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Abstract: Physical activity and fitness are associated with a lower prevalence o
diseases, such as heart disease, cancer, high blood pressure, and diabetes. Th
discusses the body’s response to an acute bout of exercise and long-term phys
adaptations to exercise training with an emphasis on endurance exercise. An ov
provided of skeletal muscle actions, muscle fiber types, and the major metabolic p
involved in energy production. The importance of adequate fluid intake during
sessions to prevent impairments induced by dehydration on endurance exercise,
power, and strength is discussed. Physiological adaptations that result from regular
training such as increases in cardiorespiratory capacity and strength are mentio
review emphasizes the cardiovascular and metabolic adaptations that lead to impro
in maximal oxygen capacity.

PM R 2012;4

INTRODUCTION

For decades, exercise has been used by physiologists as a research tool to unders
workings of several body systems, particularly the skeletal muscle, metabolism, t
and the peripheral circulation. More recently, physiologists have focused on under
exercise itself, because regular physical activity has been shown to be important fo
prevention and health promotion. The purpose of this focused review is to dis
current understanding of the human body’s response to an acute bout of exercise
use endurance exercise as an example of this response. For more detailed discu
other types of exercise, the reader is referred to several alternative sources. In the sec
of the review, we also comment on the long-term adaptations induced by en
exercise in some physiological systems.

TYPES OF SKELETAL MUSCLE ACTIONS

Movement, exercise, and sports require the generation of force by skeletal musc
Force can be generated while skeletal muscles remain static, become shorter, or in
length [1]. These actions are the result of biochemical and structural changes that t
within the skeletal muscle fibers after neural activation and that need energy in th
adenosine triphosphate (ATP). During most types of exercise, muscles alternate
static and dynamic muscle actions.

Static (Isometric) Muscle Actions

Static muscle actions occur when the muscles generate force without changing len
there is no associated joint movement. In static actions, the myosin and actin myo
form cross-bridges and generate force, but the external resistance (weight of the
object) is greater than the force produced by the muscle. Although there i
expenditure, no work (work � force � distance) is done because there is no displ
An example of this type of muscle action is the performance of a cross on the rings a

by a gymnast (Figure 1).
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Dynamic (Isotonic) Muscle Actions

Dynamic muscle actions can be divided into conc
eccentric muscle actions.

Concentric Actions. During concentric acti
muscles produce enough force to overcome the
resistance, myosin and actin myofilaments form
bridges, the filaments slide pass by each other
shortening occurs, and joints move. Given that
force production and displacement, energy exp
results in work (sometimes referred to as positiv
This type of muscle action is used when moving
during exercise (ie, running) or sports activities (F
and/or when moving external objects.

Eccentric Actions. During eccentric actions, th
lengthens while it generates force. The lengthenin
because the external resistance moves in the d
opposite to the shortening. Eccentric actions can

Figure 1. A gymnast performing the Iron Cross,
executed by extending both arms straight out from
of the body and holding the isometric muscle act
suspended in the air. Printed with permission.
untary, such as when lowering a barbell after a biceps c
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exercise, or involuntary, such as when the perso
dropping a heavy object. Because the displacem
the direction opposite to the standard concentri
eccentric muscle actions are sometimes known as
ing negative work. These muscle actions provid
portant training stimulus because of the high forc
ated by the contractile elements. Eccentric actio
been associated with muscle damage and sorenes
is recommended that, at least initially, the eccent
ponent of exercise training be limited. The use of e
actions is of particular clinical value during the
tation of tendon injuries [2].
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the body during running. Printed with permission.
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Dynamic (Isokinetic) Muscle Actions

Isokinetic muscle actions are characterized by con
locity, a condition that exists in the laboratory or c
not in nature [3]. Isokinetic actions can be conc
eccentric, and require special (and usually expensi
puterized equipment to maximize resistance at each
the range of motion. These devices can be used for tr
for testing purposes. Athletes may use isokinetic d
perform exercises that simulate the actual speeds
sport-specific activities.

MUSCLE-FIBER TYPES

Human skeletal muscle is a heterogeneous tissue in
that muscle fibers vary in terms of their mechanical
logical, and biochemical properties (Table 1).
methods have been used to classify skeletal musc
including histochemical techniques, such as ATP
oxidative enzyme stains, measurements of co
(twitch) or fiber-shortening velocity, and the identifi
the myosin heavy chain isoform by using protein ele
resis. In general, human skeletal muscles may contai
of fibers in varying proportions: fiber types I, IIa, an
Fibers that express type I myosin heavy chain isofor
slow, oxidative, fatigue-resistant fibers. Type II
however, are very fast contracting, glycolytic, and
fibers. Type IIa fibers have intermediate propertie
fast contracting but with an oxidative metabolic p
is important to note that human muscle fibers can
more than one type of myosin heavy chain isoform
taneously [4]. These fibers are known as hybrid fi
various combinations (I/IIa, IIa/IIx, I/IIa/IIx) ha
reported. These hybrid fibers may be more prev
muscles recovering from injury, aging, and un
strength training.

