearing full uniforms 
and practicing in a hot and humid environment, expe-
rience some of the largest sweat rates ever recorded for 
athletes. Although several reasons exist for high sweat 
loss in these athletes, two major contributors are that 
many football players possess large body masses and 
that football uniforms retard heat loss (1, 24). For ex-
ample, the average sweat loss in football players (body 
weight range, 180 to 240 pounds) ranges from 4 to 5 
liters per hour during a practice session in a hot and 
humid environment (19). Further, during preseason 
practice sessions where football athletes are practicing 
twice a day, the daily sweat loss ranged from 9 to 12 
liters of water. Failure to replace this loss of fluid on a 
daily basis will result in progressive dehydration and 
increase the risk of heat injury (4, 61, 62). For more 
information on the importance of fluid replacement 
during exercise, see The  Winning Edge 12.1.

Exercise Performance Is Impaired  
in a Hot Environment
Performance during prolonged, exercise in a sub-
maximal event (e.g., marathon or long triathlon) is 
impaired in a hot/humid environment (39). Similarly, 
hot environmental conditions also decrease athletic 
performance during high-intensity exercise (e.g., 
rugby, soccer, or 15-min time trial on cycle) (15, 26, 
60). Although the mechanisms responsible for this 
heat-induced decreased exercise performance con-
tinue to be investigated, current evidence indicates 
that three major factors can contribute to impaired 
exercise performance in the heat: (1) accelerated mus-
cle fatigue, (2) cardiovascular dysfunction, and/or (3) 
central nervous system dysfunction (Fig. 12.12). In 
theory, each of these factors can independently con-
tribute to diminished performance during exercise in 
a hot environment. However, it is likely that these fac-
tors interact to contribute to impaired performance  

IN SUMMARY
 ■ During constant-intensity exercise, the increase 
in body temperature is directly related to the 
exercise intensity.

 ■ Body heat production increases in proportion 
to exercise intensity.
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Figure 12.10 The  relationship of  relative  humidity (%) and  temperature and the Heat Index. 
Data obtained from National Weather Service–Tulsa.
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during exercise in the heat. In this regard, the relative 
contribution of each of these factors in impaired ex-
ercise performance depends upon the exercise inten-
sity and duration. Let’s discuss these factors in more 
detail.

Accelerated Muscle Fatigue During exercise in a 
hot environment, three major changes occur in mus-
cle metabolism that contribute to muscle fatigue. 
First, the rate of muscle glycogen breakdown is in-
creased (21). This is important because muscle glyco-
gen depletion contributes to muscle fatigue during 
prolonged exercise (21). Second, exercise in a hot en-
vironment increases muscle lactate production and 
this exercise-induced increase in muscle lactate lev-
els results in decreased muscle pH, which also con-
tributes to muscle fatigue. Finally, during exercise 
in a hot environment, skeletal muscle production of 
free radicals is increased. This is significant because 
increased production of free radicals in muscles can 
also contribute to muscle fatigue (72). Recall that free 
radicals are produced during muscle contraction and 
that radicals are highly reactive molecules that con-
tain an unpaired electron in their outer orbital (56). 
This is important because free radicals rapidly react 
with muscle proteins resulting in oxidative damage 

Figure 12.11 Differences in core temperature and sweat 
rate during 45 minutes of submaximal exercise in a 
hot/humid environment versus a cool environment.
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CLINICAL APPLICATIONS 12.1

Exercise-Related Heat Injuries Can Be Prevented
Heat injury during exercise can occur 
when the level of body heat produc-
tion is high and environmental condi-
tions (e.g., high ambient temperature 
and humidity) impede heat loss from 
the body. The primary cause of heat 
injury is hyperthermia (high body tem-
perature). Increases in body temperature 
of 2°C to 3°C generally do not have ill 
effects (3, 7). Nonetheless, increases in 
body temperature above 40°C to 41°C 
can be associated with a variety of heat-
related problems. Note that heat-related 
problems during exercise are not “all or 
none,” but form a heat-injury continuum 
that can extend from a relatively minor 
problem (i.e., heat syncope) to a life-
threatening, major medical emergency 
(i.e., heat stroke). The general symptoms 
of heat stress include nausea, headache, 
dizziness, reduced sweat rate, and the 
general inability to think rationally.

Each year in the United States, sev-
eral heat-related problems in Ameri-
can football are reported. Nonetheless, 
heat-related illness during  exercise 

can be prevented. To prevent over-
heating during exercise, the following 
guidelines are useful:

 ■ Exercise during the coolest part 
of the day.

 ■ Minimize both the intensity 
and duration of exercise on 
hot/humid days.

 ■ Expose a maximal surface area of 
skin for evaporation (i.e., removal 
of clothing) during exercise.

 ■ When removal of clothing dur-
ing exercise is not possible (e.g., 
American football), provide 
frequent rest/cool-down breaks 
along with intermittent cloth-
ing shed (e.g., removal of hel-
met and upper clothing).

 ■ To avoid dehydration during 
exercise, workouts should 
permit frequent water breaks 
(coupled with rest/cool-down).

 ■ Rest/cool-down breaks during 
exercise should remove the ath-
lete from radiant heat gain due 

to direct sunlight (e.g., sitting 
under a tent) and offer exposure 
to circulating, cool air (e.g., fans).

 ■ Measure body weight at the be-
ginning and end of a training (or 
practice) session to determine 
the amount of fluid replace-
ment required to restore body 
water balance before the next 
training session. Maintaining 
proper hydration is important 
because dehydration increases 
the risk of heat injury.

When an athlete develops symp-
toms of heat injury, the obvious 
treatment is to stop exercising and im-
mediately begin cooling the body (e.g., 
cold water immersion). Cold fluids 
with electrolytes should also be pro-
vided for rehydration. See Chap. 24 for 
more details on the signs and symp-
toms of heat injury. Also, see Casa et al. 
(2015) in Suggested Readings for more 
information on the prevention and 
care of exercise-induced heat illness.
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(i.e., oxidation). This heat-induced increase in muscle 
radical production can damage contractile proteins 
(e.g., actin and myosin) resulting in reduced muscle 
force production (i.e., muscle fatigue) (56).

Further, as illustrated in Figure 12.12, muscle fa-
tigue can contribute to central nervous system dys-
function. This occurs because of peripheral feedback 
from the fatiguing muscles to the brain resulting in 
a decreased central motor drive. Specifically, muscle 
chemoreceptors (also called metaboreceptors) are stim-
ulated during fatiguing exercise. Activation of muscle  

chemoreceptors results in afferent feedback to the 
brain via type III/IV afferents; this neural feedback 
from the fatiguing muscle exerts inhibitory influences 
on central motor drive resulting in decreased recruit-
ment of motor units (i.e., decreased recruitment of 
muscle fibers).   

To summarize, exercise in a hot environment pro-
motes muscle fatigue by accelerating muscle glycogen 
depletion, increasing lactate production, and fostering 
free radical production. In many cases, these three 
factors interact and contribute to the accelerated  

THE WINNING EDGE 12.1

Prevention of Dehydration during Exercise

Athletic performance can be impaired 
by sweat-induced loss of body water 
(i.e., dehydration). Indeed, dehydra-
tion resulting in loss of 1% to 2% of 
body weight is sufficient to impair ex-
ercise performance (8, 39). Dehydra-
tion of greater than 3% of body weight 
further impairs physiological function 
and increases the risk of heat injury 
(8, 38). Therefore, prevention of dehy-
dration during exercise is important 
to both maximize athletic perfor-
mance and prevent heat injuries. 
Dehydration can be avoided by adher-
ence to the following guidelines:

 ■ Athletes should be well hy-
drated prior to beginning a 
workout or competition. This 
can be achieved by drinking 
400 to 800 ml of fluid within 
three hours prior to exercise 
(37, 39).

 ■ Athletes should consume 150 
to 300 ml of fluid every 15 to 

20 minutes during exercise 
(39). The actual volume of fluid 
ingested during each drinking 
period should be adjusted to 
environmental conditions (i.e., 
rate of sweat loss) and indi-
vidual tolerances for drinking 
during exercise.

 ■ To ensure rehydration follow-
ing exercise, athletes should 
monitor fluid losses during 
exercise by recording body 
weight prior to the workout 
and then weighing immedi-
ately after the workout session. 
To ensure proper rehydration 
following exercise, the indi-
vidual should consume fluids 
equal to approximately 150% of 
the weight loss. For example, 
if an athlete loses 1 kg of body 
weight during a training ses-
sion, he/she should consume 
1.5 liters of fluid to achieve 
complete rehydration (39).

 ■ Monitoring the color of urine 
between workouts is a practical 
way to judge hydration levels 
in athletes. For example, in a 
well-hydrated individual, urine 
is typically clear or the color 
of lemonade. In contrast, in de-
hydrated individuals, urine ap-
pears as a dark-yellow fluid.

Which is the optimal rehydra-
tion fluid—water or a well-formulated 
sports drink? The National Athletic 
Trainers Association has concluded 
that well-designed sports drinks are 
superior to water for rehydration fol-
lowing exercise (8). The rationale for 
this recommendation is that these 
beverages increase voluntary intake by 
athletes and allow for more effective 
rehydration. For more details on fluid 
replacement during and following ex-
ercise, please see Maughan and Shirre-
ffs (2010) and Kenefick and Cheuvront 
(2012) in Suggested Readings.

Figure 12.12 Factors that contribute to impaired 
performance during exercise in the heat.
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muscle fatigue observed during exercise in a hot en-
vironment. Further, afferent neural feedback from 
fatiguing muscles to the brain exerts inhibitory influ-
ences on central motor drive resulting in a decrease 
in the activation of motors units and, consequently, a 
decrease in muscle force production.

Cardiovascular Dysfunction Cardiovascular dys-
function is another potential contributor to impaired 
exercise performance in a hot/humid environment. 
Indeed, heat stress can promote cardiovascular strain 
(i.e., increased heart rate and decreased stroke volume) 
and reduced muscle blood flow. Note, however, that 
reduced muscle blood flow does not contribute to im-
paired exercise tolerance during light or moderate ex-
ercise because muscle blood flow is well maintained 
during submaximal exercise when dehydration does 
not occur (12). In contrast, during high-intensity ex-
ercise (i.e., near V̇ O2 max) performed in a hot/ humid 
environment, there is a progressive decline in muscle 
blood flow. This reduction in muscle blood flow dur-
ing exercise in the heat is due to a competition for 
blood between the working muscles and the skin. 
That is, as body temperature rises during exercise in 
a hot environment, blood flow moves away from the 
contracting muscle toward the skin to assist in cool-
ing the body. Therefore, during high-intensity exer-
cise, reduced muscle blood flow can contribute to 
impaired exercise performance in the heat; this reduc-
tion in muscle blood flow results in reduced oxygen 
delivery to the muscle and is a contributory factor 
to the accelerated muscle fatigue that occurs dur-
ing high-intensity exercise in a hot environment (Fig. 
12.12). In contrast, reduced muscle blood flow can-
not explain the heat-induced reduction in exercise 
performance during prolonged submaximal exercise. 
For more details on how cardiovascular dysfunction 
contributes to impaired exercise performance in a hot 
environment, see Nybo et al. (2014) and Sawka et al. 
(2015) in the Suggested Readings.

Central Nervous System Dysfunction It is well es-
tablished that both hyperthermia and dehydration 
can impair exercise performance due to central ner-
vous system dysfunction. Specifically, hyperthermia 
(high body temperature) acts upon the central ner-
vous system to reduce the mental drive for motor 
unit recruitment (21, 38, 40). As discussed earlier, ac-
tivation of muscle chemoreceptors results in afferent 
feedback to the brain via type III/IV afferents. Again, 
this neural feedback from the fatiguing muscle exerts 
inhibitory influences on central motor drive resulting 
in decreased recruitment of motor units. 

To summarize, prolonged exercise in the heat 
can impede exercise performance due to changes in 
the central nervous system. This exercise-induced 
impairment of the central nervous system can arise 

from hyperthermia, dehydration, and afferent feed-
back from muscle chemoreceptors. For more details 
on this topic, see Nybo et al. (2014) in Suggested 
Readings.

Exercise Performance in a Hot Environment: Sum-
mary and Conclusions Exercise in the heat acceler-
ates muscle fatigue and impairs exercise performance. 
It seems likely that heat-induced fatigue is not due 
to a single factor but results from a combination of 
physiological factors (49). Key factors that contrib-
ute to heat-induced impairments in exercise per-
formance are accelerated muscle fatigue, impaired 
cardiovascular function, and central nervous system 
dysfunction. The relative contribution that each fac-
tor plays in heat-induced impaired exercise perfor-
mance depends upon the duration and intensity of 
exercise. For example, during prolonged submaximal 
exercise, central nervous system dysfunction and ac-
celerated muscle fatigue interact to diminish exercise 
performance. In contrast, cardiovascular dysfunction 
does not play a major role in impaired exercise per-
formance during prolonged submaximal exercise in 
the absence of severe dehydration. However, cardio-
vascular dysfunction (i.e., decreased muscle blood 
flow) clearly contributes to the diminished exercise 
performance during high-intensity exercise in a hot 
environment. 

Athletes can use several strategies to improve 
their exercise performance in a hot environment. For 
example, athletes can optimize exercise performance 
in the heat by becoming heat acclimated and con-
suming fluid before and during exercise. The process 
of physiological adaptation to heat (heat acclimation) 
will improve exercise tolerance and will be discussed 
later in this chapter. Guidelines for the consumption 
of water before and during athletic performance are 
presented in The Winning Edge 12.1 and are also 
discussed in Chap. 23. Further, precooling has been 
shown to improve exercise performance in a hot en-
vironment (see Winning Edge 12.2). Finally, for more 
details on exercise performance in the heat, see Ask 
the Expert 12.1.

Gender and Age Differences  
in Thermoregulation
In the 1960s it was believed that, compared to men, 
women were less tolerant of exercise in a hot envi-
ronment. However, these early studies did not match 
men and women at the same level of heat acclima-
tion and similar body compositions (i.e., equal percent 
body fat). Indeed, when studies have matched men 
and women for these characteristics, the gender dif-
ferences in heat tolerance are small.

Does aging impair one’s ability to thermoreg-
ulate and exercise in the heat? This issue remains 
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controversial, but it does appear that aging results 
in a reduced ability to regulate body temperature 
in sedentary individuals (5, 14, 28, 30, 52). How-
ever, well-controlled studies have concluded that 
exercise-conditioned old and young men show lit-
tle difference in thermoregulation during exercise 
(52, 64). Further, a recent review of the literature on 
this subject has concluded that heat tolerance does 
not appear to be severely compromised by age in 
healthy and physically active older subjects (28, 30). 
Based upon the collective evidence, it appears that 
deconditioning (i.e., decline in V̇O2 max) and a lack 
of heat acclimatization in older subjects may explain 
why some of the earlier studies reported a decrease 
in thermotolerance with age. For more details on the 
impact of aging on temperature regulation, see Blat-
teis (2012) in Suggested Readings.

Heat Acclimation
Regular exercise in a hot environment results in a se-
ries of physiological adaptations designed to minimize 
disturbances in homeostasis due to heat stress. The 
term acclimatization refers to physiological adjust-
ments that occur in response to repeated exposure 
to the natural environment whereas acclimation re-
fers to adjustments produced by exposure to artificial 
conditions in experimental chambers. Nonetheless, 
the terms acclimation and acclimatization are often  

used interchangeably to refer to the physiological ad-
aptation that occurs when an individual undergoes 
repeated exposure to a stressful environment (e.g., 
hot ambient temperature). In our discussion of exer-
cise and heat tolerance, we will use the term acclima-
tion to denote an improved tolerance to heat stress 
following repeated exposure (days to weeks) to a hot 
environment.

Individuals of all ages are capable of acclimating 
to a hot environment (28, 64). The end result of heat 
acclimation is a lower heart rate and core tempera-
ture during submaximal exercise (14). Although par-
tial heat acclimation can occur by training in a cool 
environment, it is essential that athletes exercise in a 
hot environment to obtain maximal heat acclimation 
(2). Because an elevation in core temperature is the 
primary stimulus to promote heat acclimation, it is 
recommended that the athlete perform strenuous in-
terval training or continuous exercise at an intensity 
exceeding 50% of the athlete’s V̇O2 max in order to 
promote higher core temperatures (50) (see Research 
Focus 12.1).

The primary adaptations that occur during heat 
acclimation are an increased plasma volume, earlier 
onset of sweating, higher sweat rate, reduced salt loss 
in sweat, a reduced skin blood flow, and increased 
synthesis of heat shock proteins. It is  interesting that 
heat adaptation occurs rapidly, with almost com-
plete acclimation being achieved by 7 to 14 days 

THE WINNING EDGE 12.2

Exercise Physiology Applied to Sports—Precooling the Body Improves Exercise  
Performance in the Heat

Prolonged exercise in the heat can re-
sult in an excessively high body tem-
perature (i.e., hyperthermia) arising 
from the imbalance between body 
heat production and heat loss. This is 
important because a high body tem-
perature negatively impacts many 
physiological functions and impairs 
exercise performance. Importantly, 
sustained high core temperatures can 
lead to heat illness. Therefore, strate-
gies that prevent excessive body heat 
storage during prolonged exercise in 
a hot environment can improve exer-
cise performance and protect against 
heat injury.

One of the most effective strategies 
to improve exercise performance in a 
hot environment is to cool the body 

prior to exercise (called “precooling”). 
In short, the purpose of precooling is 
to lower the body core temperature 
prior to beginning exercise. The con-
cept is that if an athlete begins exer-
cise with a lower core temperature, 
induced by precooling, this permits 
the individual to perform more work 
prior to reaching an elevated core 
temperature that limits exercise per-
formance. In this regard, many stud-
ies confirm that precooling results in 
small but significant improvements 
(i.e., 5% to 7%) in performance during 
endurance exercise performed in a 
hot environment (6).

Studies investigating the impact of 
precooling on exercise performance 
have used a variety of different cooling 

techniques including: (1) cold water 
immersion, (2) cooling (ice) vest, (3) 
cooling packs, and (4) ingestion of cold 
drinks (6). Although each of these tech-
niques improves exercise performance 
in a hot environment, a combination 
of cooling techniques (e.g., combining 
cooling pack and cold water immer-
sion) improves performance more than 
a single cooling technique (6). Using 
these combined cooling techniques 
appears to be more effective than a 
single cooling technique because these 
“mixed” techniques impact a larger 
body surface area and result in a lower 
overall core temperature (6). For more 
information on precooling and exer-
cise performance, see Bongers et al. 
(2015) in the Suggested Reading list.
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after the first exposure (51, 70) (Fig. 12.13). A brief 
discussion of each of these physiological adaptations 
follows.

Heat acclimation results in a 10% to 12% increase 
in plasma volume (17, 67). This increased plasma vol-
ume maintains central blood volume, stroke volume, 
and sweating capacity, and allows the body to store 
more heat with a smaller temperature gain.

A key aspect of heat acclimation is an earlier on-
set of sweating and an increase in the sweat rate. An 
earlier onset of sweating simply means that sweating 
begins rapidly after the commencement of exercise; 
this translates into less heat storage at the  beginning 
of exercise and a lower core temperature. In addition, 
heat acclimation can increase the sweating capacity 
almost threefold above the rate achievable prior to 

ASK THE EXPERT 12.1

Exercise Performance in a Hot Environment  
Questions and Answers with Dr. Michael Sawka

Michael Sawka, Ph.D., 
is Professor of  Applied 
Physiology at the Georgia 
Institute of Technology.

Dr. Sawka is an inter
nationally recognized  
expert in both exercise 
physiology and environ
mental stress. Indeed,  
Dr. Sawka has authored 
more than 200 highly 

regarded research studies related to both ex
ercise and environmental physiology. In partic
ular, Dr. Sawka and his team have performed 
many studies investigating the impact of a hot 
environment on exercise performance.

In this box feature, Dr. Sawka addresses 
three important questions related to exercise 
performance in the heat.

question: Your work has established 
that environmental heat stress has a 
negative impact on aerobic exercise 
performance. However, how does 
heat stress impact performance 
in team sports, such as soccer or 
American football?

answer: The performance of a team is 
dependent upon the performance 
of the individual athletes. If the in-
dividual athlete’s performance is im-
paired, then it is likely the team’s 
performance will also be suboptimal. 
In addition, team sports are greatly 
dependent upon both cohesion and 
decision making, and there is evi-
dence that heat stress and dehydra-
tion can degrade cognitive function, 
which will have a negative impact on 
decision making and team cohesion.

question: Your group has extensively 
studied the mechanism(s) to explain 

why environmental heat stress im-
pairs aerobic exercise performance. 
What are the primary explanations 
as to why a hot environment im-
pairs aerobic performance?

answer: Heat stress impairs aerobic ex-
ercise performance because of two 
primary reasons: (1) cardiovascular 
strain needed to support high skin 
blood flow, and (2) dehydration, 
which reduces plasma volume and 
thus increases cardiovascular strain. 
During exercise in a hot environ-
ment, the high skin blood flow and 
reduced plasma volume both act to 
reduce venous pressure and thus re-
duce cardiac filling. Despite a com-
pensatory increase in heart rate and 
contractility, stroke volume will 
usually decline and thus make it 
difficult to maintain blood pressure 
and to sustain adequate blood flow 
to skeletal muscle and the brain. In 
addition, thermal discomfort and 
perceived exertion are elevated. The 
net effect is that heat stress degrades 
maximal aerobic power and that any 
submaximal work rate is performed 
at a greater relative work rate (i.e., 
percent of maximal aerobic power), 
which also increases perception of ef-
fort. Further, heat stress alters skeletal 
muscle metabolism (increased glyco-
gen use and lactate accumulation) 
and may modify central nervous sys-
tem function, which can contribute 
to impaired exercise performance.

question: Strong evidence indicates 
that heat acclimation improves exer-
cise tolerance in hot environments. 
However, are there other strategies 
(e.g., precooling or  hyperhydration) 

that athletes can utilize to improve 
aerobic performance in a hot envi-
ronment?

answer: By far the most effective 
strategies to sustain performance 
during heat stress are to achieve 
heat acclimation and maintain ad-
equate hydration. In addition, heat 
acclimation has recently been dem-
onstrated to confer benefits to im-
prove aerobic exercise performance 
in temperate environments. There 
is some evidence that precooling 
and hyperhydration can improve 
performance in a hot environment, 
but in my opinion their benefits 
are marginal and if improperly used 
might be counterproductive.

Hyperhydration can result in 
a small increase in blood volume 
and slightly delay developing de-
hydration; together, these changes 
help to support the cardiovascular 
system during exercise in a hot 
environment. Nonetheless, these 
benefits are marginal and, depend-
ing upon the methods employed, 
hyperhydration could increase the 
likelihood of hyponatremia (i.e., low 
blood sodium levels), discomfort as-
sociated with increased urine out-
put, or elevated risk of headache.

Precooling allows body tempera-
ture (skin and core) to be lower at 
the beginning of exercise, but the 
small benefits demonstrated in lab-
oratory studies may be lost in real-
life competition when athletes are 
exposed to the hot environment for 
a significant period before initiating 
competition. In addition, overcool-
ing the skeletal muscles might ini-
tially impair muscle performance.

Courtesy of  
Dr. Michael 
Sawka
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heat adaptation (59, 71). Therefore, much more evap-
orative cooling is possible, which is a major advantage 
in minimizing heat storage during prolonged work.

Moreover, sweat losses of sodium and chloride are 
lower following heat acclimation, due to an increased 
secretion of aldosterone (11). While this adaptation 
results in a reduction of electrolyte loss and aids in 
reducing electrolyte disturbances during exercise in 
the heat, it does not minimize the need to replace the 
body water loss that occurs during exercise which is 
higher than normal (see Chaps. 23 and 24).

Moreover, an important part of heat acclimation 
includes the cellular production of heat shock pro-
teins in skeletal muscle fibers and all other cells of 

the body. Heat shock proteins are members of a large 
family of proteins called “stress proteins,” which were 
introduced in Chap. 2. As the name implies, these 
stress proteins are synthesized in response to stress 
(e.g., heat) and are designed to prevent cellular dam-
age due to heat or other stresses. Details of how heat 
shock proteins protect cells against heat stress are 
located in Research Focus 12.2.

In summary, regular bouts of exercise in a hot en-
vironment result in the rapid development of heat ac-
climation that reaches maximal adaptation within 7 to 
14 days. This adaptation results in a reduced heart rate 
during submaximal exercise in the heat, decreased 
body core temperature, decreased psychological rating 
of perceived exertion, and improved exercise perfor-
mance in a hot environment (34). The days required to 
reach maximal heat acclimation for these various phys-
iological measures are summarized in Figure 12.13, 
and an illustration of the impact of heat acclimation 
on heart rate and core temperature during exercise in 
the heat is illustrated in Figure 12.14.

Loss of Acclimation
When an individual stops exercising, the loss of heat 
acclimation is rapid, with reductions in heat tolerance 
occurring within a few days of inactivity (i.e., no heat 
exposure) (32). Specifically, heat tolerance decreases 
significantly within 7 days of no heat  exposure, 
and complete loss of heat tolerance occurs follow-
ing 28 days of no heat exposure  (2). Therefore, re-
peated exposure to heat is required to maintain heat 
 acclimation (69).

Figure 12.13 The number of days required to reach 
maximal heat acclimation during consecutive days of 
heat exposure. Note that maximal heat acclimation is 
achieved between 7 and 14 days following the initial 
heat exposure.

3 9 150 6 12

Days of acclimatization

Sweat
rate

Perceived
exertion

decrease

Plasma
volume

expansion

Heart
rate

decrease

RESEARCH FOCUS 12.1

Can Exercise Training in Cool Conditions Promote Heat Acclimation?
Athletes who train in cool environ-
ments often travel to warmer climates 
to compete. Without adequate heat 
acclimation, these athletes will be at 
a disadvantage compared to athletes 
who have developed a high level of 
heat adaptation by training in a hot/
humid environment. Therefore, a key 
question is, “Can training in heavy 
clothing in a cool environment pro-
mote heat acclimation?” The answer 
to this question is yes, but the magni-
tude of the heat acclimation that is ob-
tained by this method is generally less 
than the maximal level of acclimation 
that can be achieved by daily training 
in a hot/humid environment (2, 13). 

Nonetheless, “artificial” heat training 
in heavy clothing in cool conditions 
appears to be better than attempting 
no heat acclimation measures (13).

On a related topic, most of us have 
witnessed individuals exercising in a 
rubber suit. These exercise suits are 
typically made of a rubberized vinyl 
that covers the entire body and pre-
vents evaporative heat loss from the 
skin. While exercise in these suits 
will promote increased body tem-
perature and therefore will contrib-
ute to heat acclimation, prolonged 
exercise in a rubber suit is a high-
risk endeavor that could lead to high 
body temperatures and heat  injury. 

 Therefore, wearing a rubber suit dur-
ing exercise is not recommended 
because of the risk of hyperthermia 
associated with the prevention of 
evaporative heat loss. Also, note that 
while exercise in a rubber suit will 
encourage body water loss, exercise 
in a rubber suit does not necessarily 
result in the loss of body fat because 
to lose body fat, you must create an 
energy (i.e., caloric) deficit. Indeed, 
while a sweat-induced loss of body 
water does reduce your body weight, 
as soon as you replace these fluids by 
drinking, your body weight will re-
turn to normal. See Chap. 18 for de-
tails on loss of body fat.
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EXERCISE IN A COLD 
ENVIRONMENT
Exercise in a cold environment enhances an athlete’s 
ability to lose heat and therefore greatly reduces the 
chance of heat injury. In general, the combination of 
metabolic heat production and warm clothing prevents 
the development of hypothermia (large decrease in 
core temperature) during short-term exercise on a cold 
day. However, exercise in the cold for extended peri-
ods of time (e.g., a long triathlon) or swimming in cold 
water may overpower the body’s ability to prevent 
heat loss, and hypothermia may result. In such cases, 
heat production during exercise is not able to keep 
pace with heat loss. This is particularly true during 
swimming in extremely cold water (e.g., <15°C). Se-
vere hypothermia may result in a loss of judgment, 
which increases the risk of further cold injury.

Individuals with a high percentage of body fat 
have an advantage over lean individuals when it 
comes to cold tolerance (23). Large amounts of sub-
cutaneous fat provide an increased layer of insulation 
from the cold. This additional insulation reduces the 
rate of heat loss and therefore improves cold toler-
ance. For this reason, women generally tolerate mild 
cold exposure better than men.

Participation in sports activities in the cold may 
present several other types of problems for the ath-
lete. For example, hands exposed to cold weather 
become numb due to the reduction in the rate of 
neural transmission and reduced blood flow due to 

Figure 12.14 Illustration of the impact of heat acclima-
tion on heart rate and core temperature during constant 
load submaximal (50% V̇O2 max) exercise in a hot  
environment.
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RESEARCH FOCUS 12.2

Heat Acclimation and Heat Shock Proteins
Repeated bouts of prolonged exer-
cise in a warm or hot environment 
result in many physiological adapta-
tions that minimize disturbances in 
homeostasis due to heat stress. Collec-
tively, these adaptations improve ex-
ercise tolerance in hot environments 
and reduce the risk of heat injury. 
Evidence indicates that an  important 

part of this adaptive process is the 
synthesis of heat shock proteins in 
numerous tissues, including skel-
etal muscle and the heart (42). Heat 
shock proteins represent a family of 
“stress” proteins that are synthesized 
in response to cellular stress (i.e., heat, 
acidosis, tissue injury, etc.). Although 
heat shock proteins perform a variety 

of cellular functions, it is clear that 
these proteins protect cells from ther-
mal injury by stabilizing and refold-
ing damaged proteins. Indeed, heat 
shock proteins play an important role 
in the development of thermotoler-
ance and protect body cells from the 
heat loads associated with prolonged 
exercise (42).

IN SUMMARY
 ■ During prolonged exercise in a moderate environ-
ment, core temperature will increase gradually 
above the normal resting value and will reach a 
plateau at approximately 30 to 45 minutes.

 ■ During exercise in a hot/humid environment, 
core temperature does not reach a plateau, but 
will continue to rise. Long-term exercise in this 
type of environment increases the risk of heat 
injury.

 ■ Heat acclimation results in (1) an increase in 
plasma volume, (2) an earlier onset of sweating 
during exercise, (3) a higher sweat rate, (4) a  
reduction in the amount of electrolytes lost in 
sweat, (5) a reduction in skin blood flow, and 
(6)  increased levels of heat shock protein in tissues.

pow70456_ch12_269-292.indd   287 01/16/17   9:52 PM



288 Section One Physiology of Exercise

vasoconstriction. This results in a loss of dexterity and 
 affects such skills as throwing and catching. In addi-
tion, exposed flesh is susceptible to frostbite, which 
may present a serious medical condition. Further de-
tails of the effects of a cold environment on perfor-
mance are presented in Chap. 24.

Humans often exercise and work in cold weather 
environments but, in general, cold weather is not a 
barrier to performing exercise training or outdoor 
work. Nonetheless, there are some cases of cold stress 
(i.e., exercise at low ambient temperatures with high 
wind or immersion in cold water) that challenge the 
body’s ability to maintain temperature homeostasis 
(10). Cold stress is defined as any environmental con-
dition that promotes a loss of body heat and threatens 
temperature homeostasis. In the following sections, 
we will highlight the physiological responses to exer-
cise in the cold and discuss acclimation to cold. For 
more details of the effects of exercise in a cold envi-
ronment, see Chap. 24.

Physiological Responses to Exercise  
in the Cold
During resting conditions, humans exhibit peripheral 
vasoconstriction upon exposure to cold. This results 
in a decrease in skin blood flow that reduces convec-
tive heat loss between the skin and the environment; 
this effectively increases the insulation of the body. In 
these conditions, heat is lost from the exposed body 
surface faster than it is replaced and skin tempera-
ture decreases (10). During whole body exposure to 
a cold environment (i.e., individual wearing shorts 
and short-sleeve shirt), the vasoconstrictor response 
extends beyond the fingers and spreads throughout 
the body’s peripheral circulation (10). This vasocon-
striction response to cold exposure reduces heat loss 
and protects deep body temperature; however, this 
occurs at the expense of a decrease in skin tempera-
ture (10). Prolonged cold exposure (at rest) can also 
increase metabolic heat production via both shiver-
ing (repeated rhythmic muscle contractions) and in-
creased metabolic heat production by brown adipose 
tissue (10).

Exercise in a cold environment enhances an ath-
lete’s ability to lose heat and therefore greatly reduces 
the chance of heat injury. In general, the combina-
tion of metabolic heat production and warm cloth-
ing prevents the development of hypothermia (large 
decrease in core temperature) during exercise on a 
cold day. However, exercise in the cold for extended 
periods of time (e.g., a long triathlon) or swimming 
in cold water may overpower the body’s ability to 
prevent heat loss, and hypothermia can occur. In such 
cases, heat production during exercise is not able to 
keep pace with heat loss. This is particularly true  

during swimming in extremely cold water (e.g., 15°C 
or lower).

Factors Affecting Body Heat Loss during Cold Expo-
sure Several factors affect the amount of heat loss 
that occurs during cold exposure. For example, indi-
viduals with a high percentage of body fat have an 
advantage over lean individuals when it comes to cold 
tolerance (23, 49). Large amounts of subcutaneous fat 
provide an increased layer of insulation from the cold. 
This additional insulation reduces the rate of heat loss 
and therefore improves cold tolerance. Because women 
typically possess added subcutaneous fat, women often 
tolerate mild cold exposure and cold-water immersion 
better than men (10). Nonetheless, sex differences in 
cold tolerance are small when men and women of simi-
lar body composition are compared (10).

Age is another factor that can impact cold toler-
ance. For example, children often have a large surface-
to-mass ratio compared to adults. This results in a 
proportionally greater heat loss from the body and 
increases the difficulty of maintaining temperature 
homeostasis during cold exposure. Further, compared 
to young and middle-aged adults, elderly individuals 
who have lost a significant amount of muscle mass are 
at greater risk for hypothermia during cold exposure. 
This is because the loss of muscle mass decreases tis-
sue insulation and makes it more difficult to maintain 
temperature homeostasis during cold exposure. 

Finally, exercise training or physical fitness lev-
els have limited influences on thermoregulatory 
responses to cold. Indeed, both cross-sectional and 
longitudinal studies conclude that the ability to toler-
ate cold is not related to physical fitness levels if sub-
jects are matched for the same percent body fat (10). 

Cold Stress Effects on Exercise Performance Cold 
temperature can impair sports performance in several 
ways. For example, hands exposed to cold tempera-
tures often become numb due to the reduction in the 
rate of neural transmission and reduced blood flow 
due to vasoconstriction. This results in a loss of man-
ual dexterity and affects motor skills such as throwing 
and catching. The level of cold-induced impairment 
of manual dexterity is directly correlated with skin 
temperature. Further, as skin temperature reaches 
15°C (i.e., 59°F), manual dexterity begins to decline 
rapidly with further decreases in temperature (10). 

Cold can also impact muscle strength and power 
output when muscle temperature decreases significantly 
(10). For example, studies investigating the impact of 
cold water immersion on muscular strength reveal that 
reducing muscle by ~8°C can reduce muscle strength 
and power by 31% to 44% (10). Nonetheless, during exer-
cise in cold air, the temperature of the exercising muscle 
does not typically decrease and therefore, cold air expo-
sure rarely decreases muscular force production.
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To date, only a few studies have investigated 
the influence of cold air on aerobic exercise perfor-
mance and unfortunately, there is no consensus about 
whether aerobic exercise performance is impaired 
in a cold environment compared to relatively warm 
temperatures. Similar to the studies of cold air expo-
sure, only a few studies have examined aerobic per-
formance during exercise in cold water. Nonetheless, 
it is predicted that cold water would potentially have 
a negative impact on aerobic performance because, 
compared to air, heat conduction in water is 25 times 
greater than air resulting in a larger decrease in muscle 
temperatures (10). See Castellani and Tipton (2016) in 
the Suggested Readings for more information about 
the effect of cold stress on exercise performance.

Health Risks during Exercise in the Cold Individuals 
immersed in cold water (e.g., 15°C or lower) are at risk 
for hypothermia. In fact, people who accidently fall 
into rivers or lakes at near freezing temperatures are 
at risk of death when the body core temperature de-
clines from the normal level of 37°C to 25°C or lower. 
This level of hypothermia is associated with cardiac 
arrhythmias and potentially cardiac arrest. Moreover, 
severe hypothermia also results in a loss of judgment, 
which increases the risk of further cold injury.

Compared to exercise in cold water, exercise in 
cold air presents less risk of developing hypothermia. 
Nonetheless, exposed skin is at risk for frostbite when 
air temperatures are below freezing. In this regard, if 
not treated early, frostbite is a serious medical condi-
tion that can result in permanent tissue damage (i.e., 
gangrene) when skin is exposed to cold conditions for 
long time periods. 

Does breathing cold air during exercise pose a risk 
to the respiratory tract or lungs? The short answer is 
no. Indeed, the cold air that enters the nose or mouth 
is rapidly warmed before entering the lungs. However, 
breathing cold air can trigger exercise-induced asthma 
in some individuals. This type of exercise-induced 
asthma is caused by a cooling and drying of the airways, 
which results in bronchoconstriction. See Chap. 17 for 
more details on the causes of exercise-induced asthma. 

Cold Acclimation
Three major physiological adaptations occur when 
humans are chronically exposed to cold temperatures 
(35, 36). First, cold adaptation results in a reduction in 

the mean skin temperature at which shivering begins. 
That is, people who are cold acclimated begin shiv-
ering at a lower skin temperature when compared 
to unacclimated individuals. The explanation for this 
finding is that cold-acclimatized people maintain heat 
production with less shivering by increasing nonshiv-
ering thermogenesis. This is achieved by an increase 
in the release of norepinephrine, which results in an 
increase in metabolic heat production (7, 22).

A second physiological adjustment that occurs 
due to cold acclimation is that cold-adjusted indi-
viduals can maintain a higher mean hand-and-foot 
temperature during cold exposure when compared 
to unacclimated persons. Cold acclimation apparently 
results in improved intermittent peripheral vasodila-
tion to increase blood flow (and heat flow) to both 
the hands and feet (35, 36).

The third and final physiological adaptation to 
cold is the improved ability to sleep in cold environ-
ments. Unacclimated people who try to sleep in cold 
environments will often shiver so much that sleep is 
impossible. In contrast, cold-acclimatized individuals 
can sleep comfortably in cold environments due to 
their elevated level of nonshivering thermogenesis. 
The exact time course of complete cold acclimation 
is not clear. However, subjects placed in a cold cham-
ber begin to show signs of cold acclimation after one 
week (50).

STUDY ACTIVITIES
 1. Define the following terms: (1) homeotherm, (2) hyper-

thermia, and (3) hypothermia.
 2. Why does a significant increase in core temperature 

represent a threat to life?

 3. Explain the comment that the term body temperature is 
a misnomer.

 4. How is body temperature measured during exercise?

IN SUMMARY
 ■ During resting conditions, humans exhibit 
peripheral vasoconstriction upon exposure to 
cold. This results in a decrease in skin blood 
flow that reduces convective heat loss between 
the skin and the environment.

 ■ Exercise in a cold environment enhances an 
athlete’s ability to lose heat and therefore 
greatly reduces the chance of heat injury.

 ■ Cold acclimation results in three physiologi-
cal adaptations: (1) increased nonshivering 
thermogenesis, (2) improved ability to prevent 
large decreases in skin temperature during cold 
exposure, and (3) improved ability to sleep in 
cold environments. The overall goal of these 
adaptations is to increase heat production and 
maintain core temperature, which will make 
the individual more comfortable during cold 
exposure.
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 5. Briefly discuss the role of the preoptic-anterior hypo-
thalamus in temperature regulation.

 6. List and discuss the four mechanisms of heat loss. 
Which of these avenues plays the most important part 
during exercise in a hot/dry environment?

 7. Discuss the two general categories of heat production 
in people.

 8. What hormones are involved in biochemical heat 
 production?

 9. Briefly outline the thermal events that occur during 
prolonged exercise in a moderate environment. In-
clude in your discussion information about changes in 

core temperature, skin blood flow, sweating, and skin 
 temperature.

 10. Calculate the amount of evaporation that must occur to 
remove 400 kcal of heat from the body.

 11. How much heat would be removed from the skin if 
520 ml of sweat evaporated during a 30-minute period?

 12. List and discuss the physiological adaptations that oc-
cur during heat acclimation.

 13. How might exercise in a cold environment affect dex-
terity in such skills as throwing and catching?

 14. Discuss the physiological changes that occur in re-
sponse to chronic exposure to cold.
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13
The Physiology of Training:  
Effect on V̇O2 Max, Performance, 
and Strength

 ■ Objectives

By studying this chapter, you should be able to do the following:

 1. Explain the basic principles of training: 
overload, reversibility, and specificity.

 2. Discuss the role that genetics plays in 
determining V̇O2 max.

 3. Describe the typical change in V̇O2 max 
with endurance-training programs and the 
effect of the initial (pretraining) value on the 
magnitude of the increase.

 4. Identify typical V̇O2 max values for various 
sedentary, active, and athletic populations.

 5. Understand the contribution of heart rate, 
stroke volume, and the a-v̄ O2 difference in 
determining V̇O2 max.

 6. Discuss how training increases V̇O2 max.

 7. Define preload, afterload, and contractility, 
and discuss the role of each in the increase in 
the maximal stroke volume that occurs with 
endurance training.

 8. Describe the changes in muscle structure that 
are responsible for the increase in the maximal 
a-v̄ O2 difference with endurance training.

 9. List and discuss the primary changes that 
occur in skeletal muscle as a result of 
endurance training.

 10. Explain how “high-intensity” endurance training 
improves acid-base balance during exercise.

 11. Outline the “big picture” changes that occur 
in skeletal muscle as a result of exercise 
training and discuss the specificity of exercise 
training responses.

 12. List the four primary signal transduction 
pathways in skeletal muscle.

13. List and define the function of important 
secondary messengers in skeletal muscle.

14. Outline the signaling events that lead 
to endurance training-induced muscle 
adaptation.

15. Discuss how changes in “central command” 
and “peripheral feedback” following an 
endurance training program can lower the 
heart rate, ventilation, and catecholamine 
responses to a submaximal exercise bout.

16. Describe the underlying causes of the 
decrease in V̇O2 max that occurs with 
cessation of endurance training.

17. Contrast the role of neural adaptations with 
hypertrophy in the increase in strength that 
occurs with resistance training.

18. Identify the changes that occur in skeletal 
muscle fibers in response to resistance 
training.

19. Outline the signaling events that lead to 
resistance training-induced increases in 
muscle growth.

20. Discuss how detraining following strength 
training affects muscle fiber size and strength. 
Explain how retraining affects muscle fiber 
size and strength.

21. Explain why concurrent strength and 
endurance training can impair strength gains.

© Action Plus Sports Images/Alamy Stock Photo
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 ■ Outline

A theme throughout this book is that there are regu-
latory mechanisms (i.e., control systems) operating 

at rest and during exercise to maintain homeostasis. 
It is clear that participation in regular endurance ex-
ercise increases the cardiovascular system’s ability to 
 deliver blood to the working muscles and increases the 
muscle’s capacity to produce ATP aerobically. These 
parallel changes result in less disruption of the internal 

 environment during exercise. This, of course, leads to im-
proved performance. Further, regular bouts of resistance 
exercise result in muscular adaptation that increases the 
muscle’s ability to generate force and also improves per-
formance in power events (e.g., weight lifting).

This chapter will discuss the physiological adapta-
tions that occur in response to both endurance exercise 
training and resistance training. A major objective of 
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this chapter is to tie together much of the physiology 
that has been presented in earlier chapters, because 
many tissues and organ systems are either directly or 
indirectly affected by training programs. In the dis-
cussion of endurance training, we consider separately 
those physiological changes that promote an increase 
in V̇O2 max from those adaptations associated with 
improvements in prolonged submaximal performance. 
This is because V̇O2 max is closely linked to the maxi-
mal capacity of the cardiovascular system to  deliver 
blood to the working muscles. The ability to sustain 
long-term, submaximal exercise is linked more to the 
maintenance of muscle fiber homeostasis due to spe-
cific biochemical properties of the working muscles.

This chapter also explores the physiology of 
strength development. Further, because endurance 
training causes adaptations in muscle that may  conflict 
with those adaptations associated with strength 
training programs, we discuss the issue of whether 
 concurrent resistance and endurance training results 
in a compromised increase in muscular strength com-
pared to resistance training alone. Let’s begin with an 
introduction to the principles of training.

PRINCIPLES OF TRAINING
The three principles of training are overload, specific-
ity, and reversibility. These principles are introduced 
here and applied in Chaps. 16 and 17 (training for fit-
ness) and in Chap. 21 (training for performance).

Overload and Reversibility
The overload principle refers to the fact that an organ 
system (e.g., cardiovascular) or tissue (e.g., skeletal mus-
cle) must be exercised at a level beyond which it is ac-
customed in order to achieve a training adaptation. The 
system or tissue gradually adapts to this overload. This 
pattern of progressively overloading a system or tissue 
as adaptations occur results in improved function over 
time. The typical variables that constitute the overload 
include the intensity, duration, and frequency (days per 
week) of exercise. The corollary of the overload prin-
ciple is the principle of reversibility. The principle of 
reversibility refers to the fact that the fitness gains by 
exercising at an overload are quickly lost when training 
is stopped and the overload is removed.

Specificity
The principle of specificity refers to the effect that ex-
ercise training is specific to the muscles involved in that 
activity, the fiber types recruited, the principal energy 
system involved (aerobic versus anaerobic), the veloc-
ity of contraction, and the type of muscle contraction 
 (eccentric, concentric, or isometric). Indeed, the arms do 

not undergo significant training adaptation during a 10-
week running exercise program. Further, this also means 
that if an individual participates in a low-intensity, dis-
tance running program that utilizes the slow-twitch 
muscle fibers in the legs, there is little or no training 
effect occurring in fast-twitch fibers in the leg muscles.

Specificity also refers to the types of adaptations 
occurring in muscle as a result of training. If a muscle 
is engaged in endurance exercise training, the primary 
adaptations are increases in capillaries and mitochondria 
volume, which increase the capacity of the muscle to 
produce energy aerobically. If a muscle is engaged in 
heavy resistance training, the primary adaptation is an 
increase in the quantity of the contractile proteins (59).

ENDURANCE TRAINING  
AND V̇O2 MAX
Maximal oxygen uptake (also called maximal aerobic 
power or V̇O2 max) is the measure of the maximal ca-
pacity of the body to transport and use oxygen during 
dynamic exercise using large muscle groups (i.e., legs). 
Chap. 4 introduced this concept, and Chaps. 9 and 10 
showed how specific cardiovascular and pulmonary vari-
ables respond to graded exercise up to V̇O2 max. The 
following sections discuss the effect of endurance exer-
cise programs on the increase in V̇O2 max and the physi-
ological changes that are responsible for this increase.

Training Programs and  
Changes in V̇O2 Max
Endurance training programs that increase V̇O2 max 
commonly involve continuous dynamic exercise us-
ing a large muscle mass (e.g., running, cycling, or 

IN SUMMARY
 ■ The overload principle reveals that for a train-
ing effect to occur, a system or tissue must 
be challenged with an intensity, duration, or 
frequency of exercise to which it is unaccus-
tomed. Over time, the tissue or system adapts 
to this increased load. The reversibility prin-
ciple is a corollary to the overload principle 
and refers to the fact that fitness gains are lost 
when training is stopped.

 ■ The principle of specificity indicates that the 
training effect is limited to the muscle fibers 
involved in the activity. In addition, the muscle 
fiber adapts specifically to the type of activ-
ity. Specifically, endurance exercise training 
promotes an increase in both mitochondria and 
capillary density in muscle, whereas resistance 
training results in increased contractile proteins 
in skeletal muscle.
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swimming) for 20 to 60 minutes per session, three or 
more times per week at an intensity >50% V̇O2 max. 
However, abundant evidence also reveals that high-
intensity interval training (i.e., 30 seconds all-out 
 efforts) also improves V̇O2 max (34). Details about 
how to design a training program for the average 
individual and the athlete are presented in Chaps. 16 
and 21, respectively. While endurance training pro-
grams of two- to three-months duration typically 
cause an increase in V̇O2 max between 15% and 20%, 
the range of improvement can be as low as 2% to 3% 
for those who start the program with high V̇O2 max 
values (23), and as high as 50% for individuals with 
low initial V̇O2 max values or the genetic potential 
for large improvements in V̇O2 max with training (14, 
23, 41, 84). In addition, individuals with a low V̇O2 
max prior to training can experience improvements 
with relatively low training intensities (e.g., 40% to 
50% V̇O2 max), whereas individuals with high V̇O2 
max values may require higher training intensities 
(e.g., >70% V̇O2 max) (66).

Relative V̇O2 max (i.e., normalized to body weight) 
can vary widely in adults depending upon their age, 
health, and training status. For example, V̇O2 max can 
be less than 20 ml · kg–1 · min–1 in patients with se-
vere cardiovascular and pulmonary disease, and more 
than 80 ml · kg–1 · min–1 in world-class distance run-
ners and cross-country skiers (Table 13.1). The ex-
tremely high V̇O2 max values possessed by elite male 
and female endurance athletes are the genetic gift of 
a large cardiovascular capacity and high percentage 
of slow muscle fibers (5). Indeed, studies have con-
cluded that heritability of V̇O2 max in the untrained 
state is approximately 50% (12, 13). In other words, 
about 50% of individual’s V̇O2 max is determined by 
genetics along with environmental influences. 

Further, research indicates that the magnitude of im-
provement in V̇O2 max in response to exercise training is 
also genetically determined (14). For example, following 
a standardized training program, there is a wide variation 
in the level of V̇O2 max improvement among individuals 
(12, 53). It is estimated that the heritability of training 
gains in V̇O2 max is approximately 47% (14). Evidence 
points to differences in mitochondrial DNA as being im-
portant in both the individual differences in initial (i.e., 
untrained) V̇O2 max and the training-induced improve-
ments in V̇O2 max (14). Genetically gifted individuals 
who show large improvements (e.g., 40% to 50% increase) 
in V̇O2 max following endurance training are often re-
ferred to as “high responders” to exercise training. See A 
Closer Look 13.1 for more information on this topic.

In addition to genetic factors, both the intensity 
and duration of endurance training have an important 
impact on the magnitude in training-induced changes 
in V̇O2 max. For example, prolonged periods of endur-
ance training (i.e., two to three years) can produce large 
improvements (e.g., 40% to 50% increases) in V̇O2 max in 
genetically gifted individuals. Also, high-intensity endur-
ance training can increase V̇O2 max by as much as 50% in 
individuals with the genetic potential to respond favor-
ably to endurance training (14, 41). For instance, a study 
revealed a large (e.g. 30% to 50% improvement) and lin-
ear increase in V̇O2 max over ten weeks of high-intensity 
exercise training (41). These results are in contrast with 
many training studies that show a leveling off of the V̇O2 
max values after only a few weeks of training. The much 
larger increase in V̇O2 max with this ten-week training 
program was due to a higher intensity, frequency, and 
duration of training than are commonly employed in en-
durance exercise programs. We next discuss the physi-
ological adaptations that are responsible for endurance 
training-induced improvements in V̇O2 max.

TABLE 13.1 V̇O2 Max Values Measured 
in Healthy and Diseased Populations

Population Males Females

Healthy
Cross-country skiers 84 72
Distance runners 83 62
Sedentary: young 45 38
Sedentary: middle-aged  
 adults

35 30

Diseased
Post-myocardial infarction  
 patients

22 18

Severe pulmonary disease  
 patients

13 13

Values are expressed in ml · kg−1 · min−1.
Åstrand, P., and Rodahl, K., Dahl, H., and Stromme, S., Textbook of 
Work Physiology. Champaign, IL Human Kinetics, 2003.

IN SUMMARY
 ■ Endurance training programs that increase V̇O2 
max involve a large muscle mass in continuous 
activity for 20 to 60 minutes per session, three 
or more times per week, at an intensity of 50% 
to 85% V̇O2 max. Similiar to continuous endur-
ance training, high-intensity interval training 
also improves V̇O2 max.

 ■ Although V̇O2 max increases an average of 
about 15% to 20% as a result of an endurance 
training program, the largest training-induced 
increases in V̇O2 max generally occur in those 
genetically gifted individuals who are often 
referred to as “high responders” to endurance 
training adaptations.

 ■ Genetic predisposition accounts for about 50% of 
one’s V̇O2 max value. Very strenuous and/or pro-
longed endurance training can increase V̇O2 max 
in normal sedentary individuals by up to 50%.
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WHY DOES EXERCISE TRAINING 
IMPROVE V̇O2 MAX?
The calculation of oxygen consumption via the Fick 
equation is illustrated as shown:

V̇O2 max =  Maximal cardiac output  
× (maximal a-v̄ O2 difference)

As maximal oxygen uptake is the product of systemic 
blood flow (cardiac output) and systemic oxygen 
extraction (arteriovenous [a-v̄] oxygen difference), 
training-induced changes in V̇O2 max occur due to 
increased maximal cardiac output, increased maximal 
a-v̄ O2 difference, or some combination of both.

Recall from Chap. 9 that cardiac output is de-
termined by the product of heart rate times stroke 
volume (i.e., amount of blood ejected per heart beat). 
Also, remember that the a-v̄ O2 difference is a measure 
of how much oxygen is removed from arterial blood 
and used by the tissues. Again, the Fick equation re-
veals that training-induced increases in V̇O2 max can 
be due to increased cardiac output, increased a-v̄ O2 
difference, or an increase in both. Research reveals 
that, in untrained subjects, relatively short durations 
(1 to 4 months) of endurance training increases both  

V̇O2 max (+26%) and maximal cardiac output (+10%) 
but does not significantly increase the maximal 
a-v̄ O2 difference (Fig. 13.1) (69). Therefore,  following 

A CLOSER LOOK 13.1

Impact of Genetics on V̇O2 Max and Individual Exercise Training Responses
The link between genetics and V̇O2 
max along with the between- subject 
variations in exercise training re-
sponses has been studied for over 
two decades. An important study in-
vestigating genetics and exercise ad-
aptations is known as the HERITAGE 
Family Study. This investigation has 
made major contribution to our under-
standing of the role that genetics plays 
in determining both V̇O2 max and the 
biological responses to exercise train-
ing. Together, the HERITAGE Family 
Study and numerous other studies re-
veal the following information about 
the role that genetics plays in deter-
mining V̇O2 max and the training-in-
duced improvements in V̇O2 max.

 ■ Heritability determines ap-
proximately 50% of V̇O2 max in 
sedentary adults (13). In other 
words, 50% of the V̇O2 max of 
an untrained subject can be ex-
plained by genetic differences 
between individuals.

 ■ Genetics also plays a key role 
in determining how individu-
als respond to training and a 
large variation exists between 
people in their ability to im-
prove V̇O2 max in response to 
training. For example, while 
the average training-induced 
improvement in V̇O2 max is 
15% to 20%, some individuals 
are “low responders” to exer-
cise training and achieve only a 
2% to 3% improvement in V̇O2 
max. In contrast, some indi-
viduals are “high responders” 
to exercise and can achieve a 
50% improvement in V̇O2 max. 
These large variations in the 
training response illustrate the 
fact that the heritability of the 
training adaptation is great and 
approaches 47% (11,14).

 ■ Studies reveal that only those 
individuals with both the ge-
netic makeup for a high V̇O2 

max in the untrained state  
and with the genetic back-
ground to be a “high re-
sponder” to exercise training 
have the potential to achieve 
the high V̇O2 max value re-
quired to successfully com-
plete in endurance events 
(e.g., 5,000 meter run) at the 
Olympic level.

 ■ Recent HERITAGE Family  
studies show that the large 
variation in the human adap-
tive response to exercise (i.e., 
responders vs. nonresponders) 
is due to 21 different genes 
that play an important role in 
training adaptation (14).

Please see Mann et al. (2014) and 
Tucker and Collins (2012) in the 
Suggested Reading list to learn more 
about the impact of genetics on V̇O2 
max and the training adaptations to 
exercise.
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Figure 13.1 Progression of endurance training-induced 
changes in V̇O2 max, maximal cardiac output, and 
 maximal a-v O2 difference in healthy, sedentary adults 
during 4-32 months of training. 
Data from Montero, D., Diaz-Canestro, C., and Lundby, C., “Endurance 
Training and V̇O2 Max: Role of Maximal Cardiac Output and Oxygen  
Extraction,”  Medicine & Science in Sports & Exercise 47: 2024-2033, 2015.
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short-duration training, all of the training-induced 
improvement in V̇O2 max is due to increases in maxi-
mal cardiac output. In contrast, studies reveal that a 
longer duration of training (i.e., 32 months or more) 
increases V̇O2 max by increasing both maximal car-
diac output (+15%) and the maximal a-v̄ O2 difference 
(+25%) (Fig. 13.1) (69). Note that, following both short- 
and long-duration endurance training, the exercise- 
induced increase in maximal cardiac output is entirely 
due to increases in stroke volume because maximal 
heart rate either remains constant or slightly decreases.

What causes the maximal stroke volume and the 
maximal arteriovenous oxygen difference to increase 
as a result of endurance training? The answers are pro-
vided in the next two sections.

Stroke Volume
Recall that stroke volume is the amount of blood 
ejected from the heart with each beat and is equal to 
the difference between end diastolic volume (EDV) 
and end systolic volume (ESV). Note that exercise 
training does not increase maximal heart rate and, 
in fact, months of training result in a small decrease 
in maximal heart rate. Therefore, all training-induced 
increases in maximal cardiac output must come from 
increases in stroke volume. Figure 13.2 summarizes 
the factors that can increase stroke volume in re-
sponse to endurance training. In brief, an increase in 
EDV (preload), increased cardiac contractility, or a 
decrease in total peripheral resistance (afterload) can 
increase stroke volume. Let’s briefly discuss each of 
these factors relative to the increase in the maximal 
stroke volume that occurs with endurance training.

End Diastolic Volume (EDV) One of the key factors 
responsible for training-induced increases in maximal 
stroke volume is an increase in EDV. An increase in 
EDV results in stretch of the left ventricle and a corre-
sponding increase in cardiac contractility via the Frank-
Starling mechanism (Chap. 9). This increase in EDV in 

the endurance-trained heart is likely a  result of  several 
training-induced changes. A  primary mechanism is 
that plasma volume increases with endurance train-
ing, and this contributes to augmented venous return 
and  increased EDV. These training-induced changes in 
plasma volume and increased stroke volume changes can 
 occur rapidly. For example, a six-day training program  
(2 hr/day at 65% V̇O2 max) can promote a 7% increase in 
V̇O2 max, 11% increase in plasma volume, and a 10% in-
crease in stroke volume. This training-induced increase 
in stroke volume is likely due to an increase in EDV.

Also, note that prolonged endurance training 
(months to years) increases the volume of the left 
 ventricle with little change in ventricular wall thickness 
(87). This increase in ventricular volume will accommo-
date a larger EDV and is predicted to contribute to the 
training-induced increase in stroke volume (28, 79, 87).

Finally, endurance training not only increases 
stroke volume during maximal exercise, but also in-
creases stroke volume at rest. The increase in resting 
stroke volume in endurance-trained athletes is likely 
due to the increased EDV at rest that results from 
increased stretch of the myocardium because of the 
increased ventricular filling time associated with the 
slower resting heart rate (bradycardia) that occurs 
following endurance training (87).

Cardiac Contractility Cardiac contractility refers to 
the strength of the cardiac muscle contraction when the 
fiber length (EDV), afterload (peripheral resistance), and 
heart rate remain constant. Although an acute  exercise 
bout increases cardiac contractility due to the action of 
the sympathetic nervous system on the  ventricle, it is 
difficult to determine whether the  inherent contractil-
ity of the human heart changes with endurance training. 
This is because the factors that  affect contractility (EDV, 
heart rate, and afterload) are themselves affected by en-
durance training. Nonetheless, animal studies indicate 
that high-intensity exercise training increases cardiac 
pumping ability by increasing the force of ventricular 
contraction (50, 51, 103).  Further, research reveals that 
endurance exercise training  increases left ventricular 
“twist mechanics” resulting in increased stroke volume 
(87, 104). Together, these findings indicate that endur-
ance exercise training improves ventricular contractil-
ity in both humans and animals.

Afterload The term afterload refers to the peripheral 
resistance against which the ventricle is contracting as 
it tries to push blood into the aorta. Afterload is impor-
tant because when the heart contracts against a high 
peripheral resistance, stroke volume will be reduced 
(compared to a lower peripheral resistance). Following 
an endurance-training program, trained muscles offer 
less resistance to blood flow during maximal exercise 
due to a reduction in the sympathetic vasoconstric-
tor activity to the arterioles of the trained muscles. Figure 13.2 Factors increasing stroke volume.
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This decrease in resistance parallels the increase in 
maximal cardiac output so that mean arterial blood 
pressure during exercise remains unchanged.

Arteriovenous O2 Difference
As mentioned earlier, endurance training-induced in-
creases in V̇O2 max following many months of training 
are due to an elevation in both cardiac output (i.e., 
stroke volume increases) and the a-v̄ O2 difference. The 
training-induced increase in the a-v̄ O2 difference is 
due to increased O2 extraction from the blood. The 
increased capacity of the muscle to extract O2 follow-
ing training is primarily due to the increase in capil-
lary density, with an increase in mitochondrial volume 
being of secondary importance (9, 42). The enlarged 
capillary density in trained muscle accommodates the 
increase in muscle blood flow during maximal exercise, 
decreases the diffusion distance to the mitochondria, 
and slows the rate of blood flow to allow more time for 
oxygen diffusion from the capillary to the muscle fiber. 
Changes in capillary density parallel alterations in leg 
blood flow and V̇O2 max with training. The increases 
in mitochondrial number following endurance training 
increase the muscle fiber’s ability to consume oxygen 
and also contribute to the expanded a-v̄ O2 differences. 
Note, however, the capacity of the mitochondria to use 
O2 exceeds the capability of the heart to deliver O2, 
making mitochondrial number not the key factor limit-
ing V̇O2 max (9, 42). Figure 13.3 provides a summary 
of the factors responsible for the increase in V̇O2 max 
associated with an endurance training program.

Finally, two scientists who have made major con-
tributions to our understanding of the physiological 
effects of exercise training are Drs. John O. Holloszy 
and Bengt Saltin. See A Look Back—Important People 
in Science for more on these outstanding scientists.

ENDURANCE TRAINING: 
EFFECTS ON PERFORMANCE 
AND HOMEOSTASIS
The ability to perform prolonged, submaximal work 
is dependent on the maintenance of homeostasis dur-
ing the activity. Endurance training results in a more 
rapid transition from rest to steady-state exercise, a 
reduced reliance on the limited liver and muscle gly-
cogen stores, and numerous cardiovascular and ther-
moregulatory adaptations that assist in maintaining 
homeostasis. Many of these training-induced adapta-
tions are due to structural and biochemical changes 
in muscle, and we will discuss those in detail in the 
next few pages. However, a portion of these adapta-
tions is related to factors external to the muscle. This 
needs to be stated at the beginning of this section 
because, while we focus on the link between changes 
in skeletal muscle and performance, there is evidence 
that some improvements in performance occur rap-
idly and might precede structural or biochemical 
changes in skeletal muscle (36). This suggests that the 
initial metabolic adaptations to endurance  training 

Figure 13.3 Summary of factors causing an increase in 
V̇O2 max with endurance training.
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IN SUMMARY
 ■ In healthy, sedentary subjects, the training-
induced improvements in V̇O2 max that occur 
following short-term training (i.e., ~4 months) 
are due to increases in maximal cardiac output 
alone. However, the training-induced improve-
ments in V̇O2 max that occur following long 
duration training (i.e., 32 months) are the result 
of both increases in maximal cardiac output 
(i.e., stroke volume increases) and an increase in 
the a-v̄ O2 difference.

 ■ The training-induced increase in maximal 
stroke volume is due to both an increase in 
preload and a decrease in afterload.
a. The increased preload is primarily due to an 

increase in end diastolic ventricular volume 
and the associated increase in plasma volume.

b. The decreased afterload is due to a decrease 
in the arteriolar constriction in the trained 
muscles, increasing maximal muscle blood 
flow with no change in the mean arterial 
blood pressure.

 ■ The training–induced increase in the a-v̄ O2 dif-
ference is due to an increase in the capillary 
density of the trained muscles, which is needed 
to accept the increase in maximal muscle blood 
flow. The greater capillary density allows for 
a slow red blood cell transit time through the 
muscle, providing enough time for oxygen dif-
fusion from the capillary into the muscle fiber.
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might consist of changes in the nervous system or 
neural-hormonal adaptations, which are followed by 
biochemical adaptations in muscle fibers.

In the introduction to this chapter, we mentioned 
that the increase in submaximal performance follow-
ing an endurance training program is due more to bio-
chemical and structural changes in the trained skeletal 
muscle than to an increase in V̇O2 max. Common en-
durance training-induced changes include increases 
in the percentage of slow muscle fibers (i.e., fast-to-
slow fiber type shift), increased mitochondrial volume 
in fibers, added ability for muscle to metabolize fat, 
improved muscle antioxidant capacity, and increased 
capillary density (39). Indeed, these training-induced 
changes in muscle primarily determine the overall 
physiological responses to a given submaximal exer-
cise bout. Let’s begin our discussion with an overview 
of endurance training-induced changes in muscle fiber 
types and capillary number in skeletal muscle.

Endurance Training-Induced Changes 
in Fiber Type and Capillarity
It is well established that endurance training results 
in a shift in fast-to-slow muscle fiber type. Recall from 
Chap. 8 that this exercise-induced shift in muscle 
 fiber type involves a reduction in the amount of fast 
myosin in the muscle and an increase in slow  myosin 
isoforms. This is significant because slow myosin 

isoforms have lower myosin ATPase activity but are 
able to perform more work with less ATP utilization 
(i.e., more efficient). This fast-to-slow shift in myosin 
isoforms is physiologically important because it in-
creases mechanical efficiency and therefore can po-
tentially improve endurance performance.

The magnitude of this exercise-induced fiber type 
shift is dependent upon both the intensity and dura-
tion of training sessions along with the total years of 
endurance training. For example, the number of type 
I (slow) fibers in leg muscles of distance runners is 
correlated to the number of years of training. This sug-
gests that the training-induced increase in the num-
ber of type I fibers is progressive and can continue 
during several years of training. Note, however, that 
most human and animal training studies indicate that 
although endurance training promotes a fast-to-slow 
fiber shift in the active muscles, this shift does not re-
sult in a complete shift from fast fibers to slow fibers. 
Therefore, as mentioned earlier in the chapter, the ex-
tremely high aerobic capacity possessed by elite male 
and female endurance athletes is likely the genetic 
gift of a high percentage of slow muscle fibers.

Endurance training increases the capillary supply 
to skeletal muscle fibers of trained individuals. In fact, 
a strong correlation exists between a subject’s V̇O2 
max and the number of capillaries surrounding mus-
cle fibers in the trained limbs. This exercise-induced 
capillarization in the skeletal muscle is advantageous 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Dr. John O. Holloszy, M.D., and Dr. Bengt Saltin, M.D., Ph.D.—Olympic Prize Winners
The International Olym-
pic Committee (IOC) 
established the IOC 
Olympic Prize in Sports 
Sciences to recognize 
international leaders in 
research in the sport 
sciences. The awardee 
receives $500,000 and 
an Olympic medal. The 
prize is awarded every 
two years.

In 2000, the International Olym-
pic Committee awarded its IOC Prize 
in Sport Sciences to Dr. John O. 
Holloszy. The prize recognizes his 
outstanding contributions to our un-
derstanding of the effects of endurance 
training on muscle and metabolism, 
and how they affect endurance per-
formance, heart disease, diabetes, and 
aging. That simple sentence cannot do 

justice to the more than 382 studies 
he has published in the very best re-
search journals or the impact he has 
had on the field of exercise science 
and preventive medicine. Throughout 
his career, Dr. Holloszy has trained 
several generations of scientists to fol-
low in his footsteps. His list of post-
doctoral fellows, beginning in the 
l960s, forms a who’s who in exercise 
physiology; the research contributions 
of his post-doctoral fellows multiply 
many times over the effect Dr. Hol-
loszy has had in the field of exercise 
physiology. Dr. Holloszy continues his 
active research career at Washington 
University School of Medicine in the 
areas of caloric restriction and aging 
and carbohydrate and fat metabolism.

In 2002, the International Olym-
pic Committee awarded its IOC Prize 
in Sport Sciences to Dr. Bengt Saltin 

(1935–2014). During 
a long and produc-
tive research career,  
Dr. Saltin has pub-
lished more than 451 
studies that have 
broadly expanded our 
understanding of exer-
cise physiology. More 
specifically, Dr. Saltin’s 
work has improved 

our appreciation of training-induced 
changes in V̇O2 max and the regulation 
of fuel utilization in skeletal muscle dur-
ing exercise. Moreover, he performed 
classic bed-rest studies revealing the 
important physiological changes that 
occur following prolonged periods of 
inactivity. You will note that many of  
Dr. Saltin’s studies are cited throughout 
this book as a testament to the impor-
tance of his research discoveries. 

Joe Angeles/
Washington 
University in  
St. Louis

© Harry How/
Pool/Getty 
Images
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because diffusion distances for oxygen and substrate 
delivery to muscle fibers is reduced. Similarly, the 
distance for diffusion and removal of metabolic waste 
from the fiber are also decreased.

Endurance Training Increases 
Mitochondrial Content in  
Skeletal Muscle Fibers
Two subpopulations of mitochondria exist in skeletal 
muscle. One population rests immediately beneath 
the sarcolemma (subsarcolemmal mitochondria), and 
the second and larger group of mitochondria (i.e., 80% 
of total mitochondria) is dispersed around the con-
tractile proteins (intermyofibrillar mitochondria). En-
durance training and high-intensity interval training 
can rapidly increase the volume of both mitochondrial 
subpopulations in the active skeletal muscle fibers. 
For example, mitochondrial volume can increase in 
muscle fibers within the first five days of a training 
program (102). Prolonged endurance training can typi-
cally increase muscle mitochondrial volume by 50% 
to 100% within the first six weeks of training (16). 
However, the magnitude of the exercise-induced in-
crease in mitochondria in muscle is dependent upon 
both the exercise intensity and duration of the exer-
cise sessions. See A Closer Look 13.2 for more details 
on exercise-induced changes in mitochondrial volume 
and mitochondrial turnover in muscle fibers. The in-
creased endurance performance that results from mi-
tochondrial biogenesis is due to changes in muscle 
metabolism during exercise. Let’s briefly examine 
some of these key changes.

At the onset of exercise, ATP is converted to 
ADP and Pi in the muscle fibers in order to develop 
tension. The increase in the ADP concentration in 
the cytoplasm is the immediate stimulus for ATP-
producing systems to meet the ATP demands of the 
cross-bridges. Phosphocreatine responds immediately 
to this ATP need, followed by glycolysis, and finally 
mitochondrial oxidative phosphorylation. The latter 
process becomes the primary source of ATP during 
the steady-state phase of exercise. How does endur-
ance training affect these oxygen uptake responses at 
the onset of submaximal steady-state work?

The steady-state V̇O2 measured during a submaxi-
mal work test is not affected by endurance training. 
This means that mitochondria in the working mus-
cles are consuming the same number of O2 molecules 
per minute. However, because training results in an 
increase in the size of mitochondria in muscle, the 
ATP-producing chore handled by mitochondria differs 
between untrained and trained skeletal muscles. This 
point is illustrated in the following example. Suppose 
an untrained muscle cell has only one small mitochon-
drion, and a breakdown of 100 units of ATP per min-
ute is needed for the muscle to consume 2.0 liters of 
O2 per minute to sustain a constant level of exercise. 
The breakdown of 100 units of ATP/minute results in 
the formation of 100 units of ADP/minute in the cy-
tosol of the fiber (see Fig. 13.4). Remember that aero-
bic formation of ATP requires ADP to be transported 
into the mitochondria to be combined with Pi to form 
ATP. After training, when the size of the mitochondria 
in the cell has doubled, the rate of ADP transportation 
into the mitochondria has also doubled. Therefore, 

A CLOSER LOOK 13.2

Endurance Exercise Training Increases Mitochondrial Volume and Turnover in Skeletal Muscle
As discussed in the text, both 
 endurance exercise training (i.e., 
 continuous submaximal exercise) and 
high-intensity interval training pro-
mote the synthesis of new mitochon-
dria (called mitochondrial biogenesis), 
resulting in an increased volume of 
both subsarcolemmal and intermyo-
fibrillar mitochondria in the trained 
muscle fibers. Research reveals that 
the exercise-induced increase in mi-
tochondrial volume is primarily due 
increased mitochondrial size and not 
an increased number of mitochondria 
(58). This exercise-induced increase in 
mitochondrial volume in muscle fibers 
results in an improved oxidative ca-
pacity and increased ability to use fat 

as a fuel source. This improved ability 
to metabolize fat as a fuel  during exer-
cise is advantageous because it spares 
carbohydrates and prevents depletion 
of the limited carbohydrate stores in 
both muscle and liver (58).

In addition to promoting mito-
chondrial biogenesis, endurance 
exercise training also increases the 
 removal of damaged mitochondria. 
Specifically, endurance exercise train-
ing promotes the breakdown and 
removal of “old” and damaged mito-
chondria; these damaged mitochon-
dria are replaced with “new” and 
healthy mitochondria that are larger 
in size. The  process of removal and 
 replacement of muscle mitochondria 

is commonly referred to as mitochon-
drial turnover. The  removal of damaged 
mitochondria occurs via a process 
called mitophagy. In short, mitophagy 
is the selective removal of “old” and 
damaged mitochondria by lysosomes. 
The end result of exercise-induced 
 increases in mitochondrial turnover is 
that the muscle mitochondrial popu-
lation in trained  individuals is larger 
and healthier than the mitochondrial 
population found in muscle fibers of 
untrained individuals.

As mentioned earlier, this increase 
in the volume of healthy mitochon-
dria results in an improved oxidative 
capacity and increased ability of the 
muscle fibers to metabolize fats. 
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the ADP concentration in the cytosol increases only 
half as much because of the additional mitochondria 
present to take up the ADP. This is important for two 
reasons. First, the lower ADP concentration results in 
less phosphocreatine depletion because the reaction 
for this is [ADP] + [PC] → [ATP] + [C]. Second, the 
lower ADP concentration in the cell also results in 
less stimulation of glycolysis and, therefore, a reduced 
production of lactate and H+. Collectively, the re-
duced stimulation of glycolysis due to the lower ADP 
and higher PC concentrations following endurance 
training results in less reliance on anaerobic glycolysis 
to provide ATP at the onset of exercise (30, 37). The 
net result is a lower oxygen deficit, less depletion of 
phosphocreatine, and a reduction in lactate and H+ 
formation. Figure 13.5 shows that the biochemical 
adaptations following endurance training result in a 
faster rise in the oxygen uptake curve at the onset of 
work, with less disruption of homeostasis.

Training-Induced Changes in Muscle  
Fuel Utilization
Plasma glucose is the primary fuel for the nervous 
system and therefore maintaining plasma glucose lev-
els is vital. Thus, it is not surprising that endurance 
 training promotes biochemical changes in skeletal 
muscles that assist in maintaining a constant blood 
glucose concentration during prolonged submaximal 
exercise. Specifically, endurance training results in a 
decreased use of glucose (carbohydrate) as fuel and an 
increase in fat metabolism during prolonged submaxi-
mal  exercise. Together, these changes spare plasma 
 glucose and increase the reliance on fat as a fuel source 

in skeletal muscle during exercise. Details of how 
 endurance  exercise training alters both carbohydrate 
and fat  metabolism are presented in the next sections.

Endurance Training Results in Decreased Utilization 
of Plasma Glucose during Prolonged Submaximal 
 Exercise Glucose uptake by contracting  skeletal 
muscles occurs via facilitated diffusion and requires 
the presence of a glucose transport protein (GLUT4) 
on the muscle cell membrane (i.e., sarcolemma). 
 Endurance exercise training increases the capac-
ity to transport glucose into skeletal muscle fibers 
by increasing both the number of GLUT4 glucose 
transporters and the ability of insulin to promote 
transport of glucose into the muscle (80). Given 
these training-induced changes, it is surprising that 
 endurance training results in a decreased reliance on 
 carbohydrate as an energy source during prolonged 
submaximal  exercise. Indeed, uptake and oxidation of 
glucose from the blood during submaximal exercise 
is decreased in trained individuals (80). Consequently, 
trained  individuals are better able to maintain blood 
glucose  levels during prolonged exercise. 

The mechanisms by which training decreases 
the utilization of blood glucose are not well known 
but could be due to a reduced movement of GLUT4 
 glucose transporters from the cytosol to the muscle 
membrane (80). Regardless of the mechanism respon-
sible for this training-induced decrease in glucose 
metabolism during exercise, this slower utilization 
of glucose during prolonged exercise in trained 
 individuals is a logical adaptation that would decrease 
the risk of developing hypoglycemia (i.e., low blood 
glucose levels) during a prolonging exercise bout (e.g., 
running a marathon). 

Endurance Training Increases Fat Metabolism  during 
Exercise Endurance training increases fat metabo-
lism during submaximal exercise by boosting the 
delivery of fat to the muscle and expanding the 

Figure 13.5 Endurance training reduces the O2 deficit at 
the onset of work.
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Figure 13.4 Influence of mitochondria size on the change 
in the cytosolic ADP concentration during submaximal 
exercise. Note that the training-induced increases in mi-
tochondrial size in the muscle improve the rate of ADP 
transport into the mitochondria, resulting in a lower 
ADP concentration in the cytosol and less stimulation 
of glycolysis.
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 muscle’s ability to metabolize fat (Fig. 13.6). The 
training-induced increase in fat delivery to the mus-
cle is accomplished by three training-induced adapta-
tions: (1) increased capillary density which enhances 
the delivery of free fatty acids (FFA) to the muscle;  
(2) expanded ability to transport FFA across the sar-
colemma; and (3) improved capacity to move FFA 
from the cytoplasm into the mitochondria. Also, en-
durance exercise training increases the muscle’s abil-
ity to metabolize fat by increasing the volume of 
mitochondria in the muscle fiber. This is important 
because fat metabolism occurs in the mitochondria 
whereby beta oxidation converts FFA to acetyl-CoA 
units for metabolism in the Krebs cycle. More details 
of how endurance training increases fat metabolism 
follows. 

Intramuscular fat provides about 50% of the lipid 
oxidized during exercise, and plasma FFA provide the 
rest (45, 101). The uptake of FFA by muscle is pro-
portional to the FFA concentration in the plasma. For 
FFA to enter the muscle fiber, plasma FFA must be 
transported across the cell membrane to the cyto-
plasm and then into the mitochondria before oxida-
tion can occur. Movement of FFA into the muscle 
cell involves a carrier molecule whose capacity to 
transport FFA can become saturated at high plasma 
FFA concentrations (85). However, endurance train-
ing increases the capacity to transport FFA across the 
cell membrane so that, compared to an untrained in-
dividual, a trained individual can transport more FFA 
across the muscle cell membrane (52). This is due to 
the dramatic training-induced increase in both fatty 
acid binding protein and fatty acid translocase (FAT) 
that transport the fatty acids across the sarcolemma 
into the fiber (48). This increased ability to transport 
FFA is facilitated by a greater capillary density in the 

trained muscle, which slows the rate of blood flow 
past the fiber membrane, allowing more time for the 
FFA to be transported into the cell (85) (Fig. 13.6).

Endurance exercise training also improves the 
ability to transport FFA into the mitochondria where 
fat oxidation occurs. A key step in FFA transport into 
the mitochondria involves both carnitine palmitoyl-
transferase I (CPT-I) and FAT. CPT-I and FAT work 
together to increase FFA entry into the mitochon-
dria, and much of the training-induced increase in fat 
oxidation is linked to changes in mitochrondrial FAT. 
The increase in the mitochondrial size with endur-
ance training increases the surface area of the mito-
chondrial membranes and the amount of CPT-I and 
FAT such that FFA can be transported at a faster rate 
from the cytoplasm to the mitochondria for oxidation 
(86). The faster rate of transport from the cytoplasm 
to the mitochondria favors the movement of more 
FFA into the muscle cell from the plasma.

As mentioned previously, endurance train-
ing causes an increase in both subpopulations of 
 mitochondria—subsarcolemmal and intermyofibrillar 
in muscle fibers (54). These increases in mitochon-
dria size elevate the enzymes involved in fatty-acid 
 beta-oxidation. This results in an increased rate at 
which acetyl-CoA molecules are formed from FFA 
for entry to the Krebs cycle, where citrate (the first 
molecule in the cycle) is formed. A high rate of beta 
oxidation results in increased levels of citrate in the 
muscle. This is important because high citrate  levels 
inhibit PFK (rate-limiting enzyme in glycolysis), which 
reduces carbohydrate metabolism (42). The result of 
all these adaptations is an increase in lipid oxidation 
and less reliance on carbohydrate metabolism during 
exercise, thus preserving the limited muscle and liver 
glycogen stores.

Figure 13.6 Endurance training increases 
fat metabolism and decreases muscle 
glucose utilization during prolonged 
submaximal exercise. This training- 
induced increase in fat metabolism 
 during submaximal exercise is achieved 
by increasing capillary density and 
  increasing the number of mitochondria 
in the muscle fiber.
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Endurance Training Improves Muscle 
Antioxidant Capacity
Free radicals are chemical species or molecules that 
contain an unpaired electron in their outer orbital. 
Because of this unpaired electron, radicals are highly 
reactive and can interact with cellular components to 
promote damage to proteins, membranes, and DNA.

Therefore, it is not surprising that cells contain 
a network of molecules that neutralize radicals (i.e., 
antioxidants) and protect against radical-mediated 
injury. In general, these cellular antioxidants can be 
divided into two broad groups. The first set of anti-
oxidants is produced within cells of the body (i.e., en-
dogenous antioxidants), whereas the second group is 
derived from the diet (i.e., exogenous antioxidants). To 
provide maximum protection against radicals, these 
two antioxidant groups work as a team to neutralize 
radicals and maintain a healthy antioxidant/oxidant 
balance to prevent radical-mediated cellular damage.

Recall from Chap. 8 that free radicals are produced 
during muscular contraction, and radical production 
can disturb cellular homeostasis, promote oxidative 
damage to muscle contractile proteins, and contribute 
to muscle fatigue during prolonged endurance events 
(77, 78). Nonetheless, endurance training can protect 
muscle fibers against free radical- mediated damage 
by increasing the levels of  endogenous  antioxidants 
in the trained muscles (77). This increase in muscle 
 antioxidant capacity neutralizes free radicals produced 
during exercise and protects the fiber against free rad-
ical-mediated damage during exercise. This  protection 

against exercise-induced oxidative damage can, in 
turn, protect against radical-mediated muscle fatigue.

Exercise Training Improves Acid-Base 
Balance during Exercise
The pH of arterial blood is maintained near 7.40 at 
rest. As described in Chap. 11, acute and long-term 
challenges to the pH are met by intracellular and 
extracellular buffers and responses of both the pul-
monary and renal systems. Muscle buffering capac-
ity is increased by high-intensity interval training 
(27). Although endurance training at submaximal 
work rates does not increase muscle buffering ca-
pacity, regular endurance training results in less dis-
ruption of the blood pH during submaximal work. 
How is this achieved? The answer is that endurance-
trained muscles produce less lactate and H+. Here’s 
the story.

Lactate formation occurs when there is an accumu-
lation of NADH and pyruvate in the cytoplasm of the 
cell where lactate dehydrogenase (LDH) is present:

 [pyruvate] + [NADH] → [lactate] + [NAD]

       LDH

Anything that affects the concentration of py-
ruvate, NADH, or the type of LDH in the cell will 
affect the rate of lactate formation. We have already 
seen that the increased size of mitochondria can have 
a dramatic effect on pyruvate formation; the lower 
ADP concentration in the cytosol prevents the activa-
tion of PFK at the onset of work, and the increased 
capacity to use fat as a fuel reduces the need for car-
bohydrate oxidation during prolonged work. If less 
carbohydrate is used, less pyruvate is formed. In addi-
tion, the increase in mitochondria number increases 
the chance that pyruvate will be taken up by the 
mitochondria for oxidation in the Krebs cycle, rather 
than being converted to lactate in the cytoplasm. All 
of these adaptations favor a lower pyruvate concen-
tration and a reduction in lactate formation.

Two additional biochemical changes in muscle 
occur due to endurance training that reduces lactate 
production and, consequently, H+ formation. The 
NADH produced during glycolysis can react with 
pyruvate, as shown in the previous equation, or it 
can be transported into the mitochondrion to be oxi-
dized in the electron transport chain to form ATP (see 
Chap. 3). Endurance training increases the number 
of “shuttles” used to transport electrons associated 
with NADH from the cytoplasm into the mitochon-
drion (42). If the NADH formed in glycolysis is more 
quickly transported to the mitochondria, there will 
be less lactate and H+ formation. Last, endurance 
training causes a change in the type of LDH present 
in the muscle cell. This enzyme exists in five forms 

IN SUMMARY
 ■ Endurance training improves the ability of 
muscle fibers to maintain homeostasis during 
prolonged exercise.

 ■ Regular bouts of endurance training result in a 
fast-to-slow shift in muscle fiber types and also 
increase the number of capillaries surrounding 
the trained muscle fibers.

 ■ Endurance exercise also increases the size of 
both subsarcolemmal and intermyofibrillar mi-
tochondria in the exercised muscles.

 ■ The combination of the increase in the den-
sity of capillaries and mitochondrial volume 
in the muscle fiber increases the capacity to 
transport FFA from the plasma → cytoplasm → 
 mitochondria.

 ■ The increase in the enzymes of the fatty acid 
cycle increases the rate of formation of acetyl-
CoA from FFA for oxidation in the Krebs cycle. 
This increase in fat oxidation in endurance-
trained muscle spares liver and muscle gly-
cogen and plasma glucose. These points are 
summarized in Figure 13.6.
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(isozymes): M4, M3H, M2H2, MH3, and H4. The H4, or 
heart form of LDH, has a low affinity for the available 
pyruvate;  therefore, the likelihood of lactate produc-
tion is diminished. Endurance training shifts the LDH 
toward the H4 form, making lactate formation less 
likely and the uptake of pyruvate by the mitochon-
dria more likely. Figure 13.7 summarizes the effects 
these biochemical changes have on lactate formation 
and the production of H+ during submaximal work.

MOLECULAR BASES OF 
EXERCISE TRAINING 
ADAPTATION
In the previous segments, we have discussed numer-
ous biochemical changes that occur in skeletal  muscle 
following weeks to months of endurance training. 
These cellular changes are initiated from an “ exercise 

stimulus” within the active muscles, and the end 
result is an increased synthesis of specific proteins 
within muscle fibers. This process of exercise-induced 
adaptation in skeletal muscle fibers involves many 
signaling pathways that promote protein synthesis 
and the formation of new mitochondria (i.e., mito-
chondrial biogenesis). In the next sections, we pres-
ent a brief overview of the signaling processes that 
 contribute to exercise-induced muscle adaptation. We 
begin with a “big picture” view of exercise- induced 
muscle adaptation to training. This is followed by a 
brief  introduction to both the primary and secondary 
signaling molecules that participate in muscle adapta-
tion in response to endurance and resistance train-
ing. We then highlight the specific signals leading to 
muscle adaptation due to endurance exercise. Later, 
we discuss the signaling molecules responsible for 
muscle adaptation to resistance training.

Training Adaptation—Big Picture
Regardless of whether the training program is 
 endurance exercise or resistance exercise, the exercise- 
induced adaptation that occurs in muscle fibers is the 
result of an increase in the amount of specific pro-
teins (39). The process of exercise-induced synthesis 
of  cellular proteins was first introduced in Chap. 2. Re-
call that the “stress” of exercise stimulates cell signal-
ing pathways in contracting muscle fibers that “switch 
on” transcriptional activators. These transcriptional ac-
tivators are responsible for “turning on” specific genes 
to synthesize new proteins. This gene activation in 
the cell nucleus results in transcription of messen-
ger RNA (mRNA), which contains the  genetic infor-
mation for a specific protein’s amino acid sequence. 
The newly synthesized mRNA leaves the nucleus and 

Figure 13.7 Increased mitochondria number decreases 
lactate and H+ formation to maintain the blood pH.
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IN SUMMARY
 ■ Endurance training increases endogenous anti-
oxidants in trained muscles, and these changes 
protect muscle fibers against free-radical 
 mediated damage and fatigue during prolonged 
 endurance exercise.

 ■ High-intensity (interval) exercise training can 
increase the buffering capacity of the exercised 
muscles.

 ■ Endurance training does not increase muscle 
buffering capacity, but regular endurance train-
ing results in less disruption of the blood pH 
during submaximal work because endurance-
trained muscles produce less lactate and H+.
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travels to the ribosome where the mRNA message 
is translated into a specific protein. Remember that 
individual proteins differ in structure and function 
and that the specific types of proteins contained in a 
muscle fiber determine the muscle characteristics and 
its ability to perform specific types of exercise.

A single bout of endurance exercise is insufficient 
to produce large changes in proteins within a muscle 
fiber. Nonetheless, one exercise session promotes tran-
sient disturbances in cellular homeostasis that, when 
repeated over time, result in the specific exercise- 
induced adaptation associated with long-term training 
(16, 17). The “big picture” process of exercise-induced 
training adaptation is as follows. Muscle contraction 
during a training session generates a signal that pro-
motes muscle adaptation by increasing primary and 
secondary messengers. These messengers initiate a cas-
cade of coordinated signaling events, resulting in in-
creased expression of specific genes and subsequently 
the synthesis of new proteins. In short, a bout of exer-
cise generates a transient increase in the quantity of 
specific mRNAs, which typically peaks during the first 
four to eight hours post-exercise and returns to basal 
levels within 24 hours (Fig. 13.8(a)). Also, notice that 
mRNA levels for specific muscle proteins increase at 
different rates and peak at varying time periods follow-
ing an exercise session. This exercise-induced increase 
in mRNA results in the increased synthesis of specific 
muscle proteins. Therefore, exercise repeated on a 
daily basis has a cumulative effect, leading to a progres-
sive increase in specific muscle proteins that improve 
muscle function (Fig. 13.8(b)). This explains why main-
taining a constant level of fitness requires regular bouts 
of exercise. Further, observe that the training-induced 
increases in muscle proteins is a gradual process, with 
large increases in muscle protein levels during the first 
weeks of training followed by a slower rate of protein 
accumulation as the training progresses (Fig. 13.8(b)).

Specificity of Exercise Training 
Responses
As we have seen, skeletal muscle is a very adaptable 
tissue that responds to exercise training by increas-
ing the expression of multiple genes. The features of 
exercise-induced muscle adaptation are specific to 
the training volume, intensity, and frequency. That is, 
the specific adaptations that occur in skeletal muscle 
 fibers result from the type of exercise stimulus (i.e., 
resistance vs. endurance exercise). Indeed, dissimilar 
modes of exercise promote the expression of different 
genes in the active muscle fibers. Specifically, resis-
tance exercise and endurance exercise promote the 
activation of different cell signaling pathways; there-
fore, different genes are activated, resulting in the 
 expression of diverse proteins. For example, prolonged 
endurance training results in a variety of metabolic  

adaptations (e.g., increased mitochondrial volume) 
with little change in muscle fiber size. In contrast, 
heavy resistance exercise results in increased synthe-
sis of contractile proteins and muscle hypertrophy. 
Consistent with these different functional outcomes 
induced by these different exercise modes, the signal-
ing pathways and molecular mechanisms responsible 
for these adaptations are distinct. In the next segment, 
we introduce the general “primary” signaling pathways 
that produced exercise-induced training adaptations 
to both endurance and resistance exercise. This will 
be followed by a discussion of the secondary  signals 
that are responsible for the increased protein synthesis 
following different types of exercise training.

Figure 13.8 (a) An example illustrating the rise and 
decline of mRNA for three different muscle proteins 
following an acute bout of exercise. (b) Illustration of 
the training-induced increase in three different muscle 
proteins during a 12-week training period.
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Primary Signal Transduction Pathways  
in Skeletal Muscle
Our understanding of the precise mechanisms that 
enable skeletal muscle to interpret and respond to 
different types of exercise remains incomplete. None-
theless, several primary messengers participate in the 
exercise-induced adaptation that occurs in skeletal 
muscle. The four primary signals for muscle adap-
tation during exercise include mechanical stimuli, 
 increases in cellular calcium, elevated free radicals, 
and decreases in muscle phosphate/energy levels.

Mechanical Stimuli During resistance exercise train-
ing, the mechanical force placed on the muscle fiber 
triggers signaling processes to promote adaptation. 
For example, passive stretching of a muscle fiber 
 results in the activation of a mechanoreceptor on 
the muscle membrane that stimulates biochemical 
 signaling, leading to an increase in contractile protein 
synthesis (44). Therefore, the signaling events initi-
ated by  mechanical load with resistance exercise play 
an important role in the exercise-induced adaptation 
of muscle fibers. In this regard, it is clear that mus-
cle fibers can sense differences in the intensity and 
 duration of mechanical stimuli (i.e., resistance exercise 
vs. endurance exercise) to contribute to the specific-
ity of exercise-induced adaptation (16). In particular, 
the high levels of mechanical stretch that occur across 
the muscle membrane during resistance training is 
the primary signal that promotes contractile protein 
synthesis, resulting in muscle hypertrophy.

Calcium Calcium is an important signaling mecha-
nism in cells. Indeed, free calcium in the cytoplasm 
can activate numerous enzymes and other signaling 
molecules that promote protein synthesis. For exam-
ple, increased cytosolic levels of calcium activates an 
important kinase called calmodulin-dependent kinase. 
Calmodulin-dependent kinase is one member of a 
family of enzymes that promote phosphorylation of 
various protein substrates. Once activated, calmodu-
lin-dependent kinase initiates a signaling cascade in 
muscle fibers that contributes to muscle adaptation 
to exercise training. How does exercise alter muscle 
calcium levels and control calcium signaling?

Remember from Chap. 8 that neural activation of 
skeletal muscle contraction promotes calcium release 
from the sarcoplasmic reticulum, and stoppage of the 
neural stimulation initiates the reuptake of this calcium 
from the cytosol back to the sarcoplasmic  reticulum 
via active transport calcium pumps. The level of free 
calcium in the muscle cytosol is  determined by the 
mode, intensity, and volume of  exercise (16). For ex-
ample, prolonged endurance exercise likely results in 
long periods of elevated calcium  levels in the muscle 
cytosol, whereas resistance exercise would generate 

only short cycles of high cytosolic calcium levels (16). 
Therefore, these exercise-induced differences in cyto-
solic calcium levels between  endurance and resistance 
exercise determine the downstream calcium-mediated 
signaling events leading to synthesis of specific  muscle 
proteins. In particular, the sustained high levels of 
 cytosolic calcium that occur during endurance train-
ing plays an important signaling role in promoting the 
adaptations that occur in skeletal muscle in response 
to this type of training.

Free Radicals Exercise results in the production 
of free radicals and other oxidants in active skeletal 
muscles (77). This is important because growing evi-
dence indicates that radicals are important signals for 
muscle adaptation to exercise training (76, 78). For 
example, free radical production during exercise can 
activate nuclear factor kappa B (NFκB) and mitogen-
activated kinase p38 (p38). NFκB is an important 
transcriptional activator that promotes the expres-
sion of several muscle proteins, including antioxidant 
enzymes that protect muscle fibers against exercise-
induced oxidative stress (77). p38 is an intracellular 
kinase that plays a key signaling role in the produc-
tion of new mitochondria. Note that both p38 and 
NFκB act as secondary signals involved in exercise-
induced muscle adaptation to endurance training and 
will be discussed in more detail in upcoming sections.

Phosphate/Muscle Energy Levels Muscular exercise 
accelerates ATP consumption in the working muscle 
and increases the ratio of AMP/ATP in muscle fibers. 
Increasing the AMP/ATP ratio can initiate numerous 
downstream signaling events in skeletal muscle fibers 
(16). This exercise-induced change in cellular energy 
state activates numerous signaling molecules, but one 
of the most important in exercise-induced muscle 
adaptation is activation of a secondary messenger 
called 5’adenosine monophosphate  activated 
protein kinase (AMPK). Indeed, AMPK is an im-
portant downstream signaling molecule that senses 
the  energy state of the muscle and is activated by 
both high-intensity interval training and prolonged 
endurance exercise. This important kinase regulates 
numerous muscle signaling processes leading to mus-
cle adaptation in response to endurance training and 
will be discussed in more detail in the next segment.

Secondary Messengers  
in Skeletal Muscle
Following the initiation of the primary signal, addi-
tional (secondary) signaling pathways are activated 
to mediate the exercise-induced signal to promote 
muscle adaptation. Indeed, numerous secondary-
signaling pathways exist in skeletal muscle and are 
regulated at multiple levels. Next, we will provide a 
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“big-picture” overview of seven secondary signaling 
pathways that play major roles in exercise-induced 
muscle adaptation. Specifically, we highlight the roles 
that AMPK,  p38, peroxisome proliferator-activated 
receptor-gamma coactivator 1α (PGC-1α), calmodulin-
dependent kinase, calcineurin, NFκB, and mechanistic 
target of rapamycin (mTOR) play in muscle adaptation 
to exercise training. Note that the first six of these 
signaling molecules are involved in muscle adaptation  
to endurance training whereas the secondary signal-
ing molecule mTOR contributes to muscle adaptation 
in response to resistance exercise training. 

AMPK AMPK is an important signaling molecule 
that is activated during both high-intensity interval 
training, and submaximal endurance exercise train-
ing due to changes in muscle fiber phosphate/energy 
levels. This key molecule regulates numerous energy-
producing pathways in muscle by stimulating glu-
cose uptake and fatty acid oxidation during exercise. 
AMPK is also linked to the control of muscle gene 
expression by activating transcription factors associ-
ated with fatty acid oxidation and mitochondrial bio-
genesis. Interestingly, AMPK can inhibit components 
of the mTOR signaling pathway; the importance of 
this fact will be discussed later.

P38 Mitogen activated kinase p38 (p38) is an im-
portant signaling molecule that is activated in muscle 
fibers during endurance exercise. Although several 
cellular stresses can activate p38, it seems likely that 
exercise-induced production of free radicals is a major 
signal to activate p38 in muscle fibers. Once acti-
vated, p38 can contribute to mitochondrial biogen-
esis by activating PGC-1α.

PGC-1α This key molecule is activated by both 
high-intensity interval training and submaximal en-
durance exercise and is considered the master regula-
tor of mitochondrial biogenesis in cells (72). Indeed, 
PGC-1α assists transcriptional activators that promote 
mitochondrial biogenesis in skeletal muscle following 
endurance training. Furthermore, PGC-1α regulates 
many other endurance exercise-mediated changes 
in skeletal muscle, including the formation of new 
capillaries (angiogenesis), a fast-to-slow muscle fiber 
type shift, and synthesis of antioxidant enzymes (72). 
PGC-1α also plays a role in exercise-induced increases 
in muscle’s ability to metabolize fat and to take up 
glucose into the muscle fiber. Several factors activate 
PGC-1α during exercise, including AMPK and p38.

Calmodulin-Dependent Kinase Calmodulin- 
dependent kinase (CaMK) is activated during en-
durance exercise training (16). This vital kinase exerts 
influence on exercise-induced muscle adaptation by 
contributing to the activation of PGC-1α. The primary 

upstream signal to activate CaMK is increased cyto-
solic calcium levels.

Calciuneurin Calciuneurin is a phosphatase (i.e., 
enzyme that removes a phosphate group from mole-
cules) activated by increases in cytosolic calcium and 
participates in several adaptive responses in muscle, 
including fiber growth/regeneration and the fast-to-
slow fiber type transition that occurs as a result of 
endurance exercise training.

NFκB As mentioned previously, NFκB is a tran-
scriptional activator that can be activated by free radi-
cals that are produced in contracting muscles. Active 
NFκB promotes the expression of several antioxidant 
enzymes that protect muscle fibers against free radi-
cal-mediated injury.

mTOR mTOR is a protein kinase that is the major 
regulator of protein synthesis and muscle size. Activa-
tion of mTOR promotes increased translation that re-
sults in increased protein synthesis. Specifically, mTOR 
is a secondary signaling molecule in muscle adaptation 
to resistance exercise training that is activated by stim-
ulation of a mechanoreceptor on the sarcolemma of 
the muscle. More details about mTOR activation and 
signaling are provided later in the chapter.

IN SUMMARY
 ■ Independent of the type of exercise stimulus 
(i.e., endurance or resistance exercise), the 
 training-induced adaptation that occurs in 
muscle fibers is the result of an increase in the 
amount of specific proteins.

 ■ The exercise-induced adaptations in skeletal 
muscle fibers are specific to the type of ex-
ercise stimulus (i.e., resistance vs. endurance 
exercise).

 ■ Exercise-induced muscle adaptation occurs due 
to the coordination between primary and sec-
ondary signaling pathways in muscle fibers.

 ■ Four primary signals for exercise-induced 
 muscle adaptation include muscle stretch, 
 increases in cellular free calcium, elevated free 
radicals, and decreases in muscle phosphate/ 
energy levels. These primary signals then 
 activate downstream secondary signaling 
 pathways to promote gene expression.

 ■ Seven secondary signaling molecules that 
contribute to exercise-induced muscle adap-
tation include AMPK, p38, PGC-1α, CaMK, 
calcineurin, NFκB, and mTOR. These signaling 
molecules are activated via one of four primary 
signaling pathways and act directly or indi-
rectly to increase gene expression of specific 
muscle proteins.
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SIGNALING EVENTS 
LEADING TO ENDURANCE 
TRAINING-INDUCED MUSCLE 
ADAPTATION
As we have discussed, endurance training can in-
crease V̇O2 max by 20% to 50% and also improve 
performance in submaximal endurance events (39). 
This training-induced improvement is achieved by 
changes in both cardiac output and capillary density 
along with alterations at the cellular level in both 
cardiac and skeletal muscle fibers. In this section, 
we highlight the major exercise-induced signaling 
events that promote  molecular adaptations in skeletal 
 muscle fibers following both high-intensity interval 
training and endurance exercise training.

Repeated muscle contractions during sub-
maximal endurance exercise trigger a signaling 
cascade within the active muscle fibers leading to 
 mitochondrial biogenesis, a shift in muscle fiber 
type from fast-to-slow, and increased expression of 
important antioxidant enzymes. As illustrated in Fig-
ure 13.9, calcium release, increased AMP/ATP ratio, 
and production of free radicals are primary  signaling 

events responsible for activation of the downstream, 
 secondary signaling events (i.e., activation of calci-
neurin, CaMK, AMPK, p38, NFκB, and PGC-1 α) that 
lead to mitochondrial biogenesis, fiber type trans-
formation, and increased expression of antioxidant 
enzymes.

Note in Figure 13.9 that contraction-induced 
increases in the AMP/ATP ratio activates AMPK in 
the muscle, whereas increased cellular levels of free 
 calcium are required to activate both CaMK and 
calcineurin. Active calcineurin acts as a signaling 
molecule to promote fast-to-slow fiber type trans-
formation.  Further, notice that muscle contractions 
promote an increase in free radicals that serve as 
the primary signal to activate both p38 and NFκB. 
 Activation of three secondary signals (AMPK, CaMK, 
and p38) all promote mitochondrial biogenesis by 
activation of the master regulator of mitochondrial 
biogenesis, PGC-1α. PGC-1α also contributes to the 
exercise-induced fast-to-slow fiber type transforma-
tion. Finally, note that activation of both PGC-1α and 
NFκB  promote  exercise-induced expression of impor-
tant muscle  antioxidant enzymes (76, 77).

Figure 13.10 illustrates the time course of 
 exercise-induced mitochondrial biogenesis. Note that 

Figure 13.9 Illustration of the intracellular signaling network-mediated exercise-induced skeletal muscle responses to 
endurance exercise training. Take note that both primary and secondary signals are involved in muscle adaptation 
to endurance exercise training. See text for more details.
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a rise in the primary signals to promote mitochon-
drial biogenesis occurs within the first few seconds 
after beginning exercise. Within the first few minutes 
of exercise, the secondary signals involved in exer-
cise-induced muscle adaptation increase within the 
muscle fibers. Within a few hours following  exercise, 
muscle levels of PGC-1α rise and mitochondrial bio-
genesis proceeds. Mitochondrial volume in the exer-
cised muscles increases within days and continues as 
training proceeds. 

ENDURANCE TRAINING: 
LINKS BETWEEN MUSCLE 
AND SYSTEMIC PHYSIOLOGY
The first portions of this chapter described the im-
portance of the changes occurring in endurance-
trained muscle on the maintenance of homeostasis 
during prolonged submaximal work. Importantly, 
these exercise-induced adaptations in skeletal mus-
cle are also related to the lower heart rate, ventila-
tion, and catecholamine responses measured during 
submaximal work following an endurance training 
program. What is the link between the changes in 
muscle and the lower heart rate and ventilation re-
sponses to exercise?

The following endurance training study illus-
trates the impact of training-induced adaptations in 
the body’s overall response to a submaximal exercise 
session. In this study, each subject’s left and right 
legs were tested separately on a cycle ergometer 
at a submaximal work rate prior to and during an 
endurance training program. Heart rate and ventila-
tion were measured at the end of the submaximal 
exercise test, and a blood sample was obtained to 
monitor changes in lactate, epinephrine, and norepi-
nephrine. During the study, each subject trained only 
one leg for 13 endurance training sessions. At the end 
of each week of training, the subject was tested at 
the same submaximal work rate. Figure 13.11 shows 
that heart rate, ventilation, blood lactate, and plasma 
epinephrine and norepinephrine responses decreased 
throughout the study. At the end of this training pro-
gram, the “untrained” leg was then trained for five 
consecutive days at the same submaximal work rate 
used for the “trained” leg. Physiological measurements 
were obtained during the exercise session on the 
first, third, and fifth days. Figure 13.11 shows that 
all the systems responded as if they had never been 
exposed to exercise training (15). Therefore, there 
was no transfer of the training effect from one leg 
to the other. This example shows that the heart rate, 
ventilation, and plasma catecholamine responses to 
prolonged submaximal exercise are determined, not 
by the specific adaptation of each organ or system, 
but by the training state of the specific muscle groups 
engaged in the exercise. How is this possible?

Let’s revisit the topic of cardiorespiratory control 
during exercise to explain why endurance exercise 
training results in a lower heart rate and ventilatory 
response to a standard bout of submaximal exercise. 
Recall from Chaps. 9 and 10 that the control of heart 
rate and pulmonary ventilation during exercise is 
achieved by both central and peripheral neural in-
fluences that increase heart rate and ventilation to 
match the increased oxygen demands of exercise. 
The output of the cardiovascular and respiratory 

Post-exercise molecular responses: Endurance Training

Seconds
Calcium, free radicals,

AMP/ATP
Minutes

Calcinurin, CaMK, AMPK
p38, NFKB

Hours
PGC-1α

Mitochondrial biogenesis

Days of training

Figure 13.10 Illustration of the time course of molecular 
responses to endurance exercise training. See text for 
more details.

IN SUMMARY
 ■ Three primary signals involved in endurance 
exercise-induced muscle adaptation are in-
creases in cellular free calcium, elevated free 
radicals, and decreases in muscle phosphate/ 
energy levels. These primary signals then 
 activate one or more of the downstream 
 secondary signaling pathways to promote gene 
expression.

 ■ Six secondary signaling molecules that con-
tribute to endurance exercise-induced muscle 
adaptation include AMPK, PGC-1α, calcineurin, 
CaMK, p38, and NFκB.

 ■ Both active calcineurin and PGC-1α play impor-
tant roles in endurance exercise-induced fast-
to-slow fiber transformations.

 ■ Collectively, active CaMK, AMPK, and p38 
all participate in activation of PGC-1α. Active 
PGC-1α is the master regulator for mitochon-
drial biogenesis.

 ■ Both active PGC-1α and NFκB contribute 
to the exercise-induced increase in muscle 
 antioxidants.
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control centers is influenced by neural input from 
higher brain centers, where the motor task originates, 
as well as from the muscles carrying out the task. A 
decrease in motor unit recruitment or a reduction in 
afferent feedback from the receptors in the working 
muscles to the brain reduces these cardiorespiratory 
responses to the work task. Specific details about this 
issue follow. 

Peripheral Feedback
The idea that reflexes in working muscles might con-
trol or “drive” cardiovascular or pulmonary systems 
in proportion to the metabolic rate originated in the 
early 1900s. Numerous muscle receptors respond to 
tension and metabolic changes in muscle, and these 
receptors provide information to the central nervous 

Figure 13.11 The lack of transfer of a training effect, indicating that the responses of the cardiovascular, pulmonary, and 
sympathetic nervous systems are more dependent on the trained state of the muscles involved in the activity than on 
some specific adaptation in those systems. Key: norepinephrine = NE; epinephrine = E; heart rate = HR; lactate = LA.
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system regarding muscle work rate. In particular, 
small-diameter nerve fibers (group III and group IV 
fibers) are responsive to tension, temperature, and 
chemical changes in muscle, and these nerve fibers 
increase their rate of firing in proportion to changes 
in muscle metabolic rate. Figure  13.12 illustrates 
how group III and group IV nerve fibers in skeletal 
muscle provide a peripheral feedback mechanism 
that contributes to the regulation of the cardiovascu-
lar and respiratory responses during exercise. That is, 
the cardiorespiratory control center receives neural 
feedback from the working muscle resulting in out-
put from the cardiorespiratory control center that 
increases both heart rate (HR) and pulmonary ven-
tilation (V̇E). Also, notice that afferent signals to the 
cardiorespiratory control center result in decreased 
liver and kidney blood flow; this adjustment serves 
to increase the available blood flow to the working 
muscles.

In an untrained individual, exercise results in in-
creased muscle production of lactate, hydrogen ions, 
etc. These exercise-produced metabolites become lo-
cal factors that serve as afferent signals to the cen-
tral nervous system. Specifically, these “local factors” 
stimulate type III and IV afferent nerve fibers to send 
afferent signals to the cardiovascular control center to 
increase both heart rate and pulmonary ventilation. 
However, following endurance training, the higher 
mitochondrial volume in the trained muscles results 
in less production of lactate and hydrogen ions (i.e., 
fewer local factors) resulting in less chemoreceptor 
input to the cardiorespiratory control centers.

Central Command
Recall that central command refers to the neural signals 
originating in higher brain centers that provide a feed 
forward mechanism to control the  cardiorespiratory 

response to exercise. The concept of central control 
of the physiological response to exercise is presented 
in Figure 13.13. Higher brain centers (motor cortex, 
basal ganglia, cerebellum—see Chap. 7) prepare to ex-
ecute a motor task and send action potentials through 
lower brain centers and spinal nuclei to influence the 
cardiorespiratory and sympathetic nervous system re-
sponses to exercise. As more  motor units are recruited 
to develop the greater tension needed to accomplish a 
work task, larger  physiological responses are required 
to sustain the metabolic rate of the muscles (68). For 
example, during an incremental exercise test, more 
and more muscle fibers are recruited to perform the 
exercise. This results in greater central command 
outflow resulting in higher heart rate and increased 
pulmonary ventilation response to the work task (4). 
How does endurance exercise training impact central 
command control of the cardiorespiratory response 
to exercise?

It is established that endurance exercise training 
reduces the feed-forward output from higher brain 
centers to the cardiovascular control center during 
submaximal exercise. At least two mechanisms can 
explain this training-induced reduction in central 
command. First, training-induced improvements in 
muscle fiber oxidative capacity reduce the number 
of motor units (i.e., muscle fibers) required to perform 
a prolonged, submaximal exercise task; this would 
result in less “central” drive to the cardiorespiratory 
control center. Second, evidence from one-leg exer-
cise training studies reveals that endurance training 
also results in direct changes in the central nervous 
system causing a reduced central command outflow 
to the cardiorespiratory control center during sub-
maximal exercise. Collectively, this exercise training-
induced reduction in feed-forward output from higher 
brain centers results in lower sympathetic nervous 
system output, heart rate, and ventilation responses 
to exercise (68).
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Figure 13.12 Peripheral control mechanisms in muscle in-
fluence the heart rate, ventilation, and kidney and liver 
blood flow responses to submaximal work.

Figure 13.13 Central control of motor unit recruitment, 
heart rate, ventilation, and liver and kidney blood flow 
responses to submaximal work.
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DETRAINING FOLLOWING 
ENDURANCE TRAINING
In the previous sections, we discussed the effects of 
endurance training on both V̇O2 max and the cellular 
adaptations that occur in the trained muscle fibers. 
Let’s shift our attention from training adaptations and 
discuss what happens to V̇O2 max when endurance 
training ceases. It is well known that when highly 
trained individuals stop training, V̇O2 max decreases 
over time. Why? The answer is because both maximal 
cardiac output and oxygen extraction decline over 
time with detraining. This point is illustrated in Fig-
ure 13.14, which shows changes in maximal oxygen 

uptake, cardiac  output, stroke volume, heart rate, and 
oxygen extraction over an 84-day period of no train-
ing (21). The initial decrease (first 12 days) in V̇O2 max 
was due entirely to the decrease in stroke volume, 
because the heart rate and a-v̄ O2 difference remained 
the same or increased. This sudden decrease in maxi-
mal stroke volume appears to be due to the rapid loss 
of plasma volume with detraining (18). When plasma 
volume was artificially restored by infusion, V̇O2 max 
increased toward pre-detraining values (18). This was 
confirmed in a study in which a 200 to 300 ml ex-
pansion of plasma volume was shown to increase V̇O2 
max, even though the hemoglobin concentration was 
reduced (19).

Figure 13.14 also reveals that between the 21st 
and 84th days of detraining, the decrease in V̇O2 max 
is due to the decrease in the a-v̄ O2 difference. This 
was associated with a decrease in muscle mitochon-
dria, whereas capillary density remained unchanged. 
The overall oxidative capacity of skeletal muscle was 
reduced, with the percentage of type IIa fibers de-
creasing from 43% to 26% and the percentage of type 
IIx fibers increasing from 5% to 19% (20, 21). This 
detraining-induced slow-to-fast fiber type shift is op-
posite to the fast-to-slow shift in muscle fiber type 
that occurs during endurance exercise training.

Detraining not only decreases V̇O2 max, inactivity 
can also impair submaximal endurance performance. 
For example, as few as 14 days of disrupted training 
(e.g., detraining) can significantly impair submaximal 
exercise performance (e.g., performance in 10K run). 
This is due primarily to a decrease in muscle mitochon-
dria (63, 105). Indeed, muscle mitochondrial oxidative 
capacity undergoes rapid changes at both the onset 
and  termination of exercise training. Figure  13.15 

IN SUMMARY
 ■ The biochemical changes in muscle due to en-
durance training influence the heart rate and 
ventilatory responses to exercise.

 ■ The reduction in “feedback” from chemorecep-
tors in the trained muscle and a decreased need 
to recruit motor units to accomplish an exer-
cise task result in reduced sympathetic nervous 
system, heart rate, and ventilation responses to 
submaximal exercise.

 ■ Endurance exercise training also reduces cen-
tral command outflow during submaximal 
exercise that results in a lower heart rate and 
ventilatory response during exercise.

Figure 13.14 Time course of changes in V̇O2 max  
and  associated cardiovascular variables with  
detraining. 
Coyle, E. F., Martin III, W. H., Sinacore, D. R., Joyner, M. J., Hagberg, 
J. M., and Holloszy, J. O., “Time Course of Loss of Adaptations After 
Stopping Prolonged Intense Endurance Training,” Journal of Applied 
Physiology 57: 1857–1864, 1984. 
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shows how quickly muscle mitochondria increase at 
the onset of training, doubling in about five weeks of 
training. However, only one week of detraining (shown 
by the letter “a”) results in a loss of about 50% of what 
was gained during the five weeks of training (10, 90). 
Then three to four weeks of retraining were required 
to achieve the former levels (shown by the letter “b” 
in Fig. 13.15).

MUSCLE ADAPTATIONS 
TO ANAEROBIC EXERCISE 
TRAINING
Anaerobic exercise refers to short-duration (i.e., 10 
to 30 seconds), high-intensity (i.e., all-out effort) ex-
ercise bouts. This type of “all-out” exercise is often 
called “sprint training” and is performed at exercise 
intensities above V̇O2 max. Recall that during this 
type of exercise, the energy requirement of the 
working muscle is primarily supplied by the ATP-
phosphocreatine (ATP-PC) system and glycolysis. 
Examples of anaerobic exercise include track sprint 
events such as the 100 and 200 meters. Let’s briefly 
discuss the anaerobic training-induced adaptations in 
muscle and the associated improvement in exercise 
performance.

Anaerobic Training-Induced Increases in 
Performance
Similar to the endurance training-induced increases in 
V̇O2 max, sprint training improvements in anaerobic 
capacity vary between subjects, largely due to genetic 
differences. For example, following 4 to 10 weeks of 
anaerobic training, the percent improvement in both 
peak anaerobic power and capacity varies from 3% to 
25% across individuals (81). Regardless of the size of 
the increase in anaerobic power, this training-induced 
increase in anaerobic power output translates into 

performance improvements during high-intensity ex-
ercise lasting less than 30 seconds.

Anaerobic Training-Induced Changes in 
Skeletal Muscles
It is important to appreciate that the adaptations 
in muscle that occur following sprint training are 
due to the time of the exercise interval (81). Indeed, 
the energy systems used during high-intensity exer-
cise differ markedly depending upon the duration 
of exercise. For example, during maximal exercise 
lasting 10 seconds or less, almost all of the energy 
is derived from the ATP-PC system. However, when 
sprint exercise lasts for 20 to 30 seconds, the rela-
tive contribution of anaerobic energy production 
decreases and approximately 20% of the energy is 
produced aerobically (81). This is a reminder that 
no form of exercise is purely anaerobic or aerobic. 
Therefore, because the metabolic demands of short- 
and long-duration sprint exercise are different, it fol-
lows that the intramuscular adaptations depend on 
the makeup of the exercise training program. Fol-
lowing this review about the interactions between 
aerobic and anaerobic energy production in muscle, 
let’s discuss sprint training-stimulated adaptations 
to skeletal muscle.

As introduced in Chap. 11, muscle fibers are 
protected against exercise-induced decreases in pH 
by both intracellular buffers and hydrogen ion trans-
porters that move hydrogen ions from inside of the 
muscle across the sarcolemma. Studies show that 
both sprint training (exercise duration = 10 to 30 sec-
onds) and high-intensity interval training  (interval 
duration = 30 to 60 seconds) improve muscle buf-
fer  capacity (81). The mechanisms responsible for 
exercise- induced improvements in muscle buffering 
capacity include increased levels of both intracellular 
buffers (e.g.,  carnosine) and hydrogen ion transporters. 
This training-induced improvement in muscle buf-
fer capacity is advantageous because high-intensity 
exercise results in an accelerated production of both 
lactate and hydrogen ions.

In addition to improvements in muscle buffering 
capacity, >4 weeks of sprint training in untrained 
subjects results in hypertrophy of fast (type IIa and 
IIx) muscle fibers and elevated activities of enzymes 
involved in the ATP-PC system (i.e., myokinase and 
creatine phosphokinase) (81). Not surprisingly, this in-
crease in fiber size is associated with a rise in muscle 
strength. The improved activity of enzymes involved 
in the ATP-PC system results in an improved abil-
ity to rapidly breakdown phosphocreatine for energy 
during high-intensity exercise. Additionally, sprint 
training also increases the activities of key glycolytic 
enzymes, which raise the muscle’s capacity to pro-
duce ATP via glycolysis (29, 81).

IN SUMMARY
 ■ After stoppage of exercise training, V̇O2 max 
begins to decline quickly and can decrease by 
~8% within 12 days after cessation of training, 
and declines by almost 20% following 84 days 
of detraining.

 ■ The decrease in V̇O2 max with cessation of 
training is due to a decrease in both maximal 
stroke volume and oxygen extraction, the re-
verse of what happens with training.

 ■ Exercise performance during submaximal ex-
ercise tasks also declines rapidly in response to 
detraining, due primarily to a decrease in the 
number of mitochondria in muscle fibers.
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Finally, as mentioned earlier in this chapter, 
high-intensity interval training (i.e., exercising at or 
near V̇O2 max for 30 seconds or more) promotes 
mitochondrial biogenesis. In contrast, short bouts of 
sprint exercise training (i.e., 5 to 10 seconds dura-
tion) do not generally increase mitochondrial vol-
ume in muscle fibers as these training adaptations 
are limited to changes in the ATP-PC system and 
glycolysis.

PHYSIOLOGICAL EFFECTS  
OF STRENGTH TRAINING
The basic principles of training related to improving 
strength have been around for many years, and Mor-
purgo’s observation that gains in strength were asso-
ciated with increases in muscle size was made more 
than 100 years ago (6). Despite this history, most re-
cent research on the effects of training has focused 
on V̇O2 max and endurance performance, possibly be-
cause of their link to the prevention and treatment 
of heart disease. However, it is now recognized that 
resistance training has many health benefits and be-
comes even more important with advancing age. See 
A Closer Look 13.3 for background on why strength 
training is important as we age.

Before we begin, some terms and basic princi-
ples need to be introduced. Muscular strength refers 
to the maximal force that a muscle or muscle group 
can generate and is commonly expressed as the one-
repetition maximum, or 1-RM, which is the maxi-
mum load that can be moved through a full range 
of motion. Muscular endurance refers to the ability 
to make repeated contractions against a submaximal 

IN SUMMARY
 ■ Muscle adaptations that occur in response to 
sprint training vary depending upon the dura-
tion of exercise.

 ■ Short-duration (10 to 30 seconds) sprint exer-
cise training results in increased muscle buffer 
capacity, increases in the size of fast (type II) 
muscle fibers, and an improved ability to gener-
ate ATP via anaerobic energy systems.

 ■ High-intensity exercise training involving inter-
vals of 30 seconds or more promotes adaptations 
in both anaerobic and aerobic energy systems 
(i.e., increased mitochondrial biogenesis).

A CLOSER LOOK 13.3

Aging, Strength, and Training
Aging is associated with a decline in 
strength, with most of the decline 
occurring after age 50. The loss of 
strength is due, in part, to a loss of 
muscle mass (sarcopenia), which is 
related to the loss of both type I and 
II fibers, atrophy of existing type II 
fibers, and an increase in intramus-
cular fat and connective tissue (46). 
This age-related loss of muscle fibers 
appears to occur as a result of losing 
motor neurons. Therefore, entire mo-
tor units are lost during aging. In ad-
dition, the remaining type I or type 
II muscle fibers cluster in homoge-
neous groups, in contrast to the het-
erogeneous distribution of fiber types 
seen in a muscle cross-section from 
younger individuals (46).

That is the bad news. The good news 
is that a progressive resistance-training 
program causes muscle hypertrophy 
and gains in strength in older individu-
als, including those in their 90s (31, 
32). Such strength training programs 

are important, not only for being able 
to carry out activities of daily living, 
but also for improved balance and re-
ducing the risk of falls (43, 46).

Although resistance exercise train-
ing can produce muscle hypertrophy 
and strength gains in limb muscles 
of old people, muscle fibers do not 
typically develop hypertrophy to the 
same extent in old individuals com-
pared to young even if they perform 
the same training program (3,46). This 
age-related difference in the ability of 
older individuals to respond to resis-
tance training may be related to an 
aging-suppressed satellite cell func-
tion (3). More details about this issue 
will be provided later in the chapter.

Also, it is common for many older 
adults to use over-the-counter nonste-
roidal anti-inflammatory drugs (e.g., 
ibuprofen and acetaminophen) to 
combat both arthritis and sore mus-
cles. Both of these drugs inhibit the 
activity of cyclooxygenase, which is 

an enzyme that produces prostaglan-
dins and is involved in inflammatory 
processes in cells. However, several 
animal studies suggest that these cy-
clooxygenase inhibitors can interfere 
with resistance training-induced mus-
cle hypertrophy (71, 89). These find-
ings suggest that use of these drugs 
concurrently with strength training 
would be counterproductive. None-
theless, two recent human studies 
have demonstrated that these com-
monly used pain killers do not im-
pede strength gains in older people 
engaged in resistance exercise train-
ing (57, 99). In fact, one of these stud-
ies suggests that concurrent strength 
training and use of either ibuprofen or 
acetaminophen may actually enhance 
muscle hypertrophy and suggests that 
the cyclooxygenase pathways may be 
involved in the regulation of muscle 
protein content in humans (99). These 
findings are good news for older adults 
engaged in regular strength training.
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load. Consistent with our earlier discussion of train-
ing and V̇O2 max, large individual differences exist 
in the response to strength-training programs, and 
the percent gain in strength is inversely related to 
the initial strength (55). These observations imply a 
genetic limitation to the gains that can be achieved 
with training, similar to those observed for training-
induced increases in V̇O2 max. Finally, the basic prin-
ciples of training, overload, and specificity apply here 
as well. For example, high-load resistance training  
(8 to 12 reps/set) results primarily in gains in muscu-
lar strength; in contrast, low-load resistance training  
(>20 reps/set) results in gains in muscular endurance, 
with less increases in strength (55). What physiologi-
cal changes occur with resistance training that result 
in improvements in muscular strength? The next seg-
ments will address this question by providing the 
details of how the body adapts to resistance training.

MECHANISMS RESPONSIBLE 
FOR RESISTANCE TRAINING-
INDUCED INCREASES  
IN STRENGTH
Chapters 7 and 8 described the roles that motor unit 
recruitment, stimulus frequency, and synchronous fir-
ing of motor units play in the development of muscle 
tension, as well as the fact that type II motor units 
develop more tension than type I motor units. These 
factors are very much involved in the improvement 

of strength with training. That is, resistance train-
ing increases muscular strength by changes in both 
the nervous system and an increase in muscle mass. 
In the next two segments, we will discuss the roles 
that both the nervous system and muscular growth 
play in the development of strength resulting from a 
resistance training program. Figure 13.16 provides a 
schematic to follow that will facilitate our discussion 
of both neural and muscular factors related to gains 
in strength (33, 82). In training studies of short dura-
tion (8 to 20 weeks), neural adaptations related to 
learning, coordination, and the ability to recruit the 
primary muscles (i.e., prime movers) play a major role 
in the gain in strength. In contrast, during long-term 
training programs, an increase in muscle size plays 
the major role in strength development. Let’s discuss 
these resistance training-induced changes in the ner-
vous system and muscle in more detail.

Resistance Training-Induced Changes  
in the Nervous System
A significant portion of the strength gains that occur 
with resistance training, especially early in a program, 
is due to neural adaptations and not an enlargement of 
muscle (82). This point is illustrated in Figure 13.16. 
Also, note that the neural adaptations to strength train-
ing are different from those that occur with endurance 
exercise training. Recall that Figure 13.11  illustrated 
the point that when one leg was trained on a cycle 
ergometer, the endurance training effect did not “carry 
over” to the untrained leg. In contrast, when one arm 

Figure 13.16 Relative roles of neural and muscular  adaptations to resistance training.
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is  exposed to resistance training, a portion of the train-
ing effect is “transferred” to the other arm. In this case, 
the gain in strength in the trained arm was due to 
both muscle hypertrophy and an increased ability to 
activate motor units, whereas the strength gain in the 
untrained arm was due solely to neural adaptation (82). 
Similar results have been reported in a study using a 
one-leg resistance-training model. In this study, one 
leg was exposed to resistance training and the gains 
of muscular strength and endurance of the trained 
leg were also partially realized in the untrained leg 
(49). These neural adaptations that occur in response 
to resistance training result in an improved ability to 
recruit motor units, alter motor neuron firing rates, en-
hance motor unit synchronization during a particular 
movement pattern, and result in the removal of neural 
inhibition (33, 82). Collectively, these changes result 
in an increase in muscle force production.

Resistance Training-Induced Increases  
in Skeletal Muscle Size
Recall from Chap. 8 that the amount of force produced 
by a muscle is directly linked to the amount of ac-
tin and myosin within the muscle fibers. The expla-
nation for this observation is that the more myosin 
cross-bridges that are attached to actin and engaged 
in the power stroke, the more force produced. This 
simple principle explains why larger muscles contain-
ing more actin and myosin generate more force than 
smaller muscles. In response to resistance training, skel-
etal muscles can increase their size by increasing the 
size of existing fibers (hypertrophy) or increasing their 
number of total fibers (hyperplasia) in the muscle. Let’s 
discuss these two types of muscle growth separately.

Hyperplasia As mentioned previously, hyperplasia 
refers to an increase in the total number of muscle fi-
bers within a specific muscle (e.g., biceps brachii). The 
question of whether resistance training-induced in-
creases in muscle size are achieved by hyperplasia has 
been raised by animal studies indicating that resistance 
training can promote an increased number of fibers in 
the trained muscles (67, 93). However, whether resis-
tance training promotes the generation of new muscle 
fibers in humans remains controversial, as studies that 
both support (64) and deny this concept exist in the 
literature (61). Nonetheless, even if hyperplasia does 
occur in humans, current evidence indicates that most 
(90% to 95%) of the increase in muscle size following 
resistance training occurs due to an increase in muscle 
fiber size (hypertrophy) and not hyperplasia (22, 33).

Hypertrophy As discussed previously, an increase in 
muscle fiber cross-sectional area (fiber  hypertrophy) is 
regarded as the primary means to increase  muscle size 
during long-term strength training (33). In  general, the 

resistance training-induced increase in muscle fiber size 
is a gradual process that occurs during months to years 
of training. However, there is evidence that with high-
intensity resistance training, changes in muscle size are 
detectable by three weeks (~10 sessions) of training 
(88). Further, although resistance training increases the 
size of both type I and II fibers, weight training elicits a 
greater degree of hypertrophy in type II fibers (55, 97). 
This is physiologically significant because type II fibers 
generate a greater specific force (i.e., force per cross-
sectional area) than type I fibers. The mechanisms to 
explain why type II fibers are more prone to hypertro-
phy than type I fibers remains unclear, and additional 
research is needed to resolve this issue.

This resistance training-induced increase in fiber 
cross-sectional area results from an increase in myofi-
brillar proteins (i.e., actin and myosin). This increase in 
actin/myosin filaments in the fiber occurs due to the 
addition of sarcomeres in parallel to the existing sarco-
meres, resulting in muscle fiber hypertrophy (33). The 
addition of additional contractile proteins increases 
the number of myosin cross-bridges in the fiber and 
therefore increases the fiber’s ability to generate force.

Resistance Training-Induced Changes  
in Muscle Fiber Type
Similar to endurance training, prolonged periods of 
resistance training have also been shown to promote 
a fast-to-slow shift in muscle fiber types within the 
trained muscles (91, 92). However, strength training-
induced shifts in muscle fiber types appear to be less 
prominent than endurance training-induced transfor-
mations because all of the change in fiber type is a 
movement from type IIx to type IIa, with no increase 
in the percentage of type I fibers. For example, it has 
been reported that 20 weeks of resistance training 
can decrease the percentage of type IIx fibers by 5% to 
11%, with a corresponding rise in type IIa fibers in the 
trained muscles (92). At present, there are no long-
term (i.e., several years) resistance-training studies, so 
it is unknown if this type IIx to IIa fiber transforma-
tion will continue over a prolonged period.

Can Resistance Training Improve 
Muscle Oxidative Capacity and Increase 
Capillary Number?
As discussed earlier in this chapter, endurance ex-
ercise training increases the oxidative capacity (i.e., 
mitochondrial number increases) and the antioxidant 
capacity in the exercised muscle fibers. Endurance 
training also promotes the formation of new capil-
laries and therefore increases muscle capillarization. 
Does resistance training also promote these changes 
in the trained muscle? The answer to this question re-
mains unclear because longitudinal investigations of 
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the effect of resistance training on muscle oxidative 
capacity have been inconsistent with studies report-
ing that resistance training decreases mitochondrial 
content in muscle (62); other studies indicate no 
change in muscle oxidative capacity (98), and still 
other investigations conclude that resistance training 
can promote small increases in muscle oxidative ca-
pacity (94). Similarly, investigations about the effect 
of resistance training on muscle capillarization have 
failed to provide consistent results, with some studies 
reporting no formation of new capillaries with train-
ing and other reports indicating that strength train-
ing can promote small increases in capillary number. 
What is the explanation for these divergent results? 
Numerous factors could explain these divergent find-
ings, including the frequency of training, the duration 
of training, and the number of repetitions performed 
during training. In fact, studies that incorporated 
long-duration resistance training programs and high 
frequencies of training (three days/week) and high 
volume (i.e., high number of repetitions) of exercise 
reported small improvements in muscle oxidative ca-
pacity and capillarization. Therefore, it appears that 
whether resistance training improves muscle oxida-
tive properties is dependent upon the duration of the 
training period and the volume of exercise performed.

Resistance Training Improves Muscle 
Antioxidant Enzyme Activity
Although limited evidence exists, it appears that re-
sistance exercise training can improve muscle anti-
oxidant capacity. Indeed, a recent study investigated 
the effects of 12 weeks of strength training on the 
activities of key antioxidant enzymes in the trained 
muscles. The results revealed that resistance train-
ing increased the activities of two important muscle 
antioxidant enzymes by almost 100% (73). Therefore, 
similar to endurance exercise, resistance exercise 
training improves the muscle’s antioxidant capacity, 
which should provide cellular protection against the 
oxidative damage associated with exercise-induced 
production of free radicals.

TIME COURSE AND 
SIGNALING EVENTS LEADING 
TO RESISTANCE TRAINING-
INDUCED MUSCLE GROWTH
An increase in muscle fiber size (hypertrophy) occurs 
when the rate of protein synthesis exceeds the rate 
of protein breakdown. Resistance exercise induces 
muscle hypertrophy by triggering a cascade of chemi-
cal signaling events that increases protein synthesis 
in the exercised muscle fibers. In this section, we 
will discuss the time course of exercise-induced pro-
tein synthesis and highlight the differences in muscle 
protein synthesis between trained and untrained sub-
jects. We will also discuss how mechanical loading 
(i.e., resistance exercise training) regulates the signal-
ing events that increase muscle protein synthesis. Fi-
nally, we will also examine the role that satellite cells 
play in resistance training-induced muscle hypertro-
phy. Let’s begin with a discussion of the time course 
of exercise-induced increases in muscle protein syn-
thesis in both trained and untrained individuals.

Time Course of Muscle Protein Synthesis
A single bout of resistance exercise promotes an in-
crease in both muscle protein synthesis and protein 
breakdown following exercise. However, muscle 
growth results because the exercise-induced increase 
in muscle protein synthesis exceeds the rate of pro-
tein breakdown. Nonetheless, resistance training-
induced muscle growth occurs at a relatively slow 
rate because protein synthesis must exceed protein 
breakdown for several weeks to achieve significant 
muscle growth.

Muscle protein synthesis increases rapidly follow-
ing a resistance training session. Indeed, a single bout of 
resistance exercise increases muscle protein  synthesis 

IN SUMMARY
 ■ Increases in strength due to short-term (8 to 
20 weeks) resistance training are largely the result 
of changes in the nervous system, whereas gains 
in strength during long-term training programs are 
due to an increase in the size of the muscle.

 ■ Whether or not hyperplasia occurs in response to 
resistance training remains controversial. None-
theless, current evidence suggests that most (90% 
to 95%) of the increase in muscle size following 
resistance training occurs due to an increase in 
muscle hypertrophy and not hyperplasia.

 ■ Prolonged periods of resistance training can 
promote a fast-to-slow shift in muscle fiber 
types. Most of this training-induced fiber  
shift is the conversion of type IIx to type IIa 
fibers, with no increase in the number of type 
I fibers.

 ■ Whether resistance training improves muscle 
oxidative properties remains controversial. 
However, it is possible that long-term and  
high-volume resistance training programs  
can improve muscle oxidative capacity and 
increase capillary number around the trained 
fibers.

 ■ Resistance training improves the antioxidant 
capacity of the trained muscle fibers.
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by 50% to 150% within 1 to 4 hours following exercise in 
both trained and untrained individuals (Figure 13.17)  
(24, 60, 95). This exercise-induced increase in pro-
tein synthesis remains elevated for 30 to 48 hours 
depending upon the training status of the individual 
(24, 60, 95). Specifically, post-exercise protein synthe-
sis remains elevated for a longer period in untrained 
individuals (Figure 13.17) (24). This means that, fol-
lowing a single bout of resistance exercise, the total 
amount of muscle protein synthesis is greater in un-
trained subjects compared to trained individuals. This 
observation explains why the rate of exercise-induced 
muscle hypertrophy typically occurs more rapidly in 
untrained subjects compared to trained ones (24).

Signaling Events Leading to Resistance 
Training-Induced Muscle Growth
While resistance exercise increases the mRNA levels 
of muscle contractile proteins, the exercise-induced 
increase in muscle protein synthesis is largely due to 
an increase in the amount of protein synthesized per 
molecule of mRNA rather than an increase in total 
mRNA (39). In other words, resistance exercise pri-
marily elevates muscle protein synthesis by increas-
ing the efficiency of translation.

What are the molecular signals that stimulate 
muscle protein synthesis following a bout of resis-
tance exercise? Key steps in the intracellular signaling 
pathway that increase muscle protein synthesis are 
illustrated in Figure 13.18. Notice that the initial (i.e., 
primary) signal for resistance exercise-induced pro-
tein synthesis is the contraction-induced activation of 
a mechanoreceptor on the sarcolemma; this triggers 
a series of downstream signaling events leading to 
increased protein synthesis and muscle growth (i.e., 
hypertrophy). Let’s discuss this process in more detail.

As mentioned earlier in this chapter, a protein ki-
nase called the mechanistic target of rapamycin (mTOR) 
is the major regulator of protein synthesis and muscle 
size (39, 47). Indeed, activation of mTOR promotes 
protein synthesis by increasing translation, which re-
sults in increased protein synthesis (39). Understanding 
of how mTOR is regulated by exercise remains a hot 
topic of research. Historically, it was believed that resis-
tance exercise training-induced increases in insulin-like 
growth factor 1 (IGF-1) was required to promote mus-
cle hypertrophy. However, this is not the case as new 
evidence reveals that other signaling molecules are 
likely responsible for the exercise-induced activation 
of mTOR. Specifically, two signaling molecules that di-
rectly activate mTOR include a lipid molecule called 
phosphatidic acid (PA) and a second molecule known 
as Rheb which is short for Ras homolog enriched in 
brain. Let’s now discuss how resistance exercise acti-
vates mTOR to increase muscle protein synthesis.

The cellular site for regulation of mTOR activa-
tion is an organelle known as the late endosome/ 
lysosomal complex; for simplicity, we will refer to 
this complex as the lysosome. Notice in Figure 13.18 
that mTOR, PA, and Rheb are all connected to the lys-
osome. At rest, mTOR remains inactive because only 
low levels of PA exist in the muscle fiber. Further, in 
inactive muscle, Rheb activation of mTOR is inhib-
ited by a molecule called tuberous sclerosis complex 
2 (TSC2). Therefore, in order to activate mTOR, one 
of the following events needs to occur: (1) muscle 
levels of PA must increase, and/or (2) TSC2 blockade 
of Rheb must be eliminated. Interestingly, resistance 
exercise results in an increase in muscle levels of PA 
and the removal of TSC2 inhibition of Rheb. A sum-
mary of how this is accomplished follows.

Muscle contractions during resistance exercise 
activate a mechanoreceptor on the sarcolemma that 

Figure 13.17 Time course of muscle protein synthesis following a single bout of resistance exercise training. 
Data are compiled from Damas, F., Phillips, S., Vechin, F., and Ugrinowitch, C., “A Review of Resistance Training Changes in Skeletal Muscle Protein 
Synthesis and Their Contribution to Hypertrophy,” Sports Medicine 45: 801-807, 2015; MacDougall, J. D., Gibala, M. J., Tarnopolsky, M. A., MacDonald, 
J. R., Interisano, S. A., and Yarasheski, K. E., “The Time Course for Elevated Muscle Protein Synthesis Following Heavy Resistance Exercise,” 
Canadian Journal of Applied Physiology 20: 480–486, 1995; Tang, J. E., Perco, J. G., Moore, D. R., Wilkinson, S. B., and Phillips, S. M., “Resistance 
Training Alters the Response of Fed State Mixed Muscle Protein Synthesis in Young Men,” American Journal of Physiology: Regulatory, Integrative 
and Comparative Physiology 294: R172–178, 2008.
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stimulates the enzymes responsible for the synthesis 
of PA. This exercise-induced rise in muscle levels of 
PA results in PA molecules binding to mTOR leading 
to mTOR activation. Moreover, contraction-induced 
activation of mechanoreceptors also activates an en-
zyme called extracellular signal-regulated kinase (Erk) 
that phosphorylates and inhibits TSC2. It follows that 
exercise-induced activation of Erk blocks TSC2’s abil-
ity to inhibit Rheb and therefore Rheb remains free 
to activate mTOR.

In summary, mTOR is the primary activator of 
muscle protein synthesis. Resistance exercise triggers 
muscle signaling events that activate mTOR leading to 
increased protein synthesis. This process begins with 
contraction-induced activation of a mechanoreceptor 
on the fiber membrane that can activate mTOR in two 
ways. First, exercise-mediated mechanoreceptor signal-
ing promotes the synthesis of PA, which is an mTOR 
activator. Second, contraction-mediated mechanorecep-
tor signaling activates another mTOR activator, Rheb. 
This occurs because muscle contractions activate the 
enzyme, Erk, which phosphorylates the Rheb inhibitor, 
TSC2; this phosphorylation removes TSC2’s inhibition 
of Rheb, which enables Rheb to activate mTOR. To-
gether, these exercise-mediated signaling actions acti-
vate mTOR and promote muscle protein synthesis.

Figure 13.19 illustrates the time-dependent 
changes in resistance exercise-induced signaling in 
skeletal muscles. Note that within seconds after be-
ginning exercise, muscle levels of activated Rheb 
and phosphatidic acid begin to rise. Further, within 
minutes after the initiation of exercise, mTOR activa-
tion begins and within 1 to 4 hours, muscle  protein 

 synthesis increases. However, because protein synthe-
sis must exceed protein breakdown for several days to 
several weeks to achieve significant muscle growth, 
exercise-induced gain in both muscle hypertrophy 
and strength is a relatively slow process.

Finally, it is important to note that an exercise-
induced increase in muscle protein synthesis requires 
that all essential amino acids be present in the mus-
cle. Therefore, adequate ingestion of high-quality pro-
tein prior to or following a workout is essential to 
optimize muscle growth during resistance training. 
For more details on the amount and timing of protein 
ingestion on protein synthesis in athletes, see Phillips 
(2012) in the Suggested Readings.
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synthesis

Kinase
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Figure 13.18 Illustration of 
the intracellular signal-
ing network mediating 
exercise-induced skeletal 
muscle responses to resis-
tance training. Notice that 
both primary and second-
ary signals are involved in 
muscle adaptation to resis-
tance exercise training. See 
text for more details.
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Figure 13.19 Illustration of the time course of molecular 
responses to resistance exercise training. See text for 
more details.
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Role of Satellite Cells in Resistance 
Training-Induced Hypertrophy
Research reveals that the initial hypertrophy of skeletal 
muscle fibers during the first few weeks of a resistance 
training program can occur without the addition of 
new myonuclei. However, as muscle fibers continue to 
increase in size in response to resistance training, these 
growing fibers begin to add new nuclei (myonuclei) 
within the fiber. Indeed, it appears that the addition of 
new nuclei to the muscle is required to increase mus-
cle size after the initial growth that occurs early in the 
training process. This process is illustrated in Figure 
13.20. Recall from Chap. 8 that the source of these ad-
ditional myonuclei is the satellite cell, which is a type 
of adult stem cell located between the sarcolemma and 
the outer layer of connective tissue (i.e., basal lamina) 
around the fiber (8). In healthy young subjects, resis-
tance training activates satellite cells to divide and fuse 
with the adjacent muscle fiber to increase the number 
of nuclei in the fiber (1, 3). This increase in the number 
of myonuclei in growing fibers results in a constant 
ratio between the number of myonuclei and the size 
of the fiber. Importantly, the addition of these myonu-
clei to a growing fiber appears to be a requirement to 
support the increased size and continued growth of 
muscle fibers in response to strength training. In fact, 
evidence indicates that the removal of satellite cells 
from skeletal muscle limits the fibers’ ability to grow 
in response to overload (1, 2, 74).

Why are additional myonuclei required to 
achieve the maximal level of muscle hypertrophy in 
response to resistance training? A possible explana-
tion is that the addition of myonuclei to growing 
muscle fibers is a requirement to maintain the high 
level of translational capacity required to synthesize 
muscle proteins at a high rate following a strength 
training session (1). That is, a single myonucleus can 
only manage to produce mRNAs for a specific volume 
of muscle; therefore, as the muscle fiber increases in 

size, the addition of new myonuclei is required to 
manage the new growth (i.e., increased volume).

As discussed in A Closer Look 13.3, skeletal mus-
cle fibers do not hypertrophy to the same level in 
older individuals compared to young adults even if 
they perform the same resistance training program 
(3,46). This age-related difference in the ability of 
older individuals to respond to resistance training is 
likely linked to an age-related suppression of satellite 
cell number and function (3). For example, the num-
ber of satellite cells is lower in muscle of old individu-
als compared to young adults (3). Further, research 
reveals that exercise-induced satellite cell activation 
is impaired by aging (3). The mechanism to explain 
why satellite cell activation is reduced in older peo-
ple remains a topic of debate. Nonetheless, current 
evidence suggests that the age-related impairment in 
satellite cell function is likely due to a reduction in 
growth factors (i.e., IGF-1) available to activate satel-
lite cells along with increased systemic inflammation 
that has a negative impact on satellite cell function.

To conclude, satellite cells are the source of ad-
ditional nuclei in muscle fibers, and the addition of 
myonuclei to growing fibers appears to be essential 
for optimal fiber hypertrophy in response to resistance 
training (2). Further, although resistance training re-
sults in hypertrophy of muscle fibers in older indi-
viduals, muscle fibers do not hypertrophy to the same 
extent in old individuals compared to young. This re-
duced ability to achieve resistance training-induced 
hypertrophy in muscles in older individuals appears 
to be due to an age-related suppression of satellite 
cell number and function. For more details on satellite 
cell function in muscles, see Always et al. (2014) and  
Snijders et al. (2015) in the Suggested Reading list.

Figure 13.20 Resistance training-induced fiber hypertro-
phy results in a parallel increase in myonuclei, myofi-
brillar proteins, and fiber cross-sectional area (CSA).
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IN SUMMARY
 ■ Resistance training increases the synthesis of 
contractile proteins in muscle; this results in an 
increase in the cross-sectional area of the fiber.

 ■ Resistance training-induced increases in protein 
synthesis occur via an increase in translation, 
which is controlled by the mTOR signaling 
pathway.

 ■ Resistance exercise increases muscle levels of phos-
phatidic acid and Rheb. Both of these molecules 
are capable of activating mTOR signaling, which 
subsequently increases muscle protein synthesis.

 ■ Resistance training results in parallel increases in 
muscle fiber cross-sectional area and increased 
numbers of myonuclei.

 ■ Satellite cells are the source of additional myo-
nuclei in muscle fibers, and the addition of 
myonuclei to muscle fibers is a requirement to 
achieve maximal fiber hypertrophy in response 
to resistance training.
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DETRAINING FOLLOWING 
STRENGTH TRAINING
Similar to detraining following endurance training, 
the “use it or lose it” adage also applies to a resis-
tance training program. Indeed, it is well established 
that stoppage of resistance training results in a loss of 
muscular strength and in muscle atrophy. However, 
compared to endurance training, the rate of detrain-
ing (i.e., loss of strength) after a resistance training 
program is slower. This point is illustrated in Fig-
ure 13.21. Specifically, Figure 13.21(a) illustrates the 
impact of 30 weeks of detraining on muscle strength 
and muscle fiber size and also shows the impact of 
six weeks of retraining after the prolonged period of 
detraining (91). In this study, subjects engaged in a 
20-week program of resistance training. This rigor-
ous training program resulted in a 60% increase in 
maximal dynamic strength (leg extension) and hy-
pertrophy in all three major fiber types in the ex-
tensor muscles of the legs. Following 30 weeks of 
detraining, the subjects experienced a 31% decrease 
in maximal dynamic muscle strength. However, this 

 detraining-induced loss of dynamic strength was as-
sociated with a relatively small degree of muscle 
atrophy. For example, type I fibers atrophied approxi-
mately –2%, type IIa fibers atrophied 210%, and type 
IIx fibers atrophied –13% (Fig. 13.21(b)). This finding 
suggests that much of the loss of strength associated 
with detraining is associated with changes in the ner-
vous system. Collectively, these data indicate that re-
sistance training-induced muscular adaptations (i.e., 
dynamic strength and muscle hypertrophy) can be 
retained for relatively long periods during detraining.

Also, notice that six weeks of retraining resulted 
in a rapid regaining of dynamic muscular strength 
and a complete restoration of muscle fiber size back 
to the peak training levels (Fig. 13.21) (91). These 
results reveal that rapid muscular adaptations occur 
as a result of the reinstatement of strength training in 
previously trained individuals. This speedy improve-
ment in muscle strength during retraining explains 
how power athletes can often return to “competitive 
form” quickly after long periods of detraining.

Finally, studies also reveal that after dynamic 
muscular strength has been increased by resistance 
training, a reduced-frequency maintenance program 
of weight lifting can sustain strength for an extended 
period. For instance, it has been shown that follow-
ing a 12-week period of rigorous strength training 
(three  days/week), as few as one training day per 
week can maintain maximal dynamic strength for up 
to 12 weeks (35). Further, another study reported 
that maximal dynamic strength of lower back muscles 
can be maintained for 12 weeks by only one training 
day every 2 weeks (100). Collectively, these studies 
indicate that strength can be maintained for up to 
12 weeks with reduced resistance training frequency.

CONCURRENT STRENGTH 
AND ENDURANCE TRAINING
At this point in the chapter, it may have occurred to 
you that concurrent resistance and endurance train-
ing might interfere with the adaptations associated 
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Figure 13.21 (a) Changes in dynamic muscle strength 
 following 30 weeks of detraining and at the completion 
of six weeks of resistance exercise retraining. (b) Changes 
in muscle fiber cross-sectional area following 30 weeks 
of detraining followed by six weeks of resistance exer-
cise retraining.

IN SUMMARY
 ■ The stoppage of resistance training results in a 
loss of muscular strength and muscle atrophy. 
However, compared to the rate of detraining 
following endurance exercise, the rate of de-
training from resistance exercise is slower.

 ■ Rapid muscular adaptations occur as a result 
of strength training in previously trained 
 individuals.

 ■ Maximal dynamic strength can be maintained 
for up to 12 weeks with reduced training 
 frequency.
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with resistance training alone. For example, resistance 
training results in an increase in muscle fiber size, 
whereas endurance training does not increase fiber 
size. Does one type of training really interfere with 
the effects of the other? Although this topic remains 
controversial, a growing number of studies have 
demonstrated that performing concurrent resistance 
and endurance exercise training results in impaired 
strength gains when compared to resistance training 
alone. Let’s take a closer look at this issue.

In 1980, Hickson reported that a ten-week combined 
strength and endurance training program resulted in 
similar gains in V̇O2 max compared to an endurance-only 
group, but concurrent training (strength + endurance) 
results in an interference with the gains in strength (40). 
The strength-only group increased strength throughout 
the entire ten weeks, but the combined strength and 
endurance group showed a leveling off and a decrease in 
strength at the end of the training program.

Since this early study of Hickson and colleagues, 
numerous other investigations have supported or dis-
agreed with the notion that strength development 
is impaired during concurrent training. Many of the 
differences in these studies appear to arise from vari-
ations in training programs. For example, Sale et al. 
suggest that the effectiveness of concurrent training 
may depend on a variety of factors, such as the inten-
sity, volume, and frequency of training, and how the 
training modes are integrated (83). Indeed, clearly, the 
frequency and intensity of training has an impact on 
the potential for one type of training to interfere with 
the other (65). That is, studies that combine frequent 
training sessions and high-intensity endurance exercise 
often report that concurrent training impairs strength 
gains (26, 56). In fact, a recent review of the literature 
reveals that whether or not concurrent resistance/en-
durance training impairs strength gains is directly de-
pendent upon both the duration of endurance exercise 
training (minutes/training session) and the frequency 
of training (days/week) (106). Specifically, concurrent 
training studies where subjects performed endurance 
training on >2 days per week and >30 minutes/day 
consistently concluded that concurrent training im-
pairs strength gains and muscular hypertrophy com-
pared to subjects performing resistance training alone 
(106). Potential mechanisms to explain why concur-
rent training impairs strength gains are addressed in 
the next section.

Mechanisms Responsible for the Impairment 
of Strength Development during Concurrent 
Strength and Endurance Training
Over the years, several mechanisms have been pro-
posed to explain why concurrent endurance and 
strength training impedes strength development 

 compared to strength training alone. These include 
neural components, glycogen depletion, fiber-type 
transition, overtraining, and impaired protein synthesis. 
A brief discussion of each of these possibilities follows.

Neural Factors It has been proposed that concur-
rent strength and endurance training impairs strength 
development because of neural factors. Specifically, 
some investigators have suggested that concurrent 
training impairs motor unit recruitment and therefore 
decreases muscle force production (26). However, 
limited evidence exists to support this possibility 
(38). Therefore, it is currently unclear if changes in 
motor unit recruitment contribute to the impairment 
of strength gains when concurrent resistance and en-
durance training is performed.

Low Muscle Glycogen Content Successive bouts 
of either strength or endurance training can produce 
chronically low levels of muscle glycogen (70). That is, 
repeated endurance training and/or repeated bouts of 
resistance exercise can result in low resting levels of 
muscle glycogen. Therefore, beginning a training session 
with low muscle glycogen can reduce the ability to per-
form subsequent resistance training sessions and impair 
the magnitude of the strength-training adaptations.

Overtraining Overtraining is often defined as an 
imbalance between training and recovery. In theory, 
overtraining could contribute to the inability to attain 
optimal strength gains when concurrent strength and 
endurance exercise training is performed. Nonethe-
less, no experimental studies provide direct evidence 
that overtraining is a major factor that contributes to 
the inhibition of strength gains when both resistance 
and endurance exercise are performed.

Depressed Protein Synthesis Concurrent resistance 
and endurance exercise bouts could result in im-
paired protein synthesis following resistance exercise 
training (7, 39, 70). The science behind this concept 
is as follows. Recall that resistance exercise training 
increases muscle contractile protein synthesis by ac-
tivation of the mTOR signaling pathway (Fig. 13.22). 
In contrast, endurance exercise training increases 
AMPK activation and promotes mitochondrial bio-
genesis. Further, active AMPK can activate a signaling 
molecule called tuberous sclerosis complex 2 (TSC2). 
Active TSC 2 inhibits mTOR activity and therefore 
impairs protein synthesis (39). Hence, the AMPK/
TSC 2 pathway provides a biochemical link to ex-
plain why concurrent endurance/resistance training 
may impair strength gains. Although the activation of 
TSC 2 in skeletal muscle during endurance training 
is a plausible explanation for why endurance training 
impedes strength gains, additional research is needed 
to determine if this biochemical signaling path is the 
sole explanation for why this occurs.
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STUDY ACTIVITIES
 1. Explain the basic principles of training: overload, speci-

ficity, and reversibility.
 2. Discuss the role that genetics plays in determining  

V̇O2 max.
 3. Indicate the typical change in V̇O2 max with endur-

ance-training programs and the effect of the initial (pre-
training) value on the magnitude of the increase.

