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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 
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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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  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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