ACUTE METABOLIC RESPONSES
DURING EXERCISE

Energy drawn from high-energy phosphate bonds i
for muscle activity. The cell stores a small amoun
near the contractile proteins [3]. The use of this A
dependent on a supply of oxygen, and, therefore, th

Table 1. Characteristics of muscle-fiber type

Muscle-Fiber
Type

Shortening
Velocity

Metabolic
Profile F

I Slow Oxidative R
IIa Fast Intermediate In
IIx Faster Glycolytic F

*Fiber-type distribution is highly variable in humans; this classific
sport and the predominant fiber-type distribution.
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ve-
ut
or

m-
of
or
to
eir

se
io-
ent
rs,
nd
ion

of
o-
es

4].
the
rs,
ble
is,
. It
ess
ul-
nd
en
in

ing

ed
TP
ot

rgy

continue beyond a few seconds, cells must synthe
through 1 of 2 metabolic pathways: anaerobic (glyco
aerobic (oxidative). All energy systems contribute to
energy demands of different sporting events but
predominate according to the sports-specific chara
(predominantly aerobic or anaerobic).

Activities that depend primarily on the ATP-pho
atine (PC) system and anaerobic glycolysis are clas
anaerobic activities. Examples of exercises in this
include 100-800-m track races, golf or tennis swing
ing events in track and field, and other events tha
muscle activity for 2-3 minutes [5]. Activities of long
tion (�2-3 minutes) that depend primarily on o
metabolism, such as long-distance swimming and
are classified as aerobic activities. Many sports acti
quire a blend of both anaerobic and aerobic me
(Figure 3). In “stop and go” sports such as basket
tennis, approximately 60%-70% of the energy com
ATP-creatine phosphate (CP) stores and anaerobic g
and the remaining 30% from oxidative processes [6

bility
Myosin Heavy Chain

Isoform Type Sports Predominan

t I Long duration (marathon
diate IIa Team sports
le IIx Sprints, weight lifting

only intended to illustrate the relationship between the metabolic demands of

Figure 3. In a 2-minute round of boxing, anaerobic a
triphosphate resynthesis contributes the majority of
energy required for muscle actions during the first 30
and aerobic metabolic energy provision predomina
last part of the round; training programs should inclu
cises that train both metabolic pathways. Reprinted
atiga

esistan
terme

atigab

ation is
to
mission from Jose Perez PR Best Boxing Promotions.
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ANAEROBIC METABOLISM

Stored ATP and CP

Energy at the onset of exercise and for muscle a
very-high intensity (85%-100% of maximal capac
therefore, of short duration (up to 10 seconds) is
from a small amount of ATP and CP that is stored i
cells [5-7]. The total energy available in stored A
enough for short-duration exercise, such as a weigh
high jump (Figure 4), or a 10-second sprint.

Anaerobic Glycolysis

During high-intensity exercise, the cardiovascular
unable to supply the cells with oxygen quickly en
activity is to continue, once the ATP-CP stores are ex
the muscles resort to the rapid breakdown of store
gen-glucose for ATP regeneration via the glycolytic
[6]. Anaerobic glycolysis can provide energy for eve
as the 400-800-m sprints and during the beginnin
intensity exercise when muscle energy needs are hig
oxygen transport system is not yet fully activated.
nately, this may result in the production and accumu
lactic acid, which leads to fatigue because muscle
tion impairs enzyme function, decreases the calcium
capacity of muscle fibers, and impairs the musc
ability to generate force. The fuel used in anaerobic g
is carbohydrates. Each mmol of glucose or glycogen
3 mmol of ATP. Patients with certain types of m
myopathies may have limited capacity to generate
perform exercise due to enzymatic abnormalities in

Figure 4. The energy needed to perform a high
derived from the adenosine triphosphate and creat
phate that is stored in muscle cells. Printed with perm
colytic pathway.
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AEROBIC METABOLISM

If exercise intensity is low and there is a steady s
oxygen to the cells, then energy is produced via o
phosphorylation [7]. The oxidative system has a hig
yield and is the most important pathway for energy
tion during prolonged exercise. This aerobic proc
place in the mitochondria of active muscles and
Krebs cycle and the respiratory chain. The energy
aerobic metabolism is much higher than that
through anaerobic glycolysis: 36-39 mol of ATP
generated per mmol of glycogen. Fats also enter th
cycle and the respiratory chain after being broken d
metabolic process known as �-oxidation. Amino acid
converted to glucose or to various intermediates of o
metabolism, but in general, they contribute little t
production.