 4. State typical V̇O2 max values for various sedentary, ac-
tive, and athletic populations.

 5. Understand the contribution of heart rate, stroke  volume, 
and the a-v̄ O2 difference in determining V̇O2 max.

 6. Discuss how training increases V̇O2 max.
 7. Define preload, afterload, and contractility, and discuss 

the role of each in the increase in the maximal stroke 
volume that occurs with endurance training.

 8. Describe the changes in muscle structure that are re-
sponsible for the increase in the maximal a-v̄ O2 differ-
ence with endurance training.

 9. List and discuss the primary changes that occur in skel-
etal muscle as a result of endurance training.

 10. Explain how endurance training improves acid-base 
balance during exercise.

Figure 13.22 Intracellular signaling networks mediating exercise-induced skeletal muscle responses to resistance and 
endurance exercise training programs. Resistance exercise training activates the mTOR pathway that promotes pro-
tein synthesis by increasing translation. Endurance exercise training activates several secondary signals to promote an 
increase in PGC-1α and increased mitochondrial biogenesis. Note that activation of AMPK by endurance training can 
inhibit mTOR signaling via the tuberous sclerosis complex 2 (TSC 2) and suppress resistance training-induced protein 
synthesis. The interaction between these two intracellular signaling networks can potentially explain why concurrent 
resistance and endurance training programs can reduce strength gains observed with resistance training alone.

Resistance Training

Mechanoreceptor
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Muscle
Fiber

TSC1/2

CaMKAMPK p38

mTOR

Protein synthesis

Muscle hypertrophy

Endurance Training

PGC-1α

Mitochondrial
biogenesis

IN SUMMARY
 ■ Individuals who engage in concurrent resis-
tance training and high-intensity endurance 
exercise training often report that concurrent 
training impairs strength gains.

 ■ Several mechanisms can potentially explain 
why concurrent training may impair strength 
gains. These include neural factors, low muscle 

glycogen content, overtraining, and depressed 
protein synthesis.

 ■ Concurrent resistance and endurance exercise 
bouts can theoretically impair protein synthe-
sis following resistance exercise training. The 
 science behind this prediction is illustrated in 
Figure 13.22.
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 11. Outline the “big picture” changes that occur in skeletal 
muscle as a result of exercise training and discuss the 
specificity of exercise-training responses.

 12. List the four primary signal transduction pathways in 
skeletal muscle.

 13. List and define the function of six important secondary 
messengers in skeletal muscle.

 14. Outline the signaling events that lead to endurance 
training-induced muscle adaptation.

 15. Discuss how changes in “central command” and “pe-
ripheral feedback” following an endurance training 
program can lower the heart rate, ventilation, and cat-
echolamine responses to a submaximal exercise bout.

 16. Describe the underlying causes of the decrease in V̇O2 
max that occurs with cessation of endurance training.

 17. Contrast the role of neural adaptations with hypertrophy in 
the increase in strength that occurs with resistance training.

 18. Identify the primary changes that occur in skeletal mus-
cle fibers in response to resistance training.

 19. Outline the signaling events that lead to resistance 
training-induced increases in muscle growth.

 20. Discuss how detraining following strength training af-
fects muscle fiber size and strength.

 21. How does retraining influence muscle fiber size and 
strength?

 22. Explain why concurrent strength and endurance train-
ing can impair strength gains.
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 ■ Key Terms

atherosclerosis
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 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

1. Contrast infectious with degenerative diseases 
as causes of death.

2. Identify the three major categories of risk factors 
and examples of specific risk factors in each.

3. Describe the difference between primary and 
secondary risk factors for coronary heart disease 
(CHD).

4. Characterize physical inactivity as a coronary 
heart disease risk factor comparable to smoking, 
hypertension, and high serum cholesterol.

5. Describe the process of atherosclerosis related 
to coronary heart disease.

6. Describe the role of low-grade chronic 
inflammation in the development of chronic 
diseases.

7. Describe the metabolic syndrome and possible 
causes.

8. Describe the role of diet and physical activity 
from an anti-inflammatory standpoint.

Preventing Chronic Disease: 
Physical Activity and Healthy 
Eating

14
© Tim Mantoani/Masterfile
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In this section of the textbook, the Physiology of 
Health and Fitness, we focus on the importance of 

two major variables, physical activity (Chaps. 15, 16, 
and 17) and healthy eating (Chap. 18), as crucial in-
gredients to a healthy lifestyle. There is absolutely no 
question that physical inactivity is a major risk factor 
for numerous chronic diseases including heart disease, 
type 2 diabetes, and cancer (65). In like manner, choos-
ing healthy foods to obtain essential nutrients, while 
matching caloric intake with caloric expenditure, goes 
a long way in dealing with our obesity epidemic and 
its dire consequences. In this chapter, we begin with 
a discussion of risk factors for chronic diseases that 
examines the environmental, genetic, and behavioral 
links to health and disease. These risk factors direct 
public health interventions to reduce the overall risk 
to the population (e.g., stop-smoking campaigns). Al-
though risk factors describe the causes of disease from 
a macro level, they don’t address the underlying physi-
ological causes of these chronic diseases. We will try 
to do that by exploring the proposition that it is a 
low-level systemic inflammation (see Chap. 6) that is 
causing many of these chronic diseases. Finally, we 
will bring the discussion back to physical activity and 
healthy eating as ways of dealing with chronic disease.

RISK FACTORS FOR 
CHRONIC DISEASES
Over the past 100 years, attention has shifted from 
 infectious diseases (e.g., tuberculosis and pneu-
monia) as the major causes of death to chronic 
 degenerative diseases, such as cancer and cardio-
vascular diseases. The leading causes of death describe 
the specific diseases linked to that outcome. In 2013, 
the top five leading causes of death were diseases 
of the heart, malignant neoplasms (cancer), chronic 
lower respiratory diseases, accidents (unintentional 
injuries), and cerebrovascular diseases (stroke) (71). 
The onset of most of the leading causes of death can 
be delayed or prevented by addressing the risk factors 
for these diseases. Epidemiologists are the scientists 

who play a major role in exploring the distribution of 
diseases in the population and the factors that have 
an impact on those diseases. Figure 14.1 shows that 
risk factors associated with chronic diseases can be 
divided into three categories (68).

Inherited/Biological
These factors include the following:

 ■ Age—Older individuals have more chronic 
diseases than younger individuals.

 ■ Gender—Men develop cardiovascular disease 
at an earlier age than women, but women 
experience more strokes than men (4).

 ■ Race—African Americans develop about  
30% more heart disease than non-Hispanic 
whites (67).

 ■ Susceptibility to disease—Several diseases 
have a genetic component that increases the 
potential for having a disease.

Environmental
Environmental factors that affect health and disease 
include the following:

 ■ Physical factors (e.g., climate, water, altitude, 
pollution)

 ■ Socioeconomic factors (e.g., income, housing, 
education, workplace characteristics)

 ■ Family (e.g., parental values, divorce, and 
extended family and friends)

Behavioral
The actual causes of death describe which behaviors 
(e.g., smoking) are linked to death (see the right side of 
Fig. 14.1). That smoking is at the top of the list should 
be no surprise given its connection to both lung cancer 
and cardiovascular diseases. In fact, it is the number one 
actual cause of deaths, accounting for 18% of all deaths. 
The existence of smoking-cessation programs and laws 

Figure 14.1 Major  categories 
of risk factors with 
 examples of each. 
U.S. Department of Health 
Education and Welfare, Healthy 
People: The Surgeon General’s 
Report on Health Promotion and 
Disease Prevention. Washington, 
D.C.: U.S. Government Printing 
Office, 1979.

Environmental

MAJOR RISK FACTOR CATEGORIES

Physical:  air, water, noise,
 unsafe highways
Socioeconomic:  income,
 housing, employment,
 status, education
Family:  divorce, death of
 loved one, children
 leaving

Behavioral

Smoking
Poor nutrition and inactivity
Drinking alcohol
Overuse of medication
Fast driving/no seat belt

Inherited/Biological
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Susceptibility to disease
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that restrict areas in which one can smoke speak to 
the seriousness with which our society takes that risk 
to our health. The number two actual cause of death 
is poor diet and physical inactivity (15.2%), with alco-
hol consumption being number three (3.5%) (39, 40).  
The emphasis on healthy eating at work and in schools, 
the creation of new parks and bike trails to enhance 
opportunities to be physically active, and “don’t drink 
and drive” campaigns are examples of some systematic 
attempts to help alter these behaviors.

In contrast to infectious disease, in which a single 
pathogen may be the cause of a disease, establishing 
the cause of a disease is much more difficult when 
dealing with chronic, degenerative diseases such as 
cardiovascular disease. The reason is that genetic, en-
vironmental, and behavioral factors interact in a com-
plex manner to cause the disease. The difficulty of 
establishing “cause” for these complex diseases is best 
described by an epidemiologic model called the web 
of causation (37, 62).

In an oversimplification, Figure 14.2 shows links 
among three major classes of risk factors: genetic  

(e.g., gender, race), environmental (e.g., access to in-
expensive high-fat foods; access to convenient places 
to walk, cycle, and play), and behavioral (e.g., diet, 
smoking, inadequate physical activity, too much 
physical inactivity [TV, video, computer]) (62, 63). 
They act alone and interact with each other to cause 
 atherosclerosis, a condition in which a fatty plaque 
builds up in (not on) the inner wall of an artery. 
Many of the risk factors interact to cause overweight, 
obesity, and type 2 diabetes—problems that are con-
nected to cardiovascular disease. Trying to tease out 
the effect that one factor has on another and on the 
final disease process is a difficult task that makes work 
in epidemiology interesting and challenging. The fac-
tors in the web of causation are positively associated 
with the development of cardiovascular diseases but 
are not sufficient in and of themselves to cause them. 
These are called risk factors, and they play a major 
role in developing prevention programs aimed at re-
ducing disease and premature death associated with 
degenerative diseases. To expand on this risk factor 
concept, we will focus on coronary heart disease.

Figure 14.2 Simplified web of causation showing how genetic, environmental, and behavioral factors interact to cause 
atherosclerosis.

Bike trails, parks,
and sidewalks

Access to high-fat,
inexpensive food

Physical activity
and inactivity

Overweight and
obesity

Diet: kilocalories
and fat content

Atherosclerosis

Type 2 diabetesSmoking

High blood
lipidsHypertension

Genetics
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RISK FACTORS FOR 
CORONARY HEART DISEASE
Coronary heart disease (CHD) is associated with a 
gradual narrowing of the arteries serving the heart 
due to a thickening of the inner lining of the artery. 
This process, called atherosclerosis, is the leading 
contributor to heart attack and stroke deaths (20). 
It is now widely accepted that some people are at a 
greater risk of developing CHD than others.

Historically, risk factors for CHD were divided 
into primary, or major, and secondary, or contrib-
uting. Primary meant that a factor in and of itself in-
creased the risk of CHD, and secondary meant that a 
certain factor increased the risk of CHD only if one 
of the primary factors was already present, or that its 
significance had not been precisely determined (15). 
Lists of risk factors have evolved over time as more 
epidemiological evidence has accumulated, show-
ing the association between various behaviors (e.g., 
physical inactivity) or characteristics (e.g., obesity) 
and CHD. Consequently, a practical approach used to 
classify risk factors is to list those that can be changed 
and those that can’t, no matter whether they are pri-
mary or secondary.

Currently, the American College of Sports Medi-
cine (ACSM) lists eight risk factors (2):

 ■ Age

 ■ Family history

 ■ Cigarette smoking

 ■ Sedentary lifestyle

 ■ Obesity

 ■ Hypertension

 ■ Dyslipidemia

 ■ Prediabetes

Some of these risk factors, like age and family his-
tory, cannot be changed, but most can. An analysis 
of modifiable risk factors highlighted the impact that 
intervention programs have had on specific risk fac-
tors such as smoking and hypertension (19); however, 
interventions, in general, have not resulted in much 
of a reduction in the risk of CHD (22). This has been 
taken as a call to action to develop  better behavior-
change interventions to achieve better results.

You may have noticed that a high-fat diet was 
not listed in the above list of risk factors. In part, 
that is due to the fact that the impact of a high-fat 
diet is represented in the dyslipidemia and obesity 
risk factors. That said, there is clear evidence that 
high dietary salt and transfat intake and low omega-
3-fatty acid intake are implicated as risk factors in 
chronic disease (19). In fact, dietary factors have an 
impact on a wide variety of the risk factors: obesity, 

 hypertension,  dyslipidemia, and prediabetes. Charac-
teristics of a healthy diet will be addressed in Chap. 18.  
Finally, and important from the standpoint of this 
text, there exists a substantial body of evidence that 
physical inactivity is a major cause of many chronic 
diseases, including different cancers and various 
cardiovascular and metabolic diseases (11, 12, 65). 
We will see more on this in the next section and in 
Chaps. 16 and 17. To estimate your or your parent’s 
ten-year risk of having a heart attack, go to http://
cvdrisk.nhlbi.nih.gov.

Physical Inactivity as a Risk Factor
After looking at the web of causation for cardiovas-
cular disease in Figure 14.2, one can understand how 
difficult it is to determine whether an observed asso-
ciation between a risk factor and a disease is a causal 
one or is due simply to chance. To facilitate the pro-
cess of determining cause, epidemiologists apply the 
following guidelines (6):

 ■ Temporal association—Does the cause precede 
the effect?

 ■ Plausibility—Is the association consistent with 
other knowledge?

 ■ Consistency—Have similar results been shown 
in other studies?

 ■ Strength—What is the strength of the 
association (relative risk) between the cause 
and the effect? Relative risk is sometimes 
expressed as the ratio of the risk of disease 
among those exposed to the factor to the risk 
of those unexposed. The greater the ratio, the 
stronger the association.

 ■ Dose-response relationship—Is increased 
exposure to the possible cause associated 
with increased effect?

 ■ Reversibility—Does the removal of the 
possible cause lead to a reduction of the 
disease risk?

 ■ Study design—Is the evidence based on strong 
study design?

 ■ Judging the evidence—How many lines of 
evidence lead to the conclusion?

IN SUMMARY
 ■ Risk factors can be divided into three catego-
ries: genetic/biological, environmental, and 
behavioral.

 ■ The risk factors for CHD include some you 
cannot change (e.g., age and family history) 
and many you can (cigarette smoking, inactiv-
ity, obesity, hypertension, dyslipidemia, and 
 prediabetes).
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The concern about whether a risk factor is causally re-
lated to cardiovascular disease has special significance 
for physical activity. For many years, physical inactiv-
ity was believed to be only weakly associated with 
heart disease and was not given much attention as a 
public health concern. However, in the late 1980s and 
early 1990s, that view changed rather dramatically. In 
1987, Powell et al. (54) did a systematic review of the 
literature dealing with the role of physical activity in 
the primary prevention of coronary heart disease, ap-
plying the just-listed guidelines to establish causation. 
They found that the majority of studies indicated that 
the level of physical inactivity predated the onset of 
CHD, thus meeting the temporal requirement. They 
also found a dose-response relationship in that as phys-
ical activity increased, the risk of CHD decreased, and 
the association was stronger in the better studies. The 
latter results met the consistency and study design 
criteria for causality. The review found the associa-
tion to be plausible given the role of physical activity 
in improving glucose tolerance, increasing fibrinolysis 
(breaking of clots), and reducing blood pressure. The 
investigators calculated the relative risk of CHD due to 
inactivity to be about 1.9, meaning that sedentary peo-
ple had about twice the chance of experiencing CHD 
that physically active people had. The relative risk was 
similar to smoking (2.5), high serum cholesterol (2.4), 
and high blood pressure (2.1). When the authors con-
trolled for smoking, blood pressure, cholesterol, age, 
and sex (all of which are associated with CHD), the 
association of physical activity and CHD remained, in-
dicating that physical activity was an independent risk 
factor for CHD (54). In 1992, the American Heart As-
sociation added physical inactivity to its list of primary 
or major risk factors for cardiovascular disease (3).

To estimate the real impact a risk factor may have 
on a population, epidemiologists try to balance the 
relative risk with the number of people in the popu-
lation that have the risk factor. This balancing act 
is summed up in the calculation of the population-
attributable risk for each risk factor (16). Figure 14.3 
describes the relative risk for selected risk factors and 
the percentage of the population affected. Given the 
large number of people who are inactive, changes in 
physical activity habits have a great potential to re-
duce CHD and other chronic diseases (11, 65).

Physical Activity and Health
Regular participation in physical activity has a posi-
tive impact on our health. In 2001, a special sympo-
sium examined whether a dose-response relationship 
existed between physical activity and a variety of 
health outcomes (31). At the end of that decade, an-
other systematic review of the literature (66) was 
conducted on this same topic prior to the publication 
of the first set of national physical activity guidelines: 
2008 U.S. Physical Activity Guidelines (65). This review 
supported the vast majority of the findings in the ear-
lier report. Regular participation in physical activity 
was associated with:

 ■ Lower rates of all-cause mortality, total 
cardiovascular disease (CVD), and  
coronary heart disease incidence and 
mortality

 ■ Increased weight loss and reduced amount of 
weight regain after weight loss

 ■ A lower incidence of obesity, type 2 diabetes, 
and metabolic syndrome

 ■ A lower risk of colon and breast cancer

 ■ An improvement in the ability of older adults 
to do activities of daily living

 ■ Reduced risk of falls in older adults at risk of 
falling

 ■ A reduction in depression and cognitive 
decline in adults and older adults

Figure 14.3 Percentages of U.S. population at risk for 
recognized risk factors related to coronary heart disease 
and risk ratio for each risk factor.
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IN SUMMARY
 ■ Physical inactivity is an independent risk factor 
for CHD.

 ■ The relative risk of CHD due to inactivity (1.9) 
is similar to that of hypertension (2.1) and high 
cholesterol (2.4). The fact that a large percent-
age of the population is inactive indicates the 
enormous impact a change in physical activity 
habits can have on the nation’s risk for CHD.
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 ■ Favorable changes in cardiovascular risk 
factors, including blood pressure and blood 
lipid profile

In general, the review found that:

 ■ The volume of physical activity done was the 
most important variable tied to health outcomes.

 ■ The risk of many chronic diseases was 
reduced about 20% to 40% by regular 
participation in physical activity, with the 
greatest gains made by those moving from 
doing no activity to doing some activity (55).

 ■ Some physical activity is better than none 
and there is no lower threshold for benefits. 
Individuals are encouraged to be active  

even if they cannot meet the minimum 
intensity or duration recommendations  
(55, 65).

 ■ A dose-response relationship existed for most 
health outcomes, meaning that “more is 
better.” See Figure 14.4 as an example for the 
health outcome “death from all causes.”

That last finding, “more is better,” had to be balanced 
by the increased risk of adverse outcomes when too 
much was done or when the exercise was a major 
change from what was currently being done. See 
more on this in Chap. 16. For information on two 
individuals who have had a major impact on our un-
derstanding of physical activity and heart disease, see 
A Look Back—Important People in Science.

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Jeremy N. Morris and Ralph S. Paffenbarger, Jr.—Olympic Prize Winners
In 1996, the Interna-
tional Olympic Com-
mittee (IOC) awarded 
its first IOC Olympic 
Prize in sport sci-
ences to Drs. Jeremy 
N. Morris and Ralph 
S. Paffenbarger, Jr., for 
their pioneering stud-

ies showing how exercise reduces the 
risk of heart disease.

Dr. Jeremy N. Morris, D.Sc., D.P.H, 
Fellow of the Royal College of Physi-
cians, was professor of public health at 
the University of London, England. He 
was one of the first epidemiologists 
to provide scientific support showing 
the impact of occupational and lei-
sure-time physical activity on the risk 
of heart disease. In one study, he com-
pared conductors on London’s double-
decker buses who climbed 500 to 
750 stairs per work day with drivers 
who sat for 90% of their shift. In an-
other study, postal letter carriers who 
walked or cycled their routes were 
compared to sedentary telephonists 
and clerks. In both cases, those in the 
more active occupations had fewer 
heart attacks (43). In another set of 
studies, he examined the effect of dif-
ferent amounts and types of leisure-
time physical activities on the risk of 
CHD in those who held naturally sed-
entary jobs. He found that only those 

doing vigorous activity during their 
leisure time experienced protection 
against CHD (42). For more informa-
tion on Dr. Morris, see Paffenbarger 
et al. (47) and Blair et al. (10).

Dr. Ralph S. 
Paffenbarger, Jr., re-
ceived his medical 
degree from North-
western University in 
Chicago in 1947 and 
became a commis-
sioned officer in the 
U.S. Public Health Ser-
vice. During this time, 

he completed his M.P.H. and Dr.P.H. 
degrees at Johns Hopkins. He worked 
on the polio epidemic until the first 
vaccine became available in 1955 and 
then shifted his attention to issues re-
lated to physical activity and health. 
The findings of one of Dr. Paffen-
barger’s studies on longshoremen (49) 
confirmed the findings of Dr.  Morris, 
showing that strenuous occupational 
physical activity was associated with 
a lower risk of CHD. However, Dr. 
Paffenbarger is best known for the 
Harvard Alumni Study (begun in 
1960), which tracked alumni who 
matriculated between 1916 and 
1950. The investigators had access to 
medical and other records when the 
alumni were students, and they were 
able to follow the alumni over the 

years with questionnaires to obtain 
information about current behaviors 
(e.g., physical activity, diet, smoking) 
and examine the link between those 
behaviors and health problems (e.g., 
heart disease, hypertension, stroke) 
and cause of death. More than 100 
publications have resulted from this 
study. Dr. Paffenbarger’s research 
showed that alumni who participated 
in greater amounts of physical activity 
had a lower risk of heart attack (50). 
In addition, he was able to show that 
those who increased physical activ-
ity from one time period to the next 
had a 23% reduction in death from all 
causes—showing that it is never too 
late to begin an exercise program (48).

Dr. Paffenbarger practiced what 
he preached, being a successful mar-
athon and ultramarathon runner. 
He had a major impact on the 1995 
public health physical activity recom-
mendation from the Centers for Dis-
ease Control and Prevention (52), and 
in the development of “Physical Ac-
tivity and Health: A Report of the Sur-
geon General” (64). Dr. Paffenbarger 
died in 2007 and Dr. Morris in 2009, 
but their legacies as scientists, men-
tors, and role models will live on for 
years to come.

Information for this biographical sketch is 
taken from cited articles and publicly available 
 curricula vita.

© Ed Howley

© Ed Howley
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INFLAMMATION AND 
CORONARY HEART DISEASE
We have just seen that a wide variety of risk fac-
tors are linked to heart disease. But how are these 
risk factors connected physiologically to the actual 
 appearance of the disease? In atherosclerosis, the nar-
rowing of the coronary artery can result in a reduc-
tion in blood flow that may ultimately lead to a heart 
attack. The decrease in the diameter of the lumen 
is due to a buildup of lipid and fibrous materials 
(plaque) in the inner lining of the artery, called the 
intima (see Fig. 14.5). In many ways, atherosclerosis 
has been viewed as a plumbing issue, and procedures 
to flatten the plaque back to the arterial wall (an-
gioplasty) or change out the pipe (coronary artery 
bypass graft) have been used to correct the problem 
(see Chap.17 for more on those procedures). However, 
most of the heart attacks and many strokes occur, 
not from a gradual occlusion of an artery, but from 
a sudden rupture of the plaque that triggers a blood 
clot and blocks blood flow. Let’s look at this in more 
detail (35, 36).

It has become clear that atherosclerosis is caused 
by the process of inflammation initiated in the in-
ner lining of the artery (35, 36). Inflammation is a 
response of a tissue to injury that involves the recruit-
ment of white blood cells (leukocytes) to the site 
of the injury (see Chap. 6). Normally, the endothe-
lial cells (endothelium) that line the inner surface of 
the artery do not support the binding of leukocytes; 
however, when the endothelium is activated by  
risk factors such as smoking, high blood pressure, a 
high-fat diet, or obesity, the endothelium generates 

adhesion molecules on its surface that can bind read-
ily to leukocytes (especially monocytes and T cells) in 
the blood (see Fig. 14.5) (34, 35, 36)

 ■ Once bound to the adhesion molecules, the 
endothelial cells secrete chemokines that 
attract the monocytes to enter the intima, 
where they mature into macrophages (see  
Fig. 14.5A).

 ■ The macrophages develop scavenger receptors 
on their surface that help them ingest large 
amounts of modified LDL cholesterol.

 ■ The macrophages become loaded with fatty 
droplets and develop into foam cells (see right 
side of Fig. 14.5A). These foam cells and the 
T cells make up the “fatty streak,” the earliest 
form of atherosclerotic plaque.

 ■ As the process continues, the macrophages 
multiply due to growth factors they produce, 
and the size of the plaque increases.

 ■ As this is developing, some of the smooth 
muscle cells in the middle layer (media) of 
the artery move to the top layer of the intima 
(near the lumen) where they multiply and, 
with connective tissue, form a fibrous matrix 
cap over the fatty core of the plaque (see  
Fig. 14.5B).

At some point, the foam cells release inflammatory 
signals that lead to the digestion and weakening 
of the fibrous matrix cap. If the cap ruptures, the 
chemicals from the foam cell interact with factors 
in the blood to form a clot (thrombus) that might 
be large enough to completely block an artery (see 
Fig. 14.5C). It is this process that causes most heart 
attacks (35, 36).

Obesity, Inflammation, and  
Chronic Disease
It is now recognized that a low-grade chronic 
inflammation is linked to a wide variety of chronic 
diseases, including hypertension, heart disease and 
stroke, some cancers, respiratory conditions, type 
2 diabetes, and the metabolic syndrome (to be dis-
cussed in more detail in the next section) (38, 60). 
The chronic low-grade inflammation is characterized 
by a two- to threefold increase in inflammatory cyto-
kines (e.g., tumor necrosis factor alpha [TNF-α], inter-
leukin-6 [IL-6], and C-reactive protein [CRP]).

Of interest to the readers of this text is the im-
pact of obesity on inflammation and chronic disease. 
Currently in the United States, 35.7% of adults are 
obese (46). Obesity is linked to a variety of chronic 
diseases, including CHD, hypertension, and type 2 
diabetes, to name a few. The physiological connec-
tion between having too much adipose tissue and 

Figure 14.4 Dose-response of physical activity related to 
all-cause mortality.
U.S. Department of Health and Human Services, Physical Activity 
Guidelines Advisory Committee Report 2008, Figure G1.3, p.G1-19. 
www.health.gov/paguidelines/committeereport.aspx.
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Figure 14.5 Process of inflammation leading to the rupture of an atherosclerotic plaque.
Adapted from Libby, P., “Atherosclerosis: The New View,” Scientific American, May 2002, p. 46–55.
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the inflammation related to chronic disease includes 
the hormones and inflammatory cytokines released 
by adipose tissue (27, 69).

Under normal conditions, adipocytes synthesize 
and store lipids and release anti-inflammatory hor-
mones (e.g., adiponectin—see A Closer Look 5.2). How-
ever, the adipocytes have the capacity to secrete a 
variety of inflammatory cytokines (e.g., IL-6). When 
the adipocytes, especially those in the visceral area, 
increase in size, as seen in obesity, they secrete more 
IL-6 and less adiponectin (27). In addition, macro-
phages infiltrate the enlarged visceral adipose tissue, 
promote a local inflammation, and secrete TNF-α, a 
potent inflammatory cytokine (69). Increased amounts 
of free fatty acids (FFA), IL-6, and TNF-a (and reduced 
amounts of adiponectin) are released from the visceral 
adipose tissue into the liver and then the general cir-
culation. In combination, they interfere with the ac-
tion of insulin (causing insulin resistance), which is 
linked to type 2 diabetes, cardiovascular disease, and 
the metabolic syndrome (21, 27, 60, 69).

C-reactive protein (CRP) is released from the 
liver in response to these inflammatory factors, and 
the concentration of CRP in the blood is used as 
a marker of inflammation (35, 36). Although CRP 
may (69) or may not (35) be directly involved in 
the atherosclerotic process, it is clear that CRP is a 
risk factor for heart disease and a useful predictor 
of disease risk in those with other risk factors (14). 
Investigators have used it and other inflammatory 
markers to evaluate the impact of different strate-
gies on the low-grade inflammation associated with 
chronic diseases. Both pharmacological (i.e., drugs) 

and nonpharmacological (i.e., diet and exercise) in-
terventions have been used to try to reduce this 
systemic inflammation.

Healthy Eating and Physical Activity  
to Combat Inflammation
In terms of healthy eating, Esposito et al. have shown 
that eating a Mediterranean-style diet (high in fruits, 
vegetables, legumes, whole grains, and olive oil) for 
two years resulted in a dramatic reduction in CRP and 
IL-6, with no changes observed in the control group 
(23). Further, such results were observed even with-
out weight loss (58). This dietary-induced reduction 
in inflammatory markers is believed to be linked to 
 suppression of pathways that stimulates the transcrip-
tion of genes involved in the inflammation process 
(28). We will see more on healthy eating plans in 
Chap. 18.

As mentioned earlier, there is an abundance of 
research showing that regular participation in phys-
ical activity reduces the risk of many chronic dis-
eases. Related to systemic inflammation, there is a 
growing body of evidence from prospective longitu-
dinal studies that higher levels of physical activity 
and/or cardiorespiratory fitness are associated with 
lower levels of inflammation (8, 9, 33). Intervention 
studies confirm these findings, but the reduction in 
inflammation may be due more to weight loss than 
exercise itself, except in those populations (e. g., pa-
tients in cardiac rehabilitation, obese individuals) that 
have higher baseline levels of inflammation (7, 8, 9, 
18, 29, 33, 45, 51, 59, 73). Figure 14.6 shows  potential 

Exercise training

Muscle tissue Adipose tissue Endothelial cells Immune cells
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Regulatory T cells
Inflammatory monocytes
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Cell regeneration
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Blood supply
Vasoconstriction

Macrophage Infiltration
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Vascular wall inflammationAnti-inflammatory
cytokines

Hypoxia

Figure 14.6 Potential mechanisms 
through which exercise training 
 reduces chronic inflammation in 
obesity.
Adapted from You T., Arsenis, N. C., Disanzo, 
B. L., and LaMonte, M. J., “Effects of 
Exercise Training on Chronic Inflammation in 
Obesity,” Sports Medicine 43: 243–256, 2013.
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mechanisms through which exercise training might 
reduce chronic inflammation in obesity (73):

 ■ Acute exercise stimulates IL-6 release from 
skeletal muscle, which suppresses pro-
inflammatory cytokines.

 ■ Exercise training may increase angiogenesis 
(creation of new blood vessels) in adipose 
tissue to result in an increase in blood flow 
and a reduction in hypoxia and associated 
chronic inflammation in adipose tissue.

 ■ Exercise also reduces adhesion molecule 
production in endothelial cells and lowers 
vascular wall inflammation.

 ■ Exercise training may reduce the expression 
of toll-like receptors (that recognize molecules 
tied to pathogens) and the number of  pro-
inflammatory monocytes.

It is clear that anti-inflammatory activity is not the 
only mechanism responsible for the health benefits of 
exercise (13, 24, 38, 53). Exercise affects a wide variety 
of risk factors (e.g., blood pressure, abdominal fat, HDL-C), 
and the evidence is overwhelming that exercise training 
is very important in reducing the risk of many chronic 
diseases (11). Given all this, it is clear that to reduce the 
risks of chronic diseases, we should use a combination of 
dietary change to the Mediterranean style, a reduction 
in body weight to an appropriate level, and an increase 
in physical activity and/or cardiorespiratory fitness to 
achieve that goal, since each has an independent effect 
(see Chaps. 16, 17, and 18 for more on each of these).

THE METABOLIC SYNDROME
We end this chapter with a discussion of the metabolic 
syndrome as a way of pulling together all of what we 
have seen and emphasizing, again, the importance of 
healthy eating and physical activity in the prevention 
and treatment of chronic diseases. Epidemiologists are 
not the only scientists interested in examining poten-
tial relationships between variables in order to have a 
greater understanding of what causes chronic diseases. 
Physiologists study how tissues and organs function to 
maintain homeostasis and try to uncover the source of 
a problem when homeostasis is not maintained. A good 
example of a failure to maintain homeostasis is hyper-
tension, a problem that affects more than 28% of adult 
Americans (72).  Interestingly, investigators have found 
that  hypertension does not generally occur in isolation. 
It is not uncommon for hypertensive individuals to also 
have multiple metabolic abnormalities, such as

 ■ Obesity—especially abdominal obesity

 ■ Insulin resistance—a condition in which 
tissues do not take up glucose easily when 

stimulated with insulin; muscle is the primary 
site of insulin resistance

 ■ Dyslipidemia—abnormal levels of triglycerides 
and other lipids

The fact that these abnormalities often occur as 
a group suggests a common underlying cause that 
might give us a better understanding of the disease 
processes associated with hypertension. The coexis-
tence of insulin resistance, dyslipidemia, and hyper-
tension has been called Syndrome X (57); those who 
add obesity to the model call it the Deadly Quartet 
(30). However, metabolic syndrome is currently the 
preferred term. To establish the prevalence of meta-
bolic syndrome in the population, scientists first es-
tablished an operational definition of the syndrome—a 
person has to have three or more of the following to 
be considered as having the  syndrome (44):

 ■ Abdominal obesity: waist circumference >102 
cm in men and >88 cm in women

 ■ Hypertriglyceridemia: ≥150 mg/dl

 ■ Low high-density lipoprotein (HDL) 
cholesterol: <40 mg/dl in men and <50 mg/dl  
in women

 ■ High blood pressure: ≥130/85 mm Hg

 ■ High fasting blood glucose: ≥100 mg/dl

The overall prevalence of metabolic syndrome in the 
United States from 2003 to 2012 was 33%, with a greater 
prevalence for women (35.6%) than men (30.3%) (1).

What causes the metabolic syndrome? Two theo-
ries have been advanced, and they are not mutually 
exclusive. One theory is that the cause of metabolic 
syndrome is a low-grade chronic inflammation, similar 
to what we have just seen for atherosclerosis. Fig-
ure 14.7 shows the complex interrelationships of the 
various metabolic disorders that these authors call the 
cardiovascular metabolic syndrome because of its obvi-
ous connection to cardiovascular disease (56, 70). The 
double arrows in the figure indicate that each of the 
disorders can affect the others. The sheer complexity 
of this web of causation makes it difficult to identify 
a single cause of metabolic syndrome. Two potential 
interpretations include the following:

 ■ The increased levels of inflammatory 
cytokines (e.g., TNF-α, IL-6, CRP) cause the 
insulin resistance that leads to obesity and 
type 2 diabetes (56).

 ■ The central obesity leads to an increase in 
inflammatory cytokines and FFA that, in turn, 
cause the insulin resistance (41).

Obviously, there are other interpretations, and 
the inflammation theory is not alone in suggesting 
cause. The other theory is that an elevated level of 
oxidative stress causes metabolic syndrome. Oxidative 
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stress  exists when free radicals (highly reactive mole-
cules that are missing an electron) accumulate because 
they are being produced faster than our antioxidant 
systems can neutralize them, or because the level of 
antioxidants is inadequate, or both. These highly reac-
tive free radicals react with and can damage lipids, 
enzymes, and DNA. This can lead, in turn, to altered 

cellular function and to an inflammation response to 
deal with the cell damage. A growing body of evi-
dence links oxidative stress to hypertension, insulin 
resistance, cardiovascular disease, type 2 diabetes, 
and metabolic syndrome (26, 61). We are sure to hear 
more about these theories in the years ahead. What 
can we do about these chronic diseases?

Figure 14.8 provides some clear suggestions that 
make it a nice wrap-up of what we have just seen and 
points the way for what is ahead (32). There is a large 
body of evidence showing that endurance exercise 
training favorably affects a majority of the risk fac-
tors making up metabolic syndrome (25), with less 
support for resistance training (5, 17). You will read 
more about exercise programming in Chaps. 16 and 
17. In addition, the importance of diet in achieving a 
healthy body composition will be explained in detail 
in Chap. 18. Not surprisingly, diet and exercise are 
the principal nonpharmacological interventions used 
to prevent and treat a variety of chronic diseases. See 
Suggested Readings for the most current guidelines 
for both diet and physical activity.

Figure 14.7 The cardiovascular metabolic syndrome. 
The figure shows the complex interrelationships of the 
 various metabolic disorders. The double arrows indi-
cate that each disorder can affect the others, creating a 
 complex web of causation.
From Rana, J. S., Nieuwdorp, M., Jukema, J. W., and Kastelein, J. J. P.,  
“Cardiovascular Metabolic Syndrome—An Interplay of Obesity, 
Inflammation, Diabetes and Coronary Heart Disease,” Diabetes, 
Obesity and Metabolism 9: 218–232, 2007.
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and treat metabolic 
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vascular disease. The 
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Lakka, T. A., and 
Laaksonen, D. E., “Physical 
Activity in Prevention 
and Treatment of the 
Metabolic Syndrome,” 
Applied Physiology, 
Nutrition, and Metabolism 
32: 76–88, 2007.

IN SUMMARY
 ■ The metabolic syndrome model describes 
connections between and among obesity, 
 peripheral insulin resistance, hypertension, and 
dyslipidemia.

 ■ Potential underlying causes of metabolic syn-
drome include a low-grade chronic inflammation 
and an increase in oxidative stress.

 ■ Exercising, eating a healthy diet, and maintain-
ing a healthy weight are strategies to both 
 prevent and treat these chronic diseases.
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STUDY ACTIVITIES
 1. What are the leading causes of death? How about the 

top three actual causes of death?
 2. List the major categories of risk factors and give ex-

amples of some in each category.
 3. In the web of causation for atherosclerosis, are the vari-

ous risk factors directly linked to the disease? How do 
the risk factors interact?

 4. Physical inactivity was long considered only a second-
ary risk factor. What “proof” did investigators have to 
offer to convince the scientific community otherwise?

 5. List the steps (beginning with activation of epithelial 
cells on the intima) leading to the rupture of plaque 
that can result in a clot that can cause a heart attack.

 6. Discuss the role that enlarged adipose tissue cells (seen 
in obesity) play in the inflammation response related to 
numerous chronic diseases.

 7. What is metabolic syndrome and what are its potential 
underlying causes?

 8. What two behaviors should be the focus of attention 
to minimize the systemic inflammation that is linked to 
chronic disease?
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 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

 1. Identify the sequence of steps in the 
procedures for evaluating cardiorespiratory 
fitness (CRF).

 2. Describe one maximal and one submaximal 
field test used to evaluate CRF.

 3. Explain the rationale underlying the use of 
distance runs as estimates of CRF.

 4. Identify the common measures taken during a 
graded exercise test (GXT).

 5. Describe changes in the ECG that may take 
place during a GXT in subjects with ischemic 
heart disease.

 6. Describe the primary and secondary criteria 
for having achieved V̇ O2 max.

 7. Estimate V̇ O2 max from the last stage of a 
GXT and list the concerns about the protocol 
that may affect that estimate.

 8. Estimate V̇ O2 max by extrapolating the HR/
V̇ O2 relationship to the person’s age-predicted 
maximal HR.

 9. Describe the problems with the assumptions 
made in the extrapolation procedure used in 
Objective 8, and name the environmental and 
subject variables that must be controlled to 
improve such estimates.

 10. Identify the criteria used to terminate the GXT.

11. Explain why there are so many different GXT 
protocols and why the rate of progression 
through the test is important.

12. Describe the YMCA’s procedure to set the 
rate of progression on a cycle ergometer test.

13. Estimate V̇ O2 max with the Åstrand and 
Ryhming nomogram given a data set for the 
cycle ergometer or step test.

Exercise Tests to Evaluate 
Cardiorespiratory Fitness

15
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In Chap. 14, we discussed the risk factors that limit 
health and contribute to coronary heart disease 

(CHD). One of those risk factors was a sedentary life-
style. There is no question that by increasing our 
physical activity and cardiorespiratory function (fit-
ness) (CRF), we can reduce the risk of many chronic 
diseases and death from all causes (110). You are al-
ready familiar with the use of a graded exercise test 
(GXT) to measure V̇ O2 max; this chapter picks up on 
that theme and discusses the types of tests used to 
evaluate CRF. The type of test used depends on the 
fitness of the person being tested; the purpose of the 
test (experimental or epidemiological investigation); 
and the facilities, equipment, and personnel available 
to conduct the test. The choice of the GXT is differ-
ent for a young healthy child compared to a 60-year-
old person with CHD risk factors. The GXT might 
be used as a CRF test prior to entry into a fitness 
program, or it could be used as a diagnostic test by 
a cardiologist who evaluates a 12-lead electrocardio-
gram for evidence of heart disease. Clearly, the type 
of personnel and equipment, and, of course, the cost 
would be very different in these two situations. See 
texts by Heyward, Nieman, Howley and Thompson, 
and the American College of Sports Medicine in Sug-
gested Readings for a more complete treatment of 
testing procedures to evaluate CRF.

TESTING PROCEDURES
Part of the reason for such diversity in exercise testing 
procedures is the risk associated with exercise test-
ing. The risk of cardiac events during exercise testing 
is low in apparently healthy individuals, but increases 
as the number of risk factors increases. In general, the 
overall risk of severe cardiovascular complications or 
death is about 6/10,000 symptom-limited tests in a 
mixed population (2). The risk is lower for submaxi-
mal tests. How is risk assessed?

Screening
One of the most common tools used to estimate the 
risk associated with exercise testing or engaging in 
regular exercise has been the Canadian government’s 
Physical Activity Readiness Questionnaire (PAR-Q). Answer-
ing seven simple yes/no questions provided guidance 
about this risk, and about 50 million people per year 
completed this questionnaire (113). If all responses 
were “no,” the person was directed to an exercise test 
and an appropriate physical activity program. How-
ever, a single “yes” response directed the person to 
a physician for follow-up before engaging in activity. 
Recently, the PAR-Q was revised to  address concerns 
that too many people (~20%) were being inappropri-
ately directed to medical personnel for clearance, and 

that the original questionnaire was not based on a 
systematic review of the evidence relating physical 
activity to health (112). See Figure 15.1 for the first 
page of the PAR-Q+.

In contrast to the original version, anyone check-
ing a “yes” response on the PAR-Q+ is directed to 
additional questions dealing with chronic disease 
issues (e.g., cancer, cardiovascular diseases, diabetes) 
on pages 2 and 3 of the questionnaire to clarify the 
nature of the problem. If all responses are “no” to 
the additional questions, the person is directed to 
an appropriate exercise test and physical activity 
program. A single “yes” response to these additional 
questions directs the individual to a qualified exercise 
professional and/or the ePARmed-X+, an online ques-
tionnaire, to further clarify the risk associated with 
participation in exercise. Using these new procedures,  
only ~1% of individuals taking the PAR-Q+ are directed 
to seek help from medical personnel, while the rest 
are encouraged to participate in appropriate physical 
activity (18). This is an excellent outcome given the 
many substantial health benefits and the general low 
risk associated with participation in physical activity. 
The PAR-Q+ is available in both a paper and online 
version (http://eparmedx.com/?page_id=75), and we 
encourage you to print out a paper version for your 
records. In addition, we suggest that you complete 
both of the online versions of the PAR-Q+ and the 
ePARmed-X+ for experience. To understand how both 
of these questionnaires work, you should respond 
“yes” to one question in both sections of the PAR-Q+.

The American College of Sports Medicine has also 
changed its approach to screening participants for 
physical activity based, in part, on the same concerns 
mentioned earlier for the PAR-Q+—excessive physi-
cian referrals (95). ACSM's previous screening process 
used the number of risk factors for cardiovascular dis-
ease (CVD), and the presence of signs or symptoms 
and/or known cardiovascular, metabolic, renal, and/
or pulmonary diseases to establish risk classifications: 
low risk, moderate risk, and high risk. These risk clas-
sification were used to direct the individual to obtain 
a medical examination and/or exercise test prior to 
exercise participation. In contrast, the new ACSM 
exercise health screening process is based on (a) the 
individual’s current level of physical activity, (b) pres-
ence of signs or symptoms, and/or known cardiovas-
cular, metabolic, or renal disease, and (c) the desired 
exercise intensity. Figure 15.2 shows ACSM’s new 
decision-making algorithm. The absence of risk factors 
from this model does not mean that information on 
CVD risk factors is not important. In fact, they state 
that identifying and controlling CVD risk factors is 
an important objective of overall cardiovascular and 
metabolic disease prevention and management (95); 
it is just not as important in screening participants 
for physical activity as was once believed. Further, 
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Figure 15.1 Physical Activity Readiness Questionnaire for Everyone (PAR-Q+).
Warburton DER, Gledhill N, Jamnik VK, Bredin SSD, McKenzie DC, Stone J, Charlesworth S, Shephard RJ, on behalf of the PAR-Q+ Collaboration. The 
Physical Activity Readiness Questionnaire for Everyone (PAR-Q+) and electronic Physical Activity Readiness Medical Examination (ePARmed-X+): Summary 
of consensus panel recommendations. Health & Fitness Journal of Canada 2011;4:26-37. Reprinted with permission from the PAR-Q+ Collaboration and the 
authors of the PAR-Q+ (Dr. Darren Warburton, Dr. Norman Gledhill, Dr. Veronica Jamnik, Dr. Roy Shephard, and Dr. Shannon Bredin)..

2015 PAR-Q+
The health benefits of regular physical activity are clear; more people should engage in physical 

The Physical Activity Readiness Questionnarie for Everyone

GENERAL HEALTH QUESTIONS

Please read the seven questions below carefully and answer each one honestly: check YES or NO.

activity every day of the week. Participating in physical activity is very safe for MOST people. This
questionnaire will tell you whether it is necessary for you to seek further advice from your doctor
OR a qualified exercise professional before becoming more physically active.

1) Has your doctor ever said that you have a heart condition

2) Do you feel pain in your chest at rest, during your daily activities of living, OR when you do

3) Do you lose balance because of dizziness OR have you lost consciousness in the last 12 months?

4) Have you ever been diagnosed with another chronic medical condition (other than heart disease

5) Are you currently taking prescribed medications for a chronic medical condition?

6) Do you currently have (or have had within the past 12 months) a bone, joint, or soft tissue

7) Has your doctor ever said that you should only do medically supervised physical activity?

Start becoming much more physically active – start slowly and build up gradually.

Follow International Physical Activity Guidelines for your age (www.who.int/dietphysicalactivity/en/).

You may take part in a health and fitness appraisal.

If you are over the age of 45 years and NOT accustomed to regular vigorous to maximal e�ort exercise,
consult a qualified exercise professional before engaging in this intensity of exercise.

If you have any further questions, contact a qualified exercise professional.

You have a temporary illness such a cold or fever; it is best to wait until you feel better.

You are pregnant - talk to your healthcare practitioner, your physician, a qualified exercise professional, and/or
complete the ePARmed-X+ at www.eparmedx.com before becoming more physically active.

Your health changes - answer the questions on Pages 2 and 3 of this document and/or talk to your doctor or a
qualified exercise professional before continuing with any physical activity program.

Copyright 2015 PAR-Q+ Collaboration

01-01-2015

If you answered YES to one or more of the questions above, COMPLETE PAGES 2 AND 3.

If you answered NO to all of the questions above, you are cleared for physical activity.
GO to Page 4 to sign the PARTICIPANT DECLARATION. You do not need to completed Pages 2 and 3.

Delay becoming more active it:

(muscle, ligament, or tenson) problem that could be made worse by becoming more physically
active?

or high blood pressure)? PLEASE LIST CONDITION(S) HERE:

PLEASE LIST CONDITION(S) HERE:

PLEASE LIST CONDITION(S) AND MEDICATIONS HERE:

Please answer NO if your dizziness was associated with over breathing (including during vigorous exercise).

Please answer NO if you had a problem in the past, but it does not limit your current ability to be physically active.

physical activity?

OR high blood pressure ?

YES NO
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instead of the screening process making a specific 
recommendation for an individual to have an exer-
cise test or a medical examination, the new algorithm 
simply refers the individual to a health care profes-
sional to obtain medical clearance prior to participa-
tion.  The aim is to reduce barriers to participation 
while addressing the risks to those with known or 
suspected chronic diseases.

The following provides some insights into how to 
interpret figure 15.2 (102):

 ■ Participants who have not been diagnosed 
with CV, metabolic, or renal disease and who 
don’t have signs or symptoms of these diseases 
do not require medical clearance, whether 
they are current regular exercisers or not.

 ■ Participants with signs and symptoms 
indicative of CV, metabolic, or renal disease 

are always recommended to receive medical 
clearance, regardless of their disease status or 
whether they are current regular exercisers.

 ■ Participants with established CV, metabolic, 
or renal disease and who are asymptomatic 
need medical clearance prior to exercise 
participation if they are not regular exercisers. 
In contrast, participants with these same 
characteristics, but who are regular exercisers, 
only need medical clearance if they plan to 
pursue vigorous intensity aerobic exercise.

Resting and Exercise Measures
Following the screening, measurements of heart rate 
and blood pressure are taken at rest prior to the ex-
ercise test. Additional measurements, such as a blood 

Figure 15.2 Exercise preparticipation health screening logic model for aerobic exercise participation.

Participates in Regular Exercise§

No

No CV‡, Metabolic‡‡,
or Renal Disease Known CV‡

Metabolic‡‡, or
Renal Disease

Asymptomatic

Any Signs or
Symptoms‡‡‡

Suggestive or CV‡
Metabolic‡‡, or
Renal Disease

(Regardless of
disease status)

No CV‡, Metabolic‡‡,
or Renal Disease

Known CV‡,
Metabolic‡‡, or
Renal Disease

Any Signs or
Symptoms‡‡‡

Suggestive of CV‡,
Metabolic‡‡, or
Renal Disease

(Regardless of
disease status)

Discontinue
Exercise and Seek
Medical Clearance

May Return to
Exercise Following
Medical Clearance

Gradually Progress
as Tolerated

Following ACSM
GuidelinesФ

Medical
Clearance‡‡‡‡ for

Moderate Intensity
Exercise Not
Necessary

Medical Clearance
(within the last 12

months if no change
in signs/symptoms)

Recommended
Before Engaging in

Vigorous***
Intensity Exercise

Continue with
Moderate**

Intensity Exercise

Following Medical
Clearance, May

Gradually Progress as
Tolerated Following
ACSM GuidelinesФ

Asymptomatic
No Signs or
Symptoms‡‡‡

Suggestive of CV‡,
Metabolic‡‡, or
Renal Disease

No Signs or
Symptoms‡‡‡

Suggestive of CV‡,
Metabolic‡‡, or
Renal Disease

Medical
Clearance‡‡‡‡ Not

Necessary

Light to
Moderate**

Intensity Exercise
Recommended

§Exercise participation, performing planned, structured physical activity at least 30 min at moderate intensity on at least 3 d.wk−1 for at least the last 3 months.
*Light-intensity exercise, 30% to <40% HRR or VO2R, 2 to <3 METs, 9–11 RPE, an intensity that causes slight increases in HR and breathing.
**Moderate-intensity exercise, 40% to <60% HRR or VO2R, 3 to <6 METs, 12–13 RPE, an intensity that causes noticeable increases in HR and breathing.
***Vigorous-intensity exercise ≥60% HRR or VO2R, ≥6 METs, ≥14 RPE, an intensity that causes substantial increases in HR and breathing.
‡CVD, cardiac, peripheral vascular, or cerebrovascular disease.
‡‡Metabolic disease, type 1 and 2 diabetes mellitus.
‡‡‡Signs and symptoms, at rest or during activity; includes pain, discomfort in the chest, neck, jaw, arms, or other areas that may result from ischemia; shortness
of breath at rest or with mild exertion; dizziness or syncope; orthopnea or paroxysmal nocturnal dyspnea; ankle edema; palpitations or tachycardia;
intermittent claudication; known heart murmur; or unusual fatigue or shortness of breath with usual activities.
‡‡‡‡Medical clearance, approval from a health care professional to engage in exercise.
ФACSM Guidelines, see ACSM’s Guidelines for Exercise Testing and Prescription, 9th edition, 2014.               

Following Medical
Clearance, Light* to

Moderate**
Intensity Exercise
Recommended

May Gradually
Progress as

Tolerated Following
ACSM GuidelinesФ

Following Medical
Clearance, Light* to

Moderate**
Intensity Exercise
Recommended

Continue
Moderate** or

Vigorous***
Intensity Exercise

May Gradually
Progress Following
ACSM GuidelinesФ

May Gradually
Progress as

Tolerated Following
ACSM GuidelinesФ

May Gradually
Progress to
Vigorous****

Intensity Exercise
Following ACSM

GuidelinesФ

Medical
Clearance‡‡‡‡ 

Recommended

Medical
Clearance‡‡‡‡ 

Recommended

Medical
Clearance‡‡‡‡ Not 

Necessary

Yes

AND

AND

AND
AND
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sample for serum cholesterol and an electrocardio-
gram (ECG), may also be obtained, with the latter one 
a necessity if the GXT is to be a diagnostic test. The 
exercise tests used to evaluate CRF may require a sub-
maximal or maximal effort by the subject. They may 
be conducted in a lab containing sophisticated equip-
ment or on a running track with nothing more com-
plicated than a stopwatch. In a submaximal GXT, HR 
is measured at each stage of the test that progresses 
from light work (<3 METs) to a predetermined end 
point such as 70% to 85% of predicted maximal heart 
rate. A treadmill, cycle ergometer, or a bench can be 
used to impose the work rates, and these tests will 
be described in detail in subsequent sections. Instead 
of stopping the submaximal GXT at some predeter-
mined end point (70% to 85% maximal HR), the GXT 
can be taken to the point of volitional exhaustion, or 
to where specific signs (ECG or BP changes) or symp-
toms such as chest pain (angina pectoris) or breath-
lessness (dyspnea) occur. In these cases, CRF is based 
on the last work rate achieved. However, there are 
some maximal tests of CRF that are not “graded” and 
for which physiological measurements are not made 
during the test [e.g., Cooper’s 12-minute or 1.5-mile 
run (26), and the FITNESSGRAM’s 1-mile run (114)]. 
These latter field tests will now be considered in 
more detail, along with the Canadian Aerobic Fitness 
Test (101) and a one-mile walk test (61). This will be 
followed by a discussion of GXTs using the treadmill, 
cycle ergometer, and bench step.

FIELD TESTS FOR 
ESTIMATING CRF

Maximal Run Tests
Some field tests for CRF involve a measurement of 
how far a person can run in a set time (12 to 15 min-
utes) or how fast a person can run a set distance  
(1 to 2 miles). The advantages of such field tests 
 include their moderately high correlation with V̇ O2 
max, the use of a natural activity, the large numbers 
of people who can be tested at one time, and the low 
cost. The disadvantages of using field tests include 
the difficulty of monitoring physiological responses, 

the  importance that motivation plays in the outcome, 
and the fact that the test is not graded but is a maxi-
mal effort. These field tests should be used only after 
a person has progressed through a program of exercise 
at lower intensities. The most popular field test for 
adults is Cooper’s 12-minute or 1.5-mile run (26), and 
for school children, the FITNESSGRAM’s 1-mile walk/
run (114). The aim is to determine the average veloc-
ity that can be maintained over the time or distance. 
These tests represent evolutionary changes from the 
original work of Balke (10), who showed that  run-
ning tests of 10 to 20 minutes provide reasonable 
estimates of V̇ O2 max. The basis for the field tests 
is the linear relationship that exists between V̇ O2  
(ml · kg−1 · min−1) and running speed, as shown in 
Chap. 1. The duration of 10 to 20 minutes represents 
a compromise that attempts to maximize the chance 
that the person is running at a speed demanding 90% 
to 95% V̇ O2 max while minimizing the contribution 
of energy from anaerobic sources. In distance runs 
of five minutes or less, anaerobic sources would pro-
vide relatively large amounts of energy, and V̇ O2 max 
would probably be overestimated. Longer tests would 
not allow the individual to run close to 100% of V̇ O2 
max, and the estimate of CRF would be too low. An 
interesting alternative to the 1-mile run test for chil-
dren is the PACER test that is used in the FITNESS-
GRAM (see A Closer Look 15.1).

The method of calculating the V̇ O2 when the run-
ning speed is known was described in detail in A 
Closer Look 1.1, and the formula is presented here 
again:

V̇ O2 =  0.2 ml · kg−1 · min−1/m · min−1  
+ 3.5 ml · kg−1 · min−1

This formula provides reasonable estimates of V̇ O2 
max for adults, but would underestimate values for 
young children because of their relatively poor econ-
omy of running (31). On the other hand, this formula 
would overestimate the value for V̇ O2 max for those 
who walk because the net cost of walking is half that 
of running (see A Closer Look 1.1):

V̇ O2 =  0.1 ml · kg−1 · min−1 per m · min−1  
+ 3.5 ml · kg−1 · min−1

Although percentile rankings of V̇ O2 max by age and 
sex are available (see Table 15.1), estimates of V̇ O2 
max based on distance runs are most useful when 
compared over time for the same individual rather 
than between individuals. Variation in economy of 
running, motivation, and other factors makes such 
comparisons of estimated V̇ O2 max values between 
 individuals unreasonable (6, 100). In this light, 
 distance swim and bicycle riding tests provide use-
ful information about changes in an individual’s CRF 
over time, even though estimates of V̇ O2 max are not 
available (25, 27).

IN SUMMARY
 ■ The steps to follow before conducting an exer-
cise test to evaluate CRF include the following:

 ■ Review the health history for known diseases, 
signs and symptoms, and risk factors.

 ■ Stratify the level of risk.
 ■ Determine the type of test and level of supervi-
sion needed.
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A CLOSER LOOK 15.1

Progressive Aerobic Cardiovascular Endurance Run (PACER)
An alternative test of aerobic fitness 
for schoolchildren is the Progressive 
Aerobic Cardiovascular Endurance 
Run, or PACER. The PACER test is part 
of the fitness testing battery in the FIT-
NESSGRAM developed by the Cooper 
Institute  (114). This test, developed 
by Léger et al. (65, 66), is a 20-meter 
shuttle run test done to the sound of a 
“beep” as the student moves between 
the boundary lines. The speed required 
at the start is 5.3 mph (8.5 km/hr), and 
it increases 0.3 mph (0.5 km/hr) each 
minute. Three rapid beeps signal pro-
gression to the next level, where the 

time between beeps becomes shorter. 
The test is terminated when the stu-
dent cannot keep up with the beeps, 
and the number of 20-meter laps com-
pleted is used to estimate aerobic fit-
ness. Verbal feedback during the test 
appears to improve performance (77). 
In a recent study of a group of 10- to 
15-year-old youth (98) V̇ O2 max val-
ues measured on the PACER test were 
identical to those measured on a stan-
dard treadmill test. In addition, there 
were no differences in the maximal 
heart rate or RER values, lending addi-
tional validity to the PACER test as an 

excellent indicator of CRF in children. 
Criterion-referenced standards for aer-
obic fitness (see A Closer Look 15.2) 
have been validated for this test (24).

This protocol has also been used 
as a field test to estimate V̇ O2 max in 
adults (76, 107), with evidence that 
a practice test might be needed for 
improved reliability (64). In another 
version, called the square shuttle run 
test, subjects run around a 15-meter 
square in a gym. Based on directly 
measured V̇ O2 during the run, it has 
been shown to have good validity and 
reliability when testing adults (37).

TABLE 15.1 Percentile Rankings for V̇O2 Max by Age and Gender

Men [Age Group (y)] Women [Age Group (y)]

Percentile 20–29 30–39 40–49 50–59 60–69 70–79 20–29 30–39 40–49 50–59 60–69 70–79

95 66.3 59.8 55.6 50.7 43.0 39.7 56.0 45.8 41.7 35.9 29.4 24.1
90 61.8 56.5 52.1 45.6 40.3 36.6 51.3 41.4 38.4 32.0 27.0 23.1
85 59.3 54.2 49.3 43.2 38.2 35.5 48.3 39.3 36.0 30.2 25.6 22.2
80 57.1 51.6 46.7 41.2 36.1 31.4 46.5 37.5 34.0 28.6 24.6 21.3
75 55.2 49.2 45.0 39.7 34.5 30.4 44.7 36.1 32.4 27.6 23.8 20.8
70 53.7 48.0 43.9 38.2 32.9 28.4 43.2 34.6 31.1 26.8 23.1 20.5
65 52.1 46.6 42.1 36.3 31.6 27.6 41.6 33.5 30.0 26.0 22.0 19.9
60 50.2 45.2 40.3 35.1 30.5 26.9 40.6 32.2 28.7 25.2 21.2 19.4
55 49.0 43.8 38.9 33.8 29.1 25.6 38.9 31.2 27.7 24.4 20.5 19.2
50 48.0 42.4 37.8 32.6 28.2 24.4 37.6 30.2 26.7 23.4 20.0 18.3
45 46.5 41.3 36.7 31.6 27.2 24.0 35.9 29.3 25.9 22.7 19.6 17.8
40 44.9 39.6 35.7 30.7 26.6 22.8 34.6 28.2 24.9 21.8 18.9 17.0
35 43.5 38.5 34.6 29.5 25.7 22.4 33.6 27.4 24.1 21.2 18.4 16.8
30 41.9 37.4 33.3 28.4 24.6 21.2 32.0 26.4 23.3 20.6 17.9 15.9
25 40.1 35.9 31.9 27.1 23.7 20.4 30.5 25.3 22.1 19.9 17.2 15.6
20 38.1 34.1 30.5 26.1 22.4 19.2 28.6 24.1 21.3 19.1 16.5 15.1
15 35.4 32.7 29.0 24.4 21.2 18.2 26.2 22.5 20.0 18.3 15.6 14.6
10 32.1 30.2 26.8 22.8 19.8 17.1 23.9 20.9 18.8 17.3 14.6 13.6
5 29.0 27.2 24.2 20.9 17.4 16.3 21.7 19.0 17.0 16.0 13.4 13.1

Values are in ml · kg–1 · min–1; M = men; W = women. 
Fitness categories (percentile): Superior = 95; Excellent = 80–90; Good = 60–75; Fair = 40–55; Poor = 20–35; Very Poor = 5–15

The formulas used for estimating V̇ O2 max from 
a 12-minute run are not very useful for prepubescent 
children because their economy of running is less 
than that of an adult (31). Investigators (63) addressed 
this problem by testing first-, second-, and third-grade 
boys and girls with 800-, 1,200-, and 1,600-meter 
runs, and related performance to the measured V̇ O2 

max scores. They found the 1,600-meter run was the 
best predictor with good test/retest reliability (r = 
0.82 to 0.92) in children who were given instruction 
on paced running (63). Although performance in a run 
test is obviously a function of V̇ O2 max, both running 
economy and the ability to run at a high % V̇ O2 max 
also play a role (13, 14). It has been shown in young 
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children of 6 to 11 years of age that % V̇ O2 max is more 
closely related to performance of the 1-mile walk/run 
than is V̇ O2 max (75). (See A Closer Look 15.2.)

V̇ O2 max (ml · kg−1 · min−1) estimated in an endur-
ance run test is influenced by cardiovascular function 
and body fatness. It has been shown that differences in 
estimated V̇ O2 max values between males and females 
can be explained, in part, by differences in % body fat 
(28, 31, 104). In a 12-minute run test, performance 
was decreased 89 meters when body weight was 
experimentally increased to simulate an additional 5% 
fat (29). One should expect, then, that with a com-
bined exercise and weight reduction program, CRF 
assessed using a running test will increase due to both 
an increase in cardiovascular function and a decrease 
in % body  fat. In Table 15.1, categories for V̇ O2 max 
values are adjusted for age due to the observation that 
in the general population V̇ O2 max decreases with 
age. However, studies (111) have shown that V̇ O2 
max does not decrease as fast in males who maintain 
their physical activity program and body weight. This 
observation provides additional rationale for a regu-
lar evaluation of CRF to keep track of small changes 
before they become big changes.

Walk Tests
An alternative to the maximal run tests used to evaluate 
CRF is a one-mile walk test in which the HR is monitored 
during the test (61). The equation used to predict V̇ O2 

max was based on one population of men and women, 
aged 30 to 69, and was then validated on another compa-
rable population. The subject walks as fast as possible for 
one mile on a flat, measured track, and HR is measured at 
the end of the last lap. The following equation can be used 
to estimate V̇ O2 max (ml · kg−1 · min−1):

 V̇ O2 max = 132.853 − 0.0769 (wt)
 − 0.3877 (age) + 6.315 (sex)
 − 3.2649 (time) − 0.1565 (HR)

where (wt) is body weight in pounds, (age) is in years, 
(sex) equals 0 for female and 1 for male, (time) is in min-
utes and hundredths of minutes, and (HR) is in beats · 
min−1 measured at the end of the last quarter-mile.

Let’s calculate the CRF of a 25-year-old man who 
weighs 170 lb (77.1 kg) and who walked the mile in 
20.0 minutes with a postexercise HR of 140 b . min−1.

V̇ O2 max =  132.853 – 0.0769 (170) 
– 0.3877 (25) + 6.315 (1) 

 – 3.2649 (20.0) – 0.1565 (140) 
 = 29.2 ml · kg−1 · min−1.

This man’s CRF lies between the 5th and 10th 
percentile (see Table 15.1), indicating a need for 
additional exercise to improve CRF (see Chap. 16 for 
details on how to go about this).

This test appears to fill a void in the field tests avail-
able to estimate V̇ O2 max because it uses a common 
activity and requires the simple measurement of HR. 
As a participant’s fitness improves, the time required for 

A CLOSER LOOK 15.2

Cardiovascular Fitness Standards for Children
The best way to evaluate fitness in 
children has been a concern for educa-
tors and scientists for the past century 
(90). The most recent controversy has 
revolved around the question of what 
kind of standards to use in making 
judgments about a child’s level of fit-
ness. Normative standards such as per-
centile scores have traditionally been 
used to describe where a child stands 
relative to his or her peers. (e.g., 75th 
percentile). The current thinking, espe-
cially for health-related fitness tests 
(one-mile walk/run test and the skin-
fold test), is that criterion-reference 
standards might be more appropriate. 
Criterion-reference standards attempt 
to describe the minimum level of 
fitness consistent with good health, 
independent of what percentile that 
might be in a normative data set. For 

example, Blair (16) showed that in 
adults, V̇ O2 max values associated with 
a low risk of disease were not that high; 
e.g., ≥35 ml · kg−1 · min−1 for men and 
≥30 ml · kg−1 · min−1 for women 20 to 
39 years of age. This information was 
used in setting the criterion-reference 
standards for the FITNESSGRAM, the 
fitness evaluation program devel-
oped by the Cooper Institute (114).  
V̇ O2 max standards were set at 42 ml 
· kg−1 · min−1 for boys 5 to 17 years of 
age. For girls, the values were set at 40 
ml · kg−1 · min−1 for ages 5 to 9 years 
of age, with a decrease of 1 ml · kg−1 · 
min−1 per year until age 14, where the 
35 ml · kg−1 · min−1 value held until age 
17 years. After the criterion-reference 
standards were set, the designers of 
the test had to translate those ml · kg−1 
· min−1 values into equivalent one-mile 

run times—the actual test the children 
would take. The test designers had 
to consider the % V̇ O2 max at which 
the children would perform during 
the run,  and the fact that economy 
of running improves with age. These 
steps, although complicated, have led 
to standards that are now used nation-
wide to classify children as to whether 
they have a sufficient level of cardiore-
spiratory fitness consistent with a low 
risk of disease (30). A recent study (67) 
and a major review (22) confirmed 
the validity of the criterion-referenced 
standards. In addition, the FITNESS-
GRAM was shown to be valid and reli-
able when administered by teachers in 
a typical school setting (83). For those 
interested in the history of the FIT-
NESSGRAM, see the article by  Plow-
man et al. in Suggested Readings.
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the mile and/or the HR response decreases, increasing 
the estimated V̇ O2 max. A similar study using a two-
kilometer walk test supports this proposition (88).

Modified Canadian Aerobic Fitness Test
In contrast to the Cooper 1.5-mile run test and the 
one-mile walk test, which require an all-out effort, 
the Modified Canadian Aerobic Fitness Test (mCAFT) 
is a submaximal step test that uses the lowest two 
eight-inch (20 cm) steps found in a conventional stair-
case (101). The six-count stepping cadence in this 
test is maintained by a recording. Prior to the test, 
the person completes the PAR-Q+ to determine if he 
or she should proceed. The original CAFT (101) was 
 modified in 1993 to improve its reliability and the 
test’s estimate of V̇ O2 max, especially for fit subjects 
(115, 116). The first three-minute stage of the mCAFT 

is based on the age of the subject (see Table 15.2a), 
with each stage having a specified cadence (steps/
min) for males and females (see Table 15.2b). Note 
that stages were added to the original test to address 
the need to challenge the most fit subjects. The sub-
ject steps for three minutes at the specified step rate, 
and an immediate post exercise ten-second pulse rate 
is measured. The subject continues on through the 
stages of the test until the pulse rate is close to 85% 
of age-predicted maximal heart rate (220 − age). V̇ O2 
max can be estimated from these results using the 
following equation (20):

 Estimated V̇ O2 max = 17.2 + (1.29 × V̇ O2)  
− (0.09 × Mass) − (0.18 × Age)

where V̇ O2 = energy cost of the final stage in ml (see 
Table 15.2b), mass is in kilograms, and age is in years.

For example, if a 30 year old woman, who weighs 
130 lbs (59.0 kg), completes stage 5 of the mCAFT, 
her estimated V̇ O2 max would be:

V̇ O2 max = 17.2 + (1.29 × 26.5) – (0.09 × 59) 
–  (0.18 × 30) = 40.4 ml · kg–1 · min–1.

This woman’s CRF lies between the 85th and 
90th percentile, indicating an excellent value (see 
Table 15.1).

GRADED EXERCISE TESTS: 
MEASUREMENTS
Cardiorespiratory fitness is commonly measured 
using a treadmill, a cycle ergometer, or a stepping 
bench. These tests are usually incremental, in which 
the work rate changes every two to three minutes 

TABLE 15.2A Starting Stage for Men and 
Women of Different Age Groups 
for the Modified Canadian Aerobic 
Fitness Test

starting stage

Age Group (Year) Males Females

15–19 4 3
20–29 4 3
30–39 3 3
40–49 3 2
50–59 2 1
60–69 1 1

TABLE 15.2B Stepping Cadence and Oxygen 
Cost of Each Stage for the 
Modified Canadian Aerobic 
Fitness Test (mCAFT) for Men 
and Women

mCAFT 
Stage  
Completed

females males

Stepping 
Cadence

O2 
Cost

Stepping 
Cadence

O2 
Cost

1 66 15.9 66 15.9
2 84 18.0 84 18.0
3 102 22.0 102 22.0
4 114 24.5 114 24.5
5 120 26.3 132 29.5
6 132 29.5 144 33.6
7 144 33.6 118* 36.2
8 118* 36.2 132* 40.1

*Single-step test. The O2 cost is in ml · kg−1 · min−1.
From the Canadian Society of Exercise Physiology.

IN SUMMARY
 ■ Field tests for CRF use natural activities such as 
walking, running, and stepping, in which large 
numbers of people can be tested at low cost. 
However, for some, physiological responses are 
difficult to measure, and motivation plays an 
important role in the outcome.

 ■ V̇ O2 max estimates from all-out run tests are 
based on the linear relationship between run-
ning speed and the oxygen cost of running.

 ■ The Modified Canadian Aerobic Fitness Test 
is a step test that uses conventional eight-inch 
steps to evaluate cardiorespiratory fitness.

 ■ Criterion-referenced standards for V̇ O2 max are 
available. They are preferable to percentile rank-
ings because they focus attention on health-
related goals rather than comparisons with 
others.
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until the subject reaches some predetermined end 
point or when some pathological sign or symptom 
occurs. These GXTs can be maximal or submaximal, 
and the variables measured during the test can be 
as simple as HR and BP, or as complex as V̇ O2; it 
depends on the purpose of the test and the facilities, 
equipment, and personnel involved (50). What fol-
lows is a brief summary of common measurements 
made during a GXT.

Heart Rate
Heart rate can be measured by palpation of the radial or 
carotid artery, using surface electrodes that transmit the 
signal to an electrocardiograph, or using a heart watch. 
In palpating the carotid artery, care must be taken not 
to use too much pressure because this could slow the 
HR by way of the baroreceptor reflex. However, when 
people are trained in this procedure, reliable measure-
ments can be obtained (89, 99). Heart rate is measured 
over a 15- to 30-second time period during steady-state 
exercise to obtain a reliable estimate of the HR. If using 
a post exercise HR as an indication of the HR during 
exercise, the HR should be measured for ten seconds 
within the first 15 seconds after stopping exercise be-
cause the HR changes rapidly at this time. The ten-
second count is multiplied by 6 to express the HR in 
beats · min–1 (99).

Blood Pressure
Blood pressure is measured by auscultation as de-
scribed in Chap. 9. It is important to use the proper 
cuff size and a sensitive stethoscope to obtain accu-
rate values at rest and during exercise. In addition, if 
using an aneroid sphygmomanometer, it is important 
to calibrate it on a regular basis against the mercury 
sphygmomanometer (59). During the walking or cy-
cling exercise test (BP cannot be reliably measured 
during a running test), the microphone of the stetho-
scope is placed below the cuff and over an area where 
the sound is the loudest (in many cases, this will be 
over the brachial artery in the intramuscular space 
on the medial side of the arm). The subject should 
not be holding onto the handlebar of the cycle or the 
railings of the treadmill during the measurement. The 
first Korotkoff sound is taken as systolic BP, and the 
fourth sound (change in tone or muffling) is taken as 
diastolic BP (92).

ECG
GXTs are used to diagnose CHD because exercise 
causes the heart to work harder and challenges the 
coronary arteries’ ability to deliver sufficient blood 
to meet the oxygen demand of the myocardium. An 
estimate of the work (and O2 demand) of the heart 

is the double product—the product of the HR and 
the systolic BP (60, 86). As you already know, HR 
and systolic BP increase with exercise intensity such 
that myocardial oxygen demand increases through-
out the test. The electrocardiogram (ECG) is used as 
an indicator of the ability of the heart to function 
normally during these times of imposed work. Dur-
ing exercise, the ECG can be measured with a single 
bipolar lead (e.g., CM5), but a full 12-lead arrangement 
is preferred (2). The ECG is evaluated for arrhythmias, 
conduction disturbances, and myocardial ischemia. 
Arrhythmias are irregularities in the normal electri-
cal rhythm of the heart that can be localized to the 
atria (e.g., atrial fibrillation), the AV node (e.g., pre-
mature junctional contraction), or in the ventricles 
(e.g., premature ventricular contractions—PVCs). Con-
duction disturbances describe a defect in which 
depolarization is slowed or completely blocked (e.g., 
first-degree AV block or bundle branch block). Myo-
cardial ischemia is defined as an inadequate per-
fusion of the myocardium relative to the metabolic 
demand of the heart. Because oxygen uptake by the 
myocardium is almost completely flow dependent, 
a flow limitation causes an oxygen insufficiency. A 
symptom of myocardial ischemia is angina pectoris, 
which is pain or discomfort caused by a temporary 
ischemia; the pain could be located in the center of 
the chest, neck, jaw, or shoulders, or could radiate 
to the arms and hands (12). However, angina symp-
toms in women may include nausea, breathlessness, 
abdominal pain, or extreme fatigue. A sign associated 
with myocardial ischemia is a depression of the ST 
segment (ST segment depression) on the electro-
cardiogram (see Chap. 9). Interested readers are re-
ferred to Dubin’s introductory text on ECG analysis 
(see Suggested Readings) and Ellestad’s text on exer-
cise electrocardiography (33).

Rating of Perceived Exertion
Another common measurement made at each stage 
of the GXT is Borg’s (17) Rating of Perceived Exer-
tion (RPE). Table 15.3 lists his original and revised 
scales. The original scale used the rankings 6 to 20 
to approximate the HR values from rest to maximum 
(60–200). The revised scale represents an attempt 
to provide a ratio scale of the RPE values. The RPE 
scores can be used as indicators of subjective effort 
and provide a quantitative way to track a person’s 
progress through a GXT or an exercise session (21, 
23, 43). This is helpful in knowing when a subject is 
approaching exhaustion, and the values can be used 
to predict V̇ O2 max (34) and prescribe exercise inten-
sity (see Chap. 16). However, large between-subject 
variability in RPE ratings has been noted at the same 
heart rate, suggesting caution in using the scales 
(2). What follows is a suggested statement from the 

pow70456_ch15_344-366.indd   352 01/16/17   9:53 PM



  Chapter Fifteen Exercise Tests to Evaluate Cardiorespiratory Fitness 353

ACSM Guidelines to read to the subject before test-
ing (3) (p. 78):

During the exercise test we want you to pay 
close attention to how hard you feel the exer-
cise work rate is. This feeling should reflect your 
total amount of exertion and fatigue, combin-
ing all sensations and feelings of physical stress, 
effort, and fatigue. Don’t concern yourself with 
any one factor such as leg pain, shortness of 
breath, or exercise intensity, but try to concen-
trate on your total, inner feeling of exertion. Try 
not to underestimate or overestimate your feel-
ing of exertion; be as accurate as you can.

Termination Criteria
The reasons for stopping a GXT vary with the type of 
population being tested and the purpose of the test. 
Table 15.4, from the ACSM’s Guidelines for Exercise 
Testing and Prescription, is appropriate for nondiagnos-
tic GXTs in apparently healthy adults (2).

V̇ O2 MAX
The measurement of V̇ O2 max represents the standard 
against which any estimate of CRF is compared. In 
fact, a recent policy statement from the AHA empha-
sized the importance of both measuring V̇ O2 max and 
developing a national database of V̇ O2  max values, 
across age and sex, with which to compare individ-
uals (56). Table 15.1 in this chapter represents the 
achievement of the latter goal (57). As described in 
Chap. 4, V̇ O2 increases with increasing loads on a GXT 
until the maximal capacity of the cardiorespiratory 
system is reached; attention to detail is crucial if one 
is to obtain accurate values (73). The primary crite-
rion for having achieved a true V̇ O2 max is that the 
V̇ O2 fails to increase when the workload is increased—
yielding a plateau in the V̇ O2 (49, 109). However, a 
plateau is observed in only about 50% of healthy adult 
subjects. As a result, a number of secondary criteria 
were developed to provide some objective evidence 

TABLE 15.3 Rating of Perceived Exertion Scales

Original Rating Scale Revised Rating Scale

 6  0 Nothing at all
 7 Very, very light  0.5 Very, very light (just 

noticeable)
 8   1 Very light
 9 Very light  2 Light (weak)
10  3 Moderate
11 Fairly light  4 Somewhat hard
12  5 Heavy (strong)
13 Somewhat hard  6
14  7 Very heavy
15 Hard  8
16  9
17 Very hard 10 Very, very heavy 

(almost max)
18   • Maximal
19 Very, very hard
20

Indianapolis, IN: American College of Sports Medicine, 1982, 
 reference 17.

TABLE 15.4 General Indications for Stopping an Exercise Test in Low-Risk Adults*

•  Onset of angina or angina-like symptoms
•  Drop in systolic blood pressure (SBP) of >10 mm Hg with an increase in work rate or if SBP decreases below the 

value obtained in the same position prior to testing
•  Excessive rise in blood pressure: systolic pressure >250 mm Hg and/or diastolic pressure >115 mm Hg
•  Shortness of breath, wheezing, leg cramps, or claudication
•  Signs of poor perfusion: light headedness, confusion, ataxia, pallor, cyanosis, nausea, or cold and clammy skin
•  Failure of heart rate to increase with increased exercise intensity
•  Noticeable change in heart rhythm by palpation or auscultation
•  Subject requests to stop
•  Physical or verbal manifestations of severe fatigue
•  Failure of the testing equipment

*Assumes that testing is nondiagnostic and is being performed without direct physician involvement or ECG monitoring.
From American College of Sports Medicine. ACSM’s Guidelines for Exercise Testing and Prescription. Baltimore, MD: Lippincott Williams & 
Wilkins, 2014.

IN SUMMARY
 ■ Typical measurements obtained during a GXT 
include heart rate, blood pressure, ECG, and rat-
ing of perceived exertion.

 ■ Specific signs (e.g., fall in systolic pressure with 
an increase in work rate) and symptoms (e.g., 
dizziness) are used to stop GXTs.
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that the highest V̇ O2 measured was V̇ O2 max. These 
secondary criteria included:

 ■ A post exercise blood lactate concentration of 
>8 mmoles. L−1 (5)

 ■ An R exceeding 1.15 (54)

All of the secondary criteria were developed using 
discontinuous GXT protocols using predominately 
healthy adult males as subjects. In a discontinuous 
GXT, the subject completes only one stage of the 
test and then returns to the lab hours or days later 
to do the next stage. Perhaps it is not surprising that 
when these secondary criteria are applied to the typi-
cal continuous GXT protocols in which all stages are 
completed in one visit to the lab and across diverse 
populations, their usefulness is called into question 
(78, 79, 93). Although many subjects will meet these 
secondary criteria (32), some, especially the elderly 
(103), children (5), and postcoronary subjects (58), 
will not. In addition, one should not expect a subject 
to meet all of these standards (58, 103). For example, 
in one study (103), 20% of the women subjects who 
met the “leveling off” criterion did not even achieve 
an R of 1.00! The R values have been shown to vary 
with age and the training status of the subjects (1). 
In general, these criteria are useful because they give 
the investigator an objective indicator of the subject’s 
effort. However, subjects should not be expected 
to meet all the criteria on any single test (32,  51). 
Some investigators use heart rate (e.g., a value within  
10   b/min of age-predicted maximal heart rate) as a 
criterion for having achieved V̇ O2 max. However, 
due to the relatively large potential error (1  SD = 
10–12 b/min) in estimating maximal heart rate with 
the age-predicted formulas (e.g., 220 − age), there 
is little or no support for its use as a criterion for 
having achieved V̇ O2 max (51). Given the concerns 
raised about the secondary criteria, there has been a 
renewed focus (39, 46, 78) on the primary variable—
verification of the V̇ O2 max value on the same test 
day (see A Closer Look 4.2 for more on this).

V̇ O2 max is a very reproducible measure on sub-
jects tested with the same test protocol on the same 
piece of equipment. The value for V̇ O2 max does not 
seem to be dependent on whether the test is a con-
tinuous GXT or a discontinuous GXT, as long as it is 
conducted with the same work instrument (32, 35, 
72, 106). However, when V̇ O2 max values are com-
pared across protocols, some systematic differences 
appear (9). The highest value for V̇ O2 max is usu-
ally measured with a running test up a grade on a 
treadmill, followed by a walking test up a grade on a 
treadmill, and then on a cycle ergometer. In American 
populations, walk test protocols yield values about 6% 
lower than those for a run test (72), while cycle test 
protocols yield values about 10% to 11% lower than 
those for a run test (32, 36, 62). Europeans show only 

a 5% to 7% difference in this latter comparison (9, 48). 
An arm ergometer test will yield values equal to about 
70% of the V̇ O2 max measured with the legs (40, 97). 
It is important to recognize these differences when 
comparing one test to another, or when comparing 
the same subject over time with different modes of 
exercise. These differences among tests have led to 
the convention to call V̇ O2 max the value measured 
on a graded running test; V̇ O2 peak is the term used 
to describe the highest V̇ O2 achieved on walk, cycle, 
or arm ergometer protocol (96). However, these terms 
can cause confusion when applied to highly trained 
athletes, such as cyclists, because they have higher 
V̇ O2 max values when measured on a cycle, compared 
to a treadmill (108). The actual measurement of V̇ O2 
max is crucial for research studies and in some clini-
cal settings. However, it is unreasonable to expect 
the actual measurement of V̇ O2 max to be used as the 
CRF standard in fitness programs.

Estimation of V̇ O2 Max from  
Last Work Rate
Given the complexity and cost of the procedures 
involved in the measurement of V̇ O2 max, it is no 
surprise that in many fitness and clinical settings,  
V̇ O2 max is estimated with equations that allow 
the calculation of V̇ O2 max from the last work rate 
achieved on the GXT. The equations for estimating 
the oxygen cost of running and walking outlined in 
Chap. 1 allow such calculations and, in general, the 
estimates are reasonable (81, 82). What is important 
in the use of these equations is that the work test 
is suited to the individual. If the increments in the 
GXT from one stage to the next are too large relative 
to a person’s CRF, or if the time for each stage is so 
short that a person might not be able to achieve the 
steady-state oxygen requirement for that stage, then 
the equations will overestimate the person’s V̇ O2 max  
(38, 45, 81). As described in Chap. 4, poorly fit individ-
uals take longer to achieve the steady state at moder-
ate to heavy work rates, and this increases the chance 
of an overestimation of V̇ O2 max when using these for-
mulas. This suggests that a more conservative protocol 
be used for low-fit individuals to allow them to reach a 
steady state at each stage. A recommended procedure 
is to use only the last completed stage of a test. How-
ever, independent of the proper matching of the pro-
tocol with the individual, it must be remembered that 
these are only estimations (see A Closer Look 15.3).

Estimation of V̇ O2 Max from  
Submaximal HR Response
Another common procedure used with GXT proto-
cols is to estimate V̇ O2 max on the basis of the sub-
ject’s HR response to a variety of submaximal work 
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rates (42). In these tests, the HR is plotted against 
work rate (or estimated V̇ O2) until the termination 
criterion of 70% to 85% of age-predicted maximal HR 
is reached. Figure 15.3 shows the HR response for a 
20-year-old who has completed a submaximal GXT 
on a cycle ergometer. Heart rate was measured at 
each work rate until a value equal to 85% of estimated 
maximal HR was reached (170 b · min−1). A line was 

drawn through the HR points and extrapolated to 
the estimated maximal HR, which is calculated by 
subtracting age from 220. Another line is dropped 
from that point to the x-axis, and the work rate or 
V̇ O2 (in this case, 2.7 L · min−1) that would have been 
achieved if the individual had worked until maximal 
HR was reached is recorded (42). Although this is a 
simple and commonly used procedure to estimate 
V̇ O2 max, it has several potential problems.

The first problem relates to the formula used for 
estimating the maximal HR. These estimates have a 
standard deviation (SD) of about ±11 b · min−1 (68). 
A 20-year-old’s maximal HR might be estimated to 
be 200 b · min−1, but if a person were at ±2 SD, the 
value would be 178 or 222 b · min−1. For those who 
do maximal testing, one will occasionally observe 
subjects having measured maximal HRs ±20 b · min−1 
away from their age-predicted estimate of maximal 
heart rate. Taking this as an example, what if the sub-
ject in Figure 15.3 had a true measured maximal HR 
of only 180 b · min−1 instead of the estimated 200 b · 
min−1? The estimated V̇ O2 max would be an overesti-
mation of the correct value.

Further, a submaximal end point, such as 85% of 
estimated maximal heart rate, may be very light work 
for one person but maximal work for another. The 
reason for this is related to the estimate of maximal 
heart rate (220 − age) mentioned earlier. If a 30-year-
old has a real maximum heart rate of 160 b min−1 and 

A CLOSER LOOK 15.3

Error in Estimating V̇O2 Max
It is important to remember that the 
estimation of V̇ O2 max by any of the 
methods described in this chapter 
is associated with an inherent “error” 
compared to the directly measured V̇ O2 
max value. When investigators try to 
determine the validity of an exercise 
test to estimate V̇ O2 max, they must 
first test large numbers of subjects in 
the laboratory to actually measure each 
subject’s V̇ O2 max. On another day, the 
investigators may have the subjects 
complete a distance run for time, or a 
standardized graded treadmill or cycle 
ergometer test to determine the high-
est percent grade/speed or work rate 
that the subject can achieve. That infor-
mation is then used to develop an equa-
tion to predict the measured V̇ O2 max 
value from the time of the distance 
run, the last grade/speed achieved on a 

treadmill test, or the final work rate on 
the cycle ergometer test.

The predicted value will not usu-
ally equal the measured V̇ O2 max 
value, and a term called the standard 
error (SE) is used to describe how far 
off (higher or lower) the predicted 
value might be from the true value 
when using the prediction equation. 
One standard error (±SE) describes 
where 68% of the estimates are com-
pared to the true value. If the SE were 
±1 ml · kg−1 · min−1, then 68% of the 
predicted V̇ O2 max values would fall 
within ±1 ml · kg−1 · min−1 of the true 
value. Typically, the SE is larger than 
that (2, 92). For example:

 ■ If V̇ O2 max is estimated from 
the last stage of a maximal test, 
the SE = ±3 ml · kg−1 · min−1.

 ■ If V̇ O2 max is estimated from 
heart rate values measured dur-
ing a submaximal test, the SE = 
±4–5 ml · kg−1 · min−1.

 ■ If V̇ O2 max is estimated from the 
1-mile walk test or the 12-min-
ute run test described earlier, 
the SE = ±5 ml · kg−1 · min−1.

The relatively large standard errors 
might suggest that these tests have 
little value, but that is not the case. 
The tests are reliable, and when the 
same individual takes the same test 
over time, the change in estimated 
V̇ O2 max monitored by the test is 
a reasonable reflection of improve-
ments in cardiorespiratory fitness. 
This can serve as both a motivational 
and educational tool when working 
with fitness clients.

Figure 15.3 Estimation of V̇ O2 max from heart rate val-
ues measured during a series of submaximal work rates 
on a cycle ergometer. The test was stopped when the 
subject reached 85% of maximal HR. A line is drawn 
through the HR points measured during the test and is 
extrapolated to the age-predicted estimate of maximal 
HR. Another line is dropped from that point to the 
x-axis, and the V̇ O2 max is identified.
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the GXT takes the person to 85% of estimated maxi-
mal HR (220 − 30 = 190; 85% of 190 = 161 b · min−1), 
then the person would be taken to maximal HR.

Another problem with submaximal GXT proto-
cols using the HR response as the primary indicator 
of fitness is that any variable that affects submaximal 
heart rate will affect the slope of the HR/V̇ O2 line and, 
of course, the estimate of V̇ O2 max. These variables 
include eating prior to the test, dehydration, elevated 
body temperature, temperature and humidity of the 
testing area, emotional state of the subject, medica-
tions that affect HR, and previous physical activity  
(7, 100). Clearly, many environmental variables must 
be controlled if one is to use such protocols to esti-
mate V̇ O2 max.

Despite these problems, this estimate of V̇ O2 
max is useful in providing appropriate feedback to 
participants in fitness programs. Following train-
ing, the HR response to any fixed submaximal work 
rate is lower, suggesting an increase in V̇ O2 max 
when the HR/V̇ O2 line is drawn through those HR 
points to the age-predicted maximal HR. In this 
case, because the same individual is being tested 
over time, the 220 − age formula introduces only 
a constant and unknown error that will not affect 
the projection of the HR/V̇ O2 line. Further, the low 
cost, ease of measurement, and high reliability make 
it a good test that can be used for education and 
motivation.

GRADED EXERCISE TEST 
PROTOCOLS
The GXT protocols can be either submaximal or 
maximal, depending on the end points used to stop 
the test. The choice of the GXT should be based on 
the population (athletes, cardiac patients, children), 
purpose (estimate CRF, measure V̇ O2 max, diagnose 
CHD), and cost (equipment and personnel) (50, 53). 
This section will discuss the selection of the test 

based on these factors and provide examples of com-
mon GXT protocols.

When choosing a GXT protocol, the population 
being tested must be considered, given that the last 
stage in a GXT for cardiac patients might not even 
be a warm-up for a young, athletic subject. Test 
protocols should vary in terms of the initial work 
rate, how large the increment in work rate will be 
between stages, and the duration of each stage. In 
general, the GXT for a sedentary subject might start 
at 2 to 3 METs (1 MET = 3.5 ml · kg−1 · min−1) and 
progress at about 1 MET per stage, with each stage 
lasting two to three minutes to allow enough time 
for a steady state to be reached. For young, active 
subjects, the initial work rate might be 5 METs, with 
increments of 2 to 3 METs per stage (92). Table 15.5 
shows four well-known treadmill protocols and the 
populations for which they are suited. The National 
Exercise and Heart Disease protocol (85) is usually 
used with poorly fit subjects, with the work rate 
increasing only 1 MET each three minutes. The Stan-
dard Balke protocol (11) starts at about 4 METs and 
progresses 1 MET each two minutes, and is suitable 
for most average sedentary adults. The Bruce proto-
col for young, active subjects (19) starts at about 5 
METs and progresses at 2 to 3 METs per stage. This 
protocol includes walking and running up a grade, 
and may not be suitable for those at the low end of 
the fitness continuum. The last protocol shown is 
used by the fit and athletic populations, with the 
speed (e.g., 7 or 10 mph) dependent on the fitness of 
the subject (7).

As mentioned earlier, one of the most common 
approaches used in estimating V̇ O2 max is to take 
the final stage in the test and apply the formula for 
converting grade and speed to V̇ O2 in ml · kg−1 · 
min−1. Nagle et al. (84) and Montoye et al. (81) have 
shown that apparently healthy individuals reach 
the new steady-state requirement by approximately 
1.5  minutes of each stage up to moderately heavy 
work. These formulas give reasonable estimates of 
CRF if the test has been suited to the individual 
(45,  81). However, if the increments in the stages 
are too large, or if the time at each stage is too short, 
the person might not be able to reach the oxygen 
requirement associated with that stage of the GXT. 
In  these cases, the formulas will overestimate the 
subject’s V̇ O2 max.

IN SUMMARY
 ■ The measurement of V̇ O2 max is the gold stan-
dard measure of cardiorespiratory fitness.

 ■ V̇ O2 max can be estimated based on the final 
work rate achieved in a graded exercise test.

 ■ V̇ O2 max can be estimated from heart rate 
responses to submaximal exercise by extrapo-
lating the relationship to the subject’s age-pre-
dicted estimate of maximal heart rate. Careful 
attention to environmental factors that can 
affect the heart rate response to submaximal 
exercise is an important aspect of the proce-
dures for these tests.

IN SUMMARY
 ■ When selecting a GXT, the population being 
tested must be considered. The initial work 
rate and the rate of change of work rate 
need to accommodate the capabilities of the 
population.
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Treadmill
Treadmill GXT protocols can accommodate most peo-
ple, from those least fit to those most fit, and use the 
natural activities of walking and running. Treadmills 
set the pace for the subject and provide the greatest 
potential load on the cardiovascular system. However, 
they are expensive, not portable, and make some mea-
surements (BP and blood sampling) difficult (100). As 
mentioned previously, the type of treadmill test does 
influence the magnitude of the measured V̇ O2 max, 
with the graded running test giving the highest value, 
the running test at 0% grade the next highest, and the 
walking test protocols the lowest (9, 72). There are 
also some limitations in the types of measurements 
that can be made, depending on whether walking or 
running is used. For example, during running tests, 
the measurement of BP is not convenient and may be 
less accurate, and there is more potential for artifact 
in the ECG tracing.

For estimates of V̇ O2 to be obtained from grade 
and speed considerations, the grade and speed set-
tings must be correct (50). In addition, the subject 
must follow instructions carefully and not hold onto 
the treadmill railing during the test. If this is not 
done, estimates of V̇ O2 max based on either the HR/
V̇ O2 extrapolation procedure or the formula that uses 
the last speed/grade combination achieved will not 
be accurate (6, 94). For example, when a subject who 
was walking on a treadmill at 3.4 mph and 14% grade 
held onto the railing, the HR decreased 17 b · min−1 
(6). This would result in an overestimation of the V̇ O2 
max using either of the submaximal procedures just 
mentioned, and special equations would have to be 
developed if holding onto the handrail were allowed 
(74). Finally, with the treadmill, there is no need to 
make adjustments to the V̇ O2 calculation due to dif-
ferences in body weight. Treadmill tests require the 
subject to carry his or her own weight, and the V̇ O2 is 
therefore proportional to body weight (80).

In the following example of a submaximal GXT, 
a  45-year-old male completes a Balke Standard Pro-
tocol (3 mph, 2.5% each two minutes), and the test 
is terminated at 85% of age-predicted maximal HR 
(149 b · min−1). Heart rate was measured in the last 
30 seconds of each stage, and V̇ O2 max was estimated 
by the HR/V̇ O2 extrapolation to age-predicted maxi-
mal HR (175 b · min−1). Figure 15.4 shows the plot of 
the HR response at each stage and the extrapolation 
to the person’s estimated maximal heart rate. In the 
early stages of the test, the HR did not increase in a 
predictable manner with increasing grade. This may 
be due to the changes in stroke volume that occur 
early in upright work (see Chap. 9). The beginning 
stages also act as a warm-up and adjustment period 
for the subject. The HR response is usually quite lin-
ear, between 110 b · min−1 and 85% maximal HR (8). 

TABLE 15.5 Treadmill Protocols

a—national exercise and heart  
disease protocol for poorly  

fit subjects (84)

Stage* METs Speed (mph) % Grade

1 2.5 2 0
2 3.5 2 3.5
3 4.5 2 7.0
4 5.5 2 10.5
5 6.5 2 14.0
6 7.5 2 17.5
7 8.5 3 12.5
8 9.5 3 15.0
9 10.5 3 17.5
*Stage lasts three minutes.

b—standard balke protocol for  
normal sedentary subjects (11)

Stage* METs Speed (mph) % Grade

1 4.3 3 2.5
2 5.4 3 5.0
3 6.4 3 7.5
4 7.4 3 10.0
5 8.5 3 12.5
6 9.5 3 15.0
7 10.5 3 17.5
8 11.6 3 20.0
9 12.6 3 22.5
*Stage lasts two minutes.

c—bruce protocol for young,  
active subjects (19)

Stage* METs Speed (mph) % Grade

1 5 1.7 10
2 7 2.5 12
3 9.5 3.4 14
4 13 4.2 16
5 16 5.0 18
*Stage lasts three minutes.

d—åstrand and rodahl protocol  
for very fit subjects (7)

Stage* METs Speed (mph) % Grade

1 12.9/18 7/10 2.5
2 14.1/19.8 7/10 5.0
3 15.3/21.5 7/10 7.5
4 16.5/23.2 7/10 10.0
5 17.7/24.9 7/10 12.5
*Stage lasts two minutes; vigorous warm-up precedes test.

pow70456_ch15_344-366.indd   357 01/16/17   9:53 PM



358 Section Two Physiology of Health and Fitness

The HR/V̇ O2 line is extrapolated to 175 b · min−1, and 
a vertical line is dropped to the x-axis where the esti-
mated V̇ O2 max is identified: 11.6 METs, or 40.6 ml · 

kg−1 · min−1. In a recent study in which subjects ran 
on a treadmill at several submaximal speeds, the HR 
extrapolation method estimated V̇ O2 max well using 
the ACSM equation for running (69).

Finally, investigators have adapted the one-mile 
walk test mentioned earlier under “field test” so it 
could be done on a treadmill. Subjects completed a 
questionnaire to rate their level of physical activity 
and then walked on the treadmill at a self-selected 
speed that they classified as “brisk.” The investiga-
tors had to develop a new prediction equation, dif-
ferent from the outdoor test, and it was shown to 
provide a valid estimate of V̇ O2 max (91). To learn 
more about an individual who had a major impact 
on fitness testing, see A Look Back— Important 
 People in Science.

Figure 15.4 Estimation of V̇ O2 max from the heart  
rate values measured during different stages of a  
treadmill test.
From Howley, E. T., and Franks, B. D., Health/Fitness Instructor’s 
Handbook. Champaign, IL: Human Kinetics Publishers, Inc., 1986.
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A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Bruno Balke, M.D., Ph.D.—The “Father” of ACSM Certification Programs
As we mentioned in 
Chap. 0, the history 
of exercise physiol-
ogy in the United 
States during the 
twentieth century 
had a very strong 
European flavor. 
This was certainly 
the case for the de-
velopment of fitness 
testing and cardiac 

rehabilitation. Dr. Bruno Balke (1907–
1999) received his training in physical 
education, medicine, and physiology in 
Germany and was invited to this coun-
try by Dr. Ulrich Luft in 1950.

During the 1950s, Dr. Balke con-
ducted research on high-altitude tol-
erance and high-speed flight for the 
U.S. Air Force at the School of Aviation 
Medicine in San Antonio, Texas, and 
later, for the Federal Aviation Agency 
in Oklahoma City. His research on 
work-capacity testing on the treadmill 
led to the development of the exer-
cise test protocols that bear his name 

(discussed earlier in this chapter). In 
addition, his distance-run field test to 
evaluate cardiovascular fitness (maxi-
mal aerobic power) was modified by 
Dr. Ken Cooper for use in his well-
known aerobics books (see “Field Tests 
for Estimating CRF” in this chapter).

Dr. Balke left government service 
in 1963 to create the Biodynamics 
Laboratory at the University of Wis-
consin, Madison. Francis J. Nagle, 
Ph.D., whom he had worked with in 
Oklahoma City, followed in 1964, and 
both had joint appointments with 
the physical education and physiol-
ogy departments. Dr. Balke’s quantita-
tive approach to exercise physiology 
questions, especially as they related 
to fitness and performance, set the 
standard for other graduate exercise 
physiology programs. He regarded his 
time in Madison as the most produc-
tive in his career.

Dr. Balke left Wisconsin for Aspen, 
Colorado, in 1973. During this time, 
he invested himself in the develop-
ment of American College of Sports 

Medicine (ACSM) certification pro-
grams for exercise leaders of fitness 
and cardiac rehabilitation programs. 
Special meetings were held in Aspen 
to develop the certification programs 
and ACSM’s Guidelines for Exercise 
Testing and Prescription. The first work-
shops associated with these certifica-
tion programs were held in Aspen as 
well. Many consider him the “father” 
of ACSM certification programs.

Dr. Balke was active in the early 
days of the ACSM and served as its 
president in 1966. Balke also took 
the lead in the creation of ACSM’s re-
search journal, then known as Medi-
cine and Science in Sports, and was its 
first editor-in-chief. He enjoyed teach-
ing others how to do things, and he 
viewed as his greatest accomplish-
ment the graduation of the Ph.D. stu-
dents from his lab who would now 
teach others. Dr. Balke died in 1999 
at the age of 92, but his legacy will 
live on for years to come. For more on 
this interesting man, see his autobiog-
raphy in Suggested Readings.

Courtesy of 
Monterey Bay  
Video Productions 
(MBVP)
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Cycle Ergometer
Cycle ergometers are portable, moderately priced 
work instruments that allow measurements to be 
made easily. However, they are self-paced and can re-
sult in some localized leg fatigue (100). On mechani-
cally braked cycle ergometers (e.g., Monark), the 
work rate can be increased by increasing the pedal 
rate and/or the resistance on the flywheel. Generally, 
the pedal rate is maintained constant during a GXT 
at a rate suitable to the populations being tested: 
50 to 60 rpm for the low to average fit, and 70 to 
100 for the highly fit and competitive cyclists (44). 
The pedal rate is maintained by having the subject 
pedal to a metronome or by providing some other 
source of feedback (e.g., digital display of the rpm). 
The load on the wheel is increased in a sequential 
fashion to systematically overload the cardiovascular 
system. The starting work rate and the increment 
from one stage to the next depend on the fitness of 
the subject and the purpose of the test. The V̇ O2 can 
be estimated from an equation that gives reasonable 
estimates of the V̇ O2 up to work rates of about 1200 
kpm · min−1 (2):

 V̇ O2 (ml · kg−1 · min−1)  = 1.8 ml · kpm−1 (work rate)  
 ×  M−1 + 7 ml · kg−1 · min−1

The cycle ergometer is different from the tread-
mill in that the body weight is supported by the 
seat, and the work rate is dependent primarily on 
the crank speed and the load on the wheel. This 
means that for a small person, the relative V̇ O2 at 
any work rate is higher than that for a big person. 
For example, if a work rate requires a V̇ O2 of 2100 
ml · min−1, this represents a relative V̇ O2 of 35 ml 
· kg−1 · min−1 for a 60-kg person, and only 23  ml 
· kg−1 · min−1 for a 90-kg person. In addition, the 
increments in the work rate, by demanding a fixed 
increase in the V̇ O2 (e.g., an increment of 150 kpm 

· min−1 is equal to a V̇ O2 change of 270 ml · min−1), 
force a small and unfit subject to make larger cardio-
vascular adjustments than a large or high-fit subject. 
These factors have been taken into consideration by 
the YMCA (42) in recommending submaximal GXT 
protocols. The idea is to provide a means of obtain-
ing a variety of HR responses to several submaximal 
work rates in a way that reduces the duration of 
the test.

Figure 15.5 shows the different “routes” fol-
lowed in the YMCA protocol depending on the sub-
ject’s HR response to a work rate of 150 kpm · min−1. 
The YMCA protocol makes use of the observation 
that the relationship between V̇ O2 and HR is a linear 
one between 110 and 150 b · min−1. For this reason, 
the YMCA protocol requires the subject to exercise 
at only one more work rate past the one that yields 
an HR ≥ 110 b · min−1. As a general recommen-
dation for all cycle ergometer tests, seat height is 
adjusted so that the knee is slightly bent when the 
foot is at the bottom of the pedal swing and paral-
lel to the floor; the seat height is recorded for later 
testing. In the YMCA protocol, each stage lasts three 
minutes and heart rate values are obtained in the 
last 30 seconds of the second and third minutes. If 
the difference in HR is <5 b · min−1 between the 
two time periods, a steady state is assumed; if not, an 
additional minute is added to that stage. A line then 
connects the two HR values and is extrapolated to 
the subject’s estimated maximal HR. A vertical line 
is dropped to the x-axis, and the estimated V̇ O2 max 
value is obtained as described for the submaximal 
treadmill protocol.

Figure 15.6 shows the YMCA protocol for a 
30-year-old female who weighs 60 kg. The first 
work rate was 150 kpm · min−1, and a heart rate of  
103 b · min−1 was measured. Following the YMCA 
protocol, the next loads were 300 and then 450 kpm 
· min−1, and the measured HR values were 115 and 

Figure 15.5 YMCA protocol used to select work rates for submaximal cycle ergometer tests. 
Golding, L. A., YMCA Fitness Testing and Assessment Manual. Champaign, IL: Human Kinetics, 2000.
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128 b · min−1, respectively. A line was drawn through 
the two HR points greater than 110 b · min−1 and 
extrapolated to age-predicted max HR (190 b · min−1). 
The estimated V̇ O2 max for this woman was approxi-
mately 2.58 L · min−1 or 43 ml · kg−1 · min−1, using the 
previous equation.

In addition to this extrapolation procedure for 
estimating V̇ O2 max, Åstrand and Ryhming (8) pro-
vide a method that requires the subject to com-
plete one work bout of approximately six minutes, 
demanding an HR between 125 and 170 b · min−1. 
These investigators observed that at 50% V̇ O2 max, 
males had an average HR of 128, and females,  
138 b · min−1, and at 70% V̇ O2 max, the average HRs 
were 154 and 164  b · min−1, respectively. These 
data were collected on young men and women ages 
18 to 30. The basis for the test is that if you know 
from an HR response that a person is at 50% V̇ O2 
max at a work rate equal to 1.5 L · min−1, then 
the estimated V̇ O2 max would be twice that, or  
3.0 L · min−1. A nomogram (see Figure 15.7) is used 
to estimate the V̇ O2 max based on the subject’s 
HR response to one six-minute work bout. Because 
maximal HR decreases with increasing age and  
the data were collected on young subjects, Åstrand 
(4) established correction factors to multiply 
the estimated V̇ O2 max values taken from the  
nomogram in order to correct for  the lower  
maximal HR.

Step Test
A step-test protocol is used to estimate V̇ O2 max in 
the same way that treadmill and cycle ergometer pro-
tocols are used. The step test does not require ex-
pensive equipment, the step height does not have to 
be calibrated, everyone is familiar with the stepping 
exercise, and the energy requirement is proportional 
to body weight, as with the treadmill (70). The work 
rate can be increased by increasing the step height 
while keeping the cadence the same, or by increasing 
the cadence while keeping the step height the same, 
or both. The step height can be varied with a hand-
cranking device (84) or by using a series of steps with 
increments in step height of 10 cm. The rate of step-
ping is established with a metronome, and the step-
ping cadence has four counts: up, up, down, down. 
The subjects must step all the way up and down 
in time with the metronome. Figure 15.8 shows the 
results of a step test on a 60-year-old female. In this 
step test, the height of the step was kept constant 
at 16 cm and the rate of stepping increased 6 lifts · 
min−1 each two minutes. The line drawn through the 
HR points is extrapolated to the estimated maximal 
HR, 160 b · min−1, and a line is dropped to the hori-
zontal axis to estimate the V̇ O2 max using the follow-
ing equation  (2):

V̇ O2 =  0.2 (step rate) + [1.33 × 1.8  
× (step height [m]) × (step rate)] + 3.5

The equation yields values in ml · kg−1 · min−1, which 
are converted to METs by dividing by 3.5. Please note 
that the mCAFT step test was presented earlier in 
this chapter under field tests because it was originally 
designed to be used in one's home. However, it is a 
perfectly suitable test for a fitness setting.

The Åstrand and Ryhming (8) nomogram (Fig-
ure 5.6) also accommodates a step test, using a rate 
of 22.5 lifts per minute (metronome = 90) and step 
heights of 40  cm for men and 33 cm for women. 
The principle is the same as described for their cycle 
ergometer protocol.

The introduction of step ergometers (i.e., Stair-
Master) allows a graded exercise test to be con-
ducted in a manner similar to that of a treadmill. The 
work rates are independent of step rate, and the HR 
responses are slightly higher than those measured on 
the treadmill at any V̇ O2 (52). Such a test has been 
shown to measure changes in V̇ O2 max that result 
from either treadmill or step-ergometer training, indi-
cating more commonality than specificity among step 
and treadmill tests (15).

In summary, a variety of tests can be used to esti-
mate CRF. The usefulness of a test is a function of both 
the accuracy of the measurement and the ability to 
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Figure 15.6 Example of the YMCA protocol used to esti-
mate V̇ O2 max.
From Howley, E. T., and Franks, B. D., Health/Fitness Instructor’s 
Handbook. Champaign, IL: Human Kinetics Publishers, Inc., 1986.
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Figure 15.7 Nomogram for the estimation of V̇ O2 max from submaximal HR values measured on either a cycle ergome-
ter or step test. For the cycle ergometer, the work rate in watts (1 watt = 6.1 kpm · min−1) is shown on the two right-
most columns, one for men and one for women. The results of a cycle ergometer test for a man who worked at 200 
watts is shown. A dashed line is drawn between the 200-watt work rate and the HR value of 166 measured during 
the test. The estimated V̇ O2 max is 3.6 L · min−1. The step test uses a rate of 22.5 lifts · min−1, and two different step 
heights: 33 cm for women and 40 cm for men. The step test scale lists body weight for the subject, and the results of 
a test on a 61-kg woman are shown. A dashed line is drawn between the 61 kg on the 33-cm scale and the HR value 
of 156 b · min−1 measured during the test. The estimated V̇ O2 max is 2.4 L · min−1. These estimates of V̇ O2 max are 
influenced by the person’s maximal HR, which is known to decrease with age. A correction factor chosen from the 
accompanying table corrects these V̇ O2 max values when either the maximal HR or age is known. Simply multiply 
the V̇ O2 value by the correction factor.

pow70456_ch15_344-366.indd   361 01/16/17   9:53 PM



362 Section Two Physiology of Health and Fitness

repeat the test on a routine basis to evaluate changes 
in CRF over time. It is this latter point that decreases 
the need that the test be able to estimate the true V̇ O2 
max to the nearest ml · kg−1 · min−1. In effect, if a per-
son is completing a submaximal GXT on a regular basis 
and the HR response to a fixed work rate is decreasing 
over time, one can reasonably conclude that the per-
son is making progress in the intended direction, inde-
pendent of the accuracy of the estimate of V̇ O2 max. 
But what if a person did not have to take an exercise 
test to estimate V̇ O2 max? See A Closer Look 15.4.

STUDY ACTIVITIES
 1. Go online (http://eparmedx.com/?page_id=75) and 

complete the PAR-Q+ and ePARMed-X+ for a friend 
or family member who has one or more risk factors for 
heart disease.

 2. What procedure does the American College of Sports 
Medicine recommend to estimate an individual’s risk asso-
ciated with exercise testing or participation in exercise?

 3. Describe one maximal and one submaximal field test to 
estimate V̇ O2 max.

 4. A 40-year-old man runs 1.5 miles (2,415 meters) in 
ten  minutes. What is his estimated V̇ O2 max? Is his 
value “normal”?

 5. Because many subjects do not exhibit a plateau in oxy-
gen consumption in the last stages of a maximal GXT, 
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Figure 15.8 Use of a step test to predict V̇ O2 max from a 
series of submaximal HR responses.
From Howley, E. T., and Franks, B. D., Health/Fitness Instructor’s 
Handbook. Champaign, IL: Human Kinetics Publishers, Inc., 1986.

This may seem like a strange question 
given the focus of this chapter on 
exercise testing. However, if it were 
possible, investigators (e.g., epidemi-
ologists) could easily classify large 
numbers of individuals into levels of 
cardiorespiratory fitness (e.g., bottom 
20%, middle 20%, and top 20%), and 
determine if cardiorespiratory fitness 
is linked to various chronic diseases. 
Doing exercise testing on large pop-
ulations of individuals is impossible 
due to time, cost, personnel, etc.

In one of the earliest investiga-
tions, Jackson et al. (55) showed that 
by using the simple variables of age, 
gender, body fatness or body mass 
index, and self-reported physical 

activity, V̇ O2 max could be estimated 
with an SE of ~ ±5 ml · kg−1 · min−1, 
an error similar to what we observe 
with our field tests and submaximal 
GXT estimates of V̇ O2 max. The ac-
curacy of the prediction (SE ~ ±4–6 
ml/kg−1 · min−1) has been confirmed 
in several other studies (40, 47, 71, 
117–119), including one based on a 
very large (N = 4637) diverse popu-
lation (87). A recent study showed 
that such estimates of V̇ O2 max can 
be used to predict future health out-
comes. When 32,391 adults were fol-
lowed for an average of nine years, 
higher nonexercise estimates of V̇ O2 
max were associated with a lower 
risk of death from all causes and from 

cardiovascular disease. Further, these 
estimates of V̇ O2 max were much bet-
ter at classifying risk than any of the 
components (e.g., age, body mass in-
dex) making up the estimate (105).

What does this say about doing ex-
ercise tests—the focus of this chapter? 
As we mentioned at the outset, even 
though the SE is relatively large for 
field tests and submaximal GXTs, the 
tests are reliable, and when the same 
individual takes the same test over 
time, the change in estimated V̇ O2 max 
monitored by the test is a reasonable 
reflection of improvements in cardiore-
spiratory fitness. This can serve as both 
a motivational and educational tool 
when working with fitness clients.

A CLOSER LOOK 15.4

Can V̇O2 Max Be Estimated Without Doing an Exercise Test?

IN SUMMARY
 ■ V̇ O2 max can be estimated with the extrapo-
lation procedure using the treadmill, cycle 
ergometer, or step.

 ■ The subject must follow directions carefully 
and environmental conditions must be con-
trolled if the estimate of V̇ O2 max is to be rea-
sonable and reproducible.
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what other criteria could be used to show that the 
person was exercising maximally when the highest V̇ O2 
was measured?

 6. Given the following information collected during a tread-
mill test on a 50-year-old man, estimate his V̇ O2 max.

Work Rate Heart Rate
3 METs 110
5 METs 125
7 METs 140

 7. Given the assumption that the formula 220 − age can be 
used to estimate maximal heart rate, how far off could 
you be in your estimate of V̇ O2 max in Question 6?

 8. What information do you gain by monitoring the RPE 
during a GXT?

 9. List five reasons for stopping a GXT for low-risk adults.
 10. Should you use the same GXT protocol on all subjects? 

Why or why not?
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 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

1. Contrast exercise with physical activity; 
explain how both relate to a lower risk of CHD 
and improvement in cardiorespiratory fitness 
(CRF).

2. Describe the current public health physical 
activity recommendation from the U.S. Physical 
Activity Guidelines to improve the health status 
of sedentary U.S. adults.

3. Explain what screening and progression mean 
for a person wanting to initiate an exercise 
program.

4. Identify the optimal range of frequency, 
intensity, time (duration), and type (FITT) of 
activity associated with improvements in CRF.

5. Calculate a target heart rate range by either the 
heart rate reserve or percent of maximal HR 
method.

6. Discuss guidelines related to progression that 
facilitate the transition from easy to more 
demanding exercise programs.

7. Explain how the target heart rate (THR) helps 
adjust exercise intensity in times of high heat, 
humidity, or while at altitude.

8. Describe the health benefits of resistance 
training and summarize recommended 
resistance-training and stretching programs 
for adults.

Exercise Prescriptions 
for Health and Fitness

16
© Tim Mantoani/Masterfile

pow70456_ch16_367-385.indd   367 01/16/17   9:53 PM



368 Section Two Physiology of Health and Fitness

In Chap. 14, we discussed a variety of risk factors 
related to cardiovascular and other diseases. Physical 

inactivity had long been considered only a secondary 
risk factor in the development of CHD—that is, an in-
active lifestyle would increase a person’s risk for CHD 
only if other primary risk factors were present. How-
ever, as explained in Chap. 14, this is no longer the 
case. Numerous studies (57, 59, 70, 75) confirm that 
physical inactivity is a primary risk factor for coronary 
heart disease (CHD), similar to smoking, hypertension, 
and high serum cholesterol. These studies also show 
that regular vigorous physical activity is instrumental 
in reducing the risk of CHD in those who smoke or are 
hypertensive (50, 58). Based on this growing body of 
evidence, the American Heart Association (AHA) rec-
ognized physical inactivity as a primary or major risk 
factor (7). Finally, epidemiological studies show that 
increases in physical activity (60) and fitness (11) are 
associated with a reduced death rate from all causes 
as well as from CHD. This means that physical activity 
should be used along with other therapies to reduce 
the risk of CHD in those possessing other risk factors. 
Consequently, there is little disagreement that regular 
physical activity is a necessary part of a healthy life-
style (85). The only question is, how much?

Before we answer this question, we need to 
distinguish among the terms physical activity, exer-
cise, and physical fitness. Physical activity (PA) is 
defined as any form of muscular activity. Therefore, 
physical activity results in the expenditure of energy 
proportional to muscular work and is related to phys-
ical fitness. Physical fitness is defined as a set of 
attributes that people have or develop that relate 
to the ability to perform physical activity. Exer-
cise represents a subset of physical activity that is 
planned, with a goal of improving or maintaining fit-
ness (16). These distinctions, while subtle, are impor-
tant to understand in our discussion of the role of 
physical activity as part of a healthy lifestyle. For 
example, there is no question that a planned exercise 
program will improve V̇ O2 max and that a higher 
V̇ O2 max is associated with a lower death rate (12). 
However, we must emphasize that physical activity, 
including that done at a moderate intensity, results 
in substantial health benefits (34, 83). The reduction 
in the risks of CHD due to the latter types of activity 
may be mediated through changes in the distribu-
tion of cholesterol, an increase in fibrinolysis (clot 
dissolving) activity (32), or a reduction in systemic 
low-grade inflammations (see  Chap.  14). It should 
be no surprise that the American College of Sports 
Medicine (in the ACSM’s Guidelines for Exercise Test-
ing and Prescription) and Physical Activity and Health: 
A Report of the Surgeon General state the need for 
increased participation in moderate-intensity exer-
cise (e.g., brisk walking) throughout the life span 
(3, 83). Such a recommendation is consistent with 

exposing the general population to low-risk physical 
activity to achieve health-related benefits aimed at 
reducing cardiovascular and metabolic diseases. In 
contrast to this general recommendation for every-
one, there is a need to follow a variety of guidelines 
in prescribing moderate to strenuous exercise that is 
aimed at improving V̇ O2 max. We will address both 
concerns in this chapter. For information on training 
for performance, see Chap. 21.

PRESCRIPTION OF EXERCISE
The concern about the proper dose of exercise needed 
to bring about a desired effect (response) is similar 
to the physician’s need to know the type and quan-
tity of a drug, as well as the time frame over which 
it must be taken, to cure a disease. Clearly, there is a 
difference in what is needed to cure a headache com-
pared to what is needed to cure tuberculosis. In the 
same way, there is no question that the dose of physi-
cal activity needed to achieve high-level running per-
formance is different from that required to improve 
a health-related outcome (e.g., lower blood pressure) 
or fitness (e.g., an increase in V̇ O2 max). This dose-
response relationship for medications is described in 
Figure 16.1 (27).

Figure 16.1 The relationship between the dose of a drug 
(expressed as the log of the dose) and the effect. 
Data from Goodman, L. S., and Gilman, A., The Pharmacological Basis 
of Therapeutics. New York, NY: Macmillan, 1975.
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IN SUMMARY
 ■ Physical inactivity has been classified as a pri-
mary risk factor for coronary heart disease.

 ■ Regular participation in physical activity can 
reduce the overall risk for those who smoke or 
who are hypertensive.

 ■ Those who increase their physical activity and/ 
or cardiorespiratory fitness have a lower death 
rate from all causes compared to those who 
remain sedentary.
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 ■ Potency. The potency of a drug is a relatively 
unimportant characteristic in that it makes 
little difference whether the effective dose of 
a drug is 1 µg or 100 mg as long as it can be 
administered in an appropriate dosage. Applied 
to exercise, walking four miles is as effective in 
expending calories as running two miles.

 ■ Slope. The slope of the curve gives some 
information about how much of a change in 
effect is obtained from a change in dose. Some 
physiological measures change quickly for a 
given dose of exercise, while some health-
related effects require the application of 
exercise over many months to see a desired 
outcome.

 ■ Maximal effect. The maximal effect (efficacy) 
of a drug varies with the type of drug. For 
example, morphine can relieve pain of all 
intensities, while aspirin is effective against 
only mild-to-moderate pain. Similarly, 
strenuous exercise can cause an increase in 
V̇ O2 max as well as modify risk factors, while 
light-to-moderate exercise can change risk 
factors with a smaller impact on V̇ O2 max (an 
important point we will return to later).

 ■ Variability. The effect of a drug varies between 
individuals—and within individuals—depending 
on the circumstances. The intersecting 
brackets in Figure 16.1 indicate the variability 
in the dose required to bring about a particular 
effect and the variability in the effect 
associated with a given dose. For example, 
gains in V̇ O2 max due to endurance training 
show considerable variation, even when the 
initial V̇ O2 max value is controlled for (21).

 ■ Side effect. A last point worth mentioning 
that can also be applied to our discussion of 
exercise prescription is that no drug produces 
a single effect. The spectrum of effects might 
include adverse (side) effects that limit the 
usefulness of the drug. For exercise, the side 
effects might include increased risk of injury.

In contrast to drugs that individuals stop taking 
when a disease is cured, there is a need to engage in 
some form of physical activity throughout one’s life 
to experience the health-related and fitness effects.

Dose-Response
The dose of physical activity and exercise is usually 
characterized by the FITT principle, which contains 
the following factors:

 ■ Frequency (F)—how often an activity is done. 
This could be expressed in days per week or 
the number of times per day.

 ■ Intensity (I)—how hard the activity is. Intensity 
can be described in terms of % V̇ O2 max, 
% maximal heart rate, rating of perceived 
exertion, and the lactate threshold

 ■ Time (T)—the duration of the activity. This is 
typically expressed as the number of minutes 
of activity.

 ■ Type (T)—the mode or kind of activity done. 
This could simply refer to whether the 
exercise is a resistance vs. cardiovascular 
endurance type, or within the latter, 
swimming vs. running vs. rowing.

The FITT principle allows all of the major elements 
of an exercise intervention to be individually pre-
scribed. In addition, the product of Frequency × 
Intensity × Time yields the volume (V) of exercise, 
which is directly related to health benefits (47, 83, 
84). Another element of an exercise prescription, 
called progression (P), describes how to transition 
an individual from easier to harder exercise over the 
course of a training program. We will address that in 
the context of general guidelines for exercise later in 
the chapter. Lastly, the ACSM Guidelines for Exercise 
Testing and Prescription (3) incorporates all of these 
variables to yield the acronym FITT-VP as a reminder 
of what to address in an exercise prescription.

The responses (effects) resulting from an exercise 
intervention could include an increase in cardiore-
spiratory fitness (V̇ O2 max) and a variety of health 
outcomes as described in Chapter 14; however, it 
is clear that the latter health-related effects are not 
dependent on an increase in V̇ O2 max (31, 32, 83). 
This is important and provides a transition to our 
next section.

Physical Activity and Health
The issue of the proper dose of exercise to bring about 
a desired effect is a crucial one in the prescription 
of exercise for both prevention and rehabilitation. 
Over the past three decades, we have learned that  
the proper dose differs greatly, depending on the  
outcome. For example, an improvement in some 

IN SUMMARY
 ■ An exercise dose reflects the interaction of the 
intensity, frequency, and duration to yield the 
volume of exercise.

 ■ The response to an exercise intervention 
can include both functional changes (e.g., an 
increase in V̇ O2 max) and health outcomes (e.g., 
lower blood pressure), independent of each 
other.
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health-related variable (e.g., resting blood pressure) 
might be accomplished with an exercise intensity 
lower than that required to achieve an increase in 
V̇ O2 max. In addition, the frequency with which the 
exercise must be taken to have the desired effect var-
ies with the intensity and the duration of the session 
(see later discussion).

Certain physiological variables respond quickly 
to a “dose” of exercise. For example, the sympa-
thetic nervous system, blood lactate, and heart rate 
adapt rapidly to exercise training, taking only days 
to see changes in response. In contrast to these rapid 
responses to exercise training, a variety of physiologi-
cal variables, such as the capillary number, change 
more slowly (76). Similarly, when Haskell describes 
the potential association between physical activ-
ity and health, he distinguishes between short-term 
(acute) and long-term (training) responses (31). The 
following terms are used to describe the patterns of 
responses in the weeks following the initiation of a 
dose of exercise:

 ■ Acute responses—occur with one or several 
exercise bouts but do not improve further

 ■ Rapid responses—benefits occur early and 
plateau

 ■ Linear—gains are made continuously over time

 ■ Delayed—occur only after weeks of training

The need for such distinctions can be seen in 
Figure 16.2, which shows proposed dose-response 
relationships between physical activity, defined 
as minutes of exercise per week at 60% to 70% of 
maximal work capacity, and a variety of physiological 
responses (42): (a) blood pressure and insulin sensitiv-
ity are most responsive to exercise, (b) changes in 
V̇ O2 max and resting heart rate are intermediate, and 
(c) serum lipid changes such as high-density lipopro-
tein (HDL) are delayed.

In 1995, in an attempt to deal with the epidemic of 
physical inactivity and its impact on health, the Ameri-
can College of Sports Medicine and the Centers for Dis-
ease Control and Prevention (CDC) published guidelines 
that were based on a comprehensive review of the lit-
erature dealing with the health-related aspects of physi-
cal activity (61). Their recommendation was that every 
U.S. adult should accumulate 30 minutes or more of 
moderate-intensity (3 to 5.9 METs) physical activity on 
most, preferably all, days of the week. This recommenda-
tion was based on the finding that caloric expenditure 
and total time (the volume) of physical activity were 
associated with reduced cardiovascular disease and mor-
tality. Further, doing the activity in intermittent bouts 
as short as 10 minutes was a suitable way of meeting the 
30-minute goal (6, 61, 83).

In 2007, the ACSM and AHA released an 
update to the 1995 public health physical activity 

guidelines (33), and in 2008, the first edition of the 
U.S. Physical Activity Guidelines was released (83). 
Both guidelines supported the original statement but 
attempted to provide more clarity about the roles of 
moderate versus strenuous physical activity in meet-
ing the recommendation (33, 83). Because of the simi-
larity between the two, we will present only the U.S. 
Physical Activity Guidelines.

 ■ Individuals can realize the substantial health-
related benefits of physical activity by doing 
between 150 and 300 minutes of moderate-
intensity physical activity per week, or 75 to 
150 minutes of vigorous-intensity physical 
activity per week, or some combination of 
the two.

 ● 150 minutes of moderate-intensity  
physical activity or 75 minutes of vigorous-
intensity physical activity is the minimum 
goal.

 ● The range of physical activity (150 to 
300 minutes) indicates that more health-
related benefits are realized by doing 
additional activity (i.e., more is better).

The health-related gains associated with physi-
cal activity are realized when the volume of PA is 
between  about 500 and 1000 MET-min per week 
(83). Moderate-intensity PA is defined as absolute 
intensities of 3.0 to 5.9 METs, and vigorous-intensity 
PA is defined as intensities of 6.0 METs or more.

Figure 16.2 Proposed dose-response relationships 
between amount of exercise performed per week at 
60% to 70% maximum work capacity and changes in 
several variables. Blood pressure (BP) and insulin sensi-
tivity (curve to the left side) appear to be most sensitive 
to exercise. Maximum oxygen consumption (V̇ O2 max) 
and resting heart rate, which are parameters of physical 
fitness (middle curve), are next in sensitivity, and lipid 
changes such as high-density lipoprotein (HDL) (right-
hand curve) are least sensitive.
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 ■ For example, walking at 3 mph requires ~3.3 
METs, an activity at the low end of the 
moderate-intensity range. If the person walks 
at this speed for 30 minutes, an energy 
expenditure of 99 MET-min (3.3 METs times 
30 min) is achieved. If done five days per 
week, the volume of PA is 495 MET-min per 
week.

 ■ If an individual were to jog at 5 mph (~8 METs) 
for 25 minutes, the PA volume would be 200 
MET-min (8 METs × 25 min). If done three 
days per week, the energy expenditure would 
be 600 MET-min per week.

 ■ The fact that it takes about twice the 
time when doing moderate-intensity PA 
to achieve the same energy expenditure 
(volume of exercise) as when doing vigorous-
intensity PA leads to the 2:1 ratio when 
comparing the time it takes to meet the PA 
guidelines for these different intensities  
(150 min for moderate intensity vs. 75 min 
for vigorous intensity).

 ■ In addition, and consistent with existing 
ACSM Guidelines, the new federal guidelines 
recommended resistance training (at least 
one set, or 8 to 12 repetitions, of 8 to 
10 exercises) on two or more days per week 
to improve or maintain muscular strength and 
endurance (33, 83).

These new guidelines only spell out the number 
of minutes per week, without listing the number of 
days per week to exercise. That does not mean that 
one should do the 150 minutes of moderate-intensity 
physical activity on one day and rest for six days. For 
reasons that will be discussed later, spreading out the 
physical activity and exercise over the course of the 
week makes it easier to schedule and reduces the 
risk of adverse events (83). Even though there is an 
emphasis on moderate-intensity PA, because this is 
the type of activity most frequently done by adults 
(e.g., a brisk walk), much can be gained from partici-
pation in vigorous-intensity PA (see Clinical Applica-
tions 16.1).

GENERAL GUIDELINES FOR 
IMPROVING FITNESS
An increase in moderate-intensity physical activ-
ity is an important goal for reducing health-related 
problems in sedentary individuals. These benefits 
occur at a point where the overall risk associated 
with physical activity is relatively small. However, 
even though the risk of cardiac arrest in habitu-
ally active men is higher during vigorous activity, 
the overall (rest + exercise) risk of cardiac arrest 
in vigorously active men is only 40% of the risk 
in sedentary men (78). Figure 16.3 shows that the 
relative risk of death from all causes decreases as 
cardiorespiratory fitness (V̇ O2 max) increases, with 
the largest decrease occurring when the least fit 
(lowest 20% or quintile) moves up one category 
(55). This relationship also is true when applied to 
the risk of chronic diseases (49, 69, 84). Based on a 
meta-analysis of such studies it has been estimated 
that for each 1 MET increase in cardiorespiratory 
fitness, the risk of death from all causes decreases 
13% (49). The strength of these data has resulted in 
a recommendation from the American Heart Asso-
ciation to develop a national database (registry) 
of carefully measured V̇ O2 max values to use as a 

Figure 16.3 Age-adjusted relative risks of death from any 
cause according to quintile of exercise capacity among 
normal subjects and subjects with  cardiovascular 
disease. 
From Myers, J., Prakash, M., Froelicher, V., Do, D., Partington, S., and 
Atwood, J. E., “Exercise Capacity and Mortality Among Men Referred 
for Exercise Testing,” New England Journal of Medicine 346: 793–801, 
2002.
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IN SUMMARY
 ■ To realize the health-related benefits of 
 physical activity, adults should do between 
150 and 300 minutes of moderate-intensity 
physical activity per week, or 75 to 150 min-
utes of vigorous-intensity physical activity per 
week, or some combination of the two.

 ■ Resistance training (8 to 10 exercises, 8 to 
12 repetitions) should be done on two or more 
nonconsecutive days per week).
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CLINICAL APPLICATIONS 16.1

Achieving Health-Related Outcomes: Is Vigorous Exercise Better Than Moderate Activity?
There has been an ongoing debate 
over this question since the ACSM/
CDC released their public health PA 
recommendation in 1995, with its em-
phasis on moderate-intensity PA. Prior 
to that, the emphasis was on vigorous-
intensity exercise as described in the 
classic position stands of the ACSM (1). 
It must be noted that although moder-
ate-intensity PA was emphasized, the 
1995 statement also indicated that 
more exercise was better and encour-
aged vigorous exercise. Therefore, the 
question remains: is vigorous-intensity 
PA better than moderate-intensity PA 
for health-related outcomes?

Swain and Franklin (80) addressed 
this question in a systematic review of 
the literature examining the relation-
ship of PA to the incidence of CHD and 
risk factors for CHD. It was important in 
this review that the total energy expen-
diture associated with the PA was con-
trolled for to allow a fair comparison 
of moderate-intensity versus vigorous-
intensity PA (since for any duration 
of vigorous PA, more  energy would 
be expended compared to moderate-
intensity PA). Their findings follow:

 ■ The vast majority of epide-
miological studies observed a 
greater reduction in the risk of 
cardiovascular disease with vig-
orous-intensity PA (≥6 METs) 
than with moderate-intensity 
PA (3 to 5.9 METs). In addition, 
more favorable risk factor pro-
files were found for those doing 
vigorous-intensity vs. moderate-
intensity PA.

 ■ Clinical intervention studies 
showed, generally, greater im-
provements in diastolic blood 
pressure, glucose control, and 
cardiorespiratory fitness after 
vigorous-intensity PA, com-
pared to moderate-intensity 
PA. However, there was no 
difference between the two 
intensity categories for im-
provements in systolic blood 
pressure, the blood lipid pro-
file, or loss of body fat.

Clearly, more health-related 
benefits are realized, independent 
of the larger gains in V̇ O2 max, 
through participating in vigorous-
intensity exercise. O’Donovan et 
al. (56) supported these findings by 
showing that even when training 
groups are doing vigorous-intensity 
exercise, the higher the intensity, 
the better the impact on CHD risk 
factors. In addition, regular par-
ticipation in vigorous-intensity PA 
was shown to be associated with 
less sick leave, whereas moderate-
intensity PA appeared to have no 
effect (71). This raises other ques-
tions: what is moderate-intensity 
PA? Vigorous-intensity PA?

Public health PA recommenda-
tions define moderate-intensity PA as 
being equal to an absolute intensity of 
3 to 5.9 METs, but surprising as it 
may seem, moderate-intensity exer-
cise may actually be vigorous-inten-
sity PA for a large segment of the 
population. Figure 16.4 shows the 

relative intensity for two fixed exer-
cises (walking at 3 or 4 mph) to vary 
considerably across the range of V̇ O2 
max values (39, 84). Consequently, 
individuals with low V̇ O2 max values 
who are doing moderate-intensity 
physical activity (3 to 5.9 METs) 
may actually be working at a relative 
intensity equivalent to vigorous exer-
cise (≥60% V̇ O2 max), consistent with 
achieving gains in V̇ O2 max. This 
example emphasizes the need to con-
sider measures of the relative exer-
cise intensity (e.g., % HR max, %V̇ O2 
max) when developing PA programs, 
rather than relying solely on the abso-
lute intensities (e.g., METs). There-
fore, “moderate” activities, coupled 
with the lower threshold of training 
in deconditioned individuals, may be 
sufficient to elevate the metabolic 
rate and heart rate to the appropriate 
levels needed to achieve the various 
fitness (V̇ O2 max) and health benefits 
that were a part of the original ACSM 
fitness recommendation.

Figure 16.4 The relative exercise intensity for walking at 3.0 mph (3.3 METs) 
and 4.0 mph (5.0 METs) expressed as a percent of V̇ O2 max for adults with 
an exercise capacity ranging from 4 to 14 METs. From U.S. Department of 
Health and Human Services. Physical Activity Guidelines Advisory Commit-
tee Report 2008. 
Figure D.1 from U.S. Department of Health and Human Services, Physical Activity Guidelines Advisory 
Committee Report 2008, p. D-7. www.health.gov/paguidelines/committeereport.aspx.
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reference in making decisions about risk (43). The 
data on V̇ O2 max in Table 15.1 represent the fruits 
of that endeavor (44). In addition to the lower risk 
of death and disease, a higher V̇ O2 max increases 
one’s ability to engage in a broad range of recre-
ational activities. The purpose of this section is to 
review the general guidelines for exercise programs 
aimed at increasing V̇ O2 max. In Chap. 13, the con-
cepts of overload and specificity were presented 
relative to the adaptations that take place with dif-
ferent training programs. Although these principles 
apply here, it is important to remember that little 
exercise is needed to achieve a health-related effect. 
This stands in marked contrast to the intensity of 
exercise needed to achieve performance goals (see 
Chap. 21).

Screening
The first thing to do, if not already done in the evalua-
tion of CRF, is to carry out some form of health status 
screening to decide who should begin an exercise 
program and who should obtain further consultation 
with a medical professional (see Chap. 15 for details). 
The risk of cardiovascular complications during exer-
cise is directly related to the degree of pre-existing 
cardiac disease. In young people, the risk of sudden 
death is about 1/133,000 and 1/769,000 per year in 
men and women, respectively, due primarily to con-
genital or acquired heart disease. In adults, the risk 
of sudden death during vigorous-intensity physical 
activity is one per year for every 15,000 to 18,000 
individuals (3).

Progression
A major point made throughout the U.S. Physical 
Activity Guidelines (83) is to use progression when 
introducing someone to physical activity or help-
ing an individual move from moderate-intensity to 
vigorous-intensity activity. Further, this approach is 

used across populations, from children to older adults. 
General recommendations include:

 ■ Using the relative intensity to guide the level 
of effort

 ■ Transitioning from light- to moderate- to 
vigorous-intensity activity, not the reverse 
(e.g., walk before you jog/run)

 ■ Starting with light- to moderate-intensity 
activity and increasing the number of minutes 
per day or days per week before increasing 
intensity

 ■ The increase should be approximately 10% 
(e.g., 10 minutes more for someone doing 
100 minutes per week)

 ■ The rate of increase is lower for older, less fit, 
and those unaccustomed to exercise

The emphasis on moderate-intensity activities, such 
as walking at 3 to 4 mph, early in the fitness pro-
gram is consistent with this recommendation, and 
the participant must be educated not to move too 
quickly into the more demanding activities. For 
more on this, see the section “Sequence of Physical 
Activities.”

Warm-Up, Stretch, and  
Cool-Down, Stretch
Prior to beginning the actual exercise session, a vari-
ety of very light exercises and stretches are done to 
improve the transition from rest to the exercise state. 
The emphasis at the onset of an exercise session is 
to gradually increase the level of activity until the 
proper intensity is reached. Stretching exercises to 
increase the range of motion of the joints involved in 
the activity, as well as specific stretches to increase 
the flexibility of the lower back, are included in the 
warm-up. At the end of the activity session, about 
five  minutes of cool-down activities—slow walking 
and stretching exercises—are recommended to gradu-
ally return HR and BP toward normal. This part of the 
exercise session is viewed as important in reducing 
the chance of a hypotensive episode after the exercise 
session (40).

EXERCISE PRESCRIPTION 
FOR CRF
The exercise program includes dynamic, large-muscle 
activities such as walking, jogging, running, swim-
ming, cycling, rowing, and dancing. The CRF train-
ing effect of exercise programs is dependent on the 
proper frequency, duration, and intensity of the 
exercise sessions to generate an appropriate energy 

IN SUMMARY
 ■ In previously sedentary subjects, small changes 
in physical activity result in a large number of 
health benefits with only minimal risk.

 ■ Strenuous exercise increases the risk of a heart 
attack during the activity, but reduces the 
overall (rest + exercise) risk of such an event.

 ■ Moderate-to-high levels of cardiorespiratory 
fitness confers additional health benefits and 
increases one’s ability to engage in recreational 
activities.
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expenditure (exercise volume). Historically, the rel-
ative intensity has been used to structure exercise 
programs to increase CRF. The ACSM recommends 
three to five sessions per week, for 20 to 60 minutes 
per session, at an intensity of about 40% to 89% heart 
rate reserve (HRR) or oxygen uptake reserve (V̇ O2R) 
(3). This relative intensity range accommodates both 
moderate intensity (40% to 59% HRR) and vigorous 
intensity (60% to 89% HRR). The term, % V̇ O2R, is 
being used in place of the traditional % V̇ O2 max, 
but for those of average to high fitness, the terms are 
quite similar (40). The combination of the frequency, 
intensity, and duration should result in a volume of 
500 to 1000 MET-min per week (1, 3). See A Look 
Back—Important People in Science for information on 
someone who had a major impact on exercise testing 
and prescription.

Frequency
The frequency of exercise is higher for moderate-
intensity exercise (≥5 days/wk) than vigorous-inten-
sity exercise (≥3 days/wk) in order to achieve the 

recommended volume of exercise (1, 3, 83). Improve-
ments in CRF increase with the frequency of exercise 
sessions, with two sessions being the minimum, and 
the gains in CRF leveling off after three to four ses-
sions per week (3, 86). Gains in CRF can be achieved 
with a two-day-per-week program, but the intensity 
has to be higher than the three-day-per-week program, 
and participants might not achieve weight-loss goals 
(64). In addition, the high-intensity exercise associ-
ated with a two-day-per-week frequency is inappro-
priate for previously sedentary individuals. If one is 
doing vigorous-intensity exercise, a schedule of three 
to four days per week includes a day off between ses-
sions and reduces the scheduling problems associated 
with planned exercise programs. Figure 16.5 shows 
that higher frequencies are associated with higher 
rates of injuries (63, 65, 66, 84).

Intensity
Intensity describes the overload on the cardiovascu-
lar system that is needed to bring about a training 
effect. It should be no surprise that the intensity 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Michael L. Pollock, Ph.D., Laid the Foundation for Exercise Prescription
Michael L. Pol-
lock received his 
Ph.D. at the Univer-
sity of Illinois under 
the direction of Dr. 
Thomas K. Cureton 
(see Chap. 0’s A Look 
B a c k — I m p o r t a n t 
People in Science). 
In so many ways,  
Dr. Pollock built on 

Dr. Cureton’s commitment to fitness 
but raised it to a much higher level. 
Mike Pollock’s research laid the foun-
dation for much of the quantitative 
aspects of exercise prescription that 
were established in the 1970s and 
are little changed today. When we 
read about the optimal intensity, fre-
quency, and duration of exercise to 
achieve fitness goals and health ben-
efits, we have Dr. Pollock to thank 
for providing the foundation for 
much of that. In 1972, he published 
a chapter, “Quantification of Endur-
ance Training Programs,” in the first 
volume of Exercise and Sports Sciences 
Reviews. This chapter led the way 

for the American College of Sports 
Medicine’s first position stand in 
1978: “Recommended Quantity and 
Quality of Exercise for Developing 
and Maintaining Fitness,” of which 
Dr. Pollock was the lead author. 
His research on the importance of 
strength training was instrumental 
in including resistance training in a 
later revision of that position stand. 
In addition, Mike Pollock’s name is 
attached to one of the most popu-
lar equations for converting the sum 
of skinfolds into percentage of body 
fat. The fact that these equations are 
still used on a daily basis, many years 
after their development, speaks well 
of the quality of his work in so many 
areas.

Dr. Pollock also had a major 
impact on the development, matu-
ration, and recognition of cardio-
pulmonary exercise testing and 
training. His research publications 
and textbooks (Heart Disease and 
Rehabilitation and Exercise in Health 
and Disease) in this area provided 
clear guidance for the delivery of 

safe and effective exercise programs 
in the cardiopulmonary rehabilita-
tion environment (see Suggested 
Readings for a textbook written in 
his honor: Pollock’s Textbook of Car-
diovascular Disease and Rehabilita-
tion). He was a founding member of 
the American Association of Cardio-
vascular and Pulmonary Rehabilita-
tion (AACVPR) and was the founder 
of the Journal of Cardiopulmonary 
Rehabilitation. In addition to these 
valuable contributions, Dr. Pollock 
served as president of the American 
College of Sports Medicine.

Mike Pollock accomplished all 
this work while suffering (quietly) 
from ankylosing spondylitis—a degen-
erative inflammatory disease that 
impairs the mobility of the spinal 
column. He died of a stroke in 1998, 
but his legacy is with us each day we 
do exercise testing, write an exercise 
prescription, and talk about “how 
much exercise is enough?”

Special thanks to Barry Franklin and William 

Haskell for information for this box.

Courtesy of 
American 
College of 
Sports Medicine
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Figure 16.5 Effects of increasing the frequency, duration, and intensity of exercise on the increase in V̇ O2 max in a 
training program. This figure demonstrates the increasing risk of orthopedic problems due to exercise sessions that 
are too long or conducted too many times per week. The probability of cardiac complications increases with exercise 
intensity beyond that recommended for improvements in cardiorespiratory fitness.
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threshold for a CRF training effect is lower for the 
less fit and higher for the more fit. Swain and Frank-
lin (81) found that the threshold for an improvement 
in V̇ O2 max was only 30% of oxygen uptake reserve 
(V̇ O2R) for those with V̇ O2 max values less than 40 
ml · kg−1 · min−1, and only 46% V̇ O2R for those with a 
V̇ O2 max greater than 40 ml · kg−1 · min−1. However, 
in general, they found that higher-intensity exercise 
was better for increasing V̇ O2 max. As mentioned at 
the beginning of this section, the range of exercise 
intensities associated with an increase in V̇ O2 max is 
40% to 89% V̇ O2R, which is similar to 40% to 89% V̇ O2 
max for people of average or better fitness. However, 
for most people, 60% to 80% V̇ O2 max seems to be a 
range sufficient to achieve CRF goals (40). It appears 
that for this information to be useful, the exercise 
leader has to know the energy requirements (V̇ O2) 
of all the fitness activities so that a correct match 
can be made between the activity and the partici-
pant. Fortunately, because of the linear relationship 
between exercise intensity and HR, the exercise 
intensity can be set by using the HR values equiva-
lent to 60% to 80% V̇ O2 max. The range of heart rate 
values associated with the exercise intensity needed 
to have a CRF training effect is called the target 
heart rate (THR) range. How do you determine 
the THR range?

Direct Method Figure 16.6 shows the HR response 
of a 20-year-old subject during a maximal GXT on a 
treadmill. The subject’s V̇ O2 max was 12 METs so 
that 60% and 80% V̇ O2 max is equal to about 7.2 and 
9.6 METs, respectively. A line is drawn from each of 
these work rates up to the HR/V̇ O2 line and over to 
the y-axis, where the HR values equivalent to these 
work rates are obtained. These HR values, 138 to 
164 b · min−1, represent the THR range, the proper 
intensity for a CRF training effect (1, 40).

Indirect Methods The THR range can also be esti-
mated by some simple calculations, knowing that the 
relationship between HR and V̇ O2 is linear. The heart 
rate reserve, or Karvonen, method of calculating a 
THR range has three simple steps (45, 46):

 1. Subtract resting HR from maximal HR to obtain 
HR reserve (HRR).

 2. Take 60% and 80% of the HRR.
 3. Add each HRR value to resting HR to obtain the 

THR range.

For example:

 1. If a subject has a maximal HR of 200 b · min−1 
and a resting HR of 60 b · min–1, then the HRR is 
140 b · min−1 (200 − 60).

 2. 60% × 140 b · min−1 = 84 b · min−1 and  
80% × 140 b · min−1 = 112 b · min−1

Figure 16.6 Target heart rate range determined from 
the results of an exercise stress test. The heart rate  
values measured at work rates equal to 60% and 80% 
V̇ O2 max constitute the THR range.
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 3. 84 b · min−1 + 60 b · min−1 = 144 b · min−1  
112 b · min−1 + 60 b · min−1 = 172 b · min−1  
The THR range is 144 to 172 b · min−1.

This method gives reasonable estimates of the exercise 
intensity because 60% to 80% of the HRR is equal to 
about 60% to 80% V̇ O2 max for those with average or 
high fitness.

The other indirect method of calculating the 
THR range is the percentage of maximal HR method. In 
this method, you simply take 70% and 85% of maximal 
HR to obtain the THR range. In the following example, 
the subject has a maximal HR of 200 b . min−1. The THR 
range for this person is 140 to 170 b · min−1 (70% × 200 
= 140 b · min−1; 85% × 200 = 170 b · min−1). Seventy 
percent of maximal HR is equal to about 55% V̇ O2 max, 
and 85% of maximal HR is equal to about 75% V̇ O2 max, 
both within the intensity range needed for CRF gains, 
but slightly more conservative than the 60% to 80% 
HHR (35–37, 52).

The intensity of exercise can be prescribed 
by the direct method or by either of the indirect 
methods. Both of the indirect methods require 
knowledge of the maximal HR. If the maximal 
HR is measured during a maximal GXT, use it in 
the calculations. However, if you have to use the 
age-adjusted estimate of maximal HR (220 − age), 
remember the potential error with the  standard 
deviation of the estimate equal to ±11 b  . min−1. 
Tanaka, Monahan, and Seals (82) evaluated the 
validity of the classic “220 − age” equation to esti-
mate maximal HR. They carried out an analysis 
of 351 published studies and cross-validated the 
findings with a well-controlled laboratory study. 
They found almost identical results using both 
approaches: HR max = 208 − 0.7 × age. This new 
equation yields maximal heart rate values that are 
6 b · min−1 lower for 20-year-olds and 6 b · min−1 
higher for 60-year-olds. A recent longitudinal study 
confirmed this with their equation being HR max =  
207 − 0.7 × age (24). Although the new formulas 
yield better estimates of HR max on average, the 
investigators emphasize the fact that the estimated 
HR max for a given individual is still associated 
with a standard deviation of ±10 b · min−1.

 ■ When using an exercise heart rate value to 
estimate the % V̇ O2 max or % V̇ O2R at which 
the individual is working, the error is about 
6 6% (i.e., 60% HRR = 60 ± 6% V̇ O2R) for two-
thirds of the population when the measured 
maximal heart rate is known.

 ■ If we use an age-predicted estimate of maximal 
heart rate to set the target heart rate range, 
the error involved in estimating the maximal 
heart rate value (one standard deviation is ± 
10 b · min−1) adds to the error in estimating % 
V̇ O2 max or % V̇ O2R.

Consequently, the estimated THR range is a guide-
line for exercise intensity and is meant to be used 
with other information (e.g., degree of effort, abnor-
mal symptoms or signs) to determine if the exercise 
intensity is reasonable.

In this regard, Borg’s RPE scale can be used as an 
adjunct to HR in prescribing exercise intensity for 
apparently healthy individuals. The RPE range of 12 
to 17 on the original Borg scale covers the range of 
exercise intensities similar to 40% to 89% HRR (1, 3, 
10, 19, 29, 30, 67). The RPE scale is helpful because 
the participant learns to associate the THR range with 
a certain whole-body perception of effort, decreas-
ing the need for frequent pulse rate measurements.  
The RPE scale has been shown to have a high test-
retest reliability (18), and it is closely linked to 
the % V̇ O2 max and lactate threshold, independent 
of the mode of exercise and fitness of the subject  
(38, 74, 77). Remember, the intensity threshold 
needed to achieve CRF goals is lower for the less 
fit, and vice versa. In contrast to using continuous 
exercise at a specified intensity to achieve one’s 
goals, there is heightened interest in the use of  
high-intensity intermittent exercise to achieve the 
same goals in a shorter period of time (see Clinical  
Applications 16.2).

Time (Duration)
The duration or time has to be viewed together with 
intensity, in that the volume of exercise is an impor-
tant variable associated with improvements in CRF 
after the minimal threshold of intensity is achieved 
(3). For those working at lower intensities, a greater 
duration will be needed to achieve the same energy 
expenditure of someone working at a higher inten-
sity. A good example showing the role that duration 
and volume play (at constant exercise intensity) in 
the increase in CRF is a study by Church et al. (20). 
Sedentary, postmenopausal overweight or obese 
women were randomly assigned into either a control 
group or one of three moderate-intensity (~50% V̇ O2 
peak) physical activity groups to achieve an energy 
expenditure of 4, 8, or 12 kcal/kg per week. The 
increase in V̇ O2 peak was 4.2%, 6%, and 8.2% in these 
groups, respectively, indicating a dose-response rela-
tionship with exercise duration (20). This is impor-
tant, given that many sedentary persons can more 
easily accomplish an exercise session of low inten-
sity and long duration than the reverse, and achieve 
the health-related benefits of physical activity with 
minimal risk. Obviously, if participants choose to 
exercise at higher intensities, it would take less time 
to achieve an energy expenditure goal. Figure 16.5 
shows that doing strenuous exercise (75% V̇ O2 max) 
for more than 30 minutes per session increases the 
risk of orthopedic problems.
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To determine if the subject is in the THR 
range during the activity, HR should be checked 

immediately after stopping, taking a 10-second pulse 
count within the first 15 seconds. The pulse can be 
taken at the radial artery or the carotid artery; if the 
latter is used, the participant should use only light 
pressure, since heavy pressure can actually slow the 
HR (40, 67). However, when possible, a “heart watch” 
should be used for greater accuracy.

As mentioned earlier, it is important that seden-
tary individuals start slowly before exercising at the 
recommended intensities specified in the THR range. 
The next section provides some suggestions on how 
to make that transition.

SEQUENCE OF PHYSICAL 
ACTIVITY
The old adage that you should “walk before you run” 
is consistent with the way exercise should be recom-
mended to sedentary persons, be they young or old (83).  

CLINICAL APPLICATIONS 16.2

High-Intensity Interval Training (HIIT)
The physical activity guidelines pre-
sented thus far have focused on con-
tinuous aerobic activity done at either 
a moderate (e.g., 3 to 5.9 METs for 
30 min/day, 5 days per week) or vigor-
ous intensity (≥6 METs, 25 min/day, 
3 days per week). However, a mode of 
training that has been used by a variety 
of endurance athletes for more than 
100 years has grown in popularity in 
fitness programs. That mode is interval 
training, now commonly called high-
intensity interval (intermittent) train-
ing (HIIT). HIIT programs usually begin 
with a warm-up, followed by a series of 
brief bouts of high-intensity exercise, 
with each bout separated by a recov-
ery period of rest or exercise at a lower 
intensity. The “high/low” interval is 
repeated a specified number of times 
(e.g., a series of 3 to 10 intervals), and 
is followed by a recovery period before 
the series is repeated. Consequently, 
the number of variables included in a 
HIIT exercise prescription include at 
least the following (13, 14):

 ■ Type of exercise (e.g., run, cycle)
 ■ Intensity settings and durations 
of both the high and low parts 
of an interval

 ■ Number of intervals done per 
series

 ■ Intensity and duration of recov-
ery between series

Although HIIT programs are 
more complicated to structure than 
the typical physical activity recom-
mendations mentioned above, the 
renewed interest in them has been 
stimulated by research showing that 
these programs result in very large 
physiological changes in a very short 
period of time. For example, after 
only six sessions of four to seven 
“all-out” 30-s Wingate tests with  
4 minutes of recovery between each, 
there were increases in oxidative 
capacity, the capacity for fat oxida-
tion, intramuscular glucose transport-
ers, resting muscle glycogen levels, 
and exercise performance (e.g., time 
to exhaustion at a fixed workload)  
(15, 25, 26, 51).