Oxygen Transport Chain

Oxidative phosphorylation is dependent on a co
supply of oxygen. Because the amount of oxygen s
cells in hemoglobin and myoglobin is small and
duration, oxygen must be replenished from the envir
A series of mechanisms ensure an adequate supply o
to the site of oxidation in the mitochondria of activ
uptake of environmental oxygen through alveolar
tion, diffusion of oxygen into the blood, flow of blo
tissues, and, finally, diffusion of oxygen into mus
and mitochondria [8]. Different pathologic proce
interfere with one or more of these steps and
patient’s exercise capacity. However, a strong rela
has been shown between exercise performance in
ance sports and the capacity for oxygen transpo
working muscles [9].

Oxygen Uptake and Exercise Intensi

When a person exercises at progressively higher-po
puts, there is a linear increase in oxygen uptake to m
demand of the active skeletal muscles until the
oxygen consumption (VO2 max) is reached. The VO
an indicator of the system’s ability to deliver oxygen
muscle as well as a biomarker of health. Individual
able to continue exercising for a short period of time
VO2 max is reached because energy can be provided
anaerobic processes, for example, glycolysis. The V
can be twice as high in trained athletes compar
sedentary individuals because of their enhanced str
ume, improved myocardial function, and higher cap
oxidative metabolism in active muscles. Patients w
disease, heart disease, and peripheral vascular disea
low VO2 max. Healthy young individuals have an
VO2 max value of 38 mL/kg per minute (women)

is
os-
.

mL/kg per minute (men). It is important to note that in-
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creases in aerobic fitness, as measured by VO2 m
been related to a reduction in death from all causes.
max can increase by approximately 15% with tra
though there is significant intersubject variability.

ACUTE CARDIOVASCULAR RESPONSE
DURING EXERCISE

The determinants of oxygen consumption are summ
the Fick equation as follows:

VO2 � CO � (CaO2 � CVO2),

where VO2 is oxygen consumption, CO is cardiac
and CaO2 – CVO2 is the O2 difference between art
venous blood, or the a-vO2 difference [10,11]. Th
are 2 major factors that could limit VO2 max: cardia
and the capacity of active muscle to extract oxyg
arterial blood.

Cardiac Output

Cardiac output is the product of stroke volume a
rate. In general, cardiac output increases linearly w
cise intensity, from a resting value of approximately
to 20-40 L/min, depending on the level of cond
During exercise, there is a redistribution of blood flo
approximately 95% of the CO is diverted to the h
active skeletal muscles. In healthy individuals, strok
increases with increasing power output up to appro
40%-60% of the VO2 max and then levels off [12]. T
the increase in CO with increasing exercise intensi
marily mediated by increasing heart rate. During
exercise in the upright position, stroke volume can
from 50 mL at rest to 120 mL. In the supine positio
does not pool in the lower extremities and venous
enhanced. Thus, resting stroke volume values are
the supine position, and the increase in stroke volum
exercise, such as in swimming, is only approximat
40% of the resting value.

a-VO2 Difference (CaO2 – CVO2)

The a-vO2 difference is an indicator of the effectiv
active muscles in extracting oxygen from arterial b
rest, approximately 20%-30% of the blood’s origina
content (20 mL of oxygen per 100 mL of arterial
extracted at the tissue level. In the absence of lung
CaO2 is constant (at rest and during exercise) and
reduced during exercise, thus the a-vO2 difference
progressively with exercise intensity.

Blood Pressure

In healthy individuals, both systolic and mean blo

sure increase with exercise intensity while diastolic blo
ve
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pressure remains relatively unchanged [10,11,13
exercise is performed with the arms only, then the in
blood pressure is approximately 10% greater tha
exercise is performed with the legs because the sma
cle mass and vasculature of the arms present grea
tance to blood flow. Thus, arm exercise should be d
caution by individuals with cardiovascular disease
exercise that involves static muscle actions, there is
ate increase in cardiac output and a localized vaso
tion that restricts blood flow. This combination cau
in systolic, diastolic, and mean blood pressures that
than during dynamic exercise at similar exercise
and intensity [10]. During maximal static muscle a
the arms, systolic and diastolic blood pressures ca
220 and 150 mm Hg, respectively.

LIMITATIONS TO OXYGEN CONSUMPT
DURING EXERCISE

Chronic inactivity as well as several medical co
[11,12,14] can impair one or more of the mechan
volved in either oxygen transport (stroke volum
heart rate) or oxygen utilization (CaO2 or CVO2

results in a decrease in VO2 max and impaired
performance. For example, patients with aortic sten
a low stroke volume during exercise due to the i
resistance imposed by the stiff aortic valve, which l
reduction in maximal cardiac output, muscle blood fl
oxygen delivery, and to low exercise tolerance. Patie
use �-blockers have a slower heart rate at rest
increase associated with exercise is less. Conditions
result in a reduction in arterial oxygen content, for e
asthma, may impair oxygen delivery and exercise
mance. Finally, diseases such as muscular dystrop
impair the capacity of muscles to extract oxygen.