Because this supra maximal Wing-
ate HIIT protocol was so demanding 
and potentially dangerous for some 
individuals, an alternative HIIT proto-
col was tested. In this protocol subjects 
did ten 60-s work bouts at an inten-
sity that demanded ~90% maximal 

HR, followed by 60s of recovery. 
The results were similar to the more 
strenuous Wingate HIIT protocol (26). 
Interestingly, HIIT protocols like this 
alternative version are perceived as 
being more enjoyable compared to 50 
minutes of continuous exercise at 70% 
V̇ O2 max, even though the RPE was 
higher in the HIIT protocol (9). Sys-
tematic reviews of the research in this 
area continue to support these obser-
vations (53), including the impact of 
HIIT on patients with cardiovascular 
disease (23, 28, 48).

Not all interval training programs 
require one to exercise at near- 
maximal or supra-maximal levels. As 
shown in Table 16.1, the use of a jog/
walk interval is a good way to help 
someone transition from moderate-
intensity to vigorous-intensity physi-
cal activity.

Lastly, we recommend reading the 
classic studies by Åstrand et al. and 
Christensen et al. in Suggested Read-
ings to see the impact that variations 
in the length of the exercise and/or 
rest interval have on HR, V̇ O2, and 
lactate responses, compared to con-
tinuous exercise.

IN SUMMARY
 ■ A sedentary person needs to go through a health 
status screening before participating in exercise.

 ■ Exercise programs for previously sedentary 
persons should start with moderate-intensity 
activities (walking) and focus on increasing fre-
quency and duration to gain additional health 
benefits before intensity is increased.

 ■ The optimal characteristics of a vigorous-inten-
sity exercise program to increase V̇ O2 max are 
intensity = 60% to 80% V̇ O2 max; frequency 
= three to four times per week; duration = 
minutes needed to achieve a volume of 500 to 
1000 MET-min per week.

 ■ The THR range, taken as 60% to 80% HRR, or 
70% to 85% of maximal HR, is a reasonable esti-
mate of the proper exercise intensity.
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After the person demonstrates an ability to do pro-
longed walking without fatigue, then controlled fitness 
exercises conducted at a reasonable intensity (THR) can 
be introduced. After that, and depending on the inter-
est of the participant, a variety of fitness activities that 
are more game-like can be included. This section will 
deal with this sequence of activities that can lead to a 
fit life (40).

Walking
The primary activity to recommend to someone who 
has been sedentary for a long time is walking, or its 
equivalent if orthopedic problems exist. This recom-
mendation is consistent with the introductory mate-
rial on health benefits described in Chap. 14, and it 
deals with the issue of injuries associated with more 
strenuous physical activity. In addition, there is good 
reason to believe that some (many) individuals may use 
walking as their primary or only form of exercise. The 
emphasis at this stage is to simply get people active by 
providing an activity that can be done anywhere, any-
time, and with anyone, young or old. In this way, the 
number of possible interfering factors that can result in 
the discontinuance of the exercise is reduced.

The person should choose comfortable shoes that 
are flexible, offer a wide base of support, and have a 
fitted heel cup. There are a great number of “walking” 
shoes available, but a special pair of shoes is not usu-
ally required. The emphasis is on getting started; if 
walking becomes a “serious” activity or leads to hiking, 
then the investment would be reasonable. If weather 
is not to interfere with the activity, then proper selec-
tion of clothing is necessary. The participant should 
wear light, loose-fitting clothing in warm weather, and 
layers of wool or polypropylene in cold weather. For 
those who cannot bear the extremes in temperature 
and humidity out of doors, various shopping malls pro-
vide a controlled environment with a smooth surface. 
Walkers should choose the areas in which they walk 
with care in order to avoid damaged streets, high traffic 
zones, and poorly lighted areas. Safety is important in 
any health-related exercise program (40, 83). A walk-
ing program is presented in Table 16.1 (40). The steps 
are rather simple in that progression to the next stage 
does not occur unless the individual feels comfort-
able at the current stage. The HR should be recorded 
as described previously, but the emphasis is not on 
achieving the THR. Later on in the walking program, 
if higher walking speeds are used, the THR zone will 
be attained. Remember that walking, in spite of not 
being very strenuous by the THR zone scale, when 
combined with long duration is an effective part of a 
weight-control and CHD risk factor reduction program 
(59, 68, 83). Walking is an activity that many people 
find they can do every day, providing many opportu-
nities to expend calories.

Jogging
Jogging begins when a person moves at a speed and form 
that results in a period of flight between foot strikes; 
this may be 3 or 4 mph, or 6 or 7 mph, depending  
on the fitness of the individual. As described in Chap. 1, 
the net energy cost of jogging/running is about twice 
that of walking at slow to moderate speeds and requires 
a greater cardiovascular response. This is not the only 
reason for the jogging program to follow a walking pro-
gram; there is also more stress on joints and muscles 
due to the impact forces that must be tolerated during 
the push off and landing while jogging (17).

The emphasis at the start of a jogging program is to 
make the transition from the walking program in such a 
way as to minimize the discomfort associated with the 
introduction of any new activity. This is accomplished 
by beginning with a jog-walk-jog program that eases 
the person into jogging by mixing in the lower energy 
cost and trauma associated with walking. The jogging 
speed is set according to the THR, with the aim to stay 
at the low end of the THR zone at the beginning of the 
program. As the participant adapts to jogging, the HR 
response for any jogging speed will decrease, and jog-
ging speed will have to be increased to stay in the THR 
zone. This is the primary marker that a training effect 
is taking place. Table 16.1 also presents a jogging pro-
gram with some simple rules to follow. Special atten-
tion is made to completing the walking program first, 
staying in the THR zone, and not progressing to the 
next level if the participant is not comfortable with the 
current level. Jogging is not for everyone, and for those 
who are obese, or have ankle, knee, or hip problems, it 
might be a good activity to avoid. Two activities that 
reduce such stress are cycling (stationary or outdoor) 
and swimming (40). More on exercise for special popu-
lations will be presented in Chap. 17.

Games and Sports
As a person becomes accustomed to exercising in the 
THR range while jogging, swimming, or cycling, more 
uncontrolled activities can be introduced that require 
higher levels of energy expenditure, but do so in a more 
intermittent fashion. Games (paddleball, racquetball, 
squash), sports (basketball, soccer), and various forms of 
group exercise can keep a person’s interest and make 
it more likely that the person will maintain a physi-
cally active life. These activities should be built on a 
walk-and-jogging base to reduce the chance that the 
participant will make poor adjustments to the activity. 
In addition, by having the habit of walking or jogging 
(swimming or cycling), the participant will still be able 
to maintain his or her habit of physical activity when 
there is no one to play with or lead the class. In contrast 
to jogging, cycling, or swimming, it will be more dif-
ficult to stay in the THR range with these intermittent 
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activities. It is more likely that the HR will move from 
below the threshold value to above the top end of the 
THR from time to time. This is a normal response to 
activities that are intermittent in nature. It must be 
stressed, however, that when playing games, it is impor-
tant that the participants have some degree of skill and 
be reasonably well matched. If one is much better than 
the other, neither will have a good workout (54).

STRENGTH AND 
FLEXIBILITY TRAINING
The focus in this chapter has been on training to 
improve cardiorespiratory fitness. However, both the 
ACSM position stand on fitness (1) and the updates 
on the public health PA guidelines (33, 83) recom-
mend both strength and flexibility exercises as part 
of the complete fitness program. Table 16.2 shows 

that resistance training has a variety of health ben-
efits in addition to increasing or maintaining strength 
(8). Collectively, these health-related findings point 
to the need for resistance training to be a part of a 
regular exercise program. The ACSM recommenda-
tion emphasizes dynamic exercises done on a routine 
basis, but early on there was some debate about how 
much is enough (see Clinical Applications 16.3).

Flexibility usually refers to the ability to move a 
joint through its normal range of motion. Current ACSM 
recommendations for static stretching include (2):

 ■ Stretching to the point of mild discomfort and 
holding for 10 to 30s

 ■ Doing each stretch two to four times

 ■ Doing stretching exercises ≥2 days per week

In addition, dynamic, ballistic, and proprioceptive 
neuromuscular facilitation (PNF) methods are appro-
priate for improving flexibility.

TABLE 16.1 Examples of Walking and Jogging Programs

Walking Program Jogging/ Running Program

Rules Rules

 1. Start at a level that feels comfortable
 2. Stretch before each session
 3. Be aware of aches and pains
 4. Progress one stage when comfortable
 5. Monitor HR, but do not be concerned about being in 

the THR zone
 6. Walk at least five days per week

 1. Complete walking program first.
 2. Walk and stretch before each session
 3. Be aware of aches and pains
 4. Progress one stage when comfortable
 5. Stay at low-end of the THR zone by varying time of 

walk/jog interval or jogging pace
 6. Do program on every-other day basis

Stage Time (min) Comments Stage

1 10 Walk at a comfortable pace 1 Jog ten steps, walk ten steps; repeat five 
times and check HR. Do for 20–30 minutes.

2 15 2 Jog 20 steps, walk ten steps; repeat five times 
and check HR. Do for 20–30 minutes.

3 20 Split into two ten-minute walks 
if needed

3 Jog 30 steps, walk ten steps; repeat five times 
and check HR. Do for 20–30 minutes.

4 25 4 Jog one minute, walk ten steps; repeat five 
times and check HR. Do for 20–30 minutes.

5 30 Do two 15-minute walks if 
preferred

5 Jog two minutes, walk ten steps; repeat five 
times and check HR. Do for 20–30 minutes.

6 35 6 Jog one lap and check HR. Walk briefly and 
complete four to six laps

7 40 Two 20-minute walks will meet 
goal

7 Jog two laps and check HR. Walk briefly and 
complete four to six laps

8 45 8 Jog one mile and check HR. Walk briefly and 
do 1.5 to 2 miles.

9 50 You can do 25 minutes in the 
A.M. and P.M.

9 Jog continuously for 20–40 minutes and 
check HR.

Adapted from Walking and Jogging programs listed on pages 410 and 412 of Howley, E. T., and Thompson, D. L., Fitness Professional’s Hand-
book, 7th ed. Champaign, IL: Human Kinetics, 2017.
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It is beyond the scope of this text to go into 
detail regarding strength and flexibility programs 
aimed at improving or maintaining these fitness com-
ponents. We recommend the works by Faigenbaum 
and McInnis, for muscular strength and endurance, 
and by Liemohn, for flexibility and low-back func-
tion, as good starting points. These can be found in 
Suggested Readings.

ENVIRONMENTAL CONCERNS
It is important that the participant be educated about 
the effects of extreme heat and humidity, altitude, 
and cold on the adaptation to exercise. The THR 
range acts as a guide in that it provides feedback to 
the participant about the interaction of the environ-
ment and the exercise intensity. As the heat and 

humidity increase, there is an increased need to circu-
late additional blood to the skin to dissipate the heat. 
As altitude increases, there is less oxygen bound to 
hemoglobin, and the person must pump more blood 
to the muscles to have the same oxygen delivery. In 
both of these situations, the HR response to a fixed 
exercise bout will be higher. To counter this ten-
dency and stay in the THR range, the subject should 
decrease the work rate. Exercise in most cold environ-
ments can be refreshing and safe if a person plans in 
advance and dresses accordingly. However, there are 
some temperature/wind combinations that should be 
avoided because of the inability to adapt to them. 
As mentioned previously, some people simply plan 
exercise indoors (shopping malls, health spas, home 
exercise) during those occasions so that their routine 
is not interrupted. These environmental factors will 
be considered in more detail in Chap. 24.

IN SUMMARY
 ■ A logical progression of physical activities is 
from walking to jogging to games. The progres-
sion addresses issues of intensity, as well as the 
risk of injury. For many, walking may be their 
only aerobic activity.

 ■ Strength and flexibility activities should be 
included as a regular part of an exercise program.

IN SUMMARY
 ■ The THR acts as a guide to adjust exercise 
intensity in adverse environments such as high 
temperature and humidity or altitude.

 ■ A decrease in exercise intensity will counter 
the effects of high environmental temperature 
and humidity to allow one to stay in the target 
HR zone.

TABLE 16.2 Comparison of Effects of Aerobic Exercise with Resistance Exercise on Health  
and Fitness Variablesa

Variable Aerobic Exercise Resistance Exercise

Total body fat ↓↓ ↓
Intra-abdominal fat ↓↓ ↓↔
Lean body mass ↔ ↑↑
Body weight ↓ ↔
Resting metabolic rate ↑ ↑↑
Muscular strength ↔ ↑↑↑
Muscular mass ↔ ↑↑
Muscular power ↔ ↑
Capillary density ↑ ↔
Mitochondrial volume ↑↑ ↓↔
Mitochondrial density ↑↑ ↓↔
Basal insulin levels ↓ ↓
Insulin sensitivity ↑↑ ↑↑
Insulin response to glucose challenge ↓↓ ↓↓
Resting heart rate ↓↓ ↔
SBP at rest ↓↓ ↓
DBP at rest ↓↓ ↓
Peak V̇ O2 ↑↑↑ ↑↔
Submaximal and maximal endurance time ↑↑↑ ↑↑
Submaximal exercise rate-pressure product ↓↓↓ ↓↓

Abbreviations: DBP, diastolic blood pressure; SBP, systolic blood pressure.
a↑ Indicates increased; ↓, decreased; ↔, negligible effect; 1 arrow, small effect; 2 arrows, moderate effect; 3 arrows, large effect.
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STUDY ACTIVITIES
 1. What are the practical implications of classifying physi-

cal inactivity as a primary risk factor?
 2. From a public health standpoint, why is there so much 

attention paid to increasing a sedentary person’s physi-
cal activity by a small amount rather than recommend-
ing strenuous exercise?

 3. What is the risk of cardiac arrest for someone who par-
ticipates in a regular physical activity program?

 4. What is the difference between “exercise” and “physi-
cal activity”?

 5. List the optimal frequency, intensity, and duration of 
exercise needed to achieve an increase in cardiorespira-
tory function.

 6. For a person with a maximal heart rate of 180 b · min–1 
and a resting heart rate of 70 b · min–1, calculate a target 

CLINICAL APPLICATIONS 16.3

Strength Training: Single Versus Multiple Sets
It wasn’t until 1998 that the ACSM 
recommended resistance training as 
part of a well-rounded fitness program. 
The goals were to increase or maintain 
muscular strength and endurance, the 
fat-free mass, and bone mineral density 
(1). To accomplish this, the ACSM rec-
ommended:

 ■ A minimum of one set of eight 
to ten exercises that conditions 
the major muscle groups

 ■ Eight to twelve reps per set 
(10 to 15 for older individuals)

 ■ Two or more nonconsecutive 
sessions per week

Although the position stand acknowl-
edges that “multiple-set regimes may 
provide greater benefits,” the review 
of literature supported the use of one 
set to achieve the health-related and 
fitness goals.

Not all agreed with that interpre-
tation of the literature. The debate 
about one set versus multiple sets 
was raised to a higher level when the 
ACSM published a second position 
stand in 2002 with a focus on pro-
gression models of resistance training 
for improving strength (5). This posi-
tion stand recommended a variety of 
approaches to achieve strength goals, 
including using multiple sets. Since 
the appearance of that position stand, 
a number of systematic analyses of the 
research literature dealing with the 
issue of single set versus multiple sets 
have been published (22, 72, 75, 87).

These review articles, as well as 
other studies (41, 76), indicate rather 
convincingly that multiple sets are 

better than one set at increasing 
strength. However, “when maximal 
strength gain is not the principal goal 
of the training program, a single-set 
protocol may be sufficient to signifi-
cantly improve upper- and lower-
body strength as well as being time 
efficient” (22). This would appear 
to support both the “one-set” rec-
ommendation for improving and 
maintaining muscular fitness in the 
average individual as well as the 
“multiple-set” recommendation for 
those interested in achieving higher 
strength goals.

The issue of dose-response was 
discussed earlier in this chapter rela-
tive to health-related outcomes and 
increases in V̇ O2 max. For strength 
and conditioning programs, it became 
clear that what was required for maxi-
mal gains in strength in untrained sub-
jects was less than that required for 
trained subejcts and athletes (62, 73):

 ■ For untrained subjects: do four 
sets at 60% 1-RM, three days a 
week (73).

 ■ For trained subjects: do four 
sets at 80% 1-RM, two days a 
week (73).

 ■ For athletes: do eight sets 
at 85% 1-RM, two days a 
week (62).

This growing body of research 
prompted the American College of 
Sports Medicine to update its 2002 
position stand on progression mod-
els in resistance training for healthy 
adults (4). What follows is a brief sum-
mary of the position stand for gains 

in strength. Additional guidelines 
are provided in  the position stand 
for gains in hypertrophy, power, and 
local muscular endurance.

 ■ For novice (untrained individu-
als): loads should correspond to 
60% to 70% of 1-RM for 8 to 12 
repetitions; do one to three sets 
at slow and moderate veloci-
ties of contraction, with at least 
two- to three-minute rest be-
tween sets; train two to three 
days per week.

 ■ For intermediate (~six months 
training) individuals: loads 
should correspond to 60% to 
70% of 1-RM for 8 to 12 repeti-
tions; use multiple sets with 
variations in volume and inten-
sity over time; do at moderate 
velocities of contraction with 
three- to five-minute rest be-
tween sets; train three to four 
days a week.

 ■ For advanced (years of training) 
individuals: loads should corre-
spond to 80% to 100% of 1-RM; 
do multiple sets with variations 
in volume and intensity over 
time, using variable velocities 
of contraction (relative to in-
tensity), with at least two- to 
three-minute rest between  
sets; train four to six days 
a week.

These guidelines were incorporated 
in both the ACSM 2011 position 
stand on fitness (2) and in the 2014 
edition of Guidelines for Exercise Testing 
and Prescription (3).
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heart rate range by the Karvonen method and the per-
cent of maximal HR method.

 7. Recommend an appropriate progression of activities for 
a sedentary person wanting to become fit.

 8. Why is it important to monitor heart rate frequently 
during exercise in heat, in humidity, and at altitude?

 9. How does resistance training compare with aerobic 
training in reducing risk of disease?

 10. What is the recommended resistance-training program 
for untrained adults?
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 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

 1. Describe the difference between type 1 and 
type 2 diabetes.

 2. Explain why exercise may complicate the  
life of a person with type 1 diabetes,  
while being a recommended and primary 
part of a program for someone with type 2 
diabetes.

 3. Describe the changes in diet and insulin 
that might be made prior to a person with 
diabetes doing exercise.

 4. Describe the cause of exercise-induced 
asthma, and how one may deal with this 
problem as part of an exercise prescription.

 5. Contrast chronic obstructive pulmonary 
disease (COPD) with asthma in terms of 

causes, prognosis, and the role of rehabilitation 
programs in a return to “normal” function.

 6. Identify the types of patient populations 
that one might see in a cardiac rehabilitation 
program.

 7. Contrast Phase I with Phase II and Phase III 
cardiac rehabilitation programs.

 8. Describe the physiological changes in older 
adults that result from an endurance-training 
program.

 9. Outline the physical activity recommendations 
for older adults who cannot do the regular 
adult program.

10. Describe the guidelines for exercise programs 
for pregnant women.

Exercise for Special 
Populations

17
© Tim Mantoani/Masterfile
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Chapter 16 presented some recommendations for 
planning an appropriate exercise program for the 

apparently healthy individual. Exercise has also been 
used as a primary nonpharmacological intervention 
for a variety of problems, such as obesity and mild 
hypertension, and as a normal part of therapy for the 
treatment of diabetes and coronary heart disease. This 
chapter discusses the special concerns that must be 
addressed when exercise is used for populations with 
specific diseases, disabilities, or limitations. However, 
the student of exercise science should recognize that 
this information is introductory in nature. See ACSM's 
Exercise Management for Persons with Chronic Diseases 
and Disabilities in Suggested Readings for a compre-
hensive look at this topic.

DIABETES
Diabetes is a disease characterized by hyperglycemia 
(elevated blood glucose) resulting from inadequate 
insulin secretion (type 1), reduced insulin action 
(type 2), or both (8). Diabetes is a major health prob-
lem and leading cause of death in the United States, 
representing a total (direct and indirect) annual cost 
of $245 billion in 2012. Of the more than 29.1 mil-
lion individuals with diabetes, only 21.0 million are 
diagnosed. Further, the number with prediabetes 
(see later) is a staggering 86 million (www.cdc.gov/
diabetes/data/statistics/2014StatisticsReport.
html). Diabetes is diagnosed on the basis of plasma 
glucose (PG) criteria, either based on a fasting plasma 
glucose (PG ≥126 mg · dl-1 [7.0 mmol · L-1]) or a two-
hour plasma glucose value after a 75-g oral glucose 
tolerance test (PG ≥200 mg · dl-1) or  glycosylated 
hemoglobin (HbA1C) criteria (A1C ≥6.5%) (8). Those 
with diabetes are divided into two distinct groups on 

the basis of whether the diabetes is caused by lack 
of insulin (type 1) or a resistance to insulin (type 2). 
Type 1, insulin-dependent diabetes, develops primar-
ily in young persons and is associated with viral (flu-
like) infections. The warning signs, which develop 
quickly, consist of (25):

 ■ Frequent urination/unusual thirst

 ■ Extreme hunger

 ■ Rapid weight loss, weakness, and fatigue

 ■ Irritability, nausea, and vomiting

Because those with type 1 diabetes do not produce 
insulin, they are dependent on exogenous (injected) 
insulin to maintain the blood glucose concentration 
within normal limits. Type 2, noninsulin-dependent, 
diabetes typically develops more slowly and later 
in life than does type 1 diabetes; however, some 
overweight children are diagnosed with this disease. 
Type 2 diabetes represents about 90% to 95% of all 
diabetes cases (8), and it is linked to upper-body or 
android obesity and physical inactivity. The increased 
mass of fat tissue increases the production of pro- 
inflammatory cytokines like TNF-α and  decreases the 
production of anti-inflammatory hormones like adi-
ponectin (see Chaps. 5 and 14). These changes result 
in a resistance to insulin, which is usually available in 
adequate amounts within the body. However, some 
individuals with type 2 diabetes may require inject-
able insulin or an oral medication that stimulates 
the pancreas to produce additional insulin. Not sur-
prisingly, the treatment of type 2 diabetes includes 
diet (9) and exercise (7, 11) to reduce body weight 
and to help control plasma glucose. Table 17.1 sum-
marizes the differences  between type 1 and type 2  
diabetes (49).

TABLE 17.1 Comparison of Type 1 and Type 2 Diabetes Mellitus

Feature Type 1 Type 2

Usual age at onset Under 20 years Over 40 years
Development of symptoms Rapid Slow
Percentage of diabetic population About 5% About 95%
Development of ketoacidosis Common Rare
Association with obesity Rare Common
Beta cells of islets (at onset of disease) Destroyed Not destroyed
Insulin secretion Decreased Normal or increased
Autoantibodies to islet cells Present Absent
Associated with particular MHC antigens* Yes Unclear
Treatment Insulin injections Diet and exercise; oral stimulators of insulin sensitivity

*MHC refers to the major histocompatibility complex on chromosome 6 that is linked to transplant rejection and to autoimmune diseases in which 
the immune system attacks the host’s tissues—in this case the islets of Langerhans that produce insulin.
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Exercise and Diabetes
In Chaps. 4 and 5, we described how exercise increases 
the rate at which muscle removes glucose from the 
blood to provide energy for contraction. This effect 
makes exercise a useful part of the treatment of dia-
betes because it helps regulate the blood glucose con-
centration. However, this beneficial effect of exercise 
is dependent on whether the individual with diabe-
tes is in reasonable “control” before exercise begins. 
Control means that the blood glucose concentration 
is close to normal. Figure 17.1 shows the effect of a 
prolonged exercise bout on individuals with diabe-
tes who were in control versus those who had not 
taken an adequate amount of insulin. A lack of insulin 
causes ketosis, a metabolic acidosis resulting from 

the accumulation of too many ketone bodies (due to 
excessive fat metabolism). An individual with type 
1 diabetes who is in control shows a decrease in 
plasma glucose toward normal values during exer-
cise, suggesting better control. On the other hand, 
those with type 1 diabetes who do not inject an 
adequate amount of insulin before exercise show 
an increase in the plasma glucose concentration  
(7, 10). Why the difference in response? Those in 
control have sufficient insulin such that glucose can 
be taken up into muscle during exercise and can 
counter the normal increase in glucose release from 
the liver due to the action of catecholamines and 
glucagon (see Chap. 5). In contrast, those with inad-
equate insulin experience only a small increase in 
glucose utilization by muscle but have the normal 
increase in glucose release from the liver. This, of 
course, causes an elevation of the plasma glucose, 
resulting in hyperglycemia.

Figure 17.2 summarizes these effects and adds 
one more (63). If an individual with insulin-dependent  
diabetes starts exercise with too much insulin, the 
rate at which plasma glucose is used by muscle is 
accelerated, while glucose release from the liver is 
decreased. This causes a dangerous hypoglycemic 
response. This information is crucial to understand-
ing how to prescribe exercise for those with diabetes. 
Because the importance of exercise as part of a treat-
ment plan is different for type 1 and type 2 diabetes, 
we will discuss each type separately.

Type 1 Diabetes For many years, exercise was one 
part of the treatment for type 1 diabetes, with insulin 
and diet being the other two (64). However, as men-
tioned earlier, if an individual with diabetes is not 

IN SUMMARY
 ■ Type 1, or insulin-dependent, diabetes develops 
early in life and represents 5% of those with 
diabetes.

 ■ Type 2, or insulin-resistant, diabetes occurs 
later in life and is associated with upper-body 
or android obesity and physical inactivity.  
Diet and exercise are important parts of the 
treatment program for type 2 diabetes to 
achieve weight loss and improved insulin 
sensitivity.

Figure 17.1 Effect of prolonged exercise on blood glucose 
and ketone body levels in normal subjects, those with 
diabetes in “control,” and those with diabetes taking an 
inadequate amount of insulin (ketosis). 
Berger, M., et al., “Metabolic and Hormonal Effects of Muscular 
Exercise in Juvenile Type Diabetics,” Diabetologia 13: 355–365.  
New York: Springer-Verlag, 1977.
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in control prior to exercise, the ability to maintain 
a reasonable plasma glucose concentration may be 
compromised. Further, exercise programs, by them-
selves, have not been shown to improve control of 
blood glucose (9). The greatest concern is not the 
hyperglycemia and ketosis that can lead to diabetic 
coma when too little insulin is present; rather, it is 
the possibility of hypoglycemia, which can lead to 
insulin shock. Richter and Galbo (92) and Kemmer 
and Berger (64) point out the difficulties those with  
type 1 diabetes have starting an exercise program: 
They must maintain a regular exercise schedule in 
terms of intensity, frequency, and duration, as well 
as altering diet and insulin. Such regimentation is 
difficult for some to follow, and given the variability 
in how blood glucose might respond to exercise on a 
day-to-day basis, the use of exercise as a primary tool 
in maintaining metabolic control has been dimin-
ished (9). Because metabolic control can be achieved 
by altering insulin and diet based on self-monitored 
blood glucose, exercise complicates this picture  
(64, 94). However, considering the importance of 
physical activity in an individual’s life, and the effect 
of regular activity on coronary heart disease (CHD) 
risk factors, those with type 1 diabetes should not be 
discouraged from participation in regular exercise—if 
there are no complications (9).  What kind of clear-
ance is needed?

As described in Chap. 15, the need for medi-
cal clearance is based on the individual's current 
pattern of physical activity; the presence of signs, 
symptoms, or known cardiovascular, metabolic, or 
renal diseases; and the desired intensity of the exer-
cise training program. Those diagnosed with diabe-
tes who are currently doing a moderate-intensity 
(40% to <60% HRR) physical activity program for 
30 minutes on at least three days a week can con-
tinue with that program without medical clearance. 
That said, medical clearance is needed if these indi-
viduals want to do vigorous-intensity (≥60% HRR) 
exercise. However, for individuals with diabetes 
who are inactive, medical clearance is recommended 
independent of the desired intensity of the exercise 
program.

These recommendations are based on the ele-
vated risk individuals with diabetes have and the 
observation that strenuous exercise may accelerate 
or worsen retina, kidney, or peripheral nerve damage 
that is already present. The concern for the retina is 
related to the higher blood pressures developed dur-
ing exercise, whereas the concern for the kidney is 
related to the decrease in blood flow to that organ 
with increasing intensities of exercise. The peripheral 
nerve damage may block signals coming from the foot 
such that serious damage may occur before it is per-
ceived. Proper shoes for exercise, as well as the choice 
of the activity, are important (10, 35, 70).

The primary concern to address when exercise is 
prescribed for individuals with type 1 diabetes is the 
avoidance of hypoglycemia. This is achieved through 
careful self-monitoring of the blood glucose concen-
tration before, during, and after exercise, and varying 
carbohydrate intake and insulin, depending on the 
exercise intensity and duration, and the fitness of the 
individual (10):

 ■ Metabolic control before physical activity
 ● Avoid physical activity if fasting glucose 

levels are >250 mg/dl and ketosis is 
present. Use caution if glucose levels are 
<300 mg/dl without ketosis.

 ● Ingest added carbohydrate if glucose levels 
are <100 mg/dl.

 ■ Blood glucose monitoring before and after 
physical activity

 ● Identify when changes in insulin or food 
intake are needed.

 ● Learn how blood glucose responds to 
different types of physical activity.

 ■ Food intake
 ● Consume added carbohydrate as needed to 

prevent hypoglycemia.
 ● Carbohydrate-based foods should be  

readily available during and after physical 
activity.

Variability exists in how those with type 1 dia-
betes respond to exercise and hypoglycemia (21). 
Consequently, frequent and consistent monitoring of 
blood glucose and fine-tuning of the insulin dose and 
carbohydrate intake are essential for long-term suc-
cess in preventing hypoglycemia.

The exercise prescription for those with type 1 
diabetes must also consider other problems associated 
with this disease: autonomic neuropathy, peripheral 
neuropathy, retinopathy, and nephropathy. Individu-
als with autonomic nervous system dysfunction may 
have abnormal heart rate and blood pressure responses 
to exercise. Those with peripheral nerve damage may 
experience pain, impaired balance, weakness, and 
decreased proprioception. Damage to the retina is 
common with diabetes and is aggravated by increased 
blood pressure or any jarring action directed at the 
head. Finally, kidney damage is also a common experi-
ence for those with type 1 diabetes. This can lead to 
altered blood pressure responses that can affect the ret-
ina (10, 70, 110). It should be no surprise that the exer-
cise prescription for those with diabetes must address 
these problems if they are present. Recommendations 
from the American College of Sports Medicine include 
the following (5, 7, 35):

Aerobic exercise training:

 ■ Exercise three to seven days per week
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 ■ Work at 40% to 85% heart rate reserve or 12 
to 16 on the 6 to 20 RPE scale

 ■ Do 20 to 60 minutes per session to 
accumulate at least 150 minutes of moderate-
intensity or 75 minutes of vigorous-intensity 
physical activity per week

 ■ Use nonweight-bearing, low-impact activities 
(bicycle or stationary cycle, swimming, water 
exercise), if weight-bearing activities are 
contraindicated 

Resistance exercise training:

 ■ Exercise two to three days per week

 ■ Work at 60% to 80% 1-RM; ∼11 to 15 on 6 to 
20 RPE scale

 ■ Do one to three sets of 8 to 12 repetitions  
(10 to 15 to start) for major muscle groups, 
avoiding the Valsalva maneuver.

Other:

 ■ Follow a progression schedule for both 
aerobic and resistance training programs.

 ■ Drink more fluid and carry a readily 
available form of carbohydrate and adequate 
identification.

 ■ Exercise with someone who can help in an 
emergency.

In conclusion, although exercise may not have a ma-
jor impact on long-term measures of blood glucose 
control (i.e., glycosylated hemoglobin [HbA1C]) in 
those with type 1 diabetes (65), the fact that those 
who stay physically active have fewer complications 
is reason enough to pursue the active life.

Type 2 Diabetes As mentioned earlier, type 2 diabe-
tes occurs later in life, and people with this condition 
have a variety of risk factors in addition to their dia-
betes: hypertension, high cholesterol, obesity, and in-
activity (see Chap. 14). Given the rate at which type 2 
diabetes is increasing, more attention is being paid to 
identifying persons early in the disease process to de-
lay or prevent the problem (see Research Focus 17.1). 
There is convincing evidence that type 2 diabetes is 
linked to a lack of physical activity, independent of 
obesity (7). In addition, current research supports the 
benefits of exercise training in the prevention and 
treatment of insulin resistance and type 2 diabetes  
(5, 7, 11). In contrast to an individual with type 1 dia-
betes whose life may be more complicated (in terms 
of blood glucose control) at the start of an exercise 
program, exercise is a primary recommendation for 
those with type 2 diabetes, both to help deal with 
the obesity that is usually present and to help control 
blood glucose. The combination of exercise and diet 
may be sufficient and eliminate the need for insulin 
or the oral medication used to stimulate insulin se-
cretion (7, 11). Because those with type 2 diabetes 
represent more than 90% of all those with diabetes, 
and because type 2 diabetes occurs later in life  (after 
40 years of age), it is not uncommon to see such 
individuals in adult fitness programs. It is important 
for clear communication to exist between the partici-
pant and the exercise leader to reduce the chance of 
a “surprise” hypoglycemic response.

Individuals with type 2 diabetes do not experience 
the same fluctuations in blood glucose during exercise 
as do those with type 1 diabetes; however, those tak-
ing oral medication to stimulate insulin secretion may 
have to decrease their dosage to maintain a normal 
blood glucose concentration during exercise (7). The 
exercise prescription for those with type 2 diabetes is 
similar to what was just presented for type 1 diabetes 
(5, 35), including the resistance training, which, when 
combined with aerobic training, results in benefits 
greater than either type alone (31). Exercise volume 
appears to be the most important variable in achieving 
blood glucose control as measured by HbA1C (108). 
However, given that many individuals with type 2 
diabetes are also overweight or obese (7):

 ■ The focus should be on moderate-intensity 
physical activity (e.g., brisk walking) in which 
individuals can begin with ten-minute bouts, 
with the goal of at least 150 minutes per 
week. More is gained by walking for longer 
periods.

 ■ The frequency of aerobic activity should 
be as high as four to seven times per week 
to promote a sustained increase in insulin 
sensitivity in muscle and to facilitate weight 
loss and weight maintenance.

IN SUMMARY
 ■ A sedentary individual with type 1 diabetes has 
to juggle diet and insulin to achieve control of 
the blood glucose concentration. An exercise 
program may complicate matters, and there-
fore exercise is not viewed as a primary means 
of achieving “control.” In spite of this, those 
with diabetes are encouraged to participate in 
a  regular exercise program to experience its 
health-related benefits.

 ■ Those with diabetes may have to increase 
 carbohydrate intake and/or decrease the 
amount of insulin prior to activity to maintain 
the glucose concentration close to normal 
 during the exercise. The extent of these altera-
tions is dependent on a number of factors, 
including the intensity and duration of the 
physical activity, the blood glucose concentra-
tion prior to the exercise, and the physical 
 fitness of the individual.
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As with all exercise programs for deconditioned 
individuals, it is more important to do too little than 
too much at the start of a program. By starting with 
moderate activity and gradually increasing the duration, 
exercise can be done each day. This will provide an 
opportunity to learn how to maintain adequate control 
of blood glucose while minimizing the chance of a hypo-
glycemic response. In addition, a “habit” of exercise will 
develop that is crucial if one is to realize the benefits, 
because the exercise-induced increase in insulin sensi-
tivity does not last long (7). Further, the combination 
of intensity, frequency, and duration mentioned previ-
ously has been shown to directly benefit those with bor-
derline hypertension, a condition often associated with 
type 2 diabetes. Consistent with the recommendations 
for type 1 diabetes, clear identification and a readily 
available source of carbohydrate should be carried along 
in any exercise session. In addition, it would be much 
safer for an individual with diabetes to exercise with 
someone who could help out if a problem occurred.

Exercise is only one part of the treatment; diet 
is the other. The American Diabetes Association (9) 
states that there are four goals related to nutrition 
therapy for all people with diabetes:

 ■ To achieve and maintain
 ● Blood glucose levels in the normal range or 

as close to normal as is safely possible
 ● A lipid and lipoprotein profile that reduces 

the risk for vascular disease

 ● Blood pressure levels in the normal  
range or as close to normal as is safely 
possible 

 ■ To prevent, or at least slow, the rate of 
development of the chronic complications 
of diabetes by modifying nutrient intake and 
lifestyle

 ■ To address individual nutrition needs, taking 
into account personal and cultural preferences 
and willingness to change

 ■ To maintain the pleasure of eating by 
limiting food choices only when indicated by 
scientific evidence

The emphasis in achieving optimal nutrition is 
through a high-carbohydrate diet (with little pro-
cessed sugars) to achieve nutrient goals for protein, 
vitamins, and minerals. The low-fat diet has been 
shown to be useful in achieving weight-loss and 
blood lipid goals as well as blood glucose control 
(9). Those with type 2 diabetes secure a variety of 
benefits from proper exercise and dietary practices: 
lower body fat and weight (see Chap. 18), increased 
high-density-lipoprotein (HDL) cholesterol, increased 
sensitivity to insulin (decreasing the need), improved 
capacity for work, and an improved self-concept (7). 
These changes should not only improve the prognosis 
as far as control of blood glucose is concerned, but 
also reduce the overall risk of CHD.

RESEARCH FOCUS 17.1

Prevention or Delay of Type 2 Diabetes
Over the past decade, there has been 
an increase in the prevalence of 
type 2 diabetes that is linked to the 
increased prevalence of obesity. A 
great deal of research has been under 
way to try to understand how to pre-
vent or slow down the development 
of type 2 diabetes. One of the first 
things is earlier identification of peo-
ple at risk of type 2 diabetes with the 
use of the fasting blood glucose and 
the oral glucose tolerance test (per-
son drinks 75 g of glucose and blood 
samples are taken at 30 minutes and 
one, two, and three hours to track 
how fast glucose is taken up into tis-
sues). These tests are used to identify 
those with (8):

 ■ Impaired fasting glucose (IFG): 
if fasting blood glucose values 

are ≥100 mg/dl (5.6 mmol/l) 
but <126 mg/dl (7.0 mmol/l).

 ■ Impaired glucose tolerance 
(IGT): Two-hour value in an 
oral glucose tolerance test is 
≥140 mg/dl (7.8 mmol/l) but 
<200 mg/dl (11.1 mmol/l).

Those with IFG or IGT are said 
to be “prediabetic” (8). As men-
tioned earlier, approximately 86 
million Americans age 20 or older 
are classified as being prediabetic 
(www.cdc.gov/diabetes/data/
statistics/2014StatisticsReport 
.html). Studies have shown that both 
drugs and lifestyle modifications can 
slow down or prevent the develop-
ment of type 2 diabetes. However, 
lifestyle changes—increasing physical 
activity by 150  minutes per week 

and losing 5% to 10% of body weight—
seem to be a better approach than 
using drugs. In a now-classic study, 
lifestyle modifications reduced the 
risk of type 2 diabetes by 58%, bet-
ter than metformin, one of the best 
drugs available (68). A recent review 
of all of the clinical trials in this area 
confirmed the findings that nonphar-
macological therapy is a crucial part 
of the prevention process (107). In 
addition to dealing with the predia-
betes problems, the loss of weight 
and increased physical activity re-
duce the risk of several cardiovascu-
lar risk factors (10). This “good news” 
must be balanced by the reality that 
we need better and cheaper ways to 
change the eating and physical activ-
ity behaviors of the average person.
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ASTHMA
Asthma is a respiratory problem characterized by a 
chronic inflammation of the airways and a reversible 
airway obstruction. An asthma attack is associated 
with a shortness of breath accompanied by a wheez-
ing sound. It is due to a contraction of the smooth 
muscle around the airways, a swelling of the mucosal 
cells, and a hypersecretion of mucus. Asthma can be 
caused by an allergic reaction, exercise, aspirin, dust, 
pollutants, and emotion (85).

Asthma is a common disease in the United States. 
In 2014, it was estimated that 17.7 million Ameri-
cans have asthma, including 6.3 million children. A 
total of 1.8 million emergency room visits and 3,630 
deaths were attributed to asthma. Estimated direct 
and indirect costs were more than $50 billion (www 
.cdc.gov/nchs/fastats/asthma.htm).

Diagnosis and Causes
The diagnosis of asthma is made using pulmonary-
function testing. If an obstruction to airflow (e.g., 
low  maximal expiratory flow rate) is corrected by 
administration of a bronchodilator, then asthma is sus-
pected. An asthma attack is the result of an orderly 
sequence of events that can be initiated by a variety 
of factors such as dust, chemicals, or exercise. These 
events are important if we are to understand how cer-
tain medications prevent or relieve the asthma attack.

In acquired immunity (see Chap. 6), an antigen (or 
allergen) stimulates the B-cells to produce antibod-
ies (immunoglobulins [Ig]) to protect against a subse-
quent exposure to that allergen. However, in those 
who are genetically predisposed to have allergies, the 
B-cells produce IgE antibodies rather than IgG anti-
bodies, which attach to the surface of mast cells lining 
the bronchial tubes. Upon re-exposure, the allergen 
binds to these IgE antibodies on the mast cell, and 
large amounts of various inflammatory mediators are 

released from the mast cell. These mediators include 
histamine, prostaglandins, and leukotrienes, and cause 
the following early-phase reactions (see Fig. 17.3):

 ■ Increased secretion of mucus

 ■ Increased blood flow

 ■ Swelling of the epithelial lining

 ■ Contraction of smooth muscle surrounding 
the airway

These early-phase reactions may lead to late-phase re-
actions involving release of additional mediators from 
eosinophils that prolong the inflammation process 
(49, 114). In short, these events cause an immediate, 
and possibly sustained, reduction in one’s ability to 
breathe.

Prevention/Relief of Asthma
A variety of steps can be taken to prevent the occur-
rence of an asthma attack and to provide relief should 
one occur. If a person is sensitive (allergic) to something, 
then simple avoidance of the allergen will prevent the 
problem. If a person cannot avoid contact with the aller-
gen, immunotherapy may be helpful in making the 
person less sensitive to the allergen while being treated.

Drugs have been developed to deal with the mast 
cell, which is a focal point in the asthmatic response, 
as well as the bronchiolar smooth muscle that causes 
the decrease in airway diameter. Cromolyn sodium 
inhibits the chemical mediator release from the 
mast cell. Beta-receptor agonists (β2-agonists) 
also decrease chemical mediator release and cause 
the relaxation of bronchiolar smooth muscle. These 
effects are brought about through increased adenylate 
cyclase activity leading to an elevation of cytoplasmic 
cyclic AMP (see Chap. 5). However, daily use of β2-
agonists should be avoided because a desensitization 
of the β2 receptor on the mast cells may occur (less 
of a response for the same level of drug). A physician 
can change the medication to achieve better control 
(12, 91). Corticosteroids and leukotriene antagonists 
are used to reduce the inflammation response, which 
is central to dealing with the long-term management 
of asthma (33, 78, 85, 91). Treatment with cortico-
steroids has been shown to increase arterial blood 
oxygenation and time to exhaustion from 9.9 minutes 
to 14.8 minutes in a treadmill test done at 90% of V̇ O2 
max (56). The net result of the medications is that 
both the inflammation response and the constriction 
of bronchiolar smooth muscle are blocked.

Exercise-Induced Asthma
A form of asthma that may be of particular interest 
to the reader is exercise-induced asthma (EIA). The 
asthma attack is caused by exercise and can occur 

IN SUMMARY
 ■ Those with type 2 diabetes have a variety of 
risk factors in addition to their diabetes, includ-
ing hypertension, high cholesterol, obesity, and 
inactivity.

 ■ An exercise prescription emphasizing low-
intensity, long-duration activity that is done 
almost every day will maximize the benefits 
related to insulin sensitivity and weight loss.

 ■ The dietary recommendation is for a low-fat 
diet, similar to what is recommended for all 
Americans for good health, with the additional 
goals of achieving normal serum glucose and 
lipid levels.
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Figure 17.3 Proposed mechanism by which 
an asthma attack is initiated.Antigen
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5 to 15 minutes (early phase) or 4 to 6 hours (late 
phase) after exercise. The prevalence of EIA varies 
from 7% to 20% in the general population, to 30% to 
70% in elite winter athletes and elite athletes in sum-
mer endurance sports, and 70% to 90% in individuals 
with persistent asthma (91, 113). What is interesting 
is that 61% of the 1984 U.S. Olympic team members 
with EIA won an Olympic medal (111). Furthermore, 
if one compares 1988 Olympic athletes who experi-
enced EIA with the athletes who did not, one finds 
no difference in the percentage who won medals (78). 
Similar success was noted through the 2008 Olympics 
(91). Clearly, if anyone wondered whether EIA can be 
controlled, those results should dispel any doubts.

Many causes of EIA have been identified over the 
past 100 years. These include cold air, hypocapnia 
(low PCO2), respiratory alkalosis, and specific intensi-
ties and durations of exercise. The focus of attention 
is now on the cooling and drying of the respiratory 
tract that occurs when large volumes of dry air are 
breathed during the exercise session (1, 27). Respira-
tory heat loss is related primarily to the rate of venti-
lation, with the humidity and the temperature of the 
inspired air being of secondary and tertiary impor-
tance. As you remember from Chap. 10, when dry air 
is taken into the lungs, it is moistened and warmed 

as it moves throught the respiratory airways. In this 
way, moisture is evaporated from the surface of the 
airways, which is therefore cooled.

The proposed mechanism for how EIA is initiated 
takes us back to the mast cell mentioned earlier. When 
dry air removes water from the surface of the mast 
cell, an increase in osmolarity occurs. This increase in 
osmolarity triggers the release of chemical mediators 
and the narrowing of the airways (78, 85, 91).

The probability of an exercise-induced broncho-
spasm is related to the type of exercise, the time since 
the previous bout of exercise, the interval since medi-
cation was taken, and the temperature and humidity 
of the inspired air. It has been known since the late 
1600s that certain types of exercise cause an attack 
more readily than others. Running was observed to 
cause more attacks than cycling or walking, which, 
in turn, caused more than swimming (78, 85, 91). 
However, in elite athletes, asthma is diagnosed more 
frequently in swimmers than in other sports. It may 
be that these elite swimmers self-selected the sport 
which is less likely to trigger EIA (91).

Generally, EIA is precipitated more with strenu-
ous, long-duration exercise compared to short-term, 
moderate-intensity exercise. One way to deal with 
this is to do short-duration exercise (<5 min) at low 
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to moderate intensities. Further, when an exercise 
session occurs within 60 minutes of a previous EIA 
attack, the degree of bronchospasm is reduced. This 
suggests that a warm-up within an hour of more 
strenuous exercise would reduce the severity of an 
attack, and there is good evidence to support that 
proposition (75, 78, 85, 91).

There was special concern for the athletes of 
the 1984 Olympic Games, given the pollution in 
Los Angeles, which can aggravate an EIA attack (88). 
As mentioned before, the fact that 61% of the athletes 
who experienced EIA won Olympic medals suggests 
that procedures for preventing EIA with medication 
are generally established. Voy (111) reports that a sim-
ple questionnaire identified 90% of the athletes with 
EIA, even though only 52% were receiving treatment 
prior to the Olympics. However, there is abundant 
evidence that self-reported symptoms of asthma and/
or EIA are not reliable for evaluating EIA in competi-
tive athletes (91, 113). Typically, a strenuous exer-
cise challenge (e.g., running at 85% to 90% of maximal 
heart rate on a treadmill) lasting six to eight minutes 
is used to evaluate the presence of EIA (5). Some rec-
ommend that the air they breathe should be cool 
and dry during the test, or that the athlete should 
perform the exercise challenge in the environment 
that triggers it (113). In addition, a nonexercise test 
can be used in which the subject breathes cool, dry 
air containing 5% CO2 (to maintain the blood’s CO2 
level) for six minutes at 85% of predicted maximum 
voluntary ventilation. It is a test of choice for screen-
ing elite athletes (42, 113), but it is much too compli-
cated to use on a general basis, especially for children 
where a field test may be sufficient (see A Closer Look 
17.1). In any case, a 10% or greater decrease in forced 
expiratory flow rate in one second (FEV1) is classified 
as a positive test (113). The medications mentioned 

earlier are used to manage the condition to allow the 
athletes to go “all out.” Some nonasthmatic athletes 
want to be identified as having EIA, believing that 
the medications might give them an edge. In recent 
reviews, inhaled β2-agonists were shown to not 
improve performance; however, ingested salbutamol 
(a β2-agonist) did improve strength, anaerobic power, 
and endurance performance, but only at a dose 10 to 
20 times that of what is inhaled (67, 89).

A growing body of evidence suggests that spe-
cific nutritional factors may be helpful in managing 
EIA. The strategies include a reduction in salt intake 
and an increased intake of omega-3 fatty acids and caf-
feine (76). As more research supports these findings, 
the message will be clear to those with asthma, as it 
has been for those with high blood pressure, blood 
lipid abnormalities, and diabetes—that diet really does 
matter.

In a majority of cases, EIA can be prevented 
with the medications mentioned earlier, used alone 
or in combination (23, 73, 85, 91, 103). The person 
with asthma who is participating in a fitness pro-
gram should also follow a medication plan to prevent 
the occurrence of an EIA attack. The exercise ses-
sion should include the conventional warm-up, with 
mild-to-moderate activity planned in five-minute seg-
ments. For those new to exercise, the person should 
be introduced to the program in a progressive man-
ner to titrate the intensity and build up the endur-
ance needed to do the full exercise prescription. The 
aerobic exercise program recommendations for those 
with asthma include (5):

 ■ Frequency: at least 2 to 3 days/week,

 ■ Intensity: 60% of V̇ O2 peak or the work rate at 
the ventilatory threshold,

 ■ Time: at least 20 to 30 minute/day

A CLOSER LOOK 17.1

Screening for Asthma in Children
Asthma is the leading cause of chronic 
illness and the most common respira-
tory disorder in children (39). Concern 
has been expressed about the need 
for screening programs early in life 
to identify those with a high risk of 
developing asthma. Jones and Bowen 
(59) measured peak expiratory flow 
rate before and after an all-out run 
in children from ten primary schools. 
Over a six-year follow-up period, they 
compared children who had a negative 
result with those who had a positive 

result (a decrease in peak expiratory 
flow rate of ≥15%) due to the exercise 
test. Of the 864 children not known 
to have asthma, 60 had a positive 
test result. A follow-up of 55 of these 
60 children showed 32 had devel-
oped clinically recognizable asthma 
six years later. These children also had 
a significantly higher prevalence of 
respiratory illnesses. Such field tests 
have much to offer in gaining con-
trol over this disease. In addition to 
screening, there is strong support to 

not back away from physical activity 
for asthmatic children. Most studies 
show that children with asthma can 
exercise safely and increase their car-
diorespiratory fitness. Some scientists 
believe that the decrease in physical 
activity in children may have played a 
role in the recent increase in the prev-
alence and severity of asthma (72, 97). 
Finally, scho olchildren should have 
their medication available in the gym 
area, rather than in a central adminis-
trator’s office (78).
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Swimming is better than other types of exercise, 
given that air above the water contains more mois-
ture. A scarf or face mask can be used when exercis-
ing outdoors in cold weather to help trap moisture. 
The participant should carry an inhaler with a β2-
agonist and use it at the first sign of wheezing (78, 
85). As with the person with diabetes, the buddy 
system is a good plan to follow in case a major attack 
occurs.

CHRONIC OBSTRUCTIVE 
PULMONARY DISEASE
Chronic obstructive pulmonary diseases (COPD) 
cause a reduction in airflow that can have a dramatic 
effect on daily activities. These diseases, found pri-
marily in smokers and ex-smokers, include chronic 
bronchitis, emphysema, and bronchial asthma, either 
alone or in combination. COPD is distinct from the 
exercise-induced asthma discussed earlier in that 
the airway obstruction remains in spite of continu-
ous medication (36, 37, 95). Chronic bronchitis is 
characterized by a persistent production of sputum 
due primarily to a thickened bronchial wall with 
excess secretions. In emphysema, the elastic recoil of 
alveoli and bronchioles is reduced and those pulmo-
nary structures are enlarged (37). The patient with 
developing COPD cannot perform normal activi-
ties without experiencing dyspnea, but, tragically, 
by the time this occurs, the disease is already well 
advanced. COPD is characterized by a decreased 
ability to exhale, and because of the narrowed air-
ways, a “wheezing” sound is made. The person with 

COPD experiences a decreased capacity for work, 
which may influence employment, but he/she may 
also experience an increase in psychological prob-
lems, including anxiety (regarding the simple act of 
breathing) and depression (related to a loss of sense 
of self-worth) (95).

It should be no surprise then that treatment of 
COPD includes more than simple medication and 
oxygen-inhalation therapy. A typical COPD rehabili-
tation program focuses on the goal of the patient’s 
ability for self-care. To achieve that goal, a number of 
medical and support personnel are recruited to deal 
with the various manifestations of the disease process 
(24, 102). The COPD patient receives education about 
the different ways to deal with the disease, including 
breathing exercises, ways to approach the activities of 
daily living at home, and how to handle work-related 
problems. The latter can be so affected that new on-
the-job responsibilities may have to be assigned, or if 
the person cannot meet the requirements, retirement 
may be the only outcome. To help deal with these 
problems, counseling by psychologists and clergy may 
be needed for the patient and family. The extent of 
these problems is directly related to the severity of the 
disease. Those with minimal disease may require the 
help of only a few of the professionals just mentioned, 
whereas others with severe disease may require the 
assistance of all. It is therefore important to understand 
that the rehabilitation program is very individualized 
(36, 37, 102).

Testing and Training
The consistent recommendation for anyone with 
known disease is to have a complete medical exam, 
including exercise testing, prior to beginning an exer-
cise program (see Chap. 15) (5, 26). This is especially 
true for COPD patients because the severity of the 
disease varies greatly. A common test used to classify 
COPD patients is the FEV1. Because the FEV1 test is not 
a good predictor of exercise performance, Cooper (36) 
emphasizes a need to focus on the hyperinflation of the 
lung, which results from air trapping due to the person’s 
inability to exhale completely. Hyperinflation is linked 
more directly to patients’ outcomes, including exercise 
performance (26, 36, 37). A graded exercise test (GXT) 
to evaluate V̇ O2 max, maximum  exercise ventilation, 
and changes in the arterial blood gases, PO2 and PCO2, 
is also recommended. The results of this GXT are help-
ful in developing the exercise prescription, especially 
when selecting the appropriate exercise intensity (37). 
However, because the FEV1 test is the most common, 
guidelines have been established to screen patients with 
this test. The Global Initiatives for Chronic Obstructive 
Lung Disease (www.goldcopd.org) provides guide-
lines to use in working with patients with COPD. They 

IN SUMMARY
 ■ An asthma attack is brought on when an agent 
triggers a mast cell in the respiratory tract to 
release chemical mediators. These chemical 
mediators cause a constriction of bronchiolar 
smooth muscle along with an increase in secre-
tions into the airways.

 ■ Cromolyn sodium and β2-adrenergic ago-
nists act to prevent this by reducing media-
tor release from the mast cell and causing 
relaxation of smooth muscle surrounding the 
airways.

 ■ After the routine of exercise has been intro-
duced, the person may progress toward the 
exercise prescription of 2 to 3 days/week, 20 
to 30 minute/day at about 60% V̇ O2 peak or 
the ventilatory threshold. Drugs should be used 
prior to exercise to prevent an attack, and β2-
adrenergic agonists should be carried along in 
case one occurs.
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classify patients into the following four categories based 
on post-bronchodilator FEV1:

 ■ GOLD I—Mild COPD: FEV1 ≥80% predicted

 ■ GOLD II—Moderate COPD: 50% ≤FEV1 <80% 
predicted

 ■ GOLD III—Severe COPD: 30% ≤FEV1 <50% 
predicted

 ■ GOLD IV—Very severe COPD: FEV1 <30% 
predicted.

Individuals in GOLD I are usually unaware that their 
lung function is abnormal. In contrast, within GOLD 
categories II through IV, the health status of patients 
varies from very poor to being relatively well pre-
served. Consequently, a formal assessment of symp-
toms is also required (26, 52).

Even though exercise training does not reverse 
the disease process, it can interrupt the steady 
increase in symptoms of fatigue and breathlessness 
and the decline in quality of life. In general, the physi-
cal activity guidelines for older adults (see later in this 
chapter) are recommended for COPD patients (5). This 
includes both aerobic and resistance components, the 
latter dealing with local muscle fatigue issues in both 
the lower and upper body.

However, due to the wide range of symptoms 
within each GOLD category, GXT results can be most 
helpful. During the GXT, the O2 saturation of arterial 
blood is monitored, and the patient is asked to rate 
the level of breathlessness using a dyspnea scale of  
1 to 4:

 ■ 1. Light, barely noticeable
 ■ 2. Moderate, bothersome
 ■ 3. Moderately severe, very uncomfortable
 ■ 4.  Most severe or intense dyspnea ever  

experienced

These results can help define an appropriate 
intensity to use in the aerobic portion of the exercise 
program and determine whether supplemental oxy-
gen is needed (5, 37, 102). Both moderate-intensity 
and high-intensity exercises are used, depending on 
patient status. High-intensity interval training (HIIT) 
is also used because it allows the patient to work at 
a higher intensity (for a shorter duration) than con-
ventional continuous training. There appear to be 
clear benefits to this approach, including a reduction 
in the respiratory load due to the short duration of 
the activity (see more on HIIT in Clinical Application 
16.2) (5, 102). Respiratory muscle training may be 
used, depending on the patient, but it is not a stan-
dard part of pulmonary rehabilitation (5, 37, 102).

Generally, COPD patients achieve an increase in 
exercise tolerance without dyspnea and an increase 
in the sense of well-being, but without a reversal of 
the disease process (24, 37, 102). The changes in the 

psychological variables are very important in the long 
run, given that the person’s willingness to continue the 
exercise program is a major factor in determining the 
rate of decline during the course of the disease (19, 24).

HYPERTENSION
As mentioned in Chap. 14, the risk of CHD increases 
with increases in resting values of systolic and dia-
stolic blood pressure (60). Blood pressure (BP) clas-
sifications have changed over the years, with normal 
BP being <120/<80 mm Hg. Prehypertension exists 
when either the systolic BP is 120 to 139 mm Hg or 
the diastolic BP is 80 to 89 mm Hg. The prehyper-
tension category is not unlike the prediabetes cate-
gory mentioned earlier in the chapter. The idea is to 
identify potential problems early and try to prevent 
or delay the development of hypertension. Stage 1 
hypertension is a systolic BP of 140 to 159 mm Hg 
or a diastolic BP of 90 to 99 mm Hg. Approxi-
mately one-third of all U.S. adults have hyperten-
sion (www.cdc.gov/nchs/fastats/hypertension.
htm). Stage 1 individuals represent the majority 
of all people with hypertension, and they account 
for most of the morbidity and mortality associated 
with hypertension (53). Although there is little dis-
agreement that medication should be used to treat 
hypertension, many believe that nonpharmacologi-
cal approaches should be used for those with mild or 
borderline hypertension (5, 17, 54, 60, 61, 118). The 
reasons nonpharmacological approaches are recom-
mended include the possibility of side effects due 
to  medication and the counterproductive behavioral 
changes associated with classifying a person as a 
“patient” (54).

Generally, the person with mild hypertension 
should have a physical exam to identify potential 
underlying problems, as well as the presence of 
other risk factors. Kannel (60) indicates that while 
medication might be used to control blood pres-
sure when multiple risk factors (smoking, high 

IN SUMMARY
 ■ Chronic obstructive pulmonary diseases (COPD) 
include chronic asthma, emphysema, and bron-
chitis. These latter two diseases create changes 
in the lung that are irreversible and result in a 
gradual deterioration of function.

 ■ Rehabilitation is a multidisciplinary approach 
involving medication, breathing exercises, dietary 
therapy, exercise, and counseling. The programs 
are individually designed due to the severity of 
the illness, and the goals are pragmatic in terms 
of the events of daily living and work.
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cholesterol, inactivity, etc.) are present, the simple 
act of stopping smoking confers more immediate 
benefit against the overall risk of CHD than any 
medication. It is within this context that a non-
pharmacological intervention program focuses on 
the use of exercise and diet to control blood pres-
sure and establish behaviors that favorably influence 
other aspects of health (17, 54).

Dietary recommendations to control blood pres-
sure include a reduction in sodium intake for those 
sensitive to excess sodium, and in caloric intake for 
those who are overweight (30). Kaplan’s (61) review 
indicates that salt restriction results in an average 
reduction in systolic and diastolic blood pressures of 5 
and 3 mm Hg, and a 1-kg weight loss is associated with 
a 1.6 and 1.3 mm Hg reduction, respectively. Both fit-
ness and physical activity are inversely related to the 
development of hypertension (28). Endurance exercise 
is associated with a 5 to 7 mm Hg reduction in resting 
blood pressure in people with hypertension; however, 
the magnitude of the reduction is inversely related 
to the pretraining blood pressure (5, 53). Although 
not all hypertensive individuals respond to endurance 
exercise in this way, exercise is recommended for all 
because other changes occur to reduce the risk of 
CHD, even if blood pressure is not reduced (53).

The standard American College of Sports Medi-
cine exercise prescription for improving V̇ O2 max (see 
Chap. 16) is also effective in reducing blood pressure 
in people with hypertension. However, exercise in the 
moderate-intensity range (i.e., 40% to 59% of heart rate 
reserve) is effective and can be accomplished with 
lifestyle activities and structured exercise programs. 
The recommendation is to do at least 30 minutes on 
most, preferably all, days of the week, supplemented 
by resistance training at 60% to 80% 1-RM (3, 5, 53, 
100, 112). In addition to using exercise to lower ele-
vated blood pressure, it is recommended that indi-
viduals (44, 53, 69):

 ■ Lose weight if overweight

 ■ Limit alcohol intake (no more than 2 drinks/
day for most men and 1 drink/day for 
women)

 ■ Reduce sodium intake, ideally to 1.5 g/day

 ■ Eat a diet rich in fruits, vegetables, low-fat 
dairy products (see DASH diet in Chap. 18)

 ■ Stop smoking.

For recreational athletes who need medication to 
control blood pressure, the preferred drugs are the 
angiotensin-converting enzyme (ACE) inhibitors 
and calcium channel blockers (3, 5, 112). Blood 
pressure should be checked frequently so that the 
 medication regimen can be altered by the physician, 
if  necessary.

CARDIAC REHABILITATION
Exercise training is now an accepted part of the ther-
apy used to restore an individual who has some form 
of CHD. The details of how to structure such pro-
grams, from the first steps taken after being confined 
to a bed to the time of returning to work and beyond, 
are spelled out clearly in books such as ACSM’s Guide-
lines for Exercise Testing and Prescription (5), ACSM’s 
Exercise Management for Persons with Chronic Dis-
eases and Disabilities, and ACSM’s Resource Manual for 
Guidelines for Exercise Testing and Prescription (see Sug-
gested Readings). This brief section will comment on 
various aspects of such programs.

Population
The persons served by cardiac rehabilitation programs 
include those who have experienced angina pectoris, 
myocardial infarctions (MI), coronary artery bypass 
graft surgery (CABGS), and angioplasty (50, 51).  
Angina pectoris is the chest pain related to ischemia 
of the ventricle due to occlusion of one or more of 
the coronary arteries. The symptoms occur when the 
work of the heart (estimated by the double prod-
uct: systolic blood pressure × HR) exceeds a certain 
value. Nitroglycerin is used to prevent an attack 
and/or relieve the pain by relaxing the smooth mus-
cle in veins to reduce venous return and the work 
of the heart. People with angina may also be treated 
with a beta blocker to reduce the HR and/or blood 
pressure so that the angina symptoms occur at a 
later stage into work. Exercise training supports this 
drug effect: As the person becomes trained, the HR 
response at any work rate is reduced. This allows the 
individual to take on more tasks without experienc-
ing the chest pain.

Myocardial infarction (MI) patients have 
actual heart damage (loss of ventricular muscle) due 
to a prolonged occlusion of one or more of the coro-
nary arteries. The degree to which left ventricular 
function is compromised is dependent on the mass of 
the ventricle permanently damaged. These patients 
are usually on medications to reduce the work of the 

IN SUMMARY
 ■ Exercise can be used as a nonpharmacologi-
cal intervention for those with hypertension. 
Exercise recommendations include not only 
the standard ACSM model for improving V̇ O2 
max, but also moderate-intensity physical activ-
ity (40% to 59% V̇ O2 max), done most days 
per week, and for 30 minutes per session. For 
those on medication, blood pressure should be 
checked frequently.
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heart (β-blockers) and control the irritability of the 
heart tissue so that dangerous arrhythmias (irreg-
ular heart rhythms) do not occur. Generally, these 
patients experience a training effect similar to those 
who do not have an MI (50).

Coronary artery bypass graft surgery 
(CABGS) patients have had surgery to bypass one 
or more blocked coronary arteries. In this procedure, 
either a saphenous vein or an internal mammary 
artery from the patient is sutured onto the existing 
coronary arteries above and below the blockage. Sixty 
percent of those with saphenous vein grafts experi-
ence an occlusion by year 11, while the mammary 
artery graft is still patent in 93% of patients by year 10  
(51). The success of the surgery is dependent on the 
amount of heart damage that existed prior to surgery, 
as well as the success of the revascularization itself. 
In those who had chronic angina pectoris prior to 
CABGS, most find a relief of symptoms, with 70% hav-
ing no more  pain at five-year follow-up. Generally, 
with an increased blood flow to the ventricle, there 
is an improvement in both left ventricular function 
and the capacity for work (51). These patients benefit 
from systematic exercise training because most are 
deconditioned prior to surgery as a result of activity 
restrictions related to chest pain. In addition, exercise 
improves the chance that the blood vessel graft will 
remain open (90). Finally, the cardiac rehabilitation 
program helps the patient to differentiate angina pain 
from chest wall pain related to the surgery. The over-
all result is a smoother and less traumatic transition 
back to normal function.

Some CHD patients undergo percutaneous 
transluminal coronary angioplasty (PTCA) to 
open occluded arteries. In this procedure, the chest is 
not opened; instead, a balloon-tipped catheter (a long, 
slender tube) is inserted into the coronary artery, 
where the balloon is inflated to push the plaque 
back toward the arterial wall (51, 105). “Stents” may 
be used in the PTCA procedure to help keep the 
artery open. Unfortunately, 30% of clients undergoing 
a PTCA will show an occlusion within six months, 
versus only 5% to 8% of those receiving a drug-eluting 
stent that reduces the chance of inflammation of the 
blood vessel (51). For more on who should and should 
not be referred to cardiac rehabilitation programs, see 
Thomas et al. in Suggested Readings.

Testing
The testing of patients with CHD is much more 
involved than that presented for the apparently 
healthy person in Chap. 15 (45). There are classes of 
CHD patients for whom exercise or exercise testing 
is  inappropriate and dangerous. To help make that 
judgment, the ACSM provides list of absolute and 
relative contraindications to exercise testing (5). For 

those who can be tested, a 12-lead ECG is monitored 
at discrete intervals during the GXT, while a variety 
of leads are displayed continuously. Blood pressure, 
RPE, and various signs or symptoms are also noted. 
The criteria for terminating the GXT go well beyond 
achieving a certain percentage of maximal HR, 
focusing instead on various pathological signs (e.g.,  
ST-segment depression) and symptoms, such as angina 
pectoris. On the basis of the response to the GXT, the 
person may be referred for additional testing, such as 
the use of radioactive molecules (e.g., 99mtechnetium 
sestamibi) to evaluate heart function at rest and dur-
ing exercise, or direct angiography, in which a dye 
that is opaque to X-rays is injected into the coronary 
arteries to determine the blockage directly (74). The 
results of all the tests are used to classify the individ-
ual as a low-, intermediate-, or high-risk patient. The 
resulting classification has a major impact on deciding 
whether to use exercise as a part of the rehabilitation 
process and, if exercise is appropriate, determines the 
type and format of the exercise program (5). In addi-
tion, the results of diagnostic clinical exercise testing 
can be used for disability assessment (55).

Exercise Programs
Cardiac rehabilitation includes a “Phase I” inpatient 
exercise program that is used to help the patients 
make the transition from the cardiovascular event 
(e.g., an MI that put them in the hospital) to the time 
of discharge from the hospital. The specific signs and 
symptoms exhibited by the patient are used to deter-
mine whether the patient should be placed in an 
exercise program and, if so, when to terminate the 
exercise session (5). After the patient is discharged from  
the hospital, a “Phase II” program can be started. This 
program resembles the one mentioned earlier for appar-
ently healthy persons in that warm-up with stretching, 
endurance, and strengthening exercises and cool-down 
activities are included. However, the CHD patients, 
who are generally very deconditioned (V̇ O2 max 
of ~20 ml  · kg−1  · min−1), require only light exercise 
to achieve their target heart  rate (THR). In addition, 
because these patients are on a variety of medications 
that may decrease maximal heart rate, the THR zone is 
determined from their GXT results; the 220 – age for-
mula cannot be used. The patients usually begin with 
intermittent low-intensity exercise (one minute on, 
one minute off) using a variety of exercises to distrib-
ute the total work output over a larger muscle mass. 
In time, the patient increases the duration of the work 
period for each exercise. The strengthening exercises 
emphasize a low-resistance and high-repetition format 
to involve the major muscle groups; free and machine 
weights, bands, and wall pulleys can be used in a cir-
cuit program format. Initial loads should allow 12 to 15 
repetitions that can be done comfortably. Loads should 
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be gradually increased as strength increases. A series 
of eight to ten exercises should be done to involve 
the major muscle groups on two to three days a week 
(5). Given that CABGS and post-MI patients have had 
direct damage to their hearts, the exercise should facili-
tate, not interfere with, the healing process. As you 
might guess, given the nature of the patient and the 
risk involved, cardiac rehabilitation programs take place 
in hospitals and clinics where there is direct medical 
supervision and the capacity to deal with emergen-
cies, should they occur. After a patient completes an 
8- to 12-week “Phase II” program, the person may con-
tinue in a “Phase III” program away from the hospital 
where there is less supervision, except for the ability to 
respond to an emergency (5). The frequency of major 
cardiovascular complications associated with doing 
exercise in cardiac rehabilitation programs is quite low 
(84, 104). What are the benefits of such programs to 
the patient with CHD?

Effects There is no question that people with CHD 
have improved cardiovascular function as a result of 
an exercise program. This is shown in higher V̇ O2 max 
values, higher work rates achieved without ischemia 
as shown by angina pectoris or ST-segment changes, 
and an increased capacity for prolonged submaxi-
mal work (50, 51, 66, 97). The improved lipid profile 
(lower total cholesterol and higher HDL cholesterol) 
is a function of more than the exercise alone, given 
that weight loss and the saturated fat content of the 
diet can modify these variables (see Chap. 18). There 
is evidence that home-based cardiac rehabilitation 
programs for low-risk patients generate outcomes 
similar to hospital-based programs, but because only 
a limited number of patients have been involved in 
these home-based programs, more work needs to be 
done (58). It must be mentioned that a  cardiac re-
habilitation program should not be viewed simply 
as an exercise program. It is a multi-intervention ef-
fort involving exercise, medication, diet, and counsel-
ing. The latter characteristics are what make these 
programs “secondary prevention programs” aimed 
at reducing the risk of a subsequent cardiac event 
in high-risk patient populations. See Hamm et al. in 
Suggested Readings for information on the core com-
petencies of cardiac rehabilitation/secondary preven-
tion professionals.

What is surprising, given the documented suc-
cess of cardiac rehabilitation programs, is that they 
are underutilized. A variety of studies over the past 
ten years have shown that following discharge from 
a hospital after treatment for an MI, PCTA, or CABG 
only about 60% of the patients were referred for car-
diac rehabilitation, despite the recognized benefits 
(13, 20, 22, 43). Clearly, more needs to be done to 
increase the use of cardiac rehabilitation programs—
the patients would be the winners.

EXERCISE FOR 
OLDER ADULTS
The number of older individuals (over age 65) in the 
United States will double between 2000 and 2040 as 
the “baby boom” generation comes to full maturity 
(www.aoa.acl.gov/aging_statistics/profile/2014/
docs/2014-profile.pdf). Older individuals are a spe-
cial challenge from the standpoint of exercise prescrip-
tion due to the usual presence of chronic disease and 
physical activity limitations. However, participation in 
physical activity and exercise will go a long way in pre-
venting the progress of diseases and in extending the 
years of independent living (4, 80, 109).

Maximal Aerobic Power
Figure 17.4 shows that maximal aerobic power 
decreases at the rate of about 1% per year from its peak 
value, which occurs at age 20 to 40 years, depending 
on the population (57, 106). The dotted line on the 
figure represents the dividing line between the abil-
ity to live independently and being dependent on oth-
ers. Further, V̇ O2 max values below this cutoff are also 
associated with much higher rates of all-cause mortality 
(see Fig. 16.3). A report by Kasch et al. (62) shows that 
not only can this decline be interrupted by a physical 
activity program, but middle-aged men who maintain 
their activity and body weight show half the expected 
decrease in V̇ O2 max over a 20-year period. The same 
is apparently not the case for women (see A Closer  
Look 17.2). Consistent with Kasch et al. (62), cross- 
sectional and longitudinal data show that the decrease 
in V̇ O2 max with age is influenced by decreases in physi-
cal activity and increases in percent body fat, as well as 
any true “aging” effect (57). Because the vast majority 
of people experience a steady decline in V̇ O2 max over 
time, by 60 years of age, their ability to engage com-
fortably in normal activities is reduced. This initiates 

IN SUMMARY
 ■ Cardiac rehabilitation programs serve a variety of 
patients, including those having angina pectoris, 
bypass surgery, myocardial infarctions, and angio-
plasty. These patients may be taking nitroglyc-
erin to control angina symptoms, β-blockers to 
reduce the work of the heart, or anti-arrhythmia 
medications to control dangerous heart rhythms.

 ■ The exercise tests for CHD patients include a 
12-lead ECG and are used for referral to other 
tests. Exercise programs bring about large changes 
in functional capacity in these populations due to 
their low starting point. The programs are gradual 
and are based on their entry-level exercise tests 
and other clinical findings.
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a vicious cycle that leads to lower and lower levels of 
cardiorespiratory fitness, which may not allow them to 
perform daily tasks. In turn, this affects quality of life and 
independence, which may necessitate reliance on others 

(5). See A Look Back—Important People in Science for an 
individual who helped shape our understanding of the 
role of exercise in slowing the physiological changes we 
typically see with aging. A physical activity program is 
useful in dealing not only with this downward spiral of 
cardiorespiratory fitness, but also with the osteoporosis 
that is related to the sudden hip fractures that can lead 
to more inactivity and death (4, 6, 80, 109).

Response to Training
Over the past 30 years, a substantial body of knowl-
edge has accumulated, documenting the capacity of 
older individuals to experience a training effect simi-
lar to what has been observed in younger men and 
women (4, 80). This has major ramifications when 
one considers the increase in the number of older 
individuals in our population and the need to main-
tain their health status and independence for as long 
as possible. Data on the effect of exercise on older 
individuals have been obtained from cross-sectional 
studies comparing older athletes to their sedentary 
counterparts and from longitudinal studies in which 
training programs have been carried out over many 
months. A brief summary of each follows (54, 83).

A CLOSER LOOK 17.2

Changes in V̇O2 Max with Age in Women
A study (48) has called into question 
some of our accepted wisdom about 
the change in V̇ O2 max with age and 
the effect of fitness on that response. 
The authors’ systematic and analytical 
review of the literature (a meta-analy-
sis) showed that in endurance-trained  
women, V̇ O2 max fell 6.2 ml · kg−1 · min−1  
per decade, in contrast to 4.4 ml · kg−1 ·  
min−1 and 3.5 ml · kg−1 · min−1 for active  
and sedentary women, respectively. 
This was different from what had been 
observed in men, and about whom 
most of the “accepted wisdom” had 
been based. It must be noted, however, 
that when these absolute changes  
(ml · kg−1 · min−1) were expressed as 
a percentage of their respective V̇ O2 
max values, the percent decline was 
about 10% per decade for all groups, 
which is similar to what has been 
measured in sedentary men. Why did 
the most highly fit female subjects 
experience the largest change in V̇ O2 
max with age?

The investigators examined the de-
creases in maximal heart rate with age 

in these three groups to see if it might 
help explain why V̇ O2 max decreased 
fastest in the most-fit group. It didn’t. 
The decline in maximal heart rate was 
similar across the three groups (7.0 to 
7.9 b · min−1 per decade) and could not 
explain why the most-fit group had the 
fastest decline in V̇ O2 max. The authors 
suggested the following possibilities:

 ■ Baseline effect. Those with the 
highest V̇ O2 max values had the 
greatest decline. A parallel ob-
servation was found in compari-
sons between men and women. 
On average, young men have 
higher V̇ O2 max values than do 
young women; the men also 
have a greater decrease in V̇ O2 
max with age. However, the 
percent decline is about 10% per 
decade for both genders, similar 
to what has been observed for 
the three groups of women.

 ■ The most-fit women were 
found to have a greater decrease 
in their training stimulus with 

age, compared with sedentary 
women (since the sedentary 
women were just that, seden-
tar; their “change” would have 
been modest at best). The large 
reduction in training volume as 
they aged would help explain 
why the most-fit women had 
the greatest loss in V̇ O2 max.

 ■ An increase in body weight in 
adults with age is associated 
with a decline in V̇ O2 max 
(ml · kg−1 · min−1). The authors 
wondered if a difference in 
weight gain could help explain 
why the most-fit (least-fat) sub-
jects had the greatest decrease 
in V̇ O2 max. Interestingly, they 
found no support for this in 
their data analysis.

The authors remind us that, in spite of 
these observations, men and women 
of any age who participate regularly 
in  endurance training have higher 
V̇ O2 max values than their less active 
counterparts.

Figure 17.4 V̇ O2 max values of octogenarian lifelong 
endurance athletes and healthy untrained octogenarians. 
The dotted line represents the prognostic V̇ O2 max 
(5 METs or 17.5 ml·kg–1·min–1) generally necessary for an 
independent lifestyle and associated risk for mortality.
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Cross-sectional studies have shown that, in con-
trast to older sedentary individuals, endurance-trained 
older athletes have:

 ■ Higher V̇ O2 max values

 ■ Higher HDL cholesterol, and lower 
triglycerides, total, and LDL cholesterol

 ■ Enhanced glucose tolerance and insulin 
sensitivity

 ■ Greater strength, quicker reaction time, and a 
lower risk of falling

These comparisons could be biased due to the po-
tential for a strong genetic factor that might drive an 
individual to pursue an active life. In contrast, longi-
tudinal studies compare a trained group to a control 
group over many months to see how each changes; 
this minimizes the concerns raised in the cross- 
sectional studies. The results from these studies paral-
lel those mentioned previously. Endurance training:

 ■ Increases V̇ O2 max and the kinetics of oxygen 
uptake in a manner similar to younger 
individuals, but more time may be required 
for the training effect to occur (14). In men, 
the increase in V̇ O2 max is due to both 
peripheral (skeletal muscle) and central 

(cardiovascular) adaptations. However, the 
increase in V̇ O2 max in older women is due 
solely to peripheral adaptations (101).

 ■ Causes favorable changes in blood lipids, but 
the changes seem to be linked to a reduction 
in body fatness, rather than exercise, per se.

 ■ Lowers blood pressure to the same degree  
as shown for younger people with 
hypertension.

 ■ Improves glucose tolerance and insulin 
sensitivity.

 ■ Increases or maintains muscular strength and 
bone density. It must be added that resistance 
training results in large increases in strength, 
which may play an important role in reducing 
the risk of falls.

We currently have a variety of physical activity rec-
ommendations for older adults (4, 80, 109). What 
follows is a compilation, based primarily on the U.S. 
Physical Activity Guidelines:

 ■ The following PA guidelines are the same for 
adults and older adults:

 ● All older adults should avoid inactivity; 
some PA is better than none, and older 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Dr. Fred W. Kasch’s Adult Fitness Program Studied Patients Over 40 Years
Dr. Fred W. Kasch 
received his B.S. and 
M.S. degrees at the 
University of Illinois, 
Urbana, and his Ph.D. 
at New York Univer-
sity. Dr. Kasch was 
hired at San Diego 
State University in 

1948 and within ten years established 
one of the first adult fitness programs 
in the country—a unique thing to do 
at a time when the medical commu-
nity did not view the combination of 
exercise and adults as anything but 
risky business. His adult fitness pro-
gram recruited cardiac patients, as 
well as those with high blood pres-
sure and those who simply wanted to 
become fit. Dr. John Boyer, a cardiolo-
gist, began to work with Dr. Kasch in 
the early 1960s, and together, with 
their students, they collected data 
on the participants at regular inter-
vals over the next 40 years to allow 

them to study changes over time. 
Measurements included an ECG, 
blood pressure, weight, body fat-
ness, and measured V̇ O2 max (using 
classical techniques that involved a 
Douglas bag and Scholander gas ana-
lyzer). At regular intervals over the 
40 years, Dr. Kasch and his colleagues 
published research papers updating 
the changes (or lack thereof) that oc-
curred in the program’s participants. 
These reports showed that, compared 
with sedentary adults, regular partici-
pation in Kasch’s program resulted in:

 ■ Decreases in blood pressure in 
those who were hypertensive

 ■ Maintenance of normal resting 
blood pressure over the years 
when inactive peers were expe-
riencing an “age-related” increase 
in resting blood pressure values

 ■ Decreases in body fatness and 
the maintenance of lower per-
cent fat values over time

 ■ A much slower decrease in V̇ O2 
max over the years

Dr. Kasch’s reports provided clear 
evidence to the medical community 
that regular participation in exercise 
provided excellent health-related 
benefits in adults of various ages, in-
cluding those with diagnosed disease. 
His adult fitness program became a 
model that was emulated by others 
throughout the 1970s and beyond. 
Dr. Kasch published more than 100 
articles over his career.

Dr. Kasch practiced what he 
preached throughout his entire life, 
remaining active as an archer and deer 
hunter into his nineties. He made his 
own long bow and arrows and be-
gan each day with a regimen of ex-
ercise that each of us would do well 
to follow. Dr. Kasch passed away on  
April 8, 2008, a few days short of his 
95th birthday. His memory and influ-
ence will live on.

Courtesy of Dr. 
Lindsay Carter
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adults who participate in any amount of PA 
gain some health benefits.

 ● For substantial health benefits, older adults 
should do at least 150 minutes a week of 
moderate-intensity PA or 75 minutes per 
week of vigorous-intensity aerobic PA, or 
an appropriate combination of both. The 
PA should be done in bouts of at least ten 
minutes, and the total amount should be 
spread throughout the week.

 ● On a scale of 0 to 10 for a level of 
physical exertion, use 5 to 6 for 
moderate-intensity PA and 7 to 8 for 
vigorous-intensity PA.

 ● For additional and more extensive health 
benefits, older adults should increase their 
aerobic physical activity to 300 minutes 
per week of moderate-intensity PA or 150 
minutes per week of vigorous-intensity PA. 
Additional health benefits can be gained by 
going beyond this amount.

 ● Older adults should also perform 8 to 10 
muscle-strengthening exercises on at least 
two days per week using the major muscle 
groups. A resistance should be used that 
allows 8 to 12 repetitions for each exercise. 
The strength training program helps with 
the typical loss of muscle/strength, bone 
mass, and balance seen in this population 
(see later discussion).

 ● Perform flexibility exercises for at least ten 
minutes on at least two days per week. 
Recent evidence shows that flexibility 
exercise can improve the walking ability of 
older adults (faster speed, longer stride) (38).

 ■ The following guidelines are just for older 
adults:

 ● If older adults cannot do 150 minutes of 
moderate-intensity PA per week because of 
chronic conditions, they should be as active 
as their abilities and conditions allow.

 ● Older adults should determine their level 
of effort for physical activity relative to 
their level of fitness.

 ● Older adults should do exercises that 
maintain or improve balance if they are 
at risk of falling. In that regard, exercise 
programs using multiple modes appear  
to have an advantage in fall prevention 
(16). Balance exercises may include 
backward walking, sideways walking, heel  
walking, toe walking, and standing from  
a seated position. The difficulty (and risk) 
of the exercises can be increased by  
(a) progressing from a wide to narrow base 
of support and (b) moving the center of  

mass side to side, or doing crossover or  
sideways walking. To control risk, supervision 
may be needed until the older adult can 
demonstrate independence (34).

 ● Older adults with chronic conditions 
should understand how their conditions 
affect their ability to do regular PA safely.

An important point made throughout the U.S. Physi-
cal Activity Guidelines is the importance of progression, 
and this is certainly the case when working with older 
adults (109). Visit the following website to see exer-
cise programs for older adults: www.nia.nih.gov/
health/publication/exercise-physical-activity.

Bone Health and Osteoporosis
Bone is a dynamic tissue that is able to increase in 
size and strength in response to increased demands 
through the action of osteoblasts that cause bone 
deposition. In contrast, when bone is not challenged 
(e.g., lack of gravity, inactivity), it is resorbed by the 
action of osteoclasts, resulting in a loss of strength, 
size, and density (49). The latter is a major concern for 
older adults.  Osteoporosis is a loss of bone mass that 
primarily affects women over 50 years of age and is 
responsible for 1.5 million fractures annually (87, 99).  
Type I osteoporosis is related to vertebral and distal 
radius fractures in 50- to 65-year-olds and is eight 
times more common in women than men. Type II  
osteoporosis, found in those aged 70 and above, 
results in hip, pelvic, and distal humerus fractures 
and is twice as common in women (18). The problem 
is more common in women over age 50 due to meno-
pause and the lack of estrogen. Hormone replacement 
therapy (HRT) initiated early in menopause prevents 
bone loss and can increase bone mineral density and 
reduce fracture risk (18, 87). However, such treat-
ments are not without risks. HRT has been associated 
with an increase in cardiovascular disease and mortal-
ity and an increased risk of certain cancers (81). Given 
that prevention is better than treatment, attention is 
focused on the primary environmental factors that 
impact bone growth: adequate dietary calcium and 
vitamin D, and exercise throughout life (6, 87, 99).

Dietary calcium and vitamin D are important 
in preventing and treating osteoporosis. Although 
dietary intake of calcium for females is inadequate, 
when supplements are included and the average 
intake of calcium is considered, only adolescent girls 
fell dramatically short of achieving the recommenda-
tion (15). This is a major concern for the latter age 
group because it is during this time that bone mass 
should be built up. Vitamin D intakes were better 
across the board for all but the oldest age group, in 
part because their vitamin D requirement is higher 
than for other age groups (see Chap. 18) (15).
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Bone structure is maintained by the force of grav-
ity (upright posture) and the lateral forces associated 
with muscle contraction. Even though the best exer-
cise prescription for bone health in adults is a work in 
progress, we have guidance from both the ACSM and 
the U.S. Physical Activity Guidelines (4, 6, 80, 87, 109):

 ■ Frequency: weight-bearing activities 3 to 5 
times/week; resistance exercise 2 to 3 times/
week

 ■ Intensity: Aerobic: moderate (40% to <60% 
HRR) to vigorous (>60% HRR); Resistance: 
moderate (60% to 80% 1RM; 8 to 12 repetitions) 
to vigorous (>80% 1RM; 5 to 6 repetitions)

 ■ Duration: 30 to 60 min/day of a combination 
of weight-bearing endurance activities, 
activities that involve jumping, and resistance 
exercise that targets all the muscle groups

 ■ Modes: weight-bearing endurance activities 
(tennis, stair climbing, jogging, at least 
intermittently during walking); activities that 
involve jumping (volleyball, basketball); and 
resistance exercise

Clearly, as age increases, one would have to use 
additional care to ensure that exercises can be done 
safely. For some special insights into what is needed 
for bone health, see Ask the Expert 17.1.

Strength
Strength declines only about 10% between 20 and 
50 years of age, but decreases at a much faster rate 
after that. The loss of strength is due, in part, to the 
lower level of physical activity in older individuals, 
but the large decrease in strength between 60 and 
80 years of age is due to the actual loss of muscle 
mass, a condition known as sarcopenia. The Clinical 
Applications in Chap. 8 provides a good overview 
of this problem and is worth rereading at this point. 
The good news is that strength training can increase 
strength in older individuals by about 30%, much like 
that seen in younger individuals (4, 86). Following 
the resistance training program mentioned earlier in 
this section will accomplish that goal.

There is no question that older adults, like their 
younger counterparts, exhibit a specificity and an 
adaptability to training, be it for strength or endur-
ance. Consequently, the exercise program should 
provide endurance, flexibility, and strength activities 
within the capacity of the population being served 
in order to make improvements in these fitness com-
ponents. A combination of strength training and bal-
ance training has been shown to reduce the risk of 
falls (4, 80, 109). This combination of exercises has 
been packaged into what has become known as neu-
romotor exercise training or functional fitness training 

(5). Although the specific parameters for the exercise 
prescription (i.e., FITT) are not known, programs exist 
for those across the fitness spectrum, from very fit to 
those with chronic disease.

In conclusion, the use of exercise programs for older 
adults improves cardiorespiratory fitness and strength 
and helps to maintain the integrity of bone. When this 
is coupled with the opportunity for socialization, it is 
easy to see why exercise is an important part of life 
from youth to old age. See Clinical Application 17.1 for 
physical activity recommendations for a population of 
patients that does not receive much attention.

EXERCISE DURING 
PREGNANCY
Pregnancy places special demands on a woman due 
to the developing fetus’s needs for calories, protein, 
minerals, vitamins, and, of course, the physiologically 
stable environment needed to process these nutrients. 
It is against this background that the implementation 
of a physical activity program must be evaluated. A 
pregnant woman should begin with a thorough medi-
cal examination by her physician to rule out compli-
cations that would make exercise inappropriate, and 
to provide specific information about signs or symp-
toms to watch for during the course of the pregnancy. 
Absolute contraindications for aerobic exercise dur-
ing pregnancy include hemodynamically significant 
heart disease, restrictive lung disease, incompetent 
cervix/cerclage, multiple gestation at risk for pre-
mature labor, persistent second- and third-trimester 
bleeding, placenta previa after 26 weeks of gestation, 
premature labor during the current pregnancy, rup-
tured membranes, preeclampsia or pregnancy-induced 
hypertension, and severe anemia. Relative contraindi-
cations include anemia, unevaluated maternal cardiac 
arrhythmias, chronic bronchitis, poorly controlled type 

IN SUMMARY
 ■ The “normal” deterioration of physiologi-
cal function with age can be attenuated or 
reversed with regular endurance and strength 
training. The benefits of participation in a regu-
lar exercise program include an improved risk 
factor profile (e.g., higher HDL and lower LDL 
cholesterol, improved insulin sensitivity, higher 
V̇ O2 max, and lower blood pressure), but the 
training effects may take longer to realize.

 ■ The guidelines for exercise training programs 
for older adults are similar to those for younger 
people, emphasizing the need for a medical 
exam and screening for risk factors. The effort 
required to bring about the training effect may 
be less than for younger individuals.
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ASK THE EXPERT 17.1

Exercise and Bone Health Questions and Answers with Dr. Susan A. Bloomfield

Dr. Susan Bloomfield is 
Professor in the Depart-
ment of Health and Kine-
siology, a member of the 
Graduate Faculty in Nu-
trition & Food Science, 
and Associate Dean for 
Research in the College 
of Education and Hu-
man Development at 

Texas A&M University. Her research utilizes 
animal models to study the integrative physi-
ology driving bone adaptation to modeled 
microgravity, prolonged caloric restriction, and 
exercise, as well as functional relationships of 
bone and muscle in these models. She lives 
in College Station with her a rowdy Lab mix 
named Beau and two cats, and can be found 
competing at U.S. Masters swim meets several 
times each year.

question: What are the primary fac-
tors affecting bone health?

answer: Optimal bone health de-
pends on adequate nutritional in-
take of calcium, vitamin D, energy, 
and protein as well as regular ex-
ercise in the context of a normal 
reproductive hormonal profile. If 
serum levels of estrogen or testos-
terone are low, bone mass (usu-
ally measured by bone mineral 
density, or BMD) tends to decline. 
Interestingly, the primary effect 
of estrogen is to suppress activ-
ity of osteoclasts (bone-resorbing 
cells). Hence, estrogen deficiency, 
whether occurring at menopause 
or after prolonged amenorrhea in 
a young woman, “takes the brakes 
off” bone resorption and bone loss 
results. Growth hormone and, in 
adults, IGF-I and leptin are endo-
crine factors that vary with nu-
tritional status. Declines in any of 
these “metabolic” hormones also 
have a negative impact on bone 
balance.  It is important to get 
adequate energy and protein to 
support optimal bone health. In-
terestingly, there is good evidence 
that regular physical activity is 
critical to maximizing the benefi-
cial impact of calcium intake on 
bone mass. And there is very clear 

evidence that if all weight-bearing 
physical activity is removed, the 
skeleton will “downsize” itself to 
match that reduced loadbearing. 
For example, unless they are dili-
gent with their exercise regimes 
and nutritional intake, ISS astro-
nauts lose bone mass ten-fold faster 
while in space than do post meno-
pausal women!

question: Is exercise and good nutri-
tion more important later in life 
when bone loss most often occurs?

answer: As important as exercise and 
good nutrition are after the age 
of 50, when age-related or meno-
pause-induced bone loss becomes 
more apparent, the most critical 
years from a public health view-
point actually fall right around pu-
berty. We gain an incredible 30% 
of our eventual peak bone mass in 
the three years surrounding pu-
berty; further increases in BMD oc-
cur until at least the age of 25. The 
greatest impact of exercise on BMD 
and optimal bone geometry occurs 
during these years of rapid growth, 
with the result that the active child 
grows into an adult with a high 
peak bone mass before age-related 
loss begins. High calcium intakes 
(1200 to 1500 mg/day) at this age 
help ensure the maximal benefit. 
However, calcium intake is declin-
ing among American children and, 
ironically, most dramatically in 
adolescent girls who stand to ben-
efit the most in terms of reducing 
their risk of osteoporotic fractures 
later in life. The clear public health 
message here is that we need to 
promote more consumption of cal-
cium-rich foods (especially milk!) 
and more physical activity for 
American children and teens. This 
translates to the removal of soda 
machines from our schools’ hall-
ways and the promotion of regular 
physical education classes through 
high school. On a population-wide 
basis, the prevention of osteoporo-
sis, rather than attention to treating 
established bone loss, is likely to be 

far more effective. That said, those 
of us on the other end of the aging 
span need to pay attention to good 
nutrition and exercise, particularly 
to maintain adequate (and toned) 
muscle mass to minimize aging-re-
lated bone loss and our risk of fra-
gility fractures.

question: What are the general char-
acteristics of exercise programs that 
produce increments in bone mass 
and decrease the risk of osteopo-
rotic fractures later in life?

answer: There are important lessons 
to learn from key experiments done 
in animal models, with results be-
ing more and more frequently ap-
plied to the human condition. For 
example, experiments by Rubin 
and Lanyon (96) on the ulnas of tur-
keys revealed the importance of the 
magnitude of force applied to bone 
(as opposed to many loading cycles) 
as well as a unique distribution of 
loading. Hence, we have the current 
emphasis on either weight-training 
or weight-bearing activities that 
involve impact forces to provide 
adequate stimulus to the skeleton. 
In addition, a diversified exercise 
program that uses a wide variety of 
muscle groups with frequent and 
varied movement patterns is better 
than a monotonous signal to bone 
like running or cycling. More re-
cent findings from Robling and fel-
low researchers (93), using external 
loading of rat tibiae, suggest that 
two four shorter exercise bouts 
spread over the day might be more 
osteogenic (promoting gain in bone 
mass) than one long bout. Interest-
ingly, this approach agrees well 
with the recommendations we’re 
hearing from exercise epidemiolo-
gists that activity accumulated over 
the day provides significant health 
benefits. Incorporating more activ-
ity into our daily life (commuting 
by bicycle, physical work at home, 
more walking as well as planned 
exercise) holds much promise for 
improving bone health across the 
life span.

Courtesy  
of Susan 
Bloomfield
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1 diabetes, extreme morbid obesity, extreme under-
weight (BMI <12), history of extremely sedentary 
lifestyle, intrauterine growth restriction in current 
pregnancy, poorly controlled hypertension, orthopedic 
limitations, poorly controlled seizure disorder, poorly 
controlled hyperthyroidism, and heavy smoking (2). 
Clearly, to protect mother and fetus, a consultation 
with a physician is an appropriate recommendation 
prior to the initiation of an exercise program.

Interestingly, compared to our knowledge of 
how diabetic, asthmatic, and cardiac patients respond 
to exercise training, we are now only beginning to 
understand how the mother and fetus respond to 
such a program (29, 116, 117). In general, the follow-
ing describe the major cardiovascular and metabolic 

adaptations to pregnancy compared to the nonpreg-
nant state (115, 116):

 ■ Blood volume increases 40% to 50%.

 ■ Oxygen uptake is slightly higher at rest and 
during submaximal exercise.

 ■ The oxygen cost of weight-bearing exercise is 
markedly increased.

 ■ Heart rates are higher at rest and during 
submaximal exercise.

 ■ Cardiac output is higher at rest and during 
submaximal exercise for the first two trimesters; 
in the third trimester, cardiac output is lower and 
the potential for arterial hypotension is greater.

CLINICAL APPLICATION 17.1

Physical Activity and Cancer
As mentioned in Chap. 14, cancer is 
the second leading cause of death in 
the United States. We have become 
accustomed to seeing physical activ-
ity recommendations for chronic dis-
eases like diabetes, heart disease, and 
COPD, but cancer does not receive as 
much attention. However, the 2008 
Physical Activity Guidelines for Ameri-
cans indicated that there was strong 
evidence that regular physical activ-
ity was linked to a lower risk of colon 
and breast cancer and moderate evi-
dence for a lower risk of lung and 
endometrial cancer (109). Eight years 
later the study by Moore, et al, (77) 
provides clear evidence that regu-
lar participation in physical activity 
is associated with a lower risk of 13 
different types of cancer—even more 
reason to promote the message about 
physical activity and the prevention 
of chronic diseases like cancer (77). 
But what about those who have can-
cer and are undergoing treatment 
for it? What exercise prescription is 
recommended?

That is not an easy question to an-
swer because of differences among 
patients in the tumor site (e.g., brain, 
breast, blood), the cancer stage (e.g., 
Stage 1 [localized] vs. Stage 4 [spread to 
distant tissue]), the type of treatment 
(e.g., chemotherapy, radiation, surgery), 
and the response of the patient to the 
treatment (e.g., minimal vs. many side 
effects). Further,  knowing that some 

of these factors change throughout a 
treatment regime, the consistent rec-
ommendation across various agencies 
serving patients with cancer is to avoid 
inactivity (5, 98). Needless to say, the 
patient should work with his/her doc-
tors to determine what kinds of ex-
ercises to do and avoid, as well as to 
plan an appropriate course of action 
that might include a physical thera-
pist, a qualified fitness professional 
(see http://certification.acsm.org/
acsm-cancer-exercise-trainer), or a 
program that can be done with mini-
mal or no assistance. 

Exercise progression is the key, 
taking the patients from their current 
level of physical activity to the goals 
described in the Physical Activity 
Guidelines for older adults presented 
in this chapter. Progression should be 
applied to (5, 98):

 ■ Frequency: begin with every 
other day, with goal of most/all 
days per week

 ■ Intensity: start at light intensity 
using the HR (<60% HRR), MET 
scale (<3 METs), or perceived 
exertion (<12 on original Borg 
RPE scale), and work up to 
moderate intensity

 ■ Time: begin with several short 
sessions per day, and increase 
the duration of the sessions un-
til one continuous session of 30 
minutes can be done. If more 

than 150 minutes per week of 
moderate-intensity activity can 
be done, they should be en-
couraged to do so.

 ■ Flexibility and strengthening 
exercises, which should also 
be done at least two days per 
week.

Patients should be educated to be 
aware that how they respond to their 
routine exercises might dictate reduc-
ing or stopping exercise, or seeking 
immediate help. For example, inten-
sity should be reduced if the degree of 
effort becomes “very hard;” assistance 
may be needed if chest discomfort, 
shortness of breath, cramping, or ex-
cessive fatigue are experienced; and 
exercise should be skipped if a  fever 
(>101 °F/38.3 °C) is present (82). See 
Schmitz’s chapter for more on this 
important topic (98). Research in this 
area is ongoing and will certainly lead 
to new insights on physical activity 
in cancer prevention and recommen-
dations for cancer treatment. In the 
meantime, regular physical activity 
should be encouraged as a way to help 
prevent the disease and improve can-
cer treatment outcomes. One closing 
note, the study by Moore et al. (77) also 
found that the risk of malignant mela-
noma was increased with  leisure-time 
physical activity— probably linked to 
sun exposure— additional motivation 
to use sun block.
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In spite of all these changes, moderate exercise 
does not appear to interfere with oxygen deliv-
ery to the fetus, and the heart rate response of the 
fetus shows no signs of distress. The fetal heart rate 
increases with the intensity and duration of exercise, 
and it gradually returns to normal during postexercise 
recovery (115–117). Cardiac output has been shown 
to be higher at 26 weeks’ gestation during submaxi-
mal exercise than at 8 weeks following delivery. The 
fact that the a-v̄O2 difference was lower suggests that 
the higher cardiac output was distributed to other 
vascular beds (e.g., the uterus) and muscle blood flow 
was maintained (117). Since absolute V̇ O2 max (L/min)  
doesn’t change much over the course of a pregnancy 
(71), what happens when exercise training is done 
during pregnancy?

In general, there is evidence that estimated V̇ O2 
max (in L/min) is increased as a result of training in 
previously sedentary pregnant women, while relative 
V̇ O2 max (ml · kg−1 · min−1) is maintained or increased 
slightly, despite the weight gain (117). What is inter-
esting is that when well-conditioned recreational 
athletes trained throughout and following their preg-
nancy, absolute V̇ O2 max was increased as long as 
36 to 44 weeks after delivery compared to a “control” 
group of women who maintained training and did not 
become pregnant (32). This suggests that the combi-
nation of pregnancy and training resulted in adapta-
tions greater than what could be achieved by training 
alone. What are reasonable recommendations to fol-
low when a pregnant woman wants to exercise?

Guidelines have been developing over the past 
two decades. In an earlier set of guidelines from the 
American College of Obstetricians and Gynecologists 
(ACOG), fixed criteria (e.g., don’t exercise over an 
HR of 140 b/min) were provided, with the emphasis 
on taking a conservative approach to exercise pre-
scription. Current guidelines emphasize the need to 
avoid doing exercise in the supine position to avoid 
a reduction in venous return and orthostatic hypo-
tension (2). Weight-supported activities are encour-
aged due to the lower risk of injury, and attention is 
focused on the need for hydration to maintain body 
temperature in the normal range associated with exer-
cise. Research suggests that normal exercise-induced 
increases in body temperatures carry little risk to the 
fetus (2, 29, 116).

The American College of Obstetricians and Gyne-
cologists states that in the absence of either medi-
cal or obstetric complications, pregnant women can 
follow the public health recommendation of doing 
150 minutes of moderate-intensity physical activity 
per week. Individuals should use a progression for-
mat beginning, for example, with 15 minutes, three 
days per week until the 150 minutes per week goal 
is reached. This recommendation was supported in a 
recent review of the literature (79).

 ■ Recreational and competitive athletes with 
uncomplicated pregnancies can remain active 
during pregnancy and modify activities as 
medically indicated. Pregnant women who 
engage in strenuous exercise require close 
medical supervision.

 ■ Previously inactive women and those with 
medical or obstetric complications should 
be evaluated by a physician before exercise 
recommendations are made.

 ■ A physically active woman with a history of, 
or at risk for, preterm labor or fetal growth 
restriction should reduce her activity in the 
second and third trimesters.

Mudd, L. M., Owe, K. M., Mottola, M. F., and Pivarnik, J. M., 
“Health Benefits of Physical Activity During Pregnancy: An 

International Perspective,” Medicine and Science  
in Sports and Exercise 45:268–277, 2013.

For those doing structured exercise programs, 
the Canadian Guidelines (41) suggest using the “talk 
test” (reduce intensity when conversation cannot be 
continued without pauses to catch one’s breath) or 
the RPE (12–14 on the original Borg scale) to set exer-
cise intensity. This has been endorsed in the current 
ACOG recommendations (2). However, the following 
heart rate ranges were offered for additional guid-
ance in the PARmed-X for Pregnancy (www.csep.
ca/cmfiles/publications/parq/parmed-xpreg.pdf):

 ■ Less than 20 years of age, 140–155

 ■ 20–29 years of age
 ● Low fit: 129–144
 ● Active: 135–150
 ● Fit: 145–160
 ● BMI>25 kg · m–2: 102–124

 ■ 30–39 years of age
 ● Low fit: 128–144
 ● Active: 130–145
 ● Fit: 140–156
 ● BMI > 25 kg · m–2: 101–120

Source: www.csep.ca/cmfiles/publications/parq/ 
parmed-xpreg.pdf.

In spite of the growing body of knowledge sup-
porting the appropriateness of recommending exer-
cise during pregnancy, only about 50% of private/small  
group practice obstetricians recommend physical activ-
ity during pregnancy (46). This is unfortunate given 
that regular physical activity during pregnancy is asso-
ciated with a reduced risk of both gestational diabetes 
and preeclampsia, growing problems in an overweight 
and obese society (40). A recent study emphasized 
the need to disseminate current recommendations and 
information about the risks and benefits of physical 
activity during pregnancy to obstetricians in order to 
overcome the gap between science and practice (47).
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STUDY ACTIVITIES
 1. What is the difference between type 1 and type 2 

diabetes?
 2. If a person with type 1 diabetes does not take an ade-

quate amount of insulin, what happens to the blood 
glucose concentration during prolonged exercise? Why?

 3. If exercise is helpful in controlling blood glucose in 
those with type 2 diabetes, how could it complicate 
the life of a person with type 1 diabetes?

 4. Provide general recommendations regarding changes in 
insulin and diet for those with diabetes who engage in 
exercise.

 5. How is exercise-induced asthma triggered, and how can 
the exercise prescription be modified to reduce the 
potential for an exercise-induced asthma attack?

 6. What are exercise and diet recommendations for the 
nonpharmacological treatment of those with borderline 
hypertension?

 7. What is COPD, and where does exercise fit in as part of 
a rehabilitation program?

 8. What are angina pectoris, CABGS, and angioplasty?
 9. Contrast Phase I cardiac rehabilitation programs with 

the Phase II and Phase III programs.
 10. How do older adults respond to exercise training com-

pared to younger subjects?
 11. Older adult strength training programs focus on more 

than muscle and strength. Explain.
 12. What are the recommended guidelines for a pregnant 

woman who wants to begin an exercise program?
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 ■ Objectives

By studying this chapter, you should be able to do the following:

 1. Describe what is meant by the terms 
Recommended Dietary Allowance (RDA) and 
Adequate Intake (IA), and how they relate to 
the Daily Value (DV) used in food labeling.

 2. List the six classes of nutrients.

 3. Identify the fat- and water-soluble vitamins.

 4. Describe why there is concern about the 
levels of intake of calcium, iron, and sodium 
in terms of health and disease.

 5. Identify the two major classes of 
carbohydrates, and describe what the 
glycemic index is.

 6. Identify the recommended changes in fat 
intake to improve health status.

 7. List the nutrients that should be limited 
according to the 2015 Dietary Guidelines for 
Americans.

 8. Identify the five food groups in the U.S. Style 
Healthy Eating Plan.

 9. Describe the limitation of height/weight 
tables and the Body Mass Index in 
determining overweight and obesity.

 10. Describe the two-component model of body 
composition and the assumptions made about 
the density values for the fat-free mass and 
the fat mass.

 11. Explain the principle underlying the 
measurement of whole-body density with 

underwater weighing and why one must 
correct for residual volume.

 12. Explain the principle by which bioelectrical 
impedance analysis (BIA) can be used to 
estimate the fat-free mass.

13. Explain how a sum of skinfolds can be used  
to estimate a percentage of body fatness 
value.

14. List the recommended percentage of body 
fatness values for health and fitness for males 
and females, and explain the concern for both 
high and low values.

15. Describe the roles of genetics and 
environment in the development of obesity.

16. Describe the pattern of change in body 
weight and caloric intake over the adult  
years.

17. Discuss the changes in body composition 
when weight is lost by diet alone versus diet 
plus exercise.

18. Describe the relationship of the fat-free mass 
to the BMR.

19. Define and give an example of thermogenesis.

20. Describe physical activity recommendations 
for preventing overweight and obesity, and 
for the prevention of weight regain in those 
who were previously obese.

Nutrition and Body 
Composition for Health

18
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412 Section Two Physiology of Health and Fitness

Chap. 14 described factors that limit health and 
fitness. These included hypertension, obesity, 

and elevated serum cholesterol. These three risk fac-
tors are linked to an excessive consumption of salt, 
total calories, and dietary fat, respectively. Clearly, 
knowledge of nutrition is essential to our understand-
ing of health-related fitness. Whereas Chaps. 3 and 4 
described the metabolism of carbohydrates, fats, and 
proteins, this chapter focuses on the type of diet that 
should provide them. The first part of the chapter 
presents nutrition standards and what they mean, a 
summary of the six classes of nutrients, dietary guide-
lines, and eating patterns (diets) to help meet those 
guidelines. The second part of the chapter discusses 
methods for measuring body composition, and the 
third part examines the role of exercise and diet in 
weight control. Nutrition related to athletic perfor-
mance is covered in Chap. 23.

STANDARDS OF NUTRITION
Food provides the carbohydrates, fats, proteins, min-
erals, vitamins, and water needed for life. The quan-
tity of each nutrient needed for proper function and 
health is defined in one of the Dietary Reference 
Intakes (DRIs), an umbrella term encompassing spe-
cific standards for dietary intake. The DRIs include 
the following (61, 62, 63):

 ■ Recommended Dietary Allowance 
(RDA). The average daily dietary nutrient 
intake level sufficient to meet the nutrient  

requirements of nearly all (97%–98%) healthy 
individuals in a particular group.

 ■ Adequate Intakes (AIs). The AI describes 
levels that are assumed to be adequate when 
an RDA cannot be determined.

 ■ Tolerable Upper Intake Level (UL). The 
highest average daily nutrient intake level 
likely to pose no risk of adverse health effects.

 ■ Acceptable Macronutrient Distribution 
Ranges (AMDRs). These are defined as 
ranges of intakes for a particular energy 
source that is associated with a reduced risk 
of chronic disease, while providing adequate 
intake of essential nutrients. The ranges are 
20% to 35% for fat, 45% to 65% carbohydrate, 
and the balance, 10% to 35%, is protein.

 ■ Estimated Energy Requirement (EER). The 
average dietary energy intake that is predicted 
to maintain energy balance in a healthy adult of 
a defined age, gender, weight, height, and level 
of physical activity, consistent with good health 
(see appendix B for the EERs for males and 
females across various age groups).

 ■ Daily Value (DV). Standard used in 
nutritional labeling to indicate how much of 
various nutrients is contained in the food we 
eat based on a 2000-calorie diet. For example, 
if one serving of a product provides 11% of the 
DV for fat, it contains 11% of the total amount 
of fat recommended for one day. Figure 18.1 
provides an example of a food label.

 ■ Key Terms

Adequate Intakes (AIs)
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basal metabolic rate 

(BMR)
bulimia nervosa
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CLASSES OF NUTRIENTS
There are six classes of nutrients: water, vitamins, 
minerals, carbohydrates, fats, and proteins. In the 
following sections, each nutrient is described 
briefly, and the primary food sources of each are 
identified.

Figure 18.1 Food packages must list product name, name and address of the manufacturer, amount of product in the 
package, and ingredients. The Nutrition Facts panel is required on virtually all packaged food products. The % Daily 
Value listed on the label is the percent of the amount of a nutrient needed daily that is provided by a single serving 
of the product.

Nutrition Facts
Serving Size 1 Pouch (61g)

Serving Per Container 6
Amount Per Serving

Calories 250

Total Fat 7g 11%
13%

**
2%

3%

16%
13%

Cholesterol 5mg
Sodium 400mg
Total Carbohydrate 38g

Protein 7g

Calories per gram:

% Daily value*

Calories from Fat 70

Saturated Fat 2.5g
Trans Fat 1g

Dietary Fiber <1g

Vitamin A 0% • Vitamin C 0%
Calcium 12% • Iron 8%
*Percent Daily Values are based on a 2,000
calorie diet. Your daily values may be higher or
lower depending on your calorie needs: 

Total Fat

Sugars 6g

Calories: 2,000 2,500
Less than 65g 80g

Sat Fat Less than 20g 25g
Cholest Less than 300mg 300mg
Sodium Less than 2,400mg 2,400mg
Total Carb

Fat 9
**Intake should be as low as possible.

INGREDIENTS: ENRICHED MACARONI PRODUCT
(DURUM WHEAT FLOUR, GLYCERYL MONO-
STEARATE, SALT, NIACIN, FERROUS SULFATE,
THIAMIN MONONITRATE [VITAMIN B1],
RIBOFLAVIN [VITAMIN B2], FOLIC ACID), CHEESE
SAUCE MIX (WHEY, PARTIALLY, HYDROGENATED
SOYBEAN OIL), MALTODEXTRIN, WHEY PROTEIN
CONCENTRATE, CORN SYRUP SOLIDS, SALT,
MILKFAT, SUGAR, SODIUM, NATURAL FLAVOR,
CITRIC ACID, MONOSODIUM GLUTAMATE,
MODIFIED FOOD STARCH, LACTIC ACID, YELLOW 5.

Carbohydrate 4 Protein 4

300g 375g
Fiber 25g 30g

• •

This shows how a single
serving compares to the
DV. Recall that the DVs
for fat, saturated fat,
cholesterol, protein, and
fiber are based on a
2000-calorie diet.

There is no % Daily
Value for sugar.
Limiting intake is the
best advice.

Name and address of the
food manufacturer.

Ingredients are listed in
descending order by
weight.

A Quick Guide
to Nutrient Sources

Nutrients

Nutrient claims, such
as “Good source,” and
health claims, such as
“Reduce the risk of
osteoporosis,” must
follow legal definitions.

% Daily Value
20% or more = Rich source

10%–19% = Good source

Good source

.....of.....
calcium

This footnote appears on
many labels. It is omitted
when there is too little
space on the label to
print it. The footnote
reports the DVs used to
compute the % Daily
Value for a 2000-
and 2500-calorie diet.

% Daily Value

Daily Value
Footnote

The number of servings
of the size given in the
serving size above that
are in one package of
the food.

These nutrients must appear on
most labels. Labels of foods that
contain few nutrients, such as
candy and soft drinks, may omit
some nutrients. Some manufacturers
list more nutrients. Other nutrients
must be listed if manufacturers 
make a claim about them or if the
food is fortified with them.

Sugars DV

Servings per
container

ts
The number of servings
of the size given in the
serving size above that
are in one package of
the food

Servings per
container

Serving size is listed in household
units (and grams). Pay careful
attention to serving size to know
how many servings you are
eating: e.g., if you eat double the
serving size, you must double
the % Daily Values and calories.

Serving size

g

gram:

0% • Vitamin C 0%
22% • Iron 8%

a 2,000yy Values are based on a
oour daily values may be higher or
ding on your calorie needs:
Calories: 2,000 2,500
ess than 65g 80g
ess than 20g 25g
ess than 300mg 300mg
ess than 2,400mg 2,400mg

arbohydrate 4 Protein 4

300g 375g
25g 30g

•

There is no % Daily
Value for sugar.
Limiting intake is the
best advice.

% Daily Value for
protein is generally not
included due to
expensive testing
required to determine
protein quality.

Protein DV

IN SUMMARY
 ■ Dietary Reference Intakes include a collection 
of standards (e.g., RDA) for levels of  specific 
nutrients (e.g., vitamins) and the ranges of 
 macronutrient intake (e.g., carbohydrates) 
 consistent with good health.

 ■ The Daily Value (DV) is a standard used in 
nutritional labeling.
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Water
Water is absolutely essential for life. Under normal 
conditions without exercise, water loss equals about 
2500 ml/day, with most lost in urine. However, as 
higher environmental temperatures and heavy exer-
cise are added, water loss can increase dramatically to 
6 to 7 liters per day (165). Under normal conditions 
the 2500 ml of water per day is replaced with bever-
ages (1500 ml), “solid” food (750 ml), and the water 
derived from metabolic processes (250 ml) (161). Most 
people are surprised by the large volume of water 
contributed by “solid” food until they consider the 
following percentages of water in solid food: baked 
potato—75%, apple—75%, lettuce—96% (161). A gen-
eral recommendation under ordinary circumstances 
is to consume 1 to 1.5 ml of water per kcal of energy 
expenditure (107). The AI for total water intake (food 
and beverages) for women and men 19 to 70 years 
of age is set at 2.7 L/day and 3.7 L/day, respectively 
(62). However, to avoid potential problems associated 
with dehydration, one should drink water before and 
during exercise; thirst is not an adequate stimulus to 
achieve water balance (see Chap. 23).

Water weight can fluctuate depending on the 
body stores of carbohydrate and protein. Water is 
involved in the linkage between glucose molecules 
in glycogen and amino acid molecules in protein. The 
ratio is about 2.7 grams of water per gram of carbohy-
drate, and if an individual stores 454 g (1 lb) of carbo-
hydrate, body weight would increase by 3.7 lbs. Of 
course, when one diets and depletes this carbohydrate 
store, the reverse occurs. This results in an apparent 
(and rapid) weight loss of 3.7 lbs when only 1816 kcal 
(454 g of carbohydrate times 4 kcal/g) have been lost.

Vitamins
Vitamins were introduced in Chap. 3 as organic cata-
lysts involved in metabolic reactions. They are needed 
in small amounts and are not “used up” in the metabolic 
reactions. However, they are degraded (metabolized) 
like any biological molecule and must be replaced on 
a regular basis to maintain body stores. Several vita-
mins are in a precursor, or provitamin, form in foods 
and are converted to the active form in the body. 
Beta-carotene, the most important of the provitamin 
A compounds, is a good example. A chronic lack of 
certain vitamins can lead to deficiency diseases, and 
an excess of others can lead to a toxicity condition 
(161). In our presentation, vitamins will be divided 
into the fat-soluble and water-soluble groups.

Fat-Soluble Vitamins The fat-soluble vitamins in-
clude A, D, E, and K. These vitamins can be stored 
in large quantities in the body; thus, a deficiency 
state takes longer to develop than for water-soluble 

 vitamins. However, because of their solubility, so 
much can be stored that a toxicity condition can oc-
cur. Table 18.1 summarizes the information on these 
vitamins, including the RDA/AI standards, dietary 
sources, and functions.

Water-Soluble Vitamins The water-soluble vitamins 
include vitamin C and the B vitamins: thiamin (B1), 
riboflavin (B2), niacin, pyridoxine (B6), folic acid, B12, 
pantothenic acid, and biotin. Most are involved in 
energy metabolism. You have already seen the role 
of niacin, as NAD, and riboflavin, as FAD, in the trans-
fer of energy in the Krebs cycle and electron trans-
port chain. Table 18.1 summarizes the information 
on these vitamins, including the RDA/AI standards, 
dietary sources, and functions. See Appendix C for 
recommended intakes of vitamins for males and fe-
males across various age groups.

Minerals
Minerals are the chemical elements, other than 
carbon, hydrogen, oxygen, and nitrogen, associated 
with the structure and function of the body. We 
have already seen the importance of calcium in bone 
structure and in the initiation of muscle contraction, 
iron in O2 transport by hemoglobin, and phosphorus 
in ATP. Minerals are important inorganic nutrients 
and are divided into two classes: (a) major minerals 
and (b) trace elements. The major minerals include 
calcium, phosphorus, magnesium, sulfur, sodium, 
potassium, and chloride, with whole-body quanti-
ties ranging from 35 g for magnesium to 1200 g for 
calcium in a 70-kg man (161). The trace elements 
include iron, iodine, fluoride, zinc, selenium, copper, 
cobalt, chromium, manganese, molybdenum, arsenic, 
nickel, and vanadium. There are only 4 g of iron and 
0.0009 g of vanadium in a 70-kg man. Like vitamins, 
some minerals taken in excess (e.g., iron and zinc) can 
be toxic. The following sections focus attention on 
calcium, iron, and sodium.

Calcium Calcium (Ca++) and phosphorus combine 
with organic molecules to form the teeth and bones. 
The bones are a “store” of calcium that helps to main-
tain the plasma Ca++ concentration when dietary 
intake is inadequate (see parathyroid hormone in 

IN SUMMARY
 ■ The fat-soluble vitamins include A, D, E, and K. 
These can be stored in the body in large quan-
tities and toxicity can develop.

 ■ The water-soluble vitamins include thiamin, 
riboflavin, niacin, B6, folic acid, B12, pantothenic 
acid, biotin, and C. Most of these are involved 
in energy metabolism.
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TABLE 18.1 A Summary of Vitamins

Vitamin Major Functions Dietary Sources* RDA or AI*

Vitamin A 
 (retinoids) and 
provitamin A 
(carotenoids)

Promote vision: light and color
Promote growth
Prevent drying of skin and eyes
Promote resistance to bacterial  

infection

Vitamin A
Liver
Fortified milk
Fortified breakfast cereals

Provitamin A
Sweet potatoes, spinach, 

greens, carrots, cantaloupe, 
apricots, broccoli

Men: 900 
micrograms

Women: 700 
micrograms

D (chole- and 
ergocalciferol) 
micrograms)

Facilitate absorption of calcium and 
phosphorus

Maintain optimal calcification of bone

Vitamin D-fortified milk
Fortified breakfast cereals

Fish oils
Sardines
Salmon

15 micrograms

E (tocopherols) Act as an antioxidant: prevent break-
down of vitamin A and unsaturated 
fatty acids

Vegetable oils
Some greens
Some fruits
Fortified breakfast cereals

15 milligrams

K (phyilo- and 
menaquinone)

Help form prothrombin and other fac-
tors for blood clotting and contribute 
to bone metabolism

Green vegetables
Liver

Men: 120 micrograms*
Women: 90 
micrograms*

Vitamin Major Functions Dietary Sources* RDA or AI*

Thiamin Coenzyme involved in carbohydrate 
metabolism; nerve function

Sunflower seeds, pork, whole 
and enriched grains, dried 
beans, peas, brewers yeast

Men: 1.2 milligrams
Women: 1.1 milligrams

Riboflavin Coenzyme involved in energy 
metabolism

Milk, mushrooms, spinach, 
liver, enriched grains

Men: 1.3 milligrams
Women: 1.1 milligrams

Niacin Coenzyme involved in energy 
 metabolism, fat synthesis, fat 
breakdown

Mushrooms, bran, tuna, 
salmon, chicken, beef, liver, 
peanuts, enriched grains

Men: 16 milligrams
Women: 14 milligrams

Pantothenic acid Coenzyme involved in energy metabo-
lism, fat synthesis, fat breakdown

Mushrooms, liver, broccoli, 
eggs; most foods have some

5 milligrams*

Biotin Coenzyme involved in glucose produc-
tion, fat synthesis

Cheese, egg yolks, cauli-
flower, peanut butter, liver

30 micrograms

Vitamin B6, 
 pyridoxine, and 
other forms

Coenzyme involved in protein metabo-
lism, neurotransmitter synthesis, hemo-
globin synthesis, many other functions

Animal protein foods, spinach, 
broccoli, bananas, salmon, 
sunflower seeds

1.3 milligrams

Folate (folic acid) Coenzyme involved in DNA synthesis, 
other functions

Green leafy vegetables, 
orange juice, organ meats, 
sprouts, sunflower seeds

400 micrograms

Vitamin B12 
(cobalamins)

Coenzyme involved in folate metabo-
lism, nerve function, other functions

Animal foods, especially 
organ meats, oysters, clams 
(not natural in plants)

2.4 micrograms

Vitamin C  
(ascorbic acid)

Connective tissue synthesis, hormone 
synthesis, neurotransmitter synthesis

Citrus fruits, strawberries, 
broccoli, greens

Men: 90 milligrams
Women: 75 milligrams

Note: Values are the Recommended Dietary Allowances (RDAs) for adults 19 to 50 years, unless marked by an asterisk (*), in which case they 
represent the Adequate Intakes (AIs). The Tolerable Upper Intake Levels (ULs) are listed under toxicity; intakes above these values can lead to 
negative health consequences.
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Chap.5). Bone is constantly turning over its calcium 
and phosphorus, so diet must replace what is lost. If 
the diet is deficient in calcium for a long time, loss of 
bone, or osteoporosis, can occur. Three major factors 
are implicated: dietary calcium intake, inadequate es-
trogen, and lack of physical activity (see Chap. 17 for 
more on this) (3).

There is concern that the increase in osteoporo-
sis in our society is related to an inadequate calcium 
intake. The adult RDA for calcium is 1000 mg/day, 
and although many men come close to meeting the 
standard, few women do (161). Given that the RDA is 
higher for 9–18-year-olds (1300 mg/day) and for females 
51 to 70 years of age (1200 mg/day), the concern is 
greater for those age groups. Although menopause is the 
usual cause of a reduced secretion of estrogen, young, 
extremely active female athletes are experiencing this 
problem associated with amenorrhea (4). The decrease 
in estrogen secretion is associated with the accelera-
tion of osteoporosis. Because exercise has been shown 
to slow the rate of bone loss, we now have physical 
activity recommendations to build bone mass in early 
childhood and to hold on to it as we age (2, 3, 153) (see 
Ask the Expert 17.1 in Chap. 17).

Iron The majority of iron is found in hemoglobin in 
the red blood cells, which is involved with oxygen 
transport to cells (see Chap. 10). Other iron-contain-
ing molecules include myoglobin in muscle and the 
cytochromes in mitochondria, accounting for about 
25% of the body’s iron. A large portion of the remain-
ing iron is bound to ferritin in the liver, with the se-
rum ferritin concentration being a sensitive measure 
of iron status (161, 165).

To remain in iron balance, the RDA is set at  
8 mg/day for an adult male and 18 mg/day for an adult 
female; the higher amount is needed to replace that 
which is lost in the menses. In spite of the higher need 
for iron, American women take in only 13.2 mg/day, 
whereas men take in 17.5 mg/day (150). This is due to 
higher caloric intakes in males than females. The diet 
provides iron in two forms, heme (ferrous) and non-
heme (ferric). Heme iron, found primarily in meats, fish, 
and organ meats, is absorbed better than nonheme iron, 
which is found in vegetables. However, the absorption 
of nonheme iron can be increased by the presence of 
meat, fish, and vitamin C (55, 161, 165).

Anemia is a condition in which the hemoglobin 
concentration is low: less than 13 g/dl in men and 
less than 12 g/dl in women. This can be the result of 
blood loss (e.g., blood donation or bleeding) or a lack 
of vitamins or minerals in the diet. The most com-
mon cause of anemia in North America is a lack of 
dietary iron (161, 165). In fact, iron deficiency is the 
most common nutrient deficiency. In iron-deficiency 
anemia, the iron bound to transferrin in the plasma 
is reduced, and serum ferritin (an indicator of iron 

stores) is low (55). Although children aged one to 
five years, adolescents, young adult women, and the 
elderly are more apt to develop anemia, it also occurs 
in competitive athletes. This latter point is discussed 
in detail in Chap. 23.

Sodium Sodium is directly involved in the mainte-
nance of the resting membrane potential and the gen-
eration of action potential in nerves (see Chap. 7) and 
muscles (see Chap. 8). In addition, sodium is the pri-
mary electrolyte determining the extracellular fluid 
volume. If sodium stores fall, the extracellular volume, 
including plasma, decreases. This could cause major 
problems with the maintenance of the mean arterial 
blood pressure (see Chap. 9) and body temperature 
(see Chap. 12).

The problem in our society is not with sodium 
stores that are too small, but just the opposite. The 
estimated average intake of sodium for Americans ages 
two years and older is about 3400 mg/day. This is con-
siderably more than the AI for adults (1500 mg/ day) 
and exceeds the UL for adults (2300 mg/day) (152). 
There is no question about the link between sodium 
intake and blood pressure, with evidence showing 
that reducing salt intake is feasible and will result in 
a reduction in cardiovascular morbidity and mortal-
ity (70, 162). The Dietary Guidelines for Ameri-
cans have consistently supported the need to reduce 
sodium intake, and they recommend eating patterns 
(see later) to accomplish that goal. Those involved in 
athletic competition or strenuous exercise or who 
work in the heat must be concerned about adequate 
sodium replacement. Generally, because these indi-
viduals consume more kcal of food (containing more 
sodium), this is usually not a problem. More on this 
is in Chap. 23.

The previous sections have focused attention on 
three minerals—calcium, iron, and sodium—because 
of their relationship to current medical and health-
related problems. A summary of the minerals, includ-
ing the RDA/AI values, functions, and food sources is 
presented in Table 18.2. See Appendix D for recom-
mended intakes of minerals (elements) for males and 
females across various age groups.

IN SUMMARY
 ■ The major minerals include calcium, phospho-
rus, magnesium, sulfur, sodium, potassium, 
and chloride. The trace elements include iron, 
iodine, fluoride, zinc, selenium, copper, cobalt, 
chromium, manganese, molybdenum, arsenic, 
nickel, and vanadium.

 ■ Inadequate calcium and iron intake has been 
linked with osteoporosis and anemia, respectively. 
The Dietary Guidelines for Americans recommends 
eating patterns to address these concerns.
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TABLE 18.2 A Summary of Minerals

Mineral Major Functions Dietary Sources RDA or AI*

Sodium Functions as a major ion of the extra-
cellular fluid; aids nerve impulse 
transmission

Table salt, processed foods, 
condiments, sauces, soups, 
chips

1500 milligrams*

Potassium Functions as a major ion of intra-
cellular fluid; aids nerve impulse 
transmission

Spinach, squash, bananas, 
orange juice other vegetables 
and fruits, milk, meat, legumes, 
whole grains

4700 milligrams*

Chloride Functions as a major ion of the extra-
cellular fl uid; participates in acid 
production in stomach; aids nerve 
transmission

Table salt, some vegetables, 
processed foods

2300 milligrams*

Calcium Provides bone and tooth strength; 
helps blood clotting; aids nerve 
impulse transmission; required for 
muscle contractions

Dairy products, canned fish, 
leafy vegetables, tofu, fortified 
orange juice (and other forti-
fied foods)

1000 milligrams

Phosphorus Required for bone and tooth 
strength; serves as part of various 
metabolic compounds; functions as 
major ion of intracellular fluid

Dairy products, processed 
foods, fish, soft drinks, bakery 
products, meats

700 milligrams

Magnesium Provides bone strength; aids enzyme 
function; aids nerve and heart 
function

Wheat bran, green vegetables, 
nuts, chocolate, legumes

Men: 420 milligrams
Women: 320 milligrams

Mineral Major Functions Dietary Sources RDA or AI*

Iron Used for hemoglobin and other key 
compounds used in respiration; 
used for immune function

Meats, spinach, seafood, broccoli 
peas, bran, enriched breads

Men: 8 milligrams
Women: 18 milligrams

Zinc Required for enzymes, involved in 
growth, immunity, alcohol metabolism 
sexual development, and reproduction

Seafoods, meats, greens, whole 
grains

Men: 11 milligrams
Women: 8 milligrams

Selenium Aids antioxidant system Meats, eggs, fish, seafoods, 
whole grains

55 micrograms

Iodide Iodide Aids thyroid hormone Iodized salt, white bread, salt-
water fish, dairy products

150 micrograms

Copper Aids in iron metabolism; works with 
many enzymes, such as those 
involved in protein metabolism and 
hormone synthesis

Liver, cocoa, beans, nuts, whole 
grains, dried fruits

900 micrograms

Fluoride Increases resistance of tooth enamel 
to dental caries

Fluoridated water, toothpaste, 
dental treatments, tea, 
seaweed

Men: 4 milligrams*
Women: 3 milligrams*

Chromium Enhances blood glucose control Egg yolks, whole grains, pork, 
nuts, mushrooms, beer

Men: 30–35 micrograms*
Women: 20–25 micrograms*

Manganese Manganese Aids action of some 
enzymes, such as those involved in 
carbohydrate metabolism

Nuts, oats, beans, tea Men: 2.3 milligrams*
Women: 1.8 milligrams*

Molybdenum Aids action of some enzymes Beans, grains, nuts 45 micrograms

Note: Values are the Recommended Dietary Allowances (RDAs) for adults 19 to 50 years, unless marked by an asterisk (*), in which case they 
represent the Adequate Intakes (AIs). The Tolerable Upper Intake Levels (ULs) are listed under toxicity; intakes above these values can lead to 
negative health consequences.
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Carbohydrates
Carbohydrates and fats are the primary sources of 
energy in the average American diet. The Accept-
able Macronutrient Distribution Range (AMDR) for 
carbohydrate is 45% to 65% (63). Carbohydrates suffer 
a bad reputation from those trying to lose weight, 
especially when you consider that you would have 
to eat more than twice as much carbohydrate as fat 
to consume the same number of calories (4 kcal/g 
versus 9 kcal/g). Carbohydrates can be divided into 
two classes: those that can be digested and metabo-
lized for energy (sugars and starches), and those that 
are indigestible (fiber). The sugars are found in jel-
lies, jams, fruits, soft drinks, honey, syrups, and milk, 
whereas the starches are found in cereals, flour, pota-
toes, and other vegetables (161).

Sugars and Starches Carbohydrate is a major energy 
source for all tissues and a crucial source for two: red 
blood cells and neurons. The red blood cells depend 

exclusively on anaerobic glycolysis for energy, and 
the nervous system functions well only on carbohy-
drate. These two tissues can consume 180 grams of 
glucose per day (31). Given this need, it is no surprise 
that the plasma glucose concentration is maintained 
within narrow limits by hormonal control mecha-
nisms (see Chap. 5). During strenuous exercise, the 
muscle can use 180 grams of glucose in less than one 
hour. As a result of these needs, one might expect 
that carbohydrate would make up a large fraction of 
our energy intake. Currently, about 50% of energy 
intake is derived from carbohydrate (150), within the 
AMDR carbohydrate intakes (63). There is great in-
terest not only in the amount of carbohydrate in the 
diet but also in the type of carbohydrate as it relates 
to the prevention and management of diabetes (see 
Clinical Applications 18.1). The Dietary Guidelines 
for Americans have consistently stressed the need to 
avoid too much sugar (152), and the recommended 
eating patterns that will be presented later address 
this need.

CLINICAL APPLICATIONS 18.1

Glycemic Index—What Is It and Is It Important?
We all know that when we eat, insu-
lin secretion increases to promote 
the uptake, use, and storage of car-
bohydrates. The degree to which the 
blood glucose concentration increases 
and remains elevated depends on the 
kinds and amounts of carbohydrate 
ingested, as well as the person’s insu-
lin response and tissue sensitivity to 
the insulin (133).

It is well known that certain car-
bohydrates elicit a more rapid blood 
glucose response than others. The 
glycemic index (GI) has been used to 
describe the magnitude of those dif-
ferences and help those who have 
difficulty processing glucose make 
better decisions in planning meals. 
The GI quantifies the blood glucose 
response (above fasting) to a specific 
carbohydrate food over a two-hour 
period following ingestion. This re-
sponse is compared to a reference 
food (glucose or white bread) of the 
same weight. Those foods with a low 
GI would provide less of a challenge 
to someone with a reduced capacity 
to take up and use glucose (e.g., a per-
son with type 2 diabetes). However, 
because these carbohydrates are com-

pared on a “per gram” basis, the GI 
does not consider the impact that the 
actual amount of carbohydrate in the 
meal has on the response. The “gly-
cemic load (GL)” attempts to do that 
by multiplying the GI by the amount 
of carbohydrate in the serving (133). 
The simplicity of the GI and GL is 
complicated by the fact that most 
meals do not contain a single carbo-
hydrate. Factors such as the amount 
of protein and fat in the diet will af-
fect the blood glucose response to the 
carbohydrate ingested.

Although there is support for using 
the GI to help with food selection to 
manage both metabolic and cardio-
vascular disease, there is a growing 
body of evidence that low GI/GL di-
ets have inconsistent results in terms 
of changing cardiovascular risk factors  
(76, 127), and that benefits are observed 
primarily in women and not men (41, 
88, 93). Finally, where positive effects 
have been observed, the GL, not the GI, 
appears to be the most important fac-
tor (41). However, there is a new twist 
to this tale of the GI and GL.

Fructose makes up a substantial 
part of total carbohydrate intake in 

the average American’s diet. Concern 
was raised several years ago when it 
was found that there was a parallel 
increase in the intake of high-fructose 
corn syrup and obesity prevalence in 
this country. The reason for the con-
cern is that, in contrast to glucose, 
fructose does not increase the insulin 
and leptin responses as much, and con-
sequently, it provides less input to the 
brain centers associated with feeding 
and body weight (16). In concert with 
this, when fructose is administered di-
rectly into the brain, food intake actu-
ally increases, opposite of the effect of 
glucose (28, 77). It should be no sur-
prise that some investigators suggest 
that we examine the role of the “fruc-
tose index” (FI) and “fructose load” (FL) 
on the development of cardiometa-
bolic disease, rather than limit it to GI 
and GL alone (131). That said, the most 
recent evidence based on controlled 
feeding studies suggests that increased 
cardiometabolic risk is observed only 
when fructose and sugar-sweetened 
beverages are consumed at high levels 
or when they supplement a diet with 
excess energy (54). We are sure to hear 
more about this in the future.
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Dietary Fiber Dietary fiber is divided into the fol-
lowing classes (63):

 ■ Dietary fiber consists of nondigestible 
carbohydrates and lignin that are intrinsic 
and intact in plants. Examples of dietary fiber 
include plant nonstarch polysaccharides such 
as cellulose, pectin, gums, hemicellulose, and 
fibers in oat and wheat bran.

 ■ Functional fiber consists of isolated, nondigestible 
carbohydrates that have beneficial physiological 
effects in humans. Examples include isolated, 
nondigestible plants (e.g., resistant starches, 
pectin, and gums) and animal (e.g., chitin 
and chitosan) or commercially produced 
(e.g., resistant starch, inulin, and indigestible 
dextrins) carbohydrates.

 ■ Total fiber is the sum of dietary fiber and 
functional fiber.

Dietary fiber cannot be digested and metabolized, 
and consequently it provides a sense of fullness (satia-
tion) during a meal without adding calories (38). This 
fact has been used by bakeries that lower the number 
of calories per slice of bread. Pectin and gum are used 
in food processing to thicken, stabilize, or emulsify 
the constituents of various food products (161).

Dietary fiber has long been linked to optimal 
health. Fiber acts as a hydrated sponge as it moves 
along the large intestine, making constipation less 
likely by reducing transit time (5, 38, 161). Vegetarian 
diets high in soluble fiber have been linked to lower 
serum cholesterol due to the loss of more cholesterol-
containing bile acids in the feces. However, the fact 
that vegetarian diets are also lower in the percent-
age of calories from fat, which can also lower serum 
cholesterol, makes the interpretation of the data more 
complicated (38). Although a high-fiber diet reduces 
the incidence of diverticulosis, a condition in which 
outpouchings (diverticula) occur in the colon wall, the 
role of fiber in preventing colon cancer is mixed (5, 38).

Given the broad role of dietary fiber in normal 
health, it is no surprise that it has long been recom-
mend that Americans increase their intake of fiber. 
The AI for total fiber, based on an intake level observed 
to protect against coronary heart disease, has been set 
at 38 and 25 g/day for men and women, 19 to 50 
years of age, respectively (63). Each of the recom-
mended eating patterns from the Dietary Guidelines 
for Americans (see later) include food groups to help 
meet this goal.

Fats
Dietary lipids include triglycerides, phospholipids, 
and cholesterol. The Acceptable Macronutrient Dis-
tribution Range for fat is 20% to 35%. If solid at room 

temperature, lipids are fats; if liquid, oils. Lipids con-
tain 9 kcal/g and represent about 33% of the Ameri-
can diet, within the AMDR range, and lower than the 
42% recorded in 1977 (29, 53, 100, 150, 154, 161). 
However, part of the decrease in this percentage was 
due to an increase in total calorie consumption, pri-
marily from carbohydrate (27).

Fat not only provides fuel for energy but it is also 
important in the absorption of fat-soluble vitamins 
and for cell membrane structure, hormone synthe-
sis (steroids), insulation, and the protection of vital 
organs. Most fat is stored in adipose tissue for sub-
sequent release into the bloodstream as free fatty 
acids (see Chap. 4). Because of fat’s caloric density  
(9 kcal/g), we are able to carry a large energy reserve, 
with little weight. In fact, the energy content of one 
pound of adipose tissue, 3500 kcal, is sufficient to 
cover the energy cost of running a marathon. The 
other side of this coin is that because of this very high 
caloric density, it takes a long time to decrease the 
mass of adipose tissue when on a diet.

The focus of attention in the medical community 
has been on the role of dietary fat in the develop-
ment of atherosclerosis (see Chap. 14). Dietary recom-
mendations from many health organizations include 
a reduction in salt intake to control blood pressure 
(see minerals) and a reduction in fat intake, especially 
saturated fat and trans fat, to alter cholesterol levels. 
Usually, the cholesterol concentration in the serum is 
divided into two classes on the basis of what type of 
lipoprotein is carrying the cholesterol. Low-density 
lipoproteins (LDLs) carry more cholesterol than do 
the high-density lipoproteins (HDLs). High levels 
of LDL cholesterol are directly related to cardiovas-
cular risk, whereas high levels of HDL cholesterol 
offer protection from heart disease. The concentration 
of HDL cholesterol is influenced by heredity, gen-
der, exercise, and diet. Diets high in saturated fats 
and trans fats increase LDL cholesterol. A reduction 
in the sources of saturated fats would reduce LDL 
cholesterol. In fact, just substituting unsaturated fats 
for saturated fats (and not changing the percentage 
of fat in the diet) will lower serum cholesterol. Past 
and current Dietary Guidelines for Americans have 
promoted eating patterns to reduce the saturated 
fat intake to no more than 10% of caloric intake (see 
later). In addition, systematic steps are being taken to 
reduce or eliminate trans fats from the diet. These fats 
rival saturated fats as a contributor to heart disease, 
and substituting polyunsaturated fats should reduce 
cholesterol levels (75).

Protein
Even though protein has the same energy density 
as carbohydrate (4 kcal/g), it is not viewed as a pri-
mary energy source, as are fats and carbohydrates. 
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Rather, it is important because it contains the nine 
essential (indispensable) amino acids, without which 
the body cannot synthesize all the proteins needed 
for tissues, enzymes, and hormones. The quality of 
protein in a diet is based on how well these essen-
tial amino acids are represented. In terms of quality, 
the best sources for protein are eggs, milk, and fish, 
with good sources being meat, poultry, cheese, and 
soybeans. Fair sources of protein include grains, veg-
etables, seeds and nuts, and other legumes. Given 
that a meal contains a variety of foods, one food of 
higher-quality protein tends to complement another 
of lower-quality protein to result in an adequate 
intake of essential amino acids (161). The Accept-
able Macronutrient Distribution Range for protein 
is 10% to 35%.

The adult RDA protein requirement of 0.8 g/
kg is easily met with diets that include a variety of 
the aforementioned foods. Although the vast major-
ity of Americans meet this recommendation, an ath-
lete’s protein requirement is higher than this level. 
The protein requirement for athletes is discussed in 
Chap. 23.

DIETARY GUIDELINES  
FOR AMERICANS
We are all familiar with the work of the American 
Heart Association (AHA), the American Cancer Soci-
ety (ACS), and the American Diabetes Association 
(ADA) that brings special attention to the importance 
of diet in the prevention and treatment of cardio-
vascular diseases, cancers, and diabetes, respectively. 
As mentioned in Chap. 14, an underlying com-
ponent associated with these chronic diseases is a 
chronic low-grade systemic inflammation, which 
can be altered with diet and physical activity. Foods 
recommended for good health have a high nutri-
ent density, meaning they contain more nutrients 
(e.g., vitamins, protein) per calorie, and increase the 

chance of meeting nutrition standards and achieving 
a healthy body weight (161).

The Dietary Guidelines for Americans (152) is an 
evidence-based document that is published every five 
years by the Department of Health and Human Ser-
vices and the U.S. Department of Agriculture. The 
primary purpose of the Guidelines is to inform the 
development of food, nutrition, and health policy and 
programs at the national level.

The five overarching Guidelines of the 2015–
2020 report are the following:

 1. Follow a healthy eating pattern across the 
lifespan. All food and beverages choices matter. 
Choose a healthy eating pattern at an appropri-
ate calorie level to help achieve and maintain a 
healthy body weight, support nutrient adequacy, 
and reduce the risk of chronic disease.

 2. Focus on variety, nutrient density, and 
amount. To meet nutrient needs within calorie 
limits, choose a variety of nutrient-dense foods 
across and within all food groups in recom-
mended amounts.

 3. Limit calories from added sugars and 
saturated fats and reduce sodium intake. 
Consume an eating pattern low in added sugars, 
saturated fats, and sodium. Cut back on foods 
and beverages higher in these components to 
amounts that fit within healthy eating patterns.

 4. Shift to healthier food and beverage 
choices. Choose nutrient-dense foods and bever-
ages across and within all food groups in place of 
less healthy choices. Consider cultural and per-
sonal preferences to make these shifts easier to 
accomplish and maintain.

 5. Support healthy eating patterns for all. 
Everyone has a role in helping to create and 
support healthy eating patterns in multiple 
settings and support healthy eating patterns 
in multiple settings nationwide, from home to 
school to work to communities.

Key Recommendations

Select a healthy eating pattern that accounts 
for all foods and beverages within an appropri-
ate calorie level.

A healthy eating patterns includes the 
following:

 ■ A variety of vegetables from all of the 
subgroups—dark green, red and orange, 
legumes (beans and peas), starchy, and other

 ■ Fruits, especially whole fruits

 ■ Grains, at least half of which are whole grains

 ■ Fat-free or low-fat dairy, including milk, 
yogurt, cheese, and/or fortified soy beverages

IN SUMMARY
 ■ Carbohydrate is a primary source of energy 
in the American diet and is divided into two 
classes: that which can be metabolized (sugars 
and starches) and dietary fiber.

 ■ Americans consume too much saturated fat, 
and the recommended change is to reduce 
this to no more than 10% of the total calories. 
Trans fat intake should be reduced as much as 
possible.

 ■ The protein requirement of 0.8 g/kg can be 
met with low-fat selections to minimize fat 
intake.
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 ■ A variety of protein foods, including seafood, 
lean meats and poultry, eggs, legumes (beans 
and peas), and nuts, seeds, and soy products

 ■ Oils

A healthy eating patterns limits:

 ■ Saturated fats, trans fats, added sugars, and 
sodium.

Some key recommendations have quantitative goals 
associated with dietary components that should be 
limited. These components are of particular public 
health concern in the United States, and the specified 
limits can help individuals achieve healthy eating pat-
terns within calorie limits:

 ■ Consume less than 10% of calories per day 
from added sugars

 ■ Consume less than 10% of calories per day 
from saturated fats

 ■ If alcohol is consumed, it should be consumed 
in moderation—up to one drink per day for 
women and up to two drinks per day for 
men—and only by adults of legal drinking age.

Americans should aim to achieve and maintain a 
healthy body weight. The relationship between diet 
and physical activity contributes to calorie balance 
and managing body weight. As such, the Dietary 
Guidelines includes a Key Recommendation to:

 ■ Meet the Physical Activity Guidelines for 
Americans (see Chap. 16).

A good diet would allow an individual to achieve 
the RDA/AI for protein, minerals, and vitamins, while 
emphasizing healthy carbohydrates and minimiz-
ing unhealthy fats. Beginning with the 2010 Dietary 

Guidelines for Americans a variety of food group plans 
were developed to help individuals meet the Dietary 
Guidelines.

Healthy Eating Plans
The 2010 Dietary Guidelines for Americans (151) pro-
vided eating plans that had abundant vegetables and 
fruits, whole grains, moderate amounts of foods high 
in protein (seafood, beans and peas, nuts, seeds, soy 
products, meat, poultry, and eggs), limited amounts 
of foods high in added sugars, more oils than solid 
fats, with some having substantial amounts of low-fat 
milk and milk products. These diets had a high unsat-
urated-to-saturated fat ratio, more fiber, and a high 
potassium content. At the beginning of this section 
we indicated that various organizations (e.g., AHA) 
emphasize the importance of diet in the prevention 
and treatment of various chronic diseases. Table 18.3 
shows the consistency in dietary and physical activ-
ity recommendations across these organizations (146). 
These recommendations are clearly in tune with the 
eating plans described in the 2015–2020 Dietary 
Guidelines for Americans.

Healthy U.S.-Style Eating Pattern This food plan is 
the same as the USDA Food Pattern from the 2010 
Dietary Guidelines for Americans. This plan identified 
daily amounts of foods with a focus on nutrient den-
sity from the five major food groups (and subgroups):

 ■ Vegetables—includes dark green (broccoli and 
spinach) and red and orange (carrots and sweet 
potatoes) vegetables; beans and peas, starchy 
vegetables (corn, potatoes), and others (onions, 
iceberg lettuce)

 ■ Fruits—fresh, frozen, canned, or dried

TABLE 18.3 Consistency of Dietary and Physical Activity Recommendations Among Chronic  
Disease Organizations

Lifestyle Factor
American Diabetes 

Association
American Heart 

Association

American Cancer Society/ 
American Institute for  

Cancer Research

Weight control +++ +++ +++
Increase fiber + ++ ++
Increase plant food + ++ +++
Decrease total fat NA +++ +++
Decrease saturated fat ++ ++ +
Avoid trans-fatty acids ++ +++ +
Increase omega-3 fatty acids ++ ++ ++
Alcohol moderation moderation moderation
Daily physical activity ++ +++ ++

NA—not addressed
Thompson, C. A., and Thompson, P. A., “Healthy Lifestyle and Cancer Prevention,” ACSM’s Health & Fitness Journal 12: 18–26, 2008.
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 ■ Grains—including whole-grain products (whole-
wheat bread) and enriched grains (white bread 
and pasta)

 ■ Dairy products—with the emphasis on low-fat 
choices

 ■ Protein foods—all meat, poultry, seafood, eggs, 
nuts, seeds, and processed soy products, with 
an emphasis on low-fat choices

Details for this plan can be found at http://health 
.gov/dietaryguidelines/2015/guidelines 
/appendix-3/.

Healthy Mediterranean-Style Eating Pattern This 
eating plan was developed by modifying the Healthy 
U.S.-Style Eating Pattern. Its development took into 
account research examining the effect of the Med-
iterranean style diet on health outcomes. This eat-
ing pattern contains more fruit and seafood and less 
dairy than does the Healthy U.S.-Style Eating Pattern 
and, as a result, calcium and vitamin D are a little 
lower. Details for this eating plan can be found at 
http://health.gov/dietaryguidelines/2015 
/guidelines/appendix-4/.

Healthy Vegetarian Eating Pattern This plan was 
developed by modifying the Healthy U.S.-Style Eating 
Pattern. This vegetarian plan has more legumes (beans 
and peas), soy products, nuts and seeds, and whole 
grains. It is somewhat higher in calcium and dietary 
fiber and lower in vitamin D due to differences in 
foods in the protein food group. Details can be found 
at http://health.gov/dietaryguidelines/2015 
/guidelines/appendix-5/.

Dietary Approaches to Stop Hypertension (DASH)  
The DASH eating plan is an example of a healthy 
eating plan and has many of the same characteristics 
as the Healthy U.S.-Style Eating Pattern. The DASH 
plan was developed (as indicated in the title) to deal 
with hypertension, both to prevent it and to lower 
blood pressure in those with the problem. The DASH 
eating plan has been recognized for some time as an 
excellent approach to healthy eating consistent with 
reducing cardiovascular risk factors and achieving and 
maintaining a normal body weight. In addition, use 
of the DASH eating plan in a weight-loss program 
conveys more benefits to patients with metabolic 
syndrome than does a regular weight-loss diet (6). 
Details can be found at http://www.nhlbi.nih.gov 
/health/health-topics/topics/dash.

Evaluating the Diet
Independent of your dietary plan, the question arises 
as to how well you are achieving the guidelines. How 
do you analyze your diet? The first thing to do is 

to determine what you are eating, without fooling 
yourself. The use of the twenty-four-hour recall 
method relies on your ability to remember, from a 
specific time in one day, what you ate during the pre-
vious 24 hours. You have to judge the size of the por-
tion you have eaten and make a judgment of whether 
that day was representative of what you normally 
eat. Other people use food records, in which a per-
son records what is eaten throughout the day. It is 
recommended that a person obtain food records for 
three or four days per week to have a better esti-
mate of usual dietary intake. Because the simple act of 
recording food intake may change our eating habits, 
one has to try to eat as normally as possible when 
recording food intake. It is important to remember 
that the RDA standards are to be met over the long 
run, and variations from those standards will exist 
from day to day (161). The USDA developed an online 
resource, MyPlate, to promote healthy eating and 
physical activity to achieve one’s body weight goal. 
We encourage you to log on to this website (http://
www.choosemyplate.gov/MyPlate) to get a feel 
for its user-friendly nature.

BODY COMPOSITION
Obesity is a major problem in our society, being 
related to hypertension, elevated serum cholesterol, 
and adult-onset diabetes (99). In addition, there 
is growing concern that as the incidence of child-
hood obesity increases, so will the pool of obese 
adults. To deal with this problem, we must be able 
to assess the prevalence of overweight and obesity, 
as well as describe, in more specific terms, changes 
in body composition. This section presents a brief 

IN SUMMARY
 ■ The Dietary Guidelines for Americans is updated 
every five years, using the latest research, to 
inform the development of food, nutrition, 
and health policy and programs at the national 
level.

 ■ The Guidelines identified a variety of eating pat-
terns (plans) to use in order to eat healthy and 
achieve a healthy body weight. They include 
the Healthy U.S.-Style Eating Patterns and its 
adaptations: the Healthy Mediterranean Style 
Eating Pattern and the Healthy Vegetarian Eat-
ing Pattern.

 ■ The Dietary Approaches to Stop Hypertension 
(DASH) food plan is an example of a healthy 
eating pattern.

 ■ The U.S. Department of Agriculture’s MyPlate 
helps one track both healthy eating and physi-
cal activity.
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overview on how to do that. For those interested 
in a thorough discussion of body composition assess-
ment issues, we refer you to Heyward and Wagner’s 
Applied Body Composition Assessment and Heymsfield, 
Lohman, Wang, and Going’s Human Body Composi-
tion in Suggested Readings, and Ratamess’s chapter in 
the ACSM’s Resource Manual for Guidelines for Exercise 
Testing and Prescription (115).

Methods of Assessing Overweight  
and Obesity
In the latter part of the twentieth century, one of 
the most common ways of making a judgment about 
whether a person was overweight was to use the Met-
ropolitan Life Insurance height and weight tables (91). 
This has been replaced with a measure that has now 
been universally adopted—the Body Mass Index (BMI)—
the ratio of body weight (in kilograms) to height (in 
meters) squared: BMI = wt [kg] ÷ ht [m2]. The BMI is 
easily calculated, and guidelines for classifying some-
one as overweight or obese have used percentile rank-
ings or fixed BMI values. Current BMI standards that 
have been adopted worldwide include (99):

Underweight <18.5
Normal 18.5–24.9
Overweight 25.0–29.9
Obesity—Class I 30.0–34.9
Obesity—Class II 35.0–39.9
Extreme Obesity—Class III ≥40

The BMI standards are for adults. Investigators and 
clinicians have relied on percentile cutoffs (e.g., 85th 
and 95th percentile) to classify the fatness of children 
without labeling them as overweight or obese. How-
ever, there is now agreement to use a BMI ≥95th 
percentile (for age and gender) for classifying obesity 
and a BMI ≥85th percentile but <95th percentile for 
classifying overweight in children (102, 103).

One of the major problems associated with 
height/weight tables and the BMI is that there is no 
way to know if the person is heavily muscled or sim-
ply overfat. One of the earliest uses of body com-
position analysis showed that with height/weight 
tables, “All-American” football players weighing 200 
lbs would have been found unfit for military service 
and would not have received life insurance (7), even 
though they were lean. Clearly, there is a need to 
distinguish overweight from overfat, and that is the 
purpose of the next section of this chapter.

Methods of Measuring Body Composition
The most direct way to measure body composition is 
to do a chemical analysis of the whole body to deter-
mine the amount of water, fat, protein, and minerals. 

This is a common method used in nutritional stud-
ies on rats, but it is useless in providing informa-
tion for the average person—since the rats have to be 
“sacrificed” before analysis! Several methods of mea-
suring body composition are found only in special-
ized laboratory or hospital settings because of cost, 
complexity, and the specialized personnel needed; 
they will only be described briefly with an appropri-
ate reference for someone interested in more detail. 
The remainder of the methods are used in exercise 
physiology labs and fitness centers, and they will be 
addressed in more detail.

When using any of the body composition tech-
niques, it is important to keep in mind that there is 
an inherent error involved in the estimations of per-
cent body fat. The error is usually given as the stan-
dard error of estimate (SEE). If a technique estimates 
percent body fat as 20% and the SEE is ±2.5%, that 
means the actual percent body fat lies between 22.5% 
and 17.5% for 68% of subjects being measured as hav-
ing 20% fat. Given that we don’t know where in that 
range an individual is, caution is needed when inter-
preting percent body fat values. It is best to com-
pare these estimates of percent body fat over time 
on the same subject, where the change in percent 
fat is indicative of changes in the fat mass or fat-free 
mass (115).

The following methods of measuring body com-
position are expensive and complex, and need spe-
cially trained personnel to carry them out.

Isotope Dilution Total body water (TBW) is de-
termined by the isotope dilution method. In this 
method, a subject drinks an isotope of water (tritiated 
water—3H2O), deuterated water (2H2O), or 18O-labeled 
water (H2

18O) that is distributed throughout the body 
water (42, 124).

Photon Absorptiometry A beam of photons from 
iodine-125 is passed over a bone or bones, and the 
transmission of the photon beam through bone and 
soft tissue is used to determine mineral content and 
density (25, 83).

Potassium-40 Measures the amount of a naturally 
occurring radioactive isotope of potassium, 40K, that is 
proportional to the mass of lean tissue (17).

Radiography An X-ray of a limb allows one to mea-
sure the widths of fat, muscle, and bone, and has been 
used extensively in tracing the growth of these tis-
sues over time (49, 69, 72).

Ultrasound Sound waves are transmitted through 
tissues, and the echoes are received and analyzed. 
This technique has been used to measure the thick-
ness of subcutaneous fat (18).
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Nuclear Magnetic Resonance (NMR) Electromag-
netic waves are transmitted through tissues, and the 
manner in which nuclei of specific tissues absorb and 
then release energy at a particular frequency (reso-
nance) is used to determine body composition (18).

Total Body Electrical Conductivity (TOBEC) The 
subject lies in a large cylindrical coil while an electric 
current is injected into the coil. The electromagnetic 
field developed in the space enclosed by the cylindri-
cal coil is affected by the subject’s body composition 
(112, 130, 155).

Dual Energy X-Ray Absorptiometry (DEXA) In this 
technology, a single X-ray source is used to determine 
whole-body and regional estimates of lean tissue, 
bone, mineral, and fat with a high degree of accu-
racy (40, 83, 89, 115, 157). The SEE is approximately 
±1.8%.

The following techniques are used more rou-
tinely in exercise physiology or fitness center settings: 
hydrostatic (underwater) weighing and air displace-
ment plethysmography that assess body density; 
bioelectrical impedance analysis (BIA) that estimates 
total body water; and sum of skinfolds. They will be 
addressed in detail after we introduce you to the two-
component model of body composition analysis.

Two-Component Model of  
Body Composition
In some of the conventional methods of determin-
ing body composition (e.g., underwater weighing and 
air displacement plethysmography) the investigator 
obtains an estimate of whole-body density, and 
from this calculates the percentage of the body that is 
fat and the percentage that is fat-free. This is the two-
component body composition system described by 

Behnke that is commonly used to describe changes in 
body composition (7). The conversion of whole-body 
density values to fat and fat-free tissue components 
relies on “constants” used for each of those tissue 
components. Human fat tissue is believed to have 
a density of 0.900 g/ml, and fat-free tissue a density 
of 1.100 g/ml. Using these density values, Siri (137) 
derived an equation to calculate the percentage of 
body fat from whole-body density:

% Body fat =   495 ___________________ Density   − 450

This equation is correct only if the density values for 
fat tissue and fat-free tissue are 0.900 and 1.100 g/ml, 
respectively. Investigators sensed that certain popu-
lations might have fat-free tissue densities different 
from that of 1.100 g/ml when they observed high val-
ues for body fatness for children and the elderly, and 
extremely low values (<0% body fat) in professional 
football players (51, 87, 166). Children have lower 
bone mineral contents, less potassium, and more 
water per unit fat-free mass, yielding a lower density 
for fat-free mass (87). Lohman (84) reports density 
values (g/ml) of 1.080 at age 6, 1.084 at age 10, and 
1.097 for boys aged 15½. The lower values in the pre-
pubescent child would overestimate percent body fat 
by 5%. In contrast to children, who have density val-
ues below 1.100 for the fat-free mass, African Ameri-
cans were shown to have a density of 1.113 g/ml  
(125). The Siri equation would have to be modified 
as follows:

% Body fat =   437 ___________________ Density   − 393

In order to determine the correct value for the fat-free 
mass, scientists use more sophisticated multi-compo-
nent approaches in which the body is divided into 
three components (body water, protein + mineral, 
and fat) or four components (mineral, water, protein, 
and fat). These approaches are more complex, but 
they address many of the limitations found in the 
two-component model (59, 83, 86, 108). Heyward 
and Wagner’s text (see Suggested Readings) provides 
guidance in choosing the most appropriate equation 
depending on age, race, gender, or other factors. The 
following sections will discuss how whole-body den-
sity values are determined by underwater weighing, 
air displacement plethysmography, BIA, and skinfold 
procedures.

Hydrostatic (Underwater) Weighing Density is 
equal to mass divided by volume (D = M/V). Because 
we already know body mass (body weight), we only 
have to determine body volume to calculate whole-
body density (52). The underwater weighing 
method applies Archimedes’ principle, which states 
that when an object is placed in water, it is buoyed 
up by a counterforce equal to the water it displaces. 
The volume of water displaced (spilled over) would 

IN SUMMARY
 ■ The BMI uses a simple ratio of weight-to-height 
squared (kg/m2) to classify individuals as being 
normal weight, overweight, or obese. However, 
just like the old height-weight tables, the BMI 
does not consider the composition of the body 
weight (i.e., proportion of muscle tissue vs. fat 
tissue).

 ■ Body composition can be measured in terms 
of total body water (isotope dilution, bioelec-
tric impedance analysis), bone density (photon 
absorptiometry), lean tissue mass (potas-
sium-40), density (underwater weighing, air 
displacement plethysmography), and thickness 
of various tissues (ultrasound, radiography, 
skinfolds).
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equal the loss of weight while the object is completely 
submerged. Some investigators determine body vol-
ume by measuring the actual volume of water dis-
placed; others measure weight while the subject is 
underwater and obtain body volume by subtracting 
the weight measured in water (MW) from that mea-
sured in air (MA), or (MA – MW). Both methods of 
determining volume are reproducible, but body fat 
percentage values are slightly but significantly (0.7%) 
lower with the volume displacement method (160). 
The weight of water displaced is converted to a vol-
ume by dividing by the density of the water (DW) at 
the time of measurement: 

D =    M ______ V    =
    

MA _________________________________  

  
(MA − MW)

 _________________________________ DW
  

   

This denominator must now be corrected for two 
other volumes: the volume of air in the lungs at the 
time of measurement [usually residual volume (VR)] 
and the volume of gas in the gastrointestinal tract 
(VGI). It is recommended that VR be measured at the 
time that underwater weight is measured, but mea-
surement on land with the subject in the same posi-
tion is a suitable alternative (84). Residual volume 
can also be estimated with gender-specific regression 
equations or by taking 24% (males) or 28% (females) 
of vital capacity. However, the latter two procedures 
introduce measurement errors of 2% to 3% fat for a 
given individual (95). VGI can be quite variable, and 
although some investigators ignore this measure, oth-
ers assume a 100 ml volume for all subjects (22, 83).

The density equation can now be rewritten:

D =    M ______ V    =    
MA  _________________________________________________________   

  
(MA − MW)

 ___________________________ DW
   − VR − VGI 

   

Figure 18.2 shows the equipment used to mea-
sure underwater weight. Water temperature is mea-
sured to obtain the correct water density. The subject 
is weighed on land on a scale accurate to within 100 
grams. The subject puts on a diver’s belt with suffi-
cient weight to prevent floating during the weighing 
procedure and sits on the chair suspended from the 
precision scale. The scale can be read to 10 grams and 
it has major divisions of 50 grams. The subject sits on 
the chair with the water at chin level and as a maximal 
exhalation is just about completed, the subject bends 
over and pulls the head under. When a maximal expi-
ration is achieved, the subject holds that position for 
about five to ten seconds while the investigator reads 
the scale. This procedure is repeated six to ten times 
until the values stabilize. The weight of the diver’s 
belt and chair (measured under water) are subtracted 
from this weight to obtain the true value for MW.

If VR were to be measured at the time underwa-
ter weight is measured, the subject would have to be 

breathing through a mouthpiece and valve assembly 
that could be activated at the correct time (111).

The following data were obtained on a white 
male, aged 36: MA = 75.20 kg, MW = 3.52 kg, VR = 
1.43 liters, DW = 0.9944 at 34°C, VGI = 0.1 liter.

D =    M ______ V     =    75.20  __________________________________________________________________   
  
(75.20 − 3.52)

  ___________________________________ 0.9944   − 1.43 − 0.1
    =    75.20 ______________ 70.55    = 1.066

This density value is now used in Siri’s equation to 
calculate the percentage of body fat:

% Body fat =   495 ___________________ Density   − 450

14.3 =   495 ______________ 1.066   − 450

The underwater weighing procedure in which VR 
is measured (and not estimated) has been used as the 
“standard” against which other methods are compared. 
However, remember that due to the normal biologi-
cal variability in the fat-free mass in a given popula-
tion, the body fat percentage value is estimated to be 
within about ±2.0%–2.5% of the “true” value (83, 115).

Air Displacement Plethysmography Body density 
can also be calculated from body volume measure-
ments obtained via air displacement plethysmogra-
phy (in contrast to water displacement that is used in 
hydrostatic weighing). Small changes in pressure due 
to the change in the volume of air in a closed cham-
ber are used to calculate the volume of the individual 
sitting in the chamber. The Bod Pod uses this tech-
nology to simplify the measurement of body volume 
and therefore the calculation of whole-body density 
(see Fig. 18.3). The information obtained is used in 
the same way as that collected in hydrostatic weigh-
ing (33). Although body fat percentage values derived 
from this method may not be the same as those from 
hydrostatic weighing, the differences are small (92). 
The SEE is approximately ±2.2–3.7% (115).

Bioelectrical Impedance Analysis (BIA) This is a 
simple, fast, and noninvasive method of obtaining 
information about body composition. Electrodes are 
placed on the end of two limbs, distant from each 
other (e.g., wrist to ankle, hand to hand, foot to foot) 
and a small electrical current, undetectable to the 
person being tested, is applied to one extremity (via 
source electrode) while the voltage drop (impedance) 
is measured at the other extremity (via sink or detec-
tor electrode) (83, 97). The current flows through all 
conducting material in the path between the elec-
trodes, with lean tissue (mostly water and electro-
lytes) being a good conductor (low impedance) and 
fat tissue being a poor conductor (high impedance). 
The impedance value provides an estimate of total 
body water from which the fat-free mass and body fat 
can be calculated (115).
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Early BIA models used a single frequency (50 
kHz) and a low-level current (500 mA) that could 
not distinguish between intracellular and extracel-
lular components of total body water. BIA devices 
developed to address these limitations use multiple 
frequencies within a range of 4 to 1000 kHz, and they 
may provide better estimates of the fat-free mass (83, 
115, 128, 158). The SEE is about ±3.5%–5% (115).

However simple the BIA technique is, one must 
attend to a number of details in order to obtain reli-
able values (97, 115, 147):

 ■ Clean skin of oil, dirt, and lotions with alcohol 
prior to electrode placement.

 ■ Place electrodes exactly as described by 
the manufacturer. Incorrect or inconsistent 
placement of electrodes from test to test 

will affect the accuracy and reliability of the 
measurement.

 ■ If needed for the calculation of body 
composition, careful measurements of height 
(to nearest 0.5 cm) and weight (to nearest  
0.1 kg) should be obtained.

 ■ Exercise should be avoided for 12 hours prior 
to the measurement. Exercise affects BIA 
measurements because of increased blood 
flow to the skin, the warming of muscles, and 
sweating (dehydration).

 ■ Alcohol or diuretics (unless prescribed 
by a physician) should not be used for 48 
hours prior to the test because hydration 
status is very important for an accurate BIA 
measurement.

Figure 18.2 The underwater weighing technique illustrating two individuals with the same weight and height, but 
 different body composition.

0
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 ■ Individuals should be instructed not to eat for 
four hours before the test and should drink 
only what is needed to maintain hydration.

 ■ The phase of the menstrual cycle should be 
noted because of increased variability in the 
BIA measurement, between tests, in women,

Sum of Skinfolds Underwater weighing, although a 
good way to obtain a measurement of body density, 
is time consuming and requires special equipment 
and personnel. Paralleling the development of the ad-
vanced technologies used in body composition analy-
sis, scientists developed equations that predicted body 
density from a collection of skinfold measurements. 
The skinfold method relies on the observation that 
within any population a certain fraction of the total 
body fat lies just under the skin (subcutaneous fat), 
and if one could obtain a representative sample of that 
fat, overall body fatness (density) could be predicted. 
Generally, these prediction equations were developed 
with the underwater weighing method used as the 
standard. For example, a group of college males and 
females would have body density measured by un-
derwater weighing, and a variety of skinfold measures 
would also be obtained. The investigator would then 
determine what collection of skinfolds would most ac-
curately predict the body density determined by un-
derwater weighing.

Investigators found that subcutaneous fat repre-
sents a variable fraction of total fat (20%–70%), depend-
ing on age, sex, overall fatness, and the measurement 
technique used. At a specific body fatness, women 
have less subcutaneous fat than men, and older sub-
jects of the same sex have less than younger sub-
jects (86). Given that these variables could influence 
an estimate of body density, it is no surprise that of 
the more than 100 equations developed, most were 
found to be “population specific” and could not be 
used for groups of different ages or sex. This obviously 
creates problems for professionals in adult fitness pro-
grams or elementary or high school physical educa-
tion teachers when they try to find the equation that 
works best for their particular group. Fortunately, a 
good deal of progress has been made to reduce these 
problems.

Jackson and Pollock (65) and Jackson, Pollock, and 
Ward (67) developed “generalized equations” for men 
and women—that is, equations that could be used 
across various age groups. In addition, these equa-
tions have been validated for athletic and nonath-
letic populations, including postpubescent athletes 
(84, 135, 136). In these equations, specific skinfold 
measurements are obtained and the values are used 
along with age to calculate body density. Jackson and 
Pollock (66) simplified this procedure by providing 
tabulated body fatness percentage values for different 
skinfold thicknesses across age. All that is needed is 
the sum of skinfolds to obtain a body fatness percent-
age value. Appendixes E and F show the percent body 
fat tables for men and women respectively, using the 
sum of three skinfolds. For example, a woman aged 25 
with a sum of skinfolds equal to 50 mm has a body 
fat percentage equal to 22.9% (look to the right of the 
sum of skinfold column where 48–52 is shown, over 
to the second column—ages 23–27). Body fatness per-
centage derived from skinfold measures is estimated 
to have an error of about ±3.5% relative to the “true” 
value (85, 115).

The use of skinfold measurements was extended 
to children in the schools for early identification of 
obesity. Currently, the FITNESSGRAM uses the calf 
and triceps skinfolds to estimate percent body fat and 
to set criterion-referenced standards (see Chap. 15) 
for health. As an alternative, when skinfold measure-
ments cannot be taken, the BMI is used with appro-
priate criterion-referenced cutoff values for health 
(164). For more on this, visit the FITNESSGRAM web-
site (http://www.fitnessgram.net).

Body Fatness for Health and Fitness
We have already seen how the BMI is used to classify 
individuals relative to health and disease. How do we 
use information on body composition (e.g., percent-
age of body fat) to make judgments about one’s status 

Figure 18.3 The Bod Pod system for  measuring body vol-
ume using air  displacement plethysmography.
Photo courtesy of www.cosmed.com
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relative to health and fitness. Lohman, Houtkooper, 
and Going (82) recommend the following range of 
percent fat values for health and fitness for men and 
women:

Health Standards
Men Women

Young adults 8–22 20–35
Middle age 10–25 25–38
Elderly 10–23 25–35

Fitness Standards for Active Individuals
Men Women

Young adults 5–15 16–28
Middle age 7–18 20–33
Elderly 9–18 20–33

Now that we know how to obtain a percent body 
fatness measure and what the healthy and fitness per-
cent body fat standards are, how can we determine 
the body weight associated with those values? In the 
following example, a female college student has 30% 
body fat and weighs 142 lbs. She wants to be at the 
low end of the healthy range, so her goal is 20% fat.

Step 1. Calculate fat-free weight:

100% – 30% fat = 70% fat-free
70% × 142 lb = 99.4 lb fat-free weight

Step 2.  Goal weight =   
fat-free weight

  ____________________________________  
(1 — goal % fat)

  , with 

goal % fat expressed as a fraction:

For 20% =   99.4 lb _____________________ 
(1 – .20)

   = 124 lb

Her weight at her 20% goal is 124 lb.
Lohman (85) also provides values for body fat per-

centages that are below the optimal range: For boys, 6% 
to 10% is classified as low and <6% as very low. Compa-
rable values for girls are 12% to 15% and <12%, respec-
tively. There is great pressure in our society to be thin, 
and this can be carried to an extreme. A far-too-common 
problem in our high schools and colleges is an eating dis-
order known as anorexia nervosa, in which primarily 
young women have an exaggerated fear of getting fat. 
This fear leads to food restriction and increased exercise 
in an attempt to stay thin, when they are, in fact, already 
thin (48). Bulimia nervosa is an eating disorder in 
which large quantities of food are taken in (binging), 
only to be followed by self-induced vomiting or the use 
of laxatives to rid the body of the food that was eaten 
(purging). While anorexia nervosa is characterized by 
the cessation of the menstrual cycle in women and the 
development of an emaciated state, the majority of the 
bingers/purgers are in the normal weight range (161).

It is clear that to stay in the optimal body fat 
percentage range, one must balance the dietary con-
sumption of calories with energy expenditure. We 
will now consider that topic.

OBESITY AND WEIGHT 
CONTROL
In Chap. 14 we discussed the major risk factors asso-
ciated with degenerative diseases. Although high 
blood pressure, cigarette smoking, elevated serum 
cholesterol, and inactivity have been accepted as 
major risk factors, more and more evidence points 
to obesity as being a separate and independent 
risk factor for coronary heart disease (CHD), and 
one directly tied to two of the major risk factors. 
A variety of diseases are linked to obesity: hyper-
tension, type 2 diabetes, CHD, stroke, gallbladder 
disease, osteoarthritis, sleep apnea and respiratory 
problems, and some types of cancer (endometrial, 
breast, prostate, and colon). In addition, obesity 
is associated with complications of pregnancy, 
menstrual irregularities, hirsutism, stress inconti-
nence, and psychological disorders (e.g., depression)  
(23, 99, 114, 117).

It should be no surprise that obesity is linked 
to an increased morbidity due to cardiovascular 
disease and some types of cancers. However, being 
overweight is not. Overweight was associated with 
a lower mortality from all causes, including cardio-
vascular disease (45). This information provides spe-
cial urgency to promote strategies, including doing 
physical activity on a regular basis, to reduce the 
chance of a person moving from the overweight to 
the obese category. Let’s take a more detailed look 
at obesity.

IN SUMMARY
 ■ In the two-component system of body compo-
sition analysis, the body is divided into fat-free 
and fat mass, with densities of 1.100 and 0.900, 
respectively. The estimate of the density of the 
fat-free mass must account for differences that 
exist in various populations (i.e., children and 
African Americans).

 ■ Body density is equal to mass ÷ volume. Both 
underwater weighing and air displacement 
plethysmography can be used to determine 
body volume.

 ■ Bioelectrical impedance analysis (BIA) estimates 
total body water, from which fat-free mass and 
percent fat can be determined.

 ■ Subcutaneous fat can be “sampled” as skinfold 
thicknesses, and a sum of skinfolds can be 
 converted to a body fat percentage.

 ■ The recommended range of body fatness for 
health for young men is 8% to 22%, and for 
young women is 20% to 35%; values for  
fitness are 5% to 15% and 16% to 28%, 
respectively.
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Obesity
If we use a BMI of ≥30 as a classification for obesity, the 
prevalence of obesity in U.S. adults increased from 15% 
in the 1976–1980 reporting period, to 23.3% in 1988–
1994, to 30.9% in 1999–2000, to 32.2% in 2004, and 
to 35.9% for 2009–2010 (96, 104). When you include 
those who are classified as overweight (BMI 25.0–29.9), 
the prevalence of overweight and obesity was 69.2%. 
Consequently, more than two-thirds of the U.S. adult 
population is overweight, and one-third is obese. In 
addition, some ethnic groups were over-represented. 
More than half of non-Hispanic Black women were 
obese, and almost 80% were overweight. The good 
news is that the prevalence of obesity did not change 
between 2009 and 2010 and 2011 and 2012 (105).

All obesity is not the same. Studies suggest that not 
only is the relative body fatness related to an increased 
risk of CVD but the distribution of that fatness must also 
be considered. Individuals with a large waist circumfer-
ence compared to hip circumference have a higher risk 
of CVD and sudden death (138, 139). These data sug-
gest that in addition to skinfold or underwater weigh-
ing estimates of body density, measurements of waist 
and hip circumferences should be obtained (78, 79).  
Ratios of waist to hip circumference >0.95 for men and 
>0.8 for women are associated with the CVD risk fac-
tors of insulin resistance, high cholesterol, and hyper-
tension, and such individuals are treated even if they 
are only borderline obese (9, 21, 26, 138). Given that 
the risk of these problems is associated with abdominal 
obesity, the BMI guidelines mentioned previously (99) 
use only waist circumference and recommend values 
of 102 cm (40 in) and 88 cm (35 in) to be used for men 
and women, respectively, when classifying those at 

high risk. Although various reviews support the con-
tinued use of circumference measurements to assess 
health risk (132), there is renewed interest in develop-
ing appropriate cutoff values for different racial groups 
since existing standards were derived primarily from 
Caucasian populations (60, 113, 142).

Unfortunately, obesity is not just a problem for 
adults. The prevalence of overweight and obesity in 
children and adolescents increased dramatically (from 
~6% to ~15%) between the late 1970s and 2000; how-
ever, the rate of increase has slowed between 2000 and 
2009–10 for both 6–11-year-olds (from 15.1% to 18.0%) 
and 12–19-year-olds (from 14.8% to 18.4%) (74, 96, 103, 
106). Data for 2011–12 show no significant increase. 
However, a major concern is that the prevalence of 
those at the high end of the BMI scale (97th percentile 
for BMI) continues to increase at a fast rate (103). The 
increase in overweight and obesity in children over 
the past 35 years carries with it a disease burden (e.g., 
type 2 diabetes), formerly reserved for those over age 
40 and overweight. What causes obesity?

Causes of Obesity
There is clearly no single cause of obesity. Obesity 
is related to a wide variety of genetic and environ-
mental factors that can alter energy balance, which, 
in turn, leads to weight gain and obesity. Figure 18.4 
provides a snapshot of some of the factors that can 
alter energy balance (98):

 ■ Family history includes both the genetics 
involved as well as the lifestyle (physically 
active, planned meals vs. fast food, emotional 
environment, job security, etc.). Bouchard (13) 

Figure 18.4 Factors related to energy 
 balance and obesity.

Energy Balance
Intake = Expenditure

Family History
  • Biological factors
  • Cultural factors

Eating Plan
  • Healthy foods vs.
    Fast foods
  • Alcohol use

Lack of Sleep
  • Hormone balance
  • Overeating
  • Insulin action

Medicines
  • Corticosteroids
  • Antidepressants

Health Conditions
  • Thyroid problem
  • Cushing syndrome
  • Disability

Physical Activity
  • Job
  • TV/gaming
  • Walk/bike trails
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and colleagues have determined, on the basis 
of an analysis of the relationships between and 
among nine types of relatives (spouses, parent-
child, siblings, uncle-nephew, etc.), that 25% of 
body fat and fat mass is tied to genetic factors, 
and 30% is due to cultural transmission.

 ■ Eating Plan—Is one of the healthy eating plans 
described earlier used in meal planning, or 
does fast food contribute substantial calories? 
Also, is alcohol consumption an issue?

 ■ Physical activity—Is the person meeting the 
U.S. Physical Activity Guidelines (see Chap. 
16)? Does the person have a sedentary job? 
How much time is spent watching TV or 
playing computer games?

 ■ Health conditions such as having insufficient 
thyroid hormone (i.e., being hypothyroid) or 
having Cushing’s syndrome (i.e., too much 
cortisol due to overproduction of ACTH)

 ■ Medications like antidepressants and the 
corticosteroids (linked to Cushing’s syndrome)

 ■ Lack of sleep affects hormones involved in 
eating behavior (e.g., leptin) and provides 
more opportunities for eating.

Although there are many factors that can alter 
energy balance and cause obesity, the focus of atten-
tion is on two of them: diet and physical activity. 
The next section will address both relative to weight 
control.

DIET, PHYSICAL ACTIVITY, 
AND WEIGHT CONTROL
The Framingham Heart Study showed that body 
weight increases as we age. A reasonable question 
to ask is whether this gain in weight was due to an 
increase in caloric intake. Interestingly, caloric intake 
decreased over the same age span (15). We are forced 

to conclude that energy expenditure decreased faster 
than the decrease in caloric intake, and as a result, 
weight gain occurred (11). This weight gain problem 
can be corrected by understanding and dealing with 
one or both sides of the energy balance equation. We 
will deal with the energy balance equation first, and 
then discuss how modifications in energy intake can 
affect weight loss. Finally, we will explore the vari-
ables on the energy expenditure side of the equation.

Energy Balance
Weight gain occurs when there is a chronic increase 
in caloric intake compared to energy expenditure. A 
net gain of about 3500 kcal is needed to add 1 lb (454 
grams) of adipose tissue. We are all familiar with the 
energy balance equation:

 Change in energy stores = energy intake − energy 
expenditure

What is implied by this equation is that an excess en-
ergy intake of 250 kcal/day will cause body weight to 
increase 1 pound in 14 days (250 kcal/day × 14 day = 
3500 kcal = 1 pound). At the end of one year, the per-
son will have gained about 24 pounds. As reasonable 
as this equation may appear, we know that a weight 
gain of that magnitude will not occur. The equation 
is a “static” energy balance equation that does not 
consider the effect that the weight gain will have on 
energy expenditure (143).

The energy balance equation can be expressed in 
a manner to account for the dynamic nature of energy 
balance in biological systems:

Rate of change of = rate of change of – rate of change of 
energy stores  energy intake  energy  
    expenditure

When body weight increases as a result of a 
chronically elevated energy intake, there is a compen-
satory increase in the amount of energy used at rest, as 
well as during activity when that heavier body weight 
is carried about. At some point, then, the additional 
250 kcal/day of energy intake will be balanced by a 
higher rate of energy expenditure brought about by 
the higher body weight. Body weight will stabilize 
at a new and higher value, but it will be more like  
3.5 pounds higher, rather than 24 pounds higher (143).

IN SUMMARY
 ■ Obesity is associated with an increased mor-
tality from cardiovascular disease and some 
types of cancer, but being overweight is not. 
Emphasis should be on maintaining or reduc-
ing weight in the overweight individual to 
decrease the chance of migration to the obese 
category.

 ■ About 36% of American adults and about 18% 
of children and adolescents are obese, creating 
a great health burden due to cardiovascular and 
metabolic disease.

 ■ Genetic factors account for about 25% of the 
transmissible variance for fat mass and percent-
age of body fat; culture accounts for 30%.

IN SUMMARY
 ■ The dynamic energy balance equation correctly 
expresses the dynamic nature of changes in 
energy intake and body weight. An increase 
in energy intake leads to an increase in body 
weight; in turn, energy expenditure increases to 
eventually match the higher energy intake. Body 
weight is now stable at a new and higher value.
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Diet and Weight Control
A good diet provides the necessary nutrients and calories 
to provide for tissue growth and regeneration and to 
meet the daily energy requirements of work and play. In 
our society, we are fortunate to have a variety of foods 
to meet these needs. However, we tend to consume 
more than the recommended amount of fat, which some 
believe is related to our country’s obesity problem. The 
hypothesis that the fat content of the diet is an impor-
tant aspect of weight control revolves around the factors 
driving energy intake. There is a mandatory need for car-
bohydrate oxidation by the nervous system, and we are 
driven to eat what is used (43, 57, 126). If we eat a high-
fat diet, we will take in a considerable amount of fat while 
consuming the necessary carbohydrates to refill the car-
bohydrate stores. This fat is stored, and body weight will 
increase. As mentioned earlier, as body weight increases, 
daily energy expenditure increases until an energy bal-
ance is achieved at a new and higher body weight. In this 
sense, the elevation of body weight and fat mass due to a 
high-fat/high-calorie diet is a compensatory mechanism 
that results in weight maintenance.

However, while a great deal of attention is focused 
on the composition of the diet, we should not for-
get that calories count in any weight-loss or weight-
maintenance program. For example, studies in which 
subjects were switched from a high-fat to a low-fat 
diet, while maintaining a constant caloric intake, showed 
no change in energy expenditure or body weight (57, 
81, 121, 149). In addition, in conditions in which a 

negative caloric balance was imposed to achieve 
weight loss, the composition of the diet (high-fat vs. 
low-fat) did not matter (56). In this sense, one should 
not get carried away with a high-carbohydrate diet 
and consume calories in excess of what is needed (44). 
In fact, when a variety of popular diets (Atkins, Ornish, 
Weight Watchers, and Zone) were compared over 
the course of one year, each modestly reduced body 
weight, with no difference between diets. However, 
as Figure 18.5 shows the best predictor of weight loss 
was the degree to which individuals adhered to the 
diet—no matter which one (32, 47, 101, 122).

Consistent with these findings, in the newly released 
set of guidelines from the American Heart Association 
and the American College of Cardiology for the manage-
ment of overweight and obesity, a wide variety of diets 
are recommended for weight loss (39, 68). The diets are 
to be prescribed within a framework of a comprehensive 
lifestyle intervention that includes exercise (see later sec-
tion) and counseling. These diets include high-protein, 
low-fat, low or high glycemic load, vegetarian, and Medi-
terranean types with the primary focus on energy (cal-
orie) restriction to achieve weight loss. The guidelines 
recommend using “trained interventionists” to deliver 
the program, which included a maintenance phase when 
weight-loss goals were achieved. The trained interven-
tionists included a broad range of health professionals, 
including registered dietitians, psychologists, exercise 
specialists, health counselors, and professionals in training 
(68). In contrast to dietary strategies to achieve weight 

Figure 18.5 One-year changes in body weight as a function of diet group and dietary adherence level for all study participants.
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loss in which the primary focus is on energy restriction, 
a parallel set of guidelines were provided to reduce the 
risk of cardiovascular and metabolic disease. Those guide-
lines focused on the health-related quality of the diet as 
described earlier in this chapter, including the use of the 
DASH and Mediterranean-style diets (39).

Energy Expenditure and Weight Control
The other side of the energy balance equation involves 
the expenditure of energy and includes the basal met-
abolic rate, thermogenesis (shivering and nonshiver-
ing), and physical activity/exercise. We will examine 
each of these relative to its role in energy balance.

Basal Metabolic Rate Basal metabolic rate (BMR) 
is the rate of energy expenditure measured under 
standardized conditions (i.e., immediately after rising, 
12 to 18 hours after a meal, in a supine position in a 
thermoneutral environment). Because of the difficulty 
of achieving these conditions during routine measure-
ments, investigators have measured resting meta-
bolic rate (RMR) instead. In this latter procedure, 
the subject reports to the lab about four hours after 
eating a light meal and after a period of time (30 to 60 
minutes), the metabolic rate is measured (94). Given 
the low level of oxygen uptake measured for BMR or 
RMR (200 to 400 ml · min-1), a variation of only ±20 
to 40 ml · min-1 represents a potential ±10% error. In 
the following discussion, both BMR and RMR will be 
discussed interchangeably, except where a specific 
contrast must be made for clarification.

The BMR is important in the energy balance equa-
tion because it represents 60% to 75% of total energy 
expenditure in the average sedentary person (109). The 
BMR is proportional to the fat-free mass, and after age 
20 it decreases approximately 2% and 3% per decade 
in women and men, respectively. Women have a sig-
nificantly lower BMR at all ages, primarily due to their 
lower fat-free mass (30, 37, 107, 163). Consistent with 
this, when RMR is expressed per unit of fat-free mass, 
there is no gender difference. At any body weight, the 
RMR decreases about 0.01 kcal/min for each 1% increase 
in body fatness (107). Although this may appear to be 
insignificant, this small difference can become meaning-
ful in the progressive increase in weight gain over time. 
For example, a 5% difference in body fatness at the same 
body weight results in a difference of 0.05 kcal · min–1, 
or 3 kcal · hr–1 , which is equal to 72 kcal · d–1. It must 

be emphasized that the percentage of body fat makes 
only a small contribution to the BMR. This was con-
firmed in a study examining the relationship of body 
composition to BMR; fat mass did not improve the pre-
diction of BMR based on the fat-free mass alone (30).

Part of the variation in BMR between individu-
als is due to a genetic predisposition to be higher or 
lower (13). The range (±3 SD) in normal BMR values 
is about ±21% from the average value, and such varia-
tion helps to explain the observation that some have 
an easier time maintaining body weight than others. 
If an average adult male has a BMR of 1500 kcal · d –1,  
those at +3 SD can take in an additional 300 kcal · d –1  
(21% of 1500 kcal) to maintain weight, whereas oth-
ers at the low end of the range (–3 SD) would have to 
take in 300 fewer kcals (37, 50).

The fat-free mass is not the only factor influencing 
the BMR. In 1919, Benedict (8) showed that prolonged 
dieting (reduction from about 3100 kcal to 1950 kcal) 
was associated with a 20% decrease in the BMR expressed 
per kilogram of body weight. This observation was con-
firmed in the famous Minnesota Starvation Experiment 
(73) and is shown in Figure 18.6. In this figure the BMR 
is expressed as a percent of the value measured before 
the period of semi-starvation. The percent decrease in 
BMR is larger “per man” because of the loss of lean tis-
sue (as well as fat tissue); however, when the value is 
expressed per kilogram of body weight or per unit of 
surface area (m2), the BMR is still shown to be reduced. A 
decrease in the concentration of one of the thyroid hor-
mones (T3) and a reduced level of sympathetic nervous 
system activity have been implicated in this lower BMR 
due to caloric restriction (14). What these data mean is 
that during a period of low caloric intake, the energy 
production of the tissues decreases in an attempt to 
adapt to the lower caloric intake and reduce the rate of 
weight loss. This is an appropriate adaptation in periods 
of semi-starvation but is counterproductive in weight-
reduction programs. This information bears heavily on 

Figure 18.6 Decrease in basal metabolic rate during 
24 weeks of semi-starvation.

100

90

80

70

60

50

0 2 4 6 8 10 12 14 16 18 20 22 24
Weeks of semi-starvation

Per kg

Per m2

Per man

O
2 

up
ta

ke
 a

s 
%

 o
f v

al
ue

 in
 c

on
tr

ol

IN SUMMARY
 ■ Calories do count and must be considered in any 
diet aimed at achieving or maintaining a weight-
loss goal. However, the composition of the diet 
is important in terms of risk of  cardiovascular 
and metabolic diseases, and good health.

pow70456_ch18_411-440.indd   432 01/16/17   10:08 PM



  Chapter Eighteen Nutrition and Body Composition for Health 433

the use of very-low-calorie diets as a primary means of 
weight reduction (36, 46, 110, 156, 159).

The BMR is also responsive to periods of over-
feeding. In the dieting experiment of Benedict (8) 
mentioned earlier, when the subjects were allowed 
a day of free eating, the BMR was elevated on the 
following day. Further, in long-term (14 to 20 days) 
overfeeding to cause obesity, increases in resting and 
basal metabolic rates have been recorded. In essence, 
during the dynamic phase of weight gain (going from 
a lower to a higher weight), more calories are required 
per kilogram of body weight to maintain the weight 
gain than to simply maintain normal body weight 
(50, 134). This increased heat production due to an 
excess caloric intake, called thermogenesis, will be 
discussed in the next section. However, before leav-
ing this discussion of the BMR, we need to mention 
the effect of exercise training. When careful mea-
surements are made in which the RMR is expressed 
per kilogram of fat-free mass, the RMR is similar for 
trained and untrained individuals, and resistance and 
endurance training do not affect the value (19, 20).

Thermogenesis Core temperature is maintained at 
about 37°C by balancing heat production with heat loss. 
Under thermoneutral conditions, the BMR (RMR) pro-
vides the necessary heat, but under cold environmen-
tal conditions, the process of shivering is actuated, and 
100% of the energy required for involuntary muscle con-
traction appears as heat to maintain core temperature. 
In addition, some animals (including newborn humans) 
produce heat by a process called nonshivering thermo-
genesis, involving brown adipose tissue (BAT). This type 
of adipose tissue is rich in mitochondria and increases 
heat production in response to norepinephrine (NE) and 
other hormones. Recently, BAT has been discovered in 
adult humans, and a variety of studies indicate that it 
may play a role in preventing weight gain with age. 
The interest has now shifted to the “browning” of white 
adipose tissue. Some white adipose tissue has brown-like 
(beige) adipocytes that are responsive to stimuli used to 
engage brown adipose tissue. Clearly, this is an area we 
will hear more about in the future (12, 80, 123).

Thermogenesis involves more than brown adipose 
tissue. The heat generated due to the food we consume 
accounts for about 10% to 15% of our total daily energy 

expenditure; this is called the thermic effect of food (15, 
109). Generally, this is determined by having a subject 
ingest a test meal (700–1000 kcal), and the elevation in 
the metabolic rate is measured following the meal. This 
portion of our daily energy expenditure is influenced 
by genetic factors (13, 109), is lower in obese than 
in lean individuals (71, 129), and is influenced by the 
level of spontaneous activity and the degree of insulin 
resistance (144). However, because it represents such a 
small part of the overall daily energy expenditure, it is 
not a good predictor of subsequent obesity.

Physical Activity and Exercise Physical activity con-
stitutes the most variable part of the energy expendi-
ture side of the energy balance equation, being 5% to 
40% of the daily energy expenditure (24, 109). There 
are those who have sedentary jobs and who do little 
physical activity during their leisure time. Others may 
have strenuous jobs or expend 300 to 1000 kcal during 
their leisure time every day or two. Just how important 
is physical activity in weight control? Epidemiologi-
cal evidence suggests an inverse association between 
physical activity and body weight, with body fat being 
more favorably distributed in those who are physically 
active (34, 118). Consistent with these observations, 
various studies have shown an inverse relationship be-
tween the number of steps accumulated throughout 
the day and the BMI (see Fig. 18.7) (58, 148).

From a weight-loss perspective, one would think 
that a caloric deficit that results from an increase 
in energy expenditure through physical activity is 
equivalent to a caloric deficit due to a decrease in 
caloric intake. However, as Ross et al. (120) pointed 
out, leading authorities (99) have stated that the addi-
tion of exercise makes only a modest contribution 
to weight loss. How can this be the case, given the 
equivalency of the caloric deficit induced by either 
diet or exercise? Ross et al. (120) showed that in the 
majority of weight-loss studies in which a diet treat-
ment was compared to an exercise treatment, the 
energy deficit caused by exercise was only a fraction 
of that caused by diet. In this situation, it is not sur-
prising that weight loss due to diet was greater than 
that due to exercise; however, the weight loss due 
to exercise was as expected. The exercise-induced 
weight loss, 30% of that due to diet, was equivalent to 
the caloric deficit associated with the exercise (28% 

IN SUMMARY
 ■ The BMR represents the largest fraction of total 
energy expenditure in sedentary persons. The 
BMR decreases with age, and women have 
lower BMR values than men.

 ■ The fat-free mass is related to both the gender 
difference and to the decline in BMR with age. 
A reduction in caloric intake by dieting or fast-
ing can reduce the BMR.

IN SUMMARY
 ■ Thermogenesis (heat production) results from 
shivering, from the impact of norepinephrine 
on brown adipose tissue (nonshivering type), 
and from the ingestion of food.

 ■ The thermic effect of food represents only 10% 
to 15% of total energy expenditure and is not 
predictive of obesity.
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of that due to diet). In a study to determine whether 
an exercise-calorie is the same as a diet-calorie, Ross 
et al. (119) did a controlled experiment designed to 
achieve a 700 kcal/day energy deficit due to either 
exercise alone or diet alone. Both dietary intake and 
the structured exercise programs were carefully 
monitored to ensure compliance. Both groups lost 
7.5 kg over 12 weeks—exactly what was expected 
from the 58,800 kcal deficit (700 kcal/day times 84 
days). However, the exercise group lost more total fat, 
thus preserving muscle. Another group in this study 
did the same amount of exercise (700 kcal/day) but 
were told to increase their caloric intake by 700 kcal/
day to maintain weight! Not only did they increase 
their V̇ O2 max like the other exercise group, they also 
decreased their abdominal and visceral fat in spite of 
no weight loss (119). This is additional evidence to 
support the proposition that persons who are over-
weight or obese gain health benefits from exercise, 
even when weight is not lost.

These results were supported in a more recent 
study that compared subjects who underwent a six-
month 25% caloric restriction with those who had a 
12.5% caloric restriction plus an exercise intervention 
equal to a 12.5% reduction in caloric intake (116). 
Both groups lost the same amount of weight, similar 
to what was mentioned earlier. There is little ques-
tion that a calorie of aerobic exercise is really equal 
to a calorie of diet restriction as far as change in body 
weight is concerned; however, the exercise interven-
tion yields results (e.g., increase in V̇ O2 max) that can-
not be realized by a diet-alone approach to weight 
loss (116, 119).

In both of these studies, caloric intake was 
carefully monitored, as demanded by the research 
design. What happens when an exercise interven-
tion is used and the subjects are simply told to 
not change their dietary intake? In a recent study, 
overweight and obese men and women were ran-
domly assigned to either a control group or one of 
the following exercise groups: those who did 400 
kcal/session or 600 kcal/session. The participants 

did five sessions a week for ten months. Although 
the exercise sessions were carefully monitored 
to make sure the subjects expended the neces-
sary calories, they were simply told to not change 
their diet. Weight loss averaged 3.9 kg and 5.2 kg  
for the 400 and 600 kcal/session groups, respec-
tively, while the control group gained 0.5 kg. The 
weight loss was due entirely to loss of body fat and 
represented a clinically significant weight loss in 
terms of risk of chronic diseases (35). These results 
were consistent with an earlier study that examined 
the effect of different amounts of exercise (energy 
expenditures equivalent to jogging 20 miles/wk vs. 
jogging 12 miles per week vs. walking 12 miles per 
week) on weight loss in subjects who were told to 
maintain a stable body weight. Weight loss over the 
nine-month study for the three groups was 2.9 kg vs. 
0.6 kg vs. 0.9 kg, respectively, compared to a weight 
gain of 1.0 kg for the control group (140). More body 
fat than weight was lost, signifying an increase in 
fat-free mass. The emphasis in these studies was on 
vigorous exercise, except for the walking group in 
the last study.

Two well-controlled physical activity interven-
tions focused on moderate-intensity physical activity, 
with half done in a structured setting and half done 
at home. Doing 180–370 minutes of physical activity 
per week (with no dietary restriction) resulted in a 
weight loss of about 1.5 kg over the 12-month studies 
(64, 90). Again, fat loss exceeded weight loss. Over-
all, weight loss follows a dose-response pattern, being 
greater with higher levels of energy expenditure.

Weight Loss vs. Weight Maintenance Strange as it 
may seem, given what has just been presented, exer-
cise is not required to achieve weight loss. All that is 
necessary is a caloric deficit, the magnitude of which 
is easily controlled by diet (56). However, as men-
tioned previously, the use of exercise as a part of 
a weight-loss program might maintain a higher lean 
body mass and RMR and result in an optimal body 
fatness at a higher body weight.

Although exercise might not be an essential ingre-
dient in a weight-loss program, it is in a weight-main-
tenance program (141). A major unresolved question 

Figure 18.7 Body Mass Index varies with the number of 
steps taken per day.
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IN SUMMARY
 ■ There is an inverse relationship between physi-
cal activity and body weight.

 ■ Exercise is as effective as diet in achieving 
weight loss when matched in terms of caloric 
deficit; however fitness effects occur only in 
those doing the exercise.

 ■ When weight loss occurs with an exercise and 
diet program, less lean body mass is lost than when 
the same weight loss is achieved by diet alone.
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is, how much? However, some of the general exercise 
recommendations for health and fitness presented in 
Chap. 16 would be considered reasonable for weight-
maintenance programs. The primary factor involved in 
energy expenditure is the total work accomplished, 
so low-intensity, long-duration exercise is as good as 
high-intensity, short-duration exercise in expending 
calories. For the sedentary, overweight person, mod-
erate-intensity exercise is the proper choice because 
it can be done for longer periods of time in each exer-
cise session and can be done each day. Recent well-
controlled physical activity interventions showed that 
regular participation in moderate-intensity physical 
activity of 180 minutes or more per week (with no 
dietary restriction) was associated with a weight loss 
of about 1.5 kg over 8 to 12 months, indicating that 
the subjects were weight stable over that time (64, 
90, 140). Although the magnitude of weight change 
was small, the message it conveys is important: Only 
30 minutes or more of moderate-intensity physical 

activity per day is enough to prevent migration from 
one BMI level to the next—an important effect con-
sidering the prevalence of overweight and obesity in 
our society. However, as we saw in Chap. 16, “more is 
better” when it comes to physical activity and health, 
including maintaining a healthy body weight. It is 
clear that virtually any form of exercise contributes 
to fat loss and the maintenance of body weight. The 
important thing is to just do it. See Clinical Applica-
tions 18.2 for information on “successful losers.”

CLINICAL APPLICATIONS 18.2

Successful Losers—How Much Exercise Is Needed to Keep the Weight Off?
There is general agreement that most 
U.S. adults need more physical activity. 
The question is, how much? The system-
atic increase in the prevalence of obesity 
over the past 25 years has provided a 
strong incentive to address this issue and, 
to some extent, we are making progress.

In Chap. 16 we presented the U.S. 
Physical Activity Guidelines recommen-
dation that all adults should do at least 
150 minutes of moderate-intensity or 
75 minutes of vigorous-intensity physi-
cal activity per week (see Suggested 
Readings). There is clear evidence that 
this amount of physical activity results 
in significant health benefits. This is a 
minimal recommendation, with clear 
support that “more is better.” So, doing 
300 minutes per week of moderate-
intensity or 150 minutes per week of 
vigorous-intensity physical activity re-
sults in additional benefits, including 
maintaining or losing weight. This is 
consistent with both the 2002 Institute 
of Medicine (IOM) report (63) and the 
most recent ACSM position stand on the 
issue of physical activity and weight (1), 
in which they recommend:

 ■ 150–250 min/wk of moderate-
intensity physical activity to 
prevent weight gain

 ■ 250 min/wk of moderate-inten-
sity physical activity to achieve 
significant weight loss

 ■ 250 minutes per week of 
 moderate-intensity physical activ-
ity may be needed to  prevent 
weight regain after weight lost

Regarding the last point, Dr. Rena Wing 
of the University of Pittsburgh and Dr. 
James Hill of the University of Colorado 
formed the National Weight Control 
Registry (NWCR) in 1993 to gain some 
insights into what made “successful los-
ers”—individuals who lost weight and 
kept it off. To be  included in the regis-
try, individuals had to have lost substan-
tial weight (≥13.6 kg [30 lb]) and kept 
it off for at least one year. Some of the 
findings follow (145):

 ■ The average weight loss of the 
registrants was 33.6 kg, and 
they kept the weight off for 
an average of 5.2 years, which 
placed most in the normal 
(57.9%) or overweight (29.9%) 
BMI range.

 ■ About 88% limit foods high 
in fat and sugar, 44% limit the 
amount of food consumed, and 
44% count calories.

 ■ A total of 75% of registrants 
expend more than 1000 kcal/ 
week, and 54% expend more 
than 2000 kcal/week (about 
200 min/wk of moderate-inten-
sity physical activity).

The NWCR has provided unique and 
helpful insights into what makes a 
successful loser. The seven key habits 
for long-term success at weight loss 
include (145):

 1. High level of physical activity
 2. Limit television watching—63% 

watch less than 10 hours a week
 3. Low-calorie, low-fat diet—1380 

kcal/day, with less than 30% fat
 4. Consistent diet—eat the same 

foods regularly
 5. Breakfast consumption—at least 

78% eat breakfast daily
 6. High dietary restraint (good con-

trol over eating)
 7. Self-monitoring—more than 50% 

weigh weekly and track their 
daily food intake

Clearly, these messages from those 
who have been successful in main-
taining weight loss have great value 
for both the professional and the cli-
ent working toward that goal.

IN SUMMARY
 ■ To prevent weight gain, 150–250 min/wk 
of moderate-intensity physical activity is 
recommended.

 ■ To achieve significant weight loss or to prevent 
weight regain after weight loss, >250 min/wk  
of moderate-intensity physical activity is 
recommended.
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STUDY ACTIVITIES
 1. What is the difference between an RDA standard and a 

Daily Value?
 2. Which two minerals are believed to be inadequate in 

women’s diets?
 3. Relative to coronary heart disease, what fats should we 

limit in our diet?
 4. Describe nutrient density in the context of the five 

food groups in the U.S. Style Healthy Eating Pattern.
 5. Describe the two-component model of body composi-

tion assessment. Why should a different body density 
equation be used for children in contrast to adults?

 6. What is the principle of underwater weighing?
 7. Given a 20-year-old college male, 180 lb, 28% fat, what 

is his target body weight to achieve 17% fat?
 8. Is obesity more related to genetics or the environment?

 9. If a person consumes 120 kcal per day in excess of 
need, what weight gain does the static energy balance 
equation predict compared to the dynamic energy bal-
ance equation?

 10. What happens to the BMR when a person goes on a 
prolonged low-calorie diet? 

 11. What are the differences in outcomes when someone 
uses diet alone, versus a combination of diet and exer-
cise, to achieve a weight-loss goal?

 12. What is the thermic effect of food?
 13. In contrast to the general physical activity recommen-

dation for achieving significant health benefits, how 
much physical activity may be needed to prevent 
weight gain or maintain weight once it has been lost?
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In the last few chapters, we focused on proper ex-
ercise and nutrition for health and fitness. The em-

phasis was on moderation in both to reduce the risk 
factors associated with a variety of diseases. We must 
now change that focus to discuss the factors limiting 
physical performance.

Performance goals require much more time, 
effort, and risk of injury than fitness goals. What 
are the requirements for optimal performance? To 
answer this question, we must ask another: What 
kind of performance? It is clear that the require-
ments for the best performance in the 400-meter 
run are different from those associated with the 
marathon. Figure 19.1 shows a diagram of fac-
tors influencing performance (8). Every perfor-
mance requires a certain amount of strength, as 
well as the “skill” to apply that strength in the 
best way. Further, energy must be supplied in the 
manner needed or performance will suffer. Differ-
ent activities require differing amounts of energy 
from aerobic and anaerobic processes. Both the 
environment (altitude and heat) and diet (carbo-
hydrate and water intake) play a role in endur-
ance performance. In addition, best performances 
require a psychological commitment to “go for the 
gold.” The purpose of this chapter is to expand 
on this diagram and discuss the factors limiting 
performance in a variety of activities, which will 
point the way to the remaining chapters. However, 
before we discuss these factors, we will summarize 
the potential sites of fatigue that would clearly 
affect performance.

SITES OF FATIGUE
Fatigue is simply defined as an inability to maintain a 
power output or force during repeated muscle con-
tractions (28). As the two examples of the 400-meter 
run and the marathon suggest, the causes of fatigue 
vary and are usually specific to the type of physical 
activity. Figure 19.2 provides a summary of poten-
tial sites of fatigue (28). The discussion of mecha-
nisms starts at the brain, where a variety of factors 
can influence the “will to win,” and continues to the 
cross-bridges of the muscles themselves. There is evi-
dence to support many of the sites listed in Fig. 19.2 
as “weak links” in the development of the muscle 
tension needed for optimal performance. However, 
there is far from perfect agreement among scientists 
about the exact causes of fatigue. The reasons for this 
include (a) the fiber type and training state of the 
subject, (b) whether the muscle was stimulated vol-
untarily or electrically, (c) the use of both amphibian 
and mammalian muscle preparations, with some iso-
lated from the body, and (d) the intensity and dura-
tion of the exercise and whether it was continuous or 
intermittent activity (61, 62). Table 19.1 provides a 
summary of the advantages and disadvantages of the 
various approaches scientists use to study fatigue (1). 
Clearly, depending on the nature of the exercise, the 
subject, and the experimental approach used to study 
fatigue, different results may be obtained. Within the 
scope of these limitations, we now provide a sum-
mary of the evidence about each weak link and apply 
the information to specific types of performances.

Figure 19.1 Factors affecting performance.
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Central Fatigue
The central nervous system (CNS) would be impli-
cated in fatigue if there were (a) a reduction in the 
number of functioning motor units involved in the 
activity or (b) a reduction in motor unit firing fre-
quency (20). There is evidence both for and against 
the concept of “central fatigue”—that is, that fatigue 
originates in the CNS.

Merton’s classic experiments showed no dif-
ference in tension development when a voluntary 
maximal contraction was compared to an electri-
cally induced maximal contraction. When the 
muscle was fatigued by voluntary contractions, 

electrical stimulation could not restore tension 
(48). This suggested that the CNS was not limiting 
performance, and that the “periphery” was the site 
of fatigue.

In contrast, the early work of Ikai and Steinhaus 
(32) showed that a simple shout during exertion 
could increase what was formerly believed to be 
“maximal” strength. Later work showed that electri-
cal stimulation of a muscle fatigued by voluntary 
contractions resulted in an increase in tension devel-
opment (33). These studies suggest that the upper 
limit of voluntary strength is “psychologically” set, 
given that certain motivational or arousal factors are 
needed to achieve a physiological limit (33). In agree-
ment with these results (that the CNS can limit per-
formance) are two studies by Asmussen and Mazin  
(6, 7). Their subjects lifted weights 30 times a min-
ute, causing fatigue in two to three minutes. Fol-
lowing a two-minute pause, the lifting continued. 
These investigators showed that when either a 
physical diversion, consisting of the contraction of 
nonfatigued muscles, or a mental diversion, consist-
ing of doing mental arithmetic, was used between 
fatiguing bouts of exercise, work output was greater 
than when nothing was done during the pause. They 
also found that if a person did a series of muscle 
contractions to the point of fatigue with the eyes 
closed, simply opening the eyes restored tension 
(6). These studies suggest that alterations in central 
nervous system “arousal” can facilitate motor unit 
recruitment to increase strength and alter the state 
of fatigue. There is convincing evidence that impair-
ment of the voluntary activation of muscle during 
fatiguing contractions is due, in part, to the depres-
sion of activity in the motor neurons of the spinal 
cord that control the muscles involved. The depres-
sion in activity is linked to a decrease in stimulatory 
drive in both the descending pathways from higher 
brain centers and in afferent feedback from the mus-
cles involved (22).

Excessive endurance training (overtraining) has 
been associated with symptoms such as reduced 
performance capacity, prolonged fatigue, altered 
mood states, sleep disturbance, loss of appetite, and 
increased anxiety (18, 67, 68). Over the past decade, a 
considerable amount of attention has been directed at 
brain serotonin (5-hydroxytryptamine) as a factor in 
fatigue due to its links to depression, sleepiness, and 
mood (67, 68). There is evidence that increases and 
decreases in brain serotonin activity during prolonged 
exercise hasten and delay fatigue, respectively (17). 
Although regular participation in moderate-intensity 
exercise has been shown to improve the mood states 
of depressive patients, excessive exercise seems to 
have an opposite effect. Numerous experiments have 
been conducted over the past decade to try to under-
stand the connection between serotonin and fatigue, 

Figure 19.2 Possible sites of fatigue.
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TABLE 19.1 Advantages and Disadvantages of Various Approaches to the Study of Fatigue

Muscle in vivo Advantages All physiological mechanisms present
Fatigue can be central or peripheral
All types of fatigue can be studied
Stimulation patterns appropriate for fiber types and stage of fatigue

Disadvantages Mixture of fiber types
Complex activation patterns
Produces correlative data; hard to identify mechanisms
Experimental interventions very limited

Isolated muscle Advantages Central fatigue eliminated
Dissection simple

Disadvantages Mixture of fiber types
Inevitable extracellular gradients of O2, CO2, K+, lactic acid
Mechanisms of fatigue biased by presence of extracellular gradients
Drugs cannot be applied rapidly because of diffusion gradients

Isolated single 
fiber

Advantages Only one fiber type present
Force and other changes (ionic, metabolic) can be unequivocally correlated
Fluorescent measurements of ions, metabolites, membrane potential, etc., 
possible
Easy and rapid application of extracellular drugs, ions, metabolites, etc.

Disadvantages Environment different to in vivo
K+ accumulation and other in vivo changes absent
Prone to damage at physiological temperatures
Small size makes analysis of metabolites difficult

Skinned fiber Advantages Precise solutions can be applied
Possible to study myofibrillar properties, SR release and uptake, AP/Ca2+ 
release coupling
Metabolic and ionic changes associated with fatigue can be studied in isolation

Disadvantages Relevance to fatigue can be questionable
May lose important intracellular constituents
Relevant metabolites to study must be identifi ed in other systems

but the answer remains elusive (67, 68). However, 
recent studies indicate that it is not the serotonin 
alone, but the ratio of serotonin to dopamine that 
contributes to tiredness on the one hand and arousal 
on the other, and that brain levels of norepinephrine 
also contribute to the picture (45, 46).

The CNS is intimately involved in exercise, 
including the psyching-up prior to exercise (70), 
the recruitment of motor units, and the continual 
feedback from a host of receptors sensing tension, 
temperature, blood gases, blood pressure, and other 
variables. The brain integrates these various signals 
and generates commands that automatically reduce 
power output to protect the organism. In this sense, 
exercise begins and ends in the brain (35). Noakes and 
others (37, 53–55, 65) have developed the “central 
governor” model of central fatigue that focuses pri-
marily on the conscious and subconscious brain and 
does not involve the spinal cord or motor unit. This 
model has many novel aspects, but it has attracted 

some criticism (74). Let us now examine some of the 
events outside the CNS that are tied to the fatigue 
process.

Peripheral Fatigue
Although there is evidence that the CNS is linked 
to fatigue, its contribution is estimated to be about 
10% (26). The vast majority of evidence points to 
the periphery (peripheral fatigue), where neural, 
mechanical, or energetic events can hamper tension 
development (23, 75).

Neural Factors If you are looking for potential 
sites of fatigue, you might track the movement of 
the action potential from the nerve to the muscle 
and, within the muscle, its progress along the sarco-
lemma and t-tubule to the sarcoplasmic reticulum 
(SR) where Ca++ is stored. When the Ca++ is released, 
it interacts with regulatory proteins (e.g., troponin) 
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that cause movement of the cross-bridges to generate 
tension. Finally, the Ca++ must be pumped back into 
the SR to allow the muscle to relax before the next 
contraction. Let’s take a look at the evidence to see if 
any of these sites is implicated in the fatigue process.

Neuromuscular Junction The action potential ap-
pears to reach the neuromuscular junction even 
when fatigue occurs (48). In addition, evidence based 
on simultaneous measurements of electrical activity 
at the neuromuscular junction and in the individual 
muscle fibers suggests that the neuromuscular junc-
tion is not the site of fatigue (12, 26).

Sarcolemma and Transverse Tubules It has been hy-
pothesized that the sarcolemma might be the site of 
fatigue due to its inability to maintain Na+ and K+ con-
centrations during repeated stimulation. When the 
Na+/K+ pump cannot keep up, K+ accumulates out-
side the membrane and decreases inside the cell. This 
results in a depolarization of the cell and a reduction 
in action potential amplitude (63). The gradual depo-
larization of the sarcolemma could result in altered 
t-tubule function, including a block of the t-tubule ac-
tion potential. If the latter occurs, Ca++ release from 
the SR will be affected, as will muscle contraction (3). 
However, the evidence indicates that the typical re-
duction in the size of the action potential amplitude 
has little effect on force output by the muscle. In addi-
tion, the lower frequency of action potential firing with 
repeated stimulation of muscle seems to protect the 
muscle from further fatigue (rather than cause fatigue) 
by shifting the activation to a lower, more optimal, 
rate of firing (23). This does not mean that the t-tubule 
is not involved in the fatigue process. Under certain 
stimulation conditions an action potential block can 
occur in the t-tubule, leading to a reduction in Ca++ re-
lease from the SR (23, 26, 29). As a result, myosin cross-
bridge activation would be adversely affected. One of 
the beneficial effects of training is an increase in the 
capacity of the Na+/K+ pump, which may contribute 
to the maintenance of the Na+/K+ gradient and reduce 
the potential for fatigue via this mechanism (26, 29).

Mechanical Factors The primary mechanical fac-
tor that may be related to fatigue is cross-bridge 
“cycling.” The action of the cross-bridge depends on  
(a) the functional arrangement of actin and myosin, 
(b) Ca++ being available to bind with troponin to al-
low the cross-bridge to bind with the active site on 
actin, and (c) ATP, which is needed for both the acti-
vation of the cross-bridge to cause movement and the 
dissociation of the cross-bridge from actin. Exercise, 
especially eccentric exercise, can cause a physical dis-
ruption of the sarcomere and reduce the capacity of 
the muscle to produce tension (5). However, a high 
H+ concentration, which generally occurs with heavy 
exercise, may contribute to fatigue in a variety of 
ways (23, 24, 27, 61, 62):

 ■ Reduce the force per cross-bridge

 ■ Reduce the force generated at a given Ca++ 
concentration (related to H+ ion interference 
with Ca++ binding to troponin)

 ■ Inhibit SR Ca++ release

Consistent with this, data from skinned muscle 
fibers studied at room temperature (~20°C) showed 
that an increase in the H+ concentration was linked to 
a decrease in force and the maximal velocity of short-
ening. However, when experiments in both skinned 
and intact muscle fibers were done at 30°C (a more 
physiological temperature), the acidosis decreased 
force by only 10% and did not accelerate the rate 
of fatigue. The latter results are consistent with data 
from exercising humans in which force recovered 
before the H+ concentration did (57).

One sign of fatigue in isometric contractions is a 
longer “relaxation time”—the time from peak tension 
development to baseline tension. This appears to be 
an important aspect of fatigue in fast-twitch fibers. 
This longer relaxation time could be due to a slow-
ing of the SR’s ability to pump Ca++ and/or to slow-
ing of cross-bridge cycling, but the latter appears to 
be most important (57). This longer relaxation time 
would result in a reduction in stride rate, a feature of 
fatigue in 400-m races (57). Although H+ is implicated 
in this longer relaxation time, the accumulation of 
inorganic phosphate (Pi) from the breakdown of ATP 
is also involved (26). That is where we will now turn 
our attention.

IN SUMMARY
 ■ Increases in CNS arousal facilitate motor unit 
recruitment to increase strength and alter the 
state of fatigue.

 ■ Repeated stimulation of the sarcolemma can 
result in a reduction in the size and frequency 
of action potentials; however, shifts in the opti-
mal frequency needed for muscle activation 
preserve force output.

 ■ Under certain conditions, an action potential 
block can occur in the t-tubule to result in a 
reduction in Ca++ release from the SR.

IN SUMMARY
 ■ The cross-bridge’s ability to “cycle” is important 
in continued tension development. Fatigue 
may be related, in part, to the effect of a high 
H+ concentration and the inability of the sar-
coplasmic reticulum to rapidly take up Ca++. 
The end result may be a longer relaxation time, 
which affects the rate of muscle contraction.
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Energetics of Contraction Fatigue can be viewed 
as the result of a simple imbalance between the ATP 
requirements of a muscle and its ATP-generating ca-
pacity (62). As described in Chap. 3, when exercise 
begins and the need for ATP accelerates, a series of 
ATP-generating reactions occur to replenish the ATP.

 ■ As the cross-bridges use ATP and generate 
ADP, phosphocreatine provides for the 
immediate resynthesis of the ATP  
(PC + ADP → ATP + C).

 ■ As the phosphocreatine becomes depleted, 
ADP begins to accumulate and the myokinase 
reaction occurs to generate ATP  
(ADP + ADP → ATP + AMP).

 ■ The accumulation of all these products 
stimulates glycolysis to generate additional ATP, 
which may result in an H+ accumulation (9).

However, as ATP demand continues to exceed sup-
ply, a variety of reactions occur in the cell that limit 
work and protect the cell from damage. Remember 
that ATP is needed to pump ions and maintain cell 
structure. In this sense, fatigue serves a protective 

function. What are the signals to the muscle cell that 
energy utilization must slow down? When ATP-gen-
erating mechanisms cannot keep up with ATP use, 
inorganic phosphate (Pi) begins to accumulate in the 
cell (Pi and ADP are not being converted to ATP). An 
increase in Pi in the muscle has been shown to inhibit 
maximal force, and the higher the Pi concentration, 
the lower the force measured during recovery from 
fatigue. The Pi seems to act directly on the cross-
bridges to reduce its binding to actin (23, 24, 42, 57, 
73) and also inhibits calcium release from the sarco-
plasmic reticulum (2, 19, 26, 57). However, the accu-
mulation of Pi reduces the total ATP cost per unit of 
force, suggesting an improvement in efficiency (42). 
What is interesting is that the cell does not run out of 
ATP, even in cases of extreme fatigue. Typically, the 
ATP concentration falls to only 70% of its pre-exercise 
level. The factors that cause fatigue reduce the rate 
of ATP utilization faster than ATP generation so that 
ATP concentration is maintained. This is believed to 
be a protective function aimed at minimizing changes 
in cellular homeostasis with continued stimulation. 
Other novel factors may be related to fatigue (see A 
Closer Look 19.1).

A CLOSER LOOK 19.1

Radical Production During Exercise Contributes to Muscle Fatigue
Free radicals (radicals) are molecules 
that contain an unpaired electron 
in their outer orbital. This unpaired 
electron results in molecular insta-
bility; therefore, radicals are highly 
reactive and capable of damaging pro-
teins, lipids, and DNA in the cell (30). 
Radical-mediated damage to cellular 
constituents is called oxidative stress, 
and high levels of oxidative stress can 
lead to cellular dysfunction.

Interestingly, although regular ex-
ercise provides many health benefits, 
exercise promotes the production 
of radicals in skeletal muscles, and 
prolonged and/or intense exercise 
can lead to oxidative stress in the 
exercising muscle. Importantly, this 
exercise-induced oxidative damage is 
a key contributor to muscle fatigue 
during prolonged exercise (i.e., >30 
minutes’ duration) (39, 40, 44).

The mechanism(s) to explain why 
radicals promote muscle fatigue re-
mains an active topic of research. Cur-

rent evidence indicates that radical 
production can contribute to muscle 
fatigue in two important ways. First, 
radicals can damage key contractile 
proteins including myosin and tro-
ponin (14). Damage to these muscle 
proteins reduces the calcium sen-
sitivity of myofilaments and limits 
the number of myosin cross-bridges 
bound to actin (64). It follows that 
when fewer myosin cross-bridges are 
bound to actin, muscle force produc-
tion is reduced (i.e., fatigue occurs). 
A second mechanism to explain how 
radicals can contribute to muscle fa-
tigue is that high radical production 
can depress sodium/potassium pump 
activity in skeletal muscle (40). Im-
paired sodium/potassium pump func-
tion results in problems in achieving 
fiber excitation-contraction coupling, 
which impairs force production (40).

Because radicals contribute to 
muscle fatigue, it is feasible that an-
tioxidant supplementation can re-

tard exercise-induced muscle fatigue. 
Nonetheless, studies using antioxidant 
vitamins (e.g., vitamins E and C) do 
not support the concept that dietary 
antioxidants can improve human 
performance (59). In contrast, experi-
ments using the powerful antioxidant  
N-acetyl-cysteine reveal that this  
unique antioxidant can delay fatigue 
during prolonged submaximal exercise 
(40, 43). Although optimal levels of 
this antioxidant can postpone fatigue, 
high doses of antioxidants (i.e., above 
the optimal dose) can impair mus-
cle performance (15). Further, daily 
supplementation with high doses of 
antioxidants (e.g., vitamins C and E) 
has been reported to depress training-
induced adaptations in skeletal mus-
cles (47). Therefore, indiscriminant 
antioxidant supplementation could be 
detrimental to athletic performance. 
For more details about the role that 
free radicals play in muscle fatigue, see 
Cheng et al. in Suggested Readings.
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In Chap. 8, we linked the different methods of 
ATP production to the different muscle fiber types 
that are recruited during activity. We will briefly 
summarize this information as it relates to our dis-
cussion of fatigue. Figure 19.3 shows the pattern 
of recruitment of muscle fiber types with increas-
ing intensities of exercise. Up to about 40% of V̇ O2 
max, the type I slow-twitch oxidative muscle fiber is 
recruited to provide tension development (62). This 
fiber type is dependent on a continuous supply of 
blood to provide the oxygen needed for the genera-
tion of ATP from carbohydrates and fats. Any factor 
limiting the oxygen supply to this fiber type (e.g., alti-
tude, dehydration, blood loss, or anemia) would cause 
a reduction in tension development in these fibers 
and necessitate the recruitment of type IIa fibers to 
generate tension.

Between 40% and 75% V̇ O2 max, type IIa fast-
twitch, fatigue-resistant fibers are recruited in addi-
tion to the type I fibers (62). These fast-twitch fibers 
are rich in mitochondria, as are the type I fibers, mak-
ing them dependent on oxygen delivery for tension 
development. They also have a great capacity to pro-
duce ATP via anaerobic glycolysis. The mitochondrial 

content of type IIa fibers is sensitive to endurance 
training, so that with detraining, more of the ATP sup-
ply would be provided by glycolysis, leading to lac-
tate production (see Chap. 13). If oxygen delivery to 
this fiber type is decreased, or if the ability of the fiber 
to use oxygen is decreased (due to low mitochondrial 
number), tension development will fall, requiring 
type IIx fiber recruitment to maintain tension.

Type IIx is the fast-twitch muscle fiber with a 
low mitochondrial content. This fiber can generate 
great tension via anaerobic sources of energy, but it 
fatigues quickly. It is recruited at about 75% V̇ O2 max, 
adding to the tension from type I and type IIa fibers 
and making heavy exercise dependent upon its abil-
ity to develop tension (62).

Both Central and Peripheral Fatigue
In the preceding section a variety of metabolites gener-
ated by working muscles (e.g., H+, Pi) were implicated 
in fatigue because of their effect on force develop-
ment at the periphery (i.e., reduced force generated 
per cross bridge). However, these same metabolites 
may be implicated in central fatigue. As you may 
recall from Chaps. 9 and 10, skeletal muscle contains 
group III/IV afferent (sensory) nerve fibers, the ends 
of which can sense both mechanical (e.g., force) and 
chemical (e.g., H+) stimuli. Consequently, information 
about contractile events at the periphery is sent back 
to the central nervous system (CNS), at both the spinal 
and supraspinal levels, where motor neuron activation 
can be modified. Under usual circumstances, the type 
III/IV fibers are crucial to having a normal cardiore-
spiratory and hemodynamic response to exercise—as 
described in Chaps. 9 and 10. However, when the con-
centration of the various metabolites associated with 
muscle contraction increases to very high levels, feed-
back from type III/IV fibers to the CNS can lead to the 
inhibition of motor unit recruitment—an example of 
central fatigue. This, of course, would lead to a reduc-
tion in muscle force production and performance (4).

Although the primary focus of this text has been 
on the fitness and performance of individuals stuck (by 
gravity) on the earth, we are all familiar with the weak-
ness and instability of astronauts as they emerge from 

Figure 19.3 Order of muscle fiber type recruitment in 
exercise of increasing intensity. 
McArdle, W., Katch, F., and Katch, V., Exercise Physiology: Energy, 
Nutrition, and Human Performance. Baltimore, MD: Lippincott 
Williams & Wilkins, 2001.
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IN SUMMARY
 ■ Fatigue is directly associated with a mismatch 
between the rate at which the muscle uses ATP 
and the rate at which ATP can be supplied.

 ■ Cellular fatigue mechanisms slow down the 
rate of ATP utilization faster than the rate of 
ATP generation to preserve the ATP concentra-
tion and cellular homeostasis.

IN SUMMARY
 ■ Muscle fibers are recruited in the following 
order with increasing intensities of exercise: 
type I → type IIa → type IIx.

 ■ The progression moves from the most to the 
least oxidative muscle fiber type. Intense exer-
cise (>75% V̇ O2 max) demands that type IIx 
fibers (in addition to the type I and type IIa 
fibers) be recruited, resulting in an increase in 
H+ production.
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the Space Shuttle after returning from space. With 
the International Space Station (ISS) now in orbit and 
crews rotating on a regular basis, it should be no sur-
prise that physiologists have been studying the impact 
of prolonged weightlessness on muscle function (25). 
Ask the Expert 19.1 provides some insights into why 
astronauts are weaker when they return to earth.

ASK THE EXPERT 19.1

Muscle Adaptations to Space Travel: Questions and Answers with Dr. Robert H. Fitts

Dr. Fitts is  Professor 
 Emeritus in the 
 Department of Biological 
Sciences at Marquette 
University. His primary 
research interests include 
excitation contraction cou-
pling and muscle mechan-
ics, and the mechanism 
of muscle adaptation to 

space flight and programs of regular exercise. 
His research also focuses on elucidating the 
cellular causes of muscle fatigue. He was 
awarded the American College of Sports 
Medicine’s Citation Award in 1999 for his 
research accomplishments and received the 
Researcher of the Year Award from Marquette 
University in 2000.

question: What changes occur in skel-
etal muscle due to space travel?

answer: The primary change in skel-
etal muscle with space travel is fi-
ber atrophy due to a selective loss 
in the myofilaments. The antigrav-
ity muscles of the legs are more 
affected than arm muscles, and pri-
marily slow muscles like the soleus 
are more affected than fast-twitch 
muscles such as the gastrocnemius. 
Due to the loss of myofilaments, 
muscle fibers generate less force 
and power. Following short-dura-
tion (≤3 weeks) space flight, slow 
type I fibers show an elevated maxi-
mal shortening velocity, which is 
not caused by an expression of fast-
type myosin. It has been hypoth-
esized that the increased velocity 
results from a selective loss of the 
thin filament actin, which increases 
the space between the filaments, 

causing the myosin cross-bridge 
to detach sooner at the end of the 
power stroke. Recent results from 
International Space Station (ISS) ex-
periments have shown the elevated 
velocity to be a transient change, 
with slow fiber velocity showing a 
significant decline following long-
duration flights. This change, plus 
additional fiber atrophy, contributes 
to the considerably greater loss in 
slow fiber power after long-duration 
flights, compared to short-duration 
flights. Space flight appears to in-
crease the muscle’s reliance on car-
bohydrates and reduce its ability to 
oxidize fats. This metabolic change 
is not caused by a reduced activ-
ity of any of the enzymes of the 
β-oxidative pathway or the Krebs 
cycle. The loss in fiber power and 
increased reliance on carbohydrates 
cause a reduced work capacity. In 
addition, post-flight crew members 
experience muscle soreness due to 
an increased susceptibility to ec-
centric contraction-induced fiber 
damage.

question: Do animal studies mimic the 
changes experienced by humans?

answer: Many of the space flight-in-
duced changes in skeletal muscle 
are observed in rodents, nonhuman 
primates, and humans. Fiber atro-
phy caused by the selective loss of 
myofilaments has been observed in 
all species. However, there are spe-
cies differences in the time course 
of the adaptive process. For ex-
ample, rats flown in space show a 
faster rate of fiber atrophy than do 

humans. Flights as short as two or 
three weeks have been shown to 
increase soleus muscle velocity in 
both rats, and humans, but in rats, 
the increase was in part due to a 
conversion of approximately 20% of 
the slow type I fibers to fast-twitch 
fibers containing fast myosin iso-
zymes. In humans, short-duration 
space flight does not cause fiber 
type conversion. However, recent 
data suggest that such conversions 
(slow-twitch to fast-twitch) do oc-
cur in humans following long-dura-
tion (six months) space flight.

question: Are there any intervention 
(training) strategies being employed 
to reduce the impact of space flight 
on skeletal muscle?

answer: The primary countermeasure 
used to protect skeletal muscle 
from microgravity-induced loss has 
employed endurance exercise on 
either a bicycle or treadmill. This 
type of modality has not been com-
pletely successful, as crew mem-
bers still lose up to 20% of their leg 
muscle mass following six months 
in space. High-intensity exercise has 
been incorporated into the counter-
measure program on the ISS, but 
the loads have been insufficient 
to adequately protect limb muscle 
size or power. Recently, a new high-
resistance device has been installed 
on the ISS, but its effectiveness has 
not yet been established. (Readers 
are directed to two articles by Dr. 
Fitts on the effects of space flight 
on muscle structure and function 
in Suggested Readings.)

Courtesy of 
Robert H. Fitts

IN SUMMARY
 ■ Metabolites such as H+ and Pi, generated by 
muscle contraction, can reach levels that can 
reflexively reduce motor unit recruitment and 
cause fatigue through the action of type III/IV 
afferent nerve fibers.
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FACTORS LIMITING 
ALL-OUT ANAEROBIC 
PERFORMANCES
As exercise intensity increases, muscle fiber recruit-
ment progresses from type I → type IIa → type IIx. 
This means that the ATP supply needed for tension 
development becomes more and more dependent 
upon anaerobic metabolism (62). In this way, fatigue 
is specific to the type of task undertaken. If a task 
requires only type I fiber recruitment, then the fac-
tors limiting performance will be very different from 
those associated with tasks requiring type IIx fibers. 
With this review and summary in mind, let’s now 
examine the factors limiting performance.

Ultra Short-Term Performances  
(Ten Seconds or Less)
The events that fit into this category include the 
shot put, high jump, long jump, and 50- and 100-
meter sprints. These events require that tremendous 
amounts of energy be produced in a short period 
(high-power events), and type II muscle fibers must 
be recruited. Figure 19.4 shows that maximal perfor-
mance is limited by the fiber type distribution (type 
I versus type II) and by the number of muscle fibers 
recruited, which is influenced by the level of moti-
vation and arousal (32). Optimal performance is also 
affected by skill and technique, which are dependent 
on practice. It should be no surprise that the anaero-
bic sources of ATP—the ATP-PC system and glycolysis— 
provide the energy. However, in these ultra-short 
events, the energy release necessary for performance 
is determined primarily by the demand generated via 
neuromuscular drive, and is not limited by the intra-
muscular energy supply (13). Chapter 20 provides 
tests for anaerobic power, and Chap. 21 provides a 
detailed list of the activities dependent upon such 

power. There is evidence that ingestion of creatine 
can influence performance in high-power exercise; 
see Chap. 25 for details.

Short-Term Performances  
(10–180 Seconds)
Maximal performances in the 10- to 60-second range 
are still predominantly (>70%) anaerobic, using the 
high-force, fast-twitch fiber, but when a maximal per-
formance is extended to three minutes, about 60% 
of the energy comes from the slower aerobic, ATP-
generating processes. As a result of this transition 
from anaerobic to aerobic energy production, maxi-
mal running speed decreases as the duration of the 
race increases from 10 to 180 seconds. Given that 
the ATP-PC system can supply ATP for only several 
seconds, the vast majority of the ATP will be derived 
from anaerobic glycolysis (see Chap. 3). Figure 19.5 
shows that this will cause an accumulation of H+ in 
muscle as well as blood. The elevated H+ concen-
tration may actually interfere with the continued 
production of ATP via glycolysis, or the contractile 
machinery itself, by interfering with troponin’s abil-
ity to bind with Ca++. However, it must be added 
that following exhausting exercise, muscle tension 
recovers before the H+ concentration does, indicating 
the complex nature of the fatigue process (27, 60, 
61, 71). In an effort to slow H+ accumulation, some 
athletes have attempted to ingest buffers prior to a 

Figure 19.4 Factors affecting fatigue in ultra short-term events.
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IN SUMMARY
 ■ In events lasting ten seconds or less, optimal 
performance is dependent on the recruitment 
of appropriate type II fibers to generate the 
great forces that are needed.

 ■ Motivation and arousal are required, as well as 
the skill needed to direct the force.

 ■ The primary energy sources are anaerobic, with 
the focus on phosphocreatine.
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race. This procedure is discussed in detail in Chap. 
25, which deals with ergogenic aids and performance. 
See A Look Back, Important People in Science for 
information on someone who had a major impact on 
our understanding of fatigue.

Figure 19.5 Factors affecting fatigue in short-term 
events.
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A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Brenda Bigland-Ritchie, Ph.D.
Brenda Bigland-Ritchie has had a 
major impact on our understanding 
of muscle, with a special focus on 
how it functions and what causes 
it to fatigue. Brenda Bigland com-
pleted her undergraduate degree at 
University College London, and was 
awarded a fellowship to work in the 
Physiology Department from which 
she had just graduated. As a gradu-
ate student she was encouraged by 
Nobel Prize winner A.V. Hill (see 
Chap. 0) to examine the oxygen cost 
of doing positive and negative work 
in humans, to parallel the experi-
ments he had done in shortening and 
lengthening contractions in isolated 
muscle in which heat production 
was shown to be dramatically dif-
ferent for the two types of contrac-
tions. In a very clever design Brenda 
Bigland, Murdoch Ritchie (her future 
husband), and Bud Abbott arranged 
two bicycles back to back such that 
one rider pedaled forward and one 
pedaled backward; the same muscles 
were involved, but one muscle group 
was being lengthened while the other 
was being shortened. They showed, 
in a now classic study published in 
1952, that positive work (shorten-
ing) required much more energy than 
negative work at the same power out-
put, confirming Hill’s observations in 
isolated muscle. She also published 
papers on the relationship between 

muscle force, velocity and integrated 
electromyographic (IEMG) activity 
measured with electrodes on the skin 
surface, and in other experiments, 
motor unit activity during volun-
tary contractions in human muscle. 
Bigland-Ritchie stepped away from 
doing her own research for about 20 
years, after her first child was born in 
1953. In 1956, her husband accepted 
a position at the Albert Einstein Col-
lege of Medicine in the Bronx, N.Y., 
and the family immigrated to the 
United States. Later, when her chil-
dren were of high school age, she 
was concerned that she could never 
return to science because she had 
been away from it for so long. Her 
husband encouraged her to work 
part-time in his lab and over the 
next few years they published three 
papers together. She then accepted a 
position at Hunter College to teach 
one section of a physiology course, 
and found that she not only enjoyed 
the teaching, but that she could learn 
as well as any of her much younger 
students. With the encouragement of 
her husband, she returned to England 
to write her Ph.D. thesis on the basis 
of her research done years earlier; she 
discovered that by examining her 
old data in the light of recent experi-
mental findings, new ideas began to 
emerge. She was awarded her Ph.D. 
in 1969.

After her husband accepted a po-
sition at Yale University, she joined 
the faculty at nearby Quinnipiac Col-
lege. It was there that she and her 
colleague Joe Woods wrote and sub-
mitted an NIH research grant that 
was funded, and she was able to con-
tinue her research in muscle physi-
ology. Using the positive-negative 
work model from her earlier work 
they showed that both IEMG activ-
ity and oxygen uptake were much 
lower during lengthening contrac-
tions (negative work) compared to 
positive work.

Bigland-Ritchie’s research raised 
serious questions about the use of 
surface IEMG activity as a means to 
investigate muscle function and fa-
tigue. She devised techniques using 
fine-wire electrodes to monitor EMG 
activity within muscle itself, in order 
to study motor unit activity during 
exercise and fatigue. Her focus of at-
tention was on the various sites of 
fatigue: was it in the CNS, neuromus-
cular junction, or in muscle itself? 
Much of what we know about fatigue 
(summarized at the beginning of this 
chapter) was due to her research and 
that of her students and her many col-
leagues. For more on this interesting 
scientist, we encourage you to read 
the two chapters by Bigland-Ritchie 
and by Thomas et al. in Suggested 
Readings.

IN SUMMARY
 ■ In short-term performances lasting 
10–180  seconds, there is a shift from 70% of the 
energy supplied anaerobically at 10 seconds to 
60% being supplied aerobically at 180 seconds.

 ■ Anaerobic glycolysis provides a substantial 
 portion of the energy, resulting in elevated 
 lactate levels.
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FACTORS LIMITING ALL-OUT 
AEROBIC PERFORMANCES
As the duration of an all-out performance increases, 
more demand is placed on the aerobic sources of 
energy. In addition, environmental factors such as 
heat and humidity, and dietary factors such as water 
and carbohydrate ingestion, play a role in fatigue.

Moderate-Length Performances  
(3–20 Minutes)
Although 60% of ATP production is derived from aero-
bic processes in a 3-minute maximal effort, the value 
jumps to 90% in a 20-minute all-out performance. 
Given this dependence on oxidative energy produc-
tion, the factors limiting performance include both 
the cardiovascular system, which delivers oxygen-rich 
blood to the muscles, and the mitochondrial content 
of the muscles involved in the activity. Because speed 
is a prerequisite in races lasting fewer than 20  minutes, 
type IIa fibers, which are rich in mitochondria, are 
involved in supplying the ATP aerobically (in addition 
to the already recruited type I fibers). Races lasting less 
than 20 minutes are run at 90%–100% of maximal aero-
bic power, so the athlete with the highest V̇ O2 max 
has a distinct advantage. However, because type IIx 
fibers are also recruited, lactate and H+ production are 
increased, and H+ accumulation would affect tension 
development as previously described (27, 60, 61, 72).  
Figure 19.6 summarizes the factors affecting perfor-
mances requiring a high maximal oxygen uptake. The 
maximal stroke volume is the crucial key to a high 
cardiac output (see Chap. 13) and is influenced by 
both genetics and training. The arterial oxygen con-
tent (CaO2) is influenced by the arterial hemoglobin 

content [Hb], the fraction of inspired oxygen (FIO2), 
and PO2 of the inspired air. Chapter 24 discusses the 
effect of altitude (low PO2) on V̇ O2 max, and Chap. 25 
discusses the use of blood doping (to raise the [Hb]) 
and oxygen breathing on aerobic performance. Train-
ing programs are discussed in Chap. 21.

Intermediate-Length Performances  
(21–60 Minutes)
In all-out performances lasting 21–60 minutes, the 
athlete will generally work at <90% V̇ O2 max. A high 
V̇ O2 max is certainly a prerequisite for success, but 
now other factors come into play. For example, an 
individual who is an “economical” runner can move 
at a higher speed for the same amount of oxygen 
compared to a runner who is not economical. The 
importance of both V̇ O2 max and running economy 
in predicting distance running performance was 
recently confirmed (41), and evidence exists that 
both are important in shorter (e.g., 1,500 m) races 
(34). Differences in running economy are due to bio-
mechanical and/or bioenergetic factors. In this case, 
measurements of both V̇ O2 max and running econ-
omy would be needed to predict performance (see 
Chap. 20). However, another variable must be con-
sidered. Because races of this duration are not run at 
V̇ O2 max, a person who can run at a high percentage 
of V̇ O2 max would have an advantage. The ability to 
run at a high percentage of V̇ O2 max is related to the 
concentration of lactate in the blood, and one of the 
best predictors of race pace is the lactate threshold 
(10, 11). See The Winning Edge 19.1 for more on this. 
Interestingly, a high percentage of type I muscle fibers 
is associated with both a greater lactate threshold and 
a higher mechanical efficiency (16). The procedures 
to follow in estimating the maximal running speed for 
long-distance races are presented in Chap. 20. Factors 
limiting performance in runs of 21–60 minutes are 
summarized in Fig. 19.7. Note that we must now con-
sider the environmental factors of heat and humidity, 
as well as the state of hydration of the runner. The 
heat load will require that a portion of the cardiac 

Figure 19.6 Factors affecting fatigue in aerobic perfor-
mances lasting 3–20 minutes.

Maximal
cardiac
output

VO2 max

(CaO2 – CvO2)–

FIO2 PO2

HR max • SV max

Genetics
and

training
Training

Mitochondrial
and capillary

density

Genetics

Fiber type[Hb]

Aerobic Performances (3–20 min)

˙

IN SUMMARY
 ■ In moderate-length performances lasting 3–20 
minutes, aerobic metabolism provides 60%–90% 
of the ATP, respectively.

 ■ These activities require an energy expendi-
ture near V̇ O2 max, with type II fibers being 
recruited in addition to the type I fibers.

 ■ Any factor interfering with oxygen delivery 
(e.g., altitude or anemia) would decrease perfor-
mance because it is so dependent on aerobic 
energy production. High levels of H+ accom-
pany these types of activities.
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output be directed to the skin, pushing the cardio-
vascular system closer to maximum at any running 
speed. Chapters 23 and 24 deal with the effects of 
dehydration and environmental heat loads on perfor-
mance. See A Look Back—Important People in Science 
for a physiologist who had a major role in discovering 
the factors linked to endurance performance.

Long-Term Performances (1–4 Hours)
Performances of 1–4 hours are clearly aerobic perfor-
mances involving little anaerobic energy production. 
Using the shorter aerobic performances (60 minutes 

or less) as a lead-in, the longer the performance, the 
greater the chance that environmental factors will play 
a role in the outcome. In addition, for performances 
greater than one hour, the ability of the muscle and 
liver carbohydrate stores to supply glucose may be 
exceeded (see Chap. 23). Glucose supplementation dur-
ing long-term performances provides the fuel needed 
not only for ATP generation for the cross-bridges, but 
also for the protection of muscle membrane excitabil-
ity (66). As pointed out in Chap. 4, fatty acids can pro-
vide substantial fuel during prolonged muscular work 
at intensities <60% V̇ O2 max. However, for the many 
endurance activities that are performed at higher exer-
cise intensities (e.g., marathon running), muscle fibers 
must have carbohydrate to oxidize or performance will 
decline. Some have wondered if this same model could 
be used for predicting performance in “ultra” type 
performances (see A Closer Look 19.2). Chapter 23 
provides information about the optimal dietary strat-
egies for performance in long-term events, including 
the consumption of fluids and carbohydrates during 
the run. Figure 19.8 summarizes the factors limiting 
performance in long-distance running events. Almost 

THE WINNING EDGE 19.1

Is Maximal Oxygen Uptake Important in Distance-Running Performance?

V̇ O2 max is directly related to the rate 
of ATP generation that can be main-
tained during a distance race, even 
though it is not run at 100% V̇ O2 max. 
The rate of ATP generation is depen-
dent on the actual V̇ O2 that can be 
maintained during the run (ml · kg–1 · 
min–1), which is a function of the run-
ner’s V̇ O2 max and the percent V̇ O2 
max at which the runner can perform. 
To run a 2:15 marathon, the runner 

would have to maintain a V̇ O2 of 
about 60 ml · kg–1 · min–1 throughout 
the race. A runner working at 80% V̇ O2 
max would need a V̇ O2 max of 75 ml · 
kg–1 · min–1. In this way, the V̇ O2 max 
sets the upper limit for energy pro-
duction in endurance events, but does 
not determine the final performance. 
It is clear that both the percent of V̇ O2 
max that can be maintained over the 
course of the run (estimated by the 

lactate threshold) and running econ-
omy have a dramatic impact on the 
speed that can be maintained over 
distance (10, 11, 41). Interestingly, 
the progressive reduction in V̇ O2 max 
with age appears to be the primary 
physiological mechanism associated 
with a reduction in the endurance 
performance of master athletes, along 
with the reduction in the velocity at 
the lactate threshold (69).

Figure 19.7 Factors affecting fatigue in aerobic performances lasting 21–60 minutes.
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IN SUMMARY
 ■ Intermediate-length activities lasting 21–60 
minutes are usually conducted at less than 90% 
V̇ O2 max and are predominantly aerobic.

 ■ Given the length of the activity, environmental 
factors such as heat, humidity, and the state 
of hydration of the subject play a role in the 
outcome.
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A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Dr. David L. Costill, Ph.D., Advanced the Study of Endurance Performance
Dr. David Costill has 
had a major impact 
on our understanding 
of the factors affect-
ing endurance per-
formance. Dr. Costill 
completed his Ph.D. 
at The Ohio State 
University and, after 
a two-year appoint-
ment at the State 

University of New York at Cortland, 
assumed a position at Ball State Uni-
versity. He directed the Human Per-
formance Laboratory at Ball State 
throughout his entire career and 
made it the place to be if you wanted 
to study the factors affecting perfor-
mance. Dr. Costill and his students 
addressed a variety of variables influ-
encing endurance performance:

 ■ Role of V̇ O2 max
 ■ Contribution of the percent of 
V̇ O2 max

 ■ Importance of running  
economy

 ■ How blood/plasma lactate 
concentration is linked to 
 performance

 ■ Strategies for loading muscle 
glycogen (see Chap. 23)

 ■ Fluid replacement—with em-
phasis on characteristics of 
sports drinks (see Chap. 23)

 ■ Role of muscle fiber type (see 
Chap. 8)

 ■ Whether ergogenic aids work 
(e.g., caffeine; L-carnitine—see 
Chap. 25)

Many of the studies dealing with 
these variables have become “classics” 
that investigators cite decades after 
they were done. Dr. Costill was not 
just interested in discovering the sci-
ence behind endurance performance; 
he also committed his time and en-
ergy to getting the message out to 
athletes and coaches to help them 
develop better methods to improve 
performances based on scientific prin-
ciples. Dr. Costill’s work went well 
beyond studying distance running. 
Both early and later in his career, he 
focused attention on how to improve 
swimming performance, and he is cur-
rently involved in studies designed to 
improve our understanding of how 
to prevent deleterious changes in the 

muscles of astronauts who spend long 
periods of time on the International 
Space Station. He has always practiced 
what he preached, being involved in 
distance running early in his career, 
and now Master’s swimming—where 
he is swimming faster than he did 
when he was in college!

Dr. Costill provided exemplary ser-
vice to the American College of Sports 
Medicine over his career, including 
serving as its president. His research 
has been recognized with numerous 
awards over the past 30 years, includ-
ing the Honor Award from the Ameri-
can College of Sports Medicine. The 
impact of his research has reached all 
corners of the globe, not just by publi-
cations (more than 400), but by being 
invited to speak about his research in 
more than 30 countries. His personal 
impact, like that of most scientists, is 
multiplied many times over by the stu-
dents he trained—a list that reads like a 
“who’s who” of scientists interested in 
muscle, metabolism, and performance. 
He continues to maintain an active 
research program at Ball State Univer-
sity, where he holds the John and Janis 
Fisher Chair in Exercise Science.

Courtesy of Ball 
State University 
Photo Service

A CLOSER LOOK 19.2

Factors Affecting Performance in Ultra-Endurance Events
In contrast to the duration of endur-
ance performances just mentioned, 
ultra-endurance events are in a class 
of their own. Examples include 166-
km mountain runs (51), Triple Iron 
Triathlons (11.6-km swim, 540-km 
bike, 126.6-km run) (36), and a Paris 
to Beijing run (8500 km in 161 days) 
(50). In a recent study to evaluate 
the factors related to ultra-endur-
ance performance, 14 subjects ran 
as many kilometers as possible in 24 
hours on a treadmill. They covered 
an average of 149.2 km in 18 h 39 
min of actual treadmill running in 

the 24 hours. Two of the most impor-
tant variables related to performance 
included V̇ O2 max and the percent-
age of V̇ O2 max that they could 
maintain over the 24 hours (49), two 
of the three variables linked to the 
regular endurance performances we 
just discussed.

Studies that have tracked meta-
bolic responses before and after 
ultra-endurance events find that fat 
oxidation is markedly elevated af-
ter an ultra-endurance race, with 
plasma free fatty acids being 3.5 
times higher (31). Given the low 

% V̇ O2 max maintained in many of 
these events (<60%), the metabolic 
response is not surprising (see Chap. 
4). However, it doesn’t mean that 
carbohydrate is not important, as 
some studies have shown a 50% re-
duction in muscle glycogen stores 
(31). Although ultra-endurance runs 
increase the potential for hyponatre-
mia (a dangerous condition in which 
the body’s sodium store is diluted 
because of the ingestion of too much 
water—see Chap. 23), only 4% of the 
runners experienced a mild form of 
the condition (56).
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all of the top 50 fastest times for men running a mara-
thon are held by Kenyan or Ethiopian runners http://
www.iaaf.org/records/toplists/road-running 
/marathon/outdoor/men/senior/2015

Investigators examined several of the variables in 
Figure 19.8 to help explain the incredible success 
of these runners. Compared to measurements made 
in elite European marathoners, Kenyan runners were 
found to be similar in V̇O2 max, the percent of V̇O2 
max that could be maintained during the race, and 
oxidative enzyme activity in leg muscle involved in 
running. The evidence was contradictory regarding 
differences in the percent of type I muscle fibers. 
However, there was evidence that the Kenyan run-
ners had lower blood lactate values at a given exercise 
intensity, and a better running economy. The running 
economy values were associated with the Kenyan’s 
linear (ectomorphic) build and were comparable to 
the two best ever measured in Caucasian marathon-
ers (38). Wilber and Pitsiladis (76) suggest that it may 
be more than physiology influencing the success of 
these Kenyan runners:

 ■ Consistent running training from a young age 
as a method of getting to and from school and 
moderate-volume, high-intensity training at 
altitude (2000–3000 m)

 ■ High motivation to succeed to improve 
socioeconomic status

The latter factor, high motivation to succeed to improve 
economic status, may also be driving some inappro-
priate behaviors—using performance-enhancing drugs 
(PEDs) like erythropoietin (see Chap. 25) to win the 
race and the prize money. Although more Kenyan 
runners who used PEDs are being identified, lax drug 

enforcement procedures in Kenya probably contrib-
uted to this problem in the first place (21). In May 
2016, the World Anti-Doping Agency judged Kenya's 
Anti-Doping Agency “noncompliant,” which can have 
a major impact on the ability of Kenya's athletes to 
compete internationally. We are sure to hear more 
about this in the near future. If we were to address 
long-distance cycling performance, a variety of other 
variables (e.g., minimizing air resistance and rolling 
resistance) would have to be considered (see Chap. 
25 for more on this).

In conclusion, the factors limiting performance are 
specific to the type of performance. Short-term explo-
sive performances are dependent on type IIx fibers that 
can generate great power through anaerobic processes. 
In contrast, longer-duration aerobic events require a 
cardiovascular system that can deliver oxygen at a 
high rate to muscle fibers with many mitochondria. It 
is clear that the testing and training of athletes must 
focus on the factors limiting performance for the spe-
cific event. For example, dietary carbohydrate and fluid 
ingestion are more crucial for the long-distance runner 

Figure 19.8 Factors affecting fatigue in aerobic performances lasting one to four hours.
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˙
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IN SUMMARY
 ■ In long-term performances of one to four hours’ 
duration, environmental factors play a more 
important role as the muscle and liver glycogen 
stores try to keep up with the rate at which 
carbohydrate is used.

 ■ Diet, fluid ingestion, and the ability of the 
 athlete to deal with heat and humidity all 
 influence the final outcome.
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than for the high jumper. A review article by Abbiss 
and Laursen in Suggested Readings pulls together the 
various models of fatigue into a single diagram. This is 
worth reading now that you have a general feel for the 
factors affecting performance. The following chapters 
will explore how to appropriately test, train, and feed 
athletes for optimal performance.

ATHLETE AS MACHINE
One question we might keep in mind as we explore the 
details of how to improve performance is whether we 
might exceed what are regarded as reasonable and ethical 
boundaries for scientists and treat the elite athlete as a 
machine rather than as a person. Are elite athletes being 
treated like racing cars in which engineers and mechanics 
(scientists and coaches) try to spot weaknesses that com-
promise performance and then recommend solutions? 
Some may say yes and indicate the worthiness of such an 
enterprise. Others may suggest that this has the potential 
to be dehumanizing if the athlete is reduced to no more 

than a collection of working parts that are evaluated by a 
variety of specialists. Much would appear to depend on 
the goal of the research. If we are trying to understand 
how we function and we develop healthy and safe meth-
ods that allow us to overcome personal limitations, we 
would appear to be on the right track. In contrast, if we 
use an athlete as a tool, that would be a different story. We 
are all familiar with the use of athletes by some countries 
to advance a particular political doctrine and the complic-
ity of scientists who were recruited to make athletes run 
faster and longer and jump higher. Fortunately, univer-
sities, hospitals, and research centers have Institutional 
Review Boards (IRBs) to approve research proposals so 
that the rights of the subject are protected. This process 
also forces the investigator to provide a strong rationale 
showing that the risk to the subject (however small) is 
worth the benefits that might occur. Consistent with this, 
research journals require authors to follow IRB guidelines 
if they want their work to be considered for publication. 
In this way, we can move forward in our understanding 
of the physiological mechanisms underlying fatigue while 
protecting the rights of the subject.

STUDY ACTIVITIES
 1. List the factors influencing performance.
 2. Is the limiting factor for strength development located in 

the CNS or out in the periphery? Support your position.
 3. Tracing the path the action potential takes from the time 

it leaves the motor end plate, where might the “weak link” 
be in the mechanisms coupling excitation to contraction?

 4. When fatigue occurs, ATP is still present in the cell. 
What is the explanation for this?

 5. Describe the pattern of recruitment of muscle fiber 
types during aerobic activities of progressively greater 
intensity.

 6. As the duration of a maximal effort increases from  
10 seconds or less to between 10 and 180 seconds,  

what factor becomes limiting in terms of energy 
production?

 7. Draw a diagram of the factors limiting maximal running 
performances of 1500 m to 5 km.

 8. Although a high V̇ O2 max is essential to world-class 
performance, what role does running economy play in 
a winning performance?

 9. Given that lactate accumulation will adversely affect 
endurance, what test might be an indicator of maximal 
sustained running (swimming, cycling) speed?

 10. What is the role of environmental factors, such as alti-
tude and heat, in very long-distance performances last-
ing one to four hours?
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 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

1. Discuss the factors that determine the 
effectiveness of a physiological test of athletic 
performance.

2. Define “specificity of V̇ O2 max.”

3. Explain the difference between V̇ O2 max and 
V̇ O2 peak.

4. Discuss the physiological rationale for the 
assessment of the lactate threshold in the 
endurance athlete.

5. Describe methods for the assessment of 
anaerobic power.

6. Discuss the techniques used to evaluate 
muscular strength.

Laboratory Assessment  
of Human Performance
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460 Section Three Physiology of Performance

In general, there have been two principal approaches 
to the assessment of physical performance: (1) field 

tests of physical fitness and performance, which in-
clude a variety of measurements requiring basic per-
formance demands, and (2) laboratory assessments 
of physiological capacities such as maximal aerobic 
power (V̇ O2 max), anaerobic power, and exercise 
economy. It can be argued that physical fitness test-
ing is important for an overall assessment of general 
conditioning, particularly in terms of evaluating stu-
dent progress in a conditioning class (1, 68). However, 
the use of these test batteries does not provide the 
detailed physiological information needed to assess 
an athlete’s level of conditioning or potential weak-
nesses. Therefore, more specific laboratory tests are 
required to provide detailed physiological informa-
tion about performance in specific athletic events. 
This chapter will discuss tests designed to measure 
physical work capacity and performance in athletes. 
Specifically, much of this chapter will focus on both 
laboratory and field tests to evaluate the maximum 
energy transfer capacities discussed in Chaps. 3 and 4.  
The performance tests described in this chapter dif-
fer from the exercise tests described in Chap. 15 in 
several ways. Recall that the exercise tests described 
in Chap. 15 were targeted toward assessing cardiore-
spiratory fitness in healthy adults entering or actively 
engaged in a “health-related” exercise program. In 
contrast, the exercise tests described in this chapter 
are targeted toward measurement of performance in 
athletes actively engaged in competitive sports. Let’s 
begin with a discussion of the theory and ethics of 
laboratory assessment of performance.

LABORATORY ASSESSMENT  
OF PHYSICAL PERFORMANCE: 
THEORY AND ETHICS
Designing laboratory tests to assess physical perfor-
mance requires an understanding of those factors 
that contribute to success in a particular sport or 
athletic event. In general, physical performance is 
determined by the individual’s capacity for maximal 
energy output (i.e., maximal aerobic and anaerobic 
processes), muscular strength, coordination/economy  
of movement, psychological factors (e.g., motivation 
and tactics), and the environment (32, 79). Figure 20.1  
illustrates the components that interact to deter-
mine the quality of physical performance. Many ath-
letic events require a combination of several factors 
for an outstanding performance to occur. However, 
often, one or more of these factors plays a dominant 
role in determining athletic success. In golf, there 
is little need for a high-energy output, but proper 
coordination is essential. Sprinting 100 meters  

requires not only good technique but a high anaero-
bic power output. In distance running, cycling, or 
swimming, a high capacity for aerobic production of 
ATP is essential for success. Again, laboratory evalu-
ation of performance requires an understanding of 
those factors that are important for optimal perfor-
mance in a particular athletic event. Thus, a test 
that stresses the same energy production systems 
required by a particular sport or athletic event is 
required to provide a valid assessment of physical 
performance.

A key concern in the performance of “athletic” 
laboratory testing is maintaining respect for the ath-
lete’s human rights. Therefore, laboratory testing 
should be performed only on athletes who are volun-
teers and have given written consent prior to testing. 
Further, prior to testing, the exercise scientist has the 
responsibility of informing the athlete about the pur-
pose of the tests and the potential risks or discomfort 
associated with laboratory testing.

WHAT THE ATHLETE GAINS 
BY PHYSIOLOGICAL TESTING
Laboratory measurement of physical performance can 
be expensive and time consuming. An obvious ques-
tion arises: What does the athlete gain by laboratory 
testing? A testing program can benefit the athlete and 
coach in at least three major ways:

 1. Physiological testing can provide information 
regarding an athlete’s strengths and weaknesses 
in his/her sport; this information can be used 
as baseline data to plan individual exercise 
 training programs. As discussed earlier, athletic 
 success in most sports involves the interaction 

Figure 20.1 Factors that contribute to physical 
 performance. See text for details.
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of  several physiological components (Fig. 20.1). 
In the laboratory, the exercise scientist can often 
measure these physiological components sepa-
rately and provide the athlete with information 
about which physiological components require 
improvement in order for the athlete to raise 
his/her level of athletic performance. This infor-
mation provides the rationale for an individual 
exercise prescription that concentrates on the 
identified areas of weakness (53).

 2. Laboratory testing provides feedback to the 
 athlete about the effectiveness of a training pro-
gram (53). For example, comparing the results of 
physiological tests performed before and after a 
period of training provides a basis for evaluating 
the  success of the training program (5).

 3. Laboratory testing educates the athlete about 
the physiology of exercise (53). By participating 
in laboratory testing, the athlete learns more 
about those physiological parameters that are 
important to success in his/her sport. This 
is important because athletes with a basic 
understanding of exercise physiology will likely 
make better personal decisions regarding the 
design of both exercise training and nutritional 
programs.

WHAT PHYSIOLOGICAL 
TESTING WILL NOT DO
Laboratory testing of the athlete is not a magical aid 
for the identification of future Olympic gold medalists 
(53). Although laboratory testing can provide valuable 
information concerning an athlete’s strengths and 
weaknesses, this type of testing has limitations in that 
it is difficult to simulate in the laboratory the physi-
ological and psychological demands of many sports. 
Therefore, it is challenging to predict athletic perfor-
mance from any single battery of laboratory measure-
ments. Performance in the field is the ultimate test 
of athletic success, and laboratory testing should be 
considered primarily a training aid for the coach and 
athlete (53).

COMPONENTS OF EFFECTIVE 
PHYSIOLOGICAL TESTING
For laboratory testing to be effective, several key fac-
tors need consideration (53):

 1. The physiological variables to be tested should 
be relevant to the sport. For example, measure-
ment of maximal handgrip strength in a distance 

runner is not relevant to the athlete’s event. 
Therefore, only those physiological components 
that are important for a particular sport should be 
measured.

 2. Physiological tests should be valid and reliable. 
Valid tests are tests that measure what they  
are supposed to measure. Reliable tests are  
tests that are reproducible. Based on these 
 definitions, the need for tests that are both valid 
and reproducible is clear (20). (See A Closer  
Look 20.1.)

 3. Tests should be as sport specific as possible. For 
instance, the distance runner should be tested 
while running (i.e., treadmill), and the cyclist 
should be tested while cycling.

 4. Tests should be repeated at regular intervals. One 
of the main purposes of laboratory testing is to 
provide the athlete with systematic feedback 
concerning training effectiveness. Therefore, to 
meet this objective, tests should be performed on 
a regular basis.

 5. Testing procedures should be carefully con-
trolled. The need to rigidly administer the 
laboratory test relates to the reliability of tests. 
For tests to be reliable, the testing protocol 
should be standardized. Factors to be controlled 
include the instructions given to the athletes 
prior to testing, the testing protocol itself, the 
calibration of instruments involved in testing, 
environmental conditions (i.e., temperature and 
humidity), the time of the day for testing,  
prior exercise, diet standardization, and other 
factors such as sleep, illness, hydration status,  
or injury.

 6. Test results should be clearly explained to the 
coach and athlete. This final step is a key goal of 
effective laboratory testing.

IN SUMMARY
 ■ Designing laboratory tests to assess physical 
performance requires an understanding of 
those factors that contribute to success in  
a particular sport. Physical performance  
is  determined by the interaction of the 
 following factors: (a) maximal energy out-
put, (b) muscular strength, (c) coordination/ 
economy of movement, (d) psychological 
 factors such as motivation and tactics, and  
(e) environmental conditions (e.g., heat/ 
humidity, altitude, etc.).

 ■ To be effective, physiological tests should be 
(a) relevant to the sport, (b) valid and reliable, 
(c) sport specific, (d) repeated at regular inter-
vals, (e) standardized, and (f) interpreted to the 
coach and athlete.
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DIRECT TESTING OF MAXIMAL 
AEROBIC POWER
Let’s begin our discussion of the laboratory assess-
ment of human performance by describing tests to 
measure the maximal oxygen uptake (V̇ O2 max) of 
athletes. Exercise testing to determine V̇ O2 max 
dates back to studies conducted more than 90 years 
ago by the British scientist A.V. Hill. Indeed, A.V. 
Hill coined the term V̇ O2 max in the early 1920s 
(3). Maximal oxygen uptake was first mentioned in 
Chap. 4 and is defined as the highest oxygen uptake 
that an individual can obtain during exercise using 
large muscle groups (i.e., legs) (1). Although several 
tests to estimate V̇ O2 max exist (12, 89), the most 
accurate means of determination is by direct labora-
tory measurement. Direct measurement of V̇ O2 max 
is generally performed using a motorized treadmill 
or cycle ergometer, and open-circuit spirometry is 
used to measure pulmonary gas exchange as dis-
cussed in Chap. 1. However, V̇ O2 max has also been 
measured during swimming, cross-country skiing, 
bench stepping, ice skating, and rowing (8, 12, 54, 
57, 64, 95).

Historically, the measurement of V̇ O2 max has 
been considered the test of choice for predicting 
success in endurance events such as distance run-
ning (11, 16, 27, 28, 34, 45, 53, 63, 101). For ex-
ample, relative V̇ O2 max (i.e., V̇ O2 max expressed in 
ml · kg−1 · min−1) has been shown to be the single 
most important factor in predicting distance run-
ning success in a heterogeneous (i.e., different V̇ O2 
max) group of athletes (17, 18, 28). The logical ex-
planation for this finding is that because distance 

running is largely an aerobic event (see Chaps. 4 
and 19), those  individuals with a high V̇ O2 max will 
have an advantage over individuals with lower aero-
bic capacities. However, as one would expect, the 
correlation between V̇ O2 max and distance running 
performance is low in a homogeneous (i.e., similar 
V̇ O2 max) group of runners (15, 75). This finding 
indicates that although a high V̇ O2 max is important 
in determining distance running success, other vari-
ables are also important. Therefore, measurement of 
V̇ O2 max is only one in a battery of tests that should 
be used in evaluating the performance capacity of 
endurance athletes.

Specificity of Testing
Clearly, a valid test to determine V̇ O2 max should 
involve the specific movement used by the athlete 
in his or her event (7, 8, 69). For example, if the 
athlete is a distance runner, it is important that V̇ O2 
max be assessed during running. Likewise, if the ath-
lete being evaluated is a trained cyclist, the exercise 
test should be performed on the cycle ergometer. 
Further, specific testing procedures have been estab-
lished for cross-country skiers and swimmers as well 
(54, 57, 64).

Exercise Test Protocol
Although the first exercise tests to determine V̇ O2 
max were performed in the 1920s, rigorous studies to 
optimize laboratory exercise tests were not performed 
until the 1940s and 1950s. An early leader in the de-
velopment of graded exercise tests was Dr. Robert 

A CLOSER LOOK 20.1

Reliability of Physiological Performance Tests
For a physiological test of human per-
formance to be useful, the test must 
be reliable. That is, the test results 
must be reproducible. Several factors 
influence the reliability of physiologi-
cal performance tests. These include 
the caliber of athletes tested, the type 
of ergometer (instrument for measur-
ing work output) used during the 
test, and the specificity of the test.

Physiological tests of performance 
are more reliable when highly 
trained and experienced athletes are 
tested (38). The explanation for this 
observation appears to be that these 

athletes are highly motivated to per-
form and they are better able to pace 
themselves in a reproducible man-
ner during a performance test. That 
is, high-caliber athletes may have 
a better “feel” for pace, and their 
perceptions of fatigue are less vari-
able than those of less experienced 
 athletes (38).

It is clear that some ergometers are 
more unvarying than others in pro-
viding a constant resistance. For in-
stance, an ergometer that maintains 
its calibration and delivers a constant 
power output during a test would  

result in a more reproducible test of 
human performance than an ergom-
eter that provides variable power out-
puts during the test.

Exercise tests with a movement 
pattern and intensity that mimics the 
actual sporting event are more reli-
able than tests that do not imitate the 
event (38, 39). For example, testing 
racing cyclists on a cycle ergometer 
at an exercise intensity close to the 
intensity of competition should be a 
more reliable performance test than 
testing these athletes on other types 
of ergometers, such as treadmills.

pow70456_ch20_459-479.indd   462 01/16/17   10:09 PM



  Chapter Twenty Laboratory Assessment of Human Performance  463

Bruce, a cardiologist at the University of Washington 
(see A Look Back—Important People in Science).

A test to determine V̇ O2 max generally begins 
with a submaximal “warm-up” exercise period that 
may last three to five minutes. After the warm-up, the 
exercise intensity can be increased in several ways: 
(1) the work rate can be increased to a load that in 
preliminary experiments has been shown to repre-
sent a load near the predicted maximal load for the 
subject, (2) the load can be increased stepwise each 
minute until the subject reaches a point at which 
the power output cannot be maintained, or (3) the 
load may be increased stepwise every two to four 
minutes until the subject cannot maintain the desired 
work rate. When any one of these procedures is care-
fully followed, it yields approximately the same V̇ O2 
max as the others (1, 49, 73, 104), although an exer-
cise protocol that does not exceed 10 to 12 minutes 
seems preferable (10, 49).

The criteria to determine if V̇ O2 max was in-
troduced in Chap. 15. Because of the importance of 
this measure, some important issues will be reviewed 
here. The primary criterion to determine if V̇ O2 max 
has been reached during an incremental exercise test 
is a plateau in oxygen uptake with a further increase 
in work rate (94). This concept is illustrated in Fig-
ure 20.2. Unfortunately, when testing untrained sub-
jects, a plateau in V̇ O2 is rarely observed during an 
incremental exercise test. Does this mean that the 
subject did not reach his or her V̇ O2 max? This pos-
sibility exists, but it is also possible that the subject 

reached his or her V̇ O2 max at the last work rate but  
could not complete another exercise stage; there-
fore, a plateau in V̇ O2 was not observed. In light of  
this possibility, several investigators have suggested 
that the validity of a V̇ O2 max test be determined 
from not one but several criteria. In Chap. 15, it 
was discussed that a blood lactate concentration of 
>8 mmoles · liter−1 during the last stage of exercise 
could be used as one of the criteria to determine if 
V̇ O2 max has been reached. However, to avoid the 
difficulty of taking blood samples and subsequent 
analysis for lactate levels, investigators have proposed 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Robert Bruce Was a Pioneer in the Development of the Graded Exercise Test
Robert Arthur Bruce (1916–2004) 
completed his medical school train-
ing in 1943 at the University of 
Rochester. After finishing his medical 
residency in 1946, he joined the fac-
ulty at the University of Rochester.  
Dr. Bruce later (1950) became the 
chief of cardiology at the University 
of Washington  Medical School, where 
he remained  until his retirement from 
academic medicine in 1987.

Early in his career, Dr. Bruce 
recognized that an exercise test 
could play an important role in 
the clinical evaluation of cardiac 
patients. He published his first pa-
per on exercise testing in 1949 and 

concluded that a standardized ex-
ercise test provides key diagnostic 
information about cardiac patients.  
Dr. Bruce continued to explore 
 exercise testing protocols for pa-
tient testing, and in 1963, he con-
ceived and validated a multistage 
exercise protocol that was designed 
to evaluate the patient’s exercise 
performance and provide important 
diagnostic information from the 
measurement of heart rate, blood 
pressure, and ECG changes during 
exercise. Subsequently, the standard 
Bruce Exercise Test evolved into its 
present form with seven 3-minute 
stages. This test became known as 

the “Bruce Protocol” and remains a 
widely used treadmill protocol to 
evaluate cardiac patients.

Dr. Bruce developed his exercise 
test for patient populations in the 
clinical laboratory. Nonetheless, the 
Bruce graded exercise test was the 
conceptual model behind many of 
the current graded exercise tests that 
are used in the exercise physiology 
laboratory to evaluate both V̇ O2 max 
and the lactate threshold in athletes. 
Because of his early research accom-
plishments in the area of clinical ex-
ercise testing, Dr. Bruce is considered 
to be a pioneer of the graded exercise 
test.

Figure 20.2 Changes in oxygen uptake  during an incre-
mental cycle ergometer test designed to determine V̇ O2 
max. The  observed plateau in V̇ O2 with an increase in 
work rate is considered to be the “gold  standard” for 
validation of V̇ O2 max.
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464 Section Three Physiology of Performance

additional criteria that do not involve blood sampling. 
For example, Williams et al. (100) and McMiken and 
Daniels (58) have proposed that a V̇ O2 max test be 
judged as valid if any two of the following criteria 
are met: (1) a respiratory exchange ratio of ≥1.15, 
(2) a heart rate during the last exercise stage that is 
±10 beats per minute within the subject’s predicted 
maximum heart rate, or (3) a plateau in V̇ O2 with an 
increase in work rate.

Note that the criteria for reaching V̇ O2 max 
discussed above is appropriate for both men and 
women between the ages 20–49. However, recent 
evidence suggests that the end criteria for reaching  
V̇ O2 max should be adjusted for both sex and age 
for individuals >50 years old (24). For more details 
on this topic, see Edvardsen et al. (2014) in the Sug-
gested Readings.

Determination of Peak V̇ O2  
in Paraplegic Athletes
Again, by definition, V̇ O2 max is the highest V̇ O2 that 
can be attained during exercise using large muscle 
groups (1). However, subjects with injuries to or pa-
ralysis of their lower limbs can have their aerobic 
fitness evaluated through arm ergometry, which sub-
stitutes arm cranking for cycling or running. Given 
the aforementioned definition of V̇ O2 max, the high-
est V̇ O2 obtained during an incremental arm ergome-
try test is not referred to as V̇ O2 max, but is termed 
the peak V̇ O2 for arm exercise.

The protocols used to determine peak V̇ O2 dur-
ing arm ergometry are similar in design to the pre-
viously mentioned treadmill and cycle ergometer 
protocols (84, 86). Research indicates that in subjects 
who are not specifically arm trained, a higher peak 
V̇ O2 is obtained during arm ergometry if the test be-
gins at some predetermined load that represents ap-
proximately 50% to 60% of peak V̇ O2 during arm work 
(97). A logical explanation for these findings is that an 
“accelerated” incremental arm testing protocol that 
rapidly reaches a high power output might limit mus-
cular fatigue early in the test, allowing the subject to 
reach a higher power output and therefore obtain a 
higher peak V̇ O2.

In an effort to provide a more specific form of 
testing for paraplegics who are wheelchair racing ath-
letes, some laboratories have modified a wheelchair 
by connecting the wheels to a cycle ergometer in 
such a way that the resistance to turn the wheels can 
be adjusted in the same manner as the load is altered 
on the cycle ergometer (81). This allows wheelchair 
athletes to be tested using the exact movement that 
they use during a race; therefore, it is superior to 
using arm ergometry to evaluate peak V̇ O2 in this 
population.

LABORATORY TESTS TO 
PREDICT ENDURANCE 
PERFORMANCE
Exercise physiologists, coaches, and athletes have 
long searched for a single laboratory test that can 
predict success in endurance events. Numerous tests 
have been developed in an effort to predict athletic 
performance. In this section, we describe two well-
developed laboratory tests—lactate threshold and crit-
ical power—that are useful in predicting endurance 
performance. Also, another laboratory test to predict 
performance, called “peak running velocity,” is intro-
duced in Research Focus 20.1. Let’s begin with a dis-
cussion of the lactate threshold.

Use of the Lactate Threshold  
to Evaluate Performance
Studies reveal that a laboratory measurement that 
predicts the maximal steady-state running speed 
is useful in predicting success in distance running 
events from two miles to the marathon (19, 25, 26, 
48–50, 51, 74, 91, 92). A common measurement to es-
timate this maximal steady-state speed is the determi-
nation of the lactate threshold. Recall that the lactate 
threshold represents an exercise intensity wherein 
blood lactate levels begin to systematically increase. 
Because fatigue is associated with high levels of blood 
and muscle lactate, it is logical that the lactate thresh-
old is related to endurance performance in events 
lasting longer than 12 to 15 minutes (52). Although 
much of the research examining the role of the lac-
tate threshold in predicting endurance performance 
has centered around distance running, the same prin-
ciples apply to predicting performance in endurance 
cycling, swimming, and cross-country skiing.

IN SUMMARY
 ■ The measurement of V̇ O2 max requires the use 
of large muscle groups and should be specific 
to the movement required by the athlete in his 
or her event or sport.

 ■ A V̇ O2 max test for men and women aged 
20–49 years can be judged to be valid if two 
of the following criteria are met: (a) respiratory 
 exchange ratio ≥1:15, (b) HR during the last 
test stage that is ±10 beats per minute within 
the predicted HR max, and/or (c) plateau in 
V̇ O2 with an increase in work rate.

 ■ Arm crank ergometry and wheelchair ergome-
try are commonly used to determine the peak 
V̇ O2 in paraplegic athletes.

pow70456_ch20_459-479.indd   464 01/16/17   10:09 PM



  Chapter Twenty Laboratory Assessment of Human Performance  465

Direct Determination of Lactate Threshold Similar 
to the assessment of V̇ O2 max, the determination of 
the lactate threshold requires athletes to be tested 
in a manner that simulates their competitive move-
ments (i.e., specificity of testing). Testing protocols 
to determine the lactate threshold generally begin 
with a two- to five-minute warm-up at a low work 
rate followed by a stepwise increase in the power 
output every one to three minutes (76, 92, 95, 98, 99, 
104). In general, the stepwise increases in work rate 
are small in order to provide better resolution in the 
determination of the lactate threshold (104).

To determine the blood concentration of lactate, 
blood samples are obtained at each work rate from a 
catheter (an indwelling tube) placed in an artery or 
vein in the subject’s arm or from a small puncture of 
the fingertip. After the test, these blood samples are 
chemically analyzed for lactate, and the concentra-
tion at each exercise stage is then graphed against 
the oxygen consumption at the time the sample is 
removed. This concept is illustrated in Figure 20.4. 
How is the lactate threshold determined? Recall that 
the definition of the lactate threshold is the exercise 
intensity before there is a systematic and continuous 
rise in blood lactate concentration. Although several 
techniques are available, a simple and common pro-
cedure is to allow two independent investigators to 

subjectively pick the lactate “breakpoint” by visual 
inspection of the lactate/V̇ O2 plot (76, 98). If the two 
investigators disagree as to where the threshold oc-
curs, a third investigator is used to arbitrate.

In practice, the lactate “break point” can often 
be chosen by using a ruler and drawing a straight 
line through the lactate concentrations at the first 
several work rates. The last point on the line is con-
sidered the lactate threshold (Fig. 20.4). The obvi-
ous advantage of this technique is its simplicity. The 

RESEARCH FOCUS 20.1

Measurement of Peak Running Velocity to Predict Performance in Distance Running
The lactate threshold and critical 
power measurements have generally 
been used to predict performance in 
endurance events lasting longer than 
20 minutes (e.g., 10-kilometer run). In 
an effort to develop a laboratory or 
field test to predict performance in 
endurance events lasting fewer than 
20 minutes (e.g., 5-kilometer run), re-
searchers have developed a test called 
“peak running velocity” (66, 67, 85). 
The test is easy to administer and can 
be performed on a treadmill or track. 
For example, the measurement of 
peak running velocity on a treadmill 
involves a short test of progressively 
increasing the treadmill speed every 
30 seconds (0% grade) until volitional 
fatigue. Peak running velocity (me-
ters · second–1) is defined as the high-
est speed that can be maintained for 
more than five seconds’ duration (85).

Studies confirm that peak run-
ning velocity is an excellent predic-
tor of success in endurance events 
such as a 5-kilometer run. This point 
is illustrated by the strong correla-
tion between peak running veloc-
ity and 5-kilometer race time (see  

Fig. 20.3). Surprisingly, similar find-
ings have been reported for longer 
running events (e.g., 10–90 kilome-
ters) as well (67). Therefore, peak 
running velocity is a useful labora-
tory or field test to predict endur-
ance  performance.
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disadvantage is that not all investigators agree that 
this procedure yields valid and reliable results (76). 
In light of this concern, several researchers have pro-
posed that complex computer programs be used to 
more accurately predict the lactate threshold or that 
an arbitrary lactate value (e.g., 4 mM) be used as an 
indication of the lactate threshold (31, 52).

Prediction of the Lactate Threshold by Ventilatory 
Alterations A technique to estimate the lactate 
threshold that does not require blood withdrawal has 
obvious appeal to both investigators and experimental 
subjects. This need for a noninvasive method to deter-
mine the lactate threshold has led to the widespread 
use of ventilatory and gas exchange measures to esti-
mate the lactate threshold. Recall from Chap. 10 that 
the rationale for the use of the ventilatory threshold 
as a “marker” of the lactate threshold is linked to the 
belief that the increase in blood lactate concentration 
at the lactate threshold stimulates ventilation via hy-
drogen ion influence on the carotid bodies. Although 
there are several noninvasive techniques in use today 
(4, 13, 87), the least complex procedure to estimate 
the lactate threshold by gas exchange is to perform an 
incremental exercise test similar to the previously dis-
cussed test used to determine the lactate threshold. 
Upon completion of the test, the minute ventilation 
at each work rate during the test is graphed as a func-
tion of the oxygen uptake. Figure 20.5 illustrates this 
procedure. Similar to the determination of the lactate 
threshold, a common procedure is to allow two in-
dependent researchers to visually inspect the graph 
and subjectively determine the point where there is a 
sudden increase in ventilation (Fig. 20.5). The point at 
which ventilation increases rapidly is considered the 

ventilatory threshold and is used as an estimate of the 
lactate threshold. The error in predicting the lactate 
threshold from the ventilator threshold is estimated to 
range from 12% to 17% (36). Therefore, this technique 
has been criticized for a lack of precision (36, 76).  
Nonetheless, the ventilatory threshold has been 
shown to be useful in predicting success in endur-
ance events (29, 75).

Measurement of Critical Power
Another laboratory measurement that can be used to 
predict performance in endurance events is critical 
power. Note that critical power and the lactate thresh-
old are highly correlated. However, from an exercise 
intensity viewpoint, critical power represents an exer-
cise intensity that is above the lactate threshold (52). 
The concept of critical power is based upon the no-
tion that athletes can maintain a specific submaximal 
power output (i.e., exercise intensity) without fatigue 
(35, 46). Figure 20.6 illustrates the critical power con-
cept for running performance. In this illustration, run-
ning speed is plotted on the y-axis, and the time that 
the athlete can run at this speed prior to exhaustion is 
plotted on the x-axis. Critical power is defined as the 
running speed (i.e., power output) at which the run-
ning speed/time curve reaches a plateau. Therefore, 
in theory, the critical power is considered the high-
est power output that can be maintained indefinitely 
(44). In practice, however, this is not the case. In fact, 
most athletes fatigue within 30 to 60 minutes when 
exercising at their critical power (35).

Critical power can be determined in the labora-
tory by having subjects perform a series of five to 
seven timed exercise trials to exhaustion. This is 
generally accomplished over several days of test-
ing. The results are graphed, and critical power is 
determined by subjective assessment of the point  
where the power/time curve begins to plateau or 
by using a mathematical technique (see references 

Figure 20.5 Example of the ventilatory threshold deter-
mination. Note the linear rise in ventilation up to an 
oxygen uptake of 2.0 l/min—above which ventilation 
begins to increase in an alinear fashion. This break in 
linearity of ventilation is termed the ventilatory  
threshold and can be used as an estimate of the lactate 
threshold.
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Figure 20.6 Concept of critical power.
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35, 41, and 46 for details). Although Figure 20.6 
illustrates the critical power measurement for run-
ning, the same principle of measurement can be 
applied to other endurance sports (e.g., cycling and 
rowing) (35, 40).

How well does critical power predict perfor-
mance? Several studies have reported that critical 
power is significantly correlated with performance 
in endurance events lasting 3–100 minutes (e.g., r = 
0.67 − 0.85) (35, 40, 46). Therefore, critical power is 
a useful laboratory predictor of success in endurance 
sports.

Is critical power a better predictor of success 
in endurance events than other laboratory mea-
sures such as the lactate threshold or V̇ O2 max? 
The answer remains controversial because many 
investigators argue that V̇ O2 max is the best sin-
gle predictor of endurance performance success 
(17, 18, 28). However, in events lasting approxi-
mately 30 minutes, the lactate threshold, V̇ O2 
max, and critical power appear to be similar in 
their abilities to predict performance (46). This is 
not surprising, considering that critical power is 
dependent upon both V̇ O2 max and the lactate 
threshold. Indeed, critical power is highly corre-
lated to both V̇ O2 max and the lactate threshold  
(46, 62). In other words, a subject with a high V̇ O2 
max and lactate threshold will also possess a high 
critical power. See Lundby and Roback (2015) and  
Vanhatalo et al. (2011) in Suggested Readings for 
more details on the critical power concept.

TESTS TO DETERMINE 
EXERCISE ECONOMY
The topic of exercise economy was first introduced 
in Chap. 1. The economy of a particular sport 
movement (e.g., running or cycling) has a major 
influence on the energy cost of the sport and con-
sequently interacts with V̇ O2 max in determining 
endurance performance (15, 21, 61). For example, a 
runner who is uneconomical will expend a greater 
amount of energy to run at a given speed than 
will an economical runner. With all other variables 
being equal, the more economical runner would 
likely defeat the less economical runner in head-
to-head competition. Therefore, the measurement 
of exercise economy is useful when performing a 
battery of laboratory tests to evaluate an athlete’s 
performance potential.

How is exercise economy evaluated? Conceptu-
ally, exercise economy is assessed by graphing en-
ergy expenditure during a particular activity (e.g., 
running, cycling) at several speeds. In general, the 
energy costs of running, cycling, or swimming can 
be determined using similar methods. Let’s use run-
ning as an example to illustrate this procedure. The 
economy of running is quantified by measuring the 
steady-state oxygen cost of running on a horizontal 
treadmill at several speeds. The oxygen requirement 
of running is then graphed as a function of running 
speed (9, 37). Figure 20.7 illustrates the change in 
V̇ O2 in two runners at a variety of running speeds. 
Notice that at any given speed, runner B requires 
less oxygen and therefore expends less energy than 
runner A (i.e., runner B is more economical than 
runner A). A marked difference in running economy 
between athletes can have an important impact on 
performance.

IN SUMMARY
 ■ Common laboratory tests to predict endurance 
performance include measurement of the lac-
tate threshold, critical power, and peak running 
velocity. All these measurements have proven 
useful in predicting performance in endurance 
events.

 ■ The lactate threshold can be determined dur-
ing an incremental exercise test using any one 
of several exercise modalities (e.g., treadmill, 
cycle ergometer, etc.). The lactate threshold 
represents an exercise intensity at which blood 
lactate levels begin to systematically increase.

 ■ Success in distance running performance can 
be estimated by using both the lactate thresh-
old and measurements of running economy.

 ■ Critical power is defined as the running speed 
(i.e., power output) at which the running 
speed/time curve reaches a plateau.

 ■ Peak running velocity (meters · second–1) can 
be determined on a treadmill or track and is 
defined as the highest speed that can be main-
tained for more than five seconds.

Figure 20.7 An oxygen cost-of-running curve for two 
subjects. Note the higher V̇ O2 cost of running at any 
given running speed for subject A when compared to 
subject B. See text for details.
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ESTIMATING SUCCESS IN 
DISTANCE RUNNING USING 
THE LACTATE THRESHOLD 
AND RUNNING ECONOMY
Over the past 30 years, many investigators used 
laboratory tests to predict performance in a variety 
of sports (see reference 71 for examples). The sport 
that has received the most attention is distance run-
ning. Theoretically, the prediction of potential per-
formance in any endurance sport involves the use of 
similar laboratory measurements (V̇ O2 max, economy 
of movement, etc.). We will use distance running 
as an example of how an exercise scientist can use 
laboratory measurements to estimate an athlete’s per-
formance in a particular event. Let’s begin our discus-
sion with a brief overview of the physiological factors 
that contribute to distance running success. As previ-
ously mentioned, an excellent test for determining 
an endurance runner’s potential is V̇ O2 max. How-
ever, other factors can also influence the pace that 
can be maintained for races of different lengths. For 
example, energy produced via anaerobic pathways 
(e.g., glycolysis) contributes to the ability to maintain 
a specified pace during shorter distance runs (e.g., 
1500 meters) (11). In longer runs (5,000 to 10,000 
meters), running economy and the lactate threshold 
also play important roles in determining success (25, 
75, 92). To predict endurance performance, we must 
determine the athlete’s maximal race pace that can 
be maintained for a particular racing distance.

To illustrate how performance in distance run-
ning might be estimated, consider an example of pre-
dicting performance in a 10,000-meter race. We begin 
with an assessment of the athlete’s running economy 
and then perform an incremental treadmill test to 
determine V̇ O2 max and the lactate threshold. The 
test results for our runner are graphed in Figure 20.8. 
How do we determine the maximal race pace from 
the laboratory data? Numerous studies have shown  
that a close relationship exists between the lactate 
or ventilatory threshold and the maximal pace that 
can be maintained during a 10,000-meter race (25, 
75, 92). For instance, well-trained runners can run 
10,000 meters at a pace that exceeds their lactate 
threshold by approximately 5 m · min–1 (37, 72). With  
this information and the data from Figure 20.8, we 
can now predict a finish time for an athlete. First, 
we examine Figure 20.8(b) to determine the V̇ O2 at 
the lactate threshold. The lactate threshold occurred 
at a V̇ O2 of 40 ml · kg–1 · min–1, which corresponds 
to a running speed of 200 m · min–1 (Fig. 20.8(a)). 
Assuming that the athlete can exceed this speed by 
5 m · min–1, the projected average race pace for a 
10,000-meter run would be 205 m · min–1. Therefore, 

an estimate of the athlete’s finish time could be ob-
tained by dividing 10,000 meters by his predicted 
running speed (m · min–1):

Estimated finish time = 10,000 m ÷ 205 m · min–1

 = 48.78 min

Although theoretical predictions of performance, 
such as the example presented here, can generally 
estimate performance with a reasonable degree of 
precision, a number of outside factors can influence 
racing performance. For example, motivation and race 
tactics play an important role in distance running 
success. Environmental conditions (heat/humidity,  
altitude, etc.) also influence an athlete’s ultimate 
performance (see Chaps. 19 and 24). For information 
on the ability of laboratory testing to predict future 
champions, see The Winning Edge 20.1.

Figure 20.8 Incremental exercise test results for a 
 hypothetical runner. These test results can be used to pre-
dict performance in an endurance race. See text for details.
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IN SUMMARY
 ■ Success in an endurance event can be pre-
dicted by a laboratory assessment of the 
athlete’s movement economy and lactate 
threshold. These parameters can be used to de-
termine the maximal race pace that an athlete 
can maintain for a given racing distance.
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DETERMINATION OF 
ANAEROBIC POWER
To assess maximal anaerobic power, it is essential that 
the test employed use the muscle groups involved 
in the sport (i.e., specificity) and utilize the energy 
pathways used in the performance of the event. Tests 
to assess maximal anaerobic power are generally clas-
sified into (1) ultra short-term tests designed to test 
the maximal capacity of the “ATP-PC system” and (2) 
short-term tests to evaluate the overall anaerobic ca-
pacity, which measures the maximal capacity for ATP 
production by both the ATP-PC system and anaerobic 
glycolysis (6, 33). Remember that events lasting fewer 
than 10 seconds primarily use the ATP-PC system to 
produce ATP, while events lasting 30–60 seconds uti-
lize anaerobic glycolysis as the major bioenergetic 
pathway to synthesize ATP. This principle is illus-
trated in Figure 20.9 and should be remembered  

when designing tests to evaluate an athlete’s anaero-
bic power for a specific sport.

Tests of Ultra Short-Term Maximal 
Anaerobic Power
Several practical “field tests” have been developed to assess 
the maximal capacity of the ATP-PC system to produce 
ATP over a very short time period (e.g., one–ten seconds) 
(55). These tests are generally referred to as power tests. 
Recall from Chap. 1 that power is defined as:

Power = (F × D) ÷ T

where F is the force generated, D is the distance over 
which the force is applied, and T is the time required 
to perform the work.

Jumping Power Tests For many years, tests such as the 
standing long jump (formerly called the broad jump) and 
vertical jump have been used as field tests to evaluate 
an individual’s explosive anaerobic power. The standing 
long jump is the distance covered in a horizontal leap 
from a crouched position, whereas the vertical jump is 
the distance between the standing reach height and the 
maximum jump-and-touch height. Both tests probably 
fail to adequately assess an individual’s maximal ATP-PC 
system capacity because of their brief duration. More-
over, neither test is considered a good predictor of run-
ning success in a short dash (e.g., 40–100 yards) (42, 80, 
88). Nonetheless, the vertical jump test is considered 
valuable in predicting vertical leaping ability of athletes 
and is widely used by coaches in professional football, 
soccer, and basketball as one of the many performance 
tests used to evaluate athletic potential.

Running Power Tests for American Football The 40-
yard dash remains a popular test to evaluate power 
output in football players. The athlete generally 

THE WINNING EDGE 20.1

Exercise Physiology Applied to Sports—Can Laboratory Testing  
of Young Athletes Predict Future Champions?

Many magazine articles have pro-
claimed the ability of laboratory 
testing in children to predict future 
athletic champions. For example, it 
has been argued that determination 
of skeletal muscle fiber type (via a 
muscle biopsy) in youth athletes and/
or a genetic analysis can be used to 
predict the future athletic success of 
these individuals. The truth is that 

there are no laboratory measurements 
that accurately predict the “ultimate” 
athletic ability of anyone. Indeed, ath-
letic success depends on numerous 
physiological and psychological fac-
tors, many of which are difficult, if 
not impossible, to measure in the lab-
oratory. As mentioned earlier, the pri-
mary benefits of laboratory testing of 
athletes are to provide the  individual 

with information about his or her 
strengths and weaknesses in a sport, 
to offer feedback about the effective-
ness of the conditioning program, 
and to educate the athlete about the 
physiology of exercise (2).

Barker, A. R., and Armstrong, N., “Exercise 
Testing Elite Young Athletes,” Medicine and 
Sport Science 56: 106–125, 2011.

Figure 20.9 The percent contribution of the ATP-PC 
 system, anaerobic glycolysis, and aerobic metabolism as 
a function of time during a maximal effort.
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 performs two to three timed 40-yard dashes with full 
recovery between efforts. The fastest time recorded 
is considered an indication of the individual’s power 
output. Although a 40-yard dash is a rather specific 
test of power output for football players, there is little 
evidence that a 40-yard run in a straight line is a reli-
able predictor of an athlete’s success at a particular 
position. Perhaps a shorter run (e.g., 10–20 yards), with 
several changes in direction, might provide a more 
specific test of power output in football players (57).

Stuart and colleagues (90) developed an anaero-
bic fitness test for football players that is designed 
to evaluate the athlete’s ability to perform repeated 
short bursts of power. The test is conducted in the 
following way. After a brief warm-up, the athlete per-
forms a series of ten timed 40-yard dashes (maximum 
effort), with a 25-second recovery between dashes. 
The 25-second recovery period is designed to sim-
ulate the elapsed time between plays in a football 
game. The athletes’ time for each 40-yard dash is con-
verted to running speeds (i.e., yards per second) and 
is graphed as a function of trial number. Specifically, 
running speed is graphed on the y-axis and the trial 
number is graphed on the x-axis. This procedure is 
illustrated in Figure 20.10 where line A represents 
data from a well-conditioned athlete and line B is data 
from a less fit athlete. Notice that both lines A and 
B have negative slopes (fatigue slope). This demon-
strates that each of the two athletes is slowing down 
with each succeeding 40-yard trial. Athletes who are 
highly conditioned will be able to maintain faster 40-
yard dash times over the ten trials when compared 
to less conditioned athletes, and therefore will have 
a less negative fatigue slope. In an effort to establish 
a set of standards for this test, Stuart and co-workers 
proposed that athletes be classified into one of four 

fitness levels on the basis of the maximal running 
velocity percentage that can be maintained over the 
final three 40-yard dash trials (see Table 20.1). For 
example, a fitness level of 1-2 is labeled as a good to 
superior fitness level for players of any position. In 
contrast, fitness levels of 3 or below are considered to 
be subpar to poor fitness levels for a football player.

Running Tests for Soccer Soccer (called football 
outside of North America) remains the most popu-
lar sport in many countries around the world. There-
fore, it is not surprising that numerous performance 
tests have been developed for soccer players (14, 60, 
77, 78). Included in these performance tests are both 
tests of motor skills required for soccer and fitness 
tests. The design of a fitness test for soccer is com-
plicated by the fact that soccer is a complex game 
requiring intermittent bursts of maximal running fol-
lowed by periods of walking and/or slow running. 
Therefore, soccer is a sport that utilizes both anaero-
bic and aerobic bioenergetic pathways to produce the 
required ATP. A popular field test to determine both 
performance and metabolic responses of soccer ath-
letes is the Loughborough Intermittent Shuttle Test 
developed at Loughborough University in England 
(65). This shuttle run test is designed to simulate the 
activity pattern of soccer players during a 90-minute 
match and consists of intermittent shuttle running 
(i.e., running back and forth) between markers placed 
20 meters apart. The Loughborough intermittent 
shuttle test is performed with the subjects complet-
ing the following runs:

 ■ 3 × 20 meters at walking pace

 ■ 1 × 20 meters at maximal running speed with 
four-second recovery

 ■ 3 × 20 meters at a running speed 
corresponding to 55% of individual V̇ O2 max

 ■ 3 × 20 meters at a running speed 
corresponding to 95% of individual V̇ O2 max

Figure 20.10 Illustration of the use of a series of timed 
40-yard dashes to determine the anaerobic fitness of 
football players. In this illustration, athlete A shows a 
small but constant decline in running speed with each 
additional dash. In contrast, athlete B shows a large sys-
tematic decline in speed across dash trials. Therefore, 
athlete A is considered to be in better condition than 
athlete B. See text for details.
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TABLE 20.1 Classification of Fitness Levels for 
Football Players on the Basis of a 
Series of 40-Yard Dash Times

Level Category
Percentage of Maximal 

Velocity Maintained*

1 Superior ≥90%
2 Good 85%–89%
3 Sub-par 80%–84%
4 Poor ≤79%

*The “percentage of the maximal velocity maintained” is calculated 
by averaging the velocity of the last three trials and dividing by 
the average velocity over the first three trials. This ratio is then 
expressed as a percentage. See text for further details.
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This block of exercise is repeated continuously 
for 90 minutes. In practice, the 20-meter distance is 
marked on the ground (or floor), and walking and 
running speeds are dictated by audio signals pro-
duced from a computer. Sprint times for the maxi-
mal 20-meter runs are recorded throughout the test 
by infrared photoelectric cells and represent one of 
the measured performance variables. That is, soccer 
players with the highest fitness levels will be able to 
maintain a higher percentage of their maximal sprint 
speed throughout the shuttle test. Further, the total 
distance covered during the test is also measured as 
a performance variable. During this shuttle test, it is 
estimated that 22% of the total exercise time is spent 
at or above 95% V̇ O2 max, whereas the activity level 
for the remainder of the test is 55% V̇ O2 max or below 
(65). Complete details of the numerous tests used to 
evaluate soccer performance are beyond the scope of 
this chapter, and the reader is referred to O’Reilly and 
Wong (2012) in Suggested Readings for more details 
about performance testing of soccer players.

Cycling Power Tests The Quebec 10-second test 
was developed to assess ultra short-term anaerobic 
power in cyclists (88). The technical error of this test 
is small, and the procedure is highly reliable (6). The 
test is performed on a friction-braked cycle ergom-
eter that contains a photocell capable of measuring 
flywheel revolutions; the number of flywheel revolu-
tions and resistance against the flywheel are electri-
cally relayed to a computer for analysis. The design of 
the test is simple. After a brief warm-up, the subject 
performs two all-out 10-second cycling trials sepa-
rated by a rest period. The initial resistance on the 
cycle flywheel is determined by the subject’s weight 
(about 0.09 kg per kg of body weight). Upon a ver-
bal start command by the investigator, the subject 
begins pedaling at 80 rpm, and the load is rapidly 
adjusted within two to three seconds of the desired 
load. The subject then pedals as fast as possible for 
10 seconds. Strong verbal encouragement is provided 
throughout the test. After a 10-minute rest period, a 
second test is performed and the results of the two 
tests averaged. The test results are reported in peak 
joules per kg of body weight and total joules per kg 
of body weight.

In addition to the evaluation of cyclists, the Que-
bec 10-second test has been used to test ultra short-
term anaerobic power in nonathletes, runners, speed 
skaters, biathletes, and body builders. For complete 
details of these results, see reference 6.

Tests of Short-Term Anaerobic Power
As illustrated in Figure 20.9, the ATP-PC system for 
production of ATP during intense exercise is im-
portant for short bursts of exercise (1–10 seconds), 

whereas glycolysis becomes an important metabolic 
pathway for energy production in events lasting lon-
ger than 15 seconds. In an effort to evaluate the maxi-
mal capacity for anaerobic glycolysis to produce ATP 
during exercise, several short-term anaerobic power 
tests have been developed. Like other performance 
tests, anaerobic power tests should involve the spe-
cific muscles used in a particular sport.

Cycling Anaerobic Power Tests Researchers at the 
Wingate Institute in Israel have developed a maximal 
effort cycling test (Wingate test) designed to deter-
mine both peak anaerobic power and mean power 
output over the 30-second test. This test has been 
shown to be highly reproducible and offers an excel-
lent means of evaluating anaerobic power output in 
cyclists (43). The test is administered in the following 
manner. The subject performs a short, two- to four-
minute warm-up on the cycle ergometer at an exer-
cise intensity sufficient to elevate heart rate to 150 
to 160 beats · min–1. After a three- to five-minute rest 
interval, the test begins with the subject pedaling the 
cycle ergometer as fast as possible without resistance 
on the flywheel. After the subject reaches full pedal-
ing speed (e.g., two to three seconds), the test admin-
istrator quickly increases the flywheel resistance to 
a predetermined load. This predetermined load is an 
estimate (based on body weight) of a workload that 
would exceed the subject’s predicted V̇ O2 max by 
20% to 60% (see Table 20.2). The subject continues 
to pedal as rapidly as possible, and the pedal rate 
is recorded every five seconds during the test. The 

TABLE 20.2 The Resistance Setting for the 
Wingate Test Is Based on the 
Subject’s Body Weight

Subject’s Body  
Weight (kg)

Resistance Setting on 
the Flywheel (kg)

20–24.9 1.75
25–29.9 2.0
30–34.9 2.5
35–39.9 3.0
40–44.9 3.25
45–49.9 3.5
50–54.9 4.0
55–59.9 4.25
60–64.9 4.75
65–69.9 5.0
70–74.9 5.5
75–79.9 5.75
80–84.9 6.25
≥85 6.5

Noble, B., Physiology of Exercise and Sport. St. Louis, MO: C. V. 
Mosby, 1986.
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highest power output over the first few seconds is 
considered the peak power output and is indicative 
of the maximum rate of the ATP-PC system to pro-
duce ATP during this type of exercise. The decline in 
power output during the test is used as an index of 
anaerobic endurance and presumably represents the 
maximal capacity to produce ATP via a combination 
of the ATP-PC system and glycolysis. The decrease in 
power output is expressed as the percentage of peak 
power decline. The peak power output obtained dur-
ing a Wingate test occurs near the beginning of the 
test, and the lowest power output is recorded during 
the last five seconds of the test. The difference in 
these two power outputs (i.e., highest power output 
minus lowest power output) is then divided by the 
peak power output and expressed as a percentage. 
For instance, if the peak power output was 600 watts 
and the lowest power output during the test was 200 
watts, then the decline in power output would be 
computed as:

(600 – 200) ÷ 600 = .666 × 100% = 67%

The 67% decline in power output means that the ath-
lete decreases his or her peak power output by 67% 
over the 30-second exercise period.

Since the introduction of the Wingate test, a 
number of modifications to the original protocol have 
been proposed (23, 30, 43, 70, 82). For example, sport 
scientists have also developed a test for the measure-
ment of anaerobic power on a cycle ergometer that 
involves 60 seconds of maximal exercise and uses vari-
able resistance loading (30). The test design permits 
the measurement of both peak anaerobic power (i.e., 
peak ATP-PC system power) and mean (glycolytic) 
power output over the 60-second maximal exercise 
bout. The test is designed as follows. The subject per-
forms a five-minute warm-up at a low work rate (e.g., 
120 watts). After a two-minute recovery, the subject 
begins pedaling as fast as possible with no load against 
the cycle flywheel. When peak pedaling speed is ob-
tained (i.e., three seconds), the investigator quickly 
increases the load on the flywheel to 0.095 kg resis-
tance per kg of body weight. The subject continues 
to pedal as fast as possible at this load for 30 seconds; 
at the 30-second point, the load on the flywheel is 
reduced to 0.075 kg resistance per kg of body weight 
for the remainder of the test. The subject’s power 
output during the test is continuously monitored 
electronically, and work output is recorded as peak 
power output (joules per kg per second) and mean 
power output (joules per kg per second) during the 
entire test.

The rationale for the variable load is that although 
a high resistance is required to elicit maximal anaero-
bic power, such a resistance is too great for a supra-
maximal test of 60 seconds’ duration (30). By reducing 
the resistance midway through the test, the workload 

becomes more manageable, which enables the sub-
ject to complete a maximal effort test for the entire 
60-second period. The major difference between this 
test and the Wingate test is that the variable resis-
tance design permits the measurement of peak an-
aerobic power and maximal anaerobic power over 60 
seconds’ duration. This type of test is useful for ath-
letes who compete in events lasting between 45 and 
60 seconds. Note that while this test maximally taxes 
both the ATP-PC system and glycolysis, because of 
the test duration, the aerobic system is also activated 
(see Chaps. 3 and 4). Therefore, although the energy 
required to perform 60 seconds of maximal exercise 
comes primarily (e.g., 70%) from anaerobic pathways, 
the aerobic energy contribution may reach 30%.

Running Anaerobic Power Tests Maximal distance 
runs from 35 to 800 meters have been used to evalu-
ate anaerobic power output in runners (83, 93, 103). 
This type of test can be used to determine improve-
ment within individuals as a result of a training regi-
men. One example of a valid and reliable running 
anaerobic test is the “running anaerobic sprint test” 
(RAST) (102). This running anaerobic sprint test is 
easy to administer and is a reliable predictor of suc-
cess in sprint races (103). In this test, subjects per-
form a series of six 35-meter maximal sprints with 
a 10-second recovery between runs. Each sprint is 
timed, and peak power is calculated (power = (body 
mass × distance2)/time3) for each of the individual 
sprints. Mean power is then calculated as the average 
of the peak power of the six runs. The mean power 
output from this test has been shown to be a reason-
able predictor of running performance at 100, 200, 
and 400 meters (103).

Sport-Specific Tests Ultra short-term and short-
term sport-specific anaerobic tests can be developed 
to meet the needs of team sports or individual ath-
letic events not previously discussed here. The tests can 
be designed to measure the peak power output in a 
few seconds or measure mean power output during 
a period of 10 to 60 seconds, depending upon the 
energy demands of the sport.

For example, tests can be developed for tennis, 
basketball, ice skating, swimming, and so on. In some 
cases, time or distance covered would be the depen-
dent variable measured rather than a direct measure-
ment of power output (6). This type of sport-specific 
test provides the coach and athlete with direct feed-
back about the athlete’s present level of fitness and 
subsequent periodic testing can be used to evaluate 
the success of training programs.

To evaluate maximal anaerobic power in team 
sports such as basketball, handball, and soccer the 
“maximal anaerobic shuttle running test” (MASRT) 
was developed (22). This test is designed to evaluate 

pow70456_ch20_459-479.indd   472 01/16/17   10:09 PM



  Chapter Twenty Laboratory Assessment of Human Performance  473

anaerobic fitness of athletes involved in team sports 
that require a high anaerobic power output to be suc-
cessful. Importantly, this test is both valid and reliable 
(22). The MASRT involves an intermittent shuttle run 
between two parallel lines and is easy to administer 
by a single assessor. It has been argued that this test is 
sensitive enough to identify even small changes in an-
aerobic performance in team sport players (22). This 
type of anaerobic fitness test is useful for evaluating 
team sport athlete’s response to a training program.

EVALUATION OF MUSCULAR 
STRENGTH
Muscular strength is defined as the maximum force 
that can be generated by a muscle or muscle group 
(1). The measurement of muscular strength is a com-
mon practice in the evaluation of training programs 
for American football players, shot-putters, weight 
lifters, and other power athletes. Strength testing 
can monitor both training progress and the rehabili-
tation of injuries (56). Muscular strength can be as-
sessed by using one of four methods: (1) isometric 
testing, (2) free-weight testing, (3) isokinetic testing, 
and (4) variable resistance testing. Before we discuss 
these methods of strength measurement, let’s con-
sider some general guidelines for the selection of a 
strength-testing method.

Criteria for Selection of a Strength-
Testing Method
The criteria for selecting a method of strength testing 
include the following factors (80): specificity, ease of 
data acquisition and analysis, cost, and safety. Given 
the importance of proper strength-test selection, a 
brief discussion of each of these factors is warranted.