FACTORS THAT AFFECT AEROBIC EXE
PERFORMANCE

The capacity for prolonged exercise and sports perf
is also dependent on other factors, such as muscle b
capacity, gender, age, and genetics [15-21].

Acid-Base State of Muscle

As mentioned above, lactic acid, a metabolic bypr
anaerobic glycolysis, increases the intracellular a
muscles and impairs muscle actions. The lactate thre
the exercise intensity at which lactate begins to accu
a good indicator of the individual’s performance in
ance events.

Gender

Women have smaller hearts, lower blood volumes, a

od hemoglobin concentrations, which result in a lower stroke
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volume and blood oxygen carrying capacity. Wome
VO2 max that is approximately 75% that of men; thi
related difference is lower when adjusted for diffe
size and body weight.

Age

With increasing age, there is a decline in aerobic
partially due to a reduction in habitual physical
Aerobic capacity decreases by approximately 10% pe
in men and women [19-21]. In athletes who mainta
level of endurance training, the decline in VO2 m
proximately half that of sedentary men (approxim
per decade). The primary factor that causes the red
VO2 max with age is a reduction in cardiac outpu
increased peripheral resistance and lower stroke vo

Genetics

Studies on identical and fraternal twins have sugge
genetics account for 20%-30% of VO2 max values [1
appears that elite endurance athletes are born wit
tional genetic potential for the development of a v
level of cardiorespiratory fitness.

HYDRATION AND MUSCLE FUNCTION
DURING EXERCISE

During exercise, a substantial volume of body wate
lost via sweating to enable evaporative cooling, esp
hot environments [16,23]. Sweating rates can be of
hour and even higher in well-trained and heat-acc
athletes [23]. Individuals who exercise for prolonged
must drink fluid to restore the body’s water loss and
dehydration [24]. Furthermore, many athletes carr
deficit from their previous workout into the next
whereas others purposely dehydrate to “make weigh
sports competition [25].

The negative consequences of dehydration in
increase in cardiovascular strain, hyperthermia, im
of exercise performance, and an increased risk for
ness. Dehydration of as little as 2% of initial body w

Table 2. Exercise prescription model

Fitness Component Type of Exercise

Muscle strength and
endurance

8-10 exercises: major muscl
free weights, pulleys, elast
isokinetic dynamometer

Cardiorespiratory
endurance

Walking briskly, jogging, sw
cycling, rowing, dancing,
endurance sports, prolong
duration sports

RM � repetition maximum; reps � repetitions; HRR � heart rat
impair endurance [23]. In addition, the available eviden
e a
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suggests that a dehydration of 3%-4% of initial bod
appears to diminish muscle strength by approxima
muscle power by approximately 3%, and high-inte
durance (activities that last �30 seconds but �2 min
approximately 10% [26]. Exercise-associated muscl
[27] appear to be more prevalent during prolonged
in hot and humid conditions, especially in fatigue
drated individuals and in those with high sweat
losses (“salty sweaters”). As a result of extracellular w
with dehydration, a mechanical deformation of ne
ings may occur, which causes selected motor nerve t
to become hyperexcitable and spontaneously disch

EXERCISE PRESCRIPTION FOR THE
DEVELOPMENT OF PHYSIOLOGICAL
CAPACITIES

According to the 2008 Physical Activity Guidelines fo
cans [28], all adults need at least 2 hours and 30 minu
minutes) of moderate-intensity aerobic activity every
addition to muscle-strengthening activities that ex
major muscle groups on 2 or more days a week.
physical activity and exercise can result in long-te
tional and health benefits, such as a reduction in th
developing chronic diseases such as heart disease, so
of cancer, and type 2 diabetes [28]. An exercise pre
includes the type of exercises, frequency of the sessio
per week), intensity, and duration of the sessions (T

LONG-TERM PHYSIOLOGICAL
ADAPTATIONS TO ENDURANCE EXERC
TRAINING

Exercise training is associated with significant adapt
many physiological systems that are specific to the
training. This section will briefly summarize the ma
tations to one type of exercise training that empha
durance. Other sources present a more detailed disc
these adaptations [6,11,16].

Endurance training elicits many adaptations in
muscles and in the metabolic and cardiorespiratory

Frequency, d/wk Intensity D

ps;
ds

3-4 60%-80% 1 RM; 6-10 RM 8-1
se

, 3-5 40%-85% VO2R; 40%-
85% HRR; 65%-95%
HRmax

At
m

e; HRmax � heart rate maximum.; VO2R � oxygen uptake reserve.
e grou
ic ban