Specificity of strength testing considers the 
muscles involved in the sport movement, the move-
ment pattern and contraction type, and the velocity 
of the contraction. For example, the measurement of 
sport-specific strength should use the muscle groups 
involved in the activity. Further, the testing mode 

should simulate the type of contraction used in the 
sport (isometric vs. dynamic). If the contraction used 
in the sport is dynamic, further consideration should 
be given to whether the contraction is concentric or 
eccentric. A final level of specificity is the velocity of 
shortening. There is a degree of velocity specificity in 
strength training; speed and power athletes perform 
better on high-velocity power tests than on low (96). 
Therefore, there is a justification for trying to make 
the velocity of test contractions similar to those used 
in the sport.

Factors such as convenience and time required 
for strength measurements are important consider-
ations when measurements are made on a large num-
ber of athletes (47). Currently, a number of companies 
market strength measurement devices that are inter-
faced with computer analysis packages. These devices 
greatly reduce the time required for strength mea-
surement and analysis.

Much of the commercially available computerized 
equipment for strength measurement is expensive. 
The high cost of this equipment may prevent its pur-
chase by physical therapy, exercise science, or athletic 
programs with small budgets. In these cases, the physi-
cal therapist, exercise scientist, or coach must choose 
the best available option within his/her budget.

A final concern for the selection of a strength-
testing method is the safety of the technique. Safety 
should be a key concern for any measurement of 
strength. Clearly, strength-measurement techniques 
that put the athlete at high risk of injury should be 
avoided.

Isometric Measurement of Strength
Measurement of isometric strength requires a de-
vice that permits testing of the sport-specific mus-
cle groups. These devices are commercially available 
from numerous sources. Most of the isometric testing 
devices available today are computerized instruments 
that are capable of measuring both isometric and dy-
namic force in a variety of muscle groups. Figure 20.11 
illustrates one of these devices being used to measure 
leg strength during a knee extension. As the subject 
generates maximal isometric force, the computerized 
tensiometer (tension-measuring device) measures the 
force produced, and this information is recorded and 
displayed on an electronic panel on the instrument.

The measurement of isometric strength is typi-
cally performed at several joint angles. Isometric test-
ing at each joint angle usually consists of two or more 
trials of maximal contractions (contraction duration 
of approximately five seconds), and the best of these 
trials is considered to be the measure of strength.

Advantages of isometric testing using computer-
ized equipment include the fact that these tests are 
generally simple and safe to administer. For example, 

IN SUMMARY
 ■ Anaerobic power tests are classified as (a) ultra 
short-term tests to determine the maximal ca-
pacity of the ATP-PC system and (b) short-term 
tests to evaluate the maximal capacity for an-
aerobic glycolysis.

 ■ Ultra short-term and short-term power tests 
should be sport specific in order to provide the 
athlete and coach with feedback about the ath-
lete’s current fitness level.
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computerized measurement of isometric strength has 
been used in physical therapy to evaluate training 
progress in injured limbs. It has been argued that since 
the isometric tensiometer can be used to measure 
static strength at many different joint angles with a 
low risk of injury, this technique might be more effec-
tive in evaluating strength gains during therapeutic 
training than conventional weight-lifting tests (57). 
Disadvantages of isometric testing include the high 
cost of some commercial devices and the fact that 
many sport activities involve dynamic movements. 
Further, because strength differs over the full range 
of joint movement, isometric measurements must 
be made at numerous joint angles; this increases the 
amount of time required to perform a test.

Free-Weight Testing of Strength
The term isotonic means constant tension. This term 
is often applied to conventional weight-lifting exer-
cise because the weight of the barbell or dumbbell 
remains constant as the weight is lifted over the range 
of movement. In a strict sense, application of the term 
isotonic to weight lifting is not appropriate because 
the actual force or torque applied to the weight does 
not remain constant over the full range of movement. 
Acceleration and deceleration of the limbs during a 
weight-lifting movement often cause variation in the 
force applied. Therefore, in place of the term isotonic, 
the term dynamic is now commonly used to describe 
this type of muscle activity when exercising with a 
constant external resistance, such as free weights or 
weight stacks on machines where the resistance re-
mains constant throughout the range of motion. The 
most common measure of dynamic strength is the 

one-repetition maximum, but tests involving three to 
six repetitions have been employed.

The one-repetition maximum (1-RM) method 
of evaluating muscular strength involves the per-
formance of a single, maximal lift. This refers to the 
maximal amount of weight that can be lifted dur-
ing one complete dynamic repetition of a particular 
movement (e.g., bench press). To test the 1-RM for 
any given muscle group, the subject selects a begin-
ning weight that is close to the anticipated 1-RM 
weight. If one repetition is completed, the weight is 
increased by a small increment and the trial repeated. 
This process is continued until the maximum lifting 
capacity is obtained. The highest weight moved dur-
ing one repetition is considered the 1-RM. The 1-RM 
test can be performed using free weights (barbells) or 
an adjustable resistance exercise machine. For more 
details of the 1-RM test, see Powers et al. (2017) in 
Suggested Readings.

Because of safety concerns, some physical thera-
pists and exercise scientists have recommended that 
a dynamic test consisting of three or six repetitions 
be substituted for the 1-RM test. The rationale is that 
the incidence of injury may be less with a weight that 
can be lifted a maximum of three or six times com-
pared to the heavier weight that can be lifted during 
a 1-RM contraction.

In addition to the use of free weights or machines, 
maximal strength can be measured using dynamome-
ters. A dynamometer is a device capable of measur-
ing mechanical force. Hand-grip dynamometers have 
been used to evaluate grip strength for many years. 
Dynamometers operate in the following way. When 
force is applied to the dynamometer, a steel spring 
is compressed and moves a pointer along a scale. By 
calibrating the dynamometer with known weights, 
one can determine how much force is required to 
move the pointer a specified distance on the scale. 
Figure 20.12 illustrates the use of a hand-grip dyna-
mometer to assess grip strength.

The advantages of dynamic strength testing in-
clude low cost of equipment and the fact that force 
is dynamically applied, which may simulate sport-
specific movements. The disadvantages of free-weight 
testing using a 1-RM technique include the possibil-
ity of subject injury and the fact that it does not 
provide information concerning the force application 
over the full range of motion. This point will be dis-
cussed again in the next section.

Isokinetic Assessment of Strength
Over the past several years, many commercial com-
puter-assisted devices to assess dynamic muscu-
lar force (i.e., dynamometer) have been developed. 
The most common type of computerized strength 
measurement device on the market is an isokinetic 

Figure 20.11 Use of a commercially available  dynameter 
to measure force during a knee extension. 
Photo  courtesy of Biodex Medical Systems, Inc.
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 dynamometer, which provides variable resistance. 
The term isokinetic means moving at a constant 
rate of speed. A variable-resistance isokinetic dyna-
mometer is an electronic-mechanical instrument 
that maintains a constant speed of movement while 
varying the resistance during a particular movement. 
The resistance offered by the instrument is an accom-
modating resistance, which is designed to match the 
force generated by the muscle. A force transducer in-
side the instrument constantly monitors the muscular 
force generated at a constant speed and relays this 
information to a computer, which calculates the aver-
age force generated over each time period and joint 
angle during the movement. An example of this type 
of instrument is pictured in Figure 20.13.

A typical computer printout of data obtained 
during a maximum-effort leg extension on a com-
puterized isokinetic dynamometer is illustrated in  
Figure 20.14. This type of strength assessment pro-
vides significantly more information than that sup-
plied by a 1-RM test. The force curve pictured in 
Figure 20.14 illustrates that the subject generates 
the smallest amount of force early in the movement 
pattern and the greatest amount of force during the 
middle portion of the movement. The 1-RM test 
provides only the final outcome, which is the maxi-
mum amount of weight lifted during this particular 
movement. That is, a 1-RM test does not provide in-
formation about the differences in force generation 

over the full range of movement. Therefore, a com-
puter-assisted isokinetic dynamometer offers several 
advantages over the more traditional 1-RM test. Im-
portantly, isokinetic strength testing has been shown 
to be highly reliable (59).

Variable-Resistance  
Measurement of Strength
Several commercial companies market weight ma-
chines that vary the resistance (weight) during dy-
namic muscular contractions. The measurement of 
strength using a variable-resistance device is similar in 
principle to isotonic tests using 1-RM or three to six 
repetitions, with the exception that the variable-resis-
tance machine creates a variable resistance over the 
range of movement. This variable resistance is typi-
cally achieved via a “cam,” which in theory is designed 
to vary the resistance according to physiological and 
mechanical factors that determine force generation 
by muscles over the normal range of movement.

Figure 20.13 Use of a commercially available computer-
assisted isokinetic dynamometer to measure strength 
during a knee extension.
Photo courtesy of Biodex Medical Systems, Inc.

Figure 20.14 Example of a computer printout from a 
computer-assisted isokinetic dynamometer during a 
maximal-effort knee extension.
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Figure 20.12 Use of the typical hand-grip dynamometer.
Photo Courtesy of Lafayette Instrument Company
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Potential advantages of these devices include 
the fact that most sport movement patterns are per-
formed using variable forces, and the design of these 
machines makes adjustment of weight easy; therefore, 
little time is required for measurement. A disadvan-
tage of these machines is the high cost; this is com-
pounded by the fact that several individual machines 
are often required to measure strength in different 
muscle groups. For more details on the evaluation of 
muscular strength, see Baechle and Earle (2012) in 
Suggested Readings.

STUDY ACTIVITIES
 1. Discuss the rationale behind laboratory tests designed 

to assess physical performance in athletes. How do 
these tests differ from general physical fitness tests?

 2. Define maximal oxygen uptake. Why might relative 
V̇ O2 max be the single most important factor in predict-
ing distance running success in a heterogeneous group 
of runners?

 3. Discuss the concept of “specificity of testing” for the 
determination of V̇ O2 max. Give a brief overview of the 
design of an incremental test to determine V̇ O2 max. 
What criteria can be used to determine the validity of 
a V̇ O2 max test?

 4. Briefly explain the technique employed to determine 
the lactate threshold and the ventilatory threshold.

 5. Describe how the economy of running might be evalu-
ated in the laboratory.

 6. Discuss the theory and procedures involved in predict-
ing success in distance running.

 7. Explain how short-term maximal anaerobic power can 
be evaluated by field tests.

 8. Describe how the Wingate test is used to assess anaero-
bic power.

 9. Provide an overview of the 1-RM technique to evalu-
ate muscular strength. Why might a computer-assisted 
dynamometer be superior to the 1-RM technique in 
assessing strength changes?

 10. Discuss the advantages and disadvantages of each of the 
following types of strength measurement: (1) dynamic, 
(2) free weights, (3) isokinetic, and (4) variable resis-
tance.
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IN SUMMARY
 ■ Muscular strength is defined as the maximum 
force that can be generated by a muscle or 
muscle group.

 ■ Evaluation of muscular strength is useful 
in  assessing training programs for athletes 
 involved in power sports or events.
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one of the following techniques: (a) isometric, 
(b) free-weight testing, (c) isokinetic, or  
(d) variable-resistance devices.
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 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

1. Design a sport-specific training program based 
on an analysis of the energy systems utilized by 
the activity.

2. Define the terms overload, specificity, and 
reversibility.

3. Compare and contrast the use of interval 
training and continuous training to improve 
the maximal aerobic power in athletes.

4. Discuss the differences between training 
for anaerobic power and training for the 
improvement of strength.

5. List the advantages and disadvantages of 
different equipment types in weight training.

6. Define delayed-onset muscle soreness (DOMS). 
Outline the factors that contribute to its 
development.

7. Discuss the use of static and ballistic stretching 
to improve flexibility.

8. Discuss the differences between conditioning 
goals during (1) the off-season, (2) the 
preseason, and (3) in-season.

9. List and discuss several common training errors.

Training for Performance
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Traditionally, coaches and trainers have planned 
conditioning programs for their teams by follow-

ing regimens used by teams that have successful 
win-loss records. This type of reasoning is not sound 
because win-loss records alone do not scientifically 
validate the conditioning programs used by the suc-
cessful teams. In fact, the successful team might be 
victorious by virtue of its superior athletes and not 
its outstanding conditioning program. Clearly, the 
planning of an effective athletic conditioning pro-
gram is best achieved by the application of proven 
physiological training principles. Optimizing train-
ing programs for athletes is important because fail-
ure to properly condition an athletic team results in 
a poor performance and often defeat. This chapter 
presents an overview of how to apply scientific prin-
ciples to the development of an athletic condition-
ing program.

TRAINING PRINCIPLES
The overall objective of a sport conditioning pro-
gram is to improve performance. Depending upon 
the specific sport, this can be achieved by increasing 
the muscle’s ability to generate force and power, im-
proving muscular efficiency, and/or increasing mus-
cular endurance (8, 9, 70). Recall that throughout 
this book (e.g., Chaps. 3, 4, 13, 19, and 20), emphasis 
has been placed on the fact that dissimilar sport ac-
tivities use different metabolic pathways or “energy 
systems” to produce the ATP needed for movement. 
An understanding of exercise metabolism is impor-
tant to the coach or trainer because the design of a 
conditioning program to optimize athletic perfor-
mance requires knowledge of the principal energy 
systems utilized by the sport. Let’s consider a few 
examples. The performance of a 60-meter dash uses 
the ATP-PC system almost exclusively to produce 
the needed ATP. In contrast, a marathon runner de-
pends on aerobic metabolism to provide the energy 
needed to complete the race. However, most sport 
activities use multiple energy pathways. For instance, 
soccer uses a combination of metabolic pathways to 
provide the needed ATP. Knowledge of the relative 
anaerobic-aerobic contributions to ATP production 
during an activity is the cornerstone of planning a 

conditioning  program. A well-designed conditioning 
program allocates the  appropriate amount of aerobic 
and anaerobic  conditioning time to match the en-
ergy demand of the sport. For instance, if an activity 
derives 40% of its ATP from anaerobic pathways and 
60% from aerobic pathways (e.g., 1500-meter run), 
the training program should be divided 40%/60% 
between anaerobic/aerobic training (8). Table 21.1 
contains a list of various sports and an estimation of 
their predominant energy systems. The coach and 
athlete can use this information to allocate the ap-
propriate amount of time to training each energy 
system.

This discussion does not necessarily imply that 
power athletes (e.g., sprinters) should not perform 
aerobic training. On the contrary, aerobic exercise 
during the preseason to strengthen tendons and 
ligaments is generally recommended for all athletes. 
Note, however, that performing concurrent training 
(i.e., resistance training and endurance [aerobic] ex-
ercise) can possibly reduce strength gains compared 
to strength training alone (92). Therefore, design-
ing the appropriate training program to optimize 
the benefit to the athlete requires careful planning. 
More will be said about concurrent training later in 
the chapter.

Overload, Specificity, and Reversibility
The terms overload, specificity, and reversibility were 
introduced in Chap. 13 and are repeated here only 
briefly. Recall that an organ system (e.g., cardiovas-
cular, skeletal muscle, etc.) increases its capacity in 
response to a training overload. That is, the training 
program must stress the system above the level to 
which it is accustomed. While a training overload is 
required to achieve improvements in performance, too 
much overload without sufficient time for recovery 
can result in overtraining. Overtraining is defined as 
an accumulation of training stress that impairs an ath-
lete’s ability to perform training sessions and results 
in long-term decrements of performance (95). Over-
training is commonly associated with both physiolog-
ical and psychological symptoms (e.g., chronic fatigue, 
mood disturbance, etc.). Recovery from overtraining 
can restore performance capacity, but may require 
several weeks or months of reduced exercise training. 

 ■ Key Terms

delayed-onset muscle soreness 
(DOMS)

dynamic stretching
hypertrophy
overtraining

progressive resistance exercise (PRE)
proprioceptive neuromuscular  

facilitation (PNF)
repetition
rest interval

set
static stretching
tapering
variable-resistance exercise
work interval
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A related term, overreaching, is also commonly used in 
the exercise training literature. Overreaching is com-
monly defined as excessive training that leads to a 
short-term decrement in performance; with adequate 
rest intervals between training sessions, this type of 
training can lead to improved performance (95). As 
you can see, overtraining and overreaching are similar 
terms and it is often difficult to distinguish between 
the two (95). To avoid confusion this chapter will 
refer to an extreme  accumulation of training stress 

as overtraining, and the term overreaching will not 
be used.

The concept of specificity refers not only to the 
specific muscles involved in a particular movement, 
but also to the energy systems that provide the ATP 
required to complete the movement under competi-
tive conditions. Therefore, training programs should 
use not only those muscle groups engaged during 
competition, but also the energy systems that will 
be providing the ATP. For instance, specific training 
for a sprinter would involve running high-intensity 
dashes. Similarly, specific training for a marathoner 
would involve long distance runs in which virtually 
all the ATP needed by the working muscles would be 
derived from aerobic metabolism.

When an athlete stops training, the training 
effect is quickly lost, and this is referred to as the 
reversibility of training. For example, studies have 
demonstrated that within two weeks after the ces-
sation of training, significant reductions in V̇ O2 max 
can occur (23, 24). Specifically, a classic study dem-
onstrated that after 20 days of bed rest, a group of 
subjects showed a 25% reduction in V̇ O2 max and 
maximal cardiac output (86). This large detraining-
induced decrement in V̇ O2 max clearly demonstrates 
the rapid reversibility of training.

Influence of Gender and Initial  
Fitness Level
At one time, it was believed that conditioning pro-
grams for women had special requirements that 
differed from those used to train men. However, it 
is now clear that men and women respond to train-
ing programs in a similar fashion (7, 12, 89). There-
fore, the same general approach to physiological 
conditioning can be used in planning programs for 
men and women. This does not mean that men and 
women should perform identical exercise training 
sessions (e.g., same volume and intensity). Indeed, 
individual training programs should be designed 
appropriately to match the level of fitness and 
maturation of the athlete, regardless of gender. In-
dividual “exercise prescriptions” is an important 
concern in the design of training programs and is 
discussed in further detail in later sections of this 
chapter.

It is a common observation that individuals differ 
greatly in the degree to which their performance ben-
efits from training programs. Many factors contribute 
to the observed individual variations in the training 
response. One of the most important influences is 
the athlete’s beginning level of fitness. In general, the 
amount of training improvement is always greater in 
those who are less conditioned at the beginning of 
the training program. It has been demonstrated that 
sedentary, middle-aged men with heart disease may 

TABLE 21.1 The Predominant Energy Systems 
for Selected Sports

% ATP CONTRIBUTION BY  
ENERGY SYSTEM

Sport/Activity ATP-PC Glycolysis Aerobic

Baseball 80 15 5
Basketball 80 10 10
Field hockey 60 20 20
Football 90 10 —
Golf (swing) 100 — —
Gymnastics 90 10 —
Ice hockey:

Forwards/ 
defense

80 20 —

Goalie 95 5 —
Rowing 20 30 50
Soccer:

Goalie/wings/
strikers

80 20 —

Halfbacks 60 20 20
Swimming:

Diving 98 2 —
50 meters 95 5 —
100 meters 80 15 —
200 meters 30 65 5
400 meters 20 40 40
1500 meters 10 20 70

Tennis 70 20 10
Track and field:

100/200  
meters

98 2 —

Field events 90 10 —
400 meters 40 55 5
800 meters 10 60 30
1500 meters 5 35 60
5000 meters 2 28 70
Marathon — 2 98

Volleyball 90 10 —
Wrestling 45 55 —

Fox, E., and Mathews, D., Interval Training: Conditioning for Sports 
and General Fitness. Philadelphia, PA: W.B. Saunders, 1974.
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improve their V̇ O2 max by as much as 50%, whereas 
the same training program in normal, active adults 
improves V̇ O2 max by only 10%–20%. Similarly, condi-
tioned athletes may improve their level of condition-
ing by only 3%–5% following an increase in training 
intensity. However, this 3%–5% improvement in the 
trained athlete may be the difference between win-
ning an Olympic gold medal and failing to place in 
the event.

Influence of Genetics
As discussed in Chap. 13, it is clear that genetics play 
an important role in how an individual responds to 
a training program (4, 10, 83). For instance, a person 
with a high genetic endowment for endurance sports 
responds differently to endurance training than does 
someone with a markedly different genetic profile. 
Indeed, recent research has provided genetic clues 
as to why some individuals are “high responders” to 
training and improve their fitness levels quickly to a 
greater extent than do “low responders” (10). For this 
reason, and the fact that athletes begin conditioning 
programs at different levels of fitness, training pro-
grams should be individualized. It is unrealistic to 
expect each athlete on the team to perform the same 
amount of work or to exercise at the same work rate 
during training sessions.

Note that while training can greatly improve per-
formance, there is no substitute for genetically in-
herited athletic talent if the individual is to compete 
at a world-class level. Indeed, there is a limit to how 
much training can improve aerobic power. Therefore, 
those individuals with a low genetic endowment for 
aerobic power cannot, under any training program, 
increase their V̇ O2 max to world-class levels. Åstrand 
and Rodahl (8) have commented that if you want to 
become a world-class athlete, you must choose your 
parents wisely. Although this comment was made in 
jest, genetics does play a key role in determining ath-
letic potential. A Closer Look 21.1 examines this issue 
in more detail and explores the physiological limits 
for performance enhancement.

Similar to aerobic exercise, genetics also play a 
key role in determining the performance level that 
can be achieved in anaerobic sports (e.g., sprinting in 
track and field) (13, 67). Indeed, it is well known that 
training can only improve anaerobic performance to 
a small degree. The primary reason is that the type of 
skeletal muscle fiber that is best suited for anaerobic 
performance (i.e., fast fibers, type IIx) is determined 
early in development, and the relative percentage 
of muscle fiber types does not vary widely over the 
lifetime. Therefore, anaerobic capacity appears to be 
largely genetically determined because the percent-
age of fast/anaerobic fibers is a primary determinant 
of anaerobic capacity.

COMPONENTS OF A 
TRAINING SESSION: 
WARM-UP, WORKOUT,  
AND COOL DOWN
Every training session should consist of three compo-
nents: (1) warm-up, (2) workout, and (3) cool down. 
This idea was first introduced in Chap. 16 and is 
mentioned only briefly here. The warm-up prior to 
a training workout has two primary objectives. First, 
warm-up exercises increase cardiac output and blood 
flow to the skeletal muscles to be used during the 
training session. Second, the warm-up activity results 
in an increase in muscle temperature, which elevates 
muscle enzyme activity. The duration of the warm-
up is generally from 10 to 20 minutes, depending 
on environmental conditions and the nature of the 
training activity. Although limited data exist, a recent 
review concludes that a proper warm-up may reduce 
the possibility of muscle injury due to pulls or strains 
(33, 94) and may also improve physical performance 
(34). Nonetheless, additional research is needed to de-
finitively demonstrate whether a warm-up can deter 
exercise-induced injuries.

Immediately following the training session, a pe-
riod of low-intensity “cool-down” exercises should be 
performed. The objective of a cool down is to return 
“pooled” blood from the exercised skeletal muscles 
back to the central circulation. Similar to the warm-
up, the length of the cool down may vary from 10 to 
20 minutes, depending on environmental conditions 
and the nature of the training session.

IN SUMMARY
 ■ The general objective of sport conditioning is 
to improve performance by increasing muscle 
force/power output, improving muscular effi-
ciency, and/or improving muscle endurance.

 ■ A conditioning program should allocate the 
 appropriate amount of training time to match 
the aerobic and anaerobic energy demands of 
the sport.

 ■ Muscles respond to training as a result of a 
progressive overload. When an athlete stops 
training, a rapid decline in fitness occurs due to 
detraining (reversibility).

 ■ In general, men and women respond to con-
ditioning in a similar fashion. The amount of 
training improvement is always greater in those 
individuals who are less conditioned at the 
 onset of the training program.

 ■ Genetics play an important role in performance 
in both endurance (aerobic) exercise and 
 anaerobic exercise.
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A CLOSER LOOK 21.1

Enhancement in Endurance Performance: What Are the Physiological Limits?
Elite endurance performance relies 
on many factors including appropri-
ate training, proper nutrition, moti-
vation, and several key physiological 
determinants. Although many physi-
ological factors contribute to endur-
ance performance, three key elements 
of success include: (1) a high V̇ O2 
max; (2) superior exercise economy/ 
efficiency; and (3) a high lactate 
threshold and critical power. Let’s dis-
cuss how much training can improve 
each of these important physiological 
determinants of endurance perfor-
mance success.

How much can training improve 
V̇ O2 max?
The genetic makeup of an individual 
is referred to as a “genotype.” Fig. 21.1  
illustrates the fact that genetics plays 
an important role in determining 
V̇ O2 max. For example, individu-
als labeled as “genotype A” (bottom 
line) possess a relatively low V̇ O2 max  

(35 ml · kg−1 · min−1) in the untrained 
state and often, these individuals 
are also “low responders” to exercise 
as training results in only small im-
provements in their V̇ O2 max (e.g., 5% 
or less). Clearly, the genetic makeup 
of these individuals will not permit 
them to achieve the V̇ O2 max that is 
required to become a champion en-
durance athlete (i.e., approximately 
80 ml · kg−1 · min−1). In contrast, indi-
viduals labeled as “genotype E” enjoy 
the ideal genetic makeup required for 
champion endurance athletes. Indeed, 
these individuals possess an elevated 
V̇ O2 max (e.g., 53 ml · kg−1 · min−1) 
in the untrained state and are com-
monly “high responders” to exercise 
training as training can often increase 
their V̇ O2 max by 50% (i.e., training-in-
duced improvement of V̇ O2 max from 
53 to 80 ml · kg−1 · min−1).

The genotypes labeled as B–D in 
Fig. 21.1 further illustrate the range 
of genetic differences that exist across 

the population. Specifically, the V̇ O2 
max (untrained state) of these indi-
vidual’s spans from 40 to 48 ml · kg−1 
· min−1 and their training-induced im-
provement in maximal aerobic power 
can range from 15% to 35%. From the 
examples illustrated in Fig. 21.1, it is 
clear that in order to achieve a V̇ O2 
max of 80 ml · kg−1 · min−1, it is essen-
tial that athletes begin with a base-
line V̇ O2 max between 53 and 60 ml · 
kg−1 · min−1 because training can only 
increase V̇ O2 max by approximately 
50%. Further, note that Fig. 21.1 also 
illustrates that regardless of the ge-
netic makeup of the individual, the 
training-induced increase in V̇ O2 max 
typically reaches a plateau within the 
first 24–30 months of training. There-
fore, following the first 24–30 months 
of training, further advances in endur-
ance performance must come from 
improvements in exercise economy 
and/or increases in the lactate thresh-
old or critical power.

Figure 21.1 Illustration of the impact of genetics (i.e., genotype) on V̇ O2 max in both the untrained state and following 
30 months of endurance training (each group performed similar training protocols). Genotype E (top line) illustrates 
the individual with the genetic makeup of a champion endurance athlete. Genotype A (bottom line) exemplifies the 
genetic makeup of an individual that has very limited genetic potential to become a champion endurance athlete. No-
tice that training-induced increases in V̇ O2 max often reach a plateau at around 24-30 months of training. See text for 
more details.
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TRAINING TO IMPROVE 
AEROBIC POWER
Recall from Chap. 13 that endurance training im-
proves V̇ O2 max by increasing both maximal cardiac 
output and the a-v O2 difference (i.e., increasing the 
muscle’s ability to extract O2). Therefore, a training 
program designed to improve maximal aerobic power 
must overload the circulatory system and stress the 
oxidative capacities of skeletal muscles as well. As in 
all training regimens, specificity is critical. The athlete 
should stress the specific muscles to be used in his or 
her sport. Therefore, runners should train by running, 
cyclists should train on the bicycle, swimmers should 
swim, and so forth.

There are three principal aerobic training methods 
used by athletes: (1) interval training, (2) long, slow 
distance (low-intensity), and (3) high-intensity, contin-
uous exercise. Controversy exists as to which of these 
training methods results in the greatest  improvement 

in V̇ O2 max. Indeed, there does not appear to be 
a magic training formula for all athletes to follow. 
However, evidence suggests that training intensity 
is a key factor in improving V̇ O2 max (50, 76, 77).  
Nonetheless, from a psychological standpoint, it 
would appear that a mixing of all three methods pro-
vides the needed variety to prevent the athlete from 
becoming bored with a single and rather monotonous 
training program.

Note that improvement of V̇ O2 max is only one 
variable related to endurance. Recall from Chap. 20 
that although a high V̇ O2 max is important for suc-
cess in endurance events, both movement economy 
and the lactate threshold are also important variables 
that contribute to endurance performance. Therefore, 
training to improve endurance performance should 
not only be geared toward the improvement of V̇ O2 
max, but should also increase the lactate threshold 
and improve running economy (see Closer Look 21.1 
for more details on the physiological limits for im-
proving the lactate threshold and exercise economy). 
A brief discussion of various training methods used to 
improve endurance performance follows.

Interval Training
Interval training involves the performance of repeated 
exercise bouts, with brief recovery periods in be-
tween. The length and intensity of the work interval 
depends on what the athlete is trying to accomplish. 

How much can training improve 
exercise economy/efficiency?
Although training improvements in 
V̇ O2 max often reach a plateau within 
the first 24–30 months of training, 
exercise economy/efficiency can 
increase throughout the career of 
championship endurance athletes. 
For example, Paula Radcliffe (cur-
rent world record holder in the mara-
thon) improved her running economy 
by 15% during 9 years of training 
(56). This enhancement in exercise 
economy was achieved by exercise 
training alone without any specific 
attempts to alter running style. Simi-
larly, muscular efficiency has been 
shown to improve by 8% in an elite 
cyclist during 7 years of training (23). 
It is not clear if training-induced im-
provements in exercise economy/
efficiency are dependent upon the ge-
netic makeup of the individual (65). 
Also, the mechanism(s) responsible 
for exercise-induced improvement in 

exercise economy/efficiency remain a 
topic of debate.

How much can training improve 
the lactate threshold or critical 
power?
Both the lactate threshold and critical 
power can be improved in elite ath-
letes during several years of training. 
For instance, the elite marathon run-
ner Paula Radcliffe improved both her 
lactate threshold and critical power 
output during 10 years of training 
(56). In particular, this champion ath-
lete improved her lactate threshold 
and critical power by approximately 
30% over a decade of training. Similar 
to running economy, it is unknown 
if training-induced improvements 
in the lactate threshold and critical 
power are impacted significantly by 
genetics.

Summary—what are the physi-
ological limits to performance 
 enhancement?

 ■ Training-induced improve-
ments in V̇ O2 max are greatly 
influenced by the genetic 
makeup (i.e., genotype) of the 
individual. Training improve-
ments in V̇ O2 max ranges from 
5% to 50% (depending upon 
genotype) and often reach a 
plateau during the first 24–30 
months of training.

 ■ Exercise training can improve 
exercise economy by as much 
as 15% during several years of 
training.

 ■ Training-induced improvements 
in both the lactate threshold 
and critical power can reach 
approximately 30% during 10 
years of exercise training.

See Lundby and Robach (2015) and 
Joyner and Coyle (2008) in the Sug-
gested Readings for more details on 
the physiological limitations to per-
formance enhancement.

IN SUMMARY
 ■ Every training session should consist of a warm-
up period, a workout session, and a cool-down 
period.

 ■ Although limited data exist, it is feasible that 
a warm-up reduces the risk of muscle and/or 
 tendon injury during exercise.
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For instance, a longer work interval requires a greater 
involvement of aerobic energy production, whereas a 
shorter, more intense interval provides greater partici-
pation of anaerobic metabolism. Therefore, interval 
training that is designed to improve V̇ O2 max typi-
cally involves intervals longer than 50–60 seconds to 
increase the involvement of aerobic ATP production. 
Further, it is believed that high-intensity intervals are 
more effective in improving aerobic power, and per-
haps the lactate threshold, than low-intensity inter-
vals (29, 31, 59). These improvements are likely due 
to the recruitment of fast-twitch (types IIa and IIx) 
fibers during this type of high-intensity exercise (26).

Recently, the term high-intensity interval train-
ing (HIIT) has been coined to describe high-intensity 
intervals lasting 30–120 seconds. A relatively short 
high-intensity exercise bout lasting 30 seconds would 
be expected to involve a significant amount of energy 
production from anaerobic energy sources. Nonethe-
less, abundant evidence indicates that HIIT promotes 
significant improvements in the aerobic capacity (i.e., 
increased mitochondrial volume) in the trained skel-
etal muscles (40). For more details and a brief history 
of HIIT, see A Closer Look 21.2.

One obvious advantage of interval training over 
continuous running at slower speeds is that this 
method of training provides a means of performing 
large amounts of high-intensity exercise in a short 
time. Further, this training method offers two ways of 
providing a training overload. For example, the inter-
val training prescription can be modified to provide 
“overload” in terms of increasing either the total num-
ber of exercise intervals performed or the intensity 
of the work interval. Adjustments to either of these 

factors allow the coach or athlete to alter the workout 
plan to accomplish specific training goals. How does 
one design an interval workout? A complete discus-
sion of the theory and rationale of designing an inter-
val training program to improve athletic performance 
is beyond the scope of this chapter; therefore, only an 
overview of interval training will be provided here. 
In planning an interval training session, the following 
variables need to be considered: (1) length of the work 
interval, (2) intensity of the effort, (3) duration of the 
rest interval, (4) number of interval sets, and (5) the 
number of work repetitions. The length of the work 
interval refers to the distance to be covered during the 
work effort. The intensity of the work effort during in-
terval training can be monitored from a 10-second HR 
count upon completion of the interval (i.e., 10-second 
HR count × 6 = HR per min). In general, exercise 
HRs should reach 85%–100% of the maximal HR dur-
ing interval training. The time between work efforts is 
termed the rest interval and consists of light activ-
ity such as walking. The length of the rest interval is 
generally expressed as a ratio of the duration of the 
work interval. For example, if the work interval for 
running 400 meters was 75 seconds, a rest interval of 
75 seconds would result in a 1:1 ratio of work to rest. 
Generally, the rest interval should be at least as long 
as the work interval (8). In planning an interval train-
ing program for athletes who are not already highly 
trained, a work:rest ratio of 1:3 or 1:2 may be prefer-
able. As a general rule in young adult athletes, the HR 
should drop to approximately 120–130 beats · min−1 
near the end of the recovery interval (8).

A set is a specified number of work efforts per-
formed as a unit. For instance, a set may consist of  

A CLOSER LOOK 21.2

High-Intensity Interval Training—New Interest in an Old Training Method
The use of interval training as a 
method of conditioning endurance 
athletes first gained world-wide at-
tention over 60 years ago when Roger 
Banister ran the first sub-4 minute 
mile. Here’s the story. When Banis-
ter broke the 4-minute mile barrier in 
1954, he was a medical student with 
limited time for training. His solution 
to his time management problem was 
to avoid time-consuming long dis-
tance runs and instead he performed 
short daily training sessions using 
high-intensity interval training (HIIT). 
For example, his typical daily work-
out was to run 6–10 × 400   meter 

intervals at near maximal effort re-
sulting in 55–60 seconds of intense 
exercise. The fact that this training 
program allowed Bannister to break 
the world record for the mile run 
provided the first practical evidence 
that this form of training was a highly 
effective conditioning technique for 
endurance athletes.

Recently, a renewed interest in 
HIIT has emerged in both the scientific 
and popular literature because HIIT 
has been demonstrated to be a highly 
effective and time-saving method of 
training for endurance athletes and in-
dividuals interested in health-related 

fitness. For example, research reveals 
that as few as 30 seconds of high-in-
tensity exercise promotes rapid and 
significant physiological adaptations. 
Specifically, even low-volume HIIT re-
sults in an increase in mitochondrial 
volume in the trained skeletal mus-
cles. The exercise-induced signaling 
pathways that trigger this adaptation 
in skeletal muscles were discussed in 
Chap. 13 and involve the activation 
of PGC-1α which promotes mitochon-
drial biogenesis. For a summary of the 
physiological adaptations associated 
with HIIT see Gibala et al. (2012) in 
Suggested Readings.
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8 × 400-meter runs with a prescribed rest interval 
between each run. The term repetition is the num-
ber of work efforts within one set. In the example 
just provided, 8 × 400-meter runs constituted one set 
of 8 repetitions. The number of repetitions and sets 
performed per workout depends on the purpose of 
the particular training session and the fitness levels 
of the athletes involved. For more details on interval 
training, see reference 62.

Long, Slow-Distance Exercise
The use of long, slow-distance runs (or cycle rides, 
long swims, etc.) became a popular means of training 
for endurance events in the 1970s. In general, this 
method of training involves performing exercise at 
a low intensity (i.e., 50%–65% V̇ O2 max or approxi-
mately 60%–70% of max HR) for durations that are 
generally greater in length than the normal competi-
tion distance. Although it seems reasonable that this 
type of training is a useful means of preparing an 
athlete to compete in long endurance competitions 
(marathon running), evidence suggests that short-
term, high-intensity exercise is superior to long-term, 
low-intensity exercise in improving V̇ O2 max (50).

One of the historical reasons that athletes have 
used training sessions of long duration is the common 
belief that improvements in endurance are proportional 
to the volume of training performed. Indeed, many 
coaches and athletes believe that improvements in 
athletic performance are directly related to how much 
work was performed during training, and that athletes 
can reach their potential only by doing long-duration 
exercise bouts. However, evidence by Costill et al. 
contradicts this belief (22). Indeed, a classic study dem-
onstrated that athletes training 1.5 hours per day per-
formed as well as athletes training 3 hours per day (22).  
In fact, the athletes who trained 3 hours per day per-
formed more poorly in some events than the group 
training 1.5 hours per day. This study illustrates the 
point that “more” is not always better in endurance 
training. Therefore, coaches and athletes should care-
fully consider the volume of training required to reach 
maximal benefits from long, slow-distance exercise.

High-Intensity, Continuous Exercise
Again, research suggests that continuous, high-intensity 
exercise is an outstanding means of improving V̇ O2 max 
and the lactate threshold in athletes (25, 27, 30, 50). Al-
though the exercise intensity that promotes the great-
est improvement in V̇ O2 max may vary from athlete 
to athlete, it appears that exercise intensities between 
80% and 100% V̇ O2 max are optimal (see Fig. 21.2) (76). 
Further, evidence also  indicates that a work rate that is 
equal to or slightly above the lactate threshold provides 
improvement in maximum aerobic power (76, 88).

How does the athlete monitor their exercise 
intensity during a training session? A precise quan-
tification of training intensity during exercise is com-
plicated, but the measurement of exercise heart rate 
can be used as an estimate of an athlete’s relative 
training intensity. An example of a heart rate-based 
training intensity scale to prescribe and monitor train-
ing of endurance athletes is presented in Table 21.2. 
Obviously, standardizing exercise intensity based on 
heart rate alone has limitations and fails to account 
for individual variation among athletes in the rela-
tionship between heart rate and blood lactate con-
centration. Nonetheless, the advantage of this type of 
intensity scale is the simplicity because athletes can 
easily measure their heart rates during exercise using 
electronic heart rate monitors. For more details on us-
ing heart rate to monitor training intensity, see Seiler 
(2010) in Suggested Readings.

Altitude Training Improves Exercise 
Performance at Sea Level
Whether or not exercise training at high altitude im-
proves endurance performance at sea level remains 
a controversial topic, as altitude training is not con-
sistently reported to be advantageous in improving 
V̇ O2 max and performance at sea level (90). None-
theless, for many years, endurance athletes believed 
that living and training at high altitude (e.g., <6000 
feet above sea level) enhances performance compared 
to living and training at sea level (69, 91). However, 
this may not always be true because athletes cannot 
perform as much high-intensity exercise training at 
altitude compared to sea level. Therefore, by perform-
ing less training, a form of detraining could actually 
occur while living and training at altitude. So, how 
can athletes design a training program to optimize 
the physiological benefits of living at altitude without 
the potentially negative detraining effects?

Figure 21.2 Relationship between training intensity and 
percent improvement in V̇ O2 max. 
Data from Knuttgen, H. G., Nordesjo, L.O., Ollander, B., and Saltin, B., 
“Physical Conditioning Through Interval Training with Young Male 
Adults,” Medicine and Science in Sports 5: 220–226, 1973.
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This altitude-training riddle appeared to be solved 
when researchers developed the altitude training mo-
dality known as “Live-High, Train-Low” (63). This train-
ing program requires the athlete to spend most of the 
day resting and sleeping at altitude, but the athlete 
performs exercise training sessions at a much lower 
altitude. This approach affords the athlete the benefit 
of altitude acclimatization, and by training at a low al-
titude, the athlete’s ability to perform intense training 
sessions is not hampered by high altitude. This type of 
altitude training program has been argued to provide 
significant performance gains compared to training 
and living at sea level (63). Nonetheless, debate on 
this topic continues and some authors suggest that 
altitude training is not beneficial for elite athletes. See 
Lundby and Robach (2016) in the Suggested Readings 
for more details on the impact of altitude training on 
exercise performance at sea level. Note that the issue 
of altitude training is discussed again in Chap. 24.

INJURIES AND ENDURANCE 
TRAINING
An important question associated with any type of 
endurance training is what type of training program 
presents the lowest risk of injury to the athlete. 
At present, a clear answer to this question is not 
available. However, a review of exercise-training-in-
duced injuries suggests that the majority of training 
injuries are a result of overtraining (e.g., overuse in-
juries) and occur in the knee (57, 75). The overuse 
injury can come from either short-term, high-inten-
sity exercise or long-term, low-intensity exercise 
(75). A commonsense guideline to avoid overuse 
injuries is to avoid large increases in training vol-
ume or intensity. Perhaps the most useful general 
rule for increasing the training load is the “ten per-
cent rule” (75). In short, the ten percent rule sug-
gests that training intensity or duration should not 
be increased more than ten percent per week to 
avoid an overtraining injury. For example, a runner 
running 50 miles per week could increase his/her 
weekly distance to 55 miles (10% of 50 = 5) the fol-
lowing week.

In addition to overtraining, several other exercise-
induced injury risk factors have been identified (75). 
Among these factors are musculotendonous imbal-
ance of strength and/or flexibility, footwear problems 
(i.e., excessive wear), anatomical malalignment, poor 
running surface, and disease (e.g., arthritis and old 
fracture) (14).

Note that gender is not an injury risk factor for 
endurance training (75). Similar to male athletes, it 
appears that most of the leg injuries in female runners 
are the result of overtraining (75). This may be espe-
cially true for poorly conditioned women beginning 
training programs.

TABLE 21.2 Example of a Five-Zone Intensity Scale to Prescribe and Monitor Exercise

Training in Athletes
A practical variable to monitor exercise intensity is heart rate expressed as a percent of heart rate max. Note that 
the exercise intensity zones presented in this table are arbitrary, beginning with a relatively low-intensity zone  
(zone 1) and ending with a high-intensity zone (zone 5). 

Intensity Zone % Heart Rate Max %V̇O2 Max
Blood Lactate Levels  

(mmol · L−1)
Typical Training  

Duration in Zone

1 60–71 50–65 0.8–1.5 1–3 hours
2 72–82 66–80 1.5–2.5 1–2 hours
3 83–87 81–87 2.6–4.0 30–90 minutes
4 88–92 88–93 4.1–6.0 10–40 minutes
5 93–100 94–100 >6.1 5–10 minutes

IN SUMMARY
 ■  Historically, training to improve maximal aero-
bic power has used three methods: (1) interval 
training, (2) long, slow-distance exercise, and  
(3) high-intensity, continuous exercise.

 ■ Although controversy exists as to which of the 
training methods results in the greatest improve-
ment in V̇ O2 max, growing evidence suggests 
that it is intensity and not duration that is the 
most important factor in improving V̇ O2 max.

 ■ The concept that “Live-High, Train-Low” 
 altitude training program provides  significant 
endurance performance gains compared 
to training and living at sea level remains 
 controversial and additional research is required 
to confirm that this practice will improve 
 performance at sea level in elite athletes.
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TRAINING TO IMPROVE 
ANAEROBIC POWER
Athletic events lasting fewer than 60 seconds depend 
largely on anaerobic production of the necessary en-
ergy. In general, training to improve anaerobic power 
centers around the need to enhance either the ATP-
PC system or anaerobic glycolysis (lactate system) 
(74). However, some activities require major contribu-
tions of both of these anaerobic metabolic pathways 
to provide the necessary ATP for competition (see 
Table 21.1). Moreover, many activities require ATP 
production from both aerobic and anaerobic sources. 
For example, running an 800-meter race is typically 
performed at a power output that exceeds V̇ O2 max 
by ˜30%. Exercise at work rates that exceed V̇ O2 max 
is possible because the ATP used to perform at these 
high work rates comes from the combination of both 
aerobic sources and anaerobic sources. Therefore, en-
ergy to perform this type of sporting event requires 
the “pooled” ATP production from both aerobic and 
anaerobic sources (i.e., oxidative phosphorylation, an-
aerobic glycolysis, and the ATP-PC system).

Anaerobic training is commonly defined as exer-
cise that is performed at intensities above V̇ O2 max 
where the primary aim is to stimulate anaerobic en-
ergy production (55). High-intensity anaerobic train-
ing lasting two to ten seconds is often termed speed 
or sprint training, whereas the term speed endurance 
training is commonly used to describe all forms of an-
aerobic training lasting longer than ten seconds (55). 
Identical to aerobic endurance training, it is critical 
that the anaerobic training program use the specific 
muscle groups that are required by the athlete during 
competition.

Training to Improve the ATP-PC System
Sports such as football, weight lifting, and short 
dashes in track (100 meters) depend on the ATP-PC 
system to provide the bulk of the energy needed for 
competition. Therefore, optimal performance requires 
a training program that will maximize ATP produc-
tion via the ATP-PC pathway.

Training to improve the ATP-PC system involves 
a special type of interval training. To maximally stress 
the ATP-PC metabolic pathway, short, high-intensity 
intervals (five to ten seconds’ duration) using the 
muscles utilized in competition are ideal. Because of 
the short durations of this type of interval, limited lac-
tate is produced and recovery is rapid. The rest inter-
val may range between 30 and 60 seconds, depending 
on the fitness levels of the athletes. For example, a 
training program for football players might involve re-
peated 30- to 40-yard dashes with several directional 
changes with a 30-second rest period between efforts. 
The number of repetitions per set would be deter-
mined by the athletes’ fitness levels, environmental 
factors, and perhaps other considerations.

Training to Improve the Glycolytic System
After approximately ten seconds of a maximal effort, 
there is a growing dependence on energy production 
from anaerobic glycolysis (32). To improve the capac-
ity of this energy pathway, the athlete must overload 
the “system” via short-term, high-intensity efforts. In 
general, high-intensity intervals of 20–60 seconds’  
duration are useful in overloading this metabolic 
pathway.

This type of anaerobic training is both physically 
and psychologically demanding and thus requires a 
high commitment on the part of the athlete. Further, 
this type of training may drastically reduce muscle 
glycogen stores. For these reasons, athletes often al-
ternate hard-interval training days and light training 
sessions. For more details on training for improved 
anaerobic performance, see Ask the Expert 21.1 and 
Iaia and Bangsbo (2010) in Suggested Readings.

TRAINING TO IMPROVE 
MUSCULAR STRENGTH
The goal of a strength-training program is to increase 
the maximum amount of force and power that can be 
generated by a particular muscle group. In general, 
any muscle that is regularly exercised at a high inten-
sity (i.e., intensity near its maximum force-generat-
ing capacity) will become stronger. Strength-training 
exercises can be classified into three categories:  
(1) isometric or static, (2) dynamic or isotonic 
(includes variable-resistance exercise), and  
(3) isokinetic. Recall that isometric exercise is the  

IN SUMMARY
 ■ The majority of training injuries are a result 
of overtraining (e.g., overuse injuries) and can 
come from either short-term, high-intensity ex-
ercise or prolonged, low-intensity exercise.

 ■ A useful rule for increasing the training load 
is the “ten percent rule.” The ten percent rule 
states that training intensity or duration should 
not be increased more than ten percent per 
week to avoid an overtraining injury.

IN SUMMARY
 ■ Training to improve anaerobic power involves a 
special type of interval training. In general, the 
intervals are of short duration and consist of 
high-intensity exercise.
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ASK THE EXPERT 21.1

Training to Improve Anaerobic Performance:  
Questions and Answers with Dr. Michael Hogan

Michael Hogan, Ph.D., 
Professor in the Depart-
ment of Medicine at the 
University of California–San 
Diego, is an internationally 
known exercise physiologist 
whose research focuses  
on delivery and utiliza-
tion of oxygen in skeletal 
muscle. Dr. Hogan has 

published more than 160 research articles, 
and his work is widely cited in the scientific 
literature. Further, he has been a leader in  
numerous scientific organizations, including 
the American College of Sports Medicine and 
the American Physiological Society. In addition 
to being an internationally known scientist,  
Dr. Hogan continues to be an active competi-
tor and coach in the pole vault. As a collegiate 
athlete, Dr. Hogan was a four-year letterman 
in track and field and a school record holder in 
the pole vault at the University of Notre Dame. 
In the years following his graduation from 
college, Dr. Hogan has continued to train and 
compete in the pole vault and has excelled 
in both national and international age-group 
championships in this event. In this box fea-
ture, Dr. Hogan answers questions related to 
training to improve anaerobic power.

question: In designing a training pro-
gram to improve anaerobic power, 
should weekly training sessions be 
planned on a “hard-easy” cycle?

answer: Absolutely! This is possi-
bly even more critical in anaero-
bic power training versus aerobic 
training. The reason for this is that 
to improve anaerobic capacity, 
extremely high-intensity exercise 
needs to be conducted to totally 
activate the type IIx fibers within 
the muscle. Recall from Chap. 7 
that due to the size principle, type 
IIx muscle fibers are the last fibers 
recruited during the muscle acti-
vation process. An important com-
ponent of anaerobic training is to 
work during the “hard” cycle at 
an extremely high intensity that 
subsequently results in increas-
ing muscle fiber size (thereby  

increasing the total amount of PC 
and ATP available) so that muscle 
power is increased. A key concern 
is the duration of the “hard-easy” 
cycles, as each individual athlete 
will be different in how much 
high-intensity exercise can be en-
dured before the athlete “breaks 
down” and injury ensues. Know-
ing the proper balance of “hard-
easy” is the difference between 
an Olympic gold medal and an in-
jured athlete.

question: In sports or athletic events 
(e.g., 200-meter dash) that require 
energy from both the ATP-PC sys-
tem and glycolysis, is it possible to 
design a training program to im-
prove energy production from each 
of these bioenergetic systems?

answer: Yes, these bioenergetic sys-
tems can be improved, although 
not to the degree that adaptation 
to endurance training (i.e., cardio-
vascular and oxidative enzyme 
changes) can be accomplished with 
aerobic training. The key to an-
aerobic performance that requires 
high ATP turnover rates for a short 
period (˜30 seconds) is to have as 
much capacity in the glycolytic 
and ATP-PC systems and to mini-
mize the factors that lead to fatigue 
in these short, high-intensity ex-
ercise bouts. Studies have demon-
strated that glycolytic enzymes can 
be increased in all fiber types by 
high-intensity training so that more 
ATP can be generated anaerobically 
when necessary. Anaerobic training 
will also improve aerobic capacity 
(mitochondrial content) of the mus-
cle, which can be important in that: 
(1) increased aerobic production of 
ATP will result in “sparing” of the 
ATP-PC and a lower rate of lactate 
production; and (2) increased mito-
chondria will also result in a more 
rapid resynthesis of PC during re-
covery from exercise and thereby, 
permit a subsequent high-intensity  

exercise bout to begin with a 
higher basal level of PC (important 
in sports with rapid start-stops like 
soccer or basketball). Anaerobic 
training will also improve the speed 
at which phosphocreatine (PC) can 
be degraded so that a faster ATP 
turnover is possible. It appears that 
PC levels are minimally affected by 
training; however, creatine supple-
mentation increases resting levels 
of PC, thereby potentially improv-
ing anaerobic performance.

question: Recently, much interest 
has focused upon high-intensity 
training as a means of improving 
both anaerobic and aerobic power. 
Please define high-intensity train-
ing and discuss the evidence that 
this type of training can improve 
both anaerobic and aerobic bioen-
ergetic systems.

answer: Abundant evidence indi-
cates that high-intensity interval 
training (HIIT), which is character-
ized by brief repeated bursts of in-
tense exercise (e.g., 30–60 seconds 
of exercise at 100%–120% V̇ O2 max), 
can significantly improve not only 
anaerobic bioenergetic pathways 
but maximal aerobic power as well. 
This has surprised some scientists 
because, historically, it has been 
believed that HIIT would improve 
only anaerobic power. Nonethe-
less, it is now clear that HIIT can 
induce many adaptations in mus-
cle normally associated with tradi-
tional endurance exercise training, 
including increased mitochondrial 
volume and improved endurance 
performance. In fact, there is grow-
ing evidence that HIIT may provide 
fitness and health benefits above 
and beyond what can be derived 
from exclusive low-intensity aero-
bic training, likely due to a greater 
activation of adaptive responses 
resulting from the intense cellular 
stress of HIIT that is not generated 
by low-intensity aerobic activity.

Courtesy of 
Michael Hogan
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application of force without joint movement, 
and that dynamic exercise involves force applica-
tion with joint movement (see Chaps. 8 and 20). 
Variable-resistance exercise is the term used 
to describe exercise performed on machines such 
as Nautilus equipment, which provide a variable 
amount of resistance during the course of a dynamic 
contraction. Isokinetic exercise is the exertion of 
force at a constant speed. Although isometric exer-
cise has been shown to improve strength, isotonic 
and isokinetic strength training are generally pre-
ferred in the preparation of athletes because iso-
metric training does not increase strength over the 
full range of motion—only at the specific joint angle 
maintained during training.

What physiological adaptations occur as a re-
sult of strength training? This issue was discussed 
in Chap. 13 and will be addressed only briefly 
here. One of the obvious and perhaps most impor-
tant physiological changes that occurs following a 
strength-training program is the increase in muscle 
mass. Recall from Chap. 8 that the amount of force 
that can be generated by a muscle group is pro-
portional to the cross-sectional area of the muscle. 
Therefore, larger muscles exert greater force than 
smaller muscles. Recall that almost all of the in-
crease in muscle size via resistance training is due 
to hypertrophy (an increase in muscle fiber diam-
eter due to an increase in myofibrils) (2, 3, 42–44, 
58, 87, 89).

Progressive Resistance Exercise
The most common form of strength training is weight 
lifting using free weights or various types of weight 
machines (i.e., dynamic or isokinetic training). To 
improve strength, weight training must employ the 
overload principle by periodically increasing the 
amount of weight (resistance) used in a particular 
exercise. This method of strength training was first 
described in 1940s by Delorme and Watkins and 
is called progressive resistance exercise (PRE). 
Since this early work, numerous other systems of 
training to improve muscular strength have been pro-
posed, but the concept of PRE is the basis for most 
weight-training programs.

Resistance training workouts are prescribed 
around the exercise intensity and the volume of ex-
ercise performed. The exercise intensity of resistance 
training is expressed in terms of the repetitions maxi-
mum (RM), where 1-RM is the greatest weight that 
can be lifted one time. The volume of resistance train-
ing is established by the number of repetitions (reps) 
and sets that are performed. Sets are the number  
of times a specific exercise is performed, and reps  
are the number of times a movement is repeated 
within a set.

General Strength-Training Principles
Muscles increase in strength when they are over-
loaded by contracting at relatively high tensions. 
If muscles are not overloaded, no improvement in 
strength occurs. The first application of the overload 
principle was used by the famous Olympic wrestler, 
Milo of Crotona (500 b.c.). Milo incorporated overload 
in his training routine by carrying a bull calf on his 
back each day until the animal reached maturity. 
Since the days of Milo, athletes have applied the 
principle of overload to training by lifting heavy  
objects.

The optimal training regimen for optimal im-
provement of strength remains controversial. Indeed, 
there does not appear to be a simple formula for 
strength training that meets the needs of everyone 
(1). Therefore, the exercise prescription for strength 
training should be tailored to the individual. How-
ever, a general guideline for a strength-training pre-
scription is as follows: In general, the recommended 
intensity of training is 8–12 maximal repetitions (RM) 
and practiced in multiple sets (1). Rest days between 
workouts seem critical for optimal strength improve-
ment (1). Therefore, a training schedule of two to 
four days per week is recommended for novice or 
immediate individuals (1). For advanced weight train-
ing, a frequency of four to six days per week is rec-
ommended when using split routines (i.e., training  
one to three different muscle groups per training  
session) (1).

A common belief among coaches and athletes is 
that strength increases in direct proportion to the 
volume of training (i.e., number of sets performed). 
Although a physiological link exists between train-
ing volume and strength gains, the optimal number 
of sets to improve strength continues to be debated. 
Nonetheless, two recent reviews conclude that mul-
tiple sets (i.e., two or more sets) of resistance exer-
cise result in greater hypertrophy and strength gains 
compared to one set alone (60, 61). It appears likely 
that the optimal number of sets for maximal improve-
ment of muscular strength may vary among subjects 
of different ages and fitness levels (1). Further, it is 
clear that weight-training programs incorporating ex-
tremely high training volumes (e.g., >10 sets) are not 
required for optimal strength gains (38, 80).

Similar to other training methods, strength train-
ing should involve those muscles used in competi-
tion. Indeed, strength-training exercises should stress 
the muscles in the same movement pattern used 
during the athletic competition. For instance, a shot-
putter should perform exercises that strengthen the 
specific muscles of the arm, chest, back, and legs that 
are involved in “putting the shot.”

A final concern in the design of strength-training 
programs for sport performance is that the speed of 
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muscle shortening during training should be similar 
to those speeds used during the event. For exam-
ple, many sports require a high velocity of move-
ment. Studies have shown that strength-training 
programs using high-velocity movements in a sport-
specific movement pattern produce superior gains in 
strength/power-oriented sports. Table 21.3 provides 
an overview of resistance training guidelines for train-
ing programs to emphasize gains in maximal strength 
or muscular endurance. For a complete overview 
of progression models of strength training, see the 
ACSM position stand (2009) in Suggested Readings. 
Further, see The Winning Edge 21.1 for informa-
tion on periodization of strength training to improve 
strength gains.

Free Weights Versus Machines
Over the years, controversy has centered around the 
question of whether training with free weights (bar-
bells) or various types of weight machines (Nautilus, 
Life Fitness, etc.) produces greater strength gains in 
athletes. It is clear that both free weights and machines 
are effective at improving strength. Research shows 
that free-weight training leads to greater strength 
improvements in free-weight tests, whereas machine 
training results in greater strength performance on 
machine tests (1). When a neutral testing device is 
used to measure strength, strength improvement 
from free weights and machines are similar (1, 66). A 
recent review published by the American College of 

TABLE 21.3 Resistance Training Guidelines for Training Programs That Emphasize Maximal Strength  
or Muscular Endurance

Frequency  
per Week

Number of Sets  
per Exercise

Number of  
Repetitions per Set

Intensity (Percentage  
of 1-RM)

Rest Interval  
Between Sets

Resistance Training Programs to Maximize Strength Gains
Novice Trainer
2–3 total body  
sessions

1–3 8–12 60%–70% 2–3 minutes

Intermediate Trainer
3 total body  
sessions, 4 split  
routines

Multiple (>2 sets) 8–12 60%–70% 2–3 minutes

Advanced Trainer
4–6 split routines Multiple (>2 sets) 1–12 80%–100% in a  

periodized program
2–3 minutes

Frequency per Week Number of Sets 
per Exercise

Number of  
Repetitions per Set

Intensity (Percentage 
of 1-RM)

Rest Interval 
Between Sets

Resistance Training Programs to Emphasize Muscular Endurance
Novice Trainer
2–3 total body sessions Multiple (>2 sets) 10–15 Low (e.g. 30%–50%) 1 minute
Intermediate Trainer
3 total body sessions, 4 
split routines

Multiple (>2 sets) 10–15 Low (e.g., 30%–50%) 1 minute

Advanced Trainer
4–6 split routines Multiple (>2 sets) 10–25 Range 30%–60% 1 minute for 

10–15 reps, 
1–2 minutes  
for 15–25 reps

Note the following definitions: Novice trainer—less than 1 year of experience with resistance training; intermediate trainer—2–3 years of  
experience with resistance training; advanced trainer— ≥3 years of experience with resistance training; split routine—body is divided into  
different areas with each trained in a separate training session.

Data from “American College of Sports Medicine Position Stand. Progression Models in Resistance Training for Healthy Adults. Medicine &  
Science in Sports & Exercise 41: 687–708, 2009.
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THE WINNING EDGE 21.1

Periodization of Strength Training

Resistance training workouts are 
structured around the exercise in-
tensity and the number of “sets” 
and “reps.” Further, when working 
with athletic populations interested 
in maximal performance, a strength 
coach may also specify the rest periods 
between exercises and sets, the type 
of muscle action (eccentric or concen-
tric), the number of training sessions 
per week, and the training volume 
(the total number of reps done in a 
workout). Periodized strength train-
ing uses these variables to develop 
workouts to achieve optimal gains in 
strength, power, motor performance, 

and/or hypertrophy over the course 
of the year leading up to the com-
petitive season (1). Periodization de-
scribes a systematic process in which 
the volume and intensity of training 
are varied over time. For example, in 
“linear periodization,” the individual 
is progressed from high volume/low 
intensity to low volume/high inten-
sity over a specified time period (e.g., 
months). Are periodized resistance 
training programs better than nonpe-
riodized programs?

A recent literature review con-
cluded that periodized programs are 
more effective in promoting maximal 

strength than are nonperiodized pro-
grams for men and women of all age 
groups and individuals with varying 
backgrounds in resistance training 
(i.e., novice or athletes) (84). Con-
sistent with the overload principle, 
periodization-induced additions to 
volume, intensity, and frequency re-
sulted in improved strength gains. 
Several types of periodization have 
been formulated and are discussed 
in both Harries et al. (2015) and the 
American College of Sports Medicine 
Position Stand on Progression Mod-
els in Resistance Training for Healthy 
Adults located in Suggested Readings.

Sports Medicine concludes that each training mode 
has some advantages. For example, weight machines 
are regarded as safer to use, easy to learn, and they 
allow performance of some exercises that are difficult 
to achieve with free weights (e.g., knee extension) (1). 
Advantages of training with free weights include the 

fact that lifting free weights forces the athlete to con-
trol both balance and stabilizing factors. This type of 
training could be useful because most sports require 
the athlete to maintain balance and body stability 
during competition. Table 21.4 summarizes some of 
the advantages and disadvantages of strength training 

TABLE 21.4 Summary of Potential Advantages and Disadvantages of Weight-Training Programs Using 
Various Types of Equipment

Program Equipment Advantages Disadvantages

Isometric Variety of home- 
designed  
devices

Minimal cost; less time required Not directly applicable to  most 
sport activities; may become 
boring; progress is difficult to 
monitor

Dynamic Free weights Low cost; specialized exercises may 
be designed to simulate a particu-
lar sport movement; progress easy 
to monitor

Injury potential due to  dropping 
weights; increase in workout 
time due to time required to 
change weights

Dynamic Commercial weight 
machines (i.e.,  
Life Fitness®)

Generally safe; progress easy 
to  monitor; small amount of time 
required to change weight

Does not permit specialized  
exercise; high cost

Variable 
resis-
tance

Commercial   
devices  
(e.g., Nautilus®)

Has a cam system that provides 
a  variable resistance that changes 
to match the joint’s ability to pro-
duce force over the range of motion;  
progress easy to monitor; safety

High cost; limited  specialized 
exercises

Isokinetic Commercial  
isokinetic devices 
(e.g., Cybex®)

Allows development of maximal   
resistance over full range of mo-
tion; exercises can be performed 
at a variety of speeds

High cost; limited specialized 
exercises

Modified from Åstrand, P., and Rodahl, K., Textbook of Work Physiology. Champaign, IL: Human Kinetics, 2003.
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using isometric, dynamic (free weights, Nautilus, etc.), 
and isokinetic machines.

Gender Differences in Response  
to Strength Training
It is well established that when absolute strength 
(i.e., total amount of force applied) is compared in 
untrained men and women, men are typically stron-
ger. This difference is greatest in the upper body, 
where men are approximately 50% stronger than 
women, whereas men are only 30% stronger than 
women in the lower body (78). However, this sex 
difference in strength is eliminated when force pro-
duction in men and women is compared on the ba-
sis of the cross-sectional area of muscle. Figure 21.3 
illustrates this point. Notice that as the cross-sec-
tional area of muscle increases (x-axis), the arm 
flexor strength (y-axis) increases in a linear fashion 
and is independent of sex. That is, human muscle 
can generate 3–4 kg of force per cm2 of muscle 
cross-section, regardless of whether the muscle be-
longs to a male or a female.

An often-asked question is “Do women gain 
strength as rapidly as men when training with 
weights?” A classic study answered this question and 
compared the strength change between a group of 
untrained men and women before and after 10 weeks 
of resistance training (93). The results revealed that no 
differences existed between sexes in the percentage 
of strength gained during the training period (see Fig. 
21.4). Similar findings have been reported in other 
studies, and they demonstrate that untrained men 
and women respond similarly to weight training (52). 
However, the aforementioned studies are considered 
short-term training periods and may not reflect what 
occurs over long-term training. For instance, it is 
generally believed that men exhibit a greater  degree 

of muscular hypertrophy than women as a result of 
long-term weight training. This gender difference in 
muscular hypertrophy appears to be related to the 
fact that men have 20–30 times higher blood levels of 
testosterone (52).

CONCURRENT STRENGTH 
AND ENDURANCE TRAINING 
PROGRAMS
Strength and endurance training are often per-
formed concurrently by athletes and fitness enthu-
siasts. As discussed in Chap. 13, the performance 
of combined strength- and endurance-training pro-
grams does not impair aerobic training-induced 
increases in endurance capacity but concurrent 
training can antagonize the strength gains achieved 
by resistance training alone (28, 47, 49, 85, 92). 
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Figure 21.3 Arm flexor strength of men and women 
graphed as a function of muscle cross-sectional area.
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Figure 21.4 Strength changes in men and women as a  
result of a 10-week strength-training program.

IN SUMMARY
 ■ Improvement in muscular strength can be 
achieved via progressive overload by using 
 either isometric, isotonic, or isokinetic  
exercise.

 ■ Isotonic or isokinetic training seems  
preferable to isometric exercise in developing 
strength gains in athletes, because isometric 
strength gains occur only at the specific  
joint angles that are held during isometric  
training.

 ■ Men are generally larger than women and 
 exhibit greater absolute strength than  
females. However, when muscle force 
 production is normalized to muscle cross- 
sectional area, no differences exist in the  
force production of skeletal muscle between 
men and women.
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Note that these interference effects are muscle 
group specific whereby decrements in strength 
gains are found in the legs and not in upper-body 
muscles (92). Moreover, whether or not the com-
bination of resistance and endurance training im-
pedes strength gains depends on several factors, 
including the endurance training modality, the 
volume and frequency of endurance training, and 
the way the two training methods are integrated 
(71, 85, 92). For example, although the mechanism 
remains unknown, resistance training performed 
concurrently with running exercise training has a 
greater decrement on strength gains than cycling 
exercise (92). Further, the volume of endurance 
training completed plays an important role in de-
termining whether concurrent training has a neg-
ative impact on strength gains (92). Specifically, 
endurance exercise training performed more than 
three days per week and ≥30–40 minutes per day 
appears to represent a threshold where concurrent 
training interferes with strength gains. Finally, the 
scheduling of strength and endurance training on 
the same day can impact strength gains. For in-
stance, performing an endurance training workout 
immediately prior to engaging in a resistance train-
ing session could have a negative impact on the 
athlete’s training effort during the resistance train-
ing session (85).

What are the practical implications for athletes 
regarding the question of whether to engage in 
concurrent training? Clearly, research suggests that 
concurrent training can impair the development 
of both maximal strength and power compared to 
resistance training alone (92). Therefore, athletes 
whose sport requires maximal strength and power 
output (i.e., 100 meter sprinters, etc.) should limit 
concurrent training. However, if an athlete’s sport 
is not dependent upon maximal power output, con-
current training will not have a negative impact on 
performance unless the combination of resistance 
and endurance exercise training results in over-
training. Moreover, careful planning of concurrent 
training by engaging in cycling exercise and/or 
avoiding high-volume endurance training (i.e., ≥3 
days/week and ≥30 minutes/day) can prevent con-
current training-induced decrements in strength 
gains (92).

NUTRITIONAL INFLUENCE 
ON TRAINING-INDUCED 
SKELETAL MUSCLE 
ADAPTATIONS
As discussed in Chaps. 8 and 13, skeletal muscle is a 
highly adaptable tissue with the capacity to change 
its functional capacity in response to exercise training. 
These functional consequences of exercise-induced 
muscle adaptations are primarily determined by the 
mode of training (e.g. endurance exercise vs. resistance 
exercise). However, emerging evidence suggests that 
exercise training-induced muscle adaptations are also 
influenced by nutrition and nutrient availability (48). 
Recall that an introduction to nutrition and exercise 
was provided in Chap. 18 and the impact of nutrition 
on exercise performance is addressed in Chap. 23. 
In the following sections, we highlight the influence 
of nutrition and nutrient supply on skeletal muscle 
adaptation to exercise training. Specifically, we will 
discuss the impact of carbohydrate and protein avail-
ability on muscle adaptation to exercise training and 
will review the evidence that supplementation with 
mega doses of antioxidants has the potential to di-
minish the normal training responses to endurance 
exercise.

Carbohydrate Availability in Skeletal 
Muscle Influences Endurance  
Training Adaptation
During exercise, skeletal muscle obtains carbohy-
drate as a fuel source primarily from glycogen stores 
in the muscle. In this regard, evidence shows that 
low muscle glycogen levels can have a positive  

 ■ Concurrent training-induced impairment of 
muscular strength gains is muscle group spe-
cific whereby a decrease in strength gains oc-
curs in the legs but not in upper-body muscles.

 ■ Whether or not the combination of resistance 
and endurance training impedes strength gains 
depends on several factors, including the en-
durance training modality, the volume of en-
durance training, and the way the two training 
methods are integrated.

 ■ Athletes whose sport requires maximal 
strength and power output should limit con-
current training. However, if an athlete’s sport 
is not dependent upon maximal power output, 
concurrent training will not have a negative 
impact on performance unless the concurrent 
training results in overtraining.

IN SUMMARY
 ■ The performance of combined strength-  
and endurance-training does not impair 
 training-induced increases in endurance but 
this  concurrent training can impair the  
strength gains achieved by resistance training 
alone.
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influence on endurance training-induced skeletal 
muscle adaptation (18). Indeed, beginning an ex-
ercise training session with low muscle glycogen 
levels promotes a greater muscle adaptation com-
pared to the same training performed with normal 
or high muscle glycogen concentrations (48). Spe-
cifically, starting a workout with low muscle gly-
cogen levels results in increased protein synthesis 
of a number of proteins involved in training ad-
aptation. The mechanism to explain this response 
is that exercise during conditions of low muscle 
glycogen increases the activation of PGC-1α (i.e., 
master regulator of mitochondrial biogenesis) in 
skeletal muscle due to greater stimulation of both 
AMP kinase and p38 which serve as upstream 
promoters of PGC-1α activation (48). This higher 
activation of PGC-1α during exercise will result 
in increased mitochondrial biogenesis which is  
an important muscle adaptation to endurance  
exercise.

How can an endurance athlete design a train-
ing program to effectively use the knowledge that 
training with low glycogen levels accelerates train-
ing adaptation? One approach could be to limit 
dietary carbohydrate intake and therefore deplete 
muscle glycogen levels by the failure to resynthe-
sis glycogen following training sessions. However, 
this approach has been shown to result in chronic 
fatigue and impair the athlete’s ability to train. 
The second and perhaps best approach would be 
to engage in training twice a day every second 
day. By training twice a day, the endurance athlete 
would begin the second training session of the day 
with lower muscle glycogen levels compared to 
the first training session which should be advan-
tageous for training adaptation. Indeed, research 
shows that this method is effective and suggests 
that this training pattern is superior to training 
once a day (45).

Protein Availability in Skeletal Muscle 
Influences Muscle Protein Synthesis 
Following Exercise
Research shows that providing high-quality (e.g., 
milk or whey) protein (e.g., milk or whey) to ath-
letes immediately before or following a training ses-
sion increases the rate of muscle protein synthesis 
following exercise (81). This is true for both en-
durance exercise training and resistance exercise 
training (81). Moreover, protein supplementation 
may also accelerate gains in anaerobic power (79). 
Therefore, both endurance and power athletes 
should carefully plan their protein intake around 

workouts to optimize training adaptations. For 
more details on the timing and amount of protein 
required for optimal exercise-induced protein syn-
thesis, see Chap. 23 and Pasiakos et al. (2015) in 
Suggested Readings.

Supplementation with Mega Doses  
of Antioxidants
Both endurance and resistance exercises result in 
increased free radical production in active skel-
etal muscles. In this regard, studies indicate that 
exercise-induced free radical production can pro-
mote oxidative damage to cells and contributes to 
muscular fatigue during prolonged exercise. The 
fact that contracting muscles produce radicals has 
motivated some athletes to use antioxidant sup-
plements in an effort to prevent exercise-induced 
free radical damage and muscle fatigue. However, 
whether or not antioxidant supplements are help-
ful or harmful to the athlete remains debatable and 
emerging evidence indicates that supplementation 
with mega doses of antioxidants can block train-
ing adaptations. For example, supplementation 
with mega doses of the antioxidants, vitamins E  
and C (i.e., 400 i.u. vitamin E and 1000 mg vita-
min, C), can diminish important exercise-induced 
adaptations in skeletal muscle. Indeed, recall from 
Chap. 13 that exercise-induced production of free 
radicals is a required signal to stimulate the ex-
pression of numerous skeletal muscle proteins 
including antioxidant enzymes and mitochon-
drial proteins. Therefore, it is not surprising that 
blocking radical stimulated signaling pathways 
in skeletal muscle by consuming mega doses of 
antioxidants can blunt exercise-induced muscle 
adaptations.

IN SUMMARY
 ■ Exercise-induced muscle adaptations are  
influenced by nutrition and nutrient  
availability.

 ■ Beginning an endurance training session  
with low muscle glycogen levels has a  
positive influence on muscle adaptation to 
training.

 ■ Consumption of high-quality protein  
before or after an exercise training session  
can increase the rate of muscle protein  
synthesis.

 ■ Consuming mega doses of the antioxidants, 
vitamins E and C, can blunt important exercise-
induced adaptations in skeletal muscle.
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MUSCLE SORENESS
It is a common experience for novice exercisers and 
sometimes even veteran athletes to notice a delayed-
onset muscle soreness (DOMS) that appears 24–48 
hours after strenuous or unaccustomed exercise. The 
search for an answer to the question of “What causes 
DOMS?” has extended over many years. A number of 
possible explanations have been proposed, including 
a buildup of lactate in muscle, muscle spasms, and 
torn muscle and connective tissue. It is clear that 
lactate does not cause this type of soreness. Based 
on present evidence, it appears that DOMS is due to 
tissue injury caused by excessive mechanical force 
exerted upon muscle and connective tissue resulting 
in microtrauma to these tissues (6, 16, 18, 35, 64). Evi-
dence to support this viewpoint comes from electron 
microscopy studies in which electron micrographs 
taken of muscles suffering from DOMS reveal micro-
scopic tears in these muscle fibers (36).

How does DOMS occur, and what is the physi-
ological explanation for it? Complete answers to these 
questions are not currently available (for reviews, see 
references 6, 17, and 82). However, current evidence 
suggests that DOMS occurs in the following manner 
(6, 82): (1) strenuous muscular contractions (especially 
eccentric contractions) result in structural damage in 
muscle (i.e., disruption of sarcomeres); (2) membrane 
damage occurs, including damage to the membranes 
of the sarcoplasmic reticulum; (3) calcium leaks out 
of the sarcoplasmic reticulum and collects in the mi-
tochondria, which inhibits ATP production; (4) the 
buildup of calcium also activates enzymes (proteases), 
which degrade cellular proteins, including contractile 
proteins (41); (5) membrane damage combines with a 
breakdown of muscle proteins and results in an inflam-
matory process, which includes an increase in prosta-
glandins/histamine production and production of free 
radicals (19); and finally (6) the accumulation of hista-
mines and edema surrounding muscle fibers stimulates 
free nerve endings (pain receptors), which results in 
the sensation of pain in the muscle (64) (see Fig. 21.5).

How does one avoid being a victim of DOMS 
following exercise? It appears that DOMS occurs 
most frequently following intense exercise using 
muscles that are unaccustomed to being worked 
(17, 21). Further, eccentric exercise (i.e., lengthening 
contractions) increases the risk for the development 
of DOMS compared to concentric exercise. There-
fore, a general recommendation for the avoidance of 
DOMS is to slowly begin a specific exercise during 
the first five to ten training sessions. This pattern 
of slow progression allows the exercised muscles to 
“adapt” to the exercise stress and therefore reduces 
the incidence or severity of DOMS (see Research  

Focus 21.1). For more information on DOMS, see 
Lewis et al. (2012) in Suggested Readings and Clini-
cal Applications 21.1. Also, many manufacturers pro-
duce compression garments for use during training 
and sports competition. A common manufacturer 
claim about the benefits compression clothing is that 
they improve recovery from exercise-induced muscle 
soreness. Further, manufacturers also claim that com-
pression clothing improves endurance exercise per-
formance—see a Winning Edge 21.2 for information 
on the impact of compression clothing on DOMS and 
sports performance.

(1) Structural damage to
muscle fibers

(2) Membrane damage

(3) Calcium leaks out of the
sarcoplasmic reticulum

(4) Protease activation—
results in breakdown of

cellular proteins

(5) Inflammatory response

(6) Edema and pain

Proposed Steps Leading to
Delayed-Onset Muscle Soreness (DOMS)

Strenuous Exercise

Figure 21.5 Proposed model to explain the occurrence of 
delayed-onset muscle soreness (DOMS) resulting from 
strenuous muscular exercise.

IN SUMMARY
 ■ Delayed-onset muscle soreness (DOMS) occurs 
due to microscopic tears in muscle fibers or 
connective tissue. This results in activation of 
proteases, inflammation, and muscle edema (i.e., 
swelling), which results in pain within 24–48 
hours after strenuous exercise.
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RESEARCH FOCUS 21.1

Protection Against Exercise-Induced Muscle Soreness: The Repeated Bout Effect
Performing a bout of unfamiliar ex-
ercise often results in muscle injury 
and DOMS. This is particularly true 
when the bout of unfamiliar exercise 
involves eccentric actions. Interest-
ingly, following recovery from DOMS, 
a subsequent bout of the same exer-
cise results in minimal symptoms of 
muscle injury and soreness; this is 
called the “repeated bout effect” (72). 
Although many theories have been 
proposed to explain the repeated 
bout effect, the specific mechanism 
responsible for this exercise-induced 
protection is unknown and continues 
to be debated. In general, three pri-
mary theories have been proposed to 
explain the repeated bout effect: (1) 
neural theory, (2) connective tissue 
theory, and (3) cellular theory (72).

The neural theory proposes that 
the exercise-induced muscle injury 

occurs in a relatively small number of 
active type II (fast) fibers. In the subse-
quent exercise bout, a change occurs 
in the pattern of recruitment of mus-
cle fibers to increase motor unit acti-
vation to recruit a larger number of 
muscle fibers. This results in the con-
tractile stress being distributed over a 
larger number of fibers. Hence, there 
is a reduction in stress within individ-
ual fibers, and no muscle injury occurs 
during subsequent exercise bouts.

The connective tissue theory argues 
that muscle damage due to the initial 
exercise bout results in an increase in 
connective tissue to provide more pro-
tection to the muscle during the stress 
of exercise. This increased connective 
tissue is postulated to be responsible 
for the repeated bout effect.

Finally, the cellular theory pre-
dicts that exercise-induced muscle 

damage results in the synthesis of 
new proteins (e.g., stress proteins 
and cytoskeletal proteins) that im-
prove the integrity of the muscle 
fiber. The synthesis of these “pro-
tective proteins” reduces the strain  
on the muscle fiber and protects  
the muscle from exercise-induced 
injury.

Which of these theories best ex-
plains the repeated bout effect is un-
known. It seems unlikely that one 
theory can explain all the various 
observations associated with the re-
peated bout effect. Thus, it is possible 
that the repeated bout effect occurs 
through the interaction of various 
neural, connective tissue, and cellu-
lar factors that respond to the specific 
type of exercise-induced muscle in-
jury (72). This idea is summarized in 
Fig. 21.6.

Figure 21.6 Proposed theories to explain the “repeated bout effect.” Briefly, an initial bout of exercise results in muscle 
injury. This muscular injury results in a physiological adaptation, which occurs via changes in the nervous system, 
muscle connective tissue, and/or cellular changes within muscle fibers. One or all of these adaptations serve to pro-
tect the muscle from injury during a subsequent bout of exercise. 
Figure redrawn from McHugh, M. P., Connolly, D. A., Eston, R. G., and Gleim, G. W., “Exercise-Induced Muscle Damage and Potential Mechanisms 
for the Repeated Bout Effect,” Sports Medicine 27: 157–170, 1999.
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TRAINING TO IMPROVE 
FLEXIBILITY
Historically, it has been believed that improvement 
of flexibility via stretching reduces the risk of exer-
cise-induced injury. Nonetheless, at present, limited 
evidence exists to support the concept that stretch-
ing prevents injuries during exercise and participa-
tion in many sports (5, 46, 73). Further, a general 
consensus is that stretching in addition to warm-up 
does not reduce the risk of overuse injuries (73).  
See McHugh and Cosgrave (2010) in Suggested 
Readings for more information regarding the role of 
stretching in preventing or reducing muscle sore-
ness after exercise.

Although improved flexibility may not reduce 
the risk of exercise-induced injury, the ability to 
move joints through a full range of motion is impor-
tant in many sports. Indeed, loss of flexibility can re-

sult in a reduction of movement efficiency. Therefore, 
many athletic trainers and coaches recommend regu-
lar stretching exercises to improve flexibility and per-
haps optimize the efficiency of movement.

Two general stretching techniques are in use to-
day: (1) static stretching (continuously holding a 
stretch position) and (2) dynamic stretching (some-
times referred to as ballistic stretching if movements 
are not controlled). Although both techniques result 
in an improvement in flexibility, static stretching 
is considered to be superior to dynamic stretching 
because (1) there is less chance of injury, (2) static 
stretching causes less muscle spindle activity when 
compared to dynamic stretching, and (3) there is less 
chance of inducing muscle injury. Stimulation of mus-
cle spindles during dynamic stretching can produce 
a stretch reflex and therefore result in muscular con-
traction. This type of muscular contraction counter-
acts the desired lengthening of the muscle and may 
increase the chance of injury.

CLINICAL APPLICATIONS 21.1

Treatment of Delayed Onset Muscle Soreness
Delayed onset muscle soreness 
(DOMS) often appears within 24–48 
hours following a strenuous and/or 
unaccustomed exercise bout. In many 
cases, the muscle pain associated 
with DOMS is significant and can re-
sult in a loss of training time. There-
fore, many studies have explored 
treatment strategies to alleviate the 
pain and discomfort associated with 
DOMS. The most common and well-
documented treatments for DOMS 
are: (1) rest, ice, compression, and ele-
vation and (2) the use of nonsteroidal 
anti-inflammatory drugs (e.g., aspirin, 
ibuprofen, or naproxen).

The most recommended initial 
treatment for minor soft tissue (e.g., 
skeletal muscle) injuries is rest, ice, 
compression, and elevation (often 
abbreviated as RICE). The strategy 
of RICE is to reduce swelling and in-
flammation of the injured muscle to 
lessen pain and accelerate healing. 
Specifically, rest of the injured mus-
cles lowers the risk of further tissue 
damage and the application of ice 
to the injured muscle reduces both 
blood flow and swelling. Continu-
ous compression (wearing compres-
sion garments or elastic bandages) 
around the injured muscle is an 

effective means to reduce swell-
ing and lessen pain associated with 
DOMS. In addition to compression, 
elevation of the injured muscle is 
another means of decreasing swell-
ing. Collectively, the RICE treat-
ment of soft tissue injury is widely 
considered to be an effective treat-
ment for DOMS.

While the use of nonsteroidal anti-
inflammatory drugs such as aspirin 
and ibuprofen is a common treat-
ment to relieve pain associated with 
DOMS, a review of the scientific liter-
ature reveals that many discrepancies 
exist on the efficacy of these drugs. 
Nonetheless, many well-controlled 
studies suggest that anti-inflamma-
tory drug treatment can reduce the 
pain associated with severe DOMS. 
Unfortunately, the specific type of 
nonsteroidal anti-inflammatory drug, 
dosage, and treatment pattern that is 
most effective in lessening the pain 
associated with DOMS remains in 
question. Further, athletes and ac-
tive individuals should be warned 
that high doses and prolonged use of 
nonsteroidal anti-inflammatory drugs 
is often associated with adverse gas-
trointestinal effects (e.g., stomach ir-
ritation).

Many other treatments for DOMS 
have also been explored; however, 
the effectiveness of these therapies 
remains unclear. In general, there is 
limited support for the concept that 
stretching or massage is effective in 
reducing the pain associated with 
DOMS. Moreover, other treatments 
such as acupuncture, ultrasound, 
herbal remedies, and antioxidants do 
not consistently relieve the pain as-
sociated with DOMS.

In summary, the most docu-
mented effective treatments to re-
lieve pain from DOMS are RICE and 
treatment with nonsteroidal anti-in-
flammatory drugs. Clearly, treatment 
using the RICE approach is effective 
in reducing both pain and swelling as-
sociated with DOMS. While over the 
counter medications are frequently 
used to treat DOMS, controversy re-
mains regarding the type, dosage, and 
treatment pattern with nonsteroidal 
anti-inflammatory drugs that is most 
effective in reducing the pain associ-
ated with DOMS. Clearly, additional 
research on this topic is warranted. 
See Jones et al. (2015) and Connolly 
et al. (2003) in the Suggested Read-
ings for more details on the treatment 
of DOMS.
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THE WINNING EDGE 21.2

Do Compression Garments Benefit Athletes During Competition and Recovery from Training?

Elastic compression clothing can be 
worn to compress both the lower and 
upper limbs via the pressure applied 
to the skin and musculature. Histori-
cally, lower body compression gar-
ments have been used in medicine to 
treat a variety of circulatory disorders 
(e.g., postural hypotension, varicose 
veins, or deep vein thrombosis). For 
these patients, wearing compression 
clothing improves venous return and 
reduces tissue swelling. Based on 
the evidence that compression gar-
ments increase venous return, many 
athletic apparel companies promote 
compression clothing for use during 
exercise, creating a new category of 
sports clothing. Manufacturers claim 
that wearing compression clothing 
enhances recovery from exercise by 
accelerating lactate removal from the 
blood and improving recovery follow-
ing damaging exercise. Some manu-
facturers also assert that compression 
clothing improves endurance per-
formance. However, to date, limited 
scientific evidence exists to support 
most of these claims. Let’s examine 
the evidence for and against the bene-
fits of wearing compression garments 
during exercise.

Do compression garments improve 
recovery from exercise?
Several companies claim that a key 
benefit of using compression gar-
ments is the increased removal of 
the metabolic byproduct lactate from 
skeletal muscles, which could aid 
in recovery from exercise. However, 
studies investigating the effects of 
compression clothing on lactate re-
moval following exercise are inconsis-
tent. In fact, most studies conclude 
that compression clothing does not 
speed up lactate removal from the 
blood following exercise (68). Fur-
ther, even if compression clothing 
increased lactate elimination, blood 
lactate concentration alone is not an 
established biomarker of the quality 
of recovery from exercise.

Several studies support the con-
cept that wearing compression cloth-
ing can aid in the recovery from 
exercise-induced muscle damage (i.e., 
DOMS). Specifically, wearing com-
pression clothing for 3–4 days fol-
lowing the exercise-induced muscle 
damage reduces muscle swelling 
and lowers the pain associated with 
DOMS (30, 51, 68). These findings are 
not surprising given that treatment of 
DOMS using compression is an estab-
lished treatment approach to reduce 
the pain and swelling associated with 
soft tissue injuries.

Do compression garments improve 
exercise performance?
In addition to wearing compression 
garments during recovery, many 
athletes also wear compression 
clothing in their event in hopes of 
improving performance. However, a 
recent review concluded that wear-
ing compression garments does not 
improve running performance in 
events ranging from 400 meters to 
the half-marathon (i.e., 13.1 miles) 
(30). Nonetheless, compression gar-
ments do appear to have a small posi-
tive effect on running economy (30); 
yet, the mechanism(s) to explain this 
compression-induced benefit on run-
ning economy is unclear.

Interestingly, some studies also 
suggest that compression clothing 
results in small improvements in 
time-to-exhaustion during laboratory 
exercise tests (reviewed in 30). The 
mechanism(s) to explain this finding 
is unclear but could be linked to a 
placebo effect of wearing compression 
garments. That is, wearing compres-
sion clothing during exercise could 
exert a positive psychological influ-
ence that leads to a lower perceived 
exertion during exercise (reviewed in 
30). The explanation for a lower per-
ceived exertion could be that test sub-
jects have positive perceptions about 
the outcome of the exercise test when 
wearing compression clothing.

Exercise benefits of compression 
clothing—conclusions
Athletes and coaches are continuously 
searching for training aids that en-
hance both performance and recovery 
from training. Many advertisements 
claim that compression garments im-
prove both performance and recov-
ery; however, scientific evidence to 
support these claims is limited. In this 
regard, although the number of stud-
ies investigating the effects of wear-
ing compression clothing is growing, 
there is a need for additional well-
designed experiments to determine 
the impact on compression garments 
on both exercise performance and re-
covery. Indeed, the current research 
is highly inconsistent with some 
studies reporting exercise benefits of 
compression clothing, whereas other 
reports find no benefits. Several fac-
tors can account for the inconsistency 
in the literature including differences 
in study design, training status of 
subjects, small sample size in many 
studies, and differences in types of 
compression clothing. In regard to the 
types of compression clothing, a ma-
jor problem in studying the physio-
logical effects of compression clothing 
is most investigations do not measure 
the amount of external pressure ap-
plied to the body by the compression 
garment. This is important because 
differing levels of compression could 
have diverse physiological effects dur-
ing both exercise and recovery.

Despite the fact that the current 
literature suggests that compres-
sion clothing provides few benefits 
for training or competition, the use 
of compression garments remains 
popular among athletes. Clearly, fur-
ther investigation into the effects of 
wearing compression garments is re-
quired to identify the physiological 
influence of these garments and to 
better understand whether compres-
sion clothing can aid performance or 
recovery.
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Thirty minutes of static stretching exercises per-
formed twice per week will improve flexibility within 
five weeks. It is recommended that the stretch position 
be held for 10 seconds at the beginning of a flexibility 
program and increased to 60 seconds after several train-
ing sessions. Each stretch position should be repeated 
three to five times, with the number increased up to 
ten repetitions. Overload is applied by increasing the 
range of motion during the stretch position and increas-
ing the amount of time the stretch position is held.

Preceding a static stretch with an isometric con-
traction of the muscle group to be stretched is an 
effective means of improving muscle relaxation and 
may enhance the development of flexibility. This 
stretching technique is called proprioceptive neu-
romuscular facilitation (PNF). The procedure 
generally requires two people and is performed as 
follows: A training partner moves the target limb pas-
sively through its range of motion; after reaching the 
end point of the range of motion, the target muscle is 
isometrically contracted (against the partner) for six 
to ten seconds. The target muscle is then relaxed and 
is again stretched by the partner to a greater range 
of motion. The physiological rationale for the use of 
PNF stretching is that muscular relaxation follows an 
isometric contraction because the contraction stimu-
lates the Golgi tendon organs, which inhibit contrac-
tion during the subsequent stretching exercise.

YEAR-ROUND CONDITIONING 
FOR ATHLETES
It is common for today’s athletes to engage in year-
round conditioning exercises. This is necessary to 
prevent gain of excessive body fat and to prevent ex-
treme physical detraining between competitive sea-
sons. The training periods of athletes can be divided 
into three phases: (1) off-season training, (2) preseason 
training, and (3) in-season training, and can incorpo-
rate the periodization techniques discussed earlier in 
this chapter (see The Winning Edge 21.1). A brief 
description of each training period follows.

Off-Season Conditioning
In general, the objectives of off-season conditioning pro-
grams are to (1) prevent excessive fat weight gain, (2) 
maintain muscular strength or endurance, (3) sustain 
ligament and bone integrity, and (4) retain a reason-
able skill level in the athlete’s specific sport. Obviously, 
the exact nature of the off-season conditioning program 
will vary from sport to sport. For example, a football 
player would spend considerably more time perform-
ing strength-training exercises than would a distance 
runner. Conversely, the runner would incorporate more 
running into an off-season conditioning program than 
would the football player. Hence, specific exercises 
should be selected on the basis of the sport’s demands.

No matter what the sport, it is critical that an 
off-season conditioning program provide variety for 
the athlete. Further, off-season conditioning programs 
generally use a training regimen that is composed of 
low-intensity, high-volume work. This combination 
of low-intensity training and variety may prevent 
the occurrence of “overtraining syndromes” and the 
development of psychological staleness. Figure 21.7 
contains a list of some recommended training activi-
ties for off-season conditioning.

Off-season conditioning allows athletes to con-
centrate on fitness areas where they may be weak. 
Therefore, it is important that off-season programs be 
designed for the individual. For instance, a basketball 
player may lack leg strength and power and therefore 
have a limited vertical jump. Therefore, this athlete 
should engage in an off-season conditioning program 
that improves leg strength and power production to 
enhance vertical jumping capacity.

Preseason Conditioning
The principal objective of preseason conditioning (e.g., 
8–12 weeks prior to competition) is to increase to a 
maximum the capacities of the predominant energy 
systems used in a particular sport. In the transition from 
off-season conditioning to preseason conditioning,  

IN SUMMARY
 ■ Limited evidence exists to support the notion 
that improved joint mobility (flexibility) re-
duces the incidence of exercise-induced injury.

 ■ Stretching exercises are often recommended to 
improve flexibility and optimize the efficiency 
of movement.

 ■ Improvement in flexibility can be achieved 
via static or dynamic stretching, with static 
stretching being the preferred technique.

Weight training

Running

Skill practice

Participation in
other sports

Weight training

Running

Skill practice

Learning
strategies
(increased
intensity)

Maintenance
program

O�-Season Preseason

Suggested Activities for the Various Phases of
a Year-Round Training Program

In-Season

Figure 21.7 Recommended activities for the various 
phases of year-round training.
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there is a gradual shift from low-intensity, high-vol-
ume exercise to high-intensity, low-volume exercise. 
As in all phases of a training cycle, the program should 
be sport specific.

In general, the types of exercise performed dur-
ing preseason conditioning are similar to those used 
during off-season conditioning ( Fig. 21.7). The princi-
pal difference between off-season and preseason con-
ditioning is the intensity of the conditioning effort. 
During preseason conditioning, the athlete applies a 
progressive overload by increasing the intensity of 
workouts, whereas off-season conditioning involves 
high-volume, low-intensity workouts.

In-Season Conditioning
The goal of in-season conditioning for most sports 
is to maintain the fitness level achieved during the 
preseason training program. For instance, in a sport 
such as football, in which there is a relatively long 
competitive season, the athlete must be able to main-
tain strength and endurance during the entire season. 
A complicating factor in planning an in-season con-
ditioning program for many team sports is that the 
season may not have a clear-cut ending. That is, at the 
end of the regular season, playoff games may extend 
the season an additional several weeks. Therefore, it 
is difficult in these types of sports to plan a climax in 
the conditioning program, and so there is the need for 
a maintenance training program.

COMMON TRAINING 
MISTAKES
Some of the most common training errors include  
(1) overtraining, (2) undertraining, (3) using exercises 
and work-rate intensities that are not sport specific, 

(4) failure to plan long-term training schedules to 
achieve specific goals, and (5) failure to taper train-
ing prior to a competition. Let’s discuss each of these 
training errors briefly.

Overtraining may be a more significant problem 
than undertraining for several reasons. First, over-
training (workouts that are too long or too strenuous) 
may result in injury or reduce the athlete’s resistance 
to disease (see Chap. 6). Further, overtraining may 
result in a psychological staleness, which can be iden-
tified by a general lack of enthusiasm on the part 
of the athlete. The general symptoms of overtraining 
include (1) elevated heart rate and blood lactate lev-
els at a fixed submaximal work rate, (2) loss in body 
weight due to a reduction in appetite, (3) chronic 
fatigue, (4) psychological staleness, (5) multiple colds 
or sore throats, and/or (6) a decrease in performance 
(see Fig. 21.8). An overtrained athlete may exhibit 
one or all of these symptoms (11, 37, 53). Therefore, 
it is critical that coaches and trainers recognize the 
classic symptoms of overtraining and be prepared to 
reduce their athletes’ workloads when overtraining 
symptoms appear. Recall that specific training pro-
grams should be planned for athletes when possible 
to compensate for individual differences in genetic 
potential and fitness levels. This is an important point 
to remember when planning training programs for 
athletic conditioning.

For more details on overtraining, see Halson and 
Jeukendrup (2004) in Suggested Readings and refer-
ence 95.

Another common mistake in the training of ath-
letes is the failure to plan sport-specific training exer-
cises. Often, coaches or trainers fail to understand the 
importance of the law of specificity, and they develop 
training exercises that do not enhance the energy  

IN SUMMARY
 ■ Year-round conditioning programs for athletes 
include an off-season program, a preseason pro-
gram, and an in-season program.

 ■ The general objectives of an off-season con-
ditioning program are to prevent excessive 
fat weight gain, maintain muscular strength 
and endurance, maintain bone and ligament 
strength, and preserve a reasonable skill level in 
the athlete’s specific sport.

 ■ The primary objective of preseason condition-
ing is to increase the maximum capacities of 
the predominant energy systems used for a par-
ticular sport.

 ■ The goal of in-season conditioning for most 
sports is to maintain the fitness level achieved 
during the preseason training program.

Symptoms of Overtraining

Elevated heart
rate and blood
lactate levels

during exercise

Psychological
staleness

Decrease in
performance

Chronic
fatigue

Loss of body
weight

Increased
number

of infections

Figure 21.8 Common symptoms of overtraining.
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capacities of the skeletal muscles used in competi-
tion. This error can be avoided by achieving a broad 
understanding of the training principles discussed 
earlier in this chapter.

Further, coaches, trainers, and athletes should 
plan and record training schedules designed to achieve 
specific fitness objectives at various times during the 
year. Failure to plan a training strategy may result in 
the misuse of training time and ultimately result in 
inferior performance.

Finally, failure to reduce the intensity and vol-
ume of training prior to competition is also a common 
training error. Achieving a peak athletic performance 
requires a healthy blend of proper nutrition, training, 
and rest. Failure to reduce the training volume and/
or intensity prior to competition results in inadequate 
rest and compromises performance. Therefore, in an 
effort to achieve peak performance, athletes should 
reduce their training load for several days prior to 
competition; this practice is called tapering. The 
goal of tapering is to provide time for muscles to 
resynthesize glycogen to maximal levels and to al-
low muscles to heal from training-induced damage. 
Although the optimum length of a taper period con-
tinues to be debated, a reduced training load of 3–21 
days has been used successfully in both strength and 

endurance sports (54). Indeed, runners and swimmers 
can reduce their training load by approximately 60% 
for up to 21 days without a reduction in performance 
(20, 39, 54).

IN SUMMARY
 ■ Common mistakes in training include under-
training, (1) overtraining, (2) performing non-
specific exercises during training sessions,  
(3) failing to carefully schedule a long-term 
training plan, and (4) failing to taper training 
prior to a competition.

 ■ Symptoms of overtraining include (1) elevated 
heart rate and blood lactate levels at a fixed 
submaximal work rate, (2) loss in body weight 
due to a reduction in appetite, (3) chronic fa-
tigue, (4) psychological staleness, (5) increased 
number of infections, and/or (6) a decrease in 
performance.

 ■ Tapering is the term applied to short-term re-
duction in training load prior to competition. 
Research has shown that tapering prior to a 
competition is useful in improving performance 
in both strength and endurance events.

STUDY ACTIVITIES
 1. Explain how knowledge of the energy systems used in 

a particular activity or sport might be useful in design-
ing a sport-specific training program.

 2. Provide an outline of the general principles of designing 
a training program for the following sports: (1) football, 
(2) soccer, (3) basketball, (4) volleyball, (5) distance run-
ning (5000 meters), and (6) 200-meter dash (track).

 3. Define the following terms as they relate to interval 
training: (1) work interval, (2) rest interval, (3) work-to-
rest ratio, and (4) set.

 4. How can interval training be used to improve both 
aerobic and anaerobic power?

 5. List and discuss the three most common types of train-
ing programs used to improve V̇ O2 max.

 6. Discuss the practical and theoretical differences be-
tween an interval training program used to improve 

the ATP-PC system and a program designed to improve 
the ATP production via glycolysis.

 7. List the general principles of strength development.
 8. Define the terms isometric, isotonic, dynamic, and  

isokinetic.
 9. Outline the model to explain delayed-onset muscle 

soreness.
 10. Discuss the use of static and dynamic stretching to im-

prove flexibility. Why is a high degree of flexibility not 
desired in all sports?

 11. List and discuss the objectives of (1) off-season condi-
tioning, (2) preseason conditioning, and (3) in-season 
conditioning.

 12. What are some of the more common errors made in the 
training of athletes?
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 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

 1. Describe the incidence of amenorrhea in 
female athletes versus the general population.

 2. List those factors thought to contribute to 
“athletic” amenorrhea.

 3. Discuss the general recommendations for 
training during menstruation.

 4. List the general guidelines for exercise during 
pregnancy.

 5. Define the term female athlete triad.

 6. Discuss the possibility that chronic exercise 
presents a danger to (1) the cardiopulmonary 
system or (2) the musculoskeletal system of 
children.

 7. List those conditions in individuals with type 1  
diabetes that might limit their participation in 
a vigorous training program.

 8. Explain the rationale for the selection of an 
insulin injection site for people with type 1 
diabetes prior to a training session.

 9. List the precautions that people with asthma 
should take during a training session.

10. Discuss the question “does exercise promote 
seizures in people with epilepsy?”

11. Graph the change in muscle mass and 
muscular strength that occur with age.

12. Discuss the factors that contribute to the age-
related changes in muscle mass and muscular 
strength.

13. Discuss the impact of aging on V̇ O2 max in 
both men and women.

14. Outline the factor(s) that are responsible for the 
age-related decline in endurance performance.

Training for the Female Athlete, 
Children, Special Populations, 
and the Masters Athlete
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The general physiological principles of exercise 
training to improve performance apply to any-

one interested in improving athletic performance 
(see Chap. 21). However, when planning competi-
tive training programs for special populations, several 
specific issues require individual consideration. For 
example, special training concerns exist for both the 
female athlete and children. Also, there are specific 
guidelines for the training of people with diabetes, 
asthma, or epilepsy. Finally, a growing number of mas-
ters athletes are competing in endurance events. How 
does aging affect their physiological capability and 
ability to train? This chapter addresses each of these 
issues. Let’s begin our discussion with the topic of 
exercise training for the female athlete.

FACTORS IMPORTANT TO 
WOMEN INVOLVED IN 
VIGOROUS TRAINING
The involvement of women in competitive athletics 
has increased markedly over the past several decades. 
Previously, many of the decisions regarding the par-
ticipation of women in sports and exercise programs 
was made on the basis of limited, or absent, physi-
ological information. Research concerning women 
and exercise was scarce until recent years. Although 
many questions concerning the female athlete 
remain to be answered, research reveals that there 
is no reason to limit the healthy female athlete from 
active participation in endurance or power sports 
(13, 68). In fact, the general responses of females to 
exercise and training are essentially the same as those 
described for males (68), with the exception that 
exercise thermoregulation is moderately impaired 
in female athletes during the luteal phase of the 
menstrual cycle (76). The fact that men and women 
respond to exercise training in a similar manner is 
logical because the cellular mechanisms that regu-
late most physiological and biochemical responses 
to exercise are generally the same for both sexes. 
However, there are several specific concerns related 
to female participation in vigorous training. In this 
section, we will discuss four key issues related to the 
female athlete: (1) exercise and the menstrual cycle, 
(2) eating disorders, (3) bone mineral disorders, and 
(4) exercise during pregnancy.

Exercise and Menstrual Disorders
Over the past several years, there have been increas-
ing reports concerning the influence of intense exer-
cise training on the length of the menstrual cycle (23). 
Indeed, there are numerous reports in the literature 
of female athletes who experience “athletic” amenor-
rhea. The term amenorrhea is defined an absence or 
cessation of menses.

The incidence of athletic amenorrhea varies 
markedly across different sports. For example, the 
incidence of amenorrhea in the general population 
is approximately 3%, whereas the rate of amenorrhea 
ranges from 12% to 69% in female athletes (2, 27, 56). 
The highest incidence of amenorrhea (e.g., 50%–69%) 
occurs in sports that require a low percentage of body 
fatness to achieve competitive success’ such as dis-
tance running or ballet (85).

What causes menstrual cycle dysfunction in 
athletes? In general, amenorrhea is caused by disrup-
tions in the normal signaling processes between the 
hypothalamus and the pituitary gland. The specific 
cause(s) of these disrupted signaling processes in 
female athletes may vary across individuals, but can 
be due to several factors, including overtraining, psy-
chological stress, and low energy availability (48, 74, 
85). Although some studies linked a low percentage 
of body fat with athletic amenorrhea, evidence does 
not fully support the notion that low body fat alone is 
the principal cause of amenorrhea (85). Whatever the 
cause of amenorrhea in athletes, the risk of develop-
ing it increases as a function of the total amount of 
training (21, 45). Figure 22.1 illustrates this point. As 
the weekly training distance increases, the incidence 
of athletic amenorrhea increases in proportion to the 
increase in training stress. This finding can be inter-
preted to mean that too much training either directly 
or indirectly influences the incidence of amenorrhea. 
There are at least three ways in which training might 
influence normal reproductive function. First, exercise 
alters blood concentrations of numerous hormones  
(4, 36, 37), which may result in a modification of feed-
back to the hypothalamus (see Chap. 5). This, in turn, 
may influence the release of female reproductive hor-
mones and therefore modify the menstrual cycle. A 
second possibility is that high training mileage may 
result in increased psychological stress. Psychological 
stress may disrupt the menstrual cycle by increasing 
blood levels of catecholamines or endogenous opiates, 

 ■ Key Terms
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which play a role in regulating the reproductive sys-
tem. Finally, prolonged and intense exercise training 
can result in low energy availability, which is a major 
risk factor for the development of athletic amenorrhea 
(74). Energy availability is defined as dietary energy 
intake minus exercise energy expenditure. It follows 
that high levels of exercise energy expenditure with-
out adequate dietary energy intake would result in 
low energy availability in cells, which can impair the 
normal reproductive signaling processes and result in 
amenorrhea (74). For a review of the reproductive sys-
tem and exercise in women, see Orio et al. (2013) in 
Suggested Readings. For a discussion about menstrual 
dysfunction associated with the female athlete triad, 
see A Closer Look 22.1.

Training and Menstruation
The consensus opinion among physicians is that there 
is little reason for the healthy female athlete to avoid 
training or competition during menses (50). Indeed, 
evidence exists that outstanding performances and 
world records have been established during all phases 
of the menstrual cycle (30). Therefore, it is not recom-
mended that the female athlete alter her training or 
competitive schedule because of menses.

Dysmenorrhea (painful menstruation) can be 
problematic for females because the incidence of dys-
menorrhea is higher in athletic populations than in 
nonathletic groups. The explanation for this observa-
tion is unknown. However, it is possible that prosta-
glandins (a type of naturally occurring fatty acid) are 
responsible for dysmenorrhea in both athletes and 
nonathletes. The release of prostaglandins begins just 
prior to the onset of menstrual flow and may last for 
two to three days after menses begin. These pros-
taglandins cause the smooth muscle in the uterus 
to contract, which in turn causes ischemia (reduced 
blood flow) and pain (50).

Although athletes who experience dysmenorrhea 
can continue to train, this is often difficult because 
physical activity may increase the discomfort. Ath-
letes who experience severe dysmenorrhea should 
see a physician for treatment (50). Often, dysmenor-
rhea pain can be treated with over-the-counter med-
ications, which can be taken without interrupting 
training schedules.

The Female Athlete and Eating Disorders
Eating disorders are illnesses that cause severe distur-
bances in eating behaviors. In the United States, it is 
estimated that over 10 million women and 1 million 
men will suffer from a clinically significant eating dis-
order in their lifetime (57). Indeed, the perceived low 
social acceptance for individuals with a high percent-
age of body fat and an emphasis on having the “perfect” 
body have increased the incidence of eating disorders 
(64). Two of the more common eating disorders that 
affect both female and male athletes are anorexia ner-
vosa and bulimia (87). Because of the relatively high 
occurrence of these eating disorders in female ath-
letes, we discuss both the symptoms and health con-
sequences of these abnormal eating behaviors.

Anorexia Nervosa Anorexia nervosa is an eating disor-
der that is unrelated to any specific physical disease. The 
end result of extreme anorexia nervosa is a state of starva-
tion in which the individual becomes emaciated due to 
a refusal to eat. The psychological cause is unclear, but it 
seems to be linked to an unfounded fear of fatness that may 
be related to family or societal pressures to be thin (28). It 
appears that individuals with the highest probability of 
developing anorexia nervosa are upper-middle-class, young 
females who are extremely self-critical. The incidence of 
anorexia nervosa in the United States is estimated to be ap-
proximately 1 out of every 100 adolescent girls (46, 81).

The person with anorexia may use a variety of 
techniques to remain thin, including starvation, exer-
cise, and laxatives (46, 87). The effects of anorexia 
include excessive weight loss, cessation of menstrua-
tion, and, in extreme cases, death. Because this is a 
serious mental and physical disorder, medical treat-
ment by a team of professionals (physician, psycholo-
gist, nutritionist) is necessary to correct the problem. 
Treatment may require years of psychological coun-
seling and nutritional guidance. The first step in seek-
ing professional treatment for anorexia nervosa is the 
recognition that a problem exists. Figure 22.2 illus-
trates common symptoms. See Joy et al. (2016) in the 
Suggested Readings for more details on the diagnosis 
and treatment of eating disorders in athletes.

Bulimia Bulimia (also referred to as bulimia ner-
vosa) is overeating (called binge eating) followed 
by vomiting (called purging) (69). The person with 

Figure 22.1 The relationship between training distance 
and the incidence of amenorrhea. Notice that as the 
training distance increases, there is a direct increase in 
the incidence of amenorrhea.
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 bulimia repeatedly ingests large quantities of food and 
then forces himself or herself to vomit to prevent 
weight gain. Bulimia may result in damage to the 
teeth and the esophagus due to vomiting of stomach 
acids. Like anorexia nervosa, bulimia is most common 
in female athletes, has a psychological origin, and re-
quires professional treatment when diagnosed. The 
incidence of bulimia has been estimated as between 
1% and 3% among U.S. females aged 13–20 (81).

Most people with bulimia look normal and are of 
normal weight. Even when their bodies are slender, 
their abdomens may protrude due to being stretched 
by frequent eating binges. Common symptoms are 
illustrated in Fig. 22.3.

Eating Disorders: Final Comments
Eating disorders continue to be a problem in female 
athletes. The sports with the highest incidence of eat-
ing disorders are distance running, swimming, diving, 
figure skating, gymnastics, body building, and ballet. 
Although maintaining an optimal body composition 
for competition is important to achieve athletic suc-
cess, eating disorders are not an appropriate means of 
weight loss. Therefore, trainers, athletes, and coaches 
need to recognize the warning signals of eating disor-
ders and be prepared to assist the athlete in obtaining 
the appropriate help.

Although the focus in this chapter is on eating 
disorders in female athletes, it is important to note 
that eating disorders also occur in female nonathletes. 
Interestingly, in the nonathletes, exercise has been 
suggested as a useful intervention to treat eating dis-
orders (51). Indeed, studies indicate that regular exer-
cise can improve the biological and social outcomes 
in many patients with eating disorders (51).

Bone Mineral Disorders and  
the Female Athlete
A growing concern for the female athlete is the loss of 
bone mineral content (osteoporosis). In general, there are 
two major causes of bone loss in the female athlete (1, 32):

 1. Estrogen deficiency due to amenorrhea
 2. Inadequate calcium intake due to eating disorders

Unfortunately, many female athletes suffer bone 
loss due to both amenorrhea and the inadequate calcium 
intake associated with an eating disorder (1, 32, 33).  
Although exercise training has been shown to reduce 
the rate of bone loss due to estrogen deficiency and low 
calcium intake, exercise cannot completely reverse this 
process (1). Therefore, the only solution to the problem 
of bone mineral loss in the female athlete is to cor-
rect the estrogen deficiency and/or increase the cal-
cium intake to normal levels. In both cases, a physician 
should be involved in prescribing the correct treatment 
for the individual athlete (see A Closer Look 22.1).

Exercise During Pregnancy
Chapter 17 provided an overview of the current 
exercise guidelines for fitness during pregnancy. As 
discussed in that chapter, it is generally agreed that 
women who are physically fit prior to pregnancy can 
continue to perform regular exercise during preg-
nancy (3, 12, 73). Indeed, guidelines by the American 
College of Obstetricians and Gynecologists state that 
pregnancy should not be a state of confinement, and 
women with uncomplicated pregnancies should be 
encouraged to engage in regular physical activity (8). 
Importantly, exercise training during pregnancy has 

Figure 22.2 Warning signs for anorexia nervosa.
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Figure 22.3 Warning signs for bulimia.
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A CLOSER LOOK 22.1

The Female Athlete Triad and beyond
Female athlete triad—origin and 
definition The female athlete triad 
was first described in 1992 as a com-
mon medical problem in female ath-
letes. Specifically, the female athlete 
triad is defined as a medical condition 
that is commonly observed in physi-
cally active young girls and women 
and involves three components:  
(1) low energy availability with or with-
out disordered eating; (2) menstrual 
dysfunction; and (3) low bone mineral 
density (56). Research indicates that 
these problems are interrelated as illus-
trated in Fig. 22.4. It is widely believed 
that the required factor underpinning 
the triad is low energy availability. 
Indeed, low energy availability is a 
major risk factor for the development 
of both menstrual dysfunction and low 
bone mineral density. Let’s discuss the 
physiological connection between low 
energy availability and the develop-
ment of menstrual dysfunction and low 
bone mineral density.

Low energy availability is defined as 
an energy deficiency that exists due to 

an imbalance between dietary energy 
intake and daily energy expenditure 
(71). This imbalance results in inad-
equate energy available to support the 
cellular activities to maintain homeo-
stasis and provide the energy required 
for skeletal muscles engaged in both 
activities of daily living and sports ac-
tivities. The cause of low energy avail-
ability is inadequate energy (i.e., food) 
intake that may or may not be linked 
to eating disorders. As discussed ear-
lier, eating disorders are illnesses that 
cause severe disturbances in eating be-
haviors. However, athletes that expend 
large amounts of energy (i.e., calories) 
during training can reach a state of 
low energy balance without suffering 
from an eating disorder. Under these 
circumstances, the athlete simply does 
not consume sufficient calories to meet 
their daily energy requirement.

Regardless of the cause of the de-
pleted energy availability, low energy 
availability plays a casual role in both 
menstrual disturbances and low bone 
density (10, 17, 56, 63, 71, 79). Menstrual  

dysfunction can be caused by several 
factors including abnormal levels of 
hormones, inadequate fat stores, and 
exercise-related stress. In this  regard, 
low energy availability can alter the 
levels of hormones involved in the 
regulation of the menstrual cycle by al-
tering the normal pattern of release of 
luteinizing hormone; this is important 
because luteinizing hormone plays a 
key role in control of the menstrual cy-
cle (71). If energy availability remains 
low for prolonged periods, the men-
strual cycle is temporarily “switched 
off” due to disruptions in the normal 
endocrine signaling that regulates the 
cycle (17, 85). This resulting men-
strual dysfunction leads to a reduced 
production of estrogen by the ovaries 
and subsequently, low blood levels of 
estrogen. This is important because a 
low blood estrogen level promotes the 
loss of bone minerals due to increased 
bone resorption (17, 85). Further, low 
energy availability has a negative im-
pact on bone density independent of 
the estrogen effects (56).

Figure 22.4 Interrelationships between the three components that compose the female athlete triad. It is believed that 
an energy imbalance resulting in low available energy promotes menstrual problems such as amenorrhea. Amenorrhea 
is associated with lowered blood levels of estrogen, which increases the risk of bone mineral loss. Further, decreased 
energy intake may lead to deficiencies in both calcium and vitamin D consumption and may also contribute to a loss 
of bone minerals.
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many benefits for mothers such as reduction in exces-
sive weight gain, reduced risk for gestational diabetes, 
and better postpartum recovery (18).

Although pregnant women can safely perform 
low- to moderate-intensity exercise, can female ath-
letes maintain an active training program during preg-
nancy? The short answer to this question is yes, but 
some qualifications exist. First, both recreational and 
competitive athletes with uncomplicated pregnan-
cies can continue to train during pregnancy, but they 
should carefully monitor their body temperature dur-
ing exercise to prevent hyperthermia (8). Specifically, 
pregnant athletes should avoid high-intensity and/or 
long training sessions that raise body core tempera-
ture above 1.5°C (8). In this regard, aquatic exercise is 
considered an excellent form of training for pregnant 
athletes because it allows cardiovascular conditioning 
in a medium that facilitates accelerated heat loss.

It is also important that pregnant athletes main-
tain adequate hydration during training by consum-
ing fluid at regular intervals (e.g., every 15 minutes) 
during exercise. Fluid balance can be monitored 
by weighing before and after the exercise session. 
Any loss of body weight is fluid loss and should be 

replaced by drinking the appropriate amount of fluid 
(e.g., 0.5-kg weight loss = 500 ml fluid). Moreover, the 
energy cost of exercise sessions should be estimated 
and balanced by appropriate energy intake.

Finally, it is also critical that pregnant athletes 
apply good judgment when planning exercise pro-
grams. Athletes should be aware that it may be neces-
sary to reduce the training intensity and volume as 
the pregnancy advances (8). Importantly, it is recom-
mended that all physically active women be exam-
ined regularly by their physician to assess the effects 
of their exercise programs on the developing fetus, 
and adjustments should be made if appropriate (8).

Risk of Knee Injury in Female Athletes
Knee injuries are common in many sports. Although 
the risk of knee injuries varies across sports, studies 
reveal that compared to males, post-pubescent female 
athletes are at 3.5 times higher risk for a noncontact 
anterior cruciate ligament (ACL) injury (16, 34, 84). A 
noncontact ACL injury is a sports injury where the ath-
lete tears the ACL during an awkward movement that 
does not involve direct contact with another athlete. 

Incidence of the female athlete 
triad Estimates of the prevalence of 
the female athlete triad vary widely in 
the literature. For example, the preva-
lence of all three components of the 
female athlete triad (i.e., low energy 
availability, low bone density, and 
menstrual dysfunction) ranges from 0% 
to 16% across various populations of 
female athletes (48). Not surprisingly, 
the incidence of all three components 
are higher in athletes in sports require 
a low percent of body fat and involve 
high daily energy expenditures (e.g., 
endurance athletes and ballet). Studies 
reveal that 3%–27% of all female athletes 
exhibit at least two of the triad condi-
tions whereas as many as 78% of female 
athletes can exhibit one component 
(48, 53).

Negative health consequences 
associated with the female ath-
lete triad For athletes presenting to 
a physician with low available energy, 
early intervention is required to pre-
vent the progression to serious clinical 
problems that include amenorrhea and 
osteoporosis (low bone mineral content) 
(56). Indeed, evidence indicates that the 
health problems associated with the 
female athlete triad progress from opti-
mal bone health and normal menstrual 

function along a spectrum toward sub-
clinical (undetectable) health problems 
to a more severe and detectable health 
problem (i.e., osteoporosis and menstrual 
dysfunction) (56). The key to prevention 
of the severe health problems associated 
with the female athlete triad is early 
diagnosis and treatment. For details on 
diagnosis and treatment of the female 
athlete triad, see Joy et al. (2014, 2016).

Recent proposal to replace the term  
female athlete triad with new 
terminology known as “ Relative 
energy deficiency in sport” Grow-
ing evidence indicates that the cause of 
the female athlete triad is low energy 
intake (resulting in low energy avail-
ability), which leads to health prob-
lems because of the energy required 
for maintaining cellular homeostasis 
is not available. Therefore, in a con-
sensus statement published by the 
scientists working with the Interna-
tional Olympic Committee (IOC), the 
authors reasoned that the medical 
condition known as the female ath-
lete triad is not composed of three 
entities but rather is a syndrome (i.e., 
combination of symptoms associated 
with a morbid process) that results 
from low energy availability. They 
contend that low energy availability 

affects many physiological functions 
including metabolic rate, menstrual 
function, bone health, immunity, cel-
lular protein synthesis, cardiovascular, 
and psychological health (71). These 
authors also argue that low energy 
available is not limited to female ath-
letes but also impacts male athletes. 
Therefore, the scientists working 
with the IOC conclude that new ter-
minology is required to more accu-
rately describe the clinical syndrome 
originally known as the female ath-
lete triad (71). This new recommen-
dation is that the female athlete triad 
terminology be abandoned and in the 
future, we refer to the problems asso-
ciated with the female athlete triad as 
“relative energy deficiency in sports.” 
These authors propose that the term 
“relative energy deficiency syndrome” 
be defined as impaired physiological 
function including metabolic rate, 
menstrual function, bone health, 
immunity, protein synthesis, cardio-
vascular health caused by relative 
energy deficiency (71). This proposal 
to replace the term “female athlete 
triad” is relatively new and therefore, 
it is too early to know if this new 
term becomes widely accepted by 
exercise scientists and sport medicine 
physicians.
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These types of noncontact ACL injuries comprise ~70% 
of all sports-related ACL injuries and are commonly 
observed in sports such as soccer, basketball, team 
handball, and volleyball (84). Further, knee injuries 
such as ACL injuries occur at a higher rate in female 
athletes compared to male athletes at a similar level of 
competition (34, 88). For example, in a study of male 
and female professional basketball players, female ath-
letes suffered 60% more ACL injuries than males (88). 
This increased risk of knee injury in female athletes is 
not limited to professional athletes and affects both 
collegiate and high school athletes as well (34, 89). For 
example, National Collegiate Athletic Association sta-
tistics reveal that women sustain ACL injuries at a rate 
that is almost 4 times higher than men in basketball 
and 2.4 times higher than men in soccer (34).

Why are females at a greater risk for ACL injuries? 
Unfortunately, a definitive answer to this question is 
not available. However, it has been speculated that 
several factors may play a role in placing women at 
higher risk for knee injuries; these include fluctuation 
in sex hormones during the menstrual cycle, gender 
differences in knee anatomy, and dynamic neuromus-
cular imbalances (34, 84). A discussion of the evidence 
to support each of these potential risk factors follows.

In reference to sex hormones and knee injuries, 
studies reveal that the risk of ACL injury is increased 
in female athletes during the follicular and ovula-
tory phase of the menstrual cycle (34). However, the 
direct link between sex hormones and the increased 
risk of tear of the ACL remains unclear. In this regard, 
some investigators propose that sex hormones influ-
ence the structure of the ACL, perhaps compromising 
both the strength of the ligament and/or propriocep-
tive feedback (34). Nonetheless, direct evidence to 
support this concept is limited.

Studies investigating gender differences in knee 
anatomy as a determinant of the risk of knee injuries 
have failed to provide definitive evidence that anatomi-
cal explanations are responsible for gender differences in 
the rate of knee injuries. For example, although women 
are more likely to have knee joint laxity (loose joint) 
than men, this fact has not been correlated to the higher 
rate of knee injury in women (34). Therefore, it does 
not appear that gender differences in knee anatomy can 
explain why females are at higher risk for ACL injuries.

Dynamic neuromuscular imbalance in the knee is 
an area of research related to ACL tears in women that 
continues to grow. Dynamic neuromuscular imbal-
ance refers to a combination of imbalanced factors, 
including muscular strength, proprioception, and 
landing biomechanics. In regard to muscle strength, 
women have less quadriceps and hamstring strength 
than men, even when normalizing for body weight. 
This is significant because exercises that strengthen 
both the quadriceps and hamstring muscles provide 
protection against knee injury (19, 52). Evidence also 

suggests that the higher incidence of knee injury 
in women may be linked to an imbalance in knee 
proprioceptive and neuromuscular control in female 
athletes (34). Nonetheless, more detailed studies are 
required before a firm conclusion can be reached 
on the role that proprioception plays in gender dif-
ferences in knee injury. Finally, emerging evidence 
reveals that compared to men, women run, jump, 
and land differently when playing sports (34). This 
is important because the usual mechanism for non-
contact ACL injury involves a deceleration in limb 
speed before changing directions or landing with the 
knee between full extension and 20 degrees of flex-
ion (34). In this regard, compared to males, female 
athletes tend to land with knee angles that pose a 
greater risk of ACL injury (34). Therefore, a neuro-
muscular difference between males and females that 
affects landing or other movement strategies may 
partly explain why female athletes are at greater risk 
for knee injuries in sports compared to male athletes.

In summary, compared to males, female athletes 
are at high risk for certain types of knee injuries (e.g., 
ACL injury). Current evidence suggests that male/
female differences in dynamic neuromuscular imbal-
ance (e.g., leg muscle strength, jumping and landing 
strategies) may contribute to gender differences in 
the risk of knee injuries. Although several studies 
have explored the effectiveness of neuromuscular 
training programs in reducing the incidence of ACL 
injuries in female athletes, convincing evidence does 
not exist that these training programs significantly 
reduce the risk of injury. For a detailed discussion of 
programs aimed at reducing ACL injury in women, 
see Voskanian (2013) in Suggested Readings.

IN SUMMARY
 ■ The incidence of amenorrhea in female athletes 
appears to be highest in distance runners and 
ballet dancers when compared to other sports. 
Although the cause of amenorrhea in female 
athletes is not clear, it appears likely that mul-
tiple factors (e.g., the amount of training and 
psychological stress) are involved.

 ■ There appears to be little reason for female ath-
letes to avoid training during menstruation unless 
they experience severe discomfort due to dys-
menorrhea. Athletes who experience severe dys-
menorrhea should see a physician for treatment.

 ■ Two of the more common eating disorders are 
anorexia nervosa and bulimia.

 ■ The female athlete triad is a medical condition 
that is commonly observed in physically active 
young girls and women and involves three 
components: (1) low energy availability with or 
without disordered eating; (2) menstrual dys-
function; and (3) low bone mineral density. 
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SPORTS CONDITIONING  
FOR CHILDREN
There are many unanswered questions about the 
physiologic responses of the healthy child to various 
types of exercise. This is due to the limited number 
of investigators studying children and exercise, and 
because of ethical considerations in studying chil-
dren. For instance, few investigators would puncture 
a child’s artery, take a muscle biopsy, or expose a 
child to harsh environments (e.g., heat, cold, high alti-
tudes) to satisfy scientific curiosity. Because of these 
ethical constraints, current knowledge concerning 
training for children is limited primarily to the impact 
of training on the cardiovascular and musculoskeletal 
system. The following discussion addresses some of 
the important issues concerning child participation in 
vigorous conditioning programs.

Training and the Cardiopulmonary 
System
As youth sports teams increase in popularity, one of 
the first questions asked is, “Are the hearts of children 
strong enough for intensive sports conditioning?” In 
other words, is there a possibility of “overtraining” 
young athletes, with the end result being permanent 
damage to the cardiovascular system? The answer to 
this question is no. Children involved in endurance 
sports such as running or swimming improve their 
maximal aerobic power comparable to adults and 
show no indices of damage to the cardiopulmonary 
system (7, 54, 65, 75). Moreover, identical to adults, 
children significantly improve their cardiopulmonary 
fitness in response to high-intensity interval training 
without evidence of physical complications (26). Over 
the past several years, children have safely trained 
for and completed marathon runs in less than four 
hours. If proper techniques of physical training are 
employed, with a progressive increase in cardiopul-
monary stress, children appear to adapt to endurance 

training in a fashion similar to adults (6). Further, 
the risk of cardiac sudden death in young endurance  
athletes is small (See Clinical Applications 22.1).

Training and the Musculoskeletal System
Evidence indicates that organized training in a variety 
of team sports (e.g., swimming, basketball, volleyball, 
track and field) does not adversely affect growth and 
development in children (67). This is true for both  
boys (38) and girls (9). In fact, moderate physical training 
has been shown to augment or optimize growth in chil-
dren and reduce the risk of obesity and type 2 diabetes  
(35, 38). Therefore, many investigators have con-
cluded that regular physical activity is necessary for 
normal growth and development. However, is there 
danger of overtraining and injury to bones and carti-
lage (11, 39, 42)?

One of the long-standing concerns with intense 
endurance or resistance training in children is that the 
growing bones of a child are more susceptible to cer-
tain types of mechanical injury than those of the adult, 
primarily because of the presence of growth cartilage 
(67). Growth cartilage is found in children at three 
major anatomical locations (67): (1) growth plate (also 
called the epiphyseal plate); (2) articular cartilage  
(i.e., cartilage at joints); and (3) muscle-tendon inser-
tions. The location of the growth plate for the knee 
joint is illustrated in Fig. 22.5. The growth plate is the 
site of bone growth in long bones. The time at which 

 ■ Short-term, low-intensity exercise does not 
appear to have negative consequences during 
pregnancy. However, data suggest that long-
duration or high-intensity training should be 
carefully monitored during pregnancy.

 ■ Female athletes are at greater risk for knee inju-
ries compared to males. Evidence suggests that 
male/female differences in dynamic neuromus-
cular imbalance (e.g., differences in leg muscle 
strength and/or jumping and landing strategies) 
may contribute to gender differences in the 
risk of knee injuries.

Figure 22.5 Location of the growth plate (epiphyseal 
plate) associated with the long bones in the leg.
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bone growth ceases varies from bone to  bone, but 
growth is generally complete by 18–20 years of age 
(67). Upon completion of growth, growth plates ossify 
(harden with calcium) and disappear, and growth carti-
lage is replaced by a permanent “adult” cartilage.

Can children perform heavy endurance training or 
strength training without long-term musculoskeletal 
problems? Currently, there are no published reports 
or case studies indicating that endurance exercise 
has adverse effects on bone growth in children and 
adolescents. In fact, growing evidence indicates that, 
compared to sedentary children, regular endurance 
exercise training results in increased bone mineral 
content (80). Further, studies have investigated the 
effects of resistance exercise training on children (6–12 
years of age) and have concluded that supervised resis-
tance exercise does not damage bone, muscle, or the 
epiphyseal plate (41, 86). Moreover, recent reviews 
on the effects of resistance exercise on children have 
concluded that under proper supervision, resistance 
training can be performed safely in youth athletes 
without bone or cartilage injury (11, 39, 42, 61). In 
fact, it is well established that resistance training has 
numerous health benefits in children. For example, 
weight training has been shown to promote bone 
health by increasing bone mineral density to prepu-
bertal boys and girls (11). It is also clear that resistance 
training is effective in promoting muscular strength in 
prepubertal boys and girls (40, 43). Interestingly, this 
training-induced muscular strength is achieved with 
limited hypertrophy in prepubertal children (11). 
Therefore, the resistance training-induced increase in 
muscular strength in children appears to be achieved 
primarily by changes in the nervous system alone 
(e.g., improved motor unit recruitment, etc.). For more 

details on resistance training in children and adoles-
cents, see Faigenbaum et al. (2015).

Progress in Pediatric Exercise Science
As discussed earlier, our knowledge about pediatric 
exercise science has developed slowly because of ethi-
cal concerns of using children in research. Nonetheless, 
knowledge in this field has expanded during the past 
several years. One of the pioneers promoting research 
in pediatric exercise science was Dr. Oded Bar-Or (see 
A Look Back—Important People in Science). Moreover, 
the creation of the scientific journal Pediatric Exercise 
Science has stimulated additional research in exercise 
during childhood. Therefore, it is anticipated that sci-
entific knowledge of pediatric exercise science will 
grow rapidly during the coming years.

CLINICAL APPLICATIONS 22.1

Risk of Sudden Cardiac Death in Young  Athletes
Cardiovascular-related sudden death is 
the leading cause of mortality in athletes 
less than 18 years of age (62). However, 
in healthy young athletes, the risk of 
sudden cardiac injury or death during 
participation in sports or exercise is 
relatively small. For example, the inci-
dence of sudden death in young athletes 
is estimated to range from 1–3 deaths 
per 100,000 athletes (31, 60, 62). Impor-
tantly, almost all of these deaths resulted 
from congenital heart defects and did 
not result from exercise per se (31).

Four cardiovascular abnormali-
ties account for the majority of 

sudden cardiac deaths in young 
athletes: (1)  hypertrophic cardio-
myopathy (pathologically enlarged 
heart); (2)  congenital (inherited) ab-
normalities of the coronary arteries;  
(3)  aortic aneurysms; and (4) congen-
ital stenosis (narrowing) of the aortic 
valve (31).

Can a medical exam identify ath-
letes at risk for sudden death? In 
many cases, yes. A medical history 
and a physical exam from a qualified 
physician are good tools for detecting 
heart disease that could pose a risk 
for the young athlete participating in 

sports (25). However, some cardiac 
abnormalities that can cause death 
during sports participation are diffi-
cult to detect during routine medi-
cal examination (31). Nonetheless, a 
medical exam along with a cardiac 
evaluation (cardiac imaging and stress 
testing) can potentially reduce the 
risk of sudden cardiac death by iden-
tifying those young athletes who are 
predisposed to cardiac injury (31, 60). 
See Lithwick et al. (2016) in the Sug-
gested Readings for more informa-
tion on cardiac screening of young 
 athletes.

IN SUMMARY
 ■ Current evidence indicates that endurance 
training is not detrimental to the growth and 
development of the cardiovascular system in 
children. Further, there is no evidence that 
endurance exercise training has a negative 
impact on bone and cartilage health.

 ■ The risk of sudden cardiac death in youth athletes 
is extremely low (1–3 deaths per 100,000 athletes).

 ■ The consensus of current scientific evidence 
indicates that under proper supervision, resis-
tance training can be performed safely in youth 
athletes without bone or cartilage injury.

 ■ Resistance training in prepubertal children 
has been shown to increase both bone density 
and muscular strength with limited muscle 
hypertrophy.
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COMPETITIVE TRAINING FOR 
PEOPLE WITH DIABETES
As discussed in Chap. 17, there is a beneficial effect 
of exercise on diabetes, and physicians often recom-
mend regular exercise for people with this condition 
as a part of their therapeutic regimen (i.e., to help 
maintain control of blood glucose levels). We will 
focus our discussion on people with type 1 diabetes, 
because people with type 2 diabetes are less likely 
on engage in training for performance purposes. Can 
people with type 1 diabetes train vigorously and take 
part in competitive athletics? The answer to this ques-
tion is a qualified yes. In people with long-term dia-
betes that have microvascular complications (damage 
to small blood vessels) or neuropathy (nerve damage), 
exercise should be limited and extensive training is 
not generally recommended (15, 67). However, in 
individuals who maintain good blood glucose control 
and are free from other medical complications, diabe-
tes in itself should not limit the type of exercise or 
sporting event.

What precautions should the athlete with dia-
betes take to allow safe participation in training pro-
grams? An overview of exercise training for fitness 
in diabetic populations was presented in Chap. 17 
and will be reviewed here only briefly. The key to 
safe participation in sport conditioning for the athlete 
with diabetes is to learn to avoid hypoglycemic epi-
sodes during training (78). Because people with dia-
betes vary in their response to insulin, each athlete, in 

cooperation with his or her personal physician, must 
determine the appropriate combination of exercise, 
diet, and insulin for optimal control of blood glucose 
concentrations. In general, exercise should take place 
after a meal and should be part of a regular routine. It 
is often recommended that a reduction in the amount 
of insulin injected be considered on days in which 
the athlete is engaged in strenuous training (15, 77). 
A major concern for the athlete with diabetes is the 
site of the insulin injection prior to exercise. Insulin 
injected subcutaneously in the leg prior to running 
(or other forms of leg exercise) results in an increased 
rate of insulin uptake due to elevated leg blood flow. 
This could result in exercise-induced hypoglycemia 
and may be avoided by using an insulin injection site 
in the abdomen or the arm. Conversely, if the training 
regimen requires arm exercise (e.g., rowing), the site 
of insulin injection should be away from the work-
ing muscle (e.g., abdomen). Having a glucose solution 
or carbohydrate snack available during training ses-
sions may help avoid hypoglycemic incidents during 
workouts.

Can people with diabetes obtain the same ben-
efits from training as those without the condition? The 
consensus answer to this question is yes. Although 
untrained children with diabetes tend to be less fit 
than normal children (58), young children with dia-
betes respond to a conditioning program in a manner 
similar to that of healthy children (67). Empirical obser-
vations suggest that when the blood glucose of the ath-
lete with diabetes is carefully regulated, he or she can 
compete and excel in a variety of competitive sports.

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Oded Bar-Or Was a Pioneer in Pediatric Exercise Physiology
Oded Bar-Or (1937–
2005) was born and 
raised in Jerusalem, 
Israel. He was trained 
as a medical doctor 
at Hadassah Medical 
School (Israel), and fol-
lowing graduation, he 
traveled to the United 
States to begin post-

doctoral research training in exercise 
physiology in the laboratory of Dr. Els-
worth Buskirk at Pennsylvania State 
University. After completing his post-
doctoral studies in 1969, Dr. Bar-Or 
returned to Israel and established the 
Department of Sports Medicine at the 

Wingate Institute. During his tenure at 
the Wingate Institute, Dr. Bar-Or and 
his colleagues earned international 
acclaim in sports science research, 
and his research group developed the 
Wingate Anaerobic Power Test that 
remains in use today (Chap. 20).

In 1981, Professor Bar-Or left the 
Wingate Institute to join the faculty 
at McMaster University in Hamilton, 
Ontario (Canada). Upon arrival at Mc-
Master, he established the Children’s 
Exercise and Nutrition Center and 
began a lifelong quest to increase 
our knowledge about pediatric ex-
ercise science. During his tenure at 
 McMaster, his research focused on 

understanding the physiological dif-
ferences between adults and children 
in their response to exercise. A major 
portion of this work was dedicated 
to resolving how children differ from 
adults in their cardiorespiratory and 
thermoregulatory responses to ex-
ercise in hot environments. Indeed, 
Dr. Bar-Or was one of the first investi-
gators to study children’s thermoreg-
ulatory responses and acclimatization 
to exercise. Dr. Bar-Or’s legacy in pe-
diatric exercise physiology includes 
158 research publications, and he also 
authored or coauthored ten books on 
a variety of topics in pediatric sports 
medicine and exercise physiology.

Courtesy of 
Marilyn Bar-Or

pow70456_ch22_507-524.indd   516 01/16/17   10:21 PM



  Chapter Twenty Two Training for the Female Athlete, Children, Special Populations, and the Masters Athlete 517

TRAINING FOR PEOPLE  
WITH ASTHMA
It is generally agreed that most children, adolescents, 
and adults with asthma can safely participate in all 
sports, with the exception of SCUBA diving, provided 
they are able to control exercise-induced broncho-
spasms via medication or careful monitoring of activ-
ity levels (70). In fact, evidence suggests that aerobic 
training can reduce airway inflammation and improve 
asthmatic symptoms in some asthma patients (66). A 
prerequisite for planning training programs for people 
with this condition is that the proper therapeutic 
regimen for managing the athlete’s particular type of 
asthma be worked out prior to commencement of a 
vigorous training program (see Chap. 17). When the 
asthma is under control, planning the training sched-
ule for asthmatic athletes is identical to planning for 
athletes without asthma (see Chap. 21). However, as 
mentioned in Chap. 17, it is often recommended that 
the asthmatic athlete keep an inhaler (containing a 
bronchodilator) handy during training sessions, and 
that workouts be conducted with other athletes in 
case a major attack occurs.

The issue of the safety of a person with asthma 
participating in SCUBA diving continues to be 
debated. A recent review concludes that despite the 
risks of SCUBA diving, many asthmatic individuals 
can safely dive if they are at low risk for an asthma 
attack during diving (24). The following guidelines 
are recommended. To determine if the asthmatic is 
a good candidate to dive, the patient should have 
a thorough medical exam that includes a review of 
patient history, spirometry, allergy testing, and bron-
chial challenges (24). Further, for pulmonary patients 
that plan to dive, their asthma should be well con-
trolled on the day of the dive (24). Finally, asth-
matic patients that want to dive should not exhibit  
exercise-, emotion-, or cold-induced asthma (24). 
However, a recent review on the subject suggests 
that people with asthma with normal airway func-
tion at rest who do not exhibit exercise-induced 
asthma have a risk of barotrauma during diving simi-
lar to that of healthy individuals.

EPILEPSY AND PHYSICAL 
TRAINING
The term epilepsy refers to a transient disturbance 
of brain function, which may be characterized by a 
loss of consciousness, muscle tremor, and sensory 
disturbances. Because the occurrence of epilep-
tic seizures is not easily predicted, should people 
with epilepsy engage in vigorous training programs? 
Unfortunately, there is little information available to 
answer this question. Before a clear-cut recommenda-
tion for the participation of people with epilepsy in 
athletics can be made, two fundamental questions 
must be answered. First, does intense physical activ-
ity increase the risk of an epileptic seizure? Second, 
does the occurrence of a seizure during a particular 
sports activity expose the athlete to unnecessary risk? 
Let’s examine the available evidence concerning each 
of these questions.

Does Exercise Promote Seizures?
There is one rare type of epileptic seizure that has been 
shown to be induced by exercise per se (22). These are 
tonic (continuous motor activity) seizures, which have 
been reported to occur during a variety of sports activi-
ties. Fortunately, this type of seizure can be controlled 
in most instances by anticonvulsant drugs.

However, stress is among the most commonly 
reported causes of seizures in people with epilepsy 
(5). For example, patients report that the frequency 
of their seizures increases if they are exposed to an 
increase in excitement, tension, sadness, or other 
strong emotions (5). Given that exercise is physical 
stress, does exercise per se promote seizures?

As for other types of seizure disorders, physi-
cians remain divided in their opinions as to whether 
exercise increases the risk of seizure occurrence. A 
report by Gotze et al. (49) suggests that exercise 
does not increase the risk of seizures in children or 
adolescents with epilepsy. In fact, Gotze (49) argues 

IN SUMMARY
 ■ People with type 1 diabetes who are free of 
diabetic complications should not be limited  
in the type or quantity of exercise.

 ■ The key for safe sports participation for  
the  person with type 1 diabetes is for the  
athlete to learn to avoid hypoglycemic 
episodes.

IN SUMMARY
 ■ People with asthma can safely participate in all 
sports, with the possible exception of SCUBA 
diving, provided they are able to control 
 exercise-induced bronchospasms via medication 
or careful monitoring of activity levels.

 ■ The question of the safety of a person with 
asthma participating in SCUBA diving  continues 
to be unanswered. Nonetheless,  evidence 
 suggests that people with asthma who do not 
exhibit exercise-induced asthma and have 
 normal airways at rest are at no greater risk 
 during diving than are healthy individuals.
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that exercise appears to reduce the incidence of 
seizures by increasing the threshold. In support of 
these claims, reviews on epilepsy and sports have 
concluded that there is a reduction in the number 
of seizures during exercise (3, 5). In contrast, Kuijer 
(59) has suggested that the person with epilepsy is 
at an increased risk of experiencing a seizure dur-
ing exercise and during recovery from exercise. In 
this regard, several factors related to exercise have 
been hypothesized to increase the risk of seizures: 
(1) physical fatigue, (2) hyperventilation, (3) hypoxia, 
(4) hyperthermia, (5) hypoglycemia, (6) electrolyte 
imbalance, and (7) emotional stress associated with 
competitive sports. In conclusion, division exists in 
the medical community concerning the risk of exer-
cise and seizures. Clearly, generalizations about exer-
cise and the epileptic patient cannot be made. Each 
patient is unique concerning the type, frequency, 
and severity of epileptic seizures (5). Therefore, phy-
sicians, parents, and coaches must make case-by-case 
decisions on the wisdom of competitive sports for 
individual patients. However, people with epilepsy 
who are judged to be healthy enough to engage in 
rigorous physical activity should be encouraged to 
exercise (5). Indeed, a recent review on exercise and 
epilepsy concludes that people with epilepsy should 
include exercise as a complementary therapy, not 
only for seizure control, but also to promote good 
physical and mental health (5).

Another specific concern for the participation of 
people with epilepsy in contact sports is whether 
a blow to the head might mediate a seizure. Again, 
physicians remain divided in their opinions but at 
present, no studies exist to prove that repeated head 
trauma in people with epilepsy causes a recurrence of 
seizures (47). See Pimentel et al. (2015) in Suggested 
Readings for more details.

Risk of Injury Due to Seizures
Clearly, there are many competitive sports activities 
(e.g., football, boxing) during which the occurrence 
of a seizure would expose the athlete to a risk of 
harm. However, the occurrence of a seizure during 
many types of daily routine activities (e.g., climb-
ing stairs) or recreational sports (e.g., SCUBA diving, 
sky diving, mountain climbing) could also pose a 
threat to the person with epilepsy (47). Whether the 
person with epilepsy should participate in physical 
training or sports must be determined on an indi-
vidual basis by the use of common sense and advice 
from a physician. The benefit-risk ratio of sports par-
ticipation may vary greatly from case to case and 
is dependent on the exact nature of the patient’s 
epilepsy and the sport being considered. A child 
with only a minor seizure problem may, with the aid 
of medication, experience only a rare seizure with 

little visible alteration in behavior or consciousness 
due to the seizure. This type of person could likely 
participate in most training activities without harm  
(5, 14, 49). In contrast, a person who experiences fre-
quent and major seizures would not be a candidate 
for many types of sports. For a detailed discussion of 
epilepsy and exercise, see Pimental et al. (2015) in 
Suggested Readings.

EXERCISE PERFORMANCE 
AND TRAINING FOR 
MASTERS ATHLETES
There are a growing number of people over the age 
of 50 that compete in competitive athletic events. 
These “masters athletes” represent an interesting sub-
group of older adults because they possess unique 
physiological characteristics that could be termed 
as “exceptionally successful aging” (82). The masters 
athlete often trains on a daily basis and strives to 
maintain athletic performances that he/she achieved 
at earlier ages. However, a decline in athletic perfor-
mance at advancing ages is inevitable. In the follow-
ing segments, we describe the age-related changes in 
muscular strength and endurance performance and 
discuss the physiological reasons for the decline in 
physical capabilities with age.

Age-Related Changes in 
Muscular Strength
Aging results in a progressive decrease in muscular 
strength. Although changes in the nervous system do 
occur during aging, much of the loss in strength with 
aging is due to a decline in muscle mass. The age-related 
loss of muscle mass is termed sarcopenia, and the rate 
of muscle loss with age is illustrated in Fig. 22.6. Age-
related sarcopenia occurs due to both a decrease in fiber 
size and a decrease in the number of fibers present in 
the muscle (44). However, much of the age-related loss 
in muscle mass is due to a loss of muscle fibers (44, 72). 
The mechanisms responsible for this age-related loss 
of muscle remain unclear. Nonetheless, it appears that 
a number of factors contribute to sarcopenia, includ-
ing inactivity, free radical-mediated damage (oxidative 

IN SUMMARY
 ■ Questions about safe participation for people 
with epilepsy in training programs must be 
answered on an individual basis.

 ■ The benefit-risk ratio of sports participation 
may vary greatly from case to case and depends 
on the type of epilepsy involved and the sport 
being considered.
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stress) to muscle fibers, inflammation, and decreases in 
anabolic hormones such as testosterone (20).

Note in Fig. 22.6 that there is little loss of muscle 
mass before the age of 50. However, after age 50, 
there is a progressive loss of skeletal muscle mass in 
both men and women. The rate of muscle loss with 
aging is variable across individuals, but both men and 
women tend to lose muscle mass at a rate of 1%–2% 
per year after the age of 50 (20). Therefore, men and 
women can lose 40%–60% of their total muscle mass 
from age 50 to age 80.

Although aging results in a loss of muscle mass 
and strength in all people, a lifelong program of 
strength training can maintain a relatively high level 
of muscle strength across the life span. For example, 
Fig. 22.7 illustrates the age-related change in leg mus-
cle strength in three individuals that differ in exercise 
habits. In this illustration, the trained individual has 
maintained a lifetime of resistance training (2–3 days/
week). The active individual is engaged in routine 
walking exercise (∼5000 steps/3–5  days week) but 
does not engage in resistance training. The seden-
tary individual does not participate in regular exer-
cise and is the classic “couch potato.” Note that the 
rate of muscle strength loss with aging does not dif-
fer between these individuals. Nonetheless, the resis-
tance-trained individual maintains a higher level of leg 
muscle strength across the life span compared to both 
the active and sedentary individual. Therefore, while 
strength training cannot prevent age-related muscle 
loss, an individual who engages in regular resistance 
training can maintain a much higher level of muscular 
strength throughout the life span compared to less 
active individuals.

Aging and Endurance Performance
Similar to the age-related loss of muscular strength, 
aging also results in a decline in endurance perfor-
mance and V̇ O2 max. For example, Fig. 22.8 illustrates 
the changes in men’s and women’s 10,000 (10K)-meter 
running times with advancing age. Note that 10K- 
performance times increase (i.e., decreased perfor-
mance) with age in a curvilinear fashion, with the most 
rapid changes in performance occurring after approxi-
mately age 60. Similarly, V̇ O2 max also declines with 
age in trained men and women (Fig.  22.9). Notice 
that limited change occurs in V̇ O2 max until age 40 
(55). However, the age-related decline in V̇ O2 max in 
both men and women is approximately a 1% loss per 

Figure 22.6 Aging results in a loss of muscle mass  
with aging in both men and women. 
Data from Buford, T. W., Anton, S. D., Judge, A. R., Marzetti, E., 
Wohlgemuth, S. E., Carter, C. S., et al., “Models of Accelerated 
Sarcopenia: Critical Pieces for Solving the Puzzle of Age-Related 
Muscle Atrophy,” Ageing Research Reviews 9: 369–383, 2010; Faulkner, 
J. A., Larkin, L. M., Claflin, D. R., Brooks, S. V., “Age-Related Changes 
in the Structure and Function of Skeletal Muscles,” Clinical and 
Experimental Pharmacology and Physiology 34: 1091–1096, 2007.
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Figure 22.7 Aging is associated with a significant loss of 
muscular strength. Notice, however, that regular strength 
training can greatly delay this age-related loss in muscle 
force production. 
Modifed from Buford, T. W., Anton, S. D., Judge, A. R., Marzetti, 
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Sarcopenia: Critical Pieces for Solving the Puzzle of Age-Related 
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Changes in the Structure and Function of Skeletal Muscles,”  
Clinical and Experimental Pharmacology and Physiology 34:   
1091–1096, 2007.
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Figure 22.8 Changes in men’s and women’s 10,000 
(10K)-meter running times with advancing age. 
Data from World Masters Athletics.
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year after age 40. Although endurance training can 
increase the V̇ O2 max of people of all ages, endur-
ance exercise cannot prevent the age-related decline 
in V̇ O2 max. However, individuals that maintain an 
active program of endurance training throughout the 
life span can sustain a higher V̇ O2 max compared to 
sedentary individuals (Fig. 22.10).

What factors contribute to the age-related 
decline in endurance performance and V̇ O2 max? 
Recall from Chap. 20 that the primary determinants 
of endurance performance are V̇ O2 max, exercise 
economy, and the maximal exercise intensity that 
can be sustained during endurance exercise (i.e., lac-
tate threshold). Let’s discuss the impact of aging on 
each of these factors.

Maximal aerobic capacity (V̇ O2 max) is the 
upper limit of maximal energy production via oxida-
tive phosphorylation and is a major determinant of 

endurance exercise performance. Recall that V̇ O2 is 
determined by both cardiac output and the uptake 
of oxygen by the tissues (i.e., a-v̄ O2 difference) as 
defined by the Fick equation (Chap. 13):

V̇ O2 max =  maximal cardiac output  
× maximal a-v̄ O2 difference

Studies indicate that the age-related decline in 
V̇ O2 max occurs due to a decrease in both maximal 
cardiac output and a decline in the maximal a-v ̄ O2 
difference (82). This point is illustrated in Fig. 22.11. 
Note that the age-related decline in maximal cardiac 
output is due to a decrease in both maximal heart 
rate and the maximal stroke volume.  Clearly, the age-
related decline in maximal heart rate plays an impor-
tant role in the decrease in maximal cardiac output. 
For example, the maximal heart rate can decline by 
approximately 60 beats per minute from age 20 to 60.  
The age-related decay in the maximal oxygen extrac-
tion (a-v̄ O2 difference) is likely due to a combination 
of factors, including a decreased capillary density and 
mitochondrial volume (82).

Exercise economy is measured as the steady-state 
oxygen consumption during exercising at a submaxi-
mal exercise intensity below the lactate threshold. 
Exercise economy is important for endurance per-
formance, because, compared to inefficient athletes, 
efficient  athletes use less energy to perform a given 
exercise task. Several studies indicate that exer-
cise economy does not change with age; therefore, 
changes in economy are not a major factor in explain-
ing the age-related decline in endurance performance 
(Fig. 22.11).

Figure 22.9 The age-related decline in V̇ O2 max in both 
endurance trained men and women. 
Data from Jackson, A. S., Sui, X., Hebert, J. R., Church, T. S., and Blair, 
S. N., “Role of Lifestyle and Aging on the Longitudinal Change in 
Cardiorespiratory Fitness,” Archives of Internal Medicine 169:  
1781–1787, 2009.
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Figure 22.10 Changes in V̇ O2 max with age for men. 
Data from Jackson, A. S., Sui, X., Hebert, J. R., Church, T. S., and  
Blair, S. N., “Role of Lifestyle and Aging on the Longitudinal Change  
in Cardiorespiratory Fitness,” Archives of Internal Medicine 169: 
1781–1787, 2009.

45 55 65 75

Age (years)

70

60

50

40

30

20

10

0

Trained
Sedentary

V
O

2 
m

ax
 (m

l·k
g·

m
in

–
1 )

˙

Figure 22.11 Factors and physiological mechanisms 
responsible for the age-related decline in endurance 
exercise performance in healthy adults. Down arrows 
indicate decreases, whereas horizontal arrows indicate 
no change.
Figure has been modified from Tanaka, H., and Seals, D.R., “Endurance 
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The ability to work at a high percentage of one’s 
maximal oxygen uptake during submaximal exercise 
is an important determinant of endurance perfor-
mance and is often evaluated in the laboratory by 
measurement of the lactate threshold (Chap. 20). The 
lactate threshold does not change with age when 
expressed relative to the V̇ O2 max (82). Therefore, 
age-related changes in the lactate threshold are not 
a key factor in determining the decline in endurance 
performance with age (82).

To summarize, success in endurance events is 
dependent upon V̇ O2 max, exercise economy, and the 
lactate threshold. Aging does not appear to have a nega-
tive impact on the lactate threshold or exercise econ-
omy. In contrast, aging results in a progressive decline in 
V̇ O2 max, which is the primary factor that contributes 
to the age-related decline in endurance performance.

Training Guidelines for Masters Athletes
A detailed discussion of exercise training for the 
masters athlete is beyond the scope of this chapter. 

Nonetheless, an overview of some of the key con-
siderations for training of masters athletes are pre-
sented. First, it is important for any masters athlete to 
gain medical clearance prior to beginning a rigorous 
exercise training program. A complete medical exam 
should include a physical exam along with an exer-
cise stress test to ensure that rigorous exercise does 
not pose a health risk for the older athlete.

The basic principles of exercise training to 
improve performance were presented in Chap. 21, 
and these apply to both young and masters athletes. 
Identical to younger athletes, the masters athlete 
should avoid overtraining and be aware of the key 
signs of overtraining, such as an excessive feeling of 
fatigue at rest, reduced ability to perform a workout, 
higher resting heart rate, and disrupted sleep.

Training programs for masters athletes must be 
customized for each individual because differences in 
genetic capacities for adaptation vary from individual 
to individual. Add to this fact differences in age, train-
ing status, and competitive schedule, and the impor-
tance of planning individual training programs for 
masters athletes becomes obvious. A critical consid-
eration in planning training programs for all masters 
athletes is to avoid overuse injuries by scheduling 
adequate recovery periods between rigorous work-
outs. Indeed, scheduling rest days between challeng-
ing workouts becomes more important as athletes 
increase in age. For more details on the impact of 
lifelong endurance exercise on cardiovascular fitness, 
see Trappe et al. (2013) in Suggested Readings.

STUDY ACTIVITIES
 1. Outline several possible causes of “athletic” amenorrhea.
 2. What is the current recommendation for training and 

competition during menstruation?
 3. Discuss the role of prostaglandins in mediating 

dysmenorrhea.
 4. Based on present information, what are reasonable 

guidelines for advising the pregnant athlete concerning 
the intensity and duration of training?

 5. Define the female athlete triad.
 6. What factors contribute to bone mineral loss in the 

female athlete?

 7. Discuss the notion that intense exercise might result in 
permanent damage to (a) the cardiovascular system or 
(b) the musculoskeletal system in children.

 8. What is the recommendation for people with type 1 
diabetes with no physical complications for entering a 
competitive training program?

 9. What factors should be considered when advising the 
diabetic athlete concerning safe participation in athletic 
conditioning? Include in your discussion suggestions 
concerning meal timing, injection sites for insulin, and 
the availability of glucose drinks during training sessions.

IN SUMMARY
 ■ Aging results in a decline in both muscle mass 
and muscular strength.

 ■ Most of the age-related decline in both skeletal 
muscle mass and strength occur following age 50.

 ■ Regular bouts of resistance exercise training 
can assist in maintaining muscle mass and mus-
cular strength throughout the life span.

 ■ Aging is associated with a progressive decline 
in endurance performance.

 ■ The major factor contributing to the age-related 
decline in endurance performance is a decrease 
in V̇ O2 max, which occurs due to a decline in 
both maximal cardiac output and maximal  
a-v̄ O2 difference.

 ■ Endurance exercise training can protect against 
age-related decreases in V̇ O2 max, but cannot 
completely halt this decline.

IN SUMMARY
 ■ All masters athletes should gain medical clear-
ance prior to beginning a rigorous exercise 
training program.

 ■ The fundamental principles of exercise training 
apply to people of all ages.

 ■ Training programs for masters athletes must be 
customized to meet the needs of the individual 
and consider such factors as age and current 
training status.
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 10. What is the current opinion concerning the safe partic-
ipation of people with asthma in competitive athletics?

 11. Define the term epilepsy.
 12. Discuss the possibility that exercise increases the risk of 

seizures for people with epilepsy.
 13. What factors should be considered in assessing the risk-

to-benefit ratio of sports participation for people with 
epilepsy?

 14. Graph the change in both muscle mass and muscular 
strength with age.

 15. What factors contribute to the age-related changes in 
muscle mass and muscular strength?

 16. Discuss the impact of aging on V̇ O2 max in both men and 
women.

 17. What factor(s) are responsible for the age-related 
decline in endurance performance?

SUGGESTED READINGS
Armstrong, N., and A. R. Barker. 2011. Endurance training 

and elite young athletes. Medicine and Sport Science 56: 
59–83.

Armstrong, N., and A. M. McManus. 2011. Physiology of 
elite young male athletes. Medicine and Sport Science 56: 
1–22.

Blaize, A., K. Pearson, and S. Newcomer. 2015. Impact of 
material exercise during pregnancy on offspring chronic 
disease susceptibility. Exercise and Sport Sciences Reviews 
43:198–203.

Faigenbaum, A., R. Loyd, J. MacDonald, and G. Myer. 2015. 
Citius, altius, Fortius: beneficial effects of resistance train-
ing for young athletes. British Journal of Sports Medicine 
doi:10.1136/bjsports-2015-094621.

Joy E. et al. 2014 Female athlete triad coalition consensus 
statement on treatment and return to play of the female 
athlete triad. Current Sports Medicine Reports 13:219–231.

Joy E., A. Kussman, and A. Nattiv. 2016 Update on eating 
disorders in athletes: A comprehensive narrative review 
with a focus on clinical assessment and management. 
British Journal of Sports Medicine 50:154–162.

Lithwick D, et al. 2016 Pre-participation screening in the 
young competitive athlete: International recommenda-
tions and a Canadian perspective. British Columbia Medi-
cal Journal 58: 145–151.

Lloyd, R. S., A. D. Faigenbaum, M. H. Stone, J. L. Oliver, I. 
Jeffreys, J. A. Moody, et al. 2013. Position statement on 
youth resistance training: the 2014 international consen-
sus. British Journal of Sports Medicine, September 20, 2013, 
doi: 10.1136/bjsports-2013–092952.

Morton, A. R., and K. D. Fitch. 2011. Australian Association 
for Exercise and Sports Science position statement on 
exercise and asthma. Journal of Science and Medicine in 
Sport 14: 312–316.

Nascimento, S. L., F. G. Surita, and J. G. Cecatti. 2012. Physi-
cal exercise during pregnancy: a systematic review. Cur-
rent Opinion in Obstetrics and Gynecology 24: 387–394.

Orio, F., G. Muscogiuri, A. Ascione, F. Marciano, A. Volpe, G. La 
Sala, et al. 2013. Effects of physical exercise on the female 
reproductive system. Minerva Endocrinologica 38: 305–319.

Pimentel J., R. Tojal, and J. Morgado. 2015. Epilepsy and 
physical exercise. Seizure. 25: 87–94.

Trappe, S., E. Hayes, A. Galpin, L. Kaminsky, B. Jemiolo, W. 
Fink, et al. 2013. New records in aerobic power among 
octogenarian lifelong endurance athletes. Journal of 
Applied Physiology 114: 3–10.

Voskanian, N. 2013. ACL injury prevention in female ath-
letes: review of the literature and practical considerations 
in implementing an ACL prevention program. Current 
Reviews in Musculoskeletal Medicine 6: 158–163.

REFERENCES
 1. Ackerman KE, and Misra M. Bone health and the 

female athlete triad in adolescent athletes. Physician 
and Sports Medicine 39: 131–141, 2011.

 2. Andersen AE. Anorexia nervosa and bulimia: a spec-
trum of eating disorders. Journal of Adolescent Health 
Care 4: 15–21, 1983.

 3. Arida RM, Cavalheiro EA, de Albuquerque M, da 
Silva AC, and Scorza FA. Physical exercise in epilepsy: 
the case in favor. Epilepsy and Behavior 11: 478–479, 2007.

 4. Arida RM, Scorza FA, Terra VC, Cysneiros RM, and 
Cavalheiro EA. Physical exercise in rats with epilepsy 
is protective against seizures: evidence of animal studies. 
Arquivos de Neuro-psiquiatria 67: 1013–1016, 2009.

 5. Arida R, Guimaraes de Almeda AC, Cavalheiro 
EA, and Scorza F. Experimental and clinical findings 
from physical exercise as complementary therapy for 
epilepsy. Epilepsy and Behavior 26: 273–278, 2013.

 6. Armstrong N, and Barker AR. Endurance training 
and elite young athletes. Medicine and Sport Science 56: 
59–83, 2011.

 7. Armstrong N, and McManus AM. Physiology of 
elite young male athletes. Medicine and Sport Science 56: 
1–22, 2011.

 8. Artal R, and O’Toole M. Guidelines of the American 
College of Obstetricians and Gynecologists for exercise 
during pregnancy and the postpartum period. British 
Journal of Sports Medicine 37: 6–12; discussion 12, 2003.

 9. Åstrand P. Girl swimmers. Acta Paediatric Scandinavica 
147(Suppl): 1–75, 1963.

 10. Barrack MT, Ackerman KE, and Gibbs JC. Update 
on the female athlete triad. Current Reviews in Musculo-
skeletal Medicine 6: 195–204, 2013.

 11. Behm DG, Faigenbaum AD, Falk B, and Klentrou P. 
Canadian Society for Exercise Physiology position paper: 
resistance training in children and adolescents. Applied 
Physiology Nutrition and Metabolism 33: 547–561, 2008.

 12. Beilock SL, Feltz DL, and Pivarnik JM. Training 
patterns of athletes during pregnancy and postpartum. 
Research Quarterly for Exercise & Sport 72: 39–46, 2001.

 13. Benjamin HJ. The female adolescent athlete: specific 
concerns. Pediatric Annals 36: 719–726, 2007.

 14. Bennett D. Sports and epilepsy: to play or not to play. 
Seminars in Neurology 1: 345–357, 1981.

 15. Bhaskarabhatla KV, and Birrer R. Physical activ-
ity and diabetes mellitus. Comprehensive Therapy 31: 
291–298, 2005.

pow70456_ch22_507-524.indd   522 01/16/17   10:21 PM



  Chapter Twenty Two Training for the Female Athlete, Children, Special Populations, and the Masters Athlete 523

 16. Bien DP. Rationale and implementation of anterior 
cruciate ligament injury prevention warm-up programs 
in female athletes. Journal of Strength and Conditioning 
Research 25: 271–285, 2011.

 17. Birch K. Female athlete triad. British Medical Journal 
330: 244–246, 2005.

 18. Blaize, A,  Pearson K, and  Newcomer S. Impact 
of maternal exercise during pregnancy on offspring 
chronic disease susceptibility. Exercise and Sport Sci-
ences Reviews 43:198–203, 2015.

 19. Brophy RH, Silvers HJ, and Mandelbaum BR. 
Anterior cruciate ligament injuries: etiology and pre-
vention. Sports Medicine and Arthroscopy Review 18: 
2–11, 2010.

 20. Buford TW, Anton SD, Judge AR, Marzetti E, 
Wohlgemuth SE, Carter CS, et al. Models of accel-
erated sarcopenia: critical pieces for solving the puzzle 
of age-related muscle atrophy. Ageing Research Reviews 
9: 369–383, 2010.

 21. Bullen BA, Skrinar GS, Beitins IZ, von Mering 
G, Turnbull BA, and McArthur JW. Induction of 
menstrual disorders by strenuous exercise in untrained 
women. New England Journal of Medicine 312: 1349–
1353, 1985.

 22. Burger LJ, Lopez RI, and Elliott FA. Tonic seizures 
induced by movement. Neurology 22: 656–659, 1972.

 23. Castelo-Branco C, Reina F, Montivero AD, Colo-
dron M, and Vanrell JA. Influence of high-intensity 
training and of dietetic and anthropometric factors on 
menstrual cycle disorders in ballet dancers. Gynecologi-
cal Endocrinology 22: 31–35, 2006.

 24. Coop CA, Adams KE, and Webb CN. SCUBA diving 
and asthma: Clinical recommendations and safety. Clini-
cal Reviews in Allergy & Immunology 50:18–22, 2016.

 25. Corrado D, Basso C, Pavei A, Michieli P, Schiavon 
M, and Thiene G. Trends in sudden cardiovascular 
death in young competitive athletes after implemen-
tation of a preparticipation screening program. JAMA 
296: 1593–1601, 2006.

 26. Costigan S, Eather, N, Plotnikoff R, Taaffe D, and 
Lubans D. High-intensity interval training for improv-
ing health-related fitness in adolescents: a systematic 
review and meta-analysis. British Journal of Sports Medi-
cine 49:1253–1261, 2015.

 27. Dale E, Gerlach DH, and Wilhite AL. Menstrual 
dysfunction in distance runners. Obstetrics & Gynecol-
ogy 54: 47–53, 1979.

 28. Dalle Grave R. Eating disorders: progress and challenges. 
European Journal of Internal Medicine 22: 153–160, 2011.

 29. De Souza MJ. Menstrual disturbances in athletes: 
a focus on luteal phase defects. Medicine & Science in 
Sports & Exercise 35: 1553–1563, 2003.

 30. De Souza MJ, and Metzger DA. Reproductive dys-
function in amenorrheic athletes and anorexic patients: 
a review. Medicine & Science in Sports & Exercise 23: 
995–1007, 1991.

 31. Drezner J, and Corrado D. Is there evidence for rec-
ommending electrocardiogram as part of the pre-partic-
ipation examination? Clinical Journal of Sport Medicine 
21: 18–24, 2011.

 32. Drinkwater BL, Bruemner B, and Chesnut CH, 
III. Menstrual history as a determinant of current bone 
density in young athletes. JAMA 263: 545–548, 1990.

 33. Drinkwater BL, Nilson K, Chesnut CH, III, Brem-
ner WJ, Shainholtz S, and Southworth MB. Bone 
mineral content of amenorrheic and eumenorrheic ath-
letes. New England Journal of Medicine 311: 277–281, 
1984.

 34. Dugan SA. Sports-related knee injuries in female ath-
letes: what gives? American Journal of Physical Medicine 
& Rehabilitation 84: 122–130, 2005.

 35. Ekblom B. Effect of physical training in adolescent 
boys. Journal of Applied Physiology 27: 350–355, 1969.

 36. Enea C, Boisseau N, Fargeas-Gluck MA, Diaz V, 
and Dugue B. Circulating androgens in women: exer-
cise-induced changes. Sports Medicine 41: 1–15, 2011.

 37. Enea C, Boisseau N, Ottavy M, Mulliez J,  Millet 
C, Ingrand I, et al. Effects of menstrual cycle, oral con-
traception, and training on exercise-induced changes in 
circulating DHEA-sulphate and testosterone in young 
women. European Journal of Applied Physiology 106: 
365–373, 2009.

 38. Eriksson BO. Physical training, oxygen supply and 
muscle metabolism in 11–13-year old boys. Acta Physi-
ologica Scandinavica. Supplementum 384: 1–48, 1972.

 39. Faigenbaum AD, Kraemer WJ, Blimkie CJ,  Jeffreys 
I, Micheli LJ, Nitka M, et al. Youth resistance train-
ing: updated position statement paper from the National 
Strength and Conditioning Association. Journal of 
Strength and Conditioning Research 23: S60–79, 2009.

 40. Faigenbaum AD, Loud RL, O’Connell J, Glover S, 
and Westcott WL. Effects of different resistance train-
ing protocols on upper-body strength and endurance 
development in children. Journal of Strength and Condi-
tioning Research 15: 459–465, 2001.

 41. Faigenbaum AD, Milliken LA, and Westcott WL. 
Maximal strength testing in healthy children. Journal of 
Strength and Conditioning Research 17: 162–166, 2003.

 42. Faigenbaum AD, and Myer GD. Resistance train-
ing among young athletes: safety, efficacy and injury 
prevention effects. British Journal of Sports Medicine 44: 
56–63, 2010.

 43. Faigenbaum AD, Loyd RS, and Myer GD. Youth 
resistance training: past practices, new perspectives, 
and future directions. Pediatric Exercise Science 25: 591–
604, 2013.

 44. Faulkner JA, Larkin LM, Claflin DR, and Brooks 
SV. Age-related changes in the structure and function 
of skeletal muscles. Clinical and Experimental Pharmacol-
ogy and Physiology 34: 1091–1096, 2007.

 45. Feicht CB, Johnson TS, Martin BJ, Sparkes KE, 
and Wagner WW, Jr. Secondary amenorrhoea in ath-
letes. Lancet 2: 1145–1146, 1978.

 46. Fitzpatrick KK, and Lock J. Anorexia nervosa. BMJ 
Clinical Evidence (Online) 2011: 2011.

 47. Fountain NB, and May AC. Epilepsy and athletics. 
Clinics in Sports Medicine 22: 605–616, x–xi, 2003.

 48. Gibbs JC, Williams NI, and De Souza MJ. Preva-
lence of individual and combined components of the 
female athlete triad. Medicine & Science in Sports & 
Exercise 45: 985–996, 2013.

 49. Gotze W, Kubicki S, Munter M, and Teichmann J.  
Effect of physical exercise on seizure threshold (inves-
tigated by electroencephalographic telemetry). Diseases 
of the Nervous System 28: 664–667, 1967.

 50. Hale R. Factors important to women engaged in vig-
orous physical activity. In Sports Medicine, edited by 
Strauss R. Philadelphia, PA: W. B. Saunders, 1984.

 51. Hausenblas HA, Cook BJ, and Chittester NI. 
Can exercise treat eating disorders? Exercise and Sport  
Sciences Reviews 36: 43–47, 2008.

 52. Hewett TE, Lindenfeld TN, Riccobene JV, and 
Noyes FR. The effect of neuromuscular training on 
the incidence of knee injury in female athletes: a pro-
spective study. American Journal of Sports Medicine 27: 
699–706, 1999.

pow70456_ch22_507-524.indd   523 01/16/17   10:21 PM



524 Section Three Physiology of Performance

 53. Hoch AZ, et al. Prevalence of the female athlete triad 
in high school athletes and sedentary students. Clinical 
Journal of Sport Medicine 19:421–428, 2009.

 54. Ingjer F. Development of maximal oxygen uptake in 
young elite male cross-country skiers: a longitudinal 
study. Journal of Sports Sciences 10: 49–63, 1992.

 55. Jackson AS, Sui X, Hebert JR, Church TS, and 
Blair SN. Role of lifestyle and aging on the longitudi-
nal change in cardiorespiratory fitness. Archives of Inter-
nal Medicine 169: 1781–1787, 2009.

 56. Joy E et al. Female athlete triad coalition consensus state-
ment on treatment and return to play of the female athlete 
triad. Current Sports Medicine Reports 13:219–231, 2014.

 57. Joy E, Kussman A, and Nattiv A. 2016 Update on 
eating disorders in athletes: A comprehensive narrative 
review with a focus on clinical assessment and manage-
ment. British Journal of Sports Medicine 50:154–162, 2016. 

 58. Komatsu WR, Gabbay MA, Castro ML, Saraiva GL, 
Chacra AR, de Barros Neto TL, and Dib SA. Aerobic 
exercise capacity in normal adolescents and those with type 
1 diabetes mellitus. Pediatric Diabetes 6: 145–149, 2005.

 59. Kuijer A. Epilepsy and exercise, electroencephalo-
graphical and biochemical studies. In Advances in Epilep-
tology: The X Epilepsy International Symposium, edited by 
Wada J, and Penry J. New York, NY: Raven Press, 1980.

 60. La Gerche A, Baggish AL, Knuuti J, Prior DL, 
Sharma S, Heidbuchel H, et al. Cardiac imaging and 
stress testing asymptomatic athletes to identify those 
at risk of sudden cardiac death. JACC Cardiovascular 
 Imaging 6: 993–1007, 2013.

 61. Lloyd RS, Faigenbaum AD, Stone MH, J. L. Oliver, 
I. Jeffreys, J. A. Moody, et al. Position statement on 
youth resistance training: the 2014 international con-
sensus. British Journal of Sports Medicine, September 20, 
2013, doi: 10.1136/bjsports-2013–092952.

 62. Luong, MW, Morrison B, Lithwick D, Isserow 
SH, Heibron B, and Krahn A. Sudden cardiac death 
in young competitive athletes. British Columbia Medical 
Journal 58:138–144, 2016.

 63. Manore MM, Kam LC, and Loucks AB. The female 
athlete triad: components, nutrition issues, and health 
consequences. Journal of Sports Sciences 25 Suppl 1: 
S61–71, 2007.

 64. Martinsen M, Bratland-Sanda S, Eriksson AK, 
and Sundgot-Borgen J. Dieting to win or to be thin? 
A study of dieting and disordered eating among ado-
lescent elite athletes and non-athlete controls. British 
Journal of Sports Medicine 44: 70–76, 2010.

 65. McManus AM, and Armstrong N. Physiology of elite 
young female athletes. Medicine and Sport Science 56: 
23–46, 2011.

 66. Mendes FA, Almeida FM, Cukier A, Stelmach R, 
Jacob-Filho W, Martins MA, et al. Effects of aerobic 
training on airway inflammation in asthmatic patients. 
Medicine & Science in Sports & Exercise 43: 197–203, 2011.

 67. Micheli L. Pediatric and Adolescent Sports Medicine. 
Philadelphia, PA: W. B. Saunders, 1984.

 68. Micheli LJ, Smith A, Biosca F, and Sangenis P. Posi-
tion statement on girls and women in sport. IOC, 2002.

 69. Miller CA, and Golden NH. An introduction to eating 
disorders: clinical presentation, epidemiology, and prog-
nosis. Nutrition in Clinical Practice 25: 110–115, 2010.

 70. Morton AR, and Fitch KD. Australian Association 
for Exercise and Sports Science position statement  
on exercise and asthma. Journal of Science and Medicine 
in Sport 14: 312–316, 2011.

 71. Mountjoy M et al. The IOC consensus statement: 
beyond the female athlete triad-relative energy 

deficiency in sport. British Journal of Sports Medicine 
48:491–497, 2014.

 72. Narici MV, and Maffulli N. Sarcopenia: character-
istics, mechanisms and functional significance. British 
Medical Bulletin 95: 139–159, 2010.

 73. Nascimento SL, Surita FG, and Cecatti JG. Physical 
exercise during pregnancy: a systematic review. Current 
Opinion in Obstetrics and Gynecology 24:387–394, 2012.

 74. Nattiv A, Loucks AB, Manore MM, Sanborn CF, 
Sundgot-Borgen J, and Warren MP. American Col-
lege of Sports Medicine position stand. The female ath-
lete triad. Medicine & Science in Sports & Exercise 39: 
1867–1882, 2007.

 75. Nottin S, Vinet A, Stecken F, N’Guyen LD, Ounissi 
F, Lecoq AM, et al. Central and peripheral cardiovas-
cular adaptations to exercise in endurance-trained chil-
dren. Acta Physiologica Scandinavica 175: 85–92, 2002.

 76. Pivarnik JM, Marichal CJ, Spillman T, and Mor-
row JR, Jr. Menstrual cycle phase affects temperature 
regulation during endurance exercise. Journal of Applied 
Physiology 72: 543–548, 1992.

 77. Pruett E. Insulin and exercise in the non-diabetic man. 
In Exercise Physiology, edited by Fotherly K, and Pal S. 
New York, NY: Walter de Gruyter, 1985.

 78. Roberts A, et al. Do youth with type 1 diabetes exercise 
safely? A focus on patient practices with glycemic out-
comes. Pediatric Diabetes doi: 10.1111/pedi.12402, 2016.

 79. Scheid JL, and De Souza MJ. Menstrual irregularities 
and energy deficiency in physically active women: the 
role of ghrelin, PYY and adipocytokines. Medicine and 
Sport Science 55: 82–102, 2010.

 80. Specker B, Thiex N, and Sudhagoni R. Does exer-
cise influence pediatric bone? A systematic review. 
Clinical Orthopaedics and Related Research 473:3658–
3672, 2015.

 81. Stice E, Marti CN, and Rohde P. Prevalence, inci-
dence, impairment, and course of the proposed DSM-5 
eating disorder diagnoses in an 8-year prospective com-
munity study of young women. Journal of Abnormal 
Psychology 122: 445–457, 2013.

 82. Tanaka H, and Seals DR. Endurance exercise perfor-
mance in masters athletes: age-associated changes and 
underlying physiological mechanisms. Journal of Physi-
ology 586: 55–63, 2008.

 83. Torstveit MK, and Sundgot-Borgen J. The female ath-
lete triad exists in both elite athletes and controls. Medi-
cine & Science in Sports & Exercise 37: 1449–1459, 2005.

 84. Voskanian N. ACL injury prevention in female ath-
letes: review of the literature and practical consider-
ations in implementing an ACL prevention program. 
Current Reviews in Musculoskeletal Medicine 6: 158–163, 
2013.

 85. Warren MP, and Chua A. Exercise-induced amenor-
rhea and bone health in the adolescent athlete. Annals of 
the New York Academy of Sciences 1135: 244–252, 2008.

 86. Weltman A, Janney C, Rians CB, Strand K, Berg 
B, Tippitt S, et al. The effects of hydraulic resistance 
strength training in pre-pubertal males. Medicine & 
 Science in Sports & Exercise 18: 629–638, 1986.

 87. Yager J, and Andersen AE. Clinical practice: anorexia 
nervosa. New England Journal of Medicine 353: 1481–
1488, 2005.

 88. Zelisko JA, Noble HB, and Porter M. A comparison 
of men’s and women’s professional basketball  injuries. 
American Journal of Sports Medicine 10: 297–299, 1982.

 89. Zilmer D. Gender specific injury patterns in high 
school varsity basketball. Journal of Women’s Health  
1: 69–76, 1992.

pow70456_ch22_507-524.indd   524 01/16/17   10:21 PM



 525

23
Nutrition, Body Composition, 
and Performance

Carbohydrate 526
Carbohydrate Diets and 

 Performance 526
Carbohydrate Intake Prior to or 

During a Performance 528
Carbohydrate Intake Post- 

Performance 532

Protein 532
Protein Requirements and 

 Exercise 532

Protein Requirements for 
 Athletes 534

Water and Electrolytes 535
Fluid Replacement—Before 

 Exercise 535
Fluid Replacement—During 

 Exercise 536
Fluid Replacement—After 

 Exercise 538
Salt (NaCl) 538

Minerals 540
Iron 540

Vitamins 541

Precompetition Meal 541
Nutrients in Precompetition 

Meal 542

Body Composition and 
Performance 542

 ■ Outline

 ■ Objectives

By studying this chapter, you should be able to do the following:

 1. Describe the effect of various carbohydrate 
diets on muscle glycogen and on endurance 
performance during heavy exercise.

 2. Contrast the “classic” method of achieving a 
supercompensation of the muscle glycogen 
stores with the “modified” method.

 3. Describe some potential problems when glucose 
is ingested immediately prior to exercise and 
how these problems can be avoided.

 4. Describe the importance of blood glucose as a fuel 
in prolonged exercise and the role of carbohydrate 
supplementation during the performance.

 5. Explain why multiple carbohydrates have to 
be consumed during prolonged exercise when 
blood glucose is used at a very high rate.

 6. Describe the need for protein during the 
adaptation to a new, more strenuous exercise 
level with the protein need when the 
adaptation is complete.

 7. Describe the recommended range of protein 
intake for athletes, and indicate dietary factors 
that would demand using the top end of the 
range.

 8. Describe the recommended fluid replacement 
strategies to use before exercise, during exercise 
of different durations, and following exercise.

 9. Describe the salt requirement of the athlete 
compared to that of the sedentary individual 
and the recommended means of maintaining 
sodium balance.

10. Provide a brief summary of the effects of 
vitamin supplementation on performance.

11. Characterize the role of the precompetition 
meal on performance and the rationale for 
limiting fats and proteins.

12. Explain why one must be careful in 
recommending specific body fatness values 
for individual athletes.

© Digital Vision/Getty Images
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 ■ Key Terms

This chapter on nutrition, body composition, and 
performance is an extension of Chap. 18 because 

the primary emphasis must be on achieving health- 
related goals before performance-related goals are 
examined. In fact, the information presented here 
must be examined in light of what the average per-
son needs. Does an athlete need additional protein? 
What percentage of body fat is a reasonable goal for 
an athlete? We will address these questions in that or-
der. For a more detailed look at these issues, see Sug-
gested Readings for Clinical Sports Nutrition by Burke 
and Deakin, Nutrition for Health, Fitness and Sport by  
Williams, Anderson, and Rawson, and the 2016 
ACSM position stand on Nutrition and Athletic 
 Performance.

In Chap. 18, we indicated the recommended 
range of nutrient intakes:

 ■ Adults should get 45%–65% of their calories 
from carbohydrates, 20%–35% from fat, and 
10%–35% from protein.

This simple statement is important because it sets the 
stage for a discussion of what athletes should and do 
eat to support vigorous training programs and pro-
vide the fuel for the diverse performances that make 
up competitive athletics.

CARBOHYDRATE
The recommended range for carbohydrate intake is 
quite broad to meet the needs of the whole popula-
tion and allow one to address special needs linked 
to a reduced capacity for using carbohydrates (e.g., 
people with type 2 diabetes). Because carbohydrate 
oxidation makes up a larger percentage of total en-
ergy production as exercise intensity increases, it 
should be no surprise that most athletes need more 
carbohydrate than the average person. This section 
considers the use of carbohydrates in the days prior 
to a performance, during the performance itself, and 
post-performance. However, the information is also 
applicable for planning training sessions where the 
demand for carbohydrate is great.

Carbohydrate Diets and Performance
In 1967, three studies were published from the same 
Swedish laboratory that set the stage for our un-
derstanding of the role of muscle glycogen in per-
formance (1, 10, 69). Hermansen et al. (72) showed 
muscle glycogen to be systematically depleted during 

heavy (77% V̇ O2 max) exercise, and when  exhaustion 
occurred, glycogen content was near zero. Ahlborg 
et al. (1) found that work time to exhaustion was 
directly related to the initial glycogen store in the 
working muscles. Bergström et al. (10) confirmed and 
extended this by showing that by manipulating the 
quantity of carbohydrate in the diet, the concentra-
tion of glycogen in muscle could be altered and, along 
with it, the time to exhaustion. In their study, subjects 
consumed 2800 kcal/day using either a low-CHO (fat 
and protein) diet, a mixed diet, or a high-carbohydrate  
diet in which 2300 kcal came from carbohydrate. 
Glycogen contents of the quadriceps femoris muscle 
were, respectively, 0.63 (low), 1.75 (average), and 
3.31 (high) g/100 g muscle, and performance time 
for exercise at 75% V̇ O2 max averaged 57, 114, and 
167 minutes. Figure 23.1 shows these results. In brief, 
the muscle glycogen content and performance time 
could be varied with diet. These laboratory findings 
were confirmed by Karlsson and Saltin (82), who had 
trained subjects run a 30-km race twice, once follow-
ing a high-carbohydrate diet and the other time after 
a mixed diet. The initial muscle glycogen level was  
3.5 g/100 g muscle following the CHO diet and 
1.7 g/100 g muscle following the mixed diet. The 
best performance of all subjects  occurred during the 
high-CHO diet. Interestingly, the pace at the start of 
the race was not faster; instead, the additional CHO 
allowed subjects to maintain the pace for a longer 

Figure 23.1 Effect of different diets on the muscle 
 glycogen concentration and work time to exhaustion.
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A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Jonas Bergström, M.D., Ph.D.—From the Needle Biopsy Technique and Muscle  
Glycogen to Much, Much More

Dr. Jonas Bergström 
had a major impact 
on the field of exer-
cise physiology, even 
though most of his 
research work fo-
cused on renal func-
tion, in which he had 
an international rep-
utation. A multital-

ented man, he pursued medicine only 
after deciding to give up a career as a 
recognized jazz musician. He studied 
medicine at the Karolinska Institute 
in Stockholm, Sweden, and graduated 
in 1956. He did subsequent training 
in renal physiology and biochemistry, 
and his thesis work, Muscle Electrolytes 
in Man, resulted in the development 
of the percutaneous (needle) muscle 
biopsy technique. The introduction 
of that technique allowed numerous  

 investigators around the world to 
study muscle function and metabolism 
at rest and during exercise—studies that 
revolutionized our understanding of 
exercise physiology, be it in muscle 
fiber typing, substrate use during ex-
ercise, or adaptation to spaceflight. 
The classic studies on muscle glycogen 
use during exercise that were just de-
scribed were made possible because of 
this technique, and Dr. Bergström was 
a lead scientist in those studies.

When he started his career as a 
physician, there was little that could 
be done for those in renal failure. He 
was the leading force in securing the 
funds, space, and support to develop 
a chronic dialysis program in Sweden. 
However, his extensive background 
in biochemistry and metabolism 
 allowed him to have a major impact 
on nutritional factors related to renal  

function. His research led to the de-
velopment of special low-protein di-
ets that could reduce the buildup of 
urea in the blood, and its associated 
symptoms, which postponed the need 
for dialysis for months and years. His 
research also addressed issues related 
to blood pressure and blood volume 
during dialysis, the make-up of the 
fluids used in dialysis (to reduce pro-
tein breakdown), and the importance 
of preventing inflammation in renal 
disease patients through proper diet. 
His work impacted the care of renal 
disease patients around the world, 
and he was recognized with numer-
ous awards throughout his career  
for his outstanding contributions.  
Dr. Bergström died in 2001.

Source: “Obituary of Jonas Bergström (1929–2001),” 
Nephrology Dialysis Transplantation 17: 936–938, 
2002.

Courtesy of  
Dr. Bengt Lindholm

period. An important finding in this study was that 
compared to those on the high-CHO diet, pace did not 
fall off for those on the mixed diet until about halfway 
through the race (about one hour or so). This suggests 
that the normal mixed diet used in the study would 
be suitable for run or cycle races lasting less than one 
hour. See A Look Back—Important People in Science 
for an individual who had a major impact on our un-
derstanding of this aspect of exercise physiology, even 
though it was not his primary research focus.

Given the importance of muscle glycogen in pro-
longed endurance performance, it is no surprise that 
investigators have tried to determine what conditions 
will yield the highest muscle glycogen content. In 
1966, Bergström and Hultman (11) had subjects do 
one-legged exercise to exhaust the glycogen store in 
the exercised leg while not affecting the resting leg’s 
glycogen store. When this procedure was followed 
with a high-carbohydrate diet, the glycogen content 
was more than twice as high in the previously ex-
ercised leg, compared to the control leg. Further, 
they found that in subjects who had the high- 
carbohydrate diet following the protein/fat diet 
(plus doing exhausting exercise), the muscle glyco-
gen stores were higher than when the mixed diet 
preceded the high-carbohydrate treatment (11). This 
combination of information led to the following  

classical method of achieving a muscle glycogen su-
percompensation:

 ■ Prolonged, strenuous exercise to exhaust 
muscle glycogen store

 ■ A fat/protein diet for three days while 
continuing to train

 ■ A high-carbohydrate diet (90% CHO) for three 
days, with inactivity

There were some practical problems with this ap-
proach to achieving a high muscle glycogen content, 
given that it required seven days to prepare for a race. 
Further, some subjects could not tolerate either the 
extremely low- (high fat and protein) or high- (90%) 
carbohydrate diets. Sherman (114, 115) proposed a 
modified plan that causes supercompensation. The plan 
requires a tapering of the workout from 90 minutes to 
40 minutes while eating a 50% CHO diet (350 g/day). 
This is followed by two days of 20-minute workouts 
while eating a 70% CHO diet (500–600 g/day) and, fi-
nally, a day of rest prior to the competition with the 
70% CHO diet (or 500–600 g/day). This regimen was 
shown to be effective in increasing the glycogen stores 
to high values consistent with good performance (see 
Fig. 23.2). Studies have shown that when carbohydrate 
intake is about 10 g/kg body weight using foods with 
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a high glycemic index (see Chap. 18), only one day was 
needed to achieve very high muscle glycogen levels 
in all muscle fiber types (18, 50). The elevated muscle 
glycogen levels can last as long as five days, depending 
on the level of activity and the amount of carbohydrate 
ingested during that time (6). What is needed for the 
day-to-day replenishment of muscle glycogen?

It takes about 24 hours to replenish muscle glyco-
gen following prolonged, strenuous exercise, provided 
that about 500–700 g of carbohydrate are ingested 
(36, 50, 55, 77). The point that must be emphasized 
is that a person who is eating 55%–60% of calories from 
carbohydrate is already consuming what is needed 
to replace muscle glycogen on a day-to-day basis. If 
an athlete requires 4000 kcal per day for caloric bal-
ance and 55%–60% is derived from carbohydrates, then 
2200–2400 kcal (55%–60% of 4000 kcal) or 550–600 g 
of carbohydrate will be consumed. This quantity is con-
sistent with what is needed to restore muscle glycogen 
to normal levels 24 hours after strenuous exercise (3). 
This is important for training considerations, and this 
“regular” diet would require little or no change to meet 
the carbohydrate load (500–600 g/day) described by 
Sherman to achieve supercompensation (114, 115). 
Consistent with this, the 2016 ACSM position stand 
on Nutrition and Athletic Performance (3) makes the 

following recommendations for providing high levels 
of carbohydrate for training sessions and competitions:

 ■ General fueling for events lasting less than  
90 min: 7–12 g · kg−1 · d−1 for daily fuel needs.

 ■ Carbohydrate loading for events greater than 
90 min of sustained or intermittent exercise: 
10–12 g · kg−1 · d−1 for 36–48 hours before 
competitions.

However, concerns have been raised because 
most of these guidelines have been based on male 
subjects, who have high or very high caloric intakes. 
When applied to women, results are not as consistent.
Given that glycogen is stored with water (~3 grams 
water per gram of carbohydrate), athletes need to be 
aware of a potential feeling of fullness and heaviness, es-
pecially for those doing weight-bearing exercise (113).

Before leaving this section we want to address one 
more question: is there any advantage to doing endur-
ance training when muscle glycogen stores are low? 
There is some support for this notion of “training low” 
in that cell signaling responses that drive muscle adapta-
tions are activated to a greater degree compared to when 
muscle glycogen levels are high. However, this is coun-
tered by evidence showing that under those circum-
stances (“training low”), the quality of the workout (e.g., 
intensity, number of repetitions) that can be maintained 
is reduced, and with it, the adaptations to training. Con-
sequently, although there is sound theory for “training 
low,” any benefits to performance are unclear (3, 16, 17).

Carbohydrate Intake Prior to  
or During a Performance
The focus on muscle glycogen as the primary carbohy-
drate source in heavy exercise has always diminished 
the role that blood glucose plays in maintaining car-
bohydrate oxidation in muscle. In Coggan and Coyle’s 
review (31), they correct this perception for exercises 
that last three to four hours, in which blood glucose 
and muscle glycogen share equally in contributing to 
carbohydrate oxidation. In fact, as muscle glycogen 
decreases, the role that blood glucose plays increases 
until, at the end of three to four hours of exercise, it 
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Figure 23.2 Modification of the classic glycogen loading 
technique to achieve high muscle glycogen levels with 
minimal changes in a training or diet routine. Glycogen 
levels are in glucose units (gu) per kilogram (kg).

IN SUMMARY
 ■ Performance in endurance events is improved 
by a diet high in carbohydrates due primarily 
to the increase in muscle glycogen.

 ■ When workouts are tapered over several days 
while additional CHO (70% of dietary intake) is 
consumed, a “supercompensation” of the glyco-
gen store can be achieved.
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may be the sole source of carbohydrate. This is what 
makes blood glucose an important fuel in prolonged 
work, and why so much attention has been directed 
at trying to maintain the blood glucose concentration.

Unfortunately, the liver glycogen supply also de-
creases with time during prolonged exercise, and because 
gluconeogenesis can supply glucose at a rate of only  
0.2–0.4 g/min when the muscles may be consuming it at 
a rate of 1–2 g/min, hypoglycemia is a real possibility. Hy-
poglycemia (blood glucose concentration <2.5 mmoles/
liter) results when the rate of blood glucose uptake is not 
matched by release from the liver and/or small intestine. 
Hypoglycemia has been shown to occur during exercise 
at 58% V̇ O2 max for 3.5 hours and at 74% V̇ O2 max for  
2.5 hours (39). However, the number of subjects who 
demonstrate central nervous system dysfunction varied 
from none (51) to only 25% of the subjects (39). Although 
no absolutely clear association exists between hypogly-
cemia and fatigue, the availability of blood glucose as an 
energy source is, without question, linked to the per-
formance of prolonged (three to four hours) strenuous  
exercise (31). How should carbohydrate be taken in 
before and during exercise to maintain the high rate  
of carbohydrate oxidation needed for performance?

Carbohydrate Intake Prior to a Performance The 
timing and the type of carbohydrate are important to 
top off the body’s carbohydrate stores prior to a perfor-
mance. One of the earliest studies showed that when 
75 g of glucose were ingested 30–45 minutes before 
exercise requiring 70%–75% V̇ O2 max, plasma glucose 
and insulin were elevated at the start of exercise, and 
muscle glycogen was used at a faster rate during the 
exercise (34). This is counter to the goal of sparing 
muscle glycogen, and performance was shown to de-
crease 19% with such a treatment (53). In contrast to 
this early study, various reviews of this topic indicate 
that the blood glucose and plasma insulin responses to 
pre-exercise glucose feedings are quite variable (some 
will experience a lowering of blood glucose; most will 
not), and that, in general, performance in prolonged 
exercise is either improved or not affected (3, 81, 114). 
The pre-exercise carbohydrate feeding is viewed as a 
means of topping off both muscle and liver glycogen 
stores. Generally, such procedures result in carbohy-
drates being used at a higher rate, but because of the 
large amount of carbohydrate ingested, the plasma glu-
cose concentration is maintained for a longer period. 
Jeukendrup provides the following observations and 
recommendations relative to pre-exercise feedings (81):

 ■ The fall in blood glucose during submaximal 
exercise (62%–72% V̇ O2 max) following 
ingestion of 75 g of carbohydrate an hour 
before the exercise cannot be prevented by 
ingesting a smaller (~22 g) or larger (>155 g) 
amount of carbohydrate.

 ■ High glycemic index carbohydrates taken 
in an hour before exercise lead to higher 
blood glucose and insulin responses, 
compared to moderate or low glycemic index 
carbohydrates.

 ■ The hypoglycemic response is quite 
variable, with some athletes being much 
more susceptible than others. Interestingly, 
this responsiveness is not linked to insulin 
sensitivity.

 ■ To minimize the risk of hypoglycemia, 
carbohydrates can be ingested just prior to 
the exercise (in last five minutes) or during 
the warm-up.

 ■ The form in which the carbohydrate is 
ingested does not matter. One can use a solid, 
gel, or liquid carbohydrate product. Clearly, 
the type should be left to the athlete.

Athletes who are more responsive to pre-exercise 
carbohydrate feedings (i.e., experience symptoms of 
hypoglycemia) should test different types of carbo-
hydrate (low, moderate, high glycemic index), ingest 
carbohydrates just before the performance or during 
the warm-up, or if that doesn’t work, avoid carbohy-
drates in the 90 minutes before exercise (81). Con-
sistent with this, the 2016 ACSM position stand’s 
recommendation (3) for pre-event fueling for carbo-
hydrate is to consume 1–4 g · kg−1, 1–4 hours before 
exercise, but with the following caveats.

 ■ Timing, amount, and type of carbohydrate 
should be chosen to suit the individual’s 
needs and preferences.

 ■ Low-glycemic choices may provide a more 
sustained source of carbohydrate when it 
cannot be consumed during exercise.

Carbohydrate Intake During a Performance In con-
trast to the pre-exercise feeding studies in which 
there was some variability in the outcome, there is a 
great deal of consensus that feeding carbohydrate dur-
ing exercise delays fatigue and improves performance. 
Interestingly, the improved performance appears to 
have nothing to do with sparing the muscle glyco-
gen store. Muscle glycogen is depleted at the same 
rate during prolonged vigorous (70%–75% V̇ O2 max) 
exercise, with or without carbohydrate ingestion; 
however, liver glycogen is not (28, 31). The ingestion 
of carbohydrate appears to spare the liver glycogen 
store by directly contributing carbohydrate for oxida-
tion. If additional carbohydrate is not ingested during 
prolonged exercise, the blood glucose concentration 
decreases as the liver stores are depleted, resulting 
in an inadequate rate of carbohydrate oxidation by 
muscle. Central nervous system activation of muscle 
is diminished by hypoglycemia, resulting in a reduced 

pow70456_ch23_525-547.indd   529 01/16/17   10:10 PM



530 Section Three Physiology of Performance

power output (101). Consistent with that, the rating 
of perceived exertion (RPE) is lower with carbohy-
drate supplementation during prolonged exercise (24, 
121). Figure 23.3 shows Coggan and Coyle’s model of 
how carbohydrate is supplied to muscle during pro-
longed exercise under fasted and fed conditions. The 
rate of muscle glycogen depletion is not different; 
however, when fed carbohydrates, the subjects last 
longer due to the increased availability of blood glu-
cose. This effect varies with the dose, with a greater 
rate of ingestion (i.e., 60 g/hr vs. 15 g/hr) leading to 
better performances (117). When is the best time to 
consume carbohydrates during exercise?

Coggan and Coyle indicate that carbohydrates ei-
ther can be ingested throughout exercise or can be 
taken 30 minutes before the anticipated time of fa-
tigue, with no difference in the outcome (31). This is 
consistent with their contention that it is the increased 
availability of glucose late in exercise that delays fa-
tigue. In exercise tests at 75% V̇ O2 max, the time to 
fatigue was extended by about 45 minutes with car-
bohydrate ingestion. Because muscles use blood glu-
cose at the rate of about 1–1.3 g/min late in exercise, 
sufficient carbohydrate should be ingested to provide 
an additional 45–60 g (45 min × 1 to 1.3 g/min) of car-
bohydrate. There is general agreement that this can be 
achieved when carbohydrates are taken in at the rate of  
about 30–60 g/hr during exercise (24). The 120–240 g  
of glucose consumed (4 hrs × 30 to 60 g/hr) provides 
for the 45–60 g needed at the end of exercise, but 
also supports the elevated carbohydrate metabolism 
throughout exercise. Glucose, sucrose, or glucose 
polymer solutions are all successful in maintaining the 
blood glucose concentration during exercise, but the 
palatability of the solution is improved if glucose poly-
mer solutions are used for concentrations above 10%. 
There is evidence that carbohydrate ingestion during 
exercise also improves performance in shorter (45–60 
min) and more intense (>75% V̇ O2 max) endurance ac-
tivities and during  intermittent team sports (26). The 
2016 ACSM position stand recommends the following 
for carbohydrate intake during performance (3):

 ■ During endurance exercise of 1–2.5 hours, 
including “stop and start” sports like soccer, 
30–60 g · hr−1 should be consumed in either 
liquid, solid or gel forms, and the athlete 
should practice using these products during 
training sessions.

 ■ During ultra-endurance exercise of 2.5–3 hours,  
up to 90 g · hr−1 should be consumed, but 
products providing a mix of transportable 
carbohydrates (e.g., glucose:fructose mixture) are 
needed to meet this high rate of carbohydrate 
oxidation. The fructose is transported, 
independent of glucose, from the GI tract to 
the blood, allowing more carbohydrate to be 
transported compared to glucose alone.

Is there anything that can be added to these drinks to 
have a larger impact on performance? For an update 
on carbohydrate drinks and performance, see “Ask the 
Expert 23.1.”

A new question regarding carbohydrate drinks 
has arisen: Does simply rinsing the mouth with the 
drink at regular intervals during the performance re-
sult in an improved performance? The answer appears 
to be yes when applied to time-trial performances 
in both cyclists (27) and runners (111). In one of the 
studies, brain centers (as observed using MRI) associ-
ated with reward were activated with the carbohy-
drate mouth rinse whether it was sweet (glucose) 
or not (maltodextrin) (27). In contrast, Beelen et al. 
(7) found no improvement in time-trial performance 
with this procedure when performed with well-fed 
subjects (versus those who fasted overnight). The 
2016 ACSM position stand recommends the follow-
ing for sustained high-intensity exercise lasting 45–75 
minutes (3):

 ■ Use small amounts of a range of drinks and 
sport products that contain easily digested 
carbohydrates. This can also be used as a 
mouth rinse to activate reward centers in the 
CNS and enhance perceptions of well-being 
and increase self-selected exercise intensity.

Figure 23.3 Blood glucose and muscle 
 glycogen use when subjects fasted or were 
fed carbohydrates (CHO) during prolonged 
exercise.
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ASK THE EXPERT 23.1

Carbohydrate Drinks and Performance:  
Questions and Answers with Dr. Ronald J. Maughan

Ron Maughan obtained 
his B.Sc. (Physiology) and 
Ph.D. from the University 
of Aberdeen, and held a 
lecturing position in Liver-
pool before returning to 
Aberdeen where he stayed 
for more than 20 years. 
He then moved to the 
School of Sport, Exercise 
and Health Sciences at 

Loughborough University, England. He now 
has a visiting post at St Andrews University, 
Scotland. He chairs the Nutrition Working 
Group of the International Olympic Commit-
tee. His research interests are in the physiol-
ogy, biochemistry, and nutrition of exercise 
performance, with an interest in both the basic 
science of exercise and the applied aspects 
that relate to health and performance in sport.

question: Athletes use carbohydrate 
drinks to improve performance. 
What type of athlete would benefit 
most from this strategy?

answer: All athletes will find these 
drinks useful in some training 
and competition situations. Dur-
ing exercise, they are especially 
important when the exercise time 
exceeds about 30–40 minutes, but 
some benefits may be apparent 
sooner than that. They provide 
carbohydrate as an energy source, 
and this is especially important if 
there has not been an opportunity 
for complete recovery of the body’s 
carbohydrate stores since the last 
training session or competition. 
Carbohydrate is a more efficient 
fuel than fat—it requires less oxy-
gen for a given energy demand—so 
ensuring an adequate supply is cru-
cial to performance. These drinks 
also promote water absorption and 
supply some electrolytes, so they 
are particularly important when 
sweat losses are high. Athletes 
should get into the habit of using 
these drinks in training as well as 
in competition. Training sessions 
feel easier, the risk of heat illness 

is greatly reduced, and the quality 
of training may be better main-
tained: this is important for those 
who take exercise for fun as well 
as for the elite athlete. The reduc-
tion in the perception of effort is 
especially important for those who 
exercise for health. If the exercise 
feels easier, they are more likely to 
stick to an exercise program, and 
these effects may be felt in exercise 
of less than 30 minutes duration. 
Strength and power athletes may 
train for long periods, but often 
do not have the awareness of the 
need for rehydration that exists in 
endurance sports. Of course, the 
calories in these drinks need to be 
taken into account, and those on 
an energy-restricted diet may limit 
their use of sport drinks for this 
reason.

question: Given the existing research 
support for this strategy, what are 
the most important questions re-
maining to be answered?

answer: Many questions remain to be 
answered, but these relate mostly 
to the application of the basic sci-
ence in practical situations. The 
main ingredients of carbohydrate–
electrolyte sports drinks (water, 
sugar, and salt) have not changed 
substantially, but we need to have 
a better understanding of the op-
timum formulation for use in dif-
ferent situations. We now know 
that a mixture of different carbo-
hydrates, including both glucose 
and fructose, can increase the avail-
ability and oxidation of ingested 
carbohydrates and can enhance 
performance compared to drinks 
that contain only glucose. There 
are situations in which a higher 
or a lower carbohydrate content 
would be better, and athletes have 
to recognize that different drinks 
may be better suited to different 
exercise and environmental condi-
tions. They also need to recognize 

how to assess their own individual 
fuel and hydration needs and how 
these change in different situations. 
There is some debate about the 
need for electrolyte replacement 
in different situations, and we need 
to learn how to identify those at 
risk of over- or underhydration. 
We also need to learn how to com-
municate current knowledge more 
effectively to athletes and coaches, 
and this is perhaps the biggest chal-
lenge we face at present.

question: Are there any differences 
between these traditional carbohy-
drate drinks and the new “energy 
drinks” being advertised to im-
prove performance?

answer: The new energy drinks are 
mostly very high in sugar, and 
thus, energy, and they also usually 
contain caffeine to give a feeling 
of more energy. These drinks can 
have disadvantages in some situ-
ations. Because of the high carbo-
hydrate content, the osmolality of 
these drinks is very high, and the 
body actually secretes water into 
the small intestine after they have 
been ingested. Although this is a 
transient effect, it exacerbates any 
existing dehydration and can cause 
gastrointestinal discomfort. Some 
of the newer energy drinks do not 
contain energy at all: they contain 
only caffeine (plus a few flavorings, 
etc.) or other purported stimulants 
to give a feeling of more energy. 
Although moderate doses of caf-
feine can help performance, the 
very high doses in some of these 
products can increase the risk of 
dehydration due to increased urine 
loss and can lead to over-arousal 
that results in poorer performance 
in some skilled tasks. Some athletes 
also report that they find it difficult 
to sleep at night when they have 
used high doses of caffeine in com-
petitions held in late afternoon or 
evening.

Courtesy 
of Ronald J. 
Maughan
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In summary, consuming carbohydrate during ex-
ercise helps maintain the necessary rate of carbohy-
drate oxidation associated with good performance:

 ■ For performances less than 75 minutes, only 
small amounts of carbohydrate are needed, 
including its use as a mouth rinse.

 ■ For performances of 1–2.5 hours, 30–60 g  
of carbohydrate should be consumed per 
hour.

 ■ For performance of 2.5–3 hours, up to 90 g  
of carbohydrate should be consumed per 
hour.

Either a single (e.g., glucose) or a multiple transport-
able (e.g., glucose:fructose) form of carbohydrate can 
be used for the first two conditions, but only a mul-
tiple transportable mixture should be used for the last 
condition to achieve the needed high rate of deliv-
ery of carbohydrate (3, 79, 80). One final point: Even 
when the blood glucose concentration is maintained 
by either glucose infusion or ingestion during exer-
cise, the subject will eventually stop; this indicates 
that fatigue is related to more than the delivery of 
fuel to muscles (31).

Carbohydrate Intake Post-Performance
The degree of muscle glycogen depletion varies with 
the duration and intensity of the exercise. The lim-
iting factor in muscle glycogen synthesis is glucose 
transport across the cell membrane. Following a bout 
of heavy exercise, there is an increase in the muscle 
cell’s permeability to glucose, an increase in glyco-
gen synthase activity, and an increase in the muscle’s 
sensitivity to insulin (77). To take advantage of these 
factors, carbohydrates (1.0−1.5 g · kg−1) need to be con-
sumed within 30 minutes after exercise and at 2-hour 
intervals for up to 6 hours if one wants to replace 
glycogen stores quickly. High glycemic foods are bet-
ter in this regard. Further, the combined ingestion of 
a smaller amount of carbohydrate (0.8 g · kg−1 · hr−1)  
with a small amount of protein (0.2 − 0.4 g · kg−1 · hr−1)  
has been shown to be as effective as the inges-
tion of 1.2 g · kg−1 · hr−1 of carbohydrate (3, 8, 17).  
However, if time is not crucial, eating a balance of 
carbohydrates, fats, and protein will achieve both 
carbohydrate replacement and the promotion of an  
optimal rate of muscle protein synthesis needed for 
tissue repair and hypertrophy. Consistent with this, 
the 2016 ACSM position stand recommends the fol-
lowing (3):

 ■ For speed refueling, when there is less than 8 
hours between two carbohydrate-demanding 
exercise sessions, 1–1.2 g · kg−1 · h−1 of 
carbohydrate should be consumed for the first 
4 hours.

PROTEIN
The adult RDA for protein is 0.8 gm · kg−1 · d−1 and is 
easily met by a diet having 12% of its energy (kcal) as 
protein. For example, if the daily energy requirement 
for an adult male weighing 72 kg is 2900 kcal/day, 
then about 348 kcal are taken in as protein (12% of 
2900 kcal). At 4 kcal/g, this person would consume 
approximately 87 g protein per day, representing 
1.2 g · kg−1 · d−1 (87 g/70 kg), or 50% more than the 
RDA standard. Does an athlete have to take in more 
protein than specified in the RDA, or is the normal 
diet adequate? Confusing as it may seem, the answer 
to both questions appears to be yes.

Protein Requirements and Exercise
Adequacy of protein intake has been based primar-
ily on nitrogen (N)-balance studies. Protein is about 
16% N by weight, and when N-intake (dietary protein) 
equals N-excretion, the person is in N-balance. Excre-
tion of less N than one consumes is called positive 
N-balance, and the excretion of more N than one con-
sumes is called negative N-balance. This latter condi-
tion, if maintained, is inconsistent with good health 
due to the potential loss of lean body mass. Based on 
these N-balance studies, it was generally believed that 
the 0.8 g · kg−1 · d−1 RDA standard was adequate for 
those engaged in prolonged exercise. In these studies, 
urinary N excretion was usually used as an index of 
N-excretion, because about 85% of N is excreted this 
way (89). However, some experiments suggest this 
method of measurement may underestimate amino 
acid utilization in exercise. Lemon and Mullin (90) 
found that although there was no difference in urinary 
N excretion compared to rest, the loss of N in sweat 
increased 60- to 150-fold during exercise,  suggesting 

IN SUMMARY
 ■ From 1 to 4 g · kg−1 of carbohydrate should be 
consumed 1–4 hours before exercise, but, timing, 
amount, and type of carbohydrate should be cho-
sen to suit the individual’s needs and preferences.

 ■ The ingestion of glucose solutions during exer-
cise extends performance by providing carbo-
hydrate to the muscle at a time when muscle 
glycogen is being depleted.

 ■ Depending on the duration of the endurance per-
formance, from 30 to 90 g · hr−1 of carbohydrate 
should be consumed during exercise to maintain 
the high rate of carbohydrate oxidation.

 ■ To restore glycogen stores quickly after exercise, 
carbohydrates should be consumed at the rate of 
1 to 1.2 g · kg−1 · h−1 for the first 4 hours.
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that as much as 10% of the energy requirement of the 
exercise was met by the oxidation of amino acids.

Other studies, using different techniques, sup-
ported these observations. Muscle has been shown to 
release the amino acid alanine in proportion to exercise 
intensity (52), and the alanine is used in gluconeogen-
esis in the liver to generate new plasma glucose. Several 
investigators have infused a stable isotope (13C-label) 
of the amino acid leucine to study the rate at which 
amino acids are mobilized and oxidized during exer-
cise. In general, the rate of oxidation (measured by the 
appearance of 13CO2) is higher during exercise than at 
rest in rats and humans (41, 73, 127). Taken as a group, 
these studies suggest that amino acids are used as a fuel 
during exercise to a greater extent than previously be-
lieved. They also suggest that the protein requirement 
for those involved in prolonged exercise is higher than 
the RDA (89). However, there is more to the story.

Whole-Body Nitrogen Balance Studies The ability 
to maintain N-balance during exercise appears to be 
dependent on the following (19, 21, 88–90):

 ■ The training state of the subject

 ■ The quality and quantity of protein consumed

 ■ Total calories consumed

 ■ The body’s carbohydrate store

 ■ The intensity, duration, and type (resistance 
versus endurance) of exercise

If measurements of protein utilization are made during 
the first few days of an exercise program, formerly sed-
entary subjects show a negative N-balance (Fig. 23.4). 
However, after about 12–14 days of training, this condi-
tion disappears and the person can maintain N-balance 
(61). So, depending on the point into the training pro-
gram where the measurements are made, one could 
conclude either that more protein is needed during the 
adaptation to exercise or that protein needs can be met 
by the RDA after the adaptation is complete (21). But-
terfield indicates that in N-balance studies, the length 
of time needed to achieve a new steady state depends 

on the magnitude of the change in the level of N-intake 
and the absolute amount of N consumed, and that the 
recommended minimum of a ten-day adaptation period 
may be inadequate when N-intake is very large (19).

Another factor influencing the conclusion one 
would reach about protein needs during exercise is 
whether the person is in caloric balance—that is, tak-
ing in enough kcal to cover the cost of the added 
exercise. For example, it has been shown that by 
increasing the energy intake 15% more than that 
needed to maintain weight, an increase in N-retention 
occurred during exercise when these subjects con-
sumed only 0.57 g · kg−1 · d−1 of egg white protein 
(21). In a parallel study by the same group (120), a 
15% deficit in energy intake was created while sub-
jects consumed either 0.57 or 0.8 g · kg−1 · d−1 egg 
white protein. When taking in 15% fewer calories 
than needed, the 0.8 g · kg−1 · d−1 protein intake was 
associated with a negative N-balance of 1 g · d−1. How-
ever, when the subjects did one or two hours of exer-
cise, the negative N-balance improved to a loss of only 
0.51, or 0.27 g · d−1, respectively. During the treat-
ment in which the subjects were in caloric balance, 
the RDA of 0.8 g · kg−1 · d−1 was sufficient to achieve 
a positive N-balance for both durations of exercise. It 
is clear, then, that to make proper judgments about 
the adequacy of the protein intake, the person must 
be in energy balance.

A final nutritional factor that can influence the rate 
of amino-acid metabolism during exercise is the avail-
ability of carbohydrate. Lemon and Mullin (91) showed 
that the quantity of urea found in sweat was cut in 
half when subjects were carbohydrate loaded as op-
posed to carbohydrate depleted (see Fig. 23.5). Further, 
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as Fig. 23.6 shows, the ingestion of glucose during the 
latter half of a three hour exercise test at 50% V̇ O2 max 
reduces the rate of oxidation of the amino acid leucine 
(41). So, not only is caloric balance important in protein 
metabolism, but the ability of the diet to provide ad-
equate carbohydrate must also be considered.

Protein Requirements for Athletes
How much protein does an athlete need? To answer 
that question, one needs to consider the fact that 
the RDA for protein varies from country to country  
(0.8–1.2 g · kg−1 · d−1), and that most of these standards 
do not consider vigorous exercise done by athletes. 
The Dutch did, and offered 1.5 g · kg−1 · d−1 as the 
standard for athletes (87). So, again, how much protein 
is needed? Previous guidelines recommended differ-
ent protein intakes for elite endurance athletes (e.g.,  
1.2–1.4 g · kg−1 · d−1) and elite strength training athletes 
(e.g., 1.2–1.7 g · kg−1 · d−1). The 2016 ACSM position stand 
(3) recommends a single range of 1.2–2.0 g · kg−1 · d−1  
with the caveat that the higher end of the range is 
for short periods of intense training or when energy 
intake is reduced (e.g., for weight loss). In fact, the 
position stand emphasizes the point that the protein 
requirement varies with:

 ■ Training status of the athlete, with 
experienced athletes needing less.

 ■ Current training regime, with a new training 
stimulus requiring the high end of the range.

 ■ Availability of carbohydrate, with more 
protein needed when carbohydrates are 
limited.

 ■ Availability of energy, with more protein 
needed when an athlete is losing weight.

Current questions revolve around the timing of pro-
tein intake for optimal gains in muscle mass, and 
whether some types of protein are better than others 
(see The Winning Edge 23.1).

Another way to approach this question is to con-
sider the protein requirement of a human from child-
hood to adulthood. The RDA for protein is 1.5 g · kg−1 · d−1  
during the second six months of life, decreasing to 
0.95 g · kg−1 · d−1 by ages 4–8, and reaching the adult 
value of 0.8 g · kg−1 · d−1 by age 18. During this period, 
an individual may increase body weight by a factor 
of ten (15 lb to 150 lb). This is not unlike what was  
previously mentioned about the adaptation to exer-
cise. During the initial days of an exercise training 
program when the muscles are adapting to the new 
exercise, the protein requirement might be higher 
than the RDA, and data of Gontzea (61, 62) sup-
port this proposition. However, after the person has 
adapted to the exercise, the requirement would re-
vert to the RDA.

At the beginning of this section on the protein 
requirements for athletes, a question was raised: Does 
an athlete have to take in more protein than the RDA, 
or is the normal diet adequate? During intense endur-
ance training or strength training, the requirement of 
protein may be higher than the RDA. So the answer 
is yes to that part of the question. It is also yes to the 
second part, in that the average person typically takes 
in 50% more than the RDA for protein. Brotherhood 
reports that an average athlete’s diet is about 16% 
protein, exceeding 1.5 g · kg−1 · d−1 (88% more than 
RDA!). These values exceed the RDA of young chil-
dren who are in a chronic state of positive nitrogen 
balance, and approach the upper limit of the recom-
mendations (3, 19, 86, 87, 88). In support of dietary 
protein intake being sufficient, two studies found that 
protein supplements provided no advantage in terms 
of strength gains in a resistance training program in 
both young experienced trained athletes (72) and in 
older individuals experiencing sarcopenia (22).

Some concern has been raised about consuming 
too much dietary protein, especially with regard to 
amenorrheic athletes (20). High-protein diets lead to 
an increase in Ca++ excretion, and for many years, it 
was believed that the Ca++ was of bone origin and 
of real concern for the amenorrheic athlete (48, 68). 
Recent studies suggest otherwise. Short-term diets 
high in protein have been shown to simultaneously 
increase Ca++ absorption from the intestine, and there 
is no evidence of an impact on net stores of bone 
Ca++. However, those on a low-protein diet show a 
reduction in Ca++ absorption from the intestine, and 
long-term use of such diets could seriously compro-
mise skeletal health (83, 84).

Additional concerns have been expressed that ath-
letes consuming a vegetarian diet might not be able to 
meet the protein requirement. A review by Vender-
ley and Campbell (124) reported that protein intakes 
ranged from 10% to 12% in vegans, 12% to 14% in lacto-
ovo vegetarians, and 14% to 18% in omnivores. The 
lacto-ovo vegetarians have easy access to high-quality  

Figure 23.6 Effect of glucose ingestion on the rate of 
metabolism of the amino acid leucine. Glucose inges-
tion decreases the rate of amino acid oxidation.
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and easily accessed protein in eggs and milk products. 
On the other hand, athletes who are vegans do not, 
and they may benefit from careful dietary planning 
with a sports-related registered dietician to realize 
performance goals (3, 124). See Suggested Readings 
for a review by Fuhrman and Ferreri, and a position 
stand by Borrione, Grasso, Quaranta, and Parisi that 
address this issue.

WATER AND ELECTROLYTES
Chapter 12 described in some detail the need to dis-
sipate heat during exercise to minimize the increase 
in core temperature. The primary mechanism for heat 
loss at high work rates in a comfortable environment, 

and at all work rates in a hot environment, is the evap-
oration of sweat. Sweat rates increase linearly with 
exercise intensity, and in hot weather, sweat rates can 
reach 2.8 liters per hour (33). In spite of attempts to 
replace water during marathon races, some runners 
lose 8% of their body weight (33). Given that water 
losses in excess of 2% adversely affect endurance per-
formance, especially in hot weather, there is a clear 
need to maintain water balance (2, 3). Of course, more 
than water is lost in sweat. An increased sweat rate 
means that a wide variety of electrolytes, such as Na+, 
K+, Cl−, and Mg++, are lost as well (33). These elec-
trolytes are needed for normal functioning of excit-
able tissues, enzymes, and hormones. It should be no 
surprise then that investigators have been concerned 
about the optimal way to replace water and electro-
lytes to reduce the chance of health-related problems 
and increase the chance of optimal performance (93).

Fluid Replacement—Before Exercise
The goal of prehydrating is to be euhydrated (have 
a normal body water content) before the exercise or 
competition begins. In general, with sufficient time 
(8–24 hours) between the end of one exercise (com-
petition) and the next, foods and beverages consumed 

THE WINNING EDGE 23.1

Timing of Protein Intake for Maximum Effect

There is no question that following a 
resistance training workout, muscle 
protein synthesis (MPS) is increased. 
But it is increased even more when 
amino acids are either ingested or in-
fused, compared to a fasted state. For 
obvious practical reasons, the focus 
has been on ingestion rather than 
infusion, and the following observa-
tions have been made about how to 
obtain optimal results (71, 78, 106):

 ■ MPS is activated most strongly 
when amino acids are available 
in the first hour following the 
workout.

 ● This approach to timing of 
protein intake is even more 
important for older adults.

 ■ Whey protein (20% of milk 
protein) is digested more rap-
idly than casein protein (80% 
of milk protein) or soy protein 
and yields a higher level of es-
sential amino acids (EAA) in 

the blood, with the EAA being 
a driving force for MPS.

 ● Casein protein provides a 
longer and more sustained 
EAA response, making milk 
a good post-exercise drink 
because it contains both pro-
teins naturally.

 ■ There is only limited 
 information on the impact of 
these post-exercise protein 
feedings over the course of a 
full resistance-training  
program, but the avail-
able evidence  supports the 
 recommendation.

 ■ The amount of high-quality 
protein needed post-exercise 
to optimally stimulate MPS is 
modest (~25 g), containing  
8–10 g of EAA (3,106). Though 
others (78) recommend  
>35 g, this amount has not 
been shown to further  
enhance MPS (3).

A recent review raised some ques-
tions about this idea of a post-exercise 
“anabolic window” relative to protein 
synthesis. The authors note that many 
studies used both pre- and post-exercise  
protein supplementation, making it 
difficult to evaluate the timing issue. 
Further, the majority of studies failed 
to match total protein intake between 
conditions, and the supplement usu-
ally contained overly conservative 
amounts (10–20 g) of protein. Finally, 
since the studies used primarily un-
trained subjects, it was not clear how 
the results applied to trained subjects 
(4). Related to the issue of the amount 
of protein used, an analysis of studies 
in which a positive effect on muscle 
and strength was observed, protein 
supplements were about 60% greater 
than the habitual protein intake of 
the subjects (13). This is clearly an 
exciting area of research, and we are 
sure to see a more complete picture 
in the near future.

IN SUMMARY
 ■ The range of protein requirements for athletes 
is 1.2–2.0 g · kg−1 · d−1 with the top part of the 
range needed for those engaged in new training 
programs, or consuming inadequate amounts of 
calories or carbohydrates.
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at meals will be sufficient. If the time frame is too 
short, the following steps can be taken (2, 3):

 ■ Slowly drink beverages (e.g., ~5–10 ml · kg−1) 
2–4 hours before exercise to achieve urine 
that is pale yellow in color, and to allow 
sufficient time for excess fluid to be voided.

 ■ Using beverages with sodium in them or 
salted snacks would help retain the fluid.

Some investigators have used large volumes of wa-
ter or have taken glycerol (94) to create a hyperhydrated 
state (body water content greater than normal) prior to 
exercise; in fact, some studies provide guidelines for 
an optimal dose of glycerol to accomplish this goal  
(63, 123). However, there is no clear evidence that better 
performances will result compared to euhydration (2), 
and the practice of using glycerol has been banned by  
the World Anti-Doping Agency (http://list.wada-ama 
.org/list/s5-diuretics-and-other-masking-agents/).

Fluid Replacement—During Exercise
The goal of drinking beverages during exercise is to 
reduce the chance of becoming excessively dehy-
drated (2% body weight loss from water deficit) (2). 
Fortunately, for some sports in which play is intermit-
tent (football, tennis, golf), water replacement during 
the activity is possible, but some athletes may need 
reminders to drink fluids during breaks in the action 
(58). However, in athletic events such as marathon 
running, there are no formal breaks in the activity 
to allow for replacement. In these latter activities, in 
which a high rate of heat production is coupled with 
the potential problems of environmental heat and hu-
midity, the athlete is at great risk. Studies confirm the 
need to replace fluids as they are lost during exercise 
in order to maintain moderate heart rate and body 
temperature responses (65, 107). Figure 23.7 shows 
changes in esophageal temperature, heart rate, and 
rating of perceived exertion during two hours of exer-
cise at 62%–67% V̇ O2 max under four conditions of fluid 
replacement: (a) no fluid, (b) small fluid (300 ml/hr),  
(c) moderate fluid (700 ml/hr), and (d) large fluid 
(1200 ml/hr). The fluid was a “sport drink” containing 
6% carbohydrate and electrolytes (40). As you can see, 
there were marked differences in the responses over 
time. The lowest heart rate, body temperature, and 
rating of perceived exertion were associated with the 
highest rates of fluid replacement (37, 40). It must be 
added that although most of the attention on fluid 
replacement is directed at those who participate in 
prolonged endurance exercise, it is clear that the 
same message must reach those who participate in 
intermittent exercise (116). Given that fluid replace-
ment during exercise is clearly beneficial, how much 
fluid should be taken at one time? Should it be warm 
or cold? Should it contain electrolytes and glucose?

Costill and colleagues (35, 38) provided some of 
the original answers to these questions. One study ex-
amined the effects of fluid volume, temperature, glu-
cose concentration, and the intensity of exercise on the 
rate at which fluid leaves the stomach to the small in-
testine. They determined this by giving the subject the 
fluid in question and then, 15 minutes later, aspirating 
the contents of the stomach. Figure 23.8 summarizes 
the results of that study. A glucose concentration above 
139 mM (2.5%) slowed gastric emptying (i.e., increased 
residue; Fig. 23.8(a)). The optimal volume to ingest was 
600 ml (Fig. 23.8(b)), and colder drinks appeared to be 
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Figure 23.7 Core temperature (esophageal temperature), 
heart rate, and perceived exertion during 120 min of 
exercise when subjects ingested no fluid, or small  
(300 ml/hr), moderate (700 ml/hr), or large (1,200 ml/hr) 
volumes of fluid. A rating of 17 for perceived  exertion 
corresponds to “Very Hard,” 15 is “Hard,” and 13 is 
“Somewhat Hard.” Values are means ±SE.
*Significantly lower than no fluid, P < 0.05.

†Significantly lower than small fluid, P < 0.05.

§Significantly lower than moderate fluid, P < 0.05.
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emptied faster (i.e., decreased residue; Fig. 23.8(c)). Fi-
nally, exercise had no effect on gastric emptying until 
the intensity exceeded 65%–70% V̇ O2 max (Fig. 23.8(d)). 
Using the same technique, which has been shown to 
be valid (54), studies have confirmed that intensities 
below 75% V̇ O2 max do not affect the rate of gastric 
emptying (95), and that there is no difference between 
running and cycling in the rate of gastric emptying 
for exercise intensities of 70% to 75% V̇ O2 max (74, 
99, 110). However, dehydration and/or high body tem-
perature have been shown to delay gastric emptying 
(96, 109). While most of the later work supports the 
findings shown in Fig. 23.8, the one exception is with 
regard to the carbohydrate content of the drink.

In the original study (35), the effectiveness of a 
drink was evaluated 15 minutes after ingestion by 
aspirating the contents of the stomach. Davis and col-
leagues (44, 45) questioned the use of the aspiration 
technique, because it simply measures how much 
fluid leaves the stomach, not how much is actually 
absorbed into the blood from the small intestine. 
They used heavy water (D2O) as a tracer of fluid ab-
sorption from the gastrointestinal tract to the blood 
and found that a 6% glucose-electrolyte solution was 
absorbed as fast as or faster than water at rest (45) or 
during exercise (44). Two additional studies that used 
the aspiration technique (92, 103) found that when 
either a 10% glucose solution or glucose polymer solu-
tions containing 5%–10% carbohydrate were ingested 
at 15- to 20-minute intervals during prolonged exer-
cise at 65%–70% V̇ O2 max, there was no difference in 
the gastric emptying rate of either solution compared 
to water. The improved performance of the carbohy-
drate drinks in the most recent studies may be related 
to the experimental procedures, which included the 

ingestion of small volumes (~200 ml) at regular in-
tervals (15–20 minutes) during prolonged exercise, 
with the aspiration occurring at the end of the entire 
exercise session (not 15 minutes after ingestion). An 
additional benefit of these glucose solutions is that 
the extra carbohydrate helps to maintain the blood 
glucose during exercise (see earlier discussion). It 
must be added, however, that drinks containing more 
than 8% glucose remain in the stomach longer, with 
subjects complaining of gastrointestinal distress (2, 3). 
If fluid intake is most important and carbohydrate is 
secondary, a drink should be fashioned accordingly.

Because sweat rates vary so much among individ-
uals, it is recommended that individuals estimate their 
sweat rates (measure weight pre- and post-exercise 
[competition], and account for the volume of fluid in-
gested) to determine how much to drink. Also, they 
should “practice” drinking the beverage in routine 
workouts to determine if it works for them. The fol-
lowing should be considered for a sport beverage (2):

 ■ A temperature between 15 and 21°C has 
been a classic recommendation, however, new 
information suggests a temperature of 0.5°C 
(3) or making the solution in the form of an ice 
slurry (119) to help lower core temperature.

 ■ ~20–30 mEq · L−1 sodium and 2–5 mEq · L−1 
potassium

 ■ 5%–10% carbohydrate

The greatest rates of carbohydrate delivery occur 
when a mixture of sugars is used (e.g., glucose and 
fructose) as described earlier (2, 3). Interestingly, and 
in contrast to popular beliefs, caffeine  consumption 
does not create a water-electrolyte imbalance or hy-
perthermia, or reduce exercise-heat tolerance (3, 5).

Figure 23.8 Effect of 
fluid volume, glucose 
concentration, solute 
temperature, and the 
intensity of exercise 
on the rate of fluid 
 absorption from the 
gastrointestinal tract.
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A range of values are given for the electrolyte 
and carbohydrates to allow drinks to better meet ex-
pected demands. Gisolfi and Duchman (59) provide 
the following guidelines:

 ■ During exercise lasting less than one hour 
(80%–130% V̇ O2 max), the athlete should drink 
500–1000 ml of water.

 ■ For exercise durations between one and three 
hours (60%–90% V̇ O2 max), the drink should 
contain 10–20 mEq of Na+, and Cl−, and 6%–8% 
carbohydrate, with 500–1000 ml/hr meeting 
the carbohydrate need, and 800–1600 ml/hr 
meeting the fluid need.

 ■ For events of more than three hours’ duration, 
the drink should contain 20–30 mEq of Na+ 
and Cl−, and 6%–8% carbohydrate, with 500–
1000 ml/hr meeting the carbohydrate and 
fluid needs of most athletes.

Gisolfi, C. V., and Duchman, S. M., “Guidelines for Optimal 
Replacement Beverages for Different Athletic Events,” 

 Medicine and Science in Sports and Exercise  
24: 679–687, 1992.

Allowances must be made for individual differences 
in the frequency and volume of ingestion (58). The 
addition of salt to the drink enhances its palatability, 
maintains plasma osmolality to stimulate thirst (118), 
promotes fluid and carbohydrate absorption, and re-
plenishes some of the electrolytes lost during the ac-
tivity. An additional reason sodium has been added to 
the drinks is related to concerns that have been raised 
about the potential for hyponatremia, a dangerously 
low Na+ concentration that can occur when a person 
hydrates only with water or hypotonic drinks during 
extremely long (>4 hours), ultra-endurance athletic 
events (2, 3, 99, 125). (See The Winning Edge 23.2.)

Fluid Replacement—After Exercise
Gisolfi and Duchman (59) also provided a drink for re-
covery that is consistent with the need to replenish 
electrolytes and muscle glycogen: The drink should 
contain 30–40 mEq of Na+ and Cl− and deliver 50 g of 
carbohydrate per hour. If an individual has to rehydrate 
quickly, it is recommended that ~1.5 liters of fluid be 
ingested for every kilogram of weight lost to compen-
sate for the increased urine output (2, 3). One can use 
a sport drink or other beverages to rehydrate following 
exercise, and cold (e.g., 10°C) drinks appear to be more 
effective (104). One study compared a carbohydrate-
electrolyte (CE) drink to skim milk. The subjects con-
sumed 150% of the body weight lost as a result of doing 
an exercise bout in the heat. Three hours after they 
ingested the beverages, the subjects achieved euhy-
dration with the CE drink and were slightly hyperhy-
drated with the skim milk. The milk provided 113 gm 
of carbohydrate vs. 137 for the CE drink, but the milk 

also provided 75 gm of protein—allowing the milk to 
address multiple needs during recovery (126).

Salt (NaCl)
One of the Dietary Guidelines for Americans presented in 
Chap. 18 was to decrease the intake of sodium. Although 
the point was made that Americans consume two to 
three times the amount needed for optimal health, is the 
dietary intake sufficient for an athlete who participates in 
regular vigorous physical activity? The mass of sodium in 
the body determines the water content, given the way 
water is reabsorbed at the kidney. If a person becomes 
sodium depleted, body water decreases, and the risk of 
heat injury increases. An untrained and unacclimatized 
individual (see Chap. 24) loses more Na+ in sweat than 
a trained and acclimatized person. If the unacclimatized 
person has 1.9 g Na+ per liter of sweat and loses 5 liters 
of sweat (11 pounds), the person would lose 9.5 grams 
of Na+ per day. As the person becomes acclimatized to 
heat, the sodium content in sweat decreases to about 
half that, and Na+ loss is about 5 g/day. Given that Na+ is 
40% of NaCl by weight, a person would have to consume 
12.5 g of salt per day to meet that demand. It is generally 
believed that an individual with a high Na+ loss can stay 
in sodium/water balance by simply adding salt to food 
at mealtime, rather than by consuming salt tablets (129). 
The best single practical test of the success of salt/water 
replacement procedures is to obtain a nude body weight 
measure in the morning, after voiding. Additional infor-
mation about adequate hydration can be obtained by 
measuring urine specific gravity of the morning urine 
(2). The general dietary routine followed by athletes 
must be successful, because early-morning body weight 
remains relatively constant despite large daily sweat 
losses. Given what has just been presented, you might 
think there is no disagreement about whether dehy-
dration impairs exercise performance—but you would 
be wrong. See the “point-counterpoint” of Noakes and 
Sawka in Suggested Readings.

IN SUMMARY
 ■ Fluid replacement during exercise reduces the 
heart rate, body temperature, and perceived 
exertion responses to exercise, and the greater 
the rate of fluid intake, the lower the responses.

 ■ Cold drinks are absorbed faster than warm 
drinks, and when exercise intensity exceeds 
65%–70% V̇ O2 max, gastric emptying decreases.

 ■ For exercise lasting less than one hour, the 
focus is on water replacement only. When ex-
ercise duration exceeds one hour, drinks should 
contain Na+, Cl−, and carbohydrate.

 ■ Salt needs are easily met at mealtime, and salt 
tablets are not needed. In fact, most Americans 
take in more salt than is required (see Chap. 18).
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THE WINNING EDGE 23.2

Hyponatremia

A primary driving force shaping fluid 
replacement recommendations over 
the past 60 years was the potential for 
dehydration during athletic events 
due to inadequate consumption of 
fluids. Over the past decade, a differ-
ent problem, hyponatremia, has sur-
faced—that associated with drinking 
too much fluid during long-term ath-
letic events and diluting the body’s 
sodium level (3, 98, 99). The normal 
range of the serum sodium concentra-
tion is 135–145 mEq · L−1. The risks 
associated with hyponatremia vary 
with the sodium concentration (112):

 ■ Mild (Na+ = 131–134 mEq · L−1)—
generally causes no symptoms

 ■ Moderate (Na+ = 126–130 mEq · 
L−1)—can result in bloating, mal-
aise, headache, nausea, vomiting, 
fatigue, confusion, and persistent 
and involuntary leg movements

 ■ Severe (Na+ <126 mEq · L−1)—
can cause altered mental status, 
coma, seizures, and even death

The most recent consensus statement 
(70) classifies individuals into only 
two categories based on the follow-
ing signs and symptoms, rather than 
serum Na+ levels (which may not 
be readily available at a competition 
site):

 ■ Mild—lightheadedness, dizzi-
ness, nausea, puffiness, and 
body weight gain.

 ■ Moderate—vomiting, headache, 
phantom running, seizure, 
coma, signs of impending brain 
herniation, dyspnea, and frothy 
sputum.

The risk factors associated with hypo-
natremia include the following (23):

 ■ Individual factors
 ● Genetic predisposition for 

high sodium sweat rates (49)
 ● Variation in symptoms at  

the same sodium concentra-
tion (112)

 ■ Overdrinking—drinking too 
much relative to need

 ■ Exercise duration >4 hr of con-
tinuous physical activity

 ■ Low body weight <20 BMI
 ■ Women—smaller stature; slower 
speeds

 ■ Pre-exercise overhydration
 ■ Insufficient sodium in foods 
consumed

 ■ Weight gain—fluid retention 
during race

Given these risk factors, it is no sur-
prise that in marathons, symptomatic 
hyponatremia is more likely to occur 
in smaller individuals who run slowly, 
sweat less, and drink relatively large 
volumes of water and other hypo-
tonic fluids before, during, and after 
the race (2). In response to this prob-
lem, the ACSM released recommen-
dations from their Roundtable Series 
on the topic: hydration and physical 
activity (25):

 ■ Work to minimize risk of both 
hyponatremia and dehydra-
tion. Athletes are encouraged to 
neither underhydrate nor over-
hydrate, because each has signifi-
cant consequences. Dehydration, 
especially during warm/hot 
weather conditions, occurs more 
frequently and is also life threat-
ening. The message is to drink 
intelligently, not maximally.

 ■ Athletes should determine 
their typical sweat rate during 
a practice run (e.g., 60 min).

 ● Measure weight lost, e.g., 1.9 
kg (1.9 L)

 ● Add volume of fluid con-
sumed, e.g., +0.5 L

 ● Subtract volume of urine 
 excreted, if any, e.g., 0.0 L

 ● Sweat rate = 1.9 L + 0.5 L − 
0.0 L = 2.4 L/60 min =  
0.04 L/min or 40 ml/min

 ■ Drink to match fluid loss and 
on a schedule. The fluid should 

be consumed over a set period 
of time, rather than rapidly in 
a “catch-up” fashion. If athletes 
are not sweating much and are 
not thirsty, fluid replacement 
should be modest.

 ■ Consume salty foods and bever-
ages. Foods and beverages with 
sodium help promote fluid 
retention and stimulate thirst. 
Those performing long-duration 
exercise should consume 
snacks and fluids containing 
sodium to help prevent hypo-
natremia.

The consensus statement (70) rec-
ommends the following treatments, 
which vary with the severity of the 
hyponatremia. Remember, this is a 
life-threatening situation.

For mild hyponatremia:

 ■ Observation (restrict hypotonic 
and isotonic fluids until urinat-
ing freely)

 ■ Administration of intravenous 
hypertonic saline solution (HTS)

 ■ Administration of oral HTS
 ● Concentrated bouillon.
 ● 3% NaCl (100 ml), preferably 

flavored.
 ● Equivalent volumes of other 

high sodium drinks (e.g., 
3%–9%).

For moderate hyponatremia:

 ■ Administration of intravenous 
HTS:

 ● 100 ml bolus of 3% NaCl, 
repeated twice if there is no 
clinical improvement.

 ● Comparable amounts of 
more concentrated Na+ con-
taining solutions (e.g., 10 ml 
of 20% NaCl).

 ● In some situations (e.g., more 
severe signs and symptoms), 
it may be appropriate to 
administer larger boluses ini-
tially, rather than waiting to 
assess improvement.
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MINERALS

Iron
A vast majority of the body’s iron is found in hemo-
globin in the red blood cells (erythrocytes) that are 
involved in oxygen transport to tissues (see Chap. 10). 
Other iron-containing molecules include myoglobin 
and the cytochromes in the electron transport chains 
of mitochondria. The remainder of the body’s iron is 
stored in various tissues, primarily tied to the protein 
ferritin, with the serum ferritin (SF) levels being a 
good index of the body’s iron store (128).

As mentioned in Chap. 18, iron deficiency is the 
most common nutritional deficiency. The groups of 
athletes with the highest risk of iron depletion and 
deficiency include female athletes, distance runners, 
and vegetarians (and those who eat little red meat) (46). 
Iron depletion may be as high as 20%–35% in women 
runners, in contrast to 3.5%–8% in male runners; how-
ever, because some use different cut-off values for SF, it 
is difficult to make comparisons across studies. Anemia 
is much less common, being about 5%–7% in female 
athletes (66). As iron stores are depleted, the iron con-
taining compounds ferritin, hemoglobin, transferrin, 
myoglobin, and cytochromes become depleted. Given 
that hemoglobin is a necessary part of the oxygen-
transport process, it is not surprising that in individuals 
with iron-deficiency anemia, endurance and work per-
formance are decreased (57, 60, 66). Interestingly, when 
the low-hemoglobin condition is corrected in iron-
deficient animals by transfusion, V̇ O2 max is brought 
back to normal, but not endurance time. This suggests 
that while hemoglobin levels may be high enough to 
achieve a normal V̇ O2 max, iron deficiency affects the 
iron-containing cytochromes (electron transport chain) 
that are involved in oxidative phosphorylation, and en-
durance performance is adversely affected (42). In a 
similar study (43), iron supplementation brought the 
V̇ O2 max back to normal values faster than that of mito-
chondrial activity (measured by pyruvate oxidase activ-
ity) and endurance performance (see Fig. 23.9).

What causes iron deficiency in athletes? A com-
bination of factors are linked to iron deficiency in 
athletes (46, 66):

 ■ High iron requirement due to
 ● Blood loss in GI tract
 ● Greater red blood cell damage due to 

simple “pounding” on hard surfaces
 ● Hemoglobin loss in urine and sweat
 ● Variable blood loss in menses

 ■ Low iron intake linked to
 ● Low energy intake, including dieting for 

weight loss
 ● Vegetarian diets
 ● Diets low in red meat

Consistent with this, Diehl et al. (47) have shown 
decreases in serum ferritin over the course of a field 
hockey season and from one hockey season to the 
next in female athletes. The average value at the end 
of the season in third-year players was 10.5 μg · L−1  
(below the 12 μg · L−1 standard), indicating iron deple-
tion (67). A recent study indicated that even though 
female athletes may have some iron-status variables in 
the normal range, they may still be in a state of non-
anemic iron depletion. This argues for better tracking 
of female athletes over their careers (64). Iron defi-
ciency and anemia are also concerns for the military. 
Two studies from Israel indicate that 24% of female 
recruits were anemic (32), and 4.5% of males had he-
moglobin levels below 12 g · dl−1 (100).

Generally, when a person has a deficiency in iron 
stores, there is an increased uptake of dietary iron. 
Unfortunately, athletes do not appear to follow that 
pattern. Factors that can affect the absorption of iron 
include (46):

 ■ Facilitators
 ● Amount of heme iron in food. Heme iron 

(found in meat) is more readily absorbed 
than non-heme iron (found in vegetables), 
but less than 15% of dietary iron is heme 
iron

 ● Vitamins A and C
 ● Peptides from partial digestion of meat 

protein

 ■ Inhibitors
 ● Cereal grains, legumes, nuts, peanut butter, 

bran, soy products
 ● Tea, coffee, red wine, some spices
 ● Peptides from partial digestion of plant 

proteins
Given the impact of so many variables on iron sta-

tus, especially in women, it should be no surprise that 

Figure 23.9 Recovery of various physiological capacities 
with iron repletion. Note that recovery of endurance 
lagged behind V̇ O2 max.
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supplementation may be needed (46, 66). This is espe-
cially the case for those on vegetarian diets (3, 12, 56). 
Some may choose to take an iron supplement each 
day as an ounce of prevention, but such a practice 
is not without problems (e.g., intolerance, overdose, 
drug interactions) and should not be done indiscrimi-
nately (3, 46, 66, 129). Consistent with that, 15% of 
male recreational marathon runners showed signs of 
iron overload due to iron supplementation (91).

VITAMINS
Chapter 18 provided the details about the RDA for 
each vitamin. Many of these vitamins are directly in-
volved in energy production, acting as coenzymes in 
mitochondrial reactions associated with aerobic me-
tabolism. Unfortunately, the old adage that “if a little 
is good, more will be better” has been applied to the 
question of whether the RDA for athletes is higher 
than that for sedentary people, rather than a factual 
research base. The major reviews of this issue over 
the past 30 years have systematically concluded that, 
in general:

 ■ Vitamin supplementation is unnecessary for 
the athlete on a well-balanced diet.

 ■ People who are clearly deficient in certain 
vitamins have improved performance when 
values return to normal.

 ■ Individuals taking large doses of fat-soluble 
vitamins or vitamin C should be concerned 
about toxicity (9, 29, 122, 129).

The central concern raised by these reviewers is for 
the small athlete on a low-energy diet who may not 
make wise food selections, a point reinforced in a 
recent set of recommendations. In these situations, 
a single RDA multivitamin/mineral pill might be ap-
propriate (3). The existence of a vitamin D deficiency 
in the general population and vitamin D’s role in 
muscle function has generated renewed interest in 
vitamin D supplementation; however, the research 
is controversial about its ability to enhance perfor-
mance (102, 108). That said, it is recommended that 
those athletes at a high risk of vitamin D deficiency 
(indoor athletes and those living in northerly lat-
itudes) should have vitamin D levels checked an-
nually (3, 30, 85, 102). Finally, some vitamins (e.g., 
C and E) aimed at countering the reactive oxygen 
species (free radicals) generated by exercise may 
actually interfere with the muscle’s adaptation to 
training (14, 97, 105). See A Closer Look 19.1 for 
more on this. Additional information on the use of 
nutritional supplements to improve athletic perfor-
mance is presented in Chap. 25, where ergogenic 
aids are discussed.

PRECOMPETITION MEAL
The two most important nutritional practices associ-
ated with optimal performance in endurance exercise 
are (a) to eat a high-carbohydrate diet in the days pre-
ceding competition when the intensity and duration 
of workouts are reduced, and (b) to drink liquids at 
regular intervals during the competition. Consistent 
with our previous discussion, the purposes of the pre-
competition meal are the following (3, 130):

 ■ To provide adequate hydration

 ■ To provide carbohydrate to “top off” already 
high carbohydrate stores in the liver

 ■ To avoid the sensation of hunger on a 
relatively empty stomach

 ■ To minimize GI tract problems (gas, diarrhea)

 ■ To allow the stomach to be relatively empty 
at the start of competition

Unfortunately, the type of precompetition meal 
served at various universities throughout this country 
may rely more on tradition than nutrition. The stan-
dard rare steak before a boxing match or football game 
to bring out the animal instinct, or careful planning to 
make sure that the color of the Jell-O* is the same as 
it was when the team won last year’s championship, 
are less than rational, but may be useful in pulling the 
team together to get ready for competition. Problems 
arise when the precompetition meal is responsible for 
poor performance because of its own characteristics 
(high fat and protein) or the inability of the athlete to 
tolerate the meal without vomiting or experiencing 
diarrhea due to the emotion associated with competi-
tion. These latter events would cause dehydration, a 
condition inconsistent with optimal performance. It is 
clear that beyond what is recommended in the nutri-
ent makeup of a precompetition meal, the ability of 
the athlete to tolerate it must be considered (3, 129).

IN SUMMARY
 ■ Iron deficiency in athletes may be related to 
an inadequate intake of dietary iron as well as 
a potentially greater loss in sweat and feces. In 
spite of this deficiency, athletes may absorb less 
than what a sedentary group of anemic indi-
viduals absorbs. Iron supplementation may be 
recommended for female athletes as a result of 
an annual clinical assessment of iron status.

 ■ Vitamin supplementation is unnecessary for an 
athlete on a well-balanced diet. However, for 
those with a clear deficiency, supplementation 
is warranted.

*Jell-O is a registered trademark of General Foods, Inc.
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Nutrients in Precompetition Meal
To achieve the purposes of the precompetition meal, 
the following general guidelines are provided (3):

 ■ Sufficient fluid should be consumed to 
maintain hydration.

 ■ Carbohydrates should make up the majority 
of the meal, but large amounts of simple 
sugars, especially fructose, should be avoided 
because of the potential for gastrointestinal 
problems such as diarrhea.

 ■ The meal should be low in fats and fiber to 
facilitate gastric emptying.

 ■ Protein should make up a small part of the 
meal because the metabolism of protein 
increases the acid load that must be buffered 
and finally excreted by the kidneys.

 ■ The foods should be familiar to and well liked 
by the athlete.

Table 23.1 presents two precompetition meals that 
meet these considerations. These meals should be 
eaten about three hours prior to competition (129). 
Some coaches and athletes prefer one of the com-
mercially available liquid meals as the precompetition 
meal because of convenience. These liquid meals can 
also be consumed throughout the day (along with ad-
ditional water) when events or games are scheduled 
over long periods. Given that some people may not 
react favorably to any new “food,” these liquid meals 
should be tried on practice days rather than on game 
day to make sure they are suitable.

BODY COMPOSITION  
AND PERFORMANCE
In Chap. 18, we discussed body composition from a 
health perspective, with the range of body fatness 
values, using the two-component system, associated 
with health and fitness being:

Health Fitness

Males: 8%–22% fat 5%–15% fat

Females: 20%–35% fat 16%–28% fat

The question is, are these values optimal for athletic 
performance?

Table 23.2 lists a summary of body fatness val-
ues by sport (131). Many are average values and do 
not represent the range that might be observed in 
a study. For example, a study might find an average 
value of 12% body fat for a group of football players, 
but the range might be 5%–19%. In a sport or activity 
in which body weight must be carried along (e.g., 
running or jumping), there is a negative correlation 
between body fatness and performance (130, 131).

There is little question that regular measure-
ments of body composition are useful for athletes to 
monitor changes during the season as well as over the 
off-season. In this way, the athlete will know whether 
changes in body weight represent gains or losses of 
body fatness. What is more difficult is providing a 
fixed absolute recommendation about what body fat-
ness should be for optimal performance for each in-
dividual.

One of the main reasons one must be careful in 
making absolute recommendations, such as “This ath-
lete should reduce her percent body fat from 15.6% 
to 14.0%,” is that the athlete may already be 14% body 
fat. Each individual estimate of body fatness, even done 
by the most accurate technique, has an error in mea-
surement that cannot be ignored. With some meth-
ods such as underwater weighing and with careful 
measurement, percent fat can be estimated with an 
error of about 2.5% fat. So when an athlete is mea-
sured as being 15.0% body fat, the true value may 
be as high as 17.5% and as low as 12.5% (75). Other 
techniques have larger errors, which would only com-
plicate one’s ability to make a specific absolute body 
fatness recommendation to an athlete (see discussion 
in Chap. 18).

Another reason caution must be used in making 
an absolute recommendation for each athlete is that it 
ignores the normal variation in body fatness found in 
elite athletes in any particular sport. An elite group of 
volleyball players may have an average value of 12%, 
but the range among the team members might be 
 6%–16%. No one would think of telling the athlete with 

TABLE 23.1 Two Examples of Precompetition 
Meals Containing 500–600 
Kilocalories

Meal A Meal B

Glass of orange juice
One bowl of oatmeal
Two pieces of toast  
with jelly
Sliced peaches with  
skim milk

One cup low-fat yogurt
One banana
One toasted bagel
One ounce of turkey breast
One-half cup raisins

Williams MH, Anderson DE, and Rawson ES. Nutrition for Health, 
 Fitness and Sport. New York, NY: McGraw-Hill, 2013.

IN SUMMARY
 ■ The precompetition meal should provide for 
hydration and adequate carbohydrate to “top 
off” stores while minimizing hunger symptoms, 
gas, and diarrhea.

 ■ Varieties of commercially available liquid meals 
are consistent with these goals.
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6% body fat to increase body fatness to reach the team 
average, and the same advice holds true for the one 
at 16% body fatness who is playing with world-class 
skill. A recommendation to alter body composition to 
achieve better performance must be made against the 
background of present performance and general health 
status as seen in sleeping patterns, adequate diet, men-
tal outlook, and so on. The implementation of longer 
workouts or a reduction in caloric intake might change 
the percent body fat in the appropriate direction, but 
either one could adversely affect the athlete’s ability 
to tolerate a workout or to study for exams. Wilmore’s 
(130) observation of one of the best female distance 
runners who held most of the American middle dis-
tance records should be remembered when making 
such recommendations: The champion was 17% body 
fat when most of the elite female runners were <12%.

Monitoring body fatness in athletes by one of the 
body composition techniques described in Chap. 18  
is a reasonable procedure to follow because it allows 
a coach or trainer to observe changes in body fatness 
over the course of a season and from one year to 
the next. The information is also useful to the ath-
letes who, when they finish their competitive careers, 
must attend to what is a reasonable body weight in 
order to be within the optimal body fatness range for 
health and fitness.

STUDY ACTIVITIES
 1. What procedures would you follow to cause a super-

compensation of muscle glycogen?
 2. How could glucose ingestion prior to exercise actually 

increase the rate of glycogen depletion? What could be 
done to minimize this effect?

 3. Does carbohydrate ingestion during exercise slow 
down muscle glycogen depletion? Does it improve 
 performance?

 4. As the need for carbohydrate increases during pro-
longed exercise, explain why multiple forms of carbo-
hydrate have to be consumed, and not just glucose.

 5. What is the recommended range of protein intake for 
athletes, and what dietary factors supports use of the 
high end of the range?

 6. What would you recommend to an athlete to reduce 
the chance of dehydration during exercise?

 7. What causes hyponatremia, and who is most suscep-
tible?

 8. What factors contribute to iron deficiency in female 
athletes? What can be done to address these factors?

 9. Does an athlete need additional vitamins for optimal 
performance? Explain.

 10. What are the primary considerations for a precompeti-
tion meal?

 11. Given a champion female distance runner with 17% 
body fat, what should you consider before recommend-
ing that she decrease her percent fat to 15%?

TABLE 23.2 Percent Body Fat Values for Male 
and Female Athletes

Athletic Group or Sport Male Female

Baseball 11.8–14.2 —
Basketball  7.1–10.6 20.8–26.9
Canoeing 12.4 —
Football

Backs  9.4–12.4 —
Linebackers 13.7 —
Linemen 15.5–19.1 —
Quarterbacks, kickers 14.1 —

Gymnastics   4.6   9.6–23.8
Ice hockey 13–15.1 —
Jockeys 14.1 —
Orienteering 16.3 18.7
Pentathlon — 11.0
Racquetball    8.3 14.0
Skiing

Alpine   7.4–14.1 20.6
Cross-country   7.9–12.5 15.7–21.8
Nordic combined   8.9–11.2 —

Ski jumping 14.3 —
Soccer   9.6 —
Speed skating 11.4 —
Swimming   5.0–8.5 20.3
Tennis 15.2–16.3 20.3
Track and field

Distance runners   3.7–18.0 15.2–19.2
Middle distance runners 12.4 —
Sprinters 16.5 19.3
Discus 16.3 25.0
Jumpers/hurdlers — 20.7
Shot put 16.5–19.6 28.0

Volleyball — 21.3–25.3
Wrestling   4.0–14.4

Wilmore, J. H., “Body Composition in Sport and Exercise: 
 Directions for Future Research,” Medicine and Science in Sports 
and Exercise 15: 21–31, 1983.

IN SUMMARY
 ■ The body fat percentage consistent with excel-
lence in performance is different for men and 
women and varies within gender from sport to 
sport. Average values for a team should not be 
applied to any single individual without regard 
to overall health status as seen in diet, sleep, 
and mental outlook. Further, it is “natural” for 
some athletes to have a higher body fatness 
than others in order to perform optimally.
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 ■ Objectives

By studying this chapter, you should be able to do the following:

 1. Describe the changes in atmospheric pressure, 
air temperature, and air density with 
increasing altitude.

 2. Describe how altitude affects sprint 
performances and explain why that is the case.

 3. Explain why distance running performance 
decreases at altitude.

 4. Draw a graph to show the effect of altitude on 
V̇ O2 max and list the reasons for this response.

 5. Graphically describe the effect of altitude 
on the heart rate and ventilation responses 
to submaximal work, and explain why these 
changes are appropriate.

 6. Describe the process of adaptation to altitude 
and the degree to which this adaptation can 
be complete.

 7. Explain why such variability exists among 
athletes in the decrease in V̇ O2 max 
upon exposure to altitude, the degree of 
improvement in V̇ O2 max at altitude, and the 
gains made upon return to sea level.

 8. Describe the potential problems associated 
with training at high altitude and how one 
might deal with them.

 9. Explain the circumstances that caused 
physiologists to reevaluate their conclusions 
that humans could not climb Mount Everest 
without oxygen.

10. Explain the role that hyperventilation 
plays in helping to maintain a high oxygen-
hemoglobin saturation at extreme altitudes.

11. List and describe the factors influencing the 
risk of heat injury.

12. Provide suggestions for the fitness participant 
to follow to minimize the likelihood of heat 
injury.

13. Describe in general terms the guidelines 
suggested for running road races in the heat.

14. Describe the three elements in the heat stress 
index, and explain why one is more important 
than the other two.

15. List the factors influencing hypothermia.

16. Explain what the wind chill index is relative 
to heat loss.

17. Explain why exposure to cold water is more 
dangerous than exposure to air of the same 
temperature.

18. Describe what the “clo” unit is and how 
recommendations for insulation change when 
one does exercise.

19. Describe the role of subcutaneous fat and 
heat production in the development of 
hypothermia.

20. List the steps to follow to deal with 
hypothermia.

21. Explain how carbon monoxide can influence 
performance, and list the steps that should be 
taken to reduce the impact of pollution on 
performance.

Exercise and the Environment

24
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By now it should be clear that performance is de-
pendent on more than simply having a high V̇ O2 

max. In Chap. 23, we saw the role of diet and body 
composition on performance, and in Chap. 25, we will 
formally consider “ergogenic” or work-enhancing aids 
and performance. Sandwiched between these chap-
ters is a discussion of how the environmental factors 
of altitude, heat, cold, and pollution can influence 
performance.

ALTITUDE
In the late 1960s, when the Olympic Games were 
scheduled to be held in Mexico City, our attention 
was directed at the question of how altitude (2300 
meters at Mexico City) would affect performance. 
Previous experience at altitude suggested that many 
performances would not equal former Olympic stan-
dards or, for that matter, the athlete’s own personal 
record (PR) at sea level. On the other hand, some 
performances were actually expected to be better be-
cause they were conducted at altitude. Why? What 
happens to V̇ O2 max with altitude? Can a sea-level 
resident ever completely adapt to altitude? We will 
address these and other questions after a brief review 
of the environmental factors that change with in-
creasing altitude.

Atmospheric Pressure
The atmospheric pressure at any spot on earth is 
a measure of the weight of a column of air directly 
over that spot. At sea level, the weight (and height) 
of that column of air is greatest. As one climbs to 

higher and higher altitudes, the height and, of course, 
the weight of the column are reduced. Consequently, 
atmospheric pressure decreases with increasing alti-
tude, the air is less dense, and each liter of air contains 
fewer molecules of gas. Since the percentages of O2, 
CO2, and N2 are the same at altitude as at sea level, 
any change in the partial pressure of each gas is due 
solely to the change in the atmospheric or barometric 
pressure (see Chap. 10). The decrease in the partial 
pressure of O2 (PO2) with increasing altitude has a 
direct effect on the saturation of hemoglobin with 
oxygen (HbO2) and, consequently, oxygen transport. 
For example, at 2000 m altitude the HbO2 is 93%, at 
3000 m it is 86%, and at 4000 m it is 73%. This lower 
PO2 is called hypoxia, with normoxia being the 
term to describe the PO2 under sea-level conditions. 
The term hyperoxia describes a condition in which 
the inspired PO2 is greater than that at sea level (see 
Chap. 25). In addition to the hypoxic condition at 
altitude, the air temperature and humidity are lower, 
adding potential temperature regulation problems to 
the hypoxic stress of altitude. How do these changes 
affect performance? To answer that question, we will 
divide performances into short-term anaerobic perfor-
mances and long-term aerobic performances.

Short-Term Anaerobic Performance
In Chaps. 3 and 19, we described the importance 
of the anaerobic sources of ATP in maximal perfor-
mances lasting two minutes or less. If this informa-
tion is correct, and we think it is, then the short-term 
anaerobic races shouldn’t be affected by the low PO2 
at altitude because O2 transport to the muscles is not 
limiting performance. Table 24.1 shows this to be the 
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case when the sprint performances of the 1968 Mex-
ico City Olympic Games (~2300 m) were compared 
to those in the 1964 Tokyo Olympic Games (sea 
level) (61). The performances improved in all but one 
case, in which the time for the 400-meter run for the 
women was the same. The reasons for the improve-
ments in performance include the “normal” gains 
made over time from one Olympic Games to the next 
and the fact that the density of the air at altitude of-
fers less resistance to movements at high speeds. Im-
provements in the 100-meter and 400- meter races for 
each increase of 1000 meters in altitude have been 
estimated to be about 0.08 seconds and 0.06  seconds, 
respectively (6, 92). Consistent with this, in the fol-
lowing Olympics (Munich 1972; altitude 1860 ft 
[567 m]) the sprint times for the men were all slower 
compared to Mexico City, however, this was not the 
case for the women, who turned in faster times in 
three of the races. It must be added that some of 
the performances were tainted by the systematic use 
of performance enhancing drugs by the East Ger-
man team. The issue of lower air  resistance sparked 

 controversy over Bob Beamon’s fantastic performance 
in the long jump in the Mexico City Games (see A 
Closer Look 24.1).

Long-Term Aerobic Performance
Maximal performances in excess of two minutes are pri-
marily dependent on oxygen delivery, and, in contrast 
to the short-term performances, are clearly affected by 
the lower PO2 at altitude. Table 24.2 shows the re-
sults of the distance running events from 1500 meters 
up through the marathon and the 50,000- meter walk, 
and as you can see, performance was diminished at all  

TABLE 24.1 Comparison of Performances in Short Races in the 1964 and 1968 Olympic Games

Olympic Games Short Races: Men Short Races: Women

100 m 200 m 400 m 800 m 100 m 200 m 400 m 800 m
1964 (Tokyo) 10.0 s 20.3 s 45.1 s 1 m 45.1 s 11.4 s 23.0 s 52.0 s 2 m 1.1 s
1968 (Mexico City) 9.9 s 19.8 s 43.8 s 1 m 44.3 s 11.0 s 22.5 s 52.0 s 2 m 0.9 s
% change* +1.0 +2.5 +2.9 +0.8 +3.5 +2.2 0 +0.2

*+ sign indicates improvement over 1964 performance.
From Howley, E. T., “Effect of Altitude on Physical Performance,” Stull, G. A., Cureton, T. K., Encyclopedia of Physical Education, Fitness and 
Sports: Training, Environment, Nutrition, and Fitness. Reston, VA: American Alliance for Health, Physical Education, Recreation and Dance.

IN SUMMARY
 ■ The atmospheric pressure, PO2, air temperature, 
and air density decrease with altitude.

 ■ The lower air density at altitude offers less 
 resistance to high-speed movement, and sprint 
performances are either not affected or are 
 improved.

A CLOSER LOOK 24.1

Jumping Through Thin Air
In the 1968 Olympic Games in Mex-
ico City, Bob Beamon shattered the 
world record in the long jump with 
a leap of 29 feet 2.5 inches (8.90 m), 
21.75 inches (55 cm) longer than the 
existing world record. Because the re-
cord was achieved at altitude where 
air density is less than that at sea level, 
some questions were raised about the 
true magnitude of the achievement. A 
variety of analyses have been made to 
determine just how much would have 
been gained by doing the long jump at 
altitude (117). The calculations had to 

consider the mass of the jumper, a drag 
coefficient based on the frontal area ex-
posed to the air while jumping, and the 
difference in the air density between 
sea level and Mexico City. The result 
indicated that approximately 2.4 cm 
(less than an inch) would have been 
gained by doing the jump at altitude 
where the air density is less. Subse-
quent calculations addressed the effect 
of the favorable wind speed (~2 ms−1) 
that existed at the time of the jump, as 
well as the effect of altitude. The au-
thors considered the effect of the wind 

speed on both the run phase leading 
to take off and the jump itself, and 
concluded that the combination of al-
titude and wind speed could account 
for as much as 31 cm. This does not 
diminish Beamon’s incredible achieve-
ment—the second-place jumper was 68 
cm behind (118)! Scientists have tried 
to predict the effect of altitude on run-
ning performances by considering the 
opposing factors of lower air density 
and the reduced availability of oxygen 
(86). The latter factor is discussed rela-
tive to long-distance races.
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distances but the 1500-meter run (61). This perfor-
mance is worthy of special note, given that it was ex-
pected to be affected, as were the others. It is more 
than just of passing interest that the record setter was 
Kipchoge Keino, who was born and raised in Kenya 
at an altitude similar to that of Mexico City. Did he 
possess a special adaptation due to his birthplace? We 
will come back to this question in a later section. We 
would like to continue our discussion of the effect 
of altitude on performance by asking, “Why did the 
performance fall off by as much as 6.2% in the long-
distance races?”

Maximal Aerobic Power and Altitude
The decrease in distance running performance at al-
titude is similar to what occurs when a trained run-
ner becomes untrained—it would clearly take longer 
to run a marathon! The similarity in the effect is re-
lated to a decrease in maximal aerobic power that 
occurs with detraining and with increasing altitude. 

Figure 24.1 shows that V̇ O2 max decreases in a linear 
fashion, being about 12% lower at 2400 meters (7400 
feet), 20% lower at 3100 meters (10,200 feet), and 
27% lower at about 4000 meters (13,100 feet) (16, 
27, 32, 39). Although it should be no surprise that 
endurance performance decreases with such changes 
in V̇ O2 max, why does V̇ O2 max decrease?

Cardiovascular Function at Altitude Maximal oxy-
gen uptake is equal to the product of the maximal 
cardiac output and the maximal arteriovenous oxy-
gen difference, V̇ O2 = CO × (CaO2 − C v—

 

 

 O2). Given this 
relationship, the decrease in V̇ O2 max with increasing 
altitude could be due to a decrease in cardiac output 
and/or a decrease in oxygen extraction. It will be-
come clear in the following paragraphs that oxygen 
extraction is a major factor causing a decrease in V̇ O2 
max at all altitudes, with decreases in maximal car-
diac output contributing primarily at higher altitudes.

Maximal cardiac output is equal to the product 
of maximal heart rate and maximal stroke volume. 
In several studies, the maximal heart rate was un-
changed at altitudes of 2300 meters (37, 88), 3100 
meters (47), and 4000 meters (16), while changes in 
maximal stroke volume were somewhat inconsistent 
(66). If these two variables, maximal stroke volume 
and maximal heart rate, do not change much at these 
altitudes, then the decrease in V̇ O2 max must be due 
to a difference in oxygen extraction.

Although oxygen extraction (CaO2 − C v—
 

 

 O2) 
could decrease due to a decrease in the arterial oxy-
gen content (CaO2) or an increase in the mixed ve-
nous oxygen content (C v—

 

 

 O2), the primary cause is 
the desaturation of the arterial blood due to the low 
PO2 at altitude. The lower atmospheric PO2 causes 
the alveolar PO2 to be lower. This reduces the pres-
sure gradient for oxygen diffusion between the al-
veolus and the pulmonary capillary blood, thus 
lowering the arterial PO2. As you recall from Chap. 
10, as the arterial PO2 falls, there is a reduction in 
the volume of oxygen bound to hemoglobin. At sea 
level, hemoglobin is about 96%–98% saturated with 

TABLE 24.2 Comparison of Performances in Long Races in the 1964 and 1968 Olympic Games

Olympic Games Long Races: Men

1500 m 3000 m 5000 m 10,000 m Marathon 50,000 m Walk
1964 (Tokyo) 3 m 38.1 s 8 m 30.8 s 13 m 48.8 s 28 m 24.4 s 2 h 12 m 4 h 11 m 11.2 s

11.2 s
1968 (Mexico City) 3 m 34.9 s 8 m 51.0 s 14 m 05.0 s 29 m 27.4 s 2 h 20 m 4 h 20 m 13.6 s

24.6 s
% change* +1.5 −3.9 −1.9 −3.7 −6.2 −3.6

 *+ sign indicates improvement over 1964 performance.
From Howley, E. T., “Effect of Altitude on Physical Performance,” Stull, G. A., Cureton, T. K., Encyclopedia of Physical Education, Fitness and 
Sports: Training, Environment, Nutrition, and Fitness. Reston, VA: American Alliance for Health, Physical Education, Recreation and Dance.
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Figure 24.1 Changes in maximal aerobic power with 
 increasing altitude. The sea-level value for maximal 
aerobic power is set to 100%.
Howley, E. T., “Effect of Altitude on Physical Performance,” Stull, G. A., 
Cureton, T. K., Encyclopedia of Physical Education, Fitness and Sports: 
Training, Environment, Nutrition, and Fitness. Reston, VA: American 
Alliance for Health, Physical Education, Recreation and Dance.
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oxygen. However, at 2300 meters and 4000 meters, 
saturation falls to 88% and 71%,  respectively. These 
decreases in the oxygen saturation of hemoglobin 
are similar to the reductions in V̇ O2 max at these 
altitudes described earlier. Because maximal oxy-
gen transport is the product of the maximal cardiac 
output and the arterial oxygen content, the capac-
ity to transport oxygen to the working muscles at 
altitude is reduced due to desaturation, even though 
maximal cardiac output may be unchanged during 
acute exposures up to altitudes of 4000 meters (66). 
However, it must be added that a variety of studies 
have shown a decrease in maximal heart rate at alti-
tude. Although some of these decreases have been 
observed at altitudes of 3100 meters (32) and 4300 
meters (37), it is more common to find lower maximal 
heart rates above altitudes of 4300 meters. For ex-
ample, compared to maximal HR at sea level, maximal 
HR was observed to be 24–33 beats/minute lower 
at 4650 meters (15,300 feet) and 47 beats/minute  
lower at about 6100 meters (20,000 feet) (51, 91). 
This depression in maximal heart rate is reversed by 
acute restoration of normoxia, or the use of atropine 
(51). This altitude-induced bradycardia suggests that 
myocardial hypoxia may trigger the slower heart rate 
to decrease the work and, therefore, the oxygen de-
mand of the heart muscle.

As mentioned earlier, during an acute exposure 
to altitude, stroke volume during exercise is only 
slightly reduced, if at all. However, prolonged ex-
posures to altitude result in a reduction in plasma 
volume that leads to a lower end diastolic volume 
and stroke volume (80). This means that V̇ O2 max 
decreases at a faster rate at the higher altitudes 
due to the combined effects of the desaturation of 
hemoglobin and the decrease in maximal cardiac 
output.

This desaturation of arterial blood at altitude 
affects more than V̇ O2 max. The cardiovascular re-
sponses to submaximal work are also influenced. Due 
to the fact that each liter of blood is carrying less oxy-
gen, more liters of blood must be pumped per minute 
in order to compensate. This is accomplished through 
an increase in the HR response, since the stroke vol-
ume response is at its highest point already, or it is 
actually lower at altitude due to the hypoxia (2). This 
elevated HR response is shown in Fig. 24.2 (47). This 
has implications for more than the performance-based 
athlete. The average person who participates in an 
exercise program will have to decrease the intensity 
of exercise at altitude in order to stay in the target 
heart rate zone. Remember, the exercise prescription 
needed for a cardiovascular training effect includes a 
proper duration of exercise to achieve an appropriate 
total caloric expenditure (see Chap. 16). If the inten-
sity is too high, the person will have more difficulty 
achieving that goal.

Respiratory Function at Altitude In the introduc-
tion to this section, we mentioned that the air is less 
dense at altitude. This means that there are fewer O2 
molecules per liter of air, and if a person wanted to 
consume the same number of liters of O2, pulmonary 
ventilation would have to increase. At 5600 meters 
(18,400 feet), the atmospheric pressure is one-half 
that at sea level, and the number of molecules of O2 
per liter of air is reduced by one-half; therefore, a per-
son would have to breathe twice as much air to take 
in the same amount of O2. The consequences of this 
are shown in Fig. 24.3, which presents the ventilation 
responses of a subject who exercised at work rates de-
manding a V̇ O2 of about 1–2 L · min −1 at sea level and 
at three altitudes exceeding 4000 meters. The pulmo-
nary ventilation is elevated at all altitudes, reaching 
values of almost 180 L · min−1 at 6400 meters (21,000 
feet) (91). This extreme ventilatory response requires 
the respiratory muscles, primarily the diaphragm, to 
work so hard that fatigue may occur. We will see 
more on this in a later section dealing with the assault 
on Mount Everest.

Figure 24.2 The effect of altitude on the heart rate 
 response to submaximal exercise.
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Acclimatization to High Altitude
The low PO2 at altitude triggers an increase in the 
hypoxia inducible factor-1 (HIF-1) that is present in 
most cells of the body. HIF-1 activates genes asso-
ciated with erythropoietin (EPO) production that is 
involved in red blood cell production, vascular endo-
thelial growth factors that are involved in the genera-
tion of new blood vessels, and nitric oxide synthase 
that promotes the synthesis of nitric oxide that is in-
volved in vasodilation (102, 106). In the high-altitude 
populations of the Andes in South America, the ac-
climatization response to the low PO2 at altitude is to 
produce additional red blood cells to compensate for 
the desaturation of hemoglobin. In the mining com-
munity of Morococha, Peru, where people reside at 
altitudes above 4540 meters, hemoglobin levels of 
211 g · L−1 have been measured, in contrast to the 
normal 156 g· L−1 of the sea-level residents in Lima, 
Peru. This higher hemoglobin compensates rather 
completely for the low PO2 at those altitudes (64):

Sea level: 156 g · L−1 times 1.34 ml O2 · g−1 at 
98% saturation = 206 ml · L−1

4,540 m: 211 g · L−1 times 1.34 ml O2 · g−1 at 
81% saturation = 224 ml · L−1

One of the best tests of the degree to which these 
high-altitude residents have adapted is found in the 
V̇ O2 max values measured at altitude. Average values 
of 46–50 ml · kg−1 · min−1 were measured on the al-
titude natives (67, 77–79), which compares favorably 
with sea-level natives in that country and in ours.

There is no question that any sea-level resident 
who makes a journey to altitude and stays a while 
will experience an acclimatization process that in-
cludes an increase in red blood cell number. However, 
the adaptation will probably never be as complete as 

seen in the permanent residents. This conclusion is 
drawn from a study that compared V̇ O2 max values 
of several different groups: (a) Peruvian lowlanders 
and Peace Corps volunteers who came to altitude as 
adults, (b) lowlanders who came to altitude as chil-
dren and spent their growing years at altitude, and  
(c) permanent altitude residents (39). The V̇ O2 max 
values were 46 ml · kg−1 · min−1 for the altitude res-
idents and those who arrived there as children. In 
contrast, the lowlanders who arrived as adults and 
spent only one to four years at altitude had values of  
38 ml · kg−1 · min−1. This indicates that to have com-
plete acclimatization, one must spend the developmen-
tal years at high altitude. This may help explain the 
surprisingly good performance of Kipchoge Keino’s per-
formance in the 1500-meter run at the Mexico City 
Olympic Games mentioned earlier, because he spent his 
childhood at an altitude similar to that of Mexico City.

The elevated hemoglobin concentration of the  
Peruvian permanent-altitude residents was believed to 
be the primary means by which humans adapted in 
order to live at high altitudes. That is no longer the 
case. It has become clear that those who live at high 
altitudes in Tibet have achieved that level of acclima-
tization by a different means compared to those who 
live in the Andes (73, 100, 111, 126). Tibetan residents 
adapt by increasing the oxygen saturation of hemo-
globin, rather than the concentration of hemoglobin, 
which may be 30 g/L lower than Andeans living at 
comparable altitudes. Tibetan Sherpas’ superior perfor-
mance at extreme altitudes is linked, not to an excep-
tional V̇ O2 max at altitude, but to better lung function, 
capillary density, forearm blood flow, maximal cardiac 
output, and level of oxygen saturation of hemoglobin 
(42, 102). The different types of adaptations observed 
in these populations is related to the natural selection 
of those with unique genes that promote either an 
increase in red blood cell production (e.g., Andean) 
or an increase in oxygen saturation (Tibetan) that is a 
result of an increase in nitric oxide in the lungs that 
promotes an increase in blood flow (107, 111, 126).

IN SUMMARY
 ■ Distance-running performances are adversely 
affected at altitude due to the reduction in the 
PO2, which causes a decrease in hemoglobin 
saturation and V̇ O2 max.

 ■ Up to moderate altitudes (~4000 meters), the 
decrease in V̇ O2 max is due primarily to the 
decrease in the arterial oxygen content brought 
about by the decrease in atmospheric PO2. At 
higher altitudes, the rate at which V̇ O2 max 
falls is increased due to a reduction in maximal 
cardiac output.

 ■ Submaximal performances conducted at altitude 
require higher heart rate and ventilation re-
sponses due to the lower oxygen content of ar-
terial blood and the reduction in the number of 
oxygen molecules per liter of air, respectively.

IN SUMMARY
 ■ Andeans adapt to high altitude by producing 
more red blood cells to counter the desatura-
tion caused by the lower PO2. Andean altitude 
residents who spent their growing years at alti-
tude show a rather complete adaptation as seen 
in their arterial oxygen content and V̇ O2 max 
values. Lowlanders who arrive as adults show 
only a modest adaptation.

 ■ In contrast, Tibetan high-altitude residents 
adapt by increasing the oxygen saturation of 
the existing hemoglobin, a result of increased 
blood flow to the lungs due to high nitric 
 oxide levels.
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Training for Competition at Altitude
It was clear to many of the middle- and long-distance 
runners who competed in the Olympic Trials or 
Games in 1968 that the altitude was going to have a 
detrimental effect on performance. Using V̇ O2 max as 
an indicator of the impact on performance, scientists 
studied the effect of immediate exposure to altitude, 
the rate of recovery in V̇ O2 max as the individual 
stayed at altitude, and whether V̇ O2 max was higher 
than the prealtitude value upon return to sea level. 
The results were interesting, not due to the general 
trends that were expected, but to the extreme vari-
ability in response among the athletes. For example, 
the decrease in V̇ O2 max upon ascent to a 2300-meter 
altitude ranged from 8.8% to 22.3% (99); at 3090 me-
ters, it ranged from 13.9% to 24.4% (34); and at 4000 
meters the decrease ranged from 24.8% to 34.3% (17). 
One of the major conclusions that could be drawn 
from these data is that the best runner at sea level 
might not be the best at altitude if that person had 
the largest drop in V̇ O2 max. Why such variability? 
Studies of this phenomenon suggest that the vari-
ability in the decrease in V̇ O2 max across individuals 
relates to the degree to which athletes experience 
desaturation of arterial blood during maximal work 
(68, 74, 87). Chapter 10 described the effect that arte-
rial desaturation has on V̇ O2 max of superior athletes 
at sea level. If such desaturation can occur under sea-
level conditions, then the altitude condition should 
have an additional impact, with the magnitude of the 
impact being greater on those who suffer some de-
saturation at sea level. Consistent with that, exposure 
to a simulated altitude of 3000 meters resulted in a 
20.8% decrease in V̇ O2 max for trained subjects and 
only a 9.8% decrease for untrained subjects (68).

The decrease in V̇ O2 max upon exposure to al-
titude was not the only physiological response that 
varied among the athletes. There also was a vari-
able response in the size of the increase in V̇ O2 max 
as the subjects stayed at altitude and continued to 
train. One study, lasting 28 days at 2300 meters, 
found the V̇ O2 max to increase from 1% to 8% over 
that time (99). Some found the V̇ O2 max to gradu-
ally improve over a period of 10–28 days (28, 32, 
88), while others (37, 47) did not. In addition, when 
the subjects returned to sea level and were retested, 
some found the V̇ O2 max to be higher than before 
they left (28, 32), whereas others found no improve-
ments (16, 39, 46). Why was there such variability 
in response?

There are several possibilities. If an athlete was 
not in peak condition before ascending to altitude, 
the combined stress of the exercise and altitude 
could increase the V̇ O2 max over time while at al-
titude and show an additional gain upon return to 
sea level. Evidence exists both for (99) and against 

(1, 36, 115) the idea that the combination of alti-
tude and exercise stress leads to greater changes in 
V̇ O2 max than exercise stress alone. Another reason 
for the variability is related to the altitude at which 
the training was conducted. When runners trained 
at high (4000 meters) altitude, the intensity of the 
runs (relative to sustained sea-level speeds) had to 
be reduced to complete a workout due to the reduc-
tion in V̇ O2 max that occurs at altitude. As a result, 
the runner might actually “detrain” while at altitude, 
and subsequent performance at sea level might not 
be as good as it was before going to altitude (16). 
Daniels and Oldridge (28) provided a way around 
this problem by having runners alternate training at 
altitude (7–14 days) and at sea level (5–11 days). Us-
ing an altitude of only 2300 meters, the runners were 
still able to train at “race pace,” and detraining did 
not occur. In fact, 13 personal records were achieved 
by the athletes when they raced at sea level. The 
focus on gaining the benefits of acclimation to alti-
tude has resulted in a strategy in which the athlete 
lives at high altitude but trains at low altitude—in 
some cases, without ever leaving low altitude. See 
The Winning Edge 24.1.

The Quest for Everest
The most obvious tie between exercise and altitude 
is mountain climbing. The climber faces the stress of 
altitude, cold, solar radiation, and, of course, the work 
of climbing up steep slopes or sheer rock walls. A goal 
of some mountaineers has been to climb Mount Ever-
est, at 8848 meters, the highest mountain on earth.  

IN SUMMARY
 ■ When athletes train at altitude, some experi-
ence a greater decline in V̇ O2 max than others. 
This may be due to differences in the degree 
to which each athlete experiences a desatura-
tion of hemoglobin. Remember, some athletes 
experience desaturation during maximal work 
at sea level.

 ■ Some athletes show an increase in V̇ O2 max 
while training at altitude, whereas others do 
not. This may be due to the degree to which 
the athlete was trained before going to altitude.

 ■ In addition, some athletes show an improved 
V̇ O2 max upon return to sea level, whereas oth-
ers do not. Part of the reason may be the altitude 
at which they train. Those who train at high alti-
tudes may actually “detrain” due to the fact that 
the quality of their workouts suffers at the high 
altitudes. To get around this problem, athletes 
can alternate low-altitude and sea-level expo-
sures, or follow a “live high, train low” program.
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Figure 24.4 shows various early attempts to climb 
Everest during the twentieth century (125). Special 
note should be made of Hillary and Tensing, who were 
the first to do it in 1963, and Messner and Habeler, 
who, to the amazement of all, did it without supple-
mental oxygen in 1978. See Messner in Suggested 
Readings for complete details on how they accom-
plished this feat. This achievement brought scientists 

back to Everest in 1981 asking how this was possible. 
This section provides some background to this fasci-
nating story.

In 1924, Norton’s climbing team attempted to 
scale Everest without O2 and almost succeeded—they 
stopped only 300 meters from the summit (83). This 
1924 expedition was noteworthy because data were 
collected on the climbers and porters by physicians 

THE WINNING EDGE 24.1

Live High, Train Low, or the Reverse!

There is great interest in the “live high, 
train low” strategy as a way of im-
proving endurance performance. The 
“live high” refers to being exposed to 
a low PO2 to obtain an increase in the 
amount of hemoglobin, and “train low” 
refers to doing exercise at sea level (or 
a very low altitude) to not affect the 
intensity and/or duration of the work-
outs. There is clear evidence that some 
athletes perform better after doing a 
LHTL program, but many do not (24). 
A wide variety of factors are thought 
to affect the outcome: type of subjects 
(elite vs. trained), length of the study, 
intensity and volume of training, the 
altitude (be it real or simulated), and 
the length of stay at altitude (129). 
Lundby et al. (70, 71) attempted to ex-
plain the discrepancies by examining 
some of these factors.

Subjects: there is a big difference 
between elite subjects and trained 

 subjects, in the sense that elite sub-
jects might not be as responsive to 
altitude or, for that matter, any other 
kind of training due to the training 
they are currently doing.

Baseline values: If an athlete has a 
low level of some physiological mea-
sure (e.g., V̇ O2 max), there is a greater 
potential for it to increase due to an 
intervention, compared to someone 
with an already high baseline V̇ O2  
max. For example, although there 
was a linear relationship between the 
increase in hemoglobin mass (Hbmass) 
and the increase in V̇ O2 max after 
LHTL, there was an inverse relation-
ship between the baseline level of 
Hbmass and the increase in Hbmass that 
occurred due to LHTL. In essence, the 
ones who improved the most had the 
lowest levels of hemoglobin mass at 
baseline (71).

Research design: Few of the more 
than 100 altitude training studies in-
cluded a control group, which opens 
the door for misinterpretation of re-
sults, when it might be a placebo 
effect rather than an altitude effect 
causing a change in performance. In 
this regard, Lundby et al. (70, 71) en-
courage all future studies, especially 
those using normobaric hypoxia 
(sleeping/living in a low percent 
oxygen environment at sea level to 
simulate the altitude experience) to 
include a placebo-controlled, double-
blind design (see Chap. 25).

In summary, LHTL may increase 
performance in some athletes, but 
certainly not all, and the potential re-
sponse seems to be lower for those 
with high baseline levels of Hbmass 
(70, 71). We are sure to hear more 
about this exciting topic in the years 
ahead.
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Figure 24.4 The highest altitudes attained 
by climbers in the twentieth century.  
In 1924, the climbers ascended within 
300 meters of the summit without 
 supplemental oxygen. It took another  
54 years to climb those last 300 meters.
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and scientists associated with the attempt. The story 
of this assault is good reading for those interested in 
mountain climbing and provides evidence of the keen 
powers of observation of the scientists. Major Hingston 
noted the respiratory distress associated with climbing 
to such heights, stating that at 5800 meters (19,000 
feet) “the very slightest exertion, such as the tying of a 
bootlace, the opening of a ration box, the getting into 
a sleeping bag, was associated with marked respiratory 
distress.” At 8200 meters (27,000 feet), one climber 
“had to take seven, eight, or ten complete respirations 
for every single step forward. And even at that slow 
rate of progress he had to rest for a minute or two 
every twenty or thirty yards” (83). Pugh, who made 
observations during a 1960–1961 expedition to Ever-
est, believed that fatigue of the respiratory muscles 
may be the primary factor limiting such endeavors at 
extreme altitudes (91). Further, Pugh’s observations 
of the decreases in V̇ O2 max at the extreme altitudes 
suggested that V̇ O2 max would be just above basal me-
tabolism at the summit, making the task an unlikely 
one at best. How then did Messner and Habeler climb 
Everest without supplemental O2?

This was one of the primary questions addressed 
by the 1981 expedition to Everest. As mentioned ear-
lier, V̇ O2 max decreases with altitude due to the lower 
barometric pressure, which causes a lower PO2 and a 
desaturation of hemoglobin. In effect, the V̇ O2 max at 
the summit of Everest was predicated on the observed 
rate of decrease in V̇ O2 max at lower altitudes and 
then extrapolated to the barometric pressure at the 
top of the mountain. One of the first major findings of 
the 1981 expedition was that the barometric pressure 
at the summit was 17 mm Hg higher than previously 
believed (121, 124). This higher barometric pressure 
increased the estimated inspired PO2 and made a big 
difference in the predicted V̇ O2 max. Figure 24.5 shows 
that the V̇ O2 max predicted from the 1960–1961 expe-
dition was near the basal metabolic rate, whereas the 
value predicted from the 1981 expedition was closer 
to 15 ml · kg−1 · min−1 (121, 124). This V̇ O2 max value 
was confirmed in the Operation Everest II project in 
which subjects did a simulated ascent of Mount Ever-
est over a 40-day period in a decompression chamber 
(27, 112). This V̇ O2 max value of 15 ml · kg−1 · min−1 
helps to explain how the climbers were able to reach 
the summit without the aid of supplemental oxygen. 
However, it was not the only reason.

The arterial saturation of hemoglobin is dependent 
upon the arterial PO2, PCO2, and pH (see Chap. 10).  
A low PCO2 and a high pH cause the oxygen hemo-
globin curve to shift to the left so that hemoglobin 
is more saturated under these conditions than under 
normal conditions. A person who can ventilate great 
volumes in response to hypoxia can exhale more CO2 
and cause the pH to become elevated. It has been 
shown that those who successfully deal with altitude  

have strong hypoxic ventilatory drives, allowing 
them to have a higher arterial PO2 and oxygen satura-
tion (105). In fact, when alveolar PCO2 values were 
obtained at the top of Mount Everest in the 1981 
expedition, the climbers had values much lower 
than expected (122). This ability to hyperventilate, 
coupled with the barometric pressure being higher 
than expected, resulted in higher arterial PO2, and, 
of course, V̇ O2 max values. How high must your V̇ O2 
max be to climb Mount Everest?

Figure 24.5 shows that the climbers in the 1981 
expedition had V̇ O2 max values at sea level that were 
higher than those of the 1960–1961 expedition. 
In fact, several of the climbers had been competi-
tive marathon runners (121), and, given the need to 
transport oxygen at these high altitudes to do work, 
having such a high V̇ O2 max would appear to be a 
prerequisite to success in climbing without oxygen. 
Subsequent measurements on other mountaineers 
who had scaled 8500 meters or more without oxygen 
confirmed this by showing them to possess primarily 
type I muscle fibers and to have an average V̇ O2 max 
of 60 ± 6 ml · kg−1 · min−1 (84). However, there was 
one notable exception: One of the subjects in this 
study was Messner, who had climbed Mount Ever-
est without oxygen; his V̇ O2 max was 48.8 ml · kg−1 · 
min−1 (84). West et al. (123) provide food for thought 
in this regard: “It remains for someone to elucidate the 
evolutionary processes responsible for man being just 
able to reach the highest point on Earth while breath-
ing ambient air.” However, there is more to consider 
in climbing Mount Everest than a person’s V̇ O2 max.

It has been a common experience in mountain 
climbing, especially with prolonged exposure to high 
altitudes, for climbers to lose weight secondary to a loss 
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of appetite (65). Clearly, if a large portion of this weight 
loss were muscle, it would have a negative impact on 
the climber’s ability to scale the mountain. Some re-
search work from both simulated and real ascents of 
Mount Everest provides some insight into what changes 
are taking place in muscle and what may be responsible 
for those changes. In the Operation Everest II 40-day 
simulation of an ascent to Mount Everest, the subjects 
experienced a 25% reduction in the cross-sectional area 
of type I and type II muscle fibers, and a 14% reduction 
in muscle area (46, 72). These and other observations 
(e.g., shifts in myosin from fast to slow isoforms) were 
supported by data from real high-altitude ascents that 
combined exercise with severe hypoxia (33, 56, 60). 
What could have caused these changes? The Opera-
tion Everest II data on nutrition and body composition 
showed that caloric intake decreased 43% from 3136 to 
1789 kcal/day over the course of the 40-day exposure 
to hypoxia. The subjects lost an average of 7.4 kg, with 
most of the weight from lean body mass, despite the 
availability of palatable food (98). This and other stud-
ies (119) showed that hypoxia itself suppresses both 
hunger and food intake, resulting in weight loss and 
changes in body composition. Whether such changes 
in muscle mass are linked directly to changes in V̇ O2 
max, they would clearly affect performance.

HEAT
Chapter 12 described the changes in body tempera-
ture with exercise, how heat loss mechanisms are ac-
tivated, and the benefits of acclimation to heat. This 
section extends that discussion by considering the 
prevention of thermal injuries during exercise.

Hyperthermia
Our core temperature (37°C) is within a few de-
grees of a value (45°C) that could lead to death (see 
Chap. 12). Given that, and the fact that distance run-
ning races, triathlons, fitness programs, and football 
games occur during the warmer part of the year, the 
 potential for heat injury, hyperthermia, is  increased 
(14, 49, 63). Heat injury is not an all-or-none affair, but 
includes a series of stages that need to be  recognized 
and attended to in order to prevent a progression 
from the least to the most serious (62). These stages 
include exercise-induced muscle cramps, heat 
syncope, heat exhaustion, and heat stroke.  
Table 24.3 summarizes each stage, identifying signs, 
symptoms, and the immediate care that should be pro-
vided (21). Special attention is directed at heatstroke, 
a medical emergency that can lead to death. There is 
an urgency to lower core temperature as soon and as 
fast as possible, and cold-water and  ice-water immer-
sion are the recommended approaches to  accomplish 
that goal (5, 20, 22). Although it is important to rec-
ognize and deal with these problems, it is better to 
prevent them from happening.

Figure 24.6 shows the major factors related to 
heat injury. Each one independently influences sus-
ceptibility to heat injury:

Fitness A high level of fitness is related to a lower 
risk of heat injury (45). Fit subjects can tolerate more 
work in the heat (34), acclimate faster (14), and sweat 
more (12). However, very fit individuals can still de-
velop exercise-related heatstroke (5).

Acclimation Exercise in the heat for 10–14 days, ei-
ther at low intensity (<50% V̇ O2 max) and long dura-
tion (60–100 min) or at moderate intensity (75% V̇ O2 
max) and short duration (30–35 min), accomplish the 
following (5, 14, 48, 59, 69, 94):

 ■ Increases plasma volume, skin blood flow, and 
sweating

 ■ Increases V̇ O2 max, maximal cardiac output, 
and power output at the LT

 ■ Lowers body temperature and heart rate 
responses to submaximal exercise

 ■ Reduces salt loss in sweat and the chance of 
sodium depletion

 ■ Increases aerobic exercise performance

This acclimation process is the best protection against 
exertional heatstroke and heat exhaustion (5). The 
National Athletic Trainers’ Association provides a plan 
for football that phases in the intensity and duration 
of activity, as well as the equipment that is worn. This 
is important because the first 2–3 weeks of preseason 
presents the greatest risk of heat illness (21).

IN SUMMARY
 ■ Climbers reached the summit of Mount  
Everest without oxygen in 1978. This surprised 
scientists who thought V̇ O2 max would be just 
above resting V̇ O2 at that altitude. They later 
found that the barometric pressure was higher 
than they previously had thought and that the 
|estimated V̇ O2 max was about 15 ml · kg−1 · min−1  
at this altitude.

 ■ Those who are successful at these high alti-
tudes have a great capacity to hyperventilate. 
This drives down the PCO2 and the [H+] in 
blood and allows more oxygen to bind with 
 hemoglobin at the same arterial PO2.

 ■ Finally, those who are successful at climbing to 
extreme altitudes must contend with the loss 
of appetite that results in a reduction in body 
weight and in the cross-sectional area of type I 
and type II muscle fibers.
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Hydration Inadequate hydration reduces sweat rate 
and increases the chance of heat injury (101, 103, 104).  
Chapter 23 discussed the procedures for fluid replace-
ment. Generally, there are no differences among water, 
electrolyte drinks, or carbohydrate-electrolyte drinks 
in replacing body water during exercise (19, 25, 131). 
However, drinks with sodium seem to stimulate thirst, 
which can increase voluntary drinking (110).

Environmental Temperature Convection and ra-
diation heat-loss mechanisms are dependent on a 
temperature gradient from skin to environment. Exer-
cising in temperatures greater than skin temperatures 
results in a heat gain. Evaporation of sweat must then 
compensate if body temperature is to remain at a safe 
value. See the later discussion on the use of the Wet 
Bulb Globe Temperature as a guide to reducing the 
risk of heat injury.

Clothing Expose as much skin surface as possible 
to encourage evaporation. Choose materials, such 
as cotton, that will “wick” sweat to the surface for 
evaporation. In that regard, cotton and synthetic (e.g., 
polyester) fabrics performed similarly in terms of ther-
moregulation and subjective sensations during exer-
cise (11, 30, 109). However, fabrics impermeable to 
water will increase the risk of heat injury. Figure 24.7 
shows the influence of different military uniforms on 
the body temperature response to treadmill running 
(75). Because many exercise-related heat injuries oc-
cur during the first four days of American football 
practice, attention to limiting clothing, as well as at-
tending to acclimation and hydration are advised (5).

Humidity (Water Vapor Pressure) Evaporation of 
sweat is dependent on the water vapor pressure gra-
dient between skin and environment. In warm/hot 
environments, the relative humidity is a good index 
of the water vapor pressure, with a lower relative 

TABLE 24.3 Exertional Heat Illnesses

Heat Illness Signs and Symptoms Immediate Care

Exercise-induced muscle cramps: 
sudden involuntary muscle   
contractions during or after  exercise

Visible cramping
May involve multiple 

 muscle groups

Rest, passive stretching, icing, massage
Rehydrate

Heat syncope  orthostatic 
 dizziness attributed to dehydration, 
 hypotension, venous pooling

Brief episode of fainting 
associated with dizziness, 
tunnel vision

Move to shaded area
Elevate legs above level of heart
Cool skin
Rehydrate

Heat exhaustion  inability to 
 effectively exercise in the heat 
due to cardiovascular insufficiency, 
 hypotension, or central fatigue

Excessive fatigue
Fainting
Confusion, disorientation

Move to shared area
Remove excess clothing/equipment
Elevate legs above level of heart
Cool with ice towels and fans
Rehydrate
Refer to physician

Exertional heat stroke   characterized 
by neuropsychiatric impairment and 
a high body temperature; medical 
emergency

Disorientation, confusion, 
dizziness, hysteria

Rectal temperature 
>40.5°C

Hot sweaty skin

Remove excess clothing/equipment
Lower core temperature to <38.9°C 

(<102°F) within 30 minutes
Use pool/tub of cold (15°C/60°F) water; 

 vigorously circulate the water
If medical personnel are available, place 

 intravenous fluid line
Transfer to medical facility

Table is based on “National Athletic Trainers’ Association Position Statement: Exertional Heat Illness,” Journal of Athletic Training 50: 986–1000, 2015.

Figure 24.6 Factors affecting heat injury.
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humidity facilitating evaporation. In a recent study, 
time to exhaustion at 70% V̇ O2 max decreased linearly 
when relative humidity was increased from 24% to 
40%, 60%, and 80% on four separate days. Interestingly, 
there was no difference in heart rate or core tem-
perature between trials (76). See the later discussion 
on the use of the Wet Bulb Globe Temperature as a 
guide to reducing the risk of heat injury.

Metabolic Rate Given that core temperature is pro-
portional to work rate, metabolic heat production 
plays an important role in the overall heat load the 
body experiences during exercise. As one begins to 
overheat, decreasing the pace lowers the metabolic 
rate and the physiological strain. However, if the pace 
cannot be voluntarily decreased (e.g., coach directing 
the drills) heat-related problems can increase (20).

Wind Wind places more air molecules into contact 
with the skin and can influence heat loss in two ways. 
If a temperature gradient for heat loss exists between 
the skin and the air, wind will increase the rate of 
heat loss by convection. In a similar manner, wind 
increases the rate of evaporation, assuming the air 
can accept moisture. During self-paced exercise in the 
heat, wind reduces physiological strain and improves 
performance (113).

Even the time of day is a consideration when it 
comes to exercise performance during heat exposure. 
With its typical diurnal variation, core temperature is 
lower and the body’s heat storage capacity is higher 
in the morning, compared to the afternoon, when 
resting core temperature is elevated (94). When male 
cyclists rode to exhaustion at 65% V̇ O2 max in a warm 
environment (35°C, 60% RH), time to exhaustion was 
longer in the morning trial (45.8 min) compared to 
the afternoon trial (40.5 min). Core temperature was 
lower in the morning trial for the first 25 minutes, 

but was no different at exhaustion (54). The results 
suggested that the greater heat storage capacity con-
tributed to the difference.

For a practical guide on the prevention and treat-
ment of heat-related illness, see Howe and Boden in 
Suggested Readings.

IMPLICATIONS FOR FITNESS
The person exercising for fitness needs to be edu-
cated about all of the previously listed factors. Sugges-
tions might include:

 ■ Providing information on heat illness 
symptoms: cramps, lightheadedness, and so on

 ■ Exercising in the cooler part of the day to 
avoid heat gain from the sun or structures 
heated by the sun

 ■ Gradually increasing exposure to high heat/
humidity to safely acclimatize

 ■ Drinking water before, during, and after exercise 
and weighing in each day to monitor hydration

 ■ Wearing only shorts and a tank top to expose 
as much skin as possible

 ■ Taking heart rate measurements several times 
during the activity and reducing exercise 
intensity to stay in the target heart rate  
(THR) zone

The latter recommendation is most important. The 
heart rate is a sensitive indicator of dehydration, envi-
ronmental heat load, and acclimation. Variation in any 
of these factors will modify the heart rate response 
to any fixed, submaximal exercise. Furthermore, the 
relationship between % V̇ O2 max and % HRR is main-
tained during exercise in the heat (127, 128). It is 
therefore important for fitness participants to moni-
tor heart rate on a regular basis and to slow down to 
stay within the THR zone. Age is sometimes raised as 
a predisposing factor related to heat injury, but that 
may not be the case after you account for the fac-
tors mentioned previously. We would like to direct 
the interested reader to a brief and clearly written 
review of this topic by Kenney and Munce in Sug-
gested Readings.

IMPLICATIONS FOR 
PERFORMANCE
Heat injury has been a concern in athletics for de-
cades. Initially, the vast majority of attention was 
focused on football because of the large number of 
heat-related deaths associated with that sport (15). 
Emphasis on preseason conditioning to improve  

Figure 24.7 The effect of different types of uniforms on 
the body temperature response to treadmill running.
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fitness and promote acclimation, drinking water dur-
ing practice and games, and weighing in each day 
to monitor hydration resulted in a steady reduction 
of heat-related deaths throughout the early 1990s. 
However, since that time, there has been an increase 
in the number of heat-related deaths in football, es-
pecially at the high school level. In fact, among U.S. 
high school athletes, heat illness is the leading cause 
of death and disability (44).

There is a need to return to the vigilance and 
practices that resulted in the low death rates of 
the early 1990s. It might be added that during the 
time that the number of heat-related deaths in foot-
ball players was decreasing, there was an increase 
in the number of deaths in another athletic activ-
ity—long-distance road races (49, 63). In response to 
this problem, and on the basis of sound research, the 
American College of Sports Medicine developed a 
Position Stand on the Prevention of Thermal Injuries 
During Distance Running (3), parts of which have 
been updated (5). The elements recommended in 
this position statement are consistent with what we 
previously presented:

Medical Director

 ■ A sports medicine physician should work 
with the race director to enhance safety and 
coordinate first-aid measures.

Race Organization

 ■ Minimize environmental heat load by 
planning races for the cooler months and  
at a time of day (before 8:00 a.m. or after 
6:00 p.m.) to reduce solar heat gain.

 ■ Use an environmental heat stress index (see 
the next section, “Environmental Heat Stress”) 
to help make decisions about whether to run 
a race. See Roberts in Suggested Readings for 
more on this.

 ■ Have a water station every 2–3 km; encourage 
runners to drink 150–300 milliliters of water 
every 15 minutes.

 ■ Clearly identify the race monitors and have 
them look for those who might be in trouble 
due to heat injury.

 ■ Have traffic control for safety.

 ■ Use radio communication throughout the race 
course.

Medical Support

 ■ Medical director coordinates ambulance 
service with local hospitals and has the 
authority to evaluate or stop runners who 
appear to be in trouble.

 ■ Medical director coordinates medical facilities 
at race site to provide first aid.

Competitor Education

 ■ Provide information about factors related to 
heat illness that were discussed previously.

 ■ Encourage the “buddy system” (see Chap. 17). 
The primary focus in these recommendations 
is on safety.

Environmental Heat Stress The previous discussion 
mentioned high temperature and relative humidity as 
factors increasing the risk of heat injuries. To quantify 
the overall heat stress associated with any environ-
ment, a Wet Bulb Globe Temperature (WBGT) guide 
was developed (3). This overall heat stress index is 
composed of the following measurements:

Dry Bulb Temperature (Tdb)

 ■ Ordinary measure of air temperature taken in 
the shade

Black Globe Temperature (Tg)

 ■ Measure of the radiant heat load taken in 
direct sunlight

Wet Bulb Temperature (Twb)

 ■ Measurement of air temperature with a 
thermometer whose mercury bulb is covered 
with a wet cotton wick. This measure is 
sensitive to the relative humidity (water 
vapor pressure) and provides an index of the 
ability to evaporate sweat.

The formula used to calculate the WBGT index shows 
the importance of this latter wet bulb temperature in 
determining heat stress (3):

WBGT = 0.7 Twb + 0.2 Tg + 0.1 Tdb

The risk of exertional heatstroke (EHS) is classified as 
follows (5, 97):

■  WBGT ≤50.0°F 
(≤10.0°C)

Risk of hypothermia; 
EHS can occur

■  WBGT 50–65°F 
(10–18.3°C)

Low risk of both
hypothermia and  
hyperthermia; EHS  
can occur

■  WBGT 65.1–72.0°F 
(18.4–22.2°C)

Caution: risk of heat 
illness increases; high-
risk persons monitored 
or do not compete

■  WBGT 72.1–78.0°F 
(22.3–25.6°C)

Extreme caution;  
risk of hyperthermia 
increased for all

■  WBGT 78.1–82.0°F 
(25.7–27.8°C)

Extreme caution;  
high risk for unfit,  
non-acclimatized

■  WBGT ≥82.1°F 
(≥27.9°C)

Extreme risk of
hyperthermia;  
cancel or postpone
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In spite of the wide acceptance of the WBGT index, it has 
been criticized because it is an environmental heat stress 
index and not a representation of human heat strain (93). 
Specific attention was directed at the WBGT index’s ten-
dency to underestimate heat-stress risk when evaporation 
of sweat is restricted (e.g., high humidity and/or low air 
movement). Further, since it is a climatic index, it does 
not account for metabolic heat production or clothing. 
The consensus panel concluded that it is therefore dif-
ficult to establish absolute cut-off values across sports and 
across the broad range of participants who might differ 
in terms of fitness and acclimatization. They suggest that 
the WBGT index be used as a guideline to implement 
preventive counter measures to offset the potential risk 
of heat illness (93). The most recent position statement 
of the National Athletic Trainers’ Association does just 
that with an example that includes recommended rest 
breaks, length of practice, and so forth to prevent heat 
injury (21). We are sure that this new approach will influ-
ence the development of future guidelines for athletic  
competitions conducted in the heat.

In addition to environmental factors contributing to 
the risk of heat injury, there is no question about their im-
pact on performance. For example, the fastest marathons 
are run at environmental temperatures of 10.6–12.8°C 
for men and 11.6–13.6°C for women; times are system-
atically slower with higher environmental temperatures 
(35). Not surprisingly, precooling the body prior to exer-
cise in the heat has the potential to improve performance. 
A recent review on practical approaches to accomplish 
this concluded that cold drinks were most effective, fol-
lowed by cooling packs and a cooled room (120). These 
various methods should be tested and individualized dur-
ing training to minimize disruption to the athlete (93).

COLD
Altitude and heat stress are not the only environ-
mental factors having an impact on performance. A 
WBGT of 10°C or less is associated with hypothermia. 
Hypothermia results when heat loss from the body 
exceeds heat production and is defined clinically as a 
core temperature below 35°C (95°F), which is a drop 
of about 2°C (3.5°F) below normal body temperature 
(4). Cold air facilitates this process in more ways than 
are readily apparent. First, and most obvious, when air 
temperature is less than skin temperature, a gradient 
for heat loss exists for convection, and physiologi-
cal mechanisms involving peripheral vasoconstriction 
and shivering come into play to counter this gradient. 
Second, and less obvious, cold air has a low water 
vapor pressure, which encourages the evaporation 
of moisture from the skin to further cool the body. 
The combined effects can be deadly, as witnessed in 
Pugh’s report of three deaths during a “walking” com-
petition over a 45-mile distance (89).

Hypothermia, based on core temperature, can 
range in severity from mild to severe (4):

 ■ Mild hypothermia
 ● 35°C (95°F)—maximal shivering
 ● 34°C (93.2°F)—amnesia, poor judgment

 ■ Moderate hypothermia
 ● 33°C (91.4°F)—ataxia, apathy
 ● 31°C (87.8°F)—shivering ceases, pupils 

dilate
 ● 29°C (85.2°F)—unconscious

 ■ Severe hypothermia
 ● 28°C (82.4°F)—ventricular fibrillation
 ● 26°C (78.8°F)—no response to pain
 ● 24°C (75.2°F)—hypotension, bradycardia
 ● 19°C (66.2°F)—EEG silence
 ● 13.7°C (56.7°F)—lowest temperature for 

adult survival

Figure 24.8 shows the factors related to hypo-
thermia. These include environmental factors such 
as temperature, water vapor pressure, wind, and 
whether air or water is involved; insulating factors 
such as clothing and subcutaneous fat; the character-
istics of the individuals involved (e.g., age and gen-
der); and the capacity for sustained heat production, 
including fuels available (23). We will now comment 
on each of these relative to hypothermia. For a thor-
ough presentation on this topic, see the American 

IN SUMMARY
 ■ Heat injury is influenced by environmental fac-
tors such as temperature, water vapor pressure, 
acclimation, hydration, clothing, and metabolic 
rate. The fitness participant should be educated 
about the signs and symptoms of heat injury; 
the importance of drinking water before, dur-
ing, and after the activity; gradually becoming 
acclimated to the heat; exercising in the cooler 
part of the day; dressing appropriately; and 
checking the HR on a regular basis.

 ■ Road races conducted in times of elevated heat 
and humidity need to reflect the coordinated 
wisdom of the race director and medical direc-
tor to minimize heat and other injuries. Con-
cerns include running the race at the correct 
time of the day and season of the year; frequent 
water stops; traffic control; race monitors to 
identify and stop those in trouble; and commu-
nication between race monitors, medical direc-
tor, ambulance services, and hospitals.

 ■ The heat stress index includes dry bulb, wet 
bulb, and globe temperatures. The wet bulb 
temperature, which is a good indicator of the 
water vapor pressure, is more important than 
the other two in determining overall heat stress.
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College of Sports Medicine’s Position Stand (4) and 
the National Athletic Trainers’ Association position 
statement (18).

Environmental Factors
Heat loss mechanisms introduced in Chap. 12 in-
cluded conduction, convection, radiation, and evapo-
ration. Given that hypothermia is the result of higher 
heat loss than heat production, understanding how 
these mechanisms are involved will facilitate a discus-
sion of how to deal with this problem.

Conduction, convection, and radiation are depen-
dent on a temperature gradient between skin and 
environment; the larger the gradient, the greater 
the rate of heat loss. What is surprising is that the 
environmental temperature does not have to be be-
low freezing to cause hypothermia. In effect, other 
environmental factors interact with temperature to 
create the dangerous condition by facilitating heat 
loss—namely, wind and water.

Wind Chill Index The rate of heat loss at any given 
temperature is directly influenced by the wind speed. 
Wind increases the number of cold air molecules com-
ing into contact with the skin so that heat loss is ac-
celerated. The wind chill index indicates what the 
“effective” temperature is for any combination of tem-
perature and wind speed. Siple and Passel (108) devel-
oped a formula for predicting how fast heat would be 
lost at different wind speeds and  temperatures:

Wind chill (kcal · m–2 · h–1) = 

  [ √ 
_________

 WV×100   + 10.45 – XV]     × (33 – TA)

where WV = wind velocity (m · s−1); 10.45 is a con-
stant; 33 is 33°C, which is taken as the skin tempera-
ture; and TA = ambient dry bulb temperature in °C. 
Siple and Passel estimated how long it would take for 
exposed flesh to freeze and tabulated the levels of 
“danger” associated with combinations of wind speed 
and temperature.

This formula (41), which had been used for many 
years, was thought to overestimate the effect of in-
creasing wind speed on tissue freezing and underes-
timate the effect of decreasing temperature (29). The 
following wind chill formula has been adopted by the 
National Weather Service (http://www.crh.noaa.
gov/dtx/New_Wind_Chill.php):

Wind chill (°F) = 35.74 + 0.6215 (T) – 35.75 (V0.16)
+ 0.4275T (V0.16)

where wind speed (V) is in mph and temperature (T) 
is in °F.

Table 24.4 provides the calculated wind chill 
temperatures for a variety of wind speeds and tem-
peratures, along with estimates of the time it would 
take for frostbite to occur. Keep in mind that if you 
are running, riding, or cross-country skiing into the 
wind, you must add your speed to the wind speed to 
evaluate the full impact of the wind chill. For exam-
ple, cycling at 20 mph into calm air at 0°F is equiva-
lent to a wind chill temperature of −22° (23). When 
wind is coupled with rain, heat loss is dramatically 
increased compared to wind alone (130), and that 
leads us to the next section.

Water The thermal conductivity of water is about 
25 times greater than that of air, so you can lose 
heat 25 times faster in water compared to air of the 
same temperature (57). Figure 24.9 shows death 
can occur in only a few hours when a person is 
shipwrecked in cold water. Unlike air, water offers 
little or no insulation at the skin-water interface, 
so heat is rapidly lost from the body. Given that 
movement in such cold water would increase heat 
loss from the arms and legs, the recommendation is 
to stay as still as possible in long-term immersions 
(4, 57). The impact that insulation, both body fat 
and clothing, has on the rate of heat loss will be 
considered next.

Figure 24.8 Factors affecting hypothermia.

HYPOTHERMIA

Heat productionDescriptive
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Figure 24.9 The effect of different water temperatures 
on survival of shipwrecked individuals.
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TABLE 24.4 Wind Chill Chart

Temperature (°F)

Calm 40 35 30 25 20 15 10 5 0 −5 −10 −15 −20 −25 −30 −35 −40 −45

W
in

d 
(m

ph
)

 5 36 31 25 19 13 7 1 −5 −11 −16 −22 −28 −34 −40 −46 −52 −57 −63
10 34 27 21 15 9 3 −4 −10 −16 −22 −28 −35 −41 −47 −53 −59 −66 −72
15 32 25 19 13 6 0 −7 −13 −19 −26 −32 −39 −45 −51 −58 −64 −71 −77

20 30 24 17 11 4 −2 −9 −15 −22 −29 −35 −42 −48 −55 −61 −68 −74 −81
25 29 23 16 9 3 −4 −11 −17 −24 −31 −37 −44 −51 −58 −64 −71 −78 −84
30 28 22 15 8 1 −5 −12 −19 −26 −33 −39 −46 −53 −60 −67 −73 −80 −87
35 28 21 14 7 0 −7 −14 −21 −27 −34 −41 −48 −55 −62 −69 −76 −82 −89
40 27 20 13 6 −1 −8 −15 −22 −29 −36 −43 −50 −57 −64 −71 −78 −84 −91
45 26 19 12 5 −2 −9 −16 −23 −30 −37 −44 −51 −58 −65 −72 −79 −86 −93
50 26 19 12 4 −3 −10 −17 −24 −31 −38 −45 −52 −60 −67 −74 −81 −88 −95
55 25 18 11 4 −3 −11 −18 −25 −32 −39 −46 −54 −61 −68 −75 −82 −89 −97
60 25 17 10 3 −4 −11 −19 −26 −33 −40 −48 −55 −62 −69 −76 −84 −91 −98

Frostbite Times     30 minutes     10 minutes     5 minutes
 Wind Chill (°F) = 35.74 + 0.6215T − 35.75 (V0.16) + 0.4275 (V0.16)

Where T = Air Temperature (°F)  V = Wind Speed (mph) (Effective 11/01/01)
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564 Section Three Physiology of Performance

Insulating Factors
The rate at which heat is lost from the body is in-
versely related to the insulation between the body and 
the environment. The insulating quality is related to 
the thickness of subcutaneous fat, the ability of cloth-
ing to trap air, and whether the clothing is wet or dry.

Subcutaneous Fat An excellent indicator of total 
body insulation per unit surface area (through which 
heat is lost) is the average subcutaneous fat thickness 
(52). Pugh and Edholm’s (90) observation that a “fat” 
man was able to swim for seven hours in 16°C water 
with no change in body temperature, whereas a “thin” 
man had to leave the water in 30 minutes with a core 
temperature of 34.5°C, supports this statement. Long-
distance swimmers tend to be fatter than short-course 
swimmers. The higher body fatness does more than 
help maintain body temperature; fatter swimmers are 
more buoyant, requiring less energy to swim at any 
set speed (55). In addition, body fatness plays a role 
in the onset and magnitude of the shivering response 
to cold exposure (see later discussion in the “Heat 
Production” section).

Clothing Clothing can extend our natural subcuta-
neous fat insulation to allow us to sustain very cold 
environments. The insulation quality of clothing 
is given in clo units, where 1 clo is the insulation 
needed at rest (1 MET) to maintain core temperature 
when the environment is 21°C, the RH = 50%, and 
the air movement is 6 m · min−1 (13). Still air next to 
the body has a clo rating of 0.8. As the air tempera-
ture falls, clothing with a higher clo value must be 
worn to maintain core temperature, because the gra-
dient between skin and environment increases (85).  
Figure 24.10 shows the insulation needed at differ-
ent energy expenditures across a broad range of tem-
peratures from −50 to +30°C (−60 to +80°F) (13). It 
is clear that as heat production increases,  insulation 
must decrease to maintain core temperature. By 

wearing clothing in layers, insulation can be removed 
piece by piece because less insulation is needed to 
maintain core temperature. By following these steps, 
sweating, which can rob the clothing of its insulat-
ing value, will be minimized. A practical example of 
how clothing helps maintain body temperature (and 
comfort) can be seen in the following study. Heat 
loss from the head increases linearly from +32°C to 
−21°C, with about half of the entire heat production 
being lost through the head when the temperature 
is −4°C. Wearing a simple “helmet” with a clo rating 
of 3.5 allows an individual to stay out indefinitely at 
0°C (40).

Clothing offers insulation by trapping air, which 
is a poor conductor of heat. If the clothing becomes 
wet, the insulating quality decreases because the 
 water can now conduct heat away from the body at a 
faster rate (57). A primary goal, then, is to avoid wet-
ness due either to sweat or to weather. This problem 
is exacerbated by the cold environment’s very low 
water vapor pressure. Recall from Chap. 12 that the 
water vapor pressure in the environment is the pri-
mary factor influencing evaporation and that at low 
environmental temperatures, the water vapor pres-
sure is low even when the relative humidity is high. 
Think of a time when you finished playing a game 
indoors and stepped outside into cold, damp weather 
to cool off. You noticed “steam” coming off your body; 
how is this possible when the RH is near 100%? The 
water vapor pressure is high at the skin surface, since 
the skin temperature is elevated, so a gradient for 

Figure 24.10 Changes in the insulation requirement 
of clothing (plus air) with increasing rates of energy 
 expenditure over environmental temperatures of −50 to 
+30°C.

16

14

12

10

8

6

4

2

0

clo

−60 −40 −20 0 20 40 60 80 °F

−50 −40 −30 −20 −10 0 10 20 °C30

Sleep
M

= 0.8 MET

Heavy work M = 6.0

Rest M
= 1.0

Very light work M = 1.5

Light work M = 2.0Moderate work M = 3.0

IN SUMMARY
 ■ Hypothermia is influenced by natural and 
added insulation, environmental temperature, 
vapor pressure, wind, water immersion, and 
heat production.

 ■ The wind chill index describes how wind 
 lowers the effective temperature at the skin 
such that convective heat loss is greater than 
what it would be in calm air at that same tem-
perature.

 ■ Water causes heat to be lost by convection 25 
times faster than it would be by exposure to air 
of the same temperature.
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water vapor pressure exists. You will cool off very 
fast under these circumstances. This is why cold, wet, 
windy environments carry an extra risk of hypother-
mia. The wind not only provides for greater convec-
tive heat loss as described in the wind chill chart, but 
it also accelerates evaporation (50).

Heat Production
Figure 24.10 shows that the amount of insulation 
needed to maintain core temperature decreases as en-
ergy expenditure increases. This is also true for our 
“natural” insulation, subcutaneous fat. McArdle et al.  
(81) showed that when fat men (27.6% fat) were 
 immersed for one hour in 20°C, 24°C, and 28°C wa-
ter, the resting V̇ O2 and core temperature did not 
change compared to values measured in air. In thin-
ner men (<16.8% fat), the V̇ O2 increased to counter 
the rapid loss of heat; however, the core temperature 
still decreased. When these same subjects did exer-
cise in the cold water, requiring a V̇ O2 of 1.7 L · min−1, 
the fall in body temperature was either prevented or 
retarded (82), showing the importance of high rates 
of heat production in preventing hypothermia. Other 
studies support these observations, showing an earlier 
onset and greater magnitude of shivering in lean sub-
jects when exposed to cold air (114). Similar findings 
have been reported for fit subjects (8).

Fuel Use Shivering can increase oxygen consump-
tion to 1000 ml/min during resting immersion in 
cold water, and like moderate exercise of the same 
intensity, fat is a primary fuel to support shivering 
in well-fed individuals (4). However, it is clear that 
inadequate carbohydrate stores may lead to hypo-
glycemia, which can affect one’s ability to shiver. 
Further, bursts of shivering lead to greater muscle 
glycogen depletion. Consequently, having adequate 
carbohydrate stores is important to reduce the risk 
for hypothermia (4). Given the importance of body 
fatness and body type in the metabolic response to 
cold exposure, are there differences due to gender 
and age?

Descriptive Characteristics
Subject characteristics, such as gender and age, influ-
ence the metabolic and body temperature responses 
to cold exposure.

Gender Sex differences in response to cold wa-
ter exposure are linked to a woman’s higher body 
fatness, thicker subcutaneous layer, less lean mass, 
and higher surface area-to-mass ratio, compared to 
men of the same weight and age. At rest, women 
show a faster reduction in body temperature than 
do men, even when subcutaneous fat thickness is 
the same. In contrast, when exercise is done in cold 

water, women and men of the same body fatness 
have similar decreases in body temperature. Conse-
quently, any gender differences in core temperature 
responses to cold exposure can be explained pri-
marily on the basis of differences in body composi-
tion and anthropometry (23). It must be added that 
amenorrheic women cannot maintain core tempera-
ture during exercise in the cold as well as eumenor-
rheic women can (4).

Age In general, individuals over 60 years may be 
less tolerant to cold exposures than younger indi-
viduals because the ability of older individuals to 
vasocontrict skin blood vessels and conserve heat 
is reduced. They also have less thermal sensitivity. 
That is, their response to a decrease in temperature 
is reduced, allowing time for greater heat loss. In 
contrast to adults, children have a larger surface area-
to-mass ratio and less subcutaneous fat. This results 
in a faster fall in core temperature with cold water 
exposure and a greater risk of hypothermia. Similar 
to the gender differences (or lack thereof) mentioned 
earlier, 11- to 12-year-old boys with the same subcu-
taneous fat as men had the same core temperature 
response when doing exercise in cold air (4). See A 
Look Back— Important People in Science for an indi-
vidual who had a major impact on our understanding 
of the physiology of how humans adapt to extreme 
environments.

IN SUMMARY
 ■ Subcutaneous fat is the primary “natural” 
 insulation and is effective in preventing rapid 
heat loss when a person is exposed to cold 
 water.

 ■ Clothing extends this insulation, and the insula-
tion value of clothing is described in clo units, 
where a value of 1 describes what is needed 
to maintain core temperature while sitting in 
a room set at 21°C and 50% RH with an air 
movement of 6 m · s−1.

 ■ The amount of insulation needed to maintain 
core temperature is less when one exercises 
because the metabolic heat production helps 
maintain the core temperature. Clothing should 
be worn in layers when exercising so one can 
shed one insulating layer at a time as body tem-
perature increases.

 ■ Heat production increases with exposure to 
cold, with an inverse relationship between the 
increase in V̇ O2 and body fatness. Women cool 
faster than men when exposed to cold water, 
exhibiting a longer delay in the onset of shiver-
ing and a lower V̇ O2, despite a greater stimulus 
to shiver.
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Dealing with Hypothermia
As body temperature falls, the person’s ability to 
carry out coordinated movements is reduced, speech 
is slurred, and judgment is impaired. As mentioned 
earlier, people can die from hypothermia, and the 
condition must be dealt with when it occurs. The 
following steps on how to do this are taken from the 
National Athletic Trainers’ Association position state-
ment on cold injuries (18):

 ■ Mild hypothermia
 ● Remove wet or damp clothing.
 ● Insulate the person with warm dry 

clothing or blankets, covering the head.
 ● Move person to warm environment with 

shelter from wind and rain.
 ● When rewarming, apply heat only to the 

trunk and other areas of heat transfer 
(axilla, chest wall, groin).

 ● Provide warm, nonalcoholic fluids and food 
containing 6%–8% carbohydrate.

 ■ Moderate/severe hypothermia
 ● Determine if CPR is necessary and activate 

emergency medical system.

 ● Remove wet or damp clothing.
 ● Insulate the person with warm, dry 

clothing or blankets, covering the head.
 ● Move person to warm environment with 

shelter from wind and rain.
 ● When rewarming, apply heat only to the 

trunk and other areas of heat transfer 
(axilla, chest wall, groin).

 ● If physician is not present, initiate 
rewarming strategies immediately and 
continue during transport.

 ● During treatment/transit, continue to 
monitor vital signs and be prepared for 
airway management.

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

L. G. C. E. Pugh Furthered Our Understanding of How to Survive  
and Function Well in Extreme Environments
In this chapter that deals with the 
effect of cold, heat, and altitude on 
performance, we thought it would be 
appropriate to highlight an individual 
who had a major impact on our under-
standing of the physiology involved 
in adapting to adverse environments: 
Lewis Griffith Cresswell Evans 
(L.G.C.E.) Pugh, M.D.

L.G.C.E. Pugh was born in 1909 
in England. He attended New Col-
lege, Oxford, and completed his B.A. 
in 1931. He then studied natural sci-
ences during 1931–1933 and medi-
cine until 1938, at which time he 
received his B.M. and M.A. degrees. 
He was a competitive downhill and 
cross-country skier and qualified for 
England’s 1936 Winter Olympics. In 
1939, he entered the army as a medi-
cal officer and served in Europe and 
the Middle East. In 1943, he was sent 
to the Mountain Warfare Training 
Centre in Lebanon to select, train, and 
evaluate troops for mountain warfare. 
There he became involved in the 

 systematic study of the interaction of 
altitude, environmental temperature, 
nutrition, clothing, and fitness on hu-
man performance, and he developed 
training manuals based on his work. 
Following the war he was involved in 
British navy research expeditions to 
the Arctic, and in 1950, he accepted 
a position in the Medical Research 
Council’s Division in Human Physiol-
ogy to study the effects of extreme 
environments.

Dr. Pugh was a major participant 
in several high-altitude expeditions 
during the 1950s and 1960s. The first, 
in 1952, gave him insight into what 
kinds of clothing, nutrition, hydration, 
and oxygen were required for humans 
to function at extreme altitudes. His 
work was recognized as being cru-
cial to the success of the 1953 Brit-
ish expedition to Mt. Everest in which 
Edmund Hillary and Tenzing Norgay 
were the first to reach the summit. 
In the late 1950s, he joined Edmund 
Hillary for an Antarctic  expedition in 

which he studied human tolerance to 
extreme cold; it was also during this 
time that the two planned to return 
to Everest. Dr. Pugh was the principal 
scientist in the 1960–1961 Scientific 
and Mountaineering Expedition to 
Everest that provided ground-break-
ing, and yet fundamental, information 
about how humans adapt to chronic 
exposure to high altitude. In addition, 
in the late 1960s, he was involved in 
helping athletes prepare for the Olym-
pic Games that were to take place in 
Mexico City at an altitude of ~2300 m. 
His life’s work revolved around under-
standing how humans adapt to exer-
cise in extreme environments, and his 
findings are as relevant today as they 
were 60 years ago. He died in 1994.

Sources: Hansen, Peter H.; “Pugh, (Lewis) Griffith 
Cresswell Evans (1909–1994),  physiologist and 
mountaineer,” Oxford  Dictionary of  National 
 Biography; The Register of L. G. C. E. Pugh 
Papers 1940–1986. San Diego, CA: Mandeville 
Special Collections Library, Geisel Library, 
 University of California.

IN SUMMARY
 ■ For mild hypothermia, get the person out of 
the wind, rain, and cold; remove wet clothing 
and put on dry clothing; for rewarming, apply 
heat only to the trunk and other areas of heat 
transfer; and provide warm drinks and food.

 ■ For moderate/severe hypothermia do as noted 
earlier, check vital signs, activate emergency 
medical system, and transport.
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AIR POLLUTION
Air pollution includes a variety of gases and particu-
lates that are products of the combustion of fossil 
fuels. The “smog” that results when these pollutants 
are in high concentration can have a detrimental ef-
fect on health and performance. The gases can affect 
performance by decreasing the capacity to transport 
oxygen, increasing airway resistance, and altering the 
perception of effort required when the eyes “burn” 
and the chest “hurts.” A study on traffic policemen, 
who are routinely exposed to a full range of pollut-
ants throughout their workday, makes the point. Al-
though their physiological responses were normal at 
rest, during an exercise test, about one-third of the 
policemen experienced ECG changes and elevated 
blood pressure responses, with the vast majority of 
those individuals also experiencing a desaturation of 
hemoglobin (116). In addition, children living in an 
air-polluted environment had significantly lower V̇ O2 
max values compared to those living in areas with 
better air quality (132).

The physiological responses to these pollutants 
are related to the amount, or “dose,” received. The 
major factors determining the dose are the concentra-
tion of the pollutant, the duration of the exposure to 
the pollutant, and the volume of air inhaled (concen-
tration × time × VE). This last factor increases dur-
ing exercise and is one reason why physical activity 
should be curtailed during times of peak pollution 
levels (38). The following discussion focuses on the 
major air pollutants: particulate matter, ozone, sulfur 
dioxide, and carbon monoxide.

Particulate Matter
The air is full of microscopic and submicroscopic par-
ticles, many of which can be tied to motor vehicles 
(especially diesels) and industrial sources. Over the past 
five years, more attention has been focused on the very 
small particles because of their potential to promote 
pulmonary infection and actually cross the epithelium 
to enter the circulation (26, 43). Fine (<2.5 μm diam-
eter), and especially ultrafine (<0.1 μm diameter), par-
ticles interact with environmental factors to promote 
local inflammation and oxidative stress that can lead 
to impaired pulmonary, cardiovascular, and immune 
function (26, 43). For example, when an endurance-
training program was conducted in an urban versus a 
rural setting, there were no differences in gains in V̇ O2 
max; however, in the urban setting (with its high level 
of ultrafine particulate pollution), there was an increase 
in inflammatory biomarkers (9, 10). Consequently, ath-
letes, especially those susceptible to pulmonary diseases 
(e.g., asthma), should minimize exposure whenever 
possible (see section on carbon monoxide). A case in 
point is that exposure to  particulate matter prior to 

exercise was associated with ECG abnormalities during 
exercise (43).

Ozone
The ozone we breathe is generated by the reaction of 
UV light and emissions from internal combustion engines. 
While a single two-hour exposure to a high ozone con-
centration, 0.75 part per million (ppm), decreases V̇ O2 
max, others studies show that a two-hour exposure to less 
than half that concentration, 0.3 ppm, increases inflam-
matory biomarkers and decreases lung function (31). The 
impact on V̇ O2 max follows a does response pattern: for 
every 0.017 ppm increase in ozone, aerobic fitness de-
creases 1.5% (43). Finally, prolonged exposure (6–12 hours) 
to only 0.12 ppm (the U.S. air quality standard) decreases 
lung function and increases respiratory symptoms. Inter-
estingly, an adaptation to ozone exposure can occur, with 
subjects showing a diminished response to subsequent 
exposures during the “ozone season.” However, concern 
about long-term lung health suggests that it would be 
prudent to avoid heavy exercise during the time of day 
when ozone and other pollutants are elevated (38).

Sulfur Dioxide
Sulfur dioxide (SO2) is produced by smelters, refin-
eries, and electrical utilities that use fossil fuel for 
energy generation. SO2 does not affect lung function 
in normal subjects, but it causes bronchoconstriction 
in people with asthma. These latter responses are in-
fluenced by the temperature and humidity of the in-
spired air, as mentioned in Chap. 17. Nose breathing 
is encouraged to “scrub” the SO2, and drugs like cro-
molyn sodium and β2-agonists can partially block the 
response to SO2 in someone with asthma (38).

Carbon Monoxide
Carbon monoxide (CO) is derived from the burning 
of fossil fuel, coal, oil, gasoline, and wood, as well as 
from cigarette smoke. Carbon monoxide can bind to 
hemoglobin to form carboxyhemoglobin (HbCO) and 
decrease the capacity for oxygen transport. This has 
the potential to affect the physiological responses to 
submaximal exercise (53) and V̇ O2 max, as does alti-
tude. The carbon monoxide concentration [HbCO] in 
blood is generally less than 1% in nonsmokers, but may 
be as high as 10% in smokers (95). Horvath et al. (58) 
found that the critical concentration of HbCO needed 
to decrease V̇ O2 max was 4.3%. Figure 24.11 shows the 
relationship between the blood HbCO concentration 
and the decrease in V̇ O2 max; beyond 4.3% HbCO, V̇ O2 
max decreases 1% for each 1% increase in HbCO (96).

In contrast, when one performs light work, at 
about 40% V̇ O2 max, the [HbCO] can be as high as 
15% before endurance is affected. The cardiovascular  
system has the capacity to compensate with a larger 
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cardiac output when the HbO2 concentration is 
 reduced during submaximal work (58, 95, 96). Be-
cause it takes two to four hours to remove half the CO 
from the blood after the exposure has been removed, 
CO can have a lasting effect on performances (38).

Unfortunately, it is difficult to predict what the 
actual [HbCO] will be in any given environment. One 
must consider the previous exposure to the pollutant, 
as well as the length of time and rate of ventilation as-
sociated with the current exposure. As a result, Raven 
(95) provides the following guidelines for exercising 
in an area with air pollution:

 ■ Reduce exposure to the pollutant prior to 
exercise because the physiological effects are 
time- and dose-dependent.

 ■ Stay away from areas where you might 
receive a “bolus” dose of CO: smoking areas, 
high-traffic areas, urban environments.

 ■ Do not schedule activities around the times 
when pollutants are at their highest levels 
(7–10 a.m. and 4–7 p.m.) due to traffic.

The Air Quality Index (AQI) is a measure of 
the quality of the air for five major air pollutants regu-
lated by the Clean Air Act: ground-level ozone, par-
ticulate matter, carbon monoxide, sulfur dioxide, and 
nitrogen dioxide. Figure 24.12 shows a color-coded 
chart of the AIQ, with the interpretation of what the 
numerical values mean. Information on the AIQ is 
generally provided in a local community’s weather 
forecast and should be suited to the individual—some 
will experience symptoms at lower levels of pollution 
than others (17).

Figure 24.11 The effect of the concentration of carbon 
monoxide in the blood on the change in V̇ O2 max.
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Figure 24.12 The Air Quality Index (AQI)—A Guide to Air Quality and Your Health. AIRNow website. 
Available at: https://airnow.gov/index.cfm?action=aqibasics.aqi.

Air Quality Index
Levels of Health Concern

Numerical
Value

Meaning

Good 0 to 50
Air quality is considered satisfactory, and air pollution poses
little or no risk.

Moderate 51 to 100
Air quality is acceptable; however, for some pollutants there
may be a moderate health concern for a very small number of 
people who are unusually sensitive to air pollution.

Unhealthy for
Sensitive Groups

101 to 150
Members of sensitive groups may experience health e�ects.
The general public is not likely to be a�ected.

Very Unhealthy 201 to 300
Health warnings of emergency conditions. The entire
population is more likely to be a�ected.

Unhealthy 151 to 200
Everyone may begin to experience health e�ects; members of
sensitive groups may experience more serious health e�ects.

Hazardous 301 to 500
Health alert: everyone may experience more serious health
e�ects.

IN SUMMARY
 ■ Air pollution can affect performance. Exposure 
to ozone decreases V̇ O2 max and respiratory 
function, and sulfur dioxide causes broncho-
constriction in people with asthma.

 ■ Carbon monoxide binds to hemoglobin and  
reduces oxygen transport.

 ■ To prevent problems associated with pollution of 
any type, reduce exposure time, stay away from 
“bolus” amounts of the pollutant, and schedule 
activity at the least polluted part of the day.

 ■ The Air Quality Index should be monitored to 
determine if conditions are safe for exercising 
outdoors.
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STUDY ACTIVITIES
 1. Describe the changes in barometric pressure, PO2, and 

air density with increasing altitude.
 2. Why is sprint performance not affected by altitude?
 3. Explain why maximal aerobic power decreases at alti-

tude and what effect this has on performance in long-
distance races.

 4. Graphically describe the effect of altitude on the HR 
and ventilation responses to submaximal work and pro-
vide recommendations for fitness participants who oc-
casionally exercise at altitude.

 5. Describe the physiological processes by which high-
altitude residents in the Andes adapt to altitude com-
pared to those who live in Tibet.

 6. While training at altitude can be beneficial, how could 
someone “detrain”? How can you work around this 
problem?

 7. It was formerly believed that a person could not climb 
Mount Everest without oxygen because the estimated 

V̇ O2 max at altitude was close to basal metabolic rate. 
When two climbers accomplished the feat in 1978, sci-
entists had to determine how this was possible. What 
were the primary reasons allowing the climb to take 
place without oxygen?

 8. List and describe the factors related to heat injury.
 9. What is the heat stress index, and why is the wet bulb 

temperature weighed so heavily in the formula?
 10. List the factors related to hypothermia.
 11. Explain what the wind chill index is relative to convec-

tive heat loss.
 12. What is a clo unit, and why is the insulation require-

ment less when you exercise?
 13. What would you do if a person had hypothermia?
 14. Explain how carbon monoxide can influence V̇ O2 max 

and endurance performance.
 15. What steps would you follow to minimize the effect of 

pollution on performance?
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 ■ Objectives

By studying this chapter, you should be able to do the following:

 1. Define ergogenic aid.

 2. Explain why a “placebo” treatment in a 
“double-blind design” is used in research 
studies involving ergogenic aids.

 3. Describe, in general, the effectiveness of 
nutritional supplements on performance.

 4. Describe the effect of additional oxygen on 
performance; distinguish between hyperbaric 
oxygenation and that accomplished by 
breathing oxygen-enriched gas mixtures.

 5. Describe blood doping and its potential for 
improving endurance performance.

 6. Explain the mechanism by which 
ingested buffers might improve anaerobic 
performances.

 7. Explain how amphetamines might improve 
exercise performance.

 8. Describe the various mechanisms by which 
caffeine might improve performance.

 9. Describe how high-tech equipment and 
cycling technique can improve speed in high-
speed cycling.

10. Describe the physiological and psychological 
effects of different types of warm-ups.

Ergogenic Aids
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The preceding chapters have described exercise 
and dietary plans related to performance. How-

ever, no presentation of factors affecting performance 
would be complete without a discussion of ergogenic 
aids. Ergogenic aids are defined as work-producing 
substances or phenomena believed to increase per-
formance (98). For this reason they are also called 
performance enhancing substances (PES).

Ergogenic aids include, for example, nutrients, 
drugs, warm-up exercises, blood doping, oxygen 
breathing, music, and extrinsic biomechanical aids. 
Although we discussed nutritional issues related to 
performance in Chap. 23, we will provide additional 
detail about the role of dietary supplements as ergo-
genic aids in this chapter. In addition, we will dis-
cuss ergogenic aids related to aerobic performance 
(oxygen inhalation and blood doping) and anaerobic 
performance (blood buffers), as well as various drugs 
(amphetamines and caffeine), high-tech equipment, 
and physical warm-up. Note that anabolic steroids 
and growth hormone were discussed in Chap. 5.

Performance enhancing substances are used 
broadly at all levels of competition. The prevalence of 
elite athletes intentionally using doping is estimated 
to be about 14% to 39%, but the actual percent varies 
greatly among sports (33). Not surprisingly, a greater 
percentage of athletes use some types of PES (e.g., di-
etary supplements) more than others (e.g., drugs). Rea-
sons elite athletes initially get into using PES include 
greater athletic success through better performance, 
financial gain, faster recovery, preventing nutritional 
deficiencies, and because they think others are using 
them (97). Among college athletes, those who use 
PES are much more likely to drink alcohol and use 
drugs, whether or not the latter improves or impedes 
performance (20). Although athletes criticize the way 
testing is carried out, they feel that the severity of 
the punishment is appropriate or not severe enough. 
Interestingly, coaches are still the main influence and 
source of information about PES for athletes (97); this 
problem may be compounded by the lack of knowl-
edge physicians have about PES (96). Finally, given 
the limited resources available to deal with this prob-
lem, there is concern that the majority of the money 
is spent on anti-drug testing and not on educational 
programs to prevent the problem (97).

Although the attention of the reader will be fo-
cused on athletic performance, where an improve-
ment of less than 1% would alter world records, it 
must be noted that industrial physiologists have long 
been concerned about the relationship of lighting, 
environmental temperature, and background noise 
(music) to performance in the workplace (98). Re-
search work in this area must be done carefully, with 
special attention to the research design due to the 
number of factors that can influence the outcome of 
the study.

RESEARCH DESIGN 
CONCERNS
It is sometimes difficult to compare the results of one 
research study on ergogenic aids with another. The 
reason for this is that the effect of an ergogenic aid 
depends on a number of variables (98):

 ■ Amount— too little or too much may show no 
effect

 ■ Subject— the ergogenic aid may be effective in 
“untrained” subjects but not “trained” 
subjects, or vice versa

— the “value” of an ergogenic aid is 
 determined by the subject

 ■ Task— may work in short-term, power-related 
tasks, but not in endurance tasks, or 
 vice versa

— may work for gross-motor, large-muscle 
activities and not with fine-motor activi-
ties, or vice versa

 ■ Use— an ergogenic aid used on an acute  (short-
term) basis may show a positive effect, 
but in the long run may compromise 
performance, or vice versa

Given these variables, scientists are careful in de-
signing experiments in order not to be “fooled” by the 
result. For example, an athlete may improve perfor-
mance because he or she believes the substance im-
proves performance, so the “belief” is more important 
than the substance in determining the outcome. Fur-
ther, an investigator may “believe” in the ergogenic 
aid and inadvertently offer different levels of encour-
agement during the testing of athletes under the 
influence of the ergogenic aid. These problems are 
controlled for by using a placebo as a treatment con-
dition and using a double-blind research  design, 
respectively.

A placebo is a “look-alike” substance relative to 
the ergogenic aid under consideration, but it contains 
nothing that will influence performance. The need for 
such a control is seen in Figure 25.1, which describes 
the gain in strength by a group that was taking a pla-
cebo but was told it was an anabolic steroid. It is con-
trasted with the group’s performance prior to taking 
the placebo. The rate and amount of strength gained 
was higher with the placebo, indicating the need for 
such a control if one is to isolate the true effect of a 
substance (4).

A double-blind research design is one in which 
neither the subject nor the investigator knows who 
is receiving the placebo or the substance under in-
vestigation. The subjects are randomly assigned to 
receive pill x or pill y. After all data are collected, 
the “code” is broken to find out which pill (x or y) 
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was the placebo and which was the substance under 
investigation. These designs are complex and difficult 
to carry out, but they reduce the chance of subject or 
investigator bias (98).

The scientist must also be careful in the selection 
of subjects. If a substance is tested as a potential aid 
to sprinters, it would be reasonable to select subjects 
from that population so the results can be generalized 
to that group. Further, the tests used by the investi-
gator should be as close as, or actually be, the per-
formance task (e.g., 100-meter dash). In short, results 
obtained on a proper subject population but under 
controlled laboratory conditions using conventional 
physiological tests may not be useful when taken to 
the “field” (98).

DIETARY SUPPLEMENTS
We discussed issues related to basic nutrition in Chap. 
18 and provided additional detail about the role of 
nutrition in performance in Chap. 23. In this section, 
we go a step further and discuss the role that dietary 
supplements may play in athletic performance—a 
point of interest to many athletes. A survey of ath-
letes indicated that more than 80% of U.S.  Division I  

athletes and national or international elite athletes 
use dietary supplements (3, 91, 105). For more detail 
on dietary supplements and performance, see texts 
by Burke and Deakin in Suggested Readings and  
Williams, Anderson, and Rawson (155). We also en-
courage you to examine the website of the Australian 
Institute of Sport (http://www.ausport.gov.au/ais/ 
nutrition), which systematically updates information 
on a wide variety of dietary supplements.

One has only to open a strength-training maga-
zine to become aware of the incredible number of 
dietary supplements promoted as improving the 
 effects of a workout, be it size or strength. Table 25.1  
provides a summary of a number of dietary supple-
ments used by strength-training athletes to increase 
strength, muscle mass, and athletic performance. 
The columns provide information about the claim 
made for each substance and the evidence for or 
against that claim. A quick reading of Table 25.1 in-
dicates that little or no support exists for most of 
the supplements, with the exception of creatine 
and, perhaps, beta-alanine. We all know of the role 
of phosphocreatine (PC) in high-power events or at 
the onset of endurance exercise (see Chaps. 3 and 4).  
Numerous studies show that creatine supplementa-
tion can increase the muscle’s creatine concentration. 
Does it affect performance? (See The Winning Edge 
25.1 for more on this developing story.)

Some dietary supplements are aimed at improving 
endurance performance. Inorganic nitrate is found in 
green leafy vegetables and beetroot. Once ingested it is 
converted to nitrite, which, in turn, can be converted 
to nitric oxide, an important molecule in circulatory 
and metabolic function. Nitrate supplementation has 
been shown to have health benefits (e.g., lowering 
blood pressure) (27), and there is some evidence that 
it can lower the oxygen cost of submaximal exercise. 
However, its efficacy in high caliber athletes is unclear 
and additional research is needed (3, 27, 73). Another 
supplement, sodium phosphate, has been shown to 
increase V̇ O2 max in both average and elite cyclists; 
however, its impact on endurance performance is not 
as clear cut (19). We are sure to see more on these 
dietary supplements in the years ahead.

The use of supplements of any kind needs to be 
approached with a “buyer beware” attitude. When 
the U.S. Congress passed the Dietary Supplements 
Health and Education Act in 1994, it opened the door 
for the manufacture and sale of dietary supplements, 
including some (e.g., prohormones) that were not 
originally envisioned (8, 145). The lack of regulation 
of these products means that between 10%-15% of 
supplements may contain contaminants which may 
elicit a positive drug test (105). A case in point is 
a recent study by Baume et al. (9). They examined 
103 dietary supplements and found 3 that had an 
anabolic steroid in very large amounts that would  
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Figure 25.1 Changes in performance when subjects were 
told they were taking an anabolic steroid but were 
 really taking a placebo.

IN SUMMARY
 ■ Ergogenic aids are defined as substances or 
phenomena that are work producing and are 
believed to increase performance.

 ■ Because an athlete’s belief in a substance may 
influence performance, scientists use a placebo 
or look-alike substance to control for this ef-
fect. In addition, scientists use a double-blind 
research design in which the investigator and 
subject are both unaware of the treatment.
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TABLE 25.1 Dietary Supplements for Strength Trainers

Supplement Description Claim Evidence Comment

Antioxidants 
(e.g., vitamins 
A, C, and E)

Chemicals that 
protect cells 
from oxidative 
damage caused 
by free radicals

Reduce muscle 
damage result-
ing from severe 
or eccentric 
exercise

Little evidence that 
 performance is enhanced, 
but some evidence that 
 oxidative damage caused 
by exercise may be 
 lessened

With continued training, 
antioxidants produced 
by the body may be 
sufficient; if diet is 
 inadequate, supplement

Proteins or 
branched-
chain amino 
acids

High-protein diets 
or unique amino 
acid supple-
ments

Meet greater 
protein needs 
associated with 
training

Dietary intake already 
 exceeds upper limit 
of known protein 
 requirements

Diet adequate

Lysine, argi-
nine, and 
 ornithine

Amino acids Increase growth 
hormone secre-
tion;  promote 
 muscle growth

May increase growth 
 hormone, but of limited 
magnitude; no effect on 
muscle mass

Costly and ineffective

β-Alanine Amino acid used 
in synthesis of 
carnosine

More carnosine 
will buffer 
 acids better in 
muscle

No support for high- intensity 
exercise lasting <60s; some 
for >60s and <240s

Paraesthesia (tingling 
sensation on skin) can 
occur; more research 
needed

Creatine Amino acid Increases 
 anaerobic 
power

Improves performance 
in  selected tasks (e.g., 
 repeated sprint bouts)

See The Winning  
Edge 25.1

Dehydroepi-
androsterone 
(DHEA)

Precursor to 
 testosterone

Enhances 
 testosterone 
concentration 
and muscle 
mass

No effect on testosterone, 
strength, or muscle mass; 
banned by WADA and IOC

Increases estrogen 
 levels and decreases 
HDL cholesterol; could 
result in a positive drug 
test for  testosterone

Androstenedi-
one (andro)

Precursor to 
 testosterone

Enhances 
 testosterone 
concentration 
and muscle 
mass

No effect on testosterone, 
strength, or muscle mass; 
banned by WADA and IOC

Increases estrogen 
 levels and decreases 
HDL cholesterol; could 
result in a positive drug 
test for  testosterone

Carnitine Used in fat 
 metabolism

Enhances fat 
use, decreases 
bodyfat

No deficiency in athletes; 
no effect on metabolic 
 response to exercise

Diet adequate

From References 2, 3, 11, 23, 62, 65, 67, 72, 75, 88, 131, 140, 155, 160, 165 and Australian Institute of Sport. http://www.ausport.gov.au/ais/nutrition.

have generated a positive drug test. One creatine 
product revealed the presence of two anabolic ste-
roids when urine samples were examined. To prevent 
the problems associated with using contaminated 
supplements, extensive testing of products by an 
independent lab may be warranted—or the athlete 
should only take those nutritional supplements rec-
ommended by a nutritionist/registered dietician (34). 
Some of the dietary supplements are banned by the 
World Anti-Doping Agency (WADA) and the Interna-
tional Olympic Committee (IOC).

For a summary of the effect of herbs on athletic 
performance, see a review by Williams in Suggested 
Readings.

AEROBIC PERFORMANCE
Chapter 20 detailed the various tests used to evaluate 
the physiological factors related to endurance perfor-
mance. Clearly, an increased ability to transport O2 to the 
muscles and a delay in the onset of lactate  production 

IN SUMMARY
 ■ For the most part, little evidence exists that 
dietary supplements provide a performance 
 advantage to athletes, with the possible 
 exception of creatine.
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are related to improved performance. Two ergogenic 
aids have been used to try to influence O2 delivery: the 
breathing of O2-enriched mixtures and blood doping.

Oxygen
Given the importance of aerobic metabolism in the pro-
duction of ATP for muscular work, it is not  surprising 

that scientists have been interested in the effect of 
additional oxygen (hyperoxia) on performance. But to 
discuss this issue, we must ask the following question: 
How and when was the O2 administered to achieve a 
higher PO2 in the blood? In his insightful review of this 
topic, Welch (149) stressed the difficulty of comparing 
results from studies in which hyperoxia is achieved by 
increasing the percent of O2 in the inspired air with 

THE WINNING EDGE 25.1

Creatine Monohydrate

We are all familiar with the impor-
tance of phosphocreatine (PC) as an 
energy source during short-term, ex-
plosive exercise, and as the energy 
source that helps us to make the tran-
sition to the steady state of oxygen 
uptake during submaximal aerobic 
exercise (see Chaps. 3 and 4). Because 
of PC’s importance in explosive ex-
ercise, there has been a great deal of 
interest in the potential of the dietary 
supplement creatine monohydrate to 
increase the muscle’s concentration 
of PC and, hopefully, performance.

The total creatine concentration in 
muscle is about 120 mmol · kg−1, and 
2 grams are excreted per day. These 
2 grams are replaced by diet (1 gram) 
and by synthesis (1 gram) from amino 
acids (35, 146). The first step in a typi-
cal creatine monohydrate “loading” 
plan consists of adding 20 to 25 grams 
to the diet per day for five to seven 
days (79). This results in ~20% increase 
in muscle creatine, which approaches 
what is thought to be the upper limit 
of the muscle’s capacity to store cre-
atine. There is evidence that this el-
evated level can be achieved with 
doses as low as 2 to 3 grams per day—
given time (119). Independent of the 
means used to achieve the higher lev-
els of creatine in muscle, there is great 
variability among subjects (35, 146):

 ■ Individuals with lower initial 
values (e.g., vegetarians) have 
greater increases, and some in-
dividuals with high presupple-
ment values may not respond 
to the increased creatine. This 
has led to the terms responders 
and nonresponders.

 ■ The ingestion of glucose with 
the creatine reduces this varia-
tion and enhances uptake. In 

general, the short-term loading 
scheme appears to improve the 
ability to maintain muscular 
force and power output dur-
ing various exhaustive bouts 
of exercise, including in older 
individuals (59, 123), but not 
without exception (146, 154). 
Studies that controlled for pro-
tein and energy intake show 
convincingly that it is the cre-
atine itself that brings about 
these effects (32). In addition, 
creatine does not affect muscle 
glycogen, either at rest or fol-
lowing exhaustive exercise.

In contrast to scientists using a 
five- to seven-day loading regimen to 
determine the effect of an elevated 
muscle creatine concentration, ath-
letes take the creatine supplement for 
long periods to improve performance. 
The elevated level of creatine in mus-
cle achieved in the loading phase can 
be maintained by consuming 2 to 5 
grams of creatine monohydrate per 
day. Interestingly, the “mechanism” 
for any increase in performance may 
be only indirectly related to the cre-
atine. For example, greater gains in 
strength achieved in a weight-training  
program may be mediated by the ath-
lete’s ability to increase the intensity 
of training, which would, in turn, al-
low for a greater physiological adapta-
tion (i.e., strength gain) to the training 
(118, 146). However, it must be noted 
that creatine supplementation does not 
reduce muscle damage resulting from 
severe exercise (117). What about the 
down side of creatine supplementation?

Creatine supplementation appears 
to increase body mass, but this is 
probably due more to water retention 
than protein synthesis. Consequently,  

athletes who must “carry” their own 
body weight (e.g., runners) might have 
to be careful not to negatively affect 
performance (3, 35, 154). Use of a low-
dose of creatine monohydrate (~2.3 g/
day) (119) or of polyethylene glyco-
sylated creatine (1.25–2.5 g/day) (63) 
avoided the weight gain, but resulted 
in improved performance. There are re-
ports of gastrointestinal distress, nausea, 
and muscle cramping associated with 
the use of creatine; however, recent 
reports suggest that at least out to 21 
months, there are no long-term adverse 
effects (8, 116). Since an Upper Level of 
Intake (UL) standard is not yet available 
for creatine (see Chap. 18 for a descrip-
tion of UL), the use of the Observed 
Safe Level (OSL) has been suggested as 
a first step. Based on existing research, 
an amount of 5 g per day appears to 
be a safe level for chronic consumption 
(126). Should it be banned? Volek (146) 
provides an interesting analogy: Cre-
atine supplementation is linked to en-
hanced performance of high-intensity, 
repetitive bouts of exercise in the same 
way that carbohydrate supplementa-
tion is linked to improvements in en-
durance performance (see Chap. 23).

Recently, investigators have sys-
tematically evaluated the role that 
creatine might play in individuals 
with myopathies (disorders of muscle 
that can be acquired or genetic in 
nature). In those with muscular dys-
trophies, those taking creatine had 
greater gains in strength compared 
to those in a placebo group. In con-
trast, those with metabolic myopa-
thies who took creatine experienced 
a deterioration in being able to do ac-
tivities of daily living, with McArdle’s 
disease patients experiencing an in-
crease in muscle pain (76).
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those that use a hyperbaric (high-pressure) chamber 
with 21% or higher O2 mixtures. Figure 25.2 shows 
that performance (e.g., longer time to exhaustion) im-
proves throughout the range of inspired oxygen pres-
sures when O2-enriched mixtures are used at a normal 
pressure of 1 atmosphere (“constant pressure”), com-
pared to the use of a hyperbaric chamber (“increas-
ing pressure”). A study using both weight-lifting tasks 
and an endurance treadmill run confirmed the lack of 
effect of hyperbaric hyperoxia on performance (125). 
The second part of the question is related to the time 
of administration of the supplemental O2. Results vary 
depending on whether the O2 is administered prior to, 
during, or following exercise. For that latter reason, this 
section on oxygen is organized by those conditions.

Prior to Exercise The rationale for the use of supple-
mental oxygen prior to exercise is to try to “store” 
additional oxygen in the blood so that more will be 
available at the onset of exercise. It has been esti-
mated that the hemoglobin in arterial blood is about 
97% saturated with O2 at rest (200 ml O2/L blood). 
Breathing 100% O2 would increase the O2 bound to 
hemoglobin by only 3%, or 6 milliliters. However, the 
amount of oxygen physically dissolved in solution is 
proportional to the arterial PO2, and when the PO2 
increases from about 100 mm Hg (breathing 21% O2 
at sea level) to about 700 mm Hg (breathing 100% O2),  
the dissolved oxygen increases from 3 ml/L to 
21 ml/L. If a person has a total blood volume of  
5 liters, approximately 100 milliliters of additional 
O2 can be “stored” prior to exercise. However, if the 
person takes a few breaths between the time the O2 
breathing stops and the event begins, the O2 store 
will return to that associated with air breathing (157).

The focus of attention on the use of oxygen 
prior to exercise has been on short-term exercise. 
In general, in runs of 880 yards or less, weight lift-
ing, stair climbing, and swims of 200 yards or less, 
the O2 breathing seemed to be beneficial (100, 157). 
In addition, evidence suggested that the O2 breath-
ing needed to take place within two minutes of the 
task (157). Some concern has been expressed about 
these findings due to the fact that in some cases the 
subjects knew they were breathing O2, a factor that 
could have affected the results (157). Overall, con-
sidering the fact that O2 cannot be breathed up to 
the start of a sprint event in swimming or track, any 
effect would be lost before the starter’s gun is fired. 
Therefore, unless one participates in a breath-holding 
event, oxygen breathing prior to exercise will have 
little effect on performance.

During Exercise The rationale for the use of oxygen 
during exercise to improve performance is based on 
the proposition that muscle is hypoxic during ex-
ercise and additional O2 delivery will alleviate the 
problem (150). If this is the case, then the additional 
O2 in the blood during O2 breathing should increase 
the delivery of O2 to the muscle and improve per-
formance. However, Welch et al. (150) showed that 
when one breathes hyperoxic gas mixtures, the in-
crease in the O2 content of arterial blood (CaO2) is 
balanced by a decrease in blood flow to the working 
muscles such that O2 delivery (CaO2 × flow) is not dif-
ferent from normoxic (21% O2) conditions. V̇ O2 max 
is increased by only 2% to 5% with hyperoxia, which 
is about what would be expected, since maximal car-
diac output doesn’t change and the a-v ̄O2 difference 
does not increase more than 5% to 6% (V̇ O2 max =  
Q̇  max × [CaO2 – Cv̄O2]).

In spite of similarities in O2 delivery during hy-
peroxia and normoxia, performance has been shown 
to increase dramatically as a result of an increase in 
inspired O2. Figure 25.2 shows time to exhaustion to 
be improved by 40% while breathing 100% O2 (PO2 =  
700 mm Hg). How could this be if O2 delivery to 
muscles is not substantially different? The increased 
availability of O2 has been shown to decrease pulmo-
nary ventilation and reduce the work of breathing, a 
change that should lead to an increase in performance 
(149, 158, 159). In addition, those athletes who expe-
rience “desaturation” of hemoglobin during maximal 
work (see Chaps. 10 and 24) while breathing 21% O2 
could benefit by breathing oxygen-enriched gas mix-
tures (112). One study found that when sprinters did 
three repeat 300-meter sprints at different speeds on 
a treadmill while breathing 40% oxygen (compared to 
21%), hemoglobin saturation was maintained and the 
fall in blood pH was less (103). Finally, the high PO2 
slows glycolysis during heavy exercise, resulting in a 
slower accumulation of lactate and H+ in the plasma 

Figure 25.2 The effect of PO2 on performance.  Constant 
pressure experiments used oxygen-enriched gas  mixtures 
at sea-level pressure, while the increasing pressure 
 experiments used a hyperbaric chamber to increase  
the PO2. 
From Reference 130, New York: McGraw-Hill, Inc., 1987.
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and  extending the time to exhaustion (68, 149). The 
reduction in lactate formation in hyperoxia appears to 
be due to a reduction in the rate of glycogen break-
down so that it is better matched with its subsequent 
oxidation in the Krebs cycle (134). Given the impracti-
cality of trying to provide O2 mixtures to athletes dur-
ing performance, this research on hyperoxia is more 
useful as a tool to answer questions related to the 
age-old question of what factor, O2 delivery or the 
muscle’s capacity to consume O2, limits aerobic per-
formance (149). However, some have used hyperoxia 
during training in an attempt to improve performance. 
A recent study had subjects breathe 60% O2 (versus 
21% O2) during training to see if it would result in 
larger gains in V̇ O2 max and performance. Subjects 
were able to exercise at an 8% higher work rate using 
60% O2, but changes in V̇ O2 max and time to exhaus-
tion were not different between treatments (106).

After Exercise The rationale for the use of supple-
mental oxygen after exercise is that the subject might 
recover more quickly following exercise and be ready 
to go again. Some of the early work showed just that, 
but because the subjects knew what gas they were 
breathing, the results have to be interpreted with 
caution (100, 157). Wilmore (157) summarized the ef-
fects of several studies and concluded that there was 
no benefit of O2 breathing during recovery on heart 
rate, ventilation, and post-exercise oxygen uptake. 
This conclusion was supported by studies showing 
no effect of O2 breathing on subsequent performance 
in all-out exercise (121).

Blood Doping
In Chap. 19, we described how V̇ O2 max is directly 
linked to cardiac output and that a high V̇ O2 max is 
very important to achieving excellence in endurance 
performances. Because maximal O2 transport is equal 
to the product of maximal cardiac output (Q̇   max) 
and the O2 content of arterial blood (CaO2), one way 
to improve O2 delivery to tissue when Q̇ max can-
not change is to increase the quantity of hemoglobin 
in each liter of blood. Blood doping refers to the 
infusion of red blood cells (RBCs) in an attempt to in-
crease the hemoglobin concentration ([Hb]) and, con-
sequently, O2 transport (CaO2 is equal to the [Hb] ×  
1.34 ml O2/gm Hb). Other terms to describe this are 
blood boosting and blood packing, with induced 
erythrocythemia being the proper medical term. 

However, before we get into this topic, it must be 
remembered that an increase in blood volume (inde-
pendent of an increase in the hemoglobin concentra-
tion) would also favorably affect V̇ O2 max and aerobic 
performance (57).

In blood doping, a subject receives a transfusion 
of blood, which may be his or her own (autolo-
gous transfusion) or blood from a matched donor 
(homologous transfusion). The latter procedure 
is acceptable in times of medical emergencies but 
carries the risk of infection and blood-type incom-
patibility (56); it is therefore not recommended in 
blood-doping procedures. The need to use your own 
blood to achieve the goal of a higher [Hb] creates 
some interesting problems that led to confusion in 
the early days of research in this area. The primary 
problem was related to the mismatch between the 
maximum time blood could be refrigerated and the 
time period needed for the subject to produce new 
RBCs and bring the [Hb] back to normal before the 
reinfusion. Maximum storage time with refrigeration 
is three weeks, during which time about 1% of the 
RBCs are lost per day. In addition, some RBCs adhere 
to the storage containers or become so fragile that 
they will not function upon reinfusion. Because of 
these problems, only about 60% of the removed RBCs 
could be reinfused (56). The normal time period for 
replacement of the RBCs following a 400-milliliter  
donation is three to four weeks, and following a 
900-milliliter donation, five to six weeks or more are 
required. If the blood were reinfused at the end of 
the three-week maximal storage time, the investiga-
tor might not have been able to achieve the condition 
of an increased [Hb] due to RBC loss (decreased 40%) 
and the below-normal (anemic) values in the subjects. 
Gledhill (56) makes a strong case for this as a primary 
reason why studies prior to 1978 showed inconsis-
tent changes in V̇ O2 max and performance with blood 
doping. Another major problem encountered in these 
early studies was the lack of an adequate research 
design. There was a need to have a group undergoing 
a “sham” withdrawal (needle placed in the arm 
but no blood is removed) and a “sham” reinfusion 
(needle placed in the arm but blood is not returned) 
to act as placebo controls.

The central factor allowing a more careful study 
of blood doping was the introduction of the freezer 
preservation technique, which allows the blood to be 
stored frozen for years with only a 15% RBC loss. This 
allows plenty of time for the subject to become nor-
mocythemic (achieve normal [Hb]), so that any ef-
fect of the reinfusion can be correctly evaluated (56).

The general findings were that reinfusions of single 
units (∽450 milliliters) of blood showed small but insig-
nificant increases in [Hb], V̇ O2 max, and performance, 
whereas the infusion of two units (900 milliliters) sig-
nificantly increased the [Hb] (8%–9%), V̇ O2 max (4%–5%), 

IN SUMMARY
 ■ Oxygen breathing before or after exercise 
seems to have little or no effect on perfor-
mance, whereas oxygen breathing during 
 exercise improves endurance performance.
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and performance (3%–34%). The infusion of three units 
(1350 milliliters) of blood caused slightly greater in-
creases in [Hb] (10.8%) and V̇ O2 max (6.6%). This large 
reinfusion caused borderline  erythrocythemia to be 
approached, so a 1350- milliliter infusion probably rep-
resents the upper limit that can be used. Figure 25.3 
shows a gradual reduction in [Hb] toward the normal 
value following reinfusion, indicating that increased 
O2 transport is maintained for 10 to 12 weeks. This 
is an important point as far as performance gains are 
concerned (55). That said, there is no question that 
elite cyclists have used blood doping on a regular day-
to-day routine to assist in training sessions as well as 
during competitions (142).

The classic study by Ekblom et al. in 1972 
showed the impact of blood doping on V̇ O2 max and 
performance (43). The improvements in performance 
(3%–34%) were much more variable than the changes 
in [Hb] or V̇ O2 max. Part of the reason for this variation 
was the type of performance test used. The greatest 
change was observed in a running test to exhaustion 
that lasted less than ten minutes, and the smallest 
change was observed in a five-mile time trial, with 
the improvement being 51 seconds compared to a 
preinfusion run time of 30:17 (156). Early questions 
(41) about whether this procedure would “work in 
the field” were answered in a study on cross-country 
skiers (14), and judging by the number of cyclists that 
withdrew from the Tour de France when records of 
blood doping were uncovered suggests that there is 
little question of the advantage it provides. See A 
Look Back—Important People in Science for an indi-
vidual who got this started.

Although the blood doping issue will always raise 
a question of ethics, Gledhill presents what amounts 
to a moral dilemma in the use of blood doping in 
getting athletes ready for performance at altitude. 
In Chap. 24, we discussed the changes in V̇ O2 max 
and performance at altitude. Those athletes who 
stay at altitude experience a natural increase in RBC 
 production to deal with the hypoxia. As Gledhill (56) 

points out, those athletes who can afford to train at al-
titude accomplish what blood doping does in a man-
ner that is acceptable to the International Olympic 
Committee. The availability of a recombinant DNA 
analog of erythropoietin (EPO), the hormone that 
stimulates red blood cell production, has complicated 
the  picture.

Erythropoietin is used as a part of therapy for 
those who undergo chemotherapy or dialysis (due to 
kidney disease). The hormone stimulates red blood cell 
production to reduce the chance of anemia. This is 
crucial for a variety of patients, and investigators are 
trying to optimize the use of EPO (86). Although nor-
mal cross-country training does not seem to increase 
plasma levels of naturally occurring erythropoietin 
(12), acute exposure to 3000 and 4000 meters of sim-
ulated altitude has been shown to increase the con-
centration 1.8- and 3.0-fold, respectively (40). The real 
concern, of course, is the potential abuse of the DNA-
derived analog of this hormone (recombinant human 
EPO [rhEPO]) to generate the effects of blood doping 
without having to undergo the blood withdrawals and 
reinfusions. Such abuse is not without its risks, in that 
RBC production can get out of hand, as seen in some 
studies where the increase in the hemoglobin concen-
tration varied from 4% to 19% (83). This could lead to 
extremely high RBC levels in some athletes, which 
could impair blood flow to the heart and brain, result-
ing in a myocardial infarction or a stroke.

In fact, within four years of its introduction, about 
20 top European cyclists died, unexpectedly. The 
EPO causes an increase in the hemoglobin concentra-
tion by a simultaneous increase in the red blood cell 
volume and a decrease in plasma volume, such that 
blood volume is relatively unchanged (83, 85). Like 
the blood-doping procedure, the hemoglobin concen-
tration remains elevated for several weeks while the 
EPO concentration decreases, making detection dif-
ficult (83). It should be no surprise that finding those 
athletes who use blood doping or EPO to gain an 
advantage is crucial to the “fairness” principle in sport.

In 2002, an organization composed of scientists, 
pharmaceutical companies, and hematologists was 
formed to work systematically to prevent abuse of 
these products and unethical practices by athletes 
(5). Some progress has been made. For those using a 
homologous blood transfusion, tests can discriminate 
between the donor and the recipient by focusing on 
minor blood group factors (81, 147). For those rein-
fusing their own packed red blood cells, that same 
testing procedure will not work because the blood 
groups are obviously the same. However, systematic 
progress has been made with an approach that tracks 
an athlete’s blood over years and notes changes in 
a variety of factors during that time (81). The term 
“hematological passport” has been applied to this  
approach, but  concerns have been raised about its 

Figure 25.3 Changes in hemoglobin levels in blood 
 following removal (phlebotomy) and reinfusion.
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ability to track subjects over time who are using EPO 
(13, 84). In addition, a promising technique involving 
the measurement of hemoglobin mass to catch those 
using autologous blood transfusions (83, 99, 110) has 
now been called into question. Limitations in the pro-
cedure exist, including inherent measurement error 
and the fact that the athlete would be exposed to 
carbon monoxide during the test (which could nega-
tively affect performance) (84, 109). To demonstrate 
the difficulties involved in catching a cheat while 
new techniques are being developed to allow a sci-
entist to distinguish rhEPO from natural EPO, drugs 
are being developed that will stimulate natural EPO 
production (84).

ANAEROBIC PERFORMANCE
Improvements in endurance performance focus on 
the supply of carbohydrate and oxygen to muscle 
(see previous sections on oxygen and blood doping in 
this chapter and on carbohydrate in Chap. 23). How-
ever, in short-term, all-out performances in which 
anaerobic energy sources provide the vast majority 
of energy for muscle contraction, the focus of atten-
tion shifts to the buffering of the H+ released from 
muscle. This section considers a means by which 
investigators have tried to buffer the H+ and improve 
performance.

Blood Buffers
Elevations in the [H+] in muscle can decrease the ac-
tivity of phosphofructokinase (PFK) (141), which may 
slow glycolysis, interfere with excitation-contraction 
coupling events by reducing Ca++ efflux from the ter-
minal cisternae of the sarcoplasmic reticulum (51), 
and reduce the binding of Ca++ to troponin (101). 
Decreases in muscle force development have been 
shown to be linked to increases in muscle [H+] in both 
frog muscle (47) and human muscle (138). Finally, 
when Adams and Welch (1) showed that performance 
times in heavy exercise (90% V̇ O2 max) could be al-
tered by breathing 60% O2 compared to 21% or 17% 
O2, the point of exhaustion was associated with the 

IN SUMMARY
 ■ Blood doping refers to the reinfusion of red 
blood cells to increase the hemoglobin con-
centration and oxygen-carrying capacity of the 
blood.

 ■ Due to improvements in blood storage tech-
niques, blood doping has been shown to be 
effective in improving V̇ O2 max and endurance 
performance.

 ■ Erythropoietin (EPO) is a hormone that stimu-
lates red blood cell production and is one of 
the most abused PES.

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Dr. Björn Ekblom, M.D., Ph.D., Studied Factors Affecting Oxygen Transport,  
Leading Others to “Blood Doping”

Björn Ekblom re-
ceived his Ph.D. in 
1969 and his M.D. in 
1970 from the Karo-
linska Institutute in 
Stockholm, Sweden, 
and was appointed 
Professor of Physiol-
ogy at the Karolinska 
Institute in 1977. The 

focus of his research early in his ca-
reer was on maximal oxygen uptake 
(V̇ O2 max), the physiological factors 
linked to V̇ O2 max, and the effect of 
training on V̇ O2 max in young and old 
subjects. Consistent with his inter-
est in the factors affecting V̇ O2 max, 
he examined the role of hemoglobin 
concentration on oxygen transport 
and V̇ O2 max. ln 1972, he published 

“ Responses to Exercise After Blood 
Loss and Reinfusion,” which showed 
that as you lower or raise the hemo-
globin concentration, you can alter 
V̇ O2 max in a systematic manner. This 
paper set in motion the interest in the 
use of blood doping to alter oxygen 
transport, V̇ O2 max, and endurance 
performance, which is currently a ma-
jor problem in sports (see discussion 
in this chapter). Dr. Ekblom’s studies 
also investigated the effect of EPO on 
V̇ O2 max and, later, how to detect the 
presence of EPO in those who might 
use it in an unethical manner.

Dr. Ekblom made major contribu-
tions over the past 45 years in our 
understanding of V̇ O2 max and the 
various factors that affect it.  However, 
his research interests went well 

 beyond that. He studied temperature 
regulation during exercise, hemody-
namic (i.e., blood pressure, cardiac 
output) responses to exercise, effects 
of training on patients with rheuma-
toid arthritis, and nutritional factors 
related to performance. In addition 
to making these important contri-
butions to our understanding of the 
physiology related to physical train-
ing, he published a number of books 
and pamphlets related to condition-
ing and training for different sports. 
He has published more than 150 peer-
reviewed articles, numerous books, 
eight major review articles, and more 
than 30 chapters in books. He is 
currently Professor Emeritus at the 
 Karolinska Institute, where he contin-
ues his productive career.

Courtesy of 
Arthur Forsberg
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same arterial [H+]. The mechanisms involved in the 
regulation of the plasma [H+] were described in de-
tail in Chap. 11. Briefly, the primary means by which 
H+ is buffered during exercise is through its reaction 
with the plasma bicarbonate reserve to form carbonic 
acid, which subsequently yields CO2 that is exhaled 
(respiratory compensation). As the bicarbonate buffer 
store decreases, the ability to buffer H+ is reduced and 
the plasma [H+] will increase. Knowing this, scientists 
have explored ways of increasing the plasma buffer 
store to slow down the rate of H+ increase during 
strenuous exercise.

As early as 1932 (36), induced alkalosis (means 
unknown) was shown to extend run time to exhaus-
tion from (min:sec) 5:22 to 6:04. Since that time, a 
variety of studies have supported these findings. On 
the basis of several reviews (18, 21, 69, 80, 104, 113, 
120, 152), there appears to be agreement that:

 ■ The optimal dose of bicarbonate used to 
improve performance was 0.3 g per kilogram 
of body weight (although 0.2 g/kg may be as 
effective (129))

 ■ Tasks of a minute or less in duration, even at 
extremes of intensity, did not seem to benefit 
from the induced alkalosis

 ■ Performance gains were shown for tasks of  
high intensity that lasted about one to ten 
minutes or that involved repeated bouts of 
high-intensity exercise with short recovery 
periods

However, when bicarbonate is taken over several 
days (in contrast to just before the test), there appears 
to be a dose-response effect, with 0.5 g · kg−1 · d−1  
being better than 0.3 g · kg−1 · d−1 (39). Given the 
potential for blood buffers to have a positive impact 
on performance, one must be careful to not be fooled 
by an inadequately designed study, as mentioned at 
the beginning of this chapter. In the case of blood 
buffers, McClung and Collins (89) used a research 
design to help separate out the effect of being told 
you are getting the buffer (drug) from actually get-
ting the drug. They had four treatments in which 
subjects were:

 1. Told they were going to get the drug/Got the 
drug

 2. Told they were going to get the drug/Did not 
get the drug

 3. Told they were not going to get the drug/Got 
the drug

 4. Told they were not going to get the drug/Did 
not get the drug

There were several important findings in this 
study that we need to keep in mind when we deal 
with ergogenic aids. The “Told drug/Did not get drug 

treatment (#2)” resulted in a better performance 
than the “Told they were not going to get the drug/
Got the drug treatment (#3)”—in effect, the pure 
 pharmacological  effect of the bicarbonate was not 
as good as the expectation that they were receiving 
the drug.

The positive impact of the buffers may be related 
to maintaining the oxygen saturation of hemoglobin 
during maximal exercise, as well as any improvements 
at the level of the muscle (102). The variability in the 
effectiveness of the sodium bicarbonate treatment 
points to inter-individual variation in the response to 
sodium bicarbonate, and that some short-term anaero-
bic activities are more dependent on the muscle or 
plasma [H+] as a primary cause of fatigue than others 
(114). Welch (149) indicates that while subjects may 
stop at the same [H+] within any exercise protocol, the 
differences that exist among studies in the “terminal” 
[H+] suggest the other factors are more limiting as far 
as performance is concerned. The use of these agents 
to cause an alkalosis is not without risks. Large doses 
of sodium bicarbonate can cause diarrhea and vomit-
ing, both of which are sure to affect performance (3, 
54, 80, 152). It appears that taking the sodium bicar-
bonate at least 120 minutes before exercise reduces 
the chance of these problems (22, 128). Research is 
needed to help determine what causes the variability 
between individuals (e.g., caliber of athlete, training 
history, gut tolerance); whether it can be used across 
several performance bouts in a short period of time 
(heats in a track and field competition); and how it in-
teracts with other supplements (e.g., caffeine, nitrate, 
creatine) (21).

DRUGS
A variety of drugs have been used to aid performance. 
Some drugs are as common and “legal” as caffeine 
whereas others, like amphetamines, are banned from 
use. We will briefly examine each of these drugs, 
exploring how they might work to improve perfor-
mance, as well as the evidence about whether or not 
they do. There is a widespread misconception that 
performance enhancing drugs (PED) are safe or that 
adverse effects are manageable. However, the majority 
of PED users are recreational weight lifters, not elite 
athletes, and the adverse health effects are greatly 
underappreciated (108).

IN SUMMARY
 ■ The ingestion of sodium bicarbonate improves 
the performance of high-intensity exercise of 
one to ten minutes’ duration or repeated bouts 
of high-intensity exercise.
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Amphetamines
Amphetamines are stimulants that have been used pri-
marily to recover from fatigue and improve endurance. 
In 1972, Golding (58) indicated that it was the most 
abused group of drugs at that time. Amphetamines are 
readily absorbed in the small intestine, and although 
the effects reach a peak 2 to 3 hours after ingestion, 
they persist for 12 to 24 hours (70, 82). Amphetamines 
are both a sympathomimetic drug (simulates cate-
cholamine effects) and a central nervous system stimu-
lant. The drug produces its effects by altering either 
the metabolism and synthesis of catecholamines or re-
ceptor affinity for catecholamines (70, 82).

The most consistent effect of amphetamines is to 
increase one’s arousal or wakefulness, leading to a per-
ception of increased energy and self-confidence (70). 
The drug affects the redistribution of blood flow, driv-
ing it away from the skin and splanchnic areas and de-
livering more to muscle or brain. This could lead to 
problems related to a decrease in lactic acid removal 
(see Chap. 3) and an increase in body temperature (see 
Chap. 12). Animal studies show that amphetamines can 
increase endurance-type performances. However, the 
dose of the drug was shown to be important, in that 
smaller doses (1–2 mg/kg) did not have an effect differ-
ent from control, and large doses (16 mg/kg) appeared 
to reduce the ability of the rat to swim. Data collected 
using run tests on rats indicate the same detrimental ef-
fect of high doses (7.5–10 mg/kg) of amphetamines (70).

Ivy (70) concluded from an analysis of studies on 
human subjects that amphetamines extend endurance 
and hasten recovery from fatigue. Time to exhaustion 
was increased in spite of no effect on submaximal or 
maximal V̇ O2 (24, 70). Two explanations have been 
offered. Ivy (70) believes that the endurance aspect of 
performance can be improved due to amphetamines’ 
catecholamine-like effect in mobilizing free fatty acid 
(FFA) and sparing muscle glycogen, similar to that of 
caffeine (see the caffeine section next). Chandler and 
Blair (24) believe that the amphetamines may simply 
mask fatigue and interfere with the perception of the 
normal biological signals that fatigue has occurred. It 
is this latter conclusion that has raised the most con-
cern about the safety of the athlete, in that during pro-
longed submaximal work, especially in a hot and/or 
humid environment, the decreased blood flow to the 
skin could cause hyperthermia, leading to death (26, 
70, 82). Increased attention has been directed at this 
latter concern for athletes with attention deficit hyper-
activity disorder (ADHD) who are prescribed stimulant 
medications (e.g., Ritalin) to control the condition (115). 
In addition, because these kinds of stimulant medi-
cations may have an ergogenic effect, a Therapeutic 
Use Exemption is needed (see the World Anti- Doping 
Agency at https://wada- main-prod.s3.amazonaws.com/
resources/files/WADA-MI-ADHD-5.0.pdf).

As mentioned at the beginning of this section, am-
phetamines’ major effect is in increasing wakefulness 
and producing a state of arousal. However, although 
amphetamines have restored reaction time in fatigued 
subjects, the drug does not affect reaction time in alert, 
motivated, and nonfatigued subjects (29). Given that 
athletes are usually alert and motivated prior to compe-
tition, Golding (58) suggests that amphetamines would 
be counterproductive, making users hyperirritable and 
interfering with their sleep. Finally, it is risky to ex-
trapolate from data collected under tightly controlled 
laboratory conditions using discrete measures related 
to performance (V̇ O2 max, endurance time, reaction 
time) to the actual performance in a skilled sport in 
front of a hostile audience for a national championship. 
That might be excitement enough. Sometimes, a drug 
used for one purpose finds its way into the sporting 
world because of its unique impact on muscle. See A 
Closer Look 25.1 for such an example.

Caffeine
Caffeine is a stimulant that is found in a variety of 
common foods, drinks, and over-the-counter drugs 
(see Table 25.2). Caffeine has been viewed as an on-
again, off-again ergogenic aid. Caffeine was banned by 
the International Olympic Committee (IOC) in 1962, 
then removed from the list of banned drugs in 1972. In 
1984, the IOC again banned “high levels” in the urine 
that might have been the result of caffeine injections 
or suppositories; the standard was set at 12 μg/ml  
(143, 153). Caffeine is again off the list of banned sub-
stances. Part of the reason is the availability of caffeine 
in food and drinks, which makes it a difficult thing to 
track and control in an athlete’s diet. Since the ban 
was lifted, analysis of caffeine levels in urine samples 
from athletes of many different sports show power 
lifters to have the highest concentration, followed by 
cyclists and body builders (144). Caffeine is absorbed 
rapidly from the GI tract and is significantly elevated in 
the blood at 15 minutes, with the peak concentration 
achieved at 60 minutes. Caffeine is diluted by body 
water, and the physiological response is proportional 
to the concentration in the body  water. There is a 
natural variability in how  people respond to caffeine, 
with evidence that chronic users are less responsive  
than abstainers (10, 143).

IN SUMMARY
 ■ Amphetamines have a catecholamine-like effect 
that leads to an increased arousal and a percep-
tion of increased energy and self-confidence.

 ■ Although amphetamines improve the perfor-
mance of fatigued subjects, they do not have 
this effect on alert, motivated, and nonfatigued 
subjects.
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Although caffeine can affect a wide variety of tis-
sues, Figure 25.4 shows that its role as an ergogenic aid 
is based on its effects on skeletal muscle and the cen-
tral nervous system, and in the mobilization of fuels for 
muscular work. The evidence for the enhanced function 
of skeletal muscle is based primarily on in vitro and in 
situ muscle preparations and shows that caffeine can di-
rectly potentiate skeletal muscle force, work, and power 
(111, 135, 143). This was shown most clearly in fatigued 
muscle and was believed to be due to increased Ca++ 
release from the ryanodine receptor that mediates the 
release of Ca++ from the sarcoplasmic reticulum (136). In 
a recent meta-analysis, caffeine ingestion was shown to 
have a small but positive impact (+7%) on knee exten-
sor maximal strength, with little or no impact on other 
muscle groups; this is surprising, given that the drug ob-
viously reached all muscles. In contrast, muscular endur-
ance was improved by ∽14% across muscle groups (148).

Caffeine has long been recognized as a stimulator 
of the central nervous system (CNS). Caffeine can pass 
the blood-brain barrier and affect a variety of brain 
centers, which usually leads to an increased  alertness 

and decreased drowsiness (113, 143). The best evi-
dence supporting caffeine as a CNS stimulant is in 
the decreased perception of fatigue during prolonged 
exercise in subjects who took it (31). Two reviews 
support this proposition, with findings that the rating 
of perceived exertion (RPE) is lower during exercise 
with caffeine ingestion, accounting for some of the 
improvement in performance (38, 136).

The role of caffeine in the mobilization of fuel has 
received considerable attention as the primary means 
by which it exerts its ergogenic effect. Caffeine has 
been shown to cause an elevation of glucose and an 
increase in fatty acid utilization. The elevated glucose 
could be due to the stimulation of the sympathetic 
nervous system and the resulting increase in catechol-
amines, which would increase the mobilization of glu-
cose from the liver. On the other hand, the glucose 
concentration could be elevated due to a decreased 
rate of removal related to the suppression of insulin re-
lease by catecholamines (see Chap. 5) (143). However, 
some of these metabolic effects are not dependent on 
catecholamines; instead, they may be related to the 

A CLOSER LOOK 25.1

β2-Agonists: Clenbuterol and Salbutamol
Clenbuterol is a drug that was devel-
oped to treat airway diseases such 
as asthma. Its chemical action in the 
body is to activate beta-2 receptors 
(β2-agonists) in tissue (see Chaps. 5 
and 17). Although the drug is useful 
in the treatment of airway diseases, 
in the early 1980s, it was discovered 
that clenbuterol is a powerful anabolic 
agent in skeletal muscles. Early stud-
ies showed that, in animals, a 14-day 
treatment with clenbuterol (2 mg/kg/
day) resulted in a 10% to 20% increase 
in muscle mass, converted type I mus-
cle fibers to type II fibers, and caused a 
selective hypertrophy of type II fibers 
(33, 163). Further, the time course of 
clenbuterol-induced muscular hyper-
trophy was rapid, with muscle growth 
beginning within two days after com-
mencement of treatment.

With the discovery that clen-
buterol is a powerful anabolic agent 
in skeletal muscle, scientific interest 
in the clinical use of this drug has 
grown. For example, this compound 
is potentially useful in the treatment 
of conditions that result in muscle 
wasting (i.e., aging, spinal cord in-
jury, etc.) (87). Unfortunately, some 

 athletes now use clenbuterol in an 
effort to increase muscle size and im-
prove performance in power events 
(e.g., sprinting, football, etc.). What 
does the research say?

In two recent reviews of this issue, 
the authors were consistent in finding 
that inhaled β2-agonists had no effect 
on either aerobic or anaerobic per-
formances (28, 107). However, when 
the β2-agonists were either ingested 
or infused, performance was favorably 
altered, but the two reviews differed 
in terms of how much:

 ■ Collomp et al. (28) found that 
in almost all trials, following an 
acute or short-term administra-
tion of the drug at a therapeu-
tic dosage, subjects showed 
improved performances, what-
ever the intensity.

 ■ In a meta-analysis of the ran-
domized controlled trials on 
this issue, Pluim et al. (107) 
showed that while some perfor-
mances improved (e.g., endur-
ance time at 80%–85% V̇ O2 max), 
others did not (endurance time 
at 70% V̇ O2 max), even though 

they were similar in nature. 
They concluded that while the 
overall effect of the β2-agonists 
on performance was positive, 
the evidence was weak.

Clearly, this is an area in which addi-
tional research is needed to help clar-
ify issues related to the dosage and 
duration of administration, type of 
athlete who benefits, and magnitude 
of change expected in standardized 
performance tests.

Salbutamol and salmeterol are β2-
agonists used to treat asthma: The for-
mer is short acting (4–6 hours) and the 
latter is long acting (∽12 hours). The 
World Anti-Doping Agency (WADA) 
allows these drugs to be used without 
the athlete seeking a Therapeutic Use 
Exemption, a change from previous 
standards (162). However, if the level of 
salbutamol in the urine exceeds 1000 
ng/ml, it is presumed not to be due to 
an intended therapeutic use. Unfortu-
nately, the work of governing bodies 
like WADA will increase over time as 
novel designer drugs based on old for-
mulations of β2-agonists hit the market—
they may be very difficult to detect (48).
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products of caffeine breakdown (e.g., theophylline), 
which are metabolic stimuli in their own right (60). 
Interestingly, when caffeine is coingested with glu-
cose, the ingested glucose is oxidized at a higher rate 
than when the glucose is taken without caffeine (164).

Lipid mobilization has been shown to be in-
creased as a result of caffeine ingestion. Figure 25.5 
shows that the mechanism of action could be related 
either to the elevated catecholamines increasing the 
level of cyclic AMP in the adipose cell or to caffeine’s 
blocking of phosphodiesterase activity, which is re-
sponsible for breaking down cyclic AMP. Van Handel 

(143) believes that the latter mechanism is less likely, 
given the dose of caffeine needed. Plasma FFA increase 
quickly at rest after ingestion of caffeine (15 minutes) 
and continue to increase over the next several hours 
(143). However, during exercise, plasma FFA may (37, 
137) or may not (31, 37, 44, 61, 71) be significantly 
elevated as a result of caffeine ingestion. In addition, 
while the respiratory exchange ratio may (44, 71) or 
may not (61, 137) be reduced, both glucose kinet-
ics (124) and the lactate threshold (15, 37, 53) have 
been shown not to be affected by caffeine ingestion. 
In addition, there is variability in the effect of caf-
feine on improvements in work output or total work 
time, making it an ergogenic aid for some and not 
for others (37, 38, 44, 53, 61, 71, 133, 156). A recent 
review confirmed the variability in improvement in 
endurance performance (range 20.3% to 17.3%, with 
an average of 3.2%) (52). What causes such variability?

The ergogenic effect appears to be dose dependent 
and may vary with the type of subject (29); however, 
gender and menstrual cycle status do not appear to af-
fect the pharmacokinetics of how caffeine is handled 
(93). Although some studies show physiological changes 
with doses as low as 5 to 7 mg/kg (31, 44), others find 
a 10 mg/kg dose to be inadequate (71). In fact, in other 
studies, a dose of 15 mg/kg was needed to see an increase 
in fat metabolism (94, 95). However, when restricted to 
improvements in sport-specific endurance performance, 
a dose of 3–6 mg/kg taken prior to or during the perfor-
mance appears to be sufficient (52). There is now evi-
dence that lower doses (e.g., <3 mg/kg) are ergogenic 
in some exercise and sport situations. These lower doses 
have been shown to improve vigilance, alertness, and 
mood, and have fewer side effects—suggesting that the 
effects are mediated through the CNS (132).

In contrast to earlier work, the manner in which 
the caffeine was ingested (e.g., regular coffee vs. an-
hydrous caffeine dissolved in water) had no impact 
on performance improvements (66). There is also evi-
dence that patterns of caffeine use affect the response 
to exercise. For example, habitual caffeine users who 
abstain from caffeine for at least seven days will op-
timize the ergogenic effect (52). Further, heavy caf-
feine users (>300 mg/day) respond differently than 
those consuming little caffeine (37). Van Handel (143) 
makes the point that what an investigator observes 
in a controlled laboratory setting may be masked by 
a normal sympathetic nervous system response to 
competition. Given the potential side effects such as 
insomnia, diarrhea, anxiety, tremulousness, and irri-
tability (143), and the variability among subjects in 
response to caffeine, one might not see much of an 
improvement in performance (42, 61, 133). Although 
caffeine has a diuretic effect, recent studies indicated 
that rehydration with caffeine-containing beverages 
during nonexercise periods of two-a-day practices did 
not hinder hydration status (46, 167).

TABLE 25.2 Caff eine Content of Popular Drinks 
and Drugs

Popular Beverages (8 oz) Caffeine (mg)

Coffee, drip 115–175
Coffee, brewed 80–135
Coffee, instant 65–100
Tea, iced 47
Tea, brewed (import) 60
Tea, brewed (domestic) 40
Tea, green 15
Soft Drinks (12 oz)

Low (e.g., root beer) 23
Most (e.g., colas) ∽45
High (e.g., Mountain Dew) ∽55
Jolt 71
Red Bull 80
Non-Prescription Drugs

NoDoz 200
Vivarin 200
Midol 64
Pain Relievers

Anacin analgesic 64 mg
Excedrin 130
Tylenol 0

From http://www.holymtn.com/tea/caffeine_content.htm and 
http://wilstar.com/caffeine.htm.

Figure 25.4 Factors influenced by caffeine that might 
cause an improvement in performance.
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MECHANICAL ERGOGENIC 
AIDS
Each of us is limited in the rate at which we can 
produce energy, both anaerobically and aerobically. 
In fact, many of the ergogenic aids discussed thus 
far focus on trying to stretch those limits (e.g., blood 
doping for aerobic performances and bicarbonate in-
gestion for anaerobic performances). In contrast to 
altering physiological processes like oxygen delivery 
to muscle or the buffering capacity of muscle, some 
sports have dealt with these limitations by designing 
equipment and techniques that lower the resistance 

to movement, and allow our limited energy produc-
tion to move us along at higher speeds. In this section 
we will provide brief look into the sport of cycling.

Cycling
Most healthy active adults can produce ∽75–100 W 
of power continuously to propel them along on a 
bicycle at ∽16–24 kph (∽10–15 mph). In contrast, 
champion level cyclists can produce ∽450 W for an 
hour and travel at ∽50 kph (∽30 mph). Clearly, the 
champion rider can generate much more power, but 
why did it take ∽4–6 times as much power to go only 
2–3 times faster? Much of it has to do with the forces 
acting against the rider as speed increases (77).

There are a variety of factors that contribute the 
drag or resistance to movement in cycling. The ma-
jor retarding force acting on the cyclist at high riding 
speeds is air resistance. Aerodynamic drag increases as 
the square of the velocity. In effect, you are moving 
against more molecules of air the faster you go and you 
are hitting them at a faster rate. Power is the product 
of the drag and the velocity, so the power requirement 
of cycling increases as the cube of the velocity—which 
explains why it required so much additional energy 
to double the speed (77). How can aerodynamic drag 

Figure 25.5 Mechanisms by which caffeine might increase free fatty acid mobilization.
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IN SUMMARY
 ■ Caffeine can potentially improve performance 
through changes in muscle or the central nervous 
system, or in the delivery of fuel for muscular 
work. Caffeine can elevate blood glucose and 
 simultaneously increase the utilization of fat.

 ■ Caffeine’s ergogenic effect on performance is 
variable; it appears to be dose related and less 
pronounced in subjects who are daily users of 
caffeine.
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be reduced to allow higher speeds to be reached at 
the same power output? Much attention is directed 
to the bicycle and its components, the cyclist’s body 
position, clothing, and race strategies to reduce drag.

The Bicycle and its Components Great advances have 
been made in the design of bicycles over the years to 
reduce resistance to movement. These include (77, 78):

 ■ Frame. Round tubes on a bicycle frame cause 
the airstream to separate from the surface 
of the tube on impact, resulting in a lower 
pressure on the back of the tube that causes 
drag (pressure drag). Simply changing bicycle 
tubes from a round to a teardrop shape reduces 
drag. The frame should be “fitted” to the rider 
and smaller frames weigh less and cause less 
drag. Modern bicycle frames are made from 
carbon fiber, which increases stiffness in the 
crankset area, allowing for optimal power 
transfer from the rider to the wheels.

 ■ Wheels. Wheels with round, steel spokes 
cause more drag than wheels with aero-
shaped spokes; further, drag is proportional 
to the number of spokes. However, wheels 
with aero-shaped spokes have more drag than 
either flat-disc wheels or carbon fiber wheels 
having 3–4 spokes. In time trials (events in 
which individual cyclists race against a clock) 
a flat-disc wheel is typically used in the rear, 
while a tri-spoke wheel is used in the front to 
prevent crosswinds from affecting steering.

 ■ Tires and rolling resistance. Rolling resistance 
due to tires is a small part of overall drag 
and rolling resistance actually decreases, 
as a proportion of overall drag, at higher 
speeds (because air resistance increases so 
dramatically with speed). Rolling resistance 
is related to the area of tire in contact with 
the ground and the degree to which it is 
deformed (flattened). Light-weight tires 
with thin side-walls that are inflated to high 
pressures (<120 psi [8 atm]) are characteristics 
associated with lower rolling resistance, and 
tubular type tires are better in this regard 
than clincher type.

 ■ Components. Low-drag versions of some 
components such as cranks, handlebars, 
brakes, and seatposts are also available to 
lower air resistance.

A bicycle with all of these variables optimized 
to minimize air resistance enhances performance in 
those who ride at high speeds. It must be added that 
the total weight of the bike and rider is an important 
consideration when riding hills, and it should be no 
surprise that high-end bikes are light. However, the 

Union Cycliste Internationale (UCI—the world gov-
erning body for the sport of cycling) mandates that 
road racing bikes must weight at least 6.8 kg because 
lighter bikes could compromise safety.

Body Position When riding in an upright position 
with straight arms on the handlebars a large cross sec-
tion of the body is presented to the air, offering great 
resistance to movement. To put this in perspective, 
at ∽40 kph (∽25 mph) the aerodynamic drag of the 
bicycle is only 20% to 25% of total aerodynamic drag, 
with the cyclist’s body being the remainder. Conse-
quently, body position is the most important factor in 
achieving low aerodynamic drag (78). Simply moving 
from the upright to the crouched or traditional rac-
ing position, with the hands on the lower part of the 
drop handlebars, decreases aerodynamic drag by 20%. 
Adopting a fully aerodynamic (aero) position in which 
the forearms rest on pads on the handlebars and the 
elbows are moved inward, lowers drag by 30% to 35% 
(7, 45). See Figure 25.6 for examples of such aerody-
namic positions. It should be noted that the Obree and 
“superman” positions have been outlawed by the UCI.

Clothing and Other Gear There is no question that 
loose-fitting clothing offers more resistance to airflow 
than tight-fitting clothing. Thus, bicycle racers choose 
skin-tight jerseys, shorts, and socks to reduce drag. 
Further, some materials (e.g. Lycra) are better at let-
ting air flow by than others (e.g., wool or polypro-
pylene), while still providing excellent breathability. 
Choosing an appropriate aero helmet and covering the 
shoes with a smooth material results in additional re-
ductions in drag (78). It must be added that using clip-
in pedals and hard carbon-fiber soles in cycling shoes 
helps power transfer to the pedals, and allows the 
cyclist to pull up on the pedals as well as push down.

Drafting If a cyclist rides behind and in close prox-
imity to another cyclist, the lead cyclist reduces the 
air resistance for the one that follows. This can lead to 
a reduction in the energy cost of cycling by ∽30%. If 
the cyclist is behind a pack of riders, the reduction in 
the energy cost approaches 40%, and if riding behind 
a vehicle, 60% (Fig. 25.7) (90). In many road races the 
best rider is “sheltered” by team members who do 
most of the work; this allows their best rider to sprint 
to the finish at the end of the race (45).

It is clear that one can do a great number of 
things to lower air resistance and improve perfor-
mance in cycle races. If you watch the Tour de 
France you will see a stage in which the cyclist rides 
alone (a time trial) and drafting, of course, is not 
a possibility. In these races the cyclist makes use 
of all of the equipment and clothing technologies 
mentioned above to be able to complete the race 
distance in the shortest time possible. In contrast, 

pow70456_ch25_573-594.indd   587 01/16/17   10:11 PM



588 Section Three Physiology of Performance

in regular stages of the tour in which all riders are 
involved at the same time, you see more conven-
tional, but still high-tech, bicycles, however drafting 
and other strategies are now used to win the stage. 

An individual who makes a “breakaway” and tries 
to do it on his own is usually caught by the pack of 
cyclists before the stage is completed. The cyclist 
has to deal with the air resistance by  himself, which 
demands a higher percent of maximal power output, 
and he has nothing left at the end.

PHYSICAL WARM-UP
Warming up prior to moderate or strenuous activity 
is a general recommendation made for those involved 
in fitness programs or athletes involved in various 
types of performance. Most of us accept this as a rea-
sonable recommendation, but is there good scientific 
support for it? In Franks’s original 1972 review (50), 
he found that 53% of the studies supported the propo-
sition that warm-up was better than no warm-up, 7% 
the opposite, and 40% found no difference between 
the two. Concerns were raised about the wide variety 

Traditional Racing Position
Standard Track Bike

Standard Aero Bars

The Obree Position The Superman Position

Figure 25.6 Bicycle racing positions. From the 1890s until 1986, cyclists used the same traditional crouched racing 
position. Starting in 1986, aero bars (invented by Peter Pensayres and used in the Race Across America in 1986) al-
lowed cyclists to rest on their elbows while maintaining a low aerodynamic riding posture. Graham Obree of Scotland 
pioneered two unique riding positions, which he used to set hour records in 1993 and 1994 (the Obree position and 
the Superman position).

Figure 25.7 Reduction in V̇ O2 resulting from drafting 
different numbers of riders and a vehicle at 40 km/hr.
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of tasks and the methods used to evaluate the effec-
tiveness of warm-up. In his 1983 review, Franks (49) 
analyzed the role of the participant (trained or un-
trained), the duration and intensity of the warm-up, 
and the type of performance as the variables involved 
in a determination of the effectiveness of warm-up. 
Before we summarize these findings, a few definitions 
must be presented.

Warm-up refers to exercise conducted prior to 
a performance, whether or not muscle or body tem-
perature is elevated. Warm-up activities can be iden-
tical to the performance (baseball pitcher throwing 
with normal form and high speed to a catcher prior 
to the batter stepping up), directly related to the 
performance (shot-putter practicing at 75% of nor-
mal effort prior to a competition), or indirectly re-
lated to a performance (general activities to increase 
body temperature or arousal) (49). Generally, all 
three are used in a typical warm-up prior to perfor-
mance, in the reverse order of the aforementioned 
descriptions.

The theoretical benefits of warm-up are physio-
logical, psychological, and safety related. Physiologi-
cal benefits would include less muscle resistance 
and faster enzymatic reactions at high body temper-
atures. This might lower the oxygen deficit at the 
onset of work (74, 122), decrease the RER during the 
subsequent activity (64), or cause a favorable shift 
in the lactate threshold (25). One review supported 
most of these effects, but questioned the impact of 
the warm-up on speeding up rate-limiting enzyme 
reactions (16). Increases in body temperature as a 
result of warm-up have been linked to improved 
performance (49). Skilled performances benefit from 
identical and direct warm-up, with indirect warm-
up sometimes acting in a facilitatory manner. As an 
example, warm-up swings with a standard weight 
baseball bat were most effective for enhancing bat 
speed (92). The warm-up procedures can increase 
arousal, which is good up to a point, and provide 
the optimal “mental set” for improved performance 
(16, 49).

Stretching, as a part of warming up, has been 
recommended as a way to improve performance 
and reduce the risk of soft tissue injury. A recent 
study suggests that static stretching, especially 
longer than 45 seconds, be avoided before compe-
tition because of its negative impact on maximal 
muscle strength and explosive muscular perfor-
mance (130). There is no question that stretching 
improves joint flexibility, but reviews on this topic 
provide little support that injury risk is reduced. 
Weldon and Hill (151) found that most of the avail-
able studies were of poor quality, and it was not 
possible to draw a definitive conclusion regarding 
stretching and exercise-related injuries. A group of 
researchers at the Centers for Disease Control and 

Prevention drew the same conclusion from their 
review of the literature, and indicated that there 
was not enough evidence to either endorse or dis-
continue routine stretching before or after exercise 
to prevent injuries (139). Witvrouw and colleagues 
(161) agreed with these general conclusions when 
applied to most sports. However, for those sports 
demanding high-intensity stretch-shortening 
cycles (e.g., soccer, basketball), stretching was 
viewed as important to keep the muscle-tendon 
unit compliant enough to store and release energy 
during explosive movements. Finally, Shrier’s com-
ment on the CDC article indicated that there was 
a need to separate out the effects of stretching 
outside of periods of exercise from the stretching 
that precedes exercise. There is evidence that the 
former approach is associated with injury preven-
tion. Clearly, more research is needed (127). From a 
safety standpoint, apart from the potential for soft 
tissue injuries, some evidence suggests that warm-
up reduces the “stress” experienced when doing 
strenuous work. In Barnard et al.’s (6) classic study, 
six of ten firefighters who did not warm up expe-
rienced an ischemic response (reduced myocardial 
blood flow) as shown by abnormalities on the ECG 
during strenuous exercise (see Chap. 17). All had 
normal ECG responses when a gradual warm-up 
preceded the strenuous exercise.

Warming up obviously affects a variety of fac-
tors, but is there evidence that it favorably affects 
performance? The answer is “yes,” but with some 
 caveats (17).

 ■ In short-term performances (max effort of  
≤10 s), a three- to five-minute warm-up 
improves performance. However, an intense 
warm-up may result in a decrement in 
performance due, in part, to a reduction in 
high-energy phosphates.

 ■ Warm-up improves intermediate-term 
performances (>10 s, but ≤5 min), but not if 
the intensity is too low (≤40% V̇ O2 max) or 
the recovery time is too long (5–10 minutes). 
The goal is to begin the performance with 
a slightly elevated baseline V̇ O2, and be 
sufficiently recovered.

 ■ For long-term performances (fatiguing effort 
for ≥5 minutes), an elevated baseline V̇ O2 
also improves performance. However, if 
the warm-up depletes muscle glycogen or 
increases thermal strain (by elevating body 
temperature too much), performance  
may suffer.

So, what is the recommended warm-up? For short-
term performances, a warm-up at 40% to 60% V̇ O2 
max for five to ten minutes, followed by a five-minute  
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recovery, is recommended. For  intermediate- or long- 
term performances, the warm-up at 60% to 70% V̇ O2 
max for 5 to 10 minutes, with a ≤5 minute recovery, 
is recommended (17). This is similar to what Franks 
reported some 25 years ago (49). For a recent review 
on this topic applied to military fitness testing, see 
reference 166.

STUDY ACTIVITIES
 1. What is an ergogenic aid?
 2. Why must an investigator use a “placebo” treatment to 

evaluate the effectiveness of an ergogenic aid?
 3. Provide a brief summary of the role that dietary supple-

ments play in improving performance.
 4. What is a double-blind research design?
 5. Does breathing 100% O2 improve performance?  Recovery?
 6. Breathing hyperoxic gas mixtures improves perfor-

mance without changing O2 delivery to tissue. How is 
this possible?

 7. What is blood doping and why does it appear to im-
prove performance now when it did not in the earliest 
investigations?

 8. How might ingested buffers improve short-term perfor-
mances?

 9. Although amphetamines improve performance in 
 fatigued individuals, they might not have this effect on 
motivated subjects. Why?

 10. How might caffeine improve long-term performances? 
Can the results be extrapolated to “real” performances 
in the field?

 11. Describe how high-speed cycling performance can be im-
proved with equipment changes and riding techniques.

 12. Describe the different types of warm-up activities 
and the mechanisms by which they may improve 
 performance.

SUGGESTED READINGS
Burke, L. M., and V. Deakin. 2015. Clinical Sports Nutrition. 

New York: McGraw-Hill.
Williams, M. Dietary supplements and sports performance. Jour-

nal of the International Society of Sports Nutrition 3: 1–6, 2006.
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 A-1

Calculation of Oxygen  
Consumption
Calculation of oxygen consumption is a relatively 
simple process that involves subtracting the amount 
of oxygen exhaled from the amount of oxygen in-
haled:

(1) Oxygen consumption (V̇ O2) =  
[volume of O2 inspired] – [volume of O2 expired]

The volume of O2 inspired (I) is computed by mul-
tiplying the volume of air inhaled per minute (V̇ 

I) 
by the fraction (F) of air that is made up of oxygen. 
Room air is 20.93% O2. Expressed as a fraction, 20.93% 
becomes .2093 and is symbolized as FIO2. When we 
exhale, the fraction of O2 is lowered (i.e., O2 diffuses 
from the lung to the blood) and the fraction of O2 
in the expired (E) gas is represented by FEO2. The 
volume of expired O2 is the product of the volume of 
expired gas (V̇ 

E) and FEO2. Equation (1) can now be 
symbolized as:

(2) V̇ O2 = (V̇ 
I · FIO2) – (V̇ 

E · FEO2)

The exercise values for FIO2, FEO2, V̇ 
I, and V̇ 

E for 
a subject are easily measured in most exercise physi-
ology laboratories. In practice, FIO2 is not generally 
measured but is assumed to be a constant value of 
.2093 if the subject is breathing room air. FEO2 will 
be determined by a gas analyzer, and V̇ 

I and V̇ 
E can be 

measured by a number of different laboratory devices 
capable of measuring airflow. Note that it is not nec-
essary to measure both V̇ 

I and V̇ 
E. This is true because 

if V̇ 
I is measured, V̇ 

E can be calculated (and vice versa). 
The formula used to calculate V̇ 

E from the measure-
ment of V̇ 

I is called the “Haldane transformation” and 
is based on the fact that nitrogen (N2) is neither used 
nor produced in the body. Therefore, the volume of 
N2 inhaled must equal the volume of N2 exhaled:

(3) [V̇ 
I · FIN2] = [V̇ 

EFEN2]

Therefore, V̇ 
I can be computed if V̇ 

E, FIO2, and FEO2 
are known. For example, to solve for V̇ 

I:

(4) V̇ 
1 =   

(V̇E · FEN2) _________________________ F1N2
  

Likewise, if V̇ 
I was measured, V̇ 

E can be computed as:

(5) V̇ 
E =   

(V̇1 · F1N2) _________________________ FEN2
  

The values for FIN2 and FEN2 are obtained in the fol-
lowing manner. If the subject is breathing room air, 
FIN2 is considered to be a constant .7904. The final 
remaining piece to the puzzle is FEN2. Recall that the 
three principal gases in air are N2, O2, and CO2 and 
the sum of their fractions must add up to 1.0 (i.e., 
FECO2 + FEO2 + FEN2 = 1.0). Therefore, FEN2 can be 
computed by subtracting the sum of FECO2 and FEO2 
from 1 (i.e., FEN2 = 1 − (FECO2 + FEO2)). Because the 
expired fractions of O2 and CO2 will be determined 
by gas analyzers, FEN2 can then be calculated.

Calculation of Carbon Dioxide 
 Production
The volume of carbon dioxide produced (V̇ CO2) can 
be calculated in a manner similar to V̇ O2. That is, the 
volume of CO2 produced is equal to:

(6) V̇ CO2 = [Volume of CO2 expired] 
– [Volume of CO2 inspired]
or
(7) V̇ CO2 = (V̇ 

E · FECO2)  –  (V̇ 
I · FICO2)

The steps in performing this calculation are the same 
as in the computation of V̇ O2. That is, V̇ 

E and V̇ 
I must 

be measured (or calculated) and the fraction of expired 
carbon dioxide (FECO2) must be determined by a gas 
analyzer. Similar to FIO2, the fraction of inspired carbon 
dioxide (FICO2) is considered to be a constant value  
of .0003.

APPENDIX A

Calculation of Oxygen 
 Uptake and Carbon Dioxide 
Production
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Standardization of Gas Volumes
By convention, V̇ O2 or V̇ CO2 are expressed in liters ·  
min−1 and standardized to a reference condition 
called “STPD.” STPD is an acronym for “standard 
temperature pressure dry.” In a similar manner, pul-
monary ventilation is expressed in liters · min−1 and 
standardized to a reference standard called BTPS, an 
acronym for “body temperature pressure saturated.” 
The purpose of these reference standards is to allow 
comparison of gas volumes measured in laboratories 
throughout the world, which may vary in ambient 
temperature and barometric pressures. Standard-
ization of gas volumes to a specified temperature 
and pressure is necessary because gas volume is 
dependent upon both temperature and pressure. 
For instance, a given number of gas molecules will 
occupy a greater volume at a higher temperature 
and lower pressure than at a lower temperature and 
higher pressure. This means that a fixed number 
of gas molecules would change volume as a func-
tion of the ambient temperature and barometric 
pressure. This poses a serious problem to research-
ers trying to make comparisons of respiratory gas 
exchange, because temperature and pressures vary 
day by day and vary from one laboratory to another. 
By standardizing temperature and pressure condi-
tions for gases, the scientist or technician knows 
that two equal volumes of gas contain the same 
number of molecules. For these reasons, respiratory 
gases must be corrected to a reference temperature 
and volume.

CORRECTION OF GAS 
 VOLUMES TO REFERENCE 
CONDITIONS
Before we begin a discussion of “how to” calculate 
gas volume corrections, it is necessary to introduce 
two important gas laws. The first, called “Charles’s 
Law,” states that the relationship between tempera-
ture and gas volume is directly proportional. That is, 
the gas volume is directly related to temperature, so 
that increasing or decreasing the temperature of a gas 
(at a constant pressure) causes a proportional volume 
increase or decrease, respectively. This relationship is 
expressed mathematically in the following way:

(8)   
T1 ______ T2

   =   
V1 _______ V2

  

The units for temperature in equation (8) are the 
 Kelvin (K) or Absolute (A) scale, where 0° C = 273° K 
[i.e., 20° C = (273° + 20°) = 293° K]. In using Charles’s 
Law for gas temperature corrections, we  rearrange 
equation (8) to solve for V2:

(9) V2 =   
V1 · T2 _________________ T1

  

Let’s leave Charles’s Law for the moment and intro-
duce a second gas law known as Boyle’s Law. Boyle’s 
Law states that at a constant temperature, the number 
of gas molecules in a given volume varies inversely 
with the pressure and is represented mathematically 
in the following equation:

(10) P1V1 = P2V2

Again, rearranging equation (10) to solve for V2:

(11) V2 =   
P1 · V1 ________________ P2

  

Pressure in equations (10) and (11) is expressed in 
mm Hg or Torr. Note that when respiratory gases are 
corrected for pressure differences, a correction is of-
ten made for water vapor, even though water vapor 
pressure is dependent only upon temperature (be-
cause respiratory gas is saturated with water vapor). 
When the gas volume is to be corrected to “0” water 
vapor pressure or “dried” as in STPD, the vapor pres-
sure of water (PH2O) at the ambient temperature is 
subtracted from the ambient or initial pressure (P1) in 
Boyle’s Law as follows:

(12) V2 =   
V1(P1 – PH2O)

  ________________________________ P2
  

COMBINED CORRECTION 
FACTORS
We can now combine Charles’s Law and Boyle’s Law 
(complete with water vapor correction) into one 
equation for STPD and BTPS conditions. Let’s consider 
the STPD correction first.

STPD Correction
Gas volumes measured in the laboratory under room 
conditions of temperature and pressure are expressed 
as “ambient temperature pressure and saturated” 
(ATPS). This means that the gas volume is not a stan-
dardized volume but rather a volume that is subject 
to the ambient conditions of temperature and pres-
sure. As previously stated, because ATPS conditions 
may vary from laboratory to laboratory, there is a 
need to correct V̇ O2 and V̇ CO2 volumes to the ref-
erence volume, STPD. Correcting a volume to STPD 
requires the standardization of temperature to 0° C 
(273° K), pressure to 760 mm Hg (sea level), and a 
correction for vapor pressure. For simplicity we will 
divide the gas correction procedure into two parts: 
(1) temperature and (2) pressure correction.
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Step 1: Temperature Correction Let’s consider the 
temperature correction first. For this correction, we 
use equation (9) (Charles’s Law):

V2 =   
V1 · T2 _________________ T1

  

where:

V2 =  volume corrected to standard temperature 
(VST)

V1 = ATPS volume (VATPS)

T1 =  absolute temperature in ambient surround-
ings (273° K + Ta° C)

where: Ta = ambient temperature
T2 = absolute standard temperature (273° K)

Therefore, correcting an ATPS gas volume to VST is 
performed using the following equation:

(13) VST = VATPS   [
  273° __________ 
(273° + Ta)

  
]
  

Step 2: Barometric Pressure and Water Vapor  Pressure 
Correction To correct for barometric pressure and 
vapor pressure, we use equation (12), where:

V1 = volume ATPS

V2 =  volume corrected to standard pressure 
and dry (VSPD)

P1 =  ambient barometric pressure in mm Hg

P2 =  standard barometric pressure (760 mm Hg)

PH2O =  partial pressure of water vapor at ambi-
ent temperature (see Table A.1 for a list 
of vapor pressures at various ambient 
temperatures)

Therefore, when correcting VSPD from ATPS volumes, 
the following equation is used:

(14) VSPD = VATPS  [  
P1 – PH2O ______________________________  760 mm Hg  ] 

At this point we are ready to combine both the temper-
ature correction factor equation (13) and the pressure 
and vapor pressure correction factor equation (14) into 
one equation and compute one single STPD correction 
factor. Combining equations (13) and (14) we arrive at:

(15) VSTPD = VATPS  [
  273° ____________________________ 
(273° + Ta)

  
]
  [  

(P1 – PH2O)
  ______________________________  760 mm Hg  ] 

Let’s consider a sample problem to illustrate correc-
tion of ATPS volumes to STPD volumes.

Given:

VATPS = 90.0 liters

Laboratory temperature = 21° C
Ambient barometric pressure = 742 mm Hg

H2O vapor pressure at 21° C (from Table A.1)  
= 18.7 mm Hg

Using the above sample conditions and equation (15), 
the STPD correction would be as follows:

 VSTPD = 90  [  273° ______________________________  
(273° + 21°)  ]  [  742 – 18.7 ____________________________ 760  ] 

 = 79.5 liters STPD

It is important to point out that if inspired gas vol-
umes are measured and the relative humidity of the 
inspired gas is not 100%, then equation (15) must be 
modified by multiplying the relative humidity (RH) of 
the inspired gas (expressed as a fraction) by the partial 
pressure of water vapor at ambient temperature (e.g., 
if RH = 80%, then use .8 × PH2O).

BTPS Correction
As previously mentioned, all ventilatory volumes are 
corrected to BTPS conditions. This correction proce-
dure is similar to the STPD correction procedure with 
two exceptions: (1) Standard temperature is 310°K 
instead of 273°K (e.g., 310° = 273°K + 37°C [normal 
core temperature]). This correction is necessary be-
cause body temperature is usually greater than am-
bient temperature and results in an increase in gas 
volume. (2) The partial pressure of vapor pressure at 
body temperature is subtracted from P1 in equation 
(14). This correction is necessary because the partial 
pressure of water vapor at body temperature is gener-
ally greater than PH2O at ambient conditions (i.e., at 
37° the PH2O = 47 mm Hg).

Therefore, correcting from ATPS to BTPS would 
involve the following equation:

(16) VBTPS = VATPS  [  310° ________________________ 273° + Ta
  ]  [  

P1 – PH2O ___________________________ P1 – 47  ] 

Let’s consider a sample calculation of converting VATPS 
to VBTPS using the following conditions:

Laboratory temperature = 20° C
Ambient barometric pressure = 752 mm Hg
PH2O at 20° C = 17.5 mm Hg
VATPS = 60 liters

TABLE A.1 Water Vapor Pressure as a  
Function of Ambient Temperature

Temperature (°C)
Saturation Water Vapor 

 Pressure (PH2O), mm Hg

18 15.5
19 16.5
20 17.5
21 18.7
22 19.8
23 21.1
24 22.4
25 23.8
26 25.2
27 26.7

pow70456_app_A1-A12.indd   3 1/16/17   12:18 PM



A-4 Appendix A

Therefore:

VBTPS = 60  [  310° ___________________________ 273° + 20°  ]  [  752 – 17.5 ____________________________ 752 – 47  ] 

= 65.4 liters BTPS

Problems
1. Calculate V̇ O2 and V̇ CO2 given:

V̇ 
E (ATPS) = 100 liters · min−1

FEO2 = .1768
FECO2 = .0351
Assume FIO2 = .2093 and FICO2 = .0003
Ambient temperature = 21° C
Barometric pressure = 749 mm Hg

2. Calculate the respiratory exchange ratio (R) from 
V̇ O2 and V̇ CO2 values computed in question 1.

3. Calculate VBTPS and VSTPD given:

VATPS = 45.3 liters
Laboratory temperature = 19° C
Ambient barometric temperature = 746 mm Hg
Body temperature = 37° C

Answers
1. V̇ O2 = 2.73ℓ · min−1

 V̇ CO2 = 3.54ℓ · min−1

2. R = 1.15
3. VBTPS = 50.19 liters
4. VSTPD = 40.65 liters
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Dietary Reference 
 Intakes: Estimated Energy 
 Requirements

 Estimated Energy Requirements (EER) for Men and Women 30 Years of Agea  
Food and Nutrition Board, Institute of Medicine, National Academies

APPENDIX B

Height  
(m [in]) PALb

Weight for  
BMIc of  

18.5 kg/m2  
(kg [lb])

Weight for 
BMI of  

24.99 kg/m2 
(kg [lb])

EER, Mend  
(kcal/day)

EER, Womend  
(kcal/day)

BMI of  
18.5 kg/m2

BMI of  
24.99 kg/m2

BMI of  
18.5 kg/m2

BMI of  
24.99 kg/m2

1.50 (59) Sedentary 41.6 (92) 56.2 (124) 1,848 2,080 1,625 1,762
Low Active 2,009 2,267 1,803 1,956
Active 2,215 2,506 2,025 2,198
Very Active 2,554 2,898 2,291 2,489

1.65 (65) Sedentary 50.4 (111) 68.0 (150) 2,068 2,349 1,816 1,982
Low Active 2,254 2,566 2,016 2,202
Active 2,490 2,842 2,267 2,477
Very Active 2,880 3,296 2,567 2,807

1.80 (71) Sedentary 59.9 (132) 81.0 (178) 2,301 2,635 2,015 2,211
Low Active 2,513 2,884 2,239 2,459
Active 2,782 3,200 2,519 2,769
Very Active 3,225 3,720 2,855 3,141

aFor each year below 30, add 7 kcal/day for women and 10 kcal/day for men. For each year above 30, subtract 7 kcal/day for women and 10 kcal/day for men.
bPAL = physical activity level.
cBMI = body mass index.
dDerived from the following regression equations based on doubly labeled water data:
 Adult man:   EER = 662 – 9.53 × age (yr) + PA × (15.91 × wt [kg] + 539.6 × ht [ml])
 Adult woman: EER = 354 – 6.91 × age (yr) + PA × (9.36 × wt [kg] + 726 × ht [ml])
where PA refers to coefficient for PAL.
PAL = total energy expenditure ÷ basal energy expenditure
 PA = 1.0 if PAL ≥ 1.0 < 1.4 (sedentary)

 PA = 1.12 if PAL ≥ 1.4 < 1.6 (low active)

 PA = 1.27 if PAL ≥ 1.6 < 1.9 (active)

 PA = 1.45 if PAL ≥ 1.9 < 2.5 (very active)

SOURCE: Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids (2002). 

Reprinted by permission from Dietary Reference Intakes for Energy, Carbohydrates, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids (Macronutrients). 
Copyright © 2005 by the National Academy of Sciences, courtesy of the National Academies Press, Washington, DC.
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APPENDIX C

Dietary Reference  
Intakes: Vitamins

 Dietary Reference Intakes (DRIs): Recommended Intakes for Individuals, Vitamins  
Food and Nutrition Board, Institute of Medicine, National Academies
Life Stage 
Group

Vit A  
(μg/d)a

Vit C  
(mg/d)

Vit D  
(μg/d)b,c

Vit E  
(mg/d)d

Vit K  
(μg/d)

Thiamin  
(mg/d)

Infants
0–6 mo 400* 40*  5* 4* 2.0* 0.2*
7–12 mo 500* 50*  5* 5* 2.5* 0.3*

Children
1–3 yr 300 15  5*  6 30* 0.5
4–8 yr 400 25  5*  7 55* 0.6

Males
 9–13 yr 600 45  5* 11 60* 0.9
14–18 yr 900 75  5* 15 75* 1.2
19–30 yr 900 90  5* 15 120* 1.2
31–50 yr 900 90  5* 15 120* 1.2
51–70 yr 900 90 10* 15 120* 1.2
>70 yr 900 90 15* 15 120* 1.2

Females
 9–13 yr 600 45  5* 11 60* 0.9
14–18 yr 700 65  5* 15 75* 1.0
19–30 yr 700 75  5* 15 90* 1.1
31–50 yr 700 75  5* 15 90* 1.1
51–70 yr 700 75 10* 15 90* 1.1
>70 yr 700 75 15* 15 90* 1.1

Pregnancy
14–18 yr 750 80  5* 15 75* 1.4
19–30 yr 770 85  5* 15 90* 1.4
31–50 yr 770 85  5* 15 90* 1.4

Lactation
14–18 yr 1,200 115  5* 19 75* 1.4
19–30 yr 1,300 120  5* 19 90* 1.4
31–50 yr 1,300 120  5* 19 90* 1.4

NOTE: This table (taken from the DRI reports, see www.nap.edu) presents Recommended Dietary Allowances (RDAs) in bold type and Adequate Intakes (AIs) in 
 ordinary type followed by an asterisk (*). RDAs and AIs may both be used as goals for individual intake. RDAs are set to meet the needs of almost all (97%–98%) 
 individuals in a group. For healthy breastfed infants, the AI is the mean intake. The AI for other life stage and gender groups is believed to cover needs of all 
 individuals in the group, but lack of data or uncertainty in the data prevent from being able to specify with confidence the percentage of individuals covered by  this 
intake.
aAs retinol activity equivalents (RAEs). 1 RAE = 1 μμg retinol, 12 μμg β-carotene, 24 μμg α-carotene, or 24 μμg β-cryptoxanthin. The RAE for dietary provitamin A carot-
enoids is twofold greater than retinol equivalents (RE), whereas the RAE for preformed vitamin A is the same as RE.
bAs cholecalciferol. 1 μg cholecalciferol = 40 IU vitamin D.
cIn the absence of adequate exposure to sunlight.
dAs α-tocopherol. α-Tocopherol includes RRR-α-tocopherol, the only form of α-tocopherol that occurs naturally in foods, and the 2R-stereoisomeric forms of  
α-tocopherol (RRR-, RSR-, RRS-, and RSS-α-tocopherol) that occur in fortified foods and supplements. It does not include the 2S-stereoisomeric forms of α-tocopherol 
(SRR-, SSR-, SRS-, and SSS-α-tocopherol), also found in fortified foods and supplements.
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  Dietary Reference Intakes: Vitamins  A-7

Riboflavin  
  (mg/d)

Niacin  
(mg/d)e

Vit B6  
(mg/d)

Folate  
(μg/d)f

Vit B12  
(μg/d)

Pantothenic  
Acid (mg/d)

Biotin  
(μg/d)

Choline  
(mg/d)g

0.3* 2* 0.1* 65* 0.4* 1.7*  5* 125*

0.4* 4* 0.3* 80* 0.5* 1.8*  6* 150*

0.5 6 0.5 150 0.9 2*  8* 200*

0.6 8 0.6 200 1.2 3* 12* 250*

0.9 12 1.0 300 1.8 4* 20* 375*

1.3 16 1.3 400 2.4 5* 25* 550*

1.3 16 1.3 400 2.4 5* 30* 550*

1.3 16 1.3 400 2.4 5* 30* 550*

1.3 16 1.7 400 2.4i 5* 30* 550*

1.3 16 1.7 400 2.4i 5* 30* 550*

0.9 12 1.0 300 1.8 4* 20* 375*

1.0 14 1.2 400i 2.4 5* 25* 400*

1.1 14 1.3 400i 2.4 5* 30* 425*

1.1 14 1.3 400i 2.4 5* 30* 425*

1.1 14 1.5 400 2.4h 5* 30* 425*

1.1 14 1.5 400 2.4h 5* 30* 425*

1.4 18 1.9 600 j 2.6 6* 30* 450*

1.4 18 1.9 600j 2.6 6* 30* 450*

1.4 18 1.9 600 j 2.6 6* 30* 450*

1.6 17 2.0 500 2.8 7* 35* 550*

1.6 17 2.0 500 2.8 7* 35* 550*

1.6 17 2.0 500 2.8 7* 35* 550*

eAs niacin equivalents (NE). 1 mg of niacin = 60 mg of tryptophan; 0–6 months = preformed niacin (not NE).
fAs dietary folate equivalents (DFE). 1 DFE = 1 μµg food folate = 0.6 μµg of folic acid from fortified food or as a supplement  consumed with food = 0.5 μµg of a 
 supplement taken on an empty stomach.
gAlthough AIs have been set for choline, there are few data to assess whether a dietary supply of choline is needed at all stages of the life cycle, and it may be that 
the choline requirement can be met by endogenous synthesis at some of these stages.
hBecause 10% to 30% of older people may malabsorb food-bound B12, it is advisable for those older than 50 years to meet their RDA mainly by consumng foods 
 fortified with B12 or a supplement containing B12.
iIn view of evidence linking folate intake with neural tube defects in the fetus, it is recommended that all women capable of becoming pregnant consume 400 μµg 
from supplements or fortified foods in addition to intake of food folate from a varied diet.
jIt is assumed that women will continue consuming 400 μµg from supplements or fortified food until their pregnancy is confirmed and they enter prenatal care, which 
ordinarily occurs after the end of the periconceptional period—the critical time for formation of the neural tube.

Copyright © 2004 by the National Academy of Sciences. All rights reserved. 

Reprinted with permission from Dietary Reference Intakes for Energy, Carbohydrates, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids (Macronutrients). 
Copyright © 2005 by the National Academy of Sciences, courtesy of the National Academies Press, Washington, DC.
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APPENDIX D

Dietary Reference Intakes: 
Minerals and Elements

 Dietary Reference Intakes (DRIs): Recommended Intakes for Individuals, Elements Food and Nutrition Board, 
Institute of Medicine, National Academies
Life Stage  
Group

Calcium  
(mg/d)

Chromium  
(µg/d)

Copper  
(µg/d)

Fluoride  
(mg/d)

Iodine  
(µg/d)

Iron  
(mg/d)

Magnesium  
(mg/d)

Infants
0–6 mo 210* 0.2* 200* 0.01* 110* 0.27* 30*
7–12 mo 270* 5.5* 220* 0.5* 130* 11 75*

Children
1–3 yr 500* 11* 340 0.7* 90 7 80
4–8 yr 800* 15* 440 1* 90 10 130

Males
9–13 yr 1,300* 25* 700 2* 120 8 240
14–18 yr 1,300* 35* 890 3* 150 11 410
19–30 yr 1,000* 35* 900 4* 150 8 400
31–50 yr 1,000* 35* 900 4* 150 8 420
51–70 yr 1,200* 30* 900 4* 150 8 420
>70 yr 1,200* 30* 900 4* 150 8 420

Females
9–13 yr 1,300* 21* 700 2* 120 8 240
14–18 yr 1,300* 24* 890 3* 150 15 360
19–30 yr 1,000* 25* 900 3* 150 18 310
31–50 yr 1,000* 25* 900 3* 150 18 320
51–70 yr 1,200* 20* 900 3* 150 8 320
>70 yr 1,200* 20* 900 3* 150 8 320

Pregnancy
14–18 yr 1,300* 29* 1,000 3* 220 27 400
19–30 yr 1,000* 30* 1,000 3* 220 27 350
31–50 yr 1,000* 30* 1,000 3* 220 27 360

Lactation
14–18 yr 1,300* 44* 1,300 3* 290 10 360
19–30 yr 1,000* 45* 1,300 3* 290 9 310
31–50 yr 1,000* 45* 1,300 3* 290 9 320

NOTE: This table presents Recommended Dietary Allowances (RDAs) in bold type and Adequate Intakes (AIs) in ordinary type followed by an asterisk (*). RDAs 
and AIs may both be used as goals for individual intake. RDAs are set to meet the needs of almost all (97%–98%) individuals in a group. For healthy breastfed 
infants, the AI is the mean intake. The AI for other life stage and gender groups is believed to cover needs of all individuals in the group, but lack of data or uncer-
tainty in the data prevent from being able to specify with confidence the percentage of individuals covered by this intake.

SOURCES: Dietary Reference Intakes for Calcium, Phosphorous, Magnesium, Vitamin D, and Fluoride (1997); Dietary Reference Intakes for Thiamin, Riboflavin, Nia-
cin, Vitamin B6, Folate, Vitamin B 1 2, Pantothenic Acid, Biotin, and Choline (1998); Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium, and Carotenoids 
(2000); Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, 
and Zinc (2001); and Dietary Reference Intakes for Water, Potassium, Sodium, Chloride, and Sulfate (2004). These reports may be accessed via http://www.nap.edu.

Copyright © 2004 by the National Academy of Sciences. All rights reserved.
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  Dietary Reference Intakes: Minerals and Elements A-9

Manganese  
  (mg/d)

Molybdenum  
(µg/d)

Phosphorus  
(mg/d)

Selenium  
(µg/d)

Zinc  
(mg/d)

Potassium  
(g/d)

Sodium  
(g/d)

Chloride  
(g/d)

0.003*  2* 100* 15* 2* 0.4* 0.12* 0.18*

0.6*  3* 275* 20*  3 0.7* 0.37* 0.57*

1.2* 17 460 20  3 3.0* 1.0* 1.5*

1.5* 22 500 30  5 3.8*  1.2* 1.9*

1.9* 34 1,250 40  8 4.5* 1.5* 2.3*

2.2* 43 1,250 55 11 4.7*  1.5* 2.3*

2.3* 45 700 55 11 4.7* 1.5* 2.3*

2.3 45 700 55 11 4.7* 1.5* 2.3*

2.3* 45 700 55 11 4.7* 1.3* 2.0*

2.3* 45 700 55 11 4.7* 1.2* 1.8*

1.6* 34 1,250 40  8 4.5* 1.5* 2.3*

1.6* 43 1,250 55  9 4.7* 1.5* 2.3*

1.8* 45 700 55  8 4.7* 1.5* 2.3*

1.8* 45 700 55  8 4.7* 1.5* 2.3*

1.8* 45 700 55  8 4.7* 1.3* 2.0*

1.8* 45 700 55  8 4.7* 1.2* 1.8*

2.0* 50 1,250 60 12 4.7* 1.5* 2.3*

2.0* 50 700 60 11 4.7* 1.5* 2.3*

2.0* 50 700 60 11 4.7* 1.5* 2.3*

2.6* 50 1,250 70 13 5.1* 1.5* 2.3*

2.6* 50 700 70 12 5.1* 1.5* 2.3*

2.6* 50 700 70 12 5.1* 1.5* 2.3*
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APPENDIX E

Sum of  
Skinfolds (mm)

Age to Last Lear

Under 22 23–27 28–32 33–37 38–42 43–47 48–52 53–57 Over 57

8–10 1.5 2.0 2.5 3.1 3.6 4.1 4.6 5.1 5.6
11–13 3.0 3.5 4.0 4.5 5.1 5.6 6.1 6.6 7.1
14–16 4.5 5.0 5.5 6.0 6.5 7.0 7.6 8.1 8.6
17–19 5.9 6.4 6.9 7.4 8.0 8.5 9.0 9.5 10.0
20–22 7.3 7.8 8.3 8.8 9.4 9.9 10.4 10.9 11.4
23–25 8.6 9.2 9.7 10.2 10.7 11.2 11.8 12.3 12.8
26–28 10.0 10.5 11.0 11.5 12.1 12.6 13.1 13.6 14.2
29–31 11.2 11.8 12.3 12.8 13.4 13.9 14.4 14.9 15.5
32–34 12.5 13.0 13.5 14.1 14.6 15.1 15.7 16.2 16.7
35–37 13.7 14.2 14.8 15.3 15.8 16.4 16.9 17.4 18.0
38–40 14.9 15.4 15.9 16.5 17.0 17.6 18.1 18.6 19.2
41–43 16.0 16.6 17.1 17.6 18.2 18.7 19.3 19.8 20.3
44–46 17.1 17.7 18.2 18.7 19.3 19.8 20.4 20.9 21.5
47–49 18.2 18.7 19.3 19.8 20.4 20.9 21.4 22.0 22.5
50–52 19.2 19.7 20.3 20.8 21.4 21.9 22.5 23.0 23.6
53–55 20.2 20.7 21.3 21.8 22.4 22.9 23.5 24.0 24.6
56–58 21.1 21.7 22.2 22.8 23.3 23.9 24.4 25.0 25.5
59–61 22.0 22.6 23.1 23.7 24.2 24.8 25.3 25.9 26.5
62–64 22.9 23.4 24.0 24.5 25.1 25.7 26.2 26.8 27.3
65–67 23.7 24.3 24.8 25.4 25.9 26.5 27.1 27.6 28.2
68–70 24.5 25.0 25.6 26.2 26.7 27.3 27.8 28.4 29.0
71–73 25.2 25.8 26.3 26.9 27.5 28.0 28.6 29.1 29.7
74–76 25.9 26.5 27.0 27.6 28.2 28.7 29.3 29.9 30.4
77–79 26.6 27.1 27.7 28.2 28.8 29.4 29.9 30.5 31.1
80–82 27.2 27.7 28.3 28.9 29.4 30.0 30.6 31.1 31.7
83–85 27.7 28.3 28.8 29.4 30.0 30.5 31.1 31.7 32.3
86–88 28.2 28.8 29.4 29.9 30.5 31.1 31.6 32.2 32.8
89–91 28.7 29.3 29.8 30.4 31.0 31.5 32.1 32.7 33.3
92–94 29.1 29.7 30.3 30.8 31.4 32.0 32.6 33.1 33.4
95–97 29.5 30.1 30.6 31.2 31.8 32.4 32.9 33.5 34.1
98–100 29.8 30.4 31.0 31.6 32.1 32.7 33.3 33.9 34.4
101–103 30.1 30.7 31.3 31.8 32.4 33.0 33.6 34.1 34.7
104–106 30.4 30.9 31.5 32.1 32.7 33.2 33.8 34.4 35.0
107–109 30.6 31.1 31.7 32.3 32.9 33.4 34.0 34.6 35.2
110–112 30.7 31.3 31.9 32.4 33.0 33.6 34.2 34.7 35.3
113–115 30.8 31.4 32.0 32.5 33.1 33.7 34.3 34.9 35.4
116–118 30.9 31.5 32.0 32.6 33.2 33.8 34.3 34.9 35.5

Jackson, A. S., and Pollock, M. L., “Practical Assessment of Body Composition,” Physician and Sportsmedicine 13(5): 85. Minneapolis, MN: McGraw-Hill Healthcare 
Group, 1985.

Percent Fat Estimate for 
Men: Sum of Triceps, Chest, 
and Subscapula Skinfolds
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APPENDIX F

Sum of  
Skinfolds (mm)

Age to Last Year

18–22 23–27 28–32 33–37 38–42 43–47 48–52 53–57 Over 57

8–12 8.8 9.0 9.2 9.4 9.5 9.7 9.9 10.1 10.3
13–17 10.8 10.9 11.1 11.3 11.5 11.7 11.8 12.0 12.2
18–22 12.6 12.8 13.0 13.2 13.4 13.5 13.7 13.9 14.1
23–27 14.5 14.6 14.8 15.0 15.2 15.4 15.6 15.7 15.9
28–32 16.2 16.4 16.6 16.8 17.0 17.1 17.3 17.5 17.7
33–37 17.9 18.1 18.3 18.5 18.7 18.9 19.0 19.2 19.4
38–42 19.6 19.8 20.0 20.2 20.3 20.5 20.7 20.9 21.1
43–47 21.2 21.4 21.6 21.8 21.9 22.1 22.3 22.5 22.7
48–52 22.8 22.9 23.1 23.3 23.5 23.7 23.8 24.0 24.2
53–57 24.2 24.4 24.6 24.8 25.0 25.2 25.3 25.5 25.7
58–62 25.7 25.9 26.0 26.2 26.4 26.6 26.8 27.0 27.1
63–67 27.1 27.2 27.4 27.6 27.8 28.0 28.2 28.3 28.5
68–72 28.4 28.6 28.7 28.9 29.1 29.3 29.5 29.7 29.8
73–77 29.6 29.8 30.0 30.2 30.4 30.6 30.7 30.9 31.1
78–82 30.9 31.0 31.2 31.4 31.6 31.8 31.9 32.1 32.3
83–87 32.0 32.2 32.4 32.6 32.7 32.9 33.1 33.3 33.5
88–92 33.1 33.3 33.5 33.7 33.8 34.0 34.2 34.4 34.6
93–97 34.1 34.3 34.5 34.7 34.9 35.1 35.2 35.4 35.6
98–102 35.1 35.3 35.5 35.7 35.9 36.0 36.2 36.4 36.6
103–107 36.1 36.2 36.4 36.6 36.8 37.0 37.2 37.3 37.5
108–112 36.9 37.1 37.3 37.5 37.7 37.9 38.0 38.2 38.4
113–117 37.8 37.9 38.1 38.3 39.2 39.4 39.6 39.8 39.2
118–122 38.5 38.7 38.9 39.1 39.4 39.6 39.8 40.0 40.0
123–127 39.2 39.4 39.6 39.8 40.0 40.1 40.3 40.5 40.7
128–132 39.9 40.1 40.2 40.4 40.6 40.8 41.0 41.2 41.3
133–137 40.5 40.7 40.8 41.0 41.2 41.4 41.6 41.7 41.9
138–142 41.0 41.2 41.4 41.6 41.7 41.9 42.1 42.3 42.5
143–147 41.5 41.7 41.9 42.0 42.2 42.4 42.6 42.8 43.0
148–152 41.9 42.1 42.3 42.4 42.6 42.8 43.0 43.2 43.4
153–157 42.3 42.5 42.6 42.8 43.0 43.2 43.4 43.6 43.7
158–162 42.6 42.8 43.0 43.1 43.3 43.5 43.7 43.9 44.1
163–167 42.9 43.0 43.2 43.4 43.6 43.8 44.0 44.1 44.3
168–172 43.1 43.2 43.4 43.6 43.8 44.0 44.2 44.3 44.5
173–177 43.2 43.4 43.6 43.8 43.9 44.1 44.3 44.5 44.7
178–182 43.3 43.5 43.7 43.8 44.0 44.2 44.4 44.6 44.8

Jackson, A. S., and Pollock, M. L., “Practical Assessment of Body Composition,” Physician and Sportsmedicine 13(5): 85. Minneapolis, MN: McGraw-Hill Healthcare 
Group, 1985.

Percent Fat Estimate for 
Women: Sum of Triceps, 
Abdomen, and Suprailium 
Skinfolds
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 G-1

absolute V̇ O2 the amount of oxygen 
consumed over a given time period; 
expressed as liters · min−1.

acclimation the change that occurs 
in response to repeated environ-
mental stresses and results in the 
improved function of an existing 
homeostatic system. In general, accli-
mation is commonly used to refer to 
a rapid physiological adaptation that 
occurs within days to a few weeks.

acclimatization a gradual, long-
term adaptation of an organism (e.g., 
humans) to a change in the environ-
ment (e.g., heat exposure). Accli-
matization results in the improved 
function of an existing homeostatic 
system. Although acclimatization 
and acclimation are similar terms, 
acclimatization is often used to 
describe a gradual physiological ad-
aptation that occurs within months 
to years of exposure to the environ-
mental stress.

Acetyl-CoA a two carbon moledule 
formed from pyruvate produced by 
glycolysis or from the oxidation of 
fatty acids or amino acids. Acetyl-
CoA can the citric acid cycle and 
undergoes oxidation resulting in the 
re lease of electrons into the electron 
transport chain.

acidosis an abnormal increase in 
blood hydrogen ion concentration (i.e., 
 arterial pH below 7.35).

acids compounds capable of giving 
up hydrogen ions into solution.

acromegaly a condition caused by 
hypersecretion of growth  hormone 
from the pituitary gland;  characterized 
by enlargement of the  extremities, 
such as the jaw, nose, and fingers.

actin a structural protein of muscle 
that works with myosin in permit-
ting muscular contraction.

action potential the all-or-none 
electrical event in the neuron  
or muscle cell in which the  polarity 
of the cell membrane is rapidly 
 reversed and then reestablished.

activation energy energy required 
to initiate a chemical reaction. The 
term activation energy is sometimes 
referred to as the energy of activation.

adaptation the term adaptation re-
fers to a change in the struc ture and 
function of a cell or organ system 
that results in an improved ability to 
maintain homeostasis during stressful 
conditions.

adenosine diphosphate (ADP) a 
molecule that combines with inor-
ganic phosphate to form ATP.

adenosine triphosphate (ATP) the 
high-energy phosphate compound 
synthesized and used by cells to re-
lease energy for cellular work.

adenylate cyclase enzyme found 
in cell membranes that catalyzes the 
conversion of ATP to cyclic AMP.

adequate intake (AI) recommenda-
tions for nutrient intake when insuf-
ficient information is available to set 
an RDA standard.

adiponectin is a  protein hormone 
that modulates a number of meta-
bolic processes, including glucose 
regulation and fatty acid oxidation.

adrenal cortex the outer portion of 
the adrenal gland. Synthesizes and 
secretes corticosteroid hormones, 
such as cortisol, aldosterone, and 
androgens.

adrenaline see epinephrine.
adrenocorticotrophic hormone 

(ACTH) a hormone secreted by 
the anterior pituitary gland that 
stimulates the adrenal cortex.

aerobic in the presence of oxygen.
afferent fibers nerve fibers (sensory 

fibers) that carry neural information 
back to the central nervous system.

afferent neuron sensory neuron 
carrying information toward the cen-
tral nervous system.

Air Quality Index (AQI) a measure 
of the quality of the air for five major 
air pollutants regulated by the Clean 
Air Act: ground-level ozone, particu-
late matter, carbon monoxide, sulfur 
dioxide, and nitrogen dioxide.

aldosterone a corticosteroid 
 hormone involved in the regulation 
of electrolyte balance.

alkalosis an abnormal increase in 
blood concentration of OH− ions, 
 resulting in a rise in arterial pH 
above 7.45.

alpha receptors a subtype of adren-
ergic receptors located on cell mem-
branes of selected tissues.

alveolar ventilation (V̇A) the vol-
ume of gas that reaches the alveolar 
region of the lung.

alveoli microscopic air sacs located 
in the lung where gas exchange oc-
curs between respiratory gases and 
the blood.

amenorrhea the absence of menses.
AMPK (5’adenosine monophos-

phate activated protein kinase)  
an important signaling molecule 
that is activated during exercise 
due to changes in muscle fiber 
phosphate/energy levels. AMPK 
regulates  numerous energy produc-

ing pathways in muscle by stimulat-
ing glucose  uptake and fatty acid 
oxidation  during exercise and is also 
linked to the control of muscle gene 
 expression by activating transcrip-
tion factors associated with fatty 
acid oxidation and mitochondrial 
biogenesis.

anabolic steroid a prescription 
drug that has anabolic, or growth-
stimulating, characteristics similar 
to that of the male androgen testos-
terone.

anaerobic without oxygen.
anaerobic threshold a commonly 

used term meant to describe the 
level of oxygen consumption at 
which there is a rapid and sys-
tematic increase in blood lactate 
 concentration. Also termed the 
 lactate threshold.

anatomical dead space the total 
volume of the lung (i.e., conducting 
airways) that does not participate in 
gas exchange.

androgenic steroid a compound 
that has the qualities of an androgen; 
associated with masculine character-
istics.

androgens male sex hormones. 
 Synthesized in the testes and in 
 limited amounts in the adrenal 
 cortex. Steroids that have masculin-
izing effects.

angina pectoris chest pain due to a 
lack of blood flow (ischemia) to the 
myocardium.

angiotensin I and II these com-
pounds are polypeptides formed 
from the cleavage of a protein (an-
giotensinogen) by the action of the 
enzyme renin produced by the kid-
neys, and converting enzyme in the 
lung, respectively.

anorexia nervosa an eating disorder 
characterized by rapid weight loss 
due to failure to consume adequate 
amounts of nutrients.

anterior pituitary the anterior 
 portion of the pituitary gland 
that secretes follicle-stimulating 
hormone, luteinizing hormone, 
adrenocorticotrophic hormone, 
 thyroid-stimulating hormone, 
growth hormone, and prolactin.

antidiuretic hormone (ADH)   
hormone secreted by the posterior 
pituitary gland that promotes water 
retention by the kidney.

aortic bodies receptors located  
in the arch of the aorta that are 
 capable of detecting changes in 
 arterial PO2.

Glossary
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apophyses sites of muscle-tendon 
insertion in bones.

arrhythmia abnormal electrical ac-
tivity in the heart (e.g., a premature 
ventricular contraction).

arteries large vessels that carry arte-
rialized blood away from the heart.

arterioles a small branch of an artery 
that communicates with a capillary 
network.

articular cartilage cartilage that 
covers the ends of bones in a syno-
vial joint.

atherosclerosis a pathological con-
dition in which fatty substances col-
lect in the layer (intima) of arteries.

atmospheric pressure downward 
force exerted in the earth’s surface 
due to the weight of the air above 
that point.

ATPase enzyme capable of breaking 
down ATP to ADP + Pi + energy.

ATP-PC system term used to 
 describe the metabolic pathway 
 involving muscle stores of ATP and 
the use of phosphocreatine to re-
phosphorylate ADP. This pathway 
is used at the onset of exercise and 
during short-term, high-intensity 
work.

atrioventricular node (AV node) a 
specialized mass of muscle tissue lo-
cated in the interventricular septum 
of the heart; functions in the trans-
mission of cardiac impulses from the 
atria to the ventricles.

autocrine signaling signaling that 
occurs when a cell produces and 
releases a chemical messenger into 
the extracellular fluid that acts 
upon the cell producing the signal. 
The autocrine agent refers to the 
 chemical messenger that is released 
by the cell.

autologous transfusion blood 
transfusion whereby the individual 
receives his or her own blood.

autonomic nervous system   
portion of the nervous system that 
controls the actions of visceral 
 organs.

autoregulation mechanism by 
which an organ regulates blood flow 
to match the metabolic rate.

axon a nerve fiber that conducts a 
nerve impulse away from the neuron 
cell body.

basal metabolic rate (BMR) meta-
bolic rate measured in supine posi-
tion following a 12-hour fast and 
8 hours of sleep.

bases compounds that ionize in wa-
ter to release hydroxyl ions (OH−) or 
other ions that are capable of com-
bining with hydrogen ions.

B-cells cells in the pancreas that 
secrete insulin into the blood to 

increase the uptake of glucose and 
amino acids by tissues.

beta oxidation breakdown of free 
fatty acids to form acetyl-CoA.

beta-receptor agonist (β-agonist) a 
molecule that is capable of binding 
to and activating a beta receptor.

beta receptors adrenergic receptors 
located on cell membranes. Combine 
mainly with epinephrine and, to 
some degree, with norepinephrine.

bioenergetics the chemical pro-
cesses involved with the production 
of cellular ATP.

biological control systems a con-
trol system capable of maintaining 
homeostasis within a cell or organ 
system in a living creature.

blood boosting a term that applies 
to the increase of the blood’s hemo-
globin concentration by the infusion 
of additional red blood cells. Medi-
cally termed induced erythrocythemia.

blood doping see blood boosting.
blood packing see blood boosting.
Bohr effect the right shift of the 

oxyhemoglobin dissociation curve 
due to a decrease of blood pH. 
Results in a decreased affinity for 
oxygen.

bradycardia a resting heart rate less 
than 60 beats per minute.

brain stem portion of the brain 
that includes midbrain, pons, and 
medulla.

buffer a compound that resists pH 
change.

bulimia an eating disorder charac-
terized by eating and forced regur-
gitation.

bulk flow mass movement of mol-
ecules from an area of high pressure 
to an area of lower pressure.

calcitonin hormone released from 
the thyroid gland that plays a minor 
role in calcium metabolism.

calciuneurin a phosphatase activated 
by increases in cytosolic calcium; 
it participates in several adaptive 
responses in muscle, including fiber 
growth/regeneration and the fast-to-
slow fiber type transition that occurs 
as a result of exercise training.

calmodulin-dependent kinase 
(CaMK) is activated during exer-
cise in an intensity-related manner. 
This important kinase exerts influ-
ence on exercise-induced muscle 
adaptation by contributing to the 
activation of PCG-1α. The primary 
upstream signal to activate CaMK is 
increased cytosolic calcium levels.

capillaries microscopic blood ves-
sels that connect arterioles and 
venules. Portion of vascular system 
where blood/tissue gas exchange 
occurs.

cardiac accelerator nerves part of 
the sympathetic nervous system that 
stimulates the SA node to increase 
heart rate.

cardiac output the amount of 
blood pumped by the heart per unit 
of time; equal to product of heart 
rate and stroke volume.

cardiovascular control center the 
area of the medulla that regulates 
the cardiovascular system.

carotid bodies chemoreceptors lo-
cated in the internal carotid artery; 
respond to changes in arterial PO2, 
PCO2, and pH.

catecholamines organic com-
pounds, including epinephrine, nor-
epinephrine, and dopamine.

cell body the soma, or major portion 
of the body of a nerve cell. Contains 
the nucleus.

cell membrane the lipid-bilayer en-
velope that encloses cells. Called the 
sarcolemma in muscle cells.

cell signaling a system of communi-
cation that governs cellular activities 
and coordinates cell actions. Cell 
signaling can occur via numerous 
signaling pathways, including direct 
contact of cells.

cellular respiration process of 
oxygen consumption and carbon 
dioxide production in cells (i.e., bio-
energetics).

central command the control of 
the cardiovascular or pulmonary sys-
tem by cortical impulses.

central fatigue factors located prior 
to the neuromuscular junction that 
impair the force-generating capacity 
of muscle.

central nervous system (CNS)  
portion of the nervous system that 
consists of the brain and spinal cord.

cerebellum portion of the brain 
that is concerned with fine coordi-
nation of skeletal muscles during 
movement.

cerebrum superior aspect of the 
brain that occupies the upper cranial 
cavity. Contains the motor cortex.

chemiosmotic hypothesis the 
mechanism to explain the aerobic 
formation of ATP in mitochondria.

cholesterol a 27-carbon lipid that 
can be synthesized in cells or con-
sumed in the diet. Cholesterol serves 
as a precursor of steroid hormones 
and plays a role in the development 
of atherosclerosis.

Citric acid cycle (also known as 
the Krebs cycle or tricarboxylic acid 
cycle) is a key metabolic pathway 
located in the mitochondria. Spe-
cifically, the citric acid cycle is a 
series of chemical reactions used to 
 harness usable energy through the 
oxidation of acetyl-CoA derived  
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from carbohydrates, fats, and pro-
teins. The oxidation of acetyl-CoA 
ultimately results in the production 
of carbon dioxide and chemical 
energy in the form of adenosine 
 triphosphate (ATP).

clo unit that describes the insulation 
quality of clothing.

complement system part of the 
innate immune system; it forms a 
second line of defense against infec-
tion. The more than 20 proteins that 
make up the complement system are 
present in high concentrations in the 
blood and tissues. When the body is 
exposed to a foreign agent (e.g. bac-
terium), the complement system is 
activated to attack the invader.

concentric action occurs when a 
muscle is activated and shortens.

conduction transfer of heat from 
warmer to cooler objects that are in 
contact with each other. This term 
may also be used in association with 
the conveyance of neural impulses.

conduction disturbances refers to 
a slowing or blockage of the wave of 
depolarization in the heart, e.g., first-
degree AV block, or bundle branch 
block.

conductivity capacity for  conduction.
convection the transmission of heat 

from one object to another through 
the circulation of heated molecules.

Cori cycle the cycle of lactate-to-
glucose between the muscle and 
liver.

coronary artery bypass graft 
 surgery (CABGS) the replacement 
of a blocked coronary artery with 
another vessel to permit blood flow 
to the myocardium.

cortisol a glucocorticoid secreted by 
the adrenal cortex upon stimulation 
by ACTH.

coupled reactions the linking of 
energy-liberating chemical reactions 
to “drive” energy-requiring reactions.

critical power a specific submaxi-
mal power output that can be main-
tained without fatigue.

cromolyn sodium a drug used to 
stabilize the membranes of mast 
cells and prevent an asthma attack.

cycle ergometer a stationary exer-
cise cycle that allows accurate mea-
surement of work output.

cyclic AMP a substance produced 
from ATP through the action of 
adenylate cyclase that alters several 
chemical processes in the cell.

cytokines hormone messengers that 
regulate the immune system by fa-
cilitating communication with other 
cells within the immune system.

cytoplasm the contents of the cell 
surrounding the nucleus. Called sar-
coplasm in muscle cells.

Daily Value a standard used in nu-
tritional labeling.

deficiency a shortcoming of some 
essential nutrient.

degenerative diseases diseases 
not due to infection that result in a 
progressive decline in some bodily 
function.

delayed-onset muscle soreness 
(DOMS) muscle soreness that 
 occurs 12 to 24 hours after an exer-
cise bout.

dendrites portion of the nerve fiber 
that transmits action potentials to-
ward a nerve cell body.

deoxyhemoglobin hemoglobin not 
in combination with oxygen.

diabetes mellitus a condition 
 characterized by high blood glucose 
levels due to inadequate insulin. Peo-
ple with type 1 diabetes are insulin 
dependent, whereas people with type 
2 diabetes are resistant to insulin.

diabetic coma unconscious state 
induced by a lack of insulin.

diacylglycerol a molecule derived 
from a membrane-bound phospho-
lipid, phosphatidylinositol, that 
activates protein kinase C and alters 
cellular activity.

diaphragm the major respiratory 
muscle responsible for inspiration. 
Domeshaped—separates the thoracic 
cavity from the abdominal cavity.

diastole period of filling of the heart 
between contractions (i.e., resting 
phase of the heart).

diastolic blood pressure arterial 
blood pressure during diastole.

Dietary Guidelines for Americans  
general statements related to food se-
lection that are consistent with achiev-
ing and maintaining good health.

Dietary Reference Intakes (DRIs)  
the framework for nutrient recom-
mendations being made as a part of 
the revision of the 1989 RDA.

diffusion random movement of 
molecules from an area of high 
 concentration to an area of low 
 concentration.

direct calorimetry assessment of 
the body’s metabolic rate by direct 
measurement of the amount of heat 
produced.

dose the amount of drug or exercise 
prescribed to have a certain effect 
(or response).

double-blind research design an 
experimental design in which the 
subjects and the principal investiga-
tor are not aware of the experimen-
tal treatment order.

double product the product of 
heart rate and systolic blood pres-
sure; estimate of work of the heart.

dynamic refers to an isotonic mus-
cle action.

dynamic stretching stretching that 
involves controlled movement.

dynamometer device used to 
measure force production (e.g., used 
in the measurement of muscular 
strength).

dysmenorrhea painful menstruation.
dyspnea shortness of breath or la-

bored breathing. May be due to vari-
ous types of lung or heart diseases.

eccentric action occurs when a 
muscle is activated and force  
is  produced but the muscle 
 lengthens.

ectomorphy category of somato-
type that is rated for linearity of 
body form.

effect (response) change in vari-
able (e.g., V̇ O2 max) due to a dose 
of  exercise (e.g., 3 days per week, 
40 min/day at 70% V̇ O2 max).

effector organ or body part that 
responds to stimulation by an effer-
ent neuron (e.g., skeletal muscle in a 
withdrawal reflex).

efferent fibers nerve fibers (motor 
fibers) that carry neural information 
from the central nervous system to 
the periphery.

efferent neuron conducts impulses 
from the CNS to the effector organ 
(e.g., motor neuron).

ejection fraction the proportion of 
end-diastolic volume that is ejected 
during a ventricular contraction.

electrocardiogram (ECG or EKG)  
a recording of the electrical changes 
that occur in the myocardium dur-
ing the cardiac cycle.

electron transport chain a series 
of cytochromes in the mitochondria 
that are responsible for oxidative 
phosphorylation.

element a single chemical substance 
composed of only one type of atom 
(e.g., calcium or potassium).

endergonic reactions energy-
requiring reactions.

endocrine gland a gland that 
produces and secretes its products 
directly into the blood or interstitial 
fluid (ductless glands).

endocrine signaling occurs when 
cells release chemical signals (hor-
mones) into the blood, which are 
carried in the blood to all tissues in 
the body. However, only the cells 
with a receptor to which the hor-
mone can bind will respond.

endocrine system the endocrine 
system releases hormones (endocrine 
signals) into the blood to circulate 
to tissues to bring about a change in 
the tissue’s activity.

endomorphy the somatotype cat-
egory that is rated for roundness 
(fatness).
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endomysium the inner layer of 
connective tissue surrounding a 
muscle fiber.

endorphin a neuropeptide pro-
duced by the pituitary gland that 
has pain-suppressing activity.

end-plate potential (EPP) depolar-
ization of a membrane region by a 
sodium influx.

energy of activation energy 
 required to initiate a chemical 
 reaction.

enzymes proteins that lower the en-
ergy of activation and, therefore, cat-
alyze chemical reactions. Enzymes 
regulate the rate of most metabolic 
pathways.

epidemiology the study of the 
distribution and determinants of 
health-related states or events in 
specified populations, and the appli-
cation of this study to the control of 
health problems.

epilepsy a neurological disorder 
manifested by muscular seizures.

epimysium the outer layer of con-
nective tissue surrounding muscle.

epinephrine (E) a hormone synthe-
sized by the adrenal medulla; also 
called adrenaline.

epiphyseal plate (growth 
plate) cartilaginous layer between 
the head and shaft of a long bone 
where growth takes place.

EPOC an acronym for “excess post-
exercise oxygen consumption”; often 
referred to as the oxygen debt.

EPSP excitatory post synaptic po-
tential. A graded depolarization of a 
post synaptic membrane by a neu-
rotransmitter.

ergogenic aid a substance, appli-
ance, or procedure (e.g., blood dop-
ing) that improves performance.

ergometer instrument for measuring 
work.

ergometry measurement of work 
output.

erythrocythemia an increase in the 
number of erythrocytes in the blood.

erythropoietin (EPO) hormone 
that stimulates red blood cell pro-
duction.

Estimated Energy Requirement 
(EER) the average dietary energy 
intake that is predicted to maintain 
energy balance in a healthy adult 
of a defined age, gender, weight, 
height, and level of physical activity, 
consistent with good health.

estrogens female sex hormones, 
including estradiol and estrone. 
Produced primarily in the ovary and 
also produced in the adrenal cortex.

evaporation the change of water 
from a liquid form to a vapor form. 
Results in the removal of heat.

exercise a subclass of physical  activity.

exercise immunology the study 
of exercise, psychological, and en-
vironmental influences on immune 
function.

exergonic reactions chemical reac-
tions that release energy.

extensors muscles that extend a 
limb—that is, increase the angle at a 
joint.

FAD flavin adenine dinucleotide. 
Serves as an electron carrier in  
bioenergetics.

fasciculi a small bundle of muscle 
fibers.

fast-twitch fibers one of several 
types of muscle fibers found in skel-
etal muscle; also called type II fibers; 
characterized as having low oxidative 
capacity but high glycolytic�capacity.

female athlete triad a syndrome in 
which amenorrhea, eating disorders, 
and bone mineral loss are collec-
tively present.

ferritin the iron-carrying molecule 
used as an index of whole-body iron 
status.

field test a test of physical 
 performance performed in the field 
(outside the laboratory).

flexors muscle groups that cause 
flexion of limbs—that is, decrease the 
angle at a joint.

follicle-stimulating hormone 
(FSH) a hormone secreted by the 
anterior pituitary gland that stimu-
lates the development of an ovarian 
follicle in the female and the pro-
duction of sperm in the male.

food records the practice of keep-
ing dietary food records for deter-
mining nutrient intake.

free fatty acid (FFA) a type of fat 
that combines with glycerol to form 
triglycerides. Is used as an energy 
source.

free radicals highly reactive mol-
ecules that contain an unpaired elec-
tron in their outer orbital.

G protein the link between the 
hormone-receptor interaction on the 
surface of the membrane and the 
subsequent events inside the cell.

gain refers to the amount of correc-
tion that a control system is capable 
of achieving.

General Adaptation Syndrome 
(GAS) a term defined by Selye in 
1936 that describes the organism’s re-
sponse to chronic stress. In response 
to stress, the organism has a three-
stage response: (1) alarm reaction; (2) 
stage of resistance; and (3) readjust-
ment to the stress, or exhaustion.

glucagon a hormone produced by 
the pancreas that increases blood 
glucose and free fatty acid levels.

glucocorticoids any one of a group 
of hormones produced by the adre-
nal cortex that influences carbohy-
drate, fat, and protein metabolism.

gluconeogenesis the synthesis of 
glucose from amino acids, lactate, 
glycerol, and other short carbon-
chain molecules.

glucose a simple sugar that is trans-
ported via the blood and metabo-
lized by tissues.

glucose polymer a complex sugar 
molecule that contains multiple 
 simple sugar molecules linked 
 together.

glycogen a glucose polymer synthe-
sized in cells as a means of storing 
carbohydrate.

glycogenolysis the breakdown of 
glycogen into glucose.

glycolysis a metabolic pathway in 
the cytoplasm of the cell that results 
in the degradation of glucose into 
pyruvate or lactate.

Golgi tendon organ (GTOs) a ten-
sion receptor located in series with 
skeletal muscle.

graded exercise test see incremen-
tal exercise test.

gross efficiency a simple measure 
of exercise efficiency defined as the 
ratio of work performed to energy 
expended, expressed as a percent.

growth hormone (GH) hormone 
synthesized and secreted by the 
anterior pituitary that stimulates 
growth of the skeleton and soft tis-
sues during the growing years. It is 
also involved in the mobilization of 
the body’s energy stores.

HDL cholesterol cholesterol that 
is transported in the blood via high-
density proteins; related to low risk 
of heart disease.

heart rate variability heart rate 
variability refers to the varia tion in 
the time between heartbeats mea-
sured as the R-R time interval using 
an EKG tracing.

heat cramps painful muscle cramps 
in the abdomen, legs, or arms fol-
lowing strenuous activity in the 
heat; use direct pressure on cramps, 
stretch muscles, and gentle ice mas-
sage.

heat exhaustion symptoms include 
heavy sweating, rapid pulse, diz-
ziness, and nausea; it is linked to 
dehydration and can develop into 
heatstroke. Move to cool or shaded 
area, place in supine position with 
legs raised, and provide fluids and 
cooling.

heat shock proteins an important 
family of stress proteins that are 
produced in cells in response to cel-
lular stresses. Following synthesis, 
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heat shock protein can protect cells 
against disturbances in homeostasis.

heatstroke (also called exertional 
heatstroke) a life-threatening heat 
illness in which body temperature is 
extremely elevated (104°F or 40°C); 
possibility of central nervous system 
disturbances and organ failure. Rapid 
whole-body cooling measures should 
be initiated immediately; treat as 
medical emergency.

heat syncope sudden dizziness or 
fainting during or after exercising in 
the heat related to a drop in blood 
pressure; may be accompanied by 
feelings of excessive thirst, fatigue, 
headache, nausea, and vomiting. 
Move to cool area and provide 
 fluids.

hemoglobin a heme-containing 
protein in red blood cells that is 
 responsible for transporting oxygen 
to tissues. Hemoglobin also serves  
as a weak buffer within red blood 
cells.

high-density lipoproteins 
(HDLs) proteins used to transport 
cholesterol in blood; high levels ap-
pear to offer some protection from 
atherosclerosis.

homeostasis the maintenance of a 
constant internal environment.

homeotherms animals that main-
tain a fairly constant internal tem-
perature.

homologous transfusion a blood 
transfusion using blood of the same 
type but from another donor.

hormone a chemical substance that 
is synthesized and released by an 
endocrine gland and transported to a 
target organ via the blood.

hydrogen ion (H+) a free  hydrogen 
ion in solution that results in a 
 decrease in pH of the solution.

Hydrostatic weighing see under-
water weighing

hyperbaric chamber chamber 
where the absolute pressure is in-
creased above atmospheric pressure.

hyperoxia oxygen concentration in 
an inspired gas that exceeds 21%.

hyperthermia elevated body tem-
perature due to heat loss not keep-
ing up with heat load from exercise 
and the environment; linked to heat 
illnesses.

hypertrophy an increase in cell size.
hypothalamic somatostatin   

hypothalamic hormone that inhibits 
growth hormone secretion.

hypothalamus brain structure that 
integrates many physiological func-
tions to maintain homeostasis; site 
of secretion of hormones released by 
the posterior pituitary; also releases 
hormones that control anterior pitu-
itary secretions.

hypothermia decreased body 
temperature due to heat loss being 
greater than heat production; de-
fined clinically as body temperature 
below 35°C.

hypoxia a relative lack of oxygen 
(e.g., at altitude).

IGF-1/Akt/mTOR signaling path-
way a pathway that plays an 
important role in the regulation of 
muscle growth (i.e., protein synthe-
sis) resulting from resistance train-
ing. Contractile activity (i.e., muscle 
stretch) stimulates the secretion of 
IGF-1 from the active muscle fibers, 
which acts as an autocrine/paracrine 
signaling molecule, binding to its 
membrane receptor and initiating 
a cascade of molecular events to 
promote muscle protein synthesis. 
Binding of IGF-1 to its receptor on 
the muscle membrane activates 
the  important signaling kinase, Akt. 
Active Akt then activates another 
downstream kinase called mam-
malian target of rapamycin (mTOR), 
which then promotes protein syn-
thesis by improving translational 
efficiency.

immunity refers to all the mecha-
nisms used in the body to protect 
against environmental agents that 
are foreign to the body. Immunity is 
achieved by a precise coordination 
of the innate and acquired immune 
system.

immunotherapy procedure in 
which the body is exposed to spe-
cific substances to elicit an immune 
response in order to offer better pro-
tection upon subsequent exposure.

incremental exercise test an ex-
ercise test involving a progressive 
increase in work rate over time. Of-
ten, graded exercise tests are used to 
determine the subject’s V̇ O2 max or 
lactate threshold. (Also called graded 
exercise test.)

Incretins: Incretins are a group of 
hormones secreted by endocrine 
cells in the GI tract when food is 
being ingested; they anticipate and 
augment the insulin response due 
to the rising blood glucose or amino 
acid levels.

indirect calorimetry estimation of 
heat or energy production on the 
basis of oxygen consumption, carbon 
dioxide production, and nitrogen 
excretion.

induced erythrocythemia causing 
an elevation of the red blood cell 
(hemoglobin) concentration by infus-
ing blood; also called blood doping or 
blood boosting.

infectious diseases diseases due to 
the presence of pathogenic micro-

organisms in the body (e.g., viruses, 
bacteria, fungi, and protozoa).

inflammation part of the com-
plex biological response to harmful 
stimuli such as bacteria entering the 
body through a wound in the skin, 
damaged cells, or other irritants. 
Clinical signs of local inflammation 
are redness, swelling, heat, and pain 
around the injured tissue.

inorganic relating to substances that 
do not contain carbon (C).

inorganic phosphate (Pi) a stimulator 
of cellular metabolism; split off, along 
with ADP, from ATP when energy is 
released; used with ADP to form ATP 
in the electron transport chain.

inositol triphosphate (IP3) a 
molecule derived from a membrane-
bound phospholipid, phosphati-
dylinositol, that causes calcium 
release from intracellular stores and 
alters cellular activity.

insulin hormone released from the 
beta cells of the islets of Langerhans 
in response to elevated blood glu-
cose and amino acid concentrations; 
increases tissue uptake of both.

insulin-like growth factors groups 
of�growth-stimulating peptides 
released from the liver and other tis-
sues in response to growth hormone. 

insulin shock condition brought on 
by too much insulin, which causes 
an immediate hypoglycemia; symp-
toms include tremors, dizziness, and 
possibly convulsions.

integrating center the portion 
of a biological control system that 
processes the information from the 
receptors and issues an appropriate 
response relative to its set point.

intercalated discs portion of car-
diac muscle cell where one cell con-
nects to the next.

intermediate fibers muscle fiber 
type that generates high force at a 
moderately fast speed of contraction, 
but has a relatively large number of 
mitochondria (type IIa).

intracrine signaling a hormone 
that acts inside a cell. Steroid hor-
mones act through intracellular 
(mostly nuclear) receptors and, thus, 
are considered to be intracrines. In 
contrast, peptide or protein hor-
mones, in general, act as endocrines, 
autocrines, or paracrines by binding 
to their receptors present on the cell 
surface.

ion a single atom or small molecule 
containing a net positive or negative 
charge due to an excess of either 
protons or electrons, respectively 
(e.g., Na+, Cl−).

IPSP inhibitory post-synaptic  potential 
that moves the post- synaptic mem-
brane farther from threshold.
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irritability a trait of certain tissues 
that enables them to respond to 
stimuli (e.g., nerve and muscle).

isocitrate dehydrogenase rate- 
limiting enzyme in the Krebs 
cycle that is inhibited by ATP and 
 stimulated by ADP and Pi.

isokinetic action in which the rate of 
movement is constantly maintained 
through a specific range of motion 
even though maximal force is exerted.

isometric action action in which 
the muscle develops tension, but 
does not shorten; also called a static 
contraction. No movement occurs.

isotonic contraction in which a mus-
cle shortens against a constant load 
or tension, resulting in  movement.

juxtracrine signaling a type of 
cell signaling that occurs between 
two adjacent cells that are in direct 
contact via a junction across the cell 
membrane that connects the cyto-
plasm of the two cells.

ketosis acidosis of the blood caused 
by the production of ketone bodies 
(e.g., acetoacetic acid) when fatty 
acid mobilization is increased, as in 
uncontrolled diabetes.

kilocalorie (kcal) a measure of en-
ergy expenditure equal to the heat 
needed to raise the temperature of 
1 kg of water 1 degree Celsius; also 
equal to 1000 calories and some-
times written as calorie rather than 
kilocalorie.

kilogram-meter a unit of work 
in which 1 kg of force (1 kg mass 
 accelerated at 1 G) is moved through 
a vertical distance of 1 meter; abbre-
viated as kg-m, kg · m, or kgm.

kinesthesia a perception of move-
ment obtained from information 
about the position and rate of move-
ment of the joints.

Krebs cycle (also known as the cit-
ric acid cycle or tricarboxylic acid 
cycle) is a key metabolic pathway 
located in the mitochondria. Specifi-
cally, the citric acid cycle is a series 
of chemical reactions used to harness 
usable energy through the oxidation 
of acetyl-CoA derived from carbohy-
drates, fats, and proteins. The oxida-
tion of acetyl-CoA ultimately results 
in the production of carbon dioxide 
and chemical energy in the form of 
adenosine triphosphate (ATP).

lactate a three-carbon molecule that 
is a potential end-product of glucose 
metabolism.

lactate threshold a point during 
a graded exercise test when the 
blood lactate concentration increases 
abruptly.

lateral sac see terminal cisternae.
leptin hormone secreted by adipo-

cytes. It influences appetite through 
a direct effect on the “feeding cen-
ters” in the hypothalamus, and acts 
on peripheral tissues to enhance 
insulin sensitivity. 

LDL cholesterol form of low- 
density lipoprotein responsible for 
the transport of plasma cholesterol; 
high levels are indicative of a high 
risk of coronary heart disease.

leukocytes (also called white blood 
cells) a group of special cells designed 
to recognize and remove foreign in-
vaders (e.g., bacteria) in the body.

lipase an enzyme responsible for the 
breakdown of triglycerides to free 
fatty acids and glycerol.

lipolysis the breakdown of triglyc-
erides in adipose tissue to free fatty 
acids and glycerol for subsequent 
transport to tissues for metabolism.

lipoprotein protein involved in the 
transport of cholesterol and triglyc-
erides in the plasma.

low-density lipoproteins 
(LDL) form of lipoprotein that 
transports a majority of the plasma 
cholesterol; see LDL cholesterol.

low-grade chronic inflammation  
characterized by a two- to three-fold 
increase in inflammatory cytokines 
(e.g., tumor necrosis factor alpha 
[TNF-α] and interleukin-6 [IL-6]) and 
c-reactive protein (CRP).

luteinizing hormone (LH) also 
called “interstitial cell stimulating 
hormone”; a surge of LH stimulates 
ovulation in the middle of the men-
strual cycle; LH stimulates testoster-
one production in men.

macrophages phagocytes that 
engulf and kill invading bacteria. 
Macrophages are considered to be a 
portion of the innate immune  
system.

major minerals dietary minerals, 
including calcium, phosphorus, po-
tassium, sulfur, sodium, chloride, and 
magnesium.

mast cell connective tissue cell that 
releases histamine and other chemi-
cals in response to certain stimuli 
(e.g., injury).

maximal oxygen uptake (V̇ O2 
max) greatest rate of oxygen up-
take by the body measured during 
severe dynamic exercise, usually on 
a cycle ergometer or a treadmill; de-
pendent on maximal cardiac output 
and the maximal arteriovenous oxy-
gen difference.

mesomorphy one component of a 
somatotype that characterizes the 
muscular form or lean body mass 
aspect of the human body.

MET (metabolic equivalent) an 
expression of the rate of energy 
 expenditure at rest; equal to 3.5 ml · 
kg−1 · min−1, or 1 kcal · kg−1 · hr−1.

metabolism the total of all cellular 
reactions that occur in cells and 
includes chemical pathways that 
result in the synthesis of molecules 
(anabolic reactions) as well as the 
breakdown of molecules (catabolic 
reactions).

mineralocorticoids steroid hor-
mones released from the adrenal cor-
tex that are responsible for Na+ and 
K+ regulation (e.g., aldosterone).

mitochondrion the subcellular 
organelle responsible for the produc-
tion of ATP with oxygen; contains 
the enzymes for the Krebs cycle, 
electron transport chain, and the 
fatty acid cycle.

mixed venous blood a mixture of 
venous blood from both the upper 
and lower extremities; complete 
mixing occurs in the right ventricle.

molecular biology branch of bio-
chemistry involved with the study 
of gene structure and function.

motor cortex portion of the cere-
bral cortex containing large motor 
neurons whose axons descend to 
lower brain centers and spinal cord; 
associated with the voluntary con-
trol of movement.

motor neuron the somatic neuron 
that innervates skeletal muscle fibers 
(also called an alpha motor neuron).

motor unit a motor neuron and all 
the muscle fibers innervated by that 
single motor neuron; responds in an 
“all-or-none” manner to a stimulus.

muscle action term used to de-
scribe the muscle movement (e.g., 
shortening versus lengthening).

muscle spindle a muscle stretch 
receptor oriented parallel to skeletal 
muscle fibers; the capsule portion 
is surrounded by afferent fibers, and 
intrafusal muscle fibers can alter the 
length of the capsule during muscle 
contraction and relaxation.

muscular strength the maximal 
amount of force that can be gener-
ated by a muscle or muscle group.

myocardial infarction (MI) death 
of a portion of heart tissue that no 
longer conducts electrical  activity 
nor provides force to move blood.

myocardial ischemia a condi-
tion in which the myocardium 
experiences an inadequate blood 
flow; sometimes accompanied by 
irregularities in the electrocardio-
gram (arrhythmias and ST-segment 
depression) and chest pain (angina 
pectoris).

myocardium cardiac muscle; pro-
vides the force of contraction to 
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eject blood; muscle type with many 
mitochondria that is dependent on a 
constant supply of oxygen.

myofibrils the portion of the 
muscle containing the thick and 
thin contractile filaments; a series of 
sarcomeres where the repeating pat-
tern of the contractile proteins gives 
the striated appearance to skeletal 
muscle.

myoglobin protein in muscle that 
can bind oxygen and release it at low 
PO2 values; aids in diffusion of oxy-
gen from capillary to  mitochondria.

myosin contractile protein in the 
thick filament of a myofibril that 
contains the cross-bridge that can 
bind actin and split ATP to cause 
tension development.

nicotinamide adenine dinucleo-
tide (NAD) coenzyme that 
transfers hydrogen and the energy 
associated with those hydrogens; in 
the Krebs cycle, NAD transfers en-
ergy from substrates to the electron 
transport chain.

natural killer cells an important 
part of the innate immune system 
because they are versatile “killers” 
of foreign agents, including bacteria, 
viruses, cancer cells, and other un-
wanted invaders of the body.

negative feedback describes the 
response from a control system that 
reduces the size of the stimulus, e.g., 
an elevated blood glucose concentra-
tion causes the secretion of insulin, 
which, in turn, lowers the blood glu-
cose concentration.

net efficiency the mathematical 
ratio of work output divided by the 
energy expended above rest.

neuroendocrinology study of the 
role of the nervous and endocrine 
systems in the automatic regulation 
of the internal environment.

neuromuscular junction synapse 
between axon terminal of a motor 
neuron and the motor end plate of a 
muscle’s plasma membrane.

neuron nerve cell; composed of a 
cell body with dendrites (projections) 
that bring information to the cell 
body, and axons that take informa-
tion away from the cell body to influ-
ence neurons, glands, or muscles.

neutrophils short-lived leukocytes 
that participate in phagocytosis of 
bacteria.

neurotransmitter a chemical   
messenger used by neurons to 
 communicate with each other. More 
specifically, a neurotransmitter is a 
chemical that transmits signals from a 
neuron to a target cell across a synapse. 

NFκB nuclear factor kappa B is a tran-
scriptional activator that  promotes 

the expression of several antioxidant 
enzymes that protect muscle fibers 
against free-radical  mediated injury.

nitroglycerin drug used to reduce 
chest pain (angina pectoris) due  
to lack of blood flow to the 
 myocardium.

norepinephrine (NE) a hormone 
and neurotransmitter released from 
postganglionic nerve endings and 
the adrenal medulla.

normocythemia a normal red blood 
cell concentration.

normoxia a normal PO2.
nucleus membrane-bound organelle 

containing most of the cell’s DNA.
nutrient density the degree 

to which foods contain selected 
 nutrients, e.g., protein, relative to 
the number of kilocalories.

open-circuit spirometry indirect 
calorimetry procedure in which 
 either inspired or expired ventilation 
is measured and oxygen consump-
tion and carbon dioxide production 
are calculated.

organic describes substances that 
contain carbon.

osteoporosis a decrease in bone 
density due to a loss of cortical 
bone; common in older women and 
implicated in fractures; estrogen, ex-
ercise, and Ca++ therapy are used to 
correct the condition.

overload a principle of training 
describing the need to increase the 
load (intensity) of exercise to cause a 
further adaptation of a system.

overtraining an accumulation of 
training stress that impairs an ath-
lete’s ability to perform training 
sessions and results in long-term 
decrements of performance.

oxidation removal of electrons from 
an element of molecule.

oxidative phosphorylation mito-
chondrial process in which inorganic 
phosphate (Pi) is coupled to ADP as 
energy is transferred along the elec-
tron transport chain in which oxy-
gen is the final electron acceptor.

oxygen debt the elevated post-
exercise oxygen consumption (see 
EPOC); related to replacement of 
creatine phosphate, lactate resyn-
thesis to glucose, and elevated body 
temperature, catecholamines, heart 
rate, breathing, etc.

oxygen deficit refers to the lag in 
oxygen uptake at the beginning of 
exercise.

oxyhemoglobin hemoglobin com-
bined with oxygen; 1.34 ml of oxy-
gen can combine with 1 g Hb.

p38 mitogen activated kinase p38 
(p38) is an important signaling mol-

ecule that is activated in muscle 
fibers during endurance exercise. 
Once activated, p38 can contrib-
ute to mitochondrial biogenesis by 
 activating PGC-1α.

pancreas gland containing both exo-
crine and endocrine portions; exocrine 
secretions include enzymes and bi-
carbonate to digest food in the small 
intestine; endocrine secretions include 
insulin, glucagon, and somatostatin, 
which are released into the blood.

paracrine signaling occurs when 
signals produced by cells act locally 
on nearby cells to bring about cel-
lular responses.

parasympathetic nervous system  
portion of the autonomic nervous 
system that primarily releases ace-
tylcholine from its postganglionic 
nerve endings.

partial pressure the fractional part 
of the barometric pressure due to 
the presence of a single gas, e.g., PO2, 
PCO2, and PN2.

percent grade a measure of the el-
evation of the treadmill; calculated 
as the sine of the angle.

percutaneous transluminal coro-
nary angioplasty (PTCA) a 
balloon-tipped catheter is inserted 
into a blocked coronary artery and 
plaque is pushed back to the artery 
wall to open the blood vessel.

perimysium the connective tissue 
surrounding the fasciculus of skeletal 
muscle fibers.

peripheral fatigue factors located 
after the neuromuscular junctions 
that impair the force-generating 
capacity of muscle (also called 
 muscular fatigue).

peripheral nervous system (PNS)  
portion of the nervous  system 
 located outside the spinal cord and 
brain.

PGC-1α (peroxisome proliferator-
activated receptor-gamma coact-
ivator 1α (PGC-1α) an important 
signaling molecule activated by en-
durance exercise and is considered 
the master regulator of mitochon-
drial biogenesis in cells.

pH a measure of the acidity of a 
solution; calculated as the negative 
log10 of the [H+] in which 7 is neu-
tral;  values that are >7 are basic and 
<7 are acidic.

phagocytes cells that eat (engulf) 
foreign agents, such as bacteria.

phosphocreatine a compound 
found in skeletal muscle and used to 
resynthesize ATP from ADP.

phosphodiesterase an enzyme that 
catalyzes the breakdown of cyclic 
AMP, moderating the effect of the 
hormonal stimulation of adenylate 
cyclase.
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phosphofructokinase (PFK)   
rate-limiting enzyme in glycolysis 
that is responsive to ADP, Pi, and 
ATP levels in the cytoplasm of the 
cell.

phospholipase C membrane-bound 
enzyme that hydrolyzes phosphati-
dylinositol into inositol triphosphate 
and diacylglycerol that, in turn, bring 
about changes in intracellular activity.

physical activity (PA) characterizes 
all types of human movement; as-
sociated with living, work, play, and 
exercise.

physical fitness a broad term 
describing healthful levels of car-
diovascular function, strength, and 
flexibility; fitness is specific to the 
activities performed.

pituitary gland a gland at the base 
of the hypothalamus of the brain 
with an anterior portion that pro-
duces and secretes numerous hor-
mones that regulate other endocrine 
glands and a posterior portion that 
secretes hormones that are produced 
in the hypothalamus.

placebo an inert substance that is 
used in experimental studies, e.g., 
drug studies, to control for any sub-
jective reaction to the substance 
being tested.

pleura a thin lining of cells that 
is attached to the inside of the 
chest wall and to the lung; the 
cells secrete a fluid that facilitates 
the movements of the lungs in the 
 thoracic cavity.

postactivation potentiation (PAP)  
PAP refers to the increase in muscle 
force production that occurs follow-
ing a series of nonfatiguing, submaxi-
mal muscle contractions.

posterior pituitary gland portion 
of the pituitary gland secreting oxy-
tocin and antidiuretic hormone (va-
sopressin) that are produced in the 
hypothalamus.

power a rate of work; work per unit 
time; P = W/t.

power test a test measuring the 
quantity of work accomplished in a 
time period; anaerobic power tests 
include the Margaria stair climb test 
and the Wingate test; aerobic power 
tests include the 1.5-mile run and 
cycle ergometer and treadmill tests 
in which power output and oxygen 
consumption are measured.

Preoptic-anterior hypothalamus 
(POAH) This small region of the 
brain serves as the body’s thermostat 
and is responsible for the regulation 
of body temperature. In response to 
information from thermoreceptors, 
the POAH activates mechanisms  
that regulate heating or cooling of  
the body.

primary risk factor a sign (e.g., 
high blood pressure) or a behav-
ior (e.g., cigarette smoking) that is 
directly related to the appearance 
of certain diseases independent of 
other risk factors.

progressive resistance exercise 
(PRE) a training program in which 
the muscles must work against a 
gradually increasing resistance; an 
implementation of the overload 
principle.

prolactin hormone secreted from 
the anterior pituitary that increases 
milk production from the breast.

proprioceptive neuromuscular 
facilitation (PNF) technique of 
preceding a static stretch with an 
isometric contraction.

proprioceptors receptors that pro-
vide information about the position 
and movement of the body; includes 
muscle and joint receptors as well 
as the receptors in the semicircular 
canals of the inner ear.

protein kinase C part of second 
messenger system that is activated 
by diacylglycerol and results in the 
activation of proteins in the cell.

provitamin a precursor of a vitamin.
pulmonary circuit the portion of 

the cardiovascular system involved 
in the circulation of blood from the 
right ventricle to the lungs and back 
to the left atrium.

pulmonary respiration term that 
refers to ventilation (breathing) of 
the lung.

Quebec 10-second test a maximal 
effort 10-second cycle test designed 
to assess ultra short-term anaerobic 
power during cycling.

radiation process of energy 
 exchange from the surface of one 
object to the surface of another that 
is dependent on a temperature gra-
dient but does not require contact 
between the objects; an example is 
the transfer of heat from the sun to 
the earth.

receptor in the nervous system, 
a receptor is a specialized portion 
of an afferent neuron (or a special 
cell attached to an afferent neuron) 
that is sensitive to a form of en-
ergy in the environment; receptor is 
also a term that applies to unique 
proteins on the surface of cells 
that can bind specific hormones or 
 neurotransmitters.

reciprocal inhibition when 
 extensor muscles (agonists) are 
 contracted, there is a reflex inhibi-
tion of the motor neurons to the 
flexor muscles (antagonists), and  
vice versa.

Recommended Dietary Allow-
ances (RDAs) standards of nutri-
tion associated with good health for 
the majority of people. Standards 
exist for protein, vitamins, and min-
erals for children and adults.

reduction gain of electrons.
relative V̇ O2 oxygen uptake (con-

sumption) expressed per unit body 
weight (e.g., ml · kg−1 · min−1).

releasing hormone hypothalamic 
hormones released from neurons 
into the anterior pituitary that con-
trol the release of hormones from 
that gland.

renin enzyme secreted by special 
cells in the kidney that converts an-
giotensinogen to angiotensin I.

repetition the number of times an 
exercise is repeated within a single 
exercise “set.”

residual volume (RV) volume of 
air in the lungs following a maximal 
expiration.

respiration external respiration is 
the exchange of oxygen and carbon 
dioxide between the lungs and the 
environment; internal respiration de-
scribes the use of oxygen by the cell 
(mitochondria).

respiratory compensation the 
buffering of excess H+ in the blood 
by plasma bicarbonate (HCO−

3), and 
the associated elevation in ventila-
tion to exhale the resulting CO2.

respiratory exchange ratio (R)  
the ratio of CO2 production to O2 
consumption; indicative of sub-
strate utilization during steady-state 
exercise in which a value of 1.0 
represents 100% carbohydrate me-
tabolism and 0.7 represents 100% fat 
metabolism.

resting membrane potential the 
voltage difference measured across 
a membrane that is related to the 
concentration of ions on each side of 
the membrane and the permeability 
of the membrane to those ions.

resting metabolic rate 
(RMR) metabolic rate measured in 
the supine position following a pe-
riod of fasting (4–12 hours) and rest 
(4–8 hours).

rest interval the time period be-
tween bouts in an interval training 
program.

reversibility a principle of training 
that describes the temporary nature 
of a training effect; adaptations to 
training are lost when the training 
stops.

sarcolemma the cell (plasma) mem-
brane surrounding a muscle fiber.

sarcomeres the repeating contrac-
tile unit in a myofibril bounded by 
Z lines.
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sarcopenia the loss of muscle mass 
associated with aging. Sarcopenia 
occurs primarily due to muscle atro-
phy, but can also occur due to a loss 
of muscle fibers.

sarcoplasmic reticulum a mem-
branous structure that surrounds the 
myofibrils of muscle cells; location 
of the terminal cisternae or lateral 
sacs that store the Ca++ needed for 
muscle contraction.

satellite cells undifferentiated cell 
found adjacent to skeletal muscle 
 fibers. These cells can fuse with 
 existing muscle fibers and contrib-
ute to muscle growth (hypertrophy). 
It may also be possible that these 
fibers can differentiate and form a 
new muscle fiber following muscle 
injury.

Schwann cell the cell that sur-
rounds peripheral nerve fibers, form-
ing the myelin sheath.

second messenger a molecule 
(cyclic AMP) or ion (Ca++) that 
increases in a cell as a result of an 
interaction between a “first mes-
senger” (e.g., hormone or neurotrans-
mitter) and a receptor that alters 
cellular activity.

secondary risk factor a character-
istic (age, gender, race) or behavior 
that increases the risk of coronary 
heart disease when primary risk fac-
tors are present.

sensor a receptor in the body capa-
ble of detecting change in a variable.

set a basic unit of a workout contain-
ing the number of times (repeti-
tions) a specific exercise is done (e.g., 
do three sets of five repetitions with 
100 pounds).

sex steroids a group of hormones, 
androgens and estrogens, secreted 
from the adrenal cortex and the 
gonads.

sham reinfusion an experimental 
treatment at the end of a blood dop-
ing experiment in which a needle 
is placed in a vein, but the subject 
does not receive a reinfusion of 
blood.

sham withdrawal an experimen-
tal treatment at the beginning of a 
blood doping experiment in which a 
needle is placed in a vein, but blood 
is not withdrawn.

sinoatrial node (SA node) spe-
cialized tissue located in the right 
atrium of the heart that generates 
the electrical impulse to initiate 
the heartbeat. In a normal, healthy 
heart, the SA node is the heart’s 
pacemaker.

System International (SI)  
units  system used to provide 
 in ternational standardization of units 
of measure in science.

size principle the progressive re-
cruitment of motor units beginning 
with the smallest motor neurons and 
progressing to larger and larger mo-
tor neurons.

sliding filament model a theory 
of muscle contraction describing the 
sliding of the thin filaments (actin) 
past the thick filaments (myosin).

slow-twitch fibers muscle fiber 
type that contracts slowly and de-
velops relatively low tension, but 
displays great endurance to repeated 
stimulation; contains many mito-
chondria, capillaries, and myoglobin.

somatostatin hormone produced 
in the hypothalamus that inhibits 
growth hormone release from the 
anterior pituitary gland; secreted from 
cells in the islet of Langerhans and 
causes a decrease in intestinal activity.

somatotype body-type (form) classi-
fication method used to characterize 
the degree to which an individual’s 
frame is linear (ectomorphic), muscu-
lar (mesomorphic), and round (endo-
morphic); Sheldon’s scale rates each 
component on 1–7 scale.

spatial summation the additive 
effect of numerous simultaneous in-
puts to different sites on a neuron to 
produce a change in the membrane 
potential.

Specific heat the term specific heat 
refers to the amount of heat energy 
required to raise 1 kg of body tissue 
by 1°C. 

specificity a principle of training 
indicating that the adaptation of a 
tissue is dependent on the type of 
training undertaken; for example, 
muscles hypertrophy with heavy 
resistance training, but show an in-
crease in mitochondria number with 
endurance training.

spirometry measurement of various 
lung volumes.

static stretching stretching proce-
dure in which a muscle is stretched 
and held in the stretched position 
for 10 to 30 seconds; in contrast to 
dynamic stretching, which involves 
motion.

steady state describes the tendency 
of a control system to achieve a 
balance between an environmental 
demand and the response of a physi-
ological system to meet that demand 
to allow the tissue (body) to func-
tion over time.

steroids a class of lipids, derived 
from cholesterol, that includes the 
hormones testosterone, estrogen, 
cortisol, and aldosterone.

stress proteins the term stress 
protein refers to a family of proteins 
that are manufactured in cells in 
response to a variety of stresses (e.g., 

high temperature). One of the most 
important families of stress proteins 
are called heat shock proteins.

stroke volume the amount of blood 
pumped by the ventricles in a single 
beat.

strong acids an acid that completely 
ionizes when dissolved in water to 
generate H+ and its anion.

strong bases a base (alkaline sub-
stance) that completely ionizes 
when dissolved in water to generate 
OH− and its cation.

summation repeated stimulation  
of a muscle that leads to an increase 
in tension compared to a single 
twitch.

supercompensation an increase in 
the muscle glycogen content above 
normal levels following an exercise-
induced muscle glycogen depletion 
and an increase in carbohydrate 
intake.

sympathetic nervous system por-
tion of the autonomic nervous 
system that releases norepinephrine 
from its postganglionic nerve end-
ings; epinephrine is released from 
the adrenal medulla.

sympathomimetic substance that 
mimics the effects of epinephrine or 
norepinephrine, which are secreted 
from the sympathetic nervous systems.

synapses junctions between nerve 
cells (neurons) where the electrical 
activity of one neuron influences 
the electrical activity of the other 
neuron.

systole portion of the cardiac 
cycle in which the ventricles are 
 contracting.

systolic blood pressure the high-
est arterial pressure measured during 
a cardiac cycle.

tapering the process athletes use to 
reduce their training load for several 
days prior to competition.

target heart rate (THR) range the 
range of heart rates describing the 
optimum intensity of exercise con-
sistent with making gains in maxi-
mal aerobic power; equal to 70% to 
85% HR max.

T-cells a family of immune cells pro-
duced in the bone marrow. There 
are three main types of T-cells:  
(1) killer T-cells (also called 
 cytotoxic T-cells; (2) helper T-cells; 
and (3) regulatory T-cells.

temporal summation a change in 
the membrane potential produced 
by the addition of two or more 
inputs occurring at different times 
(i.e., inputs are added together to 
produce a potential change that is 
greater than that caused by a single 
input).
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terminal cisternae portion of the 
sarcoplasmic reticulum near the 
transverse tubule containing the 
Ca++ that is released upon depolar-
ization of the muscle; also called 
lateral sac.

testosterone the steroid hormone 
produced in the testes; involved in 
growth and development of repro-
ductive tissues, sperm, and second-
ary sex characteristics.

tetanus highest tension developed 
by a muscle in response to a high 
frequency of stimulation.

theophylline a drug used as a 
smooth muscle relaxant in the 
 treatment of asthma.

thermogenesis the generation 
of heat as a result of metabolic 
 reactions.

thyroid gland endocrine gland 
 located in the neck that secretes tri-
iodothyronine (T3) and thyroxine (T4), 
which increase the metabolic rate.

thyroid-stimulating hormone 
(TSH) hormone released from the 
anterior pituitary gland; stimulates 
the thyroid gland to increase its 
secretion of thyroxine and triiodo-
thyronine.

thyroxine hormone secreted from 
the thyroid gland containing four io-
dine atoms (T4); stimulates the meta-
bolic rate and facilitates the actions 
of other hormones.

tidal volume volume of air inhaled 
or exhaled in a single breath.

Tolerable Upper Intake Level 
(UL) the highest average daily  
nutrient intake level that is likely  
to pose no risk of adverse health 
effects to almost all individuals in 
the general population. As intake 
increases above the UL, the  
potential risk of adverse effects  
may increase.

tonus low level of muscle activity 
at rest.

total lung capacity (TLC) the total 
volume of air the lung can contain; 
equal to the sum of the vital capac-
ity and the residual volume.

toxicity a condition resulting from 
a chronic ingestion of vitamins, 
especially fat-soluble vitamins, in 
quantities well above that needed 
for health.

trace elements dietary minerals, 
including iron, zinc, copper, iodine, 
manganese, selenium, chromium, 
molybdenum, cobalt, arsenic, nickel, 
fluoride, and vanadium.

transferrin plasma protein that 
binds iron and is representative of 
the whole-body iron store.

transverse tubule an extension, 
invagination, of the muscle mem-
brane that conducts the action 
potential into the muscle to depo-
larize the terminal cisternae, which 
contain the Ca++ needed for muscle 
 contraction.

triiodothyronine hormone secreted 
from the thyroid gland containing 
three iodine atoms (T3); stimulates 
the metabolic rate and facilitates the 
actions of other hormones.

tropomyosin protein covering the 
actin-binding sites that prevent the 
myosin cross-bridge from touching 
actin.

troponin protein associated with 
actin and tropomyosin that binds 
Ca++ and initiates the movement of 
tropomyosin on actin to allow the 
myosin cross-bridge to touch actin 
and initiate contraction.

twenty-four-hour recall a tech-
nique of recording the type and 
amount of food (nutrients)  
consumed during a twenty-four- 
hour period.

twitch the tension-generating re-
sponse following the application of a 
single stimulus to muscle.

type I fibers fibers that contain 
large numbers of oxidative enzymes 
and are highly fatigue resistant.

type IIa fibers fibers that contain 
biochemical and fatigue character-
istics that are between type IIb and 
type I fibers.

type IIx fibers fibers that have a 
relatively small number of mitochon-
dria, a limited capacity for aerobic 
metabolism, and are less resistant to 
fatigue than slow fibers.

underwater weighing (also known 
as hydrostatic weighing) procedure 
to estimate body volume by the loss 
of weight in water; result is used 
to calculate body density and, from 
that, body fatness.

vagus nerve a major parasympa-
thetic nerve.

variable-resistance exercise  
strength training in which the 
 resistance varies throughout the 
range of motion.

veins the blood vessels that accept 
blood from the venules and bring it 
back to the heart.

ventilation the movement of air 
into or out of the lungs (e.g., pulmo-
nary or alveolar ventilation); external 
respiration.

ventilatory threshold (Tvent) the 
“breakpoint” at which pulmonary 
ventilation and carbon dioxide  output 
begin to increase exponentially dur-
ing an incremental exercise test.

venules small blood vessels carrying 
capillary blood to veins.

vestibular apparatus sensory or-
gan consisting of three semicircular 
canals that provides needed informa-
tion about body position to maintain 
balance.

vital capacity (VC) the volume of air 
that can be moved into or out of the 
lungs in one breath; equal to the sum 
of the inspiratory and expiratory re-
serve volumes and the tidal volume.

WBGT wet-bulb globe temperature. 
This is a heat stress index that incor-
porates the dry-bulb, wet-bulb, and 
black-globe temperatures.

web of causation an epidemiologic 
model showing the complex interac-
tion of risk factors associated with 
the development of chronic degen-
erative diseases.

whole-body density a measure of 
the weight-to-volume ratio of the 
entire body; high values are associ-
ated with low body fatness.

wind chill index describes the 
impact of wind on the decrease in 
air temperature experienced by an 
individual on exposed skin.

Wingate test anaerobic power test 
to evaluate maximal rate at which 
glycolysis can deliver ATP.

work the product of a force and the 
distance through which that force 
moves (W = F × D).

work interval in interval training, 
the duration of the work phase of 
each work-to-rest interval.
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A
A band, 168f, 169, 169f
A - VO2 difference, 214, 299, 313
AAHPER (American Association 

for Health, Physical 
Education and Recreation), 
7, 11

AAHPER Youth Fitness Test, 7
AAHPERD (American Alliance 

for Health, Physical 
Education, Recreation, and 
Dance), 7

ACC/AHA Guidelines on 
the treatment of blood 
cholesterol, 341

acceptable macronutrient 
distribution ranges (AMDRs), 
412, 418, 419, 420

acclimation
cool, 289
defined, 35–36, 284
heat, 284–286, 557

acclimatization, 284, 553
ACE inhibitors, 397
acetaminophen, 315b
acetylcholine

action, 149
autonomic nervous system, 

162, 162f
excitation, 173
neuromuscular junction, 170, 

170f
parasympathetic neurons, 94

acetylcholinesterase, 149
acetyl-CoA, 55, 56, 86
acid, 257
acid-base balance, 241, 256–268

acid-base regulation, 260, 
265–266

acidosis/alkalosis, 257, 257f, 
258f

buffer systems, 260–262
definitions, 257
disease states and acid-base 

disturbances, 258b
endurance training, 304
Henderson-Hasselbalch 

equation, 262
hydrogen ion production, 

258–259
kidneys, 264
respiratory compensation, 265
respiratory influence, 262–264
sports, 259b, 260t
strong ion difference, 264b

acid-base buffer systems, 
260–262

acid-base regulation, 260, 
265–266

acidosis, 257, 257f, 258f
ACL injury, 109, 513
ACL injury prevention in female 

athletes, 513, 522
acquired immune system, 

132–133
acquired immunity, 392

acromegaly, 100b
ACSM. See American College of 

Sports Medicine (ACSM)
Acta Physiologica, 11t
ACTH (adrenocorticotrophic 

hormone), 99, 104
actin, 168f, 169, 187, 317, 447b
action potential, 145, 147f
activation energy, 45
active individual, 519
active sites, 46, 46f
acute inflammation, 131b
adaptation, 35
Adapted Physical Activity 

Quarterly, 11t
adaptive immune system, 132
added sugars, 420, 421
adenohypophysis, 99
adenosine diphosphate (ADP), 50
5ʹadenosine monophosphate 

activated protein kinase 
(AMPK), 308

adenosine triphosphate (ATP)
aerobic ATP production, 

54–61
aerobic ATP tally, 61–62
anaerobic ATP production, 

51–54, 489
anerobic/aerobic ATP 

production, 64
efficient muscle fibers, 182
H+ ions, 259
muscular contraction, 49,  

69, 173f
sports conditioning program, 

481
structural formation, 50f
thirty-two/thirty-eight 

molecules, 61b
universal energy carrier, 50f

adenylate cyclase, 96, 97f,  
103t, 106

adequate intakes (AI), 412
adipocytes, 85t, 86, 105b, 338
adipokines, 105b
adiponectin, 105, 105b
adipose tissue, 105b, 338, 433
ADP (adenosine diphosphate), 50
adrenal cortex, 103–106
adrenal gland, 102–106
adrenal medulla, 102–103
adrenergic receptors, 103, 103t
adrenocorticotrophic hormone 

(ACTH), 99, 104
Advanced Fitness Assessment 

and Exercise Prescription 
(Heyward), 345, 363

aerobic ATP tally, 61–62
aerobic exercise, 380t
aerobic metabolism, 51, 70
aerobic training, 485–488

altitude training, 487–488
blood doping, 579–581
high-intensity, continuous 

exercise, 487
HIIT, 486, 486b
interval training, 485–487
long, slow-distance exercise, 

487
selected sports, 482t

supplemental oxygen, 
577–579

afferent feedback, 220, 249b, 
282, 283, 311, 444

afferent fibers, 141
African Americans

heart disease, 331
obesity, 429
whole-body density, 424

afterload, 209, 298–299
“Age-dependent changes in 

temperature regulation” 
(Blatteis), 284, 290

age-related sarcopenia, 518–519
aging. See also older adults

chronic diseases, 331
cold-related problems, 565
Framington Heart Study, 430
immuosenescence, 134b
impact on muscle function, 

188b
maximal cardiac output, 213
muscle loss, 188b
muscle mass, 519f
muscle strength, 315b
muscular strength, 519f
10k running times, 519f
strength, 403
temperature regulation, 284
VO2 max, 349b, 400b, 519–

520, 520f
AHA. See American Heart 

Association (AHA)
AI (adequate intakes), 412
air, 234
air displacement 

plethysmography, 425
air pollution

AQI, 568, 568f
carbon monoxide, 567–568
ozone, 567
particulate matter, 567
sulfur ioxide, 567

air quality index (AQI),  
568, 568f

airflow, 231
airway resistance, 229–231
alanine, 49, 86, 533
alarm reaction (GAS), 105
aldolase, 47t
aldosterone, 103–104
alkaline phosphatase, 47t
alkalosis, 257, 257f, 258f
allergens, 132
all-or-none law, 145
allosteric enzyme, 62
alpha motor neuron, 153
alpha receptors, 103, 103t
α1 receptors, 103t
α2 receptors, 103t
alpha (α) subunits, 97, 98f
altitude, 549–557

acclimatization, 553
atmospheric pressure, 549
cardiovascular function, 

551–552
long-term aerobic 

performance, 550–551
maximal aerobic power, 

551–552

Mexico City/Tokyo Olympic 
Games, 550, 550b, 550t, 
551t

mountain climbing (Mount 
Everest), 554–557, 566b

respiratory function, 552
short-term anaerobic 

performance, 549–550
training, 487–488, 554
VO2 max, 551, 552

altitude-induced bradycardia,  
552

altitude training, 487–488, 554
alveolar cells, 228, 228f
alveolar gas exchange, 225
alveolar ventilation (VA), 231
alveoli, 225
Alzheimer’s disease, 162
ambient temperature increases, 

278, 278f
ambient temperature pressure 

and saturated (ATPS), A–2
AMDRs (acceptable 

macronutrient distribution 
ranges), 412, 418

amenorrhea, 109, 110b, 416, 
508–809

American Alliance for Health, 
Physical Education, 
Recreation, and Dance 
(AAHPERD), 7

American Association for Health, 
Physical Education and 
Recreation (AAHPER),  
7, 11

American College of Sports 
Medicine (ACSM)

certification exams, 12
contradictions to exercise 

testing, 398
dynamic exercises done on 

routine basis, 379
exercise prescription for CRF, 

373–374
exercise recommendations for 

diabetics, 389–390
FITT-VP, 369
free weights vs. machines, 492
history, 11, 13
hydration and physical 

activity, 539b
hypertension, 396–397
30-minute goal, 370
moderate-intensity exercise, 

368
osteoporosis, 402–403
progression models of strength 

training, 493b, 503
public health physical  

activity recommendation, 
8b, 370

risk factor for heart disease, 333
American football

exercise-related heat 
problems, 281b

heat stress, 285b
running power tests, 469–470
sweat rates, 279
temperature measurement, 

271

Index
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American Heart Association 
(AHA)

dietary and physical activity 
recommendations, 421t

physical inactivity, 8b
public health physical 

activity guidelines, 368
registry of VO2 max values, 

371
American Journal of Physiology, 

11t
American Physiological Society 

(APS), 11
amino acids, 49, 58, 86, 532–

534, 576t
AMP kinase, 496
AMP/ATP ratio, 307
amphetamines, 583
AMPK, 308
amylase, 47t
anabolic window (protein 

synthesis), 535b
anaerobic ATP production, 

51–54
anaerobic exercise training, 

314–315
anaerobic glycolysis, 418
anaerobic metabolism, 51, 450
anaerobic performance and 

ergogenic aids, 581–582
anaerobic power, 469–473
anaerobic threshold, 77
anaerobic training, 489, 490b
anaerobic/aerobic energy 

production, 68b
anatomical dead space, 231
Andean altitude residents, 553
androgens, 107, 108b
androstenedione (andro), 576t
anemia, 416
anerobic/aerobic ATP 

production, 64
angina pectoris, 218, 348, 352, 

397
angiogenesis, 308
angioplasty, 336
angiotensin I, 104
angiotensin II, 104
angiotensin-converting enzyme 

(ACE) inhibitors, 397
angiotensinogen, 104
anorexia nervosa, 428, 509, 510f
anterior cruciate injury (ACL), 

109, 513
anterior pituitary gland, 99
antibodies, 132, 133
antidiuretic hormone (ADH), 

100–101
antigens, 132
anti-inflammatory cytokines, 

112b, 135
anti-vivisectionists, 102b
antioxidant supplementation, 

447b, 496
antioxidants, 304, 576t
aorta, 195f
aortic baroreceptors, 206f
aortic bodies, 246, 246f
aortic semilunar valve, 195, 

195f
“Application of critical power 

in sport” (Vanhatalo et al.), 
467, 476

Applied Body Composition 
Assessment (Heyward and 
Wagner), 423, 424, 436

APS (American Physiological 
Society), 11

AQI (air quality index), 568, 586f
Archimedes’ principle, 424
arginine, 576t
arm crank ergometer, 19f, 76
arrhythmia, 270, 352, 398
arterial blood pressure, 199–202

blood pressure measurement, 
200b

blood pressure regulation, 
202

factors to consider, 201–202
graded exercise test (GXT), 

352
hypertension, 201
mean arterial pressure, 201
resting conditions, 32f
systolic/diastolic blood 

pressure, 199
arterial hemoglobin content, 

452
arterial-mixed venous oxygen 

content, 214
arterial oxygen content (CaO2), 

452
arteries, 194
arteriole dilation, 209
arterioles, 194, 211
arteriovenous O2 difference, 299
articular cartilage, 514
ascorbic acid, 415t
Asmussen, Erling, 4, 4f, 5
asthma, 392–395

attack, 392
buddy system, 395
diagnosis and causes, 392
EIA, 392–395
incidence/prevalence, 393
mechanism of attack, 393, 393f
prevention/relief, 392
screening (children), 394b

asthmatics, 517
Astrand and Rodahl protocol, 

357t
Astrand and Ryhming 

nomogram, 360
astronauts, 448, 454b
atherosclerosis

heart disease, and, 203b
inflammation, 336
plumbing issue, 336
proinflammatory cytokines, 

105b
treatment, 336
web of causation, 332f

athlete as machine, 456
athletic amenorrhea, 508–509
athletic performance

assessment. See laboratory 
assessment of 
performance

dehydration, 282b
distance running, 453b
factors to consider, 443f, 460f
fatigue. See fatigue/muscle 

fatigue
growth hormone (GH), 100b
intermediate-length 

performances, 452–453, 
453f

long-term performances, 
453–456

moderate-length 
performances, 452, 452f

muscle fiber, 183

pulmonary system, 250, 251b
short-term performances, 

450–451, 451f
steroids, 108b
ultra-endurance events, 454b
ultra short-term 

performances, 450, 450f
Atkins diet, 431, 431f
atmospheric pressure, 549
ATP. See adenosine triphosphate 

(ATP)
ATPase, 50, 181, 182, 188
ATP-phosphocreatine (ATP-PC) 

system, 51, 63, 75, 314, 
450, 469, 472, 481, 482t, 
489, 490b

ATPS (ambient temperature 
pressure and saturated), A–2

atria, 195f
atrial fibrillation, 352
atrioventricular (AV) bundle, 

202f
atrioventricular (AV) node, 202, 

202f, 206f
atrioventricular (AV) valves, 

195, 195f
August & Marie Krogh,  

4, 14
August Krogh Institute, 4
Australian Institute of Sport, 

575
autocrine signaling, 37, 36f
autologous transfusion, 579
autonomic motor division  

(PNS), 141
autonomic nervous system, 

161–162
autoregulation, 216
AV bundle, 202f
AV node, 202, 202f, 206f
AV valves, 195, 195f
Aviation, Space and 

Environmental Medicine, 11t
axon, 142, 143f

B
Baldwin, K., 9
Balke, Bruno, 358b
Bannister, Roger, 486b
barometric pressure, 234
barometric pressure and water 

vapor pressure correction, 
A–3

Bar-Or, Oded, 516b
baroreceptors, 202, 206f, 220
basal metabolic rate (BMR), 

432–433
base, 257
baseline effect, 400b
basophils, 130t
BAT (brown adipose tissue), 433
B-cell, 130t, 132–133
Beamon, Bob, 550b
Bean, Bruce, 179
behavioral risk factors, 331–332, 

331f
bench step, 18, 19f
Bergström, Jonas, 527b
Bernard, Claude, 32b
beta-adrenergic blocking drugs, 

113, 207b
β2-agonists, 392, 585b
beta(β)-alanine, 263b, 576t
beta-blockers, 207b
beta oxidation, 58, 58b
beta receptors, 103, 103t

β1 receptors, 103t
β2 receptors, 103t
β3 receptors, 103t
beta-receptor agonists, 392
beta (β) subunits, 97, 98f
BIA (bioelectrical impedance 

analysis), 425
bicarbonate, 240, 260
bicarbonate buffer system, 262, 

581–582
bicarbonate ions, 257
bicuspid valve, 195, 195f
bicycle, 586–587. See also 

cycling
racing positions, 588f

Bigland-Ritchie, Brenda, 451b
binge eating, 428, 509
bioelectrical impedance analysis 

(BIA), 425
bioenergetics

aerobic ATP production, 
54–61, 576t

anaerobic ATP production, 
51–54

control of ATP-PC system, 63
control of citric acid  

cycle, 64
control of electron transport 

chain, 64
control of glycolysis, 63
defined, 41

biographical sketches. See 
important people in 
science

biological control system, 33, 33f
biological energy 

transformation, 43–48
cellular chemical reactions, 

43–44
coupled reactions, 43–44
enzymes, 45–48
oxidation-reduction reactions, 

44
biology, fields of, 42b
biotin, A–7
black globe temperature (Tg), 

560
blood

components, 210
bicarbonate, 265
boosting, 579
buffer systems, 265, 266f
buffers, 581–582
cells, 129
doping, 579–581
lactate concentration, 79
packing, 579
physical characteristics, 210
potassium levels, 246–247
pressure. See arterial blood 

pressure
pressure measurement, 200b
pressure regulation, 202
proteins, 261–262
vessel graft, 398
vessel vasodilation, 216
viscosity, 210

blood flow
high-intensity exercise/hot 

environment, 283
local blood flow during 

exercise, 215
low-intensity exercise, 236
oxygen demands during 

exercise, 194
pressure/resistance, and, 211
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redistribution during 
exercise, 214

regional blood flow within 
lung, 236f

blood flow to lung, 236, 236f
blood glucose, 418b

endocrine system, 35
failure of insulin release, 36b
glycolysis, 52f
homeostasis during exercise, 

114–120
insulin and glucagon, 117–120
low-intensity exercise, 85

blood hormone concentration, 
94–95

control of hormone section, 
94

metabolism and excretion of 
hormones, 94

plasma volume, 95
transport protein, 94–95

“blood sugar,” 48
Bloomfield, Susan, 404b
“blowing off carbon dioxide,” 266
B-lymphocyte, 130t
BMI (body mass index), 423
BMR (basal metabolic rate), 

432–433
Bod Pod, 426, 427f
Bodily Changes in Pain, Fear, and 

Rage (Cannon), 102b
body composition, 422–428

BMI, 423
body fat percentages below 

optimal range, 428
measuring, 423–424
performance, and, 542–543
recommended ranges of body 

fatness, 427–428
reference materials, 423
SEE, 423
skinfold method, 427
two-component system, 

424–427
underwater weighing, 424–

425, 426f
weight classifications, 423

body fat, 110b, 112b, 542–543, 
543t, A–10, A–11

body fatness, 427–428
body fuel sources, 84–86

carbohydrates, 84–85
fats, 85–86
lactate, 86
proteins, 86

body heat gain calculations, 275b
body insulation, 564–565
body mass index (BMI), 423
body temperature. See also 

temperature regulation
enzyme activity, 46–48, 44f
exercise, and, 31–32, 32f
heart rate, 207
regulation of, 34, 35f

Bohr, Christian, 4
Bohr effect, 239, 239f
bone health, 403, 404b
bone mineral disorders, 510
borderline hypertension, 396
boron, 576t
Bowditch, Henry, 102b
Boyer, John, 401b
Boyle’s law, A–2
bradycardia, 298
brain, 156–159

brainstem, 157–159

cerebellum, 157
cerebrum, 156–157
exercise, and, 162, 163f
respiratory control centers, 

244–245, 245f
serotonin, 444
temperature, 271

brainstem, 156f, 157–159
brainstem respiratory control 

centers, 244–245, 245f
branch-chained amino acids, 

86, 576t
breathing, 228–231
bronchi, 227, 227f
bronchial tree, 227, 228f
bronchioles, 227
bronchospasm, 231b
brown adipose tissue (BAT), 433
Bruce, Robert, 463b
Bruce protocol for young, 356, 

357t
BTPS, A–2
BTPS correction, A–3–A–4
buddy system, 395, 560
buffer, 260
bulimia nervosa, 428, 509–510, 

510f
bulk flow, 228–229
bundle branch block, 352
Buskirk, Elsworth R., 516b

C
Ca++-calmodulin mechanism, 

113f
CABGS (coronary artery bypass 

graft surgery), 336, 398
Cachexia, 188b
caffeine, 521, 583–585
calcitonin, 101–102
calcium (Ca++), 414–416

bone mineral disorders, 510
DRIs, A–8
exercise-induced adaptation, 

307
glycolysis, 63
muscle contraction, 172f
osteoporosis, 402
overview, 417t

calcium channel blockers, 397
calcium-rich foods, 404b
calciuneuria, 308
calmodulin, 113
calmodulin-dependent kinase 

(CaMK), 307, 308
caloric deficit, 434
caloric equivalent of oxygen, 

81, 81t
calorimeter, 21, 22f
calorimetry, 21

direct, 21–22
indirect, 21–22

CaMK (calmodulin-dependent 
kinase), 307, 308

Canadian Journal of Physiology 
and Pharmacology, 11t

cancer and muscle loss, 188b
Cannon, Walter, 32b
canvas-and-rubber gas collection 

bag, 4
CaO2, 452
capillaries, 194
capillary density, 295, 299, 

303f, 313
capsule biography. See 

important people in 
science

carbaminohemoglobin, 240
carbohydrate

dietary fiber, 419
diets, 526–528
disaccharides, 48
drinks, 531b, 532
DRIs, A–8
during performance, 529–532
feeding/sports drinks, 84b
endurance training, 495–496
high-intensity exercise, 81
loading, 84b, 528
metabolism, 81–82
monosaccharides, 48
performance, and, 526–532
polysaccharides, 48
post-performance 

carbohydrate intake, 532
precompetition meal, 541
prior to a performance, 529
source of, during exercise, 

84–85
stored, 48
sugars and starches, 418

carbon dioxide, 258
transport in blood, 240–241

carbon dioxide-carbonic 
anhydrase reaction, 241

carbon dioxide produced 
(VCO2), A–1

carbon monoxide (CO), 
 567–568

carbon monoxide concentration 
(HbCO), 567

carbonic acid, 240, 262
cardiac accelerator nerves, 207
cardiac arrhythmia, 220b
cardiac contractibility, 298
cardiac cycle, 197–199
cardiac fibers, 196–197
cardiac muscle contraction, 196
cardiac output (Q)

defined, 204
exercise, and, 212–214
oxygen demands of muscle, 

194
resting and maximal exercise, 

206t, 215f
cardiac rehabilitation, 387–399

effects of exercise, 399
exercise programs, 398–399
multi-intervention effort, 399
population, 397–398
testing, 398

cardiologists, 203b
cardiomyopathy, 220b
cardiopulmonary system, 33
cardiorespiratory fitness (CRF)

chronic disease, 345
duration of exercise, 376–377
estimating. See exercise 

tests to evaluate 
cardiorespiratory fitness

frequency of exercise, 374
intensity of exercise, 374–376
risk of death, 371, 371f
THR range, 375, 375f

cardiovascular control center, 
202, 207

cardiovascular drift, 219
cardiovascular metabolic 

syndrome, 340f
cardiovascular-related sudden 

death, 515b
cardiovascular responses to 

exercise, 220f

cardiovascular system, 193–223
altitude, 551–552
arterial blood pressure. See 

arterial blood pressure
cardiac cycle, 197–199
cardiac output, 204, 206t
central command theory, 

220–221
circulatory responses to 

exercise, 216–219
ECG, 203, 203b, 204f, 205f
Frank-Starling law, 208
heart. See heart
heart rate, 207–208
hemodynamics, 210–212
oxygen delivery, 212–216
purposes, 195
stroke volume, 204, 206t, 

208–209
sudden cardiac death, 217b

careers, 12–13
carnitine, 576t
carnitine palmityl-transferase I 

(CPT-I), 303
carnosine, 263
carotenoids, 415t
carotid baroreceptors, 206f
carotid bodies, 246, 246f
carrier molecules, 53
catalyzed reaction, 45f
catecholamines, 116f, 117, 209. 

See also epinephrine (E); 
norepinephrine (NE)

caudal pons, 245, 245f
causal relationship, 334
CDC. See Centers for Disease 

Control and Prevention 
(CDC)

cell body, 142
cell membrane, 41
cell signaling, 36–37, 36f. See 

also hormonal responses to 
exercise

cell structure, 41–42
cellular adaptation, 35
cellular buffer systems, 265, 

266f
cellular control systems, 33
cellular protein synthesis, 38b
cellular proteins, 260, 261t
cellular respiration, 225
cellular theory (repeated bout 

effect), 498b
cellulose, 48
Centers for Disease Control and 

Prevention (CDC)
30-minute goal, 370
public health 

physical activity 
recommendation, 8b

stretching and injuries, 589
centi-, 17t
central chemoreceptors, 245
central command, 220, 312
central command theory of 

cardiovascular control, 
220–221

central fatigue, 157b, 444–445
central governor theory of 

fatigue, 157b, 445
central nervous system (CNS), 

141, 141f, 142f, 444–445
cerebellum, 156f, 157
cerebral cortex, 156
cerebrum, 156–157, 156f
certification exams, 12
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Charles’s law, A–2, A–3
CHD. See coronary heart disease 

(CHD)
chemical acid-base buffer 

systems, 260–262
chemical synapse, 148f
chemiosmotic hypothesis, 60
chemokines, 336
chemoreceptors, 245
children

air-polluted environment, 567
cardiopulmonary system, 514
cardiovascular fitness 

standards, 350b
DRIs (minerals), A–8, A–9
DRIs (vitamins), A–6, A–7
laboratory assessment of 

performance, 469b
musculoskeletal system, 

514–515
PACER, 349b
pediatric exercise science, 

515, 516b
predicting future champions, 

469b
screening for asthma, 394b
sudden cardiac death, 515b
whole-body density, 424

Children’s Exercise and 
Nutrition Center, 516b

chloride, 417t, A–9
cholecalciferol, 417t
cholesterol, 49, 419

coronary heart disease, 49
HDL, 419
LDL, 419

choline, A–7
chordae tendineae, 195f
chromium, 417t, A–8
chronic bronchitis, 232b
chronic inflammation, 131b
chronic low-grade inflammation, 

336
chronic obstructive pulmonary 

disease (COPD), 395–396
dyspnea, 232b
exercise, 232b
FEV1, 233, 395
GOLD categories, 395
GXT, 395
HIIT, 396
respiratory muscle training, 

396
spirometry, 232–233
two separate lung diseases, 

232b
chronic traumatic 

encephalopathy (CTE), 
158b

circulatory responses to 
exercise

emotional influence, 217
incremental exercise, 217–

218
intermittent exercise, 219
prolonged exercise, 219
recovery from exercise, 217
transition from rest to 

exercise, 217
circulatory system, 194–195. See 

also cardiovascular system
circulatory transport, 225
citric acid cycle, 54, 55f, 56–59

control of, 64
Clean Air Act, 568

clenbuterol, 585b
clinical applications

beta-blockers and exercise 
heart rate, 207b

diagnostic value of measuring 
enzyme activity, 47b

diseases states and acid-base 
balance, 258b

DOMS treatment, 499b
exercise and COPD, 232b
exercise-induced asthma, 

231b
exercise-related heat injuries, 

281b
exercise training protects 

heart, 198b
failure of control system and 

disease, 36b
glycemic index, 418b
HIIT, 377b
McArdle’s syndrome, 82b
moderate vs. vigorous 

activity, 372b
MS, 144b
muscle function and aging, 

188b
muscle function and diseases, 

188b
sport-related traumatic brain 

injuries and development 
of CTE, 158b

strength training, 365b
successful losers, 435b
sudden cardiac death, 220b, 

515b
Clinical Sports Nutrition, 526, 

544, 575, 590
clinical stress response, 37
clo, 564
clooxygenase inhibitors, 315b
clothing

cold-related problems, 
564–565

cycling, 587
heat-related problems, 559

CNS (central nervous system), 
141, 141f, 142f, 444–445

CO (carbon monoxide), 567–568
cobalamins, 415t
cold acclimation, 289
cold environment, 289
cold-related problems, 289, 

561–566
age, 565
clothing, 564–565
fuel use, 565
gender, 565
heat production, 565
hypothermia, 561, 566
insulating factors, 564–565
subcutaneous fat, 564
water, 564
wind chill index, 564, 563t

“Cold stress effects on exposure 
tolerance and exercise 
performance” (Castellani 
and Tipton), 289, 290

cold water immersion, 281b
cold weather, 137
colds, 128. See also upper 

respiratory tract infection 
(URTI)

collateral axon, 143f
college and university 

departments, 8

common carotid artery, 206f
common training mistakes, 

502–503
Compendium of Physical 

Activities, 24
complement system, 131–132
compounds, 41
compression garments, 500b
computer-assisted isokinetic 

dynamometer, 475, 475f
computerized tensiometer, 473
concentric action, 184, 184f
concurrent strength and 

endurance training, 322–
323, 494–495

depressed protein synthesis, 
323

impaired strength 
development, 323

muscle glycogen, 323
neural factors, 323
overtraining, 323

concussion, 158b, 158t
conducting zone, 227, 227f
conduction, 273

disturbances, 352
conductivity, 142
conjugate base, 52b, 260
connective tissue theory 

(repeated bout effect), 498b
contractile proteins, 181, 197
contraction, 173–174, 174b, 

175f
speed, 181

control center, 33, 33f
control of internal environment, 

30–39
acclimation, 35–36
adaptation, 35
blood glucose, 35
body temperature, 34, 35f
cell signaling, 36–37, 36f
cellular control systems, 33
cellular protein synthesis, 38b
clinical stress response, 37
control systems, 33–34
exercise, 35–37
gain, 34
homeostasis. See homeostasis
negative feedback, 34
positive feedback, 34
steady state, 31
stress proteins, 37

control systems, 33–34
convection, 273
convolution, 156f
cool down, 373, 483
Cooper, Ken, 358b
Cooper Institute for Aerobics 

Research, 7, 9
Cooper’s 12-minute or 1.5 mile 

run, 348
COPD. See chronic obstructive 

pulmonary disease (COPD)
copper, 417t, A–8
Core competencies for cardiac 

rehabilitation/secondary 
prevention professionals, 
399

core temperature, 270
core-to-shell gradient, 270, 

271–272
Cori cycle, 87b
coronary artery bypass graft 

surgery (CABGS), 336, 398

coronary heart disease (CHD), 
333–339

cardiac rehabilitation, 
397–399

cholesterol, 49
physical inactivity, 333–334, 

368
risk factors, 333–336
sudden cardiac death, 220b
U.S. population, 334f

coronary sinus, 196
coronary veins, 196
coronary vessels, 197f
corpus callosum, 156f
corpus luteum, 107
corticosteroids, 392
corticotrophic-releasing 

hormone (CRH), 104
cortisol, 104–106, 114

secretion, 104, 104f
“couch potato,” 519
coupled reactions, 43
CPT-I, 303
cramps, 177
cranial parasympathetic neuron, 

162f
C-reactive protein (CRP), 336
creatine, 576t

kinase, 47t, 51, 63, 63t
monohydrate, 577b

Creatine supplementation,  
51b, 66

CRF. See cardiorespiratory 
fitness (CRF)

CRH (corticotrophic-releasing 
hormone), 104

critical power, 466–467
cromolyn sodium, 392
cross-bridge cycling, 174, 176f, 

446
crossover point, 81, 82f
CRP (C-reactive protein), 336
Cureton, Thomas K., Jr., 9
Cybex, 493t
cycle ergometer, 19, 19f, 

359–362
cyclic AMP, 96, 96f, 584

mechanism, 113f
cycling, 586–588

anaerobic power tests, 
471–472

bicycle, 587
body position, 587, 588f
clothing and other gear, 587
drafting, 587
oxygen requirement, 25b
power tests, 471
stress on the body, 378

cytochrome, 59
cytochrome chain, 59
cytochrome oxidase, 64, 63t
cytokines, 130
cytoplasm, 41, 169

D
DAG (diacylglycerol), 96, 97f
daily value (DV), 412

footnote, 413f
Dalton’s law, 234
DASH eating plan, 422
Deadly Quartet, 339
dead-space ventilation (VD), 

231
death

CRF, 371, 371f
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exercise testing procedures, 
345

leading causes, 331
deficiency, 414
degenerative disease, 331
dehydration, 282b, 538
Dehydration and rehydration in 

competitive sport, 282b, 
290

Dehydroepiandrosterone 
(DHEA), 576t

dehydrogenases, 46
delayed-onset muscle soreness 

(DOMS), 497, 498b
treatment, 499b

Dempsey, Jerome, 248, 251b
dendrites, 142, 143f
deoxyhemoglobin, 238
dependent variable, 31b
depolarization, 145
desaturation of arterial blood, 

551, 552
“Determining a “Do Not Start” 

temperature for a marathon 
on the Basis of Adverse 
Outcomes”(Roberts), 560, 
569

detraining
endurance training, 313–314
resistance training, 322

“Development of aerobic and 
skill assessment in soccer, 
The” (O’Reilly/Wong), 476

DEXA (dual energy x-ray 
absorptiometry), 424

DHEA, 576t
diabetes, 387–391

ACSM exercise 
recommendations, 389

blood glucose level, 36b
competitive training, 517
exercise, 388
glycemic index, 418b
insulin, 106
insulin shock, 389
metabolic acidosis, 258b
muscle loss, 188b
nutrition therapy, 391
physical activity, 112b
prediabetic, 391b
type 1, 387t, 388–390
type 2, 387t, 390, 391b
warning signs, 387

diabetic coma, 389
diabetic ketoacidosis, 258b
diacylglycerol (DAG), 96, 97f
diaphragm, 227f, 229, 230f
diastole, 197
diastolic blood pressure, 199, 

200b
diencephalon, 156f
diet. See also weight control

high-carbohydrate, 85t, 391, 
526

high-protein, 534
Mediterranean, 339
mixed, 85t
popular, 431, 431f
vegetarian, 419, 534, 540

dietary antioxidants, 447b
Dietary Approaches to Stop 

Hypertension (DASH), 422
dietary fiber, 419
Dietary Guidelines for Americans, 

420–422

cholesterol, 419
diet evaluation. 422
healthy eating plans, 421–422
sodium intake, 416
sugars, 418

Dietary Guidelines for Americans 
2015, 8b

Dietary protein requirements, 
320, 325

dietary reference intakes (DRIs), 
412

estimated energy 
requirements, A–5

minerals, A–8, A–9
vitamins, A–6, A–7

dietary supplements, 575–576, 
576t

“Dietary supplements and sports 
performance”, 576, 590

Dietary Supplements Health 
and Education Act, 575

diffusion, 225
diffusion of gases, 234–236, 235f
Dill, David Bruce, 4, 4f, 5, 271b
2-3-diphosphoglyceric acid (2-3 

DPG), 239
direct calorimetry, 21–22
disaccharides, 48
disease states and acid-base 

disturbances, 258b
distance runners, 184t
distance running, 453, 453b, 

454b, 465b, 468
DNA, activity in the nucleus, 95
DOMS (delayed-onset muscle 

soreness), 497, 498b
dose, 368, 369
dose-response relationship

all-cause mortality, 336f
causal relationship, 334
dose of drug vs. effect, 368f
FITT principle, 369
patterns of responses (to 

exercise), 370
physical activity and health, 

334
double product, 217–218, 218t, 

352
double-blind research design, 

574
Douglas bag, 401b
Douglas, C. G., 4
down-regulation, 95
downsloping ST segment 

depression, 352
drafting (cycling), 587–588
DRIs. See dietary reference 

intakes (DRIs)
drugs

ergogenic aids, as, 582–586
maximal effect, 369
potency, 369
side effects, 369
variability, 369

dry bulb temperature (Tdb),  
560

dual energy x-ray absorptiometry 
(DEXA), 424

Duchenne muscular dystrophy, 
188b

DV (daily value), 413
dynamic, 474
dynamic constancy, 32
dynamic energy balance 

equation, 430

dynamic exercise, 184
dynamic neuromuscular 

imbalance, 513
dynamic strength training,  

493t
dynamometer, 474, 475f
dyslipidemia, 339
dysmenorrhea, 509
dyspnea, 231b, 348
dystrophin protein, 180b

E
E. See epinephrine (E)
eating disorders, 428, 509–510
eccentric action, 184
eccentric exercise, 497
ECG. See electrocardiogram 

(ECG)
ectomorphic somatotype, 455
EDV (end-diastolic volume), 

208, 298
EER (estimated energy 

requirement), 412, A–5
effect (response), 368, 369. 

See also dose-response 
relationship

effectors, 33
“Effects of prolonged space 

flight on human skeletal 
muscle, 449b, 456

“Effects of protein supplements 
on muscle mass, 496b, 504

efferent fibers, 141
efficiency, 25. See also exercise 

efficiency
efficiency of respiration, 62
EHS (exertional heat stroke), 

560
EIA (exercise-induced asthma), 

231b, 392–395
Eisenhower, Dwight D., 7
Ekblom, Björn, 581b
EKG. See electrocardiogram 

(ECG)
electrical stimulation of muscle, 

444
electrocardiogram (ECG)

diagnostic use, 203b
GXT, 352
heart’s electrical events,  

205f
intraventricular pressure,  

205f
normal ECG during rest,  

204f
ST segment depression, 352

electrolyte depletion and 
dehydration theory, 177

electrolyte imbalance, 177–178
electrolytes, 535–538
electron transport chain, 59–61, 

64
elements, 414
elite athletes, 184t, 456
emphysema, 232b
end-diastolic volume (EDV), 

208, 298
endergonic reactions, 43, 44f
endocardium, 197f
endocrine glands, 35, 94. See 

also hormonal responses to 
exercise

endocrine signaling, 36f, 37
endocrine system, 35
endogenous antioxidants, 304

endomysium, 167f, 168
endothermic, 43
end-plate potential (EPP), 170
endurance athletes

exercise-induced hypoxia, 
243

muscle fibers, 184, 184t
stroke volume, 213b

endurance exercise. See also 
endurance training; 
prolonged exercise

cellular protein synthesis, 38b
lung structure, 249
protects the heart, 198b
reduction in exercise 

ventilation, 249b
respiratory muscles, 230b

endurance performance, 464–
467, 484–485b

endurance training, 299–305. 
See also endurance exercise

acid-base balance, 304–305
capillarity, 300
central command, 312
detraining, 313–314
fat metabolism, 302–303
fiber type, 300–301
injuries, 488
mitochondrial content, 

301–302
muscle antioxidant capacity, 

304
muscle fuel utilization, 

302–303
muscle vs. systemic 

physiology, 310–312
older adults, 400–401
overtraining, 444
overview, 309f
oxygen deficit, 302f
peripheral feedback, 311–312
plasma glucose, 302
primary adaptations, 295
VO2 max, 295–296, 299f

energetics of contraction, 
447–448

energy balance equation, 430
energy drinks, 531b
energy expenditure

estimation of, 24
expressions (oxygen 

consumption), 23
measurement, 21–23

energy of activation, 45f, 46
environment, 548–572

air pollution, 567–568, 568f
altitude. See altitude
cold, 561–566
heat, 557–559

environmental concerns, 380
environmental extremes, 137
environmental heat stress, 285b, 

560
environmental risk factors, 331, 

331f
environmental temperature 

increases, 277–278, 278f
enzymes

allosteric, 62
body temperature, and, 

46–47, 47f
catalyzed reactions, 45f
citric acid cycle, 64
classification, 46
defined, 45–46
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enzymes (continued)
diagnostic value, 47b, 47t
pH, and, 46–47, 48f
rate-limiting, 62, 63f, 63t
recommended name, 46
systematic name, 46

enzyme-substrate complex, 
46f, 46

eosinophils, 130t
ePARmed-X+, 345
epicardium, 195f, 197f
epidemiologist, 331
epiglottis, 227
epilepsy, 517–518
epimysium, 167f, 168
epinephrine (E)

adrenergic receptors, 103
cellular metabolism, 272
FFA, 117
fight or flight hypothesis, 102
glucose, 117
glycogenolysis, 113
glycolysis, 63
incremental exercise, 77
insulin and glucose secretion, 

119f
lipases, 83
oxygen consumption after 

exercise, 73
prolonged exercise, 75–76
stroke volume, 209
training effect, 311f

epiphyseal plate, 514, 514f
EPO (erythropoietin), 553, 580
EPOC. See excess post-exercise 

oxygen consumption 
(EPOC)

EPP (end-plate potential), 170
EPSP (excitatory postsynaptic 

potential), 148
equilibrium, 155–156
ergocalciferol, 415t
ergogenic aids, 573–594

aerobic performance, 576–581
amphetamines, 583
anaerobic performance, 

581–582
β2-agonists, 585b
blood buffers, 581–582
blood doping, 579–581
caffeine, 583–586
cycling, 586–588
defined, 574
dietary supplements, 575–

576, 576t
drugs, 582–586
O2-enriched mixtures, 

577–579
physical warm-up, 588–590
research design concerns, 574

ergometer, 18, 19f
ergometry, 18
ERV (expiratory reserve 

volume), 233t
erythrocythemia, 580
erythropoietin (EPO), 553, 580
esophageal temperature, 271
essential amino acids, 49
essential hypertension, 201
estimated energy requirement 

(EER), 412, A–5
estimation of fuel utilization 

during exercise, 80–81
estradiol, 107
estriol, 107

estrogen, 107–111
deficiency, 404b, 510

estrone, 107
Ethiopian runners, 455
European heritage, 3–4
European Journal of Occupational 

and Applied Physiology, 11t
evaporation, 273, 274b, 558
Everest, 555, 569
excess post-exercise oxygen 

consumption (EPOC)
contributing factors, 74, 75f
endurance training, 76
high-intensity exercise, 72f, 

73–74
moderate exercise, 72f
replacement term for oxygen 

debt, 73
excitation, 173, 174b, 175f
excitation-contraction coupling, 

173–176
excitatory postsynaptic 

potential (EPSP), 148
excitatory transmitters, 146
exercise

arterial-mixed venous oxygen 
content, 214

blood flow, 214–215
blood glucose homeostasis, 

114–120
blood potassium levels, 

246–247
body temperature, 31–32, 32f
bone health, 404b
brain health, 162–163, 163f
cardiac output, 212–214
cardiovascular responses, 220f
chronic disease, 339
cold stress effects on, 288–

289
COPD, 232b
creatine supplementation, 

51b
defined, 368
dose, 369
duration, 82–84
economy, 462, 511
fat metabolism, 83b
fuels, 48–49
heat exchange mechanisms, 

274f
homeostatic control, 35–37
hormonal control of substrate 

mobilization, 111–121
immune system, 133–136
immunology, 133
insulin concentration, 118
local blood flow, 215–216
muscle fatigue, 177
nitrogen balance, 533f
physiological responses to, 

288–289
proteins, and, 49
recovery time, 217f
respiratory muscles, 230b
sex differences in breathing 

during, 244b
sudden cardiac death, 220b
testing procedures. See 

exercise tests to evaluate 
cardiorespiratory fitness

vascular resistance, 216
venous return, 208
weight control, 433–434
weight maintenance, 434–435

exercise-associated muscle 
cramps, 177–179

changes in central nervous 
system, 178

dehydration or electrolyte 
imbalance, 177–178

exercise efficiency, 25–27
fiber type, 27
movement speed, 27
net efficiency, 25–26
work rate, 26

exercise-induced acidosis, 
258–259

exercise-induced adaptation, 
305–308

“big picture,” 305–306
primary signals, 307
secondary signaling pathways, 

307–308
signaling events, 309–310, 309f
specificity of training 

responses, 306
exercise-induced asthma (EIA), 

231b, 392–395
exercise-induced bronchospasm, 

393
exercise-induced capillarization, 

300–301
exercise-induced fatigue, 157b, 

177
exercise-induced hypoxia, 

243–244, 250
exercise-induced muscle 

soreness, 497, 498b
exercise-induced protein 

synthesis, 37, 38b
exercise intensity

ADH, 101f
alanine, 533
blood flow, 214f
body heat production, 278, 

278f
cortisol secretion, 115, 115f
CRF, 373–376
endurance training. See 

prolonged exercise
EPOC, 72f
fuel selection, 81–84
graded exercise. See 

incremental exercise
high-intensity exercise. See 

high-intensity exercise
hormonal responses, 120f
insulin, 118f
low-intensity exercise. See 

low-intensity exercise
moderate-/vigorous-intensity 

exercise, 370, 372b
muscle fiber recruitment, 448f
muscle fuel source, 85f
performance. See athletic 

performance
quantifying training intensity, 

487, 488t
submaximal exercise. See 

submaximal exercise
URTI, 134f

Exercise is Medicine, 12
exercise metabolism, 68–91

body fuel sources, 84–86
energy requirements at rest, 69
estimation of fuel utilization 

during exercise, 80–81
exercise intensity/duration, 

75–80

fat/carbohydrate metabolism, 
84

fuel selection, 81–84
recovery from exercise 

(metabolic responses), 
71–74

rest-to-exercise transitions, 
69–70

exercise physiology
careers, 12–13
certification exams, 12
college and university 

departments, 8
history. See historical 

overview
major public health concern, 

8b
measurements. See 

measurements
molecular biology, and, 42b
scientists. See important 

people in science
professional and scientific 

societies, 11–12
research journals, 11t
significant contributors. See 

important people in 
science

sports. See winning edge
training in research, 11–12

Exercise Physiology—People and 
Ideas, 5, 14

exercise-related heat injuries, 
281b

exercise tests to evaluate 
cardiorespiratory fitness, 
344–366

ACSM recommendations, 
345, 353, 353t

children, 349b, 350b
contradictions to testing 

(ACSM), 398
field tests, 348–351
GXT. See graded exercise test 

(GXT)
maximal run tests, 348–350
mCAFT, 351–352
PACER, 349b
risk of cardiac events, 345
screening, 345–347
VO2 max, 353–356. See also 

VO2 max
walk tests, 350–351

exergonic reactions, 43, 42f
exertional heat stroke (EHS), 

560–561
“Exertional heat stroke,  

281b, 570
external oblique, 229, 230f
exogenous antioxidants, 304
exothermic, 43
“Epilepsy and physical exercise”, 

522
expiration, 229
expiratory reserve volume 

(ERV), 233t
expired ventilation (VE), 242
extensors, 167
external intercostal muscles, 

229, 230f
external oblique, 230f
extracellular buffers, 261–262
extracellular signal-regulated 

kinase (Erk), 320
extrafusal fibers, 151
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F
F1N2, A–1
F1O2, A–1
FECO2, A–1
FEN2, A–1
FEO2, A–1
FAD, 44, 45f, 53
FADH2, 44, 45f
fascia, 168
fascicle, 167f, 168
fast-acting hormones, 116
fast fibers, 182–183

ATP, 188
carbohydrate metabolism, 82
characteristics, 183t
contraction, 185
energy efficiency, 27
fatigue, 446
high-intensity exercise, 79, 

486
immunohistochemical 

staining, 180b
muscle tension, 450
power athletes, 183

fast-oxidative glycolytic fibers, 
183

fast-to-slow fiber type shift, 300, 
317

fast-twitch fibers. See fast fibers
FAT (fatty acid translocase), 303
FATmax, 83b
fat-burning, 82, 83b
“fat-burning” workout, 82, 83b
fat metabolism, 82
fat mixed diet, 85t
fat oxidation, 83b
fat/carbohydrate metabolism, 

83f, 84
fatigue, 177
fatigue/muscle fatigue, 177, 

443–449
antioxidant supplementation, 

447b
approaches to study of 

fatigue, 445t
central fatigue, 444–445
central and peripheral fatigue, 

448–449
energetics of contraction, 

447–448
fatigue, defined, 443
isometric contractions, 446
mechanical factors, 446
neural factors, 445–446
neuromuscular junction, 446
peripheral fatigue, 445–448
possible fatigue mechanisms, 

444f
radical production, 447b
respiratory muscle fatigue, 

250, 251b
sarcolemma and transverse 

tubules, 446
fats, 49, 419

low-intensity exercise, 81
source of, during exercise, 

85–86
fat-soluble vitamins, 414, 415t
fatty acid beta-oxidation, 303
fatty acid binding protein, 303
fatty acid translocase (FAT), 303
fatty acids, 49
feed forward, 312
female athlete triad, 511–512b
female athletes. See also gender

amenorrhea, 508–509
anterior cruciate injury, 109, 

512–513
body fat, 110b
bone mineral disorders, 510
eating disorders, 509–510
female athlete triad, 511b
knee injuries, 512–513
low bone mass, 110b
menstrual cycle, 107–109
menstrual disorders, 109, 

508–509
menstruation, 509
pregnancy, 510–512
reproductive disorders, 110b

ferritin, 416, 540
FEV1, 233, 395
fever, 276–277
FFA. See free fatty acid (FFA)
FI (fructose index), 418b
fiber

dietary, 419
muscle. See muscle fiber

fiber-specific tension, 181
fiber typing, 180b
fibrous pericardium, 197f
Fick equation, 214, 297, 520
Fick’s law, 234
field tests, 348–351
fight or flight hypothesis, 102
first-degree AV block, 352
Fitness Testing and Prescription 

(Nieman), 345, 363
FITNESSGRAM, 7, 427
FITNESSGRAM’s 1-mile walk/

run, 348
Fitts, Robert H., 449b
FITT-VP, 369
five-zone intensity scale, 488t
FL (fructose load), 418b
flavin adenine dinucleotide 

(FAD), 44, 45f, 53
Fletcher, Walter, 73b
flexibility, 379. See also 

stretching
flexors, 167
fluid replacement, 566b

after exercise, 538
before exercise, 535–536
during exercise, 536–538

fluoride, 417t, A–8
flywheel, 20
folate (folic acid), 415t, A–7
folic acid, 415t
follicle-stimulating hormone 

(FSH), 99
follicular stage (menstrual 

cycle), 107, 109f
food intake. See nutrition
food label, 412, 413f
food records, 422
football. See American football
forced expiratory volume 

(FEV1), 233
fornix, 156f
Forster, H. V., 248
Framington Heart Study, 341, 

430
Frank-Starling law, 208, 213b
FRC (functional residual 

capacity), 223t
free fatty acid (FFA), 83

amphetamines, 583
caffeine, 583–585, 586f
chronic disease, 336–338

cortisol, 114–115
endurance training, 302–303
epinephrine, 116–117
growth hormone, 115–116
insulin, 118
lactate and H1, 121f
lactic acid buildup, 121f
moderate-intensity exercise, 

435
norepinephrine, 116
plasma glucose concentration, 

114
sources of fats during 

exercise, 85–86
free hormones, 95
free nerve endings, 150
free plasma hormone 

concentration, 95
free radicals

antioxidants, and, 496
defined, 60b, 447b
formation, 59, 60b
heat-induced muscle fatigue, 

177, 447
muscle fatigue, 447b
signals for muscle adaptation 

to training, 307
free weights, 492–494, 493t
free-weight testing of strength, 

474
friction-braked cycle ergometer, 

19–20, 19f
fructose, 418b
fructose index (FI), 418b
fructose load (FL), 418b
FSH (follicle-stimulating 

hormone), 99
fuel selection

exercise duration, 82–84
exercise intensity, 81–82

fuel sources. See body fuel 
sources

fuel storage sites, 85t
fuels for exercise

carbohydrates, 48
fats, 49
proteins, 49

functional fiber, 419
functional residual capacity 

(FRC), 233t
functional syncytium, 196

G
G protein, 95
G protein coupled receptor 

(GPCR), 97f
gain, 34
games, 378–379
gamma motor neuron 

stimulation, 150
GAS (general adaptation 

syndrome), 105
gas volume corrections, A–2–A–4
gas volume standardization, A–2
gender. See also female athletes

body fat, 543t
cardiovascular disease, 331
cold-related problems, 565
endurance training, 489
force production of skeletal 

muscle, 494
iron depletion, 540
percent fat estimate, A–10, A–11
percent fat values, 428
strength training, 494

stroke, 331
temperature regulation, 

283–284
training, 482
VO2 max, 349b

gene, 41
general adaptation syndrome 

(GAS), 105
general equilibrium, 155–156
genetics

hyponatremia, 539b
obesity, 429–430
training, 483
VO2 max, 295–296, 297b

genotype, 484b
gestational diabetes, 406
GH. See growth hormone (GH)
GH-deficient athletes, 100b
GHRH (growth hormone-

releasing hormone), 99
GI (glycemic index), 418b
GL (glycemic load), 418b
Gladden, Bruce, 71b
Global Initiatives for Chronic 

Obstructive Lung Disease, 
395

glucagon, 83, 106, 117–121
glucocorticoids, 103
gluconeogenesis, 73, 87b,  

115–116, 533
glucose, 48, 54, 120, 530. See 

also blood glucose
delivery, 119
mobilization, 108
polymer solutions, 530
transporters, 119

glucose 6-phosphate, 52f
GLUT4, 97, 302
GLUT4 glucose transporters, 302
glycemic index (GI), 418b
glycemic load (GL), 418b
glycerol, 49
glycogen, 48, 49

depletion, 113, 112f
high-CHO diet, 85t
high-intensity exercise, 85
liver glycogen stores, 84, 529
low-CHO diet, 85t
mixed diet, 85t
muscle glycogen stores, 84, 85
performance, and, 526–532
sweat urea nitrogen 

excretion, 533f
synthase, 48

glycogenolysis
Ca++-calmodulin mechanism, 

113f
cyclic AMP mechanism, 113f
defined, 48
epinephrine, 111–112
glucagon, 106
liver, 48, 84
second messengers, 111

glycolysis, 51–52
anaerobic, 418
anaerobic training, 490b
blood buffers, 581–582
blood glucose, and, 52f
control of, 63
defined, 48
energy generation phase, 52f
energy investment phase, 52f
muscle contraction, 173f
overview (flowchart), 53f
selected sports, 482t
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glycolytic system, 489
glycosylated hemoglobin 

(HbA1c), 390
GOLD categories (COPD), 

395–396
Golgi apparatus, 143f
Golgi tendon organ (GTO), 151–

152, 152f, 178, 221, 501
Golgi-type receptors, 150
goosebumps, 276
graded exercise test (GXT), 76, 

351–353
blood pressure, 352
Bruce Protocol, 463b
COPD, 395
cycle ergometer, 359–360
ECG, 352
heart rate, 352
MET, 356
protocols, 356–362
rating of perceived exertion 

(RPE), 352–353, 353t
ST segment depression, 352
step test, 360–361
termination criteria, 353
treadmill, 357t, 357–358
YMCA protocol, 359f, 360f

graph, 31b
growth cartilage, 514
growth hormone (GH), 99

functions, 115
GH-deficient athletes, 100b
performance, 100b
plasma glucose, 99

growth hormone-releasing 
hormone (GHRH), 99

growth plate, 514, 514f
GTO (Golgi tendon organ), 151–

152, 152f, 221, 501
GTP, 56
guanosine triphosphate (GTP), 

56
Guidelines for Exercise Testing 

and Prescription, 345, 363, 
368, 369, 379, 397

H
H+, 121, 121f, 304, 578–579
H4, 304–305
H zone, 168f, 169
Haldane, J. S., 4
Haldane analyzer, 4
Haldane transformation, A–1
hand-grip dynamometer, 474, 475f
“hard-easy” cycle, 490b
Harvard Alumni Study, 335b
Harvard Fatigue Laboratory, 4–6, 

5t, 271b
Harvey, William, 194b
Hb, 452
HbA1c (glycosylated 

hemoglobin), 390
HbCO (carbon monoxide 

concentration), 567
HDL (high-density lipoprotein), 

419
HDL cholesterol, 419
healthy eating plans, 421–422
Health-Related Physical Fitness 

Test Manual (AAHPERD), 7
heart

anatomy, 195f, 197f
attack, 196
conduction system, 202f
electrical activity, 202–203

exercise training, and, 198b
myocardium, 196, 197f
overview, 198t
pulmonary/systemic circuits, 

195, 196f
right/left pump, 194–195
skeletal muscle, compared, 

196–197, 198t
two-step pumping action, 

197
valves, 195, 195f
watch, 377

Heart Disease and Rehabilitation, 
374b

heart mechanoreceptors, 220
heart rate

altitude, 552f
beta-blockers, and, 207b
body temperature, and, 207
exercise intensity, and, 31b
graded exercise test (GXT), 

351–353
maximal, 213
pregnancy, 406
pulse count, 377
regulation, 204–207
rest, at, 206t
THR range, 375, 375f, 377
training effect, 311f

heart rate-based training 
intensity scale, 487

heart rate reserve (HRR), 374, 
375

heart rate reserve method of 
calculating THR range, 
375–376

heart rate variability (HRV), 
207–208

heat acclimation, 284–286
heat exhaustion, 558t
heat index (HI), 279, 280f
heat loss, 272–274
heat production, 272
“Heat-related illness in athletes” 

(Howe/Boden), 559, 569
heat-related muscle fatigue, 283
heat-related problems, 557–561

acclimation, 557
clothing, 558
distance racing, 560
environmental heat stress, 560
environmental temperature, 

558
fitness, 557
heat exhaustion, 558t
heat syncope, 558t
humidity, 558–559
hydration, 558
metabolic rate, 559
water vapor pressure, 564
wind, 559

heat shock proteins, 37, 286, 
286b

heat storage, 275
heat stress, 285b

index, 560
heat stroke, 281b
heat syncope, 281b
Hellebrandt, Frances A., 13b
helper T-cell, 133
hematocrit, 210
heme iron, 416
hemodynamics, 210–211
hemoglobin, 237–238, 262, 452, 

580f

Henderson, L. J., 4
Henderson-Hasselbalch 

equation, 262
Henneman, Elwood, 155b
Henneman size principle, 154, 

154b, 155b
Henry’s law, 235, 262
Henseleit, Kurt, 56b
HERITAGE Family Study, 297b
HI (heat index), 276, 280f
HIF-1 (hypoxia inducible 

factor-1), 553
high-altitude training, 487–488, 

554
high altitudes, 137
high blood pressure. See 

hypertension
high-carbohydrate diet, 85t, 

391, 526
high-density lipoprotein (HDL), 

419
high-energy bonds, 43
high-energy phosphates, 49–50
high-fat/low-carbohydrate diet, 

81
high-grade inflammation, 131b
high-intensity anaerobic 

training, 489
high-intensity, continuous 

exercise, 487
high-intensity exercise

anaerobic metabolic 
pathways, 75

Cori cycle, 87b
decrease in muscle and blood 

pH, 259b
energy source, 81
EPOC, 72f, 73
heat load, 272
HIIT, 377b
local blood flow, 215–216
muscle blood flow, 283
muscle buffering capacity, 304
muscle fatigue, 177
muscle glycogen, 85
open window theory, 135f
pH change, 266, 266f
rapid movement of RBCs, 244
ventilatory control, 248

high-intensity interval training 
(HIIT), 377b, 396, 486, 486b

high-intensity training (HIT), 
490b

high-load resistance training, 316
high plasma osmolality, 101
high-protein diet, 534
high responders, 296, 483
HIIT (high-intensity interval 

training), 377b, 396, 486, 
486b

Hill, Archibald V., 3, 3f, 73, 73b, 
462

Hill, James, 435b
Hillary, Edmund, 566b
histamine, 392
HIT (high-intensity training), 

490b
Hodgkin, Alan, 171b
Hogan, Michael, 490b
Hohwü-Christensen, Erik, 4, 4f
Holloszy, John O., 300b
homeostasis. See also control of 

internal environment
all organ systems of  

body, 33

autonomic nervous system, 
161–162

blood glucose (exercise), 
114–150

defined, 31
dynamic constancy, 32
major homeostatic systems, 

93
negative feedback, 34
pH of body fluids, 257
resting conditions, 69
steady state, compared, 31

homeotherms, 270
homologous transfusion, 579
Hooke, Robert, 41
horizontal treadmill running, 

24b
horizontal treadmill walking, 

24b
hormonal control of substrate 

mobilization
blood glucose homeostasis 

during exercise, 114–120
fast-acting hormones, 116
hormone-substrate 

interaction, 120–121
muscle-glycogen utilization, 

111–113
slow-acting hormones, 114

hormonal responses to exercise, 
92–126

adrenal cortex, 103
adrenal gland, 102–106
adrenal medulla, 102–103
blood glucose homeostasis 

during exercise,  
114–120

blood hormone 
concentration, 94–95

fast-acting hormones, 116
hormone-receptor interaction, 

95–97
hormone-substrate 

interaction, 120–121
mechanisms of hormone 

action, 95–97
muscle-glycogen utilization, 

111–113
ovaries, 103–106
pancreas, 106
parathyroid gland, 98
pituitary gland, 95–98
slow-acting hormones, 114
testes, 103
thyroid gland, 98

hormone. See hormones
hormone-receptor interaction, 

95–97
hormone replacement therapy 

(HRT), 402
hormones. See also hormonal 

responses to exercise
affinity, 95
capacity, 95
circulatory and metabolic 

functions, 35
classes, 94
factors affecting hormone 

secretion, 94f
fast-acting, 116
“free,” 95
permissive, 114
releasing, 99
slow-acting, 114
up-/down-regulation, 95
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hormone-sensitive lipase (HSL), 
96, 121

hormone-substrate interaction, 
120–121

horsepower (hp), 18t
Horvath, Steven, 5, 6f
hot environment, 137, 279–286
hp (horsepower), 18t
HRR (heart rate reserve), 374, 376
HRT (hormone replacement 

therapy), 402
HRV (heart rate variability), 

207–208
HSL (hormone-sensitive lipase), 

96, 121
human fat tissue, 424
Human Performance Laboratory 

(Ball State), 454b
humoral chemoreceptors, 

245–247
humoral input, 245
Huxley, Andrew F., 171b
Huxley, T. H., 11
hydration, 558
Hydration for recreational sport 

and physical activity, 282b, 
290

hydrogen ion, 257
production, 258–259

hydrostatic (underwater 
weighing), 424, 426f

5-hydroxytryptamine, 444
hyperbaric chamber, 578
hyperglycemia, 36b, 388–389
hyperhydration, 285b
hyperoxia, 549, 577
hyperplasia, 317
hyperpolarization, 204
hypertension, 201, 396–397

ACSM exercise prescription, 
397

defined, 201
dietary recommendations, 

397
insulin resistance, 340
metabolic abnormalities, 339
mild/borderline, 396
prehypertension, 396
prevalence, 201, 339
primary, 201
recommended conduct, 397
secondary, 201

hyperthermia, 279, 281b, 
557. See also heat-related 
problems

hypertrophy, 317, 318, 491
hypoglycemia, 93, 281, 389, 

529
hyponatremia, 539b
hypothalamic somatostatin, 99
hypothalamus

anterior, 276
growth hormone secretion, 

99, 206f
posterior, 276
temperature regulatory 

center, 276
thermostat, as, 272

hypothermia, 287, 288, 561, 
566. See also cold-related 
problems

hypoxia, 105b, 549
threshold, 246, 246f

hypoxia inducible factor-1  
(HIF-1), 553

I
I band, 168f, 169, 169f
ibuprofen, 315b
IC (inspiratory capacity), 233t
ICSH (interstitial cell 

stimulating hormone),  
106

IFG (impaired fasting glucose), 
391b

IGFs (insulin-like growth 
factors), 99

IgG antibodies, 133
IgM antibodies, 133
IGT (impaired glucose 

tolerance), 391b
IL-6, 105b, 112b, 338
immune system

acquired, 132–133
cellular components, 129–131
complement system, 131–132
innate, 128–132
overview, 128–133
physical barriers, 128, 128f

immunoglobulins, 132, 133
immunosenescence, 134b
immunotherapy, 392
impaired fasting glucose (IFG), 

391b
impaired glucose tolerance 

(IGT), 391b
important people in science

Balke, Bruno, 358b
Bar-Or, Oded, 516b
Bergström, Jonas, 527b
Bernard, Claude, 32b
Bigland-Ritchie, Brenda, 451b
Bruce, Robert, 463b
Cannon, Walter B., 102b
Costill, David L., 454b
Dill, D. B., 271b
Ekblom, Björn, 581b
Harvey, William, 194b
Hellebrandt, Frances A., 13b
Henneman, Elwood, 155b
Hill, A. V., 73b
Holloszy, John O., 300b
Huxley, Andrew F., 171b
Jenner, Edward, 132b
Kasch, Fred W., 401b
Krebs, Hans, 56b
Krogh, August, 20b
Morris, Jeremy N., 335b
Paffenbarger, Ralph S., Jr., 

335b
Pollock, Michael L., 374b
Pugh, L.G.C.E., 566b
Saltin, Bengt, 300b
Stewart, Peter, 264b
Wasserman, Karl, 250b

incremental exercise
circulatory responses to 

exercise, 217–218
double product, 218t
hormonal responses, 120f
lactate threshold, 77–80
maximal oxygen uptake, 

76–77
pH, 265f
test, 76, 203b. See also graded 

exercise test (GXT)
ventilatory response, 242–244

incretins, 94
independent variable, 31b
indirect calorimetry, 22–23
induced erythrocythemia, 579

industrial physiologists, 574
infection

environmental extremes, 137
moderate aerobic exercise, 

134–135
infectious disease, 331
inferior vena cava, 195f
inflammation

acute, 131b
atherosclerosis, 336
chronic, 131b
high grade/low grade, 131b, 

336
immune response, 131b
lowering the level, 338

inflammatory cytokines, 338
ingestible temperature sensor 

telemetry system, 271
inherited/biological risk factors, 

331, 331f
inhibitory postsynaptic 

potential (IPSP), 149
inhibitory transmitters, 149
injuries

endurance training, 488
heat-related, 281b
knee, 109, 512–513
seizures, and, 518
stretching, 589

innate immune system, 128–132
innervation, 141

ratio, 153–154
inorganic compounds, 41
inorganic phosphate (Pi), 50
inositol triphosphate (IP3), 96, 97f
in-season conditioning, 502
inspiration, 229
inspiratory capacity (IC), 233t
inspiratory reserve volume 

(IRV), 233t
Institutional Review Board 

(IRB), 456
insulating factors, 564–565
insulin, 106, 117–120

best-known role, 106
blood glucose, and, 35
diabetes, 106
increasing/decreasing insulin 

secretion, 94
lipolysis, 83
prolonged exercise, 83
second messengers, 96

insulin-like growth factors 
(IGFs), 99

insulin resistance, 105b, 339
insulin secretion, 418b
insulin shock, 389
interatrial septum, 195f
intercalated discs, 196
interleukin-6 (IL-6), 105b, 112b, 

338
intermediate fibers, 183
intermediate-length 

performances, 452–453, 
453f

Intermittent and continuous 
exercise, 377, 382

intermittent exercise, 219
intermyofibrillar mitochondria, 

42b, 301
internal environment. See 

control of internal 
environment

internal intercostal muscles, 
230f

International Journal of Sports 
Medicine, 11t

International Journal of Sport 
Nutrition, 11t

International Space Station (ISS), 
449b

interneuron, 159, 160f
interstitial cell stimulating 

hormone (ICSH), 106
interval training, 219, 305, 

377b, 485–487
interventricular septum, 195, 

195f
intima, 336, 337f
intracellular buffers, 260–261
intracellular Ca++, 113
intracrine signaling, 36, 36f
intrafusal fibers, 150
intramuscular Ca++ 

concentration, 120
intramuscular fat, 303
inverse myotatic reflex, 152
inverse stretch reflex, 152
involuntary heat production, 

272
iodine, 417t, A–8
ion, 257
ion channels, 145f
IP3 (inositol triphosphate), 96, 97f
IPSP (inhibitory postsynaptic 

potential), 149
IRB (Institutional Review 

Board), 456
iron, 416, 417t, 540–541, A–8
iron deficiency, 540
irritability, 142
IRV (inspiratory reserve 

volume), 233t
islets of Langerhans, 106
isocitrate dehydrogenase, 64, 

63t
isokinetic assessment of 

strength, 474–475
isokinetic dynamometer, 474–

475, 475f
isokinetic exercise, 493t
isolate muscle (fatigue), 445t
isolate single fiber (fatigue), 

445t
isoleucine, 49, 86
isomerases, 46
isometric action, 184, 184f
isometric contractions 

(relaxation time), 446
isometric exercise, 208, 489, 

493t
isometric measurement of 

strength, 473–474
isotonic, 474
isotonic exercise, 184
isotope dilution, 423

J
J, See Joule (J)
Jenner, Edward, 131b
jogging/running, 378, 379t
jog-walk-jog program, 378
joint proprioceptors, 150
Jones, Marion, 108b
Joule (J), 17t, 18t
Journal of Aging and Physical 

Activity, 11t
Journal of Applied Physiology, 11t
Journal of Cardiopulmonary 

Rehabilitation, 11t
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Journal of Clinical Investigation, 
11t

Journal of Nutrition, 11t
Journal of Physical Activity and 

Health, 11t
Journal of Physiology, 11t
Journal of Sport Science, 11t
Journal of Strength and 

Conditioning Research, 11t
jumping power tests, 469
juxtacrine signaling, 36, 36f

K
Karvonen method of calculating 

THR range, 375–376
Kasch, Fred W., 401b
Kasch’s adult fitness program, 

401b
kcal, 18t, 21
kcal · kg−1 · hr−1, 23
kcal · min−1, 23
Keino, Kipchoge, 551, 553
Kennedy, John F., 7
Kenyan runners, 455
ketosis, 388
Keys, Ancel, 10b
kg, 17t
kidney disorders, 258b
kidneys and acid-base balance, 

264
killer T-cell, 133
kilo-, 17t
kilocalorie (kcal), 18t, 21
kilogram (kg), 17t
kilopond-meter (kpm), 18t
kilopond-meter · min−1 (kpm · 

min−1), 18t
kinases, 46
kinesthesia, 150
kinesthetic receptors, 149
knee injuries, 109, 512–513
knee-jerk reflex, 151
knee laxity, 109
Korotkoff sounds, 200b
kpm, 18t
kpm · min−1, 18t
Kraus, Hans, 7
Krebs cycle. See citric acid cycle
Krebs-cycle intermediates, 84
Krebs-cycle oxidation, 84
Krebs, Hans, 56b
Krogh, August, 3f, 4, 5, 20b
Krogh, Marie, 4
Kroll, W., 8

L
labor contractions, 34
laboratory assessment of 

performance, 459–479
anaerobic power, 489–473
benefits to athletes, 460–461
critical power, 466–467
cycling anaerobic power 

tests, 471–472
cycling power tests, 471
distance running, 465b, 468
endurance performance, 

464–467
exercise economy, 467
football players, 469–470
general principles, 461
jumping power tests, 469
limitations of tests, 461
Loughborough intermittent 

shuttle test, 470–471

MASRT, 472–473
muscular strength, 473–476
paraplegic athletes, 464
peak running velocity, 465b
Quebec 10-second test, 471
reliability of the tests, 462b
running anaerobic power 

tests, 472
soccer players, 470–471
theory and ethics, 460
VO2 max, 462–464
Wingate test, 471, 471t, 472
young athletes, 469b

lactate, 51, 52b
blood lactate concentration, 

79
chemical formation, 52b
FFA, 121f
formation, 304
fuel source during exercise, 

56
glycolysis, 50, 260
muscle soreness, 79b
removal of, following 

exercise, 74b
shuttle, 86
three-carbon molecule, 56
training effect, 311f

lactate dehydrogenase (LDH), 
47t, 54, 54f, 78

lactate threshold (LT)
blood lactate removal, 74b
defined, 465f
evaluating performance, 

464–466
explaining the threshold, 

79, 80f
FATmax, 83b
incremental exercise, 77–80
practical use, 80

lactate/VO2 plot, 465
lactic acid, 52b
lactic acid buildup, 121f
lacto-ovo vegetarians, 534
larynx, 226f
lateral sac, 174
LDH (lactate dehydrogenase), 

47t, 54, 54f, 78
LDL (low-density lipoprotein), 

419
LDL cholesterol, 336, 401, 403, 

419
leading causes of death, 331
left bundle branch, 202, 202f
left pump, 194–195
left ventricular “twist 

mechanics,” 298
leptin, 105b
leptin resistance, 105b
leucine, 49, 86, 533, 534f
leukocytes, 129, 129t
leukotriene antagonists, 392
leukotrienes, 392
LH. See luteinizing hormone 

(LH)
Lima, Peru, 553
line graph, 31b
linear periodization, 493b
lipases, 49, 83
lipid profile, 399
lipolysis, 49, 84
lipophilic hormone, 96f
lipoprotein, 419
live high, train low strategy, 

488, 555b

liver glycogen, 49. See also 
glycogen

stores, 84, 81t
liver glycogenolysis, 48, 84
loading, 238
local blood flow, 215
long, slow-distance exercise, 

487
long-term performances, 

453–456
Loucks, Anne B., 110b
Loughborough intermittent 

shuttle test, 470–471
low-carbohydrate diet, 85t
low-density lipoprotein (LDL), 

419
low energy availability, 511b
low-grade chronic systemic 

inflammation, 336
low-grade inflammation, 131b, 

336
low-intensity exercise

blood flow, 236
blood glucose, 85
fuel selection, 81
local blood flow, 215
plasma FFA, 85
slow fibers, 79
V/Q relationship, 237

low-load resistance training, 316
low responders, 483
LT. See lactate threshold (LT)
Luft, Ulrich, 358b
lungs, 225, 227f, 249
luteal stage (menstrual cycle), 

107, 109f
luteinizing hormone (LH), 99, 

106
Lycra, 587
lysine, 576t
lysosome, 319

M
m (meter), 17t
m · s−1, 17t
M line, 168f
macrophages, 129, 338
MacKinnon, kayakers-Rod, 179
Magendie, Francois, 32b
magnesium, 417t, A–8
major minerals, 414, 417t
malate, 84
male-female differences. See 

gender
maltose, 48
mammalian target of rapamycin 

(mTOR), 308, 319
manganese, 417t, A–9
marathon, 75, 135, 453
Margaria, Rudolpho, 5
MASRT (maximal anaerobic 

shuttle running test), 
472–473

masters athletes, 518–521. See 
also aging

Matters of the Heart: 
Adventures in Sports 
Medicine (Balke), 358b, 
363

Maughan, Ronald J., 531b
maximal aerobic power, 295, 

399
maximal anaerobic shuttle 

running test (MASRT), 
472–473

maximal cardiac output, 213, 
551

maximal force production, 181
maximal heart rate, 213
maximal oxygen transport, 552
maximal oxygen uptake, 76, 

295, 551. See also VO2 max
maximal run tests, 348–350
Mayer, Jean, 434b
mCAFT, 351
McArdle’s syndrome, 82b,  

577b
mean arterial pressure, 32f,  

201
measurements, 16–28

bench step, 18–19, 19f
cycle ergometer, 19–20, 19f
direct calorimetry, 21–22
energy expenditure, 21–23
exercise efficiency, 25–27
indirect calorimetry, 22
treadmill, 19f, 20–21
units of measure, 17
work and power, 17–18

mechanical control system, 33
mechanical ergogenic aids, 

586–588
mechanical stimuli, 307
mechanics of breathing, 

228–231
mechanistic target of rapamycin 

(mTOR), 319–320
mediastinum, 227f
Medicine and Science in Sports 

and Exercise, 11t
Mediterranean-style diet, 338
medulla oblongata, 156f, 204
mega-, 17t
mega doses of antioxidants, 496
megakaryocytes, 130t
melanocyte-stimulating 

hormone (MSH), 99
membrane transport, 96–97
menaquinone, 415t
meninges, 156f
menopause, 416
menstrual cycle, 107–111
menstrual disorders, 109, 

508–509
“Menstrual disorders in 

athletes”, 109, 125
menstruation, 509
messenger RNA (mRNA), 38b, 

305, 319
MET (metabolic equivalent), 

23, 340
metabolic acidosis, 257, 257f, 

258b, 258f
metabolic alkalosis, 257, 257f, 

258b, 258f
metabolic cart, 250b
metabolic equivalent (MET), 

23, 340
“Metabolic myopathies: 

Update 2009” (Van Adel/
Tarnopolsky), 82b, 88

metabolic pool, 57f
metabolic syndrome, 339–340

Dietary Guidelines for 
Americans, 422

interventions, 340f
Mediterranean diet, 422
operational definition, 339
overview, 340f
underlying theories, 339
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metabolism, 41. See also exercise 
metabolism

meter (m), 17t
meters per second (m·s−1), 17t
metric system, 17, 17t
Metropolitan Life Insurance 

height and weight tables, 
423

Mexico City Olympic Games, 
550, 550b, 550t, 551t

Meyerhof, Otto F., 3, 3f
MI (myocardial infarction), 397
micro-, 17t
midbrain, 156f, 157
Midcourse Report, 8b
mild hypothermia, 561, 566
military fitness testing, 589–590
milk, 404b
milli-, 17t
Milo of Crotona, 491
mineralocorticoids, 103
minerals

calcium, 414, 416
DRIs, A–8, A–9
iron, 416, 540–541
major, 414, 417t
sodium, 416
trace elements, 414, 417t

mitochondria, 41f
afferent nerve fibers, 312
BAT, 433
capillary density, 313
endurance training, 300, 302f
exercise intensity, 301
fatty acid beta-oxidation, 303
intermyofibrillar, 301
p38, 307
powerhouse of the cell, 41–42
pyruvate formation, 304
subsarcolemma, 301
VO2 max, 299, 299f

mitochondrial biogenesis, 301b, 
305, 308, 309, 323, 324f

mitochondrial turnover, 301b
mitogen-activated kinase p38 

(p38), 293
mitophagy, 301b
mixed diet, 85t
mixed venous blood, 194, 236
“Models to explain fatigue 

during prolonged 
endurance cycling” 
(Abbiss/Laursen), 455–456

moderate hypothermia,  
561, 566

moderate-intensity exercise, 
370, 372b

moderate-length performances, 
452–453, 452f

Modified Canadian Aerobic 
Fitness Test (mCAFT), 351

molecular biology, 41, 42b
molybdenum, 417t, A–9
Monark friction-braked cycle, 

20–21, 359
monocytes, 130t
monosaccharides, 48
Montoye, H., 9
Morococha, Peru, 553
Morris, Jeremy N., 335b
Morrow, J. R., Jr., 7, 14
motor cortex, 157
motor-driven treadmill, 19f
motor functions, 159
motor neuron, 153–154, 171

motor unit, 153f, 153, 154b, 
170

motor unit recruitment, 154, 
154b

Mount Everest, 554–557, 566b
mountain climbing (Mount 

Everest), 554–557, 566b
movement. See nervous system
movement speed and efficiency, 

27
MPS (muscle protein synthesis), 

535b
mRNA (messenger RNA), 38b, 

305, 319
MS (multiple sclerosis), 144b
MSH (melanocyte-stimulating 

hormone), 99
mTOR, 308, 319
multiple sclerosis (MS), 144b
“multiplying effect,” 9
muscle

actions, 184–185
antioxidant activity, 318
antioxidant capacity, 304
cell, 41f. See also muscle fiber
chemoreceptors, 153, 220
contractile protein synthesis, 

323
contraction, 171–176
cramps, 177–179
cytokines, 112b
endocrine gland, as, 112b
excitation, 173, 170b, 175f
fatigue, 157b. See fatigue/

muscle fatigue
force-velocity relationship, 

187–189
hyperplasia, 317
hypertrophy, 317
in vivo (fatigue), 445t
mechanoreceptors, 220
oxidative capacity, 317
power-velocity relationship, 

189
proprioceptors, 150–152
protein synthesis (MPS), 535b
pump, 208
relaxation, 174–176, 174b
skeletal. See skeletal muscle
soreness, 497–499, 498b
spindle, 150–151, 221
strength. See muscular 

strength
triglycerides, 86

Muscle Electrolytes, 527b
muscle fiber, 41f, 42b, 180–184

biochemical properties, 
180–181

contractile properties, 181
endurance training, 300–301
energy efficiency, and, 26–27, 

181
exercise intensity, 448f
fast fibers. See fast fibers
fast-to-slow fiber type shift, 

300
immunohistochemical 

staining, 180b
influence on intracellular 

buffer capacity, 261
performance, and, 183–184
slow fibers. See slow fibers

muscle glycogen, 84, 85t, 85, 
113, 323, 529. See also 
glycogen

depletion, 281
supercompensation, 527

muscle-glycogen utilization, 
111–113

muscle protein synthesis, 
318–319

Muscle soreness and delayed 
onset muscle soreness, 504

muscles of expiration, 230f
muscles of inspiration, 230f
muscles of respiration, 229f, 230f
muscular dystrophy, 188b
muscular endurance, 315–316
muscular strength, 315, 473–

476. See also resistance 
training

defined, 473
free weight testing, 474
isokinetic testing, 474–475
isometric testing, 473–474
variable resistance testing, 

475–476
myocardial infarction (MI), 397
myocardial ischemia, 203b, 218, 

352
myocardium, 195f, 196, 197f
myofibril, 168f, 169f
myofibrillar proteins, 317
myofilaments, 169f
myoglobin, 240
myoglobin-oxygen dissociation 

curve, 240, 240f
myokines, 112b
myonuclear domain, 169
myonuclei, 321
myosin, 168f, 169, 197, 317

cross-bridges, 172f, 173, 447b
isoforms, 181

myotatic reflex, 150
MyPlate, 422

N
N (Newton), 17t
N · m, 17t
N-acetyl-cysteine, 447b
N-balance, 532
N-balance studies, 532, 533
NAD+, 44, 44f, 53
NADH, 44, 44f, 54b, 59
Nagle, Francis J., 358b
nano-, 17t
nasal cavity, 226f
National Exercise and Heart 

Disease protocol, 356, 357t
National Strength and 

Conditioning Association, 
12

National Weight Control 
Registry (NWCR), 435b

natural killer cells, 130, 130t, 
134

Nautilus equipment, 491, 492–
494, 493t

NE. See norepinephrine (NE)
needle biopsy technique, 527b
negative feedback, 34
negative N-balance, 532
nerve fiber, 142
nervous system, 140–163

action potential, 145, 147f
all-or-none law, 145
anatomical divisions, 141, 

141f
autonomic nervous system, 

161–162

brain, 156–159
central fatigue, 444–445
CNS/PNS, 141, 141f
EPSPs, 148
equilibrium, 155–156
fatigue, 443–444
functions, 141
IPSP, 149
irritability/conductivity, 142
joint proprioceptors, 150
motor functions, 159–160
motor neuron, 153–155
MS, 144b
muscle chemoreceptors, 153
muscle proprioceptors, 

150–152
neuron, 142, 143f
opening/closing of “gates,” 

144–145, 145f
reflexes, 149–152
resting membrane potential, 

143–145, 143f
size principle, 154, 154b
sodium/potassium pump, 

145, 146f
somatic motor function, 

153–155
spatial summation, 149
spinal tuning, 159
synapse, 145–146, 148f
synaptic transmission, 143f, 

145–149
temporal summation, 149
vestibular apparatus, 155–156
voluntary movement, 160, 

161f
net efficiency, 25, 26
neural input, 245, 247
neural theory (repeated bout 

effect), 498b
neuroendocrinology

blood hormone 
concentration, 94–95

defined, 93
hormone-receptor interaction, 

95–98
mechanisms of hormone 

action, 95–98
neurohypophysis, 99
neuromuscular cleft, 170
neuromuscular junction,  

170–171, 170f, 446
neuron, 142, 143f
neuron depolarization and 

repolarization, 145, 147f
neurotransmitter, 146
neutrophils, 130, 130t
Newton (N), 17t
Newton-meter (N · m), 17t
NFκB (nuclear factor kappa B), 

307, 309
niacin, 415t, A–7
nicotinamide adenine 

dinucleotide (NAD+), 44, 
53

Nielsen, Marius, 4, 4f, 5
Nieman, David, 133, 136b
Nissl substance, 143f
nitric oxide, 575
nitrogen(N)-balance studies, 

532, 533
nitroglycerin, 397
Nixon, Richard, 7
NMR (nuclear magnetic 

resonance), 424
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nodes of Ranvier, 142, 143f
Noll Laboratory, 9
noncatalyzed reaction, 45f
nonheme iron, 416
nonprotein respiratory 

exchange ratio (R),  
80, 81t

nonshivering thermogenesis, 
272, 433

nonsteroidal anti-inflamatory 
drugs, 315b

norepinephrine (NE)
adrenergic receptors, 103
BAT, 433
cellular metabolism, 272
control of hormone secretion, 

94
FFA, 116–117
fight or flight hypothesis,  

102
glucose, 117
insulin and glucose secretion, 

119f
lipases, 83
oxygen consumption after 

exercise, 73
prolonged exercise, 75
stroke volume, 209
sympathetic stimulation,  

162
training effect, 311f

Norgay, Tenzing, 566b
normocythemia, 579
normoxia, 549
Norton’s climb (Mount Everest), 

555
nuclear factor kappa B (NFκB), 

307, 309
nuclear magnetic resonance 

(NMR), 424
nucleus, 41
nutrient claims, 413f
nutrient density, 421
nutrition, 412–422

antioxidants, 496
carbohydrates. See 

carbohydrate
Dietary Guidelines. See 

Dietary Guidelines for 
Americans

dietary supplements,  
575–576, 576t

evaluating your diet, 422
fats, 419
healthy eating plans plans, 

421–422
food label, 412, 413f
glycemic index, 418b
minerals. See minerals
precompetition meal, 542
protein. See protein
recommendations by chronic 

disease organizations, 
421t

standards for dietary intake, 
412–413

vitamins, 414, 415t, 541
water and electrolytes, 414, 

535–539
Nutrition Facts panel, 413f
Nutrition for Health, Fitness and 

Sport (Williams et al.), 526, 
544

nutritional supplements, 136b
NWCR (National Weight 

Control Registry), 435b

O
O2 deficit, 72
O2-enriched mixtures, 577–579
Obama, Barack, 7
obesity, 422, 429–430. See also 

weight control
causes of, 429–430
chronic disease, 336, 338
genetic factors/cultural 

transmission, 429–430
hypertension, 339
weight classifications, 423

OBLA (onset of blood lactate 
accumulation), 77

Obree, Graham, 588f
obree position, 588f
observed safe level (OSL), 577b
off-season conditioning, 501
older adults, 399–403. See also 

aging
Bone Health and osteoporosis, 

402–403, 404b
health benefits of exercise,  

402
maximal aerobic power, 

399–400
physical activity 

recommendations, 
401–402

progression, 402
strength, 403

one-leg resistance-training 
model, 317

one-mile walk test, 350
one-repetition maximum  

(1-RM) test, 315, 474, 475
one-way venous valves,  

205, 209f
on-field core temperature 

measurement, 271
onset of blood lactate 

accumulation (OBLA), 77
open-circuit spirometry, 22
open window theory, 135f
opening/closing of “gates,” 144, 

145f
Operation Everest II project, 556
organic compounds, 41
Ornish diet, 431, 431f
ornithine, 576t
osmoreceptors, 101
Osmotic Regulation, 20b
osteoporosis, 402, 404b, 416, 

510
Otis, Arthur B., 12
ovaries, 106–111
overdrinking, 539b
overload principle, 295, 491
overreaching, 482
overtraining, 323, 444, 481, 502
overuse injuries, 488
oxaloacetate, 84
oxidases, 46
oxidation, 44
oxidation-reduction reactions, 

44
oxidative capacity (muscle 

fiber), 181
oxidative phosphorylation, 55, 

55f, 59, 59f, 62, 71b, 173f
oxidizing agent, 44
oxygen consumption, 23, A–1
oxygen cost-of-running curve, 

467f
oxygen debt, 72, 73
oxygen deficit, 70

oxygen delivery, 212–216
oxygen–hemoglobin dissociation 

curve
2-3 DPG, 239
pH, 238–239, 239f
temperature, 239, 239f

oxygen requirement (cycling), 
25b

oxygen transport in blood, 
237–241

oxygen transport in muscle, 240
oxygen uptake, 23
oxygen uptake kinetics 

(constant work-rate 
exercise), 71b

oxygen uptake reserve (VO2R), 
374, 375

oxyhemoglobin, 238
oxyhemoglobin dissociation 

curve. See oxygen–
hemoglobin dissociation 
curve

oxytocin, 34, 100
ozone, 567

P
Pi (inorganic phosphate), 50
p38 (mitogen-activated kinase 

p38), 307, 496
P wave, 203
PACER, 349b
Pacinian corpuscles, 150
Paffenbarger, Ralph S., Jr., 335b
pancreas, 106
pancreatic somatostatin, 106
pantothenic acid, 415t, A–7
papillary muscle, 195f
PAR-Q, 345
PAR-Q+, 345
paracrine signaling, 36f, 37
paraplegic athletes, 464
parasympathetic division, 162, 

204, 206f
parasympathetic tone, 204
parasympathetic vagus nerve, 

206f
parathyroid gland, 102
parathyroid hormone, 102
parietal pleura, 227, 227f
PARmedX for Pregnancy, 406
partial pressure, 234
partial pressure of carbon 

dioxide (PCO2), 235f
partial pressure of nitrogen 

(PN2), 234
partial pressure of oxygen (PO2), 

234, 235f
particulate matter, 567
PC (phosphocreatine), 50, 51b, 

173f, 490b, 577b
PCO2 (partial pressure of carbon 

dioxide), 235f
peak running velocity, 465b
Pediatric Exercise Physiology,  

11t
pediatric exercise science, 515, 

516b. See also children
Pediatric Exercise Science, 515
Pensayres, Peter, 588f
peptide bonds, 49
percent body fat, 423
% Daily Value, 413f
percent fat estimate

men, A–10
women, A–11

percent grade, 20

percentage of maximal HR 
method, 376

percutaneous (needle) muscle 
biopsy technique, 527b

percutaneous transluminal 
coronary angioplasty 
(PTCA), 398

performance. See athletic 
performance

performance-enhancing 
phenomena. See ergogenic 
aids

pericardial space, 195f
pericardium, 195f
perimysium, 167f, 168
periodization of strength 

training, 493b
peripheral chemoreceptors, 

245–246, 246f
peripheral fatigue, 157b, 

445–448
peripheral feedback, 311–312
peripheral nervous system 

(PNS), 141, 141f, 142f
permissive hormones, 114, 116
peroxisome proliferator-

activated receptor-gamma 
coactivator 1α (PGC-1α), 
308, 309, 496

Peruvian permanent-altitude 
residents, 553

PFK (phosphofructokinase), 63, 
63t, 581

PGC-1α, 308, 309, 496
pH

arterial blood, 304
defined, 257
enzyme activity, 46–47, 48f
oxyhemoglobin dissociation 

curve, 238–239
pure water, 257
scale, 257f

phagocytes, 129, 130
phagocytosis, 129
pharynx, 227f
Phase I cardiac rehabilitation 

program, 398
Phase II cardiac rehabilitation 

program, 398
Phase III cardiac rehabilitation 

program, 399
Phipps, James, 132b
phosphagen system, 51
phosphates, 260, 261t
Phosphatidic acid (PA),  

319–320
phosphatidylinositol (PIP2), 96, 

97f
phosphocreatine (PC), 50, 51b, 

173f, 490b, 577b
phosphodiesterase, 93
phosphofructokinase (PFK), 63, 

63t, 496
phospholipase C, 96, 97f, 103t
phospholipids, 49
phosphorus, 417t, A–9
phosphorylase, 63
phosphorylation, 52, 60
photon absorptiometry, 423
photosynthesis, 48
phyiloquinone, 415t
physical activity (PA)

cool-down, 373
defined, 368
environmental concerns, 380
FITT principle, 369
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games and sports, 378–379
government guidelines, 

370–371
health benefits, 334–335
jogging/running, 378, 379t
moderate-intensity exercise, 

372b, 406
“more is better,” 335
progression, 373
risk of cardiac arrest, 371
screening, 373
sequence of activities, 

377–379
stretching, 373
vigorous-intensity exercise, 

370, 372b
walking, 378, 379t
warm-up, 373
weight control, 417

Physical Activity and Health: 
A Report of the Surgeon 
General, 368

“Physical Activity and Health: 
A Report of the Surgeon 
General,” 335

Physical Activity Readiness 
Questionnaire (PAR-Q),  
345

physical activity 
recommendations, 401–402

physical fitness, 368. See also 
physical activity (PA)

physical inactivity and heart 
disease, 333–334

physical performance. See 
athletic performance

physical warm-up, 588–590
“Physiological adaptations to 

low-volume, high intensity 
interval training in health 
and disease” (Gibala et al.), 
486b, 503

physiological performance tests. 
See laboratory assessment 
of performance

physiology, 3
Physiology of Bodily Exercise 

(Lagrange), 8
physiology of training, 293–328

concurrent strength and 
endurance training, 
322–324, 324f

detraining, 313–314, 322
endurance training. See 

endurance training
exercise-induced adaptation, 

305–308
mitochondria. See 

mitochondria
principles of training, 295
strength training. See 

resistance training
VO2 max. See VO2 max

physiology subject matter areas 
(1954–94), 10t

pico-, 17t
piloerection reflex, 276
pioneers. See important people 

in science
PIP2, 96, 97f
pituitary gland, 98–102
PKA (protein kinase A), 97f
PKC (protein kinase C),  

96, 97f
placebo, 574
plaque, 225

plasma, 210
glucose, 120, 302
glucose concentration, 114, 116
testosterone concentration, 

107
volume, 95

plasma FFA, 86
platelets, 210
pleura, 227, 227f
PN2 (partial pressure of 

nitrogen), 234
pneumotaxic center, 245, 245f
PNF methods, 379, 501
PNS (peripheral nervous 

system), 141, 141f, 142f
PO2 (partial pressure of oxygen), 

234, 235f
Pollock, Michael L., 374b
pollution, 567–568
polysaccharides, 48
pons, 156f, 157
popular diets, 431, 431f
positive feedback, 34
positive N-balance, 532
postactivation potentiation 

(PAP), 187
posterior pituitary gland, 100
postganglionic sympathetic 

fibers, 161
postsynaptic membrane, 148f
posture, 158
potassium, 417, A–9
potassium-40, 423
power, 18, 18t, 469
power athletes, 183, 184t
PRE (progressive resistance 

exercise), 491
preBötzinger complex 

(preBötC), 245, 245f
precompetition meal, 541–542
precooling, 284b, 285b
“Precooling and performance in 

the heat, 284b, 290
prediabetic, 391b
preeclampsia, 406
pre-exercise overhydration, 539b
pregnancy

DRIs (minerals), A–8, A–9
DRIs (vitamins), A–6, A–7
exercise, and, 403–406, 510, 

512
heart rate, 406

prehypertension, 396
preload, 208, 298
premature junctional 

contraction, 352
premature ventricular 

contraction (PVC), 352
preoptic-anterior hypothalamus 

(POAH), 272, 276
preseason conditioning, 501–502
President’s Council on Physical 

Fitness, 7
pressure-sensitive receptors, 220
primary amenorrhea, 109
primary hypertension, 201
principle of reversibility, 295
principle of specificity, 295
professional and scientific 

societies, 11–12
professional phagocytes, 129
progesterone, 107
progression, 369, 373, 402
Progressive Aerobic 

Cardiovascular Endurance 
Run (PACER), 349b

progressive resistance exercise 
(PRE), 491

proinflammatory cytokines, 
105b, 112b

prolactin, 99
prolonged exercise. See also 

endurance exercise
aerobic metabolism, 75–76
blood insulin levels, 83
carbohydrate/fat metabolism, 

83f
carbohydrate feeding, 84b
central nervous system 

dysfunction, 283
circulatory responses to 

exercise, 219
fuel sources, 86f
glucagon, 119f
hormonal responses, 120f
hot environment, 242
menstrual cycle, 109
muscle fatigue, 177
proteases, 86
protein metabolism, 86

Prolonged space flight-induced 
alterations in skeletal 
human muscle fibres,  
449b, 456

propranolol, 113, 117
proprioceptive neuromuscular 

facilitation (PNF) method, 
379, 501

proprioceptors, 149
prostaglandins, 392
proteases, 86
protein, 49, 532–535, 576t

athletes, and, 534–535
exercise, and, 81, 496, 532–534
muscle, 169
muscle protein synthesis 

(MPS), 535b
nutrition, as, 420
precompetition meal, 542
source of, during  

exercise, 86
stress, 37, 286, 287b
transport, 94–95

protein DV, 413f
protein filaments, 169
protein kinase A (PKA), 97f
protein kinase C (PKC), 96, 97f
provitamin, 414
provitamin A, 415t
PTCA (percutaneous 

transluminal coronary 
angioplasty), 398

PubMed search, 13
Pugh, L.G.C.E., 566b
pulmonary arteries, 195f
pulmonary circuit, 195, 196f
pulmonary circulation, 236
pulmonary respiration, 225. See 

also respiratory system
pulmonary semilunar valve, 

195, 195f
pulmonary trunk, 195f
pulmonary veins, 195f
pulmonary ventilation, 228–229, 

231–232
pulmonary volumes and 

capacities, 232–234
pulse count, 377
purging, 428, 509
Purkinje fibers, 202–203, 202f
PVC (premature ventricular 

contraction), 352

pyridoxine, 415t
pyrogens, 276
pyruvate, 54–55, 74b, 84

Q
Q. See cardiac output (Q)
Q10 effect, 73
QRS complex, 203
“Quantification of Endurance 

Training Programs” 
(Pollock), 374b

Quebec 10-second test, 471

R
R (respiratory exchange ratio), 

80, 81
radiation, 272
radicals. See free radicals
radiography, 423
Rapid Interpretation of EKGs: A 

Programmed Course (Dubin), 
352, 363

RAST (running anaerobic sprint 
test), 472

rate-limiting enzymes, 62, 63f, 63t
rate-pressure product, 217–218
rating of perceived exertion 

(RPE), 352–353, 353t, 530
RDA (recommended dietary 

allowance), 412
reciprocal inhibition, 159
recommended dietary 

allowance (RDA), 412
recovery from exercise, 71–75, 

217
rectal temperature, 271
rectus abdominus, 229, 230f
red blood cells, 210, 418
reducing agent, 44
reduction, 44
reflex action, 159
reflexes, 149–152
regulatory T-cell, 133
rehydration, 282b
relative energy deficiency 

syndrome, 512b
relative exercise intensity, 372b, 

372f
relative humidity, 273, 279, 

280f
relative risk, 334
relative VO2, 24
releasing hormones, 99
renin, 104
repeated bout effect, 498b
repeated exercise bouts, 120
repetition, 487
repetitions maximum (RM), 491
repolarization, 145
research focus

exercise/cool conditions/heat 
acclimation, 286b

free radicals, 60b
graphs, 31b
heat acclimation and heat 

shock proteins, 287b
muscle cramps, 179b
muscle soreness, 498b
predicting performance in 

distance running, 465b
sex differences in breathing, 

244b
skeletal muscle fibers, 42b
stroke volume/endurance 

athletes, 213b
type 2 diabetes, 391b
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research journals, 11t
Research Quarterly for Exercise 

and Sport, 11t
residual volume (RV), 232, 233t
resistance to flow, 211
resistance training, 315–316, 

489–494
advanced-level training, 381b
aerobic exercise, compared, 

380t
capillary number, 317–318
definitions/basic principles, 

315–316
detraining, 322
diabetics, 390
free weights vs. machines, 

492–494
gender, 494
general strength-training 

principles, 491–492
health benefits, 379, 380t
high-load, 316
intermediate-level training, 

381b
low-load, 316
muscle antioxidant enzyme 

activity, 318
muscle fiber, 317
muscle growth, 317
muscle oxidative capacity, 

317–318
muscle strength, 315b
muscular endurance, 492t
muscular strength, 473–476
nervous system, 316–317
novices (untrained 

individuals), 381b
overview, 321f
periodization, 493b
PRE, 491
primary adaptation, 295
signaling events, 318–321
single vs. multiple sets, 381b
strength gains, 492t

resistance training-induced fiber 
hypertrophy, 321f

resistance training-induced 
muscle growth, 318–321

satellite cells role in 
hypertrophy, 321

signaling events to, 319–320
time course of muscle protein 

synthesis, 318–319
resistin, 105b
Resource Manual for Guidelines 

for Exercise Testing and 
Prescription (ACSM), 397, 
423

respiration, 225
respiratory assemblies, 60
respiratory chain, 59
respiratory chemoreceptors, 245
respiratory compensation, 265
respiratory control center, 

244–247
respiratory exchange ratio (R), 

80, 81
respiratory heat loss, 393
respiratory muscle failure, 250
respiratory muscle fatigue, 250, 

251b
respiratory muscle training, 396
respiratory muscles, 230b, 230f
respiratory pump, 208
respiratory quotient (RQ), 80
respiratory rhythm center, 244

respiratory system, 224–255
acid-base balance, 241
altitude, 552
anatomy, 225–227, 226f
blood flow to lung, 236, 236f
Bohr effect, 239, 239f
carbon dioxide transport in 

blood, 240–241
conducting zone, 227, 227f
diffusion of gases, 234–236, 

235f
Fick’s law, 234
functions, 225
Henry’s law, 235
lungs and exercise, 249–250
maximal exercise 

performance, 250, 251b
mechanics of breathing, 

228–231
muscles of respiration, 229, 

230f
myoglobin-oxygen 

dissociation curve, 240, 
240f

oxygen transport in blood, 
237–241

oxygen–hemoglobin 
dissociation curve, 
238–239

pulmonary ventilation, 
231–232

pulmonary volumes and 
capacities, 232–234

respiratory muscle fatigue, 
250, 251b

respiratory zone, 227f, 228
spirometry, 232–234
V/Q ratio, 237
ventilation/diffusion, 225
ventilatory control during 

exercise, 244–248
ventilatory response to 

exercise, 242–244
respiratory zone, 227f, 228
“Responses to Exercise After 

Blood Loss and Reinfusion” 
(Ekblom), 581b

rest
cardiac output, 206t, 215f
ECG, 204f
energy requirements, 69
heart rate, 206t
stroke volume, 206t

rest/cool-down breaks, 281b
rest interval, 486
resting diastolic blood pressure, 

200b
resting energy expenditure, 69, 

110b
resting membrane potential, 

143–145, 143f
resting metabolic rate (RMR), 

23, 432, 433
rest-to-exercise transitions, 

69–70, 217
rest-to-work transition, 242
reticular formation, 157
reticulum, 42b
retinoids, 415t
retraining, 322
retrotrapezoid nucleus (RTN), 

245f
reversibility, 295
reversibility of training, 482
Rheb (Ras homolog enriched in 

brain), 319–320

rhythm-generating centers, 245
riboflavin, 415t, A–7
right bundle branch, 202, 202f
right pump, 194
risk factors

behavioral, 331–332, 331f
environmental, 331, 331f
inherited/biological, 331, 

331f
web of causation, 332, 332f

RM (repetitions maximum), 491
RMR (resting metabolic rate), 

23, 432, 433
Robinson, Sid, 5
Rowell, Loring, 11
RPE (rating of perceived 

exertion), 352–353, 353t, 
530

RQ (respiratory quotient), 80
R-R time interval, 207
RTN (retrotrapezoid nucleus), 

245f
rubber exercise suit, 286b
running anaerobic power tests, 

472
running anaerobic sprint test 

(RAST), 472
running economy, 27–28
running program, 378, 379t
RV (residual volume), 232, 233t

S
s (second), 17t
SA node, 202, 202f, 206f
sacral parasympathetic neuron, 

162f
Salazar, Alberto, 135
salbutamol, 585b
salmeterol, 585b
salt (sodium), 416, 538
Saltin, Bengt, 300b
salty foods and beverages, 539b
same-season repeat concussion, 

158b
sarcolemma, 41, 167f, 168, 169f, 

446
sarcomeres, 168f, 169
sarcopenia, 188b, 518
sarcoplasm, 41, 167f, 169, 169f
sarcoplasmic Ca++ 

concentration, 63
sarcoplasmic reticulum, 169, 

169f
Sargent, Dudley, 6, 6f
satellite cell, 167f, 168, 168f, 

321
Sawka, Michael, 285b
scalene muscles, 229, 230f
scavenger receptors, 336
Scholander, Peter F., 5
Scholander gas analyzer, 401b
Schwann cells, 142, 143f
screening

asthma, 394b
exercise testing procedures, 

345
physical activity, 373

SE (standard error), 355b
second (s), 17t
second messengers, 95–96
secondary amenorrhea, 109
secondary ending, 150
secondary hypertension, 201
second-impact syndrome, 158b
SEE (standard error of estimate), 

423

seizures, 517–518
selenium, 417t, A–9
Selye, Hans, 104
sensor, 33
sensory division (PNS), 141
sensory nerve fiber, 160f
sensory neuron, 160f
serous pericardium, 197f
serum ferritin (SF), 540
serving size, 413f
servings per container, 413f
set, 486–487
set-point temperature, 276
severe hypothermia, 561, 566
sex steroids, 103
SF (serum ferritin), 540
sham reinfusion, 579
sham withdrawal, 579
shell (skin) temperature, 270, 

272
shivering, 272, 433, 565
short-term performances, 450–

451, 451f
shuttling of hydrogens across 

mitochondrial membrane, 
54b

SI units, 17, 17t
side effects, 369
simple twitch, 185, 185f, 187f
sinoatrial node (SA) node, 202, 

202f, 206f
Siri equation, 424
size principle, 154, 154b, 155b
skeletal muscle, 166–192

aging, and, 188b
disease, and, 188b
excitation-contraction 

coupling, 173–176
fiber. See muscle fiber
flexors/extensors, 167
force regulation, 185–187
force-velocity relationship, 

187–189
functions, 167
heart muscle, compared, 

196–197, 198t
individual skeletal muscle 

fiber, 169f
length-tension relationships, 

186f
microstructure of muscle, 168f
muscle actions, 184–185
muscle contraction, 171–176
muscle cramps, 177–179
muscle fatigue, 177
muscle fiber. See muscle fiber
neuromuscular junction, 

170–171, 170f
overview, 198t
power-velocity relationship, 

189
sensory receptors, 150
speed of muscle action/

relaxation, 185
striated appearance,  

168, 169
structural organization, 167f
summation/tetanus, 186–187, 

187f
tetanic contractions, 187

skin temperature (Ts), 272
skinfold method of assessing 

body composition, 427
skinned fiber (fatigue), 445t
sliding filament model, 171, 

171b
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slow-acting hormones,  
114–116

slow fibers, 181–182
ATP, 188
characteristics, 183t
contraction, 185
endurance athletes, 183
energy efficiency, 27, 182
immunohistochemical 

staining, 180b
low-intensity exercise, 79
tension development, 448

slow-oxidative fiber, 181
slow-twitch fibers. See slow 

fibers
smallpox vaccine, 132b
smoking-cessation programs, 

331–332
SO2 (sulfur dioxide), 567
soccer, 285b, 470–471
socioeconomic factors, 331
sodium, 416, 417t, 538, 539b, 

A–9
sodium bicarbonate, 263b, 582
sodium buffers and athletic 

performance, 263b
sodium citrate, 263b
sodium/potassium pump, 145, 

146f, 447b
somatic motor division (PNS), 

141
somatic motor function, 

153–154
somatostatin

hypothalamic, 99
pancreatic, 106

space travel, 449, 449b
spatial summation, 149
special populations, 386–410

asthma, 392–395
cardiac rehabilitation, 

397–399
COPD, 395–396
diabetes, 387–391
hypertension, 396–397
older adults, 399–403
osteoporosis, 402–403, 404b
pregnancy, 403–406

specific force production, 181
specific heat, 275
specificity, 295, 482, 502
speed endurance training, 489
Speed endurance training, 489, 

503–504
speed of contraction, 181
speed training, 489
sperm production, 106, 107f
sphygmomanometer, 199
spinal cord, 156f, 159
spinal tuning, 159
spirometry, 232–234
sport-related Traumatic Brain 

Injuries and Development 
of Chronic Traumatic 
Encephalopathy (CTE), 
158b, 158t

sport-related traumatic brain 
injuries, 158b

sports
acid-based disturbances, 259b, 

260t
exercise physiology. See 

winning edge
drinks, 84b, 282b
physical activity, 378–379

sprint training, 314

ST segment depression, 352
stable internal environment, 31. 

See also control of internal 
environment

stage of exhaustion (GAS), 105
stage of resistance (GAS), 105
StairMaster, 360
Standard Balke protocol, 356, 

357t
standard error (SE), 355b
standard error of estimate (SEE), 

423
standardization of gas volumes, 

A–2
standards for dietary intake, 412
starch, 48, 418
static exercise, 184
static stretching, 379, 499–501
steady state, 31
step test, 360–362
sternocleidomastoid, 229, 230f
steroids, 49, 94

anabolic, 108b
asthma, 392
athletic performance, and, 

108b
glucocorticoids, 103
lipid-like nature, 95
mineralocorticoids, 103
sex, 103

Stewart, Peter, 264b
stimulus strength, 186f
stored carbohydrates, 48
STPD, A–2
STPD correction, A–2–A–3
strength, 403
strength training. See resistance 

training
stress proteins, 37, 286, 287b
stress test, 203b
stretch reflex, 150, 151f
stretching

dynamic, 499
injuries, and, 589
PNF, 501
static, 379, 499–501
warm-up, 373, 588–590

stroke volume (SV)
body position impact on, 

213b
cardiac output, 204
defined, 298
endurance training,  

213b, 298
factors to consider, 298f
regulation of, 208–209
resting and maximal exercise 

values, 206t
strong acids, 257
strong bases, 257
strong ion difference, 264b
subcutaneous fat, 564
submaximal exercise

altitude and heart rate, 552f
altitude and ventilation 

response, 552f
cool environment, 277f
emotionally charged 

atmosphere, 217
free fatty acid and glucose 

mobilization, 119f
heat acclimation, 284
hot vs. cool environment, 

281f
Krebs-cycle intermediates, 84
ventilatory control, 247–248

subsarcolemmal mitochondria, 
42b, 301

substrate, 46, 46f
successful losers, 435b
sucrose, 48, 530
sudden cardiac death, 220b, 

515b
sugars and starches, 418
sugars DV, 413f
sulcus, 156f
sulfur dioxide (SO2), 567
sulfuric acid, 257
summation, 186, 187f
supercompensation, 527
superior vena cava, 195f
superman position, 588f
supplemental oxygen, 577–579
surfactant, 228
Surgeon General’s Report on 

Physical Activity and Health, 
8b

susceptibility to disease, 331
sustained contractions, 186–187
SV. See stroke volume (SV)
sweat rates

exercise, 279
exercise intensity, 535
hot weather, 537
how to measure, 539b
hydration, 558

swimming, 378, 395
swinging lever-arm model, 

171–173
sympathetic division, 161–162, 

207, 206f
sympathetic nerve, 207
sympathetic neuron, 162f
sympathomimetic, 583
sympathovagal balance, 208
synapse, 142, 145–146, 148f
synaptic cleft, 146, 148f, 170
synaptic signaling, 37
synaptic transmission, 143f, 

145–149
synaptic vesicle, 148f
Syndrome X, 339
System International units (SI 

units), 17, 17t
systemic circuit, 195, 196f
systemic gas exchange, 225
systole, 197
systolic blood pressure, 199, 

200b

T
T3(triiodothyronine), 101, 114, 

432
T4 (thyroxine), 101, 114, 272
Tdb (dry bulb temperature), 560
Tg (black globe temperature), 

560
Ts (mean skin temperature), 272
Twb (wet bulb temperature), 560
T wave, 203
talk test, 406
tapering, 503
target heart rate (THR) range, 

375, 375f, 378
Taylor, Henry L., 10
TBW (total body water), 423
T-cell, 130t, 133
temperature correction, A–3
temperature measurement, 

271–272
temperature regulation, 269–

292

aging, 284
body heat gain calculations, 

275b
cold acclimation, 289
cold environment, 287–289
core-to-shell gradient, 270, 

271–272
dehydration, 282b
environmental temperature 

increase, 277, 278f
fever, 276
gender, 283–284
goal, 270
heat acclimation, 284–286
heat exchange mechanisms, 

274f
heat index, 279, 280f
heat loss, 272–274
heat production, 272
heat storage, 275
homotherms, 270
hot environment, 279–287
hypothalamus, 276
net heat gain/loss, 270
physiological responses to 

heat load/cold stress, 
276f

set-point temperature, 276
sweat rates, 279
temperature measurement, 

271–272
thermal events, 277–278

temporal association, 333
temporal summation, 149
ten percent rule, 488
tendon, 167, 167f
tensiometer, 473, 474f
terminal cisternae, 169, 174
testes, 106
testosterone, 106–107, 108b
tetanic contractions, 187
tetanus, 187, 187f
thermal effect of food, 433
thermistor, 271
thermocouple, 271
thermogenesis, 433
thermostat-regulated heating 

and cooling system, 33
thiamin, 415t, A–6
THR range, 375, 375f, 378
“three musketeers,” 4, 4f, 5
threshold, 145, 148
thyroid gland, 101–102
thyroid hormones, 101, 114, 432
thyroid-stimulating hormone 

(TSH), 99
thyroxine (T4), 101, 114, 272
Tibetan Sherpas, 553
tidal volume (V), 231, 233t
Tipton, C. M., 9, 10t
TLC (total lung capacity), 232, 

233t
T-lymphocyte, 130t
TNF-α (tumor necrosis factor 

alpha), 105b, 112b, 336
“To stretch or not to stretch: 

The role of stretching in 
injury prevention and 
performance” (McHugh/
Cosgrave), 499, 504

TOBEC, 424
tocopherols, 415t
Tokyo Olympic Games, 550, 

550t, 551t
tolerable upper intake level 

(UL), 412
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tonic seizure, 517
total body electrical 

conductivity (TOBEC), 424
total body water (TBW), 423
total fiber, 419
Total Fitness and Wellness 

(Powers et al.), 474, 476
total lung capacity (TLC), 232, 

233t
toxicity, 414
trace elements, 414
trachea, 226f
track sprinters, 184t
trained interventionist, 431
training, 480–506

adaptation. See exercise-
induced adaptation

aerobic power, 485–488
anaerobic power, 489, 490b
asthmatics, 517
basic principles, 481–483
common mistakes, 502–503
concurrent strength and 

endurance training, 
494–495

cool down, 483
diabetics, 516
epilepsy, 517–518
flexibility, 499–501
gender, 482
genetics, 483
“hard-easy” cycle, 490b
high/low responders, 483
in-season conditioning, 502
initial fitness level, 482–483
injuries, 488
masters athletes, 521
menstruation, 509
muscle soreness, 497, 498b
nutritional influence, 495–

496
objective, 481, 483
off-season conditioning, 501
overtraining, 481
physiology. See physiology of 

training
preseason conditioning, 

501–502
quantifying training intensity, 

487, 488t
reversibility, 482
specificity, 482, 502
strength training program, 

489–494
tapering, 503
ten percent rule, 488
warm-up, 483

training in research, 11–12
training-induced fiber shift, 317
training-induced reduction in 

exercise ventilation, 249b
transcription, 38b
transcriptional activator, 38b, 

305
transferrin, 416
transient receptor potential 

(TRP) channel, 179
transport protein, 94–95
transverse tubule, 169
transverse tubules, 446
traumatic brain injury (TBI), 

158b
treadmill

exercise testing procedure, 
357–358

measurement of work 
performed, 20–21

motor-driven, 19f
oxygen requirement 

(running), 24b
oxygen requirement 

(walking), 24b
peak running velocity, 465b
protocols, 357t
running, 24b
walking, 24b

tricarboxylic cycle, 54
tricuspid valve, 195, 195f
triglycerides, 49, 83
triiodothyronine (T3), 101, 114, 

432
tropomyosin, 169, 172f, 173
troponin, 169, 172f, 173
TrueOne metabolic 

measurement  
system, 22f

TSC 1/2, 323
TSH (thyroid-stimulating 

hormone), 99
t-tubule, 446
tuberous sclerosis complex ½ 

(TSC 1/2), 323
tuberous sclerosis complex 2 

(TSC2), 319
tubule, 264
tumor necrosis factor alpha 

(TNF-a), 105b, 112b, 336
Tvent (ventilatory threshold), 

243, 466
twenty-four hour recall, 422
“twist mechanics,” 298
twitch, 185, 185f, 187f
two-component system 

of assessing body 
composition, 424–427

two-kilometer walk test, 351
tympanic temperature, 271
type 1 diabetes, 36b, 387t, 

388–390
type 2 diabetes, 387t, 390–391, 

391b
type FF motor unit, 154b
type FR motor unit, 154b
type I fibers, 154b, 180b, 181–

182, 183t. See also slow 
fibers

type I osteoporosis, 402
type II alveolar cells, 228, 228f
type II osteoporosis, 402
type IIa fibers, 154b, 180b, 

182–183, 183t. See also fast 
fibers

type IIb fibers, 182
type IIx fibers, 154b, 180b, 

182–183, 183t, 448. See also 
fast fibers

type S motor unit, 154b
tyrosine kinase, 97

U
UL (tolerable upper intake 

level), 412
ultra-endurance events, 454b
ultra short-term performances, 

450, 450f
ultrasound, 423
underwater weighing, 424–425, 

426f
units of measure, 17
universal energy donor, 50

unloading, 238
up-regulation, 95
upper respiratory tract infection 

(URTI), 128
environmental extremes,  

137
exercise intensity, 134f
high-intensity/long-duration 

aerobic exercise, 135
moderate aerobic exercise, 

134–135
should one exercise?, 138

urea cycle, 56b
URTI. See upper respiratory 

tract infection (URTI)
U.S. Physical Activity Guidelines, 

8b, 370, 373, 401–402, 403, 
435b

USDA food pattern, 421–422

V
V, 231, 233t
VA, 231–232
VD, 231
VE, 242
VSPD, A–3
VST, A–3
VSTPD, A–3
V gas, 234
V/Q ratio, 237
vagus nerve, 204
valine, 49, 86
van Slyke apparatus, 4
vapor pressure, 273
variable-resistance exercise, 491, 

493t
variable-resistance isokinetic 

dynamometer, 475
variable-resistance measurement 

of strength, 475–476
vascular resistance, 211–212
vasoconstriction, 215
vasodilation, 216
vasopressin, 100
VC (vital capacity), 232, 233t
VCO2, A–1
VCO2/VO2 ratio, 80
vegetarian diet, 419, 534, 540
veins, 194
venoconstriction, 208
venous return during exercise, 

208
ventilation, 225
ventilation-to-perfusion (V/Q) 

ratio, 237
ventilatory control during 

exercise, 244–249
ventilatory response to exercise, 

242–244
ventilatory threshold (Tvent), 

243, 466
ventricles, 195f
ventricular myocardium, 196
venules, 194
vestibular apparatus, 155–156
vigorous-intensity exercise, 370, 

372b
visceral pericardium, 197f
visceral pleura, 227, 227f
visfatin, 105b
vital capacity (VC), 232, 233t
vitamin, 414, 541

DRIs, A–6, A–7
fat-soluble, 414, 415t
water-soluble, 414, 415t

vitamin A, 415t, 576t, A–6
vitamin B6, 415t, A–7
vitamin B12, 415t, A–7
vitamin C, 415t, 496, 576t, A–6
vitamin D, 402, 415t, 541, A–6
vitamin deficiency, 414
vitamin E, 415t, 496, 576t, A–6
vitamin K, 415t, A–6
vitamin supplementation, 541
vitamin toxicity, 414, 541
Vmax, 181
VO2, 23, A–1
VO2 max

aging, 349b, 400b, 519–521, 
520f

altitude, 551, 552
blood doping, 579
criterion-reference standards, 

350b
delivery of blood, 295
detraining, 313, 313f
distance running, 453b, 454b
Ekblom’s research, 581b
endurance training, 295–296, 

299f
estimating, without doing 

exercise test, 362b
exercise training, 297–299
Fick equation, 297
gender, 349b
genetic predisposition, 296, 

297b
genetics impact on, 297b
getting a true measurement, 

353–356
healthy/diseased populations, 

296t
incremental exercise, 76
laboratory tests, 462–464
last work rate, 354
nomogram, 361f
paraplegic athletes, 464
pregnancy, 406
standard error (SE), 355b
submaximal HR response, 

354–356
systemic blood flow/systemic 

oxygen extraction, 297
training intensity, 487, 487f
ultra-endurance events, 454b
YMCA protocol, 360f

VO2R, 374, 375
volatile acid, 258
voluntary movement, 160, 161f

W
W. See Watt (W)
WADA, 108b, 576, 585b
waist to hip circumference, 429
walk tests, 350–351
walking, 378, 379t
warm-up, 373, 483, 588–590
Washburn, H., 9
Wasserman, Karl, 250b
water and electrolytes, 414, 

535–538
fluid replacement—after 

exercise, 538
fluid replacement–before 

exercise, 535–536
fluid replacement–during 

exercise, 536–538
salt, 538

water-soluble vitamins, 414, 
415t
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water vapor pressure, A–3t
Watt (W), 17t, 18t
WBGT index, 560
web of causation, 332, 332f
weight control, 428–430

BMR, 432–433
diet, 431–432
energy balance equation,  

430
obesity, 429–430
physical activity and exercise, 

433–434
popular diets, 431, 431f
RMR, 433
successful losers, 435b
thermal effect of food, 433
thermogenesis, 433
trained interventionist, 431
weight loss vs. weight 

maintenance, 434–435
weight loss vs. weight 

maintenance, 434–435

weight training. See resistance 
training

Weight Watchers, 431, 431f
wet bulb temperature (Twb), 

560
Wet Bulb Globe Temperature 

(WBGT) guide, 560
Whipp, Brian, 248
white adipose tissue, 433
white blood cells, 129, 130t
whole-body density, 424
whole-body nitrogen balance 

studies, 533–534
wind chill index, 562, 563t
Wing, Rena, 435b
Wingate HIIT protocol, 377b
Wingate test, 471, 471f, 472
winning edge

anaerobic/aerobic energy 
production, 64b

carbohydrate feeding/sports 
drinks, 84b

compression garments,  
500b

creatine monohydrate, 577b
creatine supplementation/

exercise, 51b
dehydration during exercise, 

282b
exercise-induced fatigue, 

157b
hyponatremia, 539b
lactate/muscle soreness, 79b
live high, train low, 555b
periodization, 493b
precooling, 284b
predicting future champions, 

469b
protein intake, 535b
sodium buffers and athletic 

performance, 263b
VO2 max and distance 

running, 453b
withdrawal reflex, 159, 160f

women. See female athletes
work, 17–18, 18t
work interval, 485–486
work-producing phenomena. See 

ergogenic aids
World Anti-Doping Agency 

(WADA), 108b, 576, 585b

X
x-axis (graph), 31b

Y
y-axis (graph), 31b
young athletes. See children
Youth Fitness Test, 7
Youth resistance training, 515

Z
Z disc, 169, 169f
Z line, 168f, 169
zinc, A–9
Zone diet, 431, 431f
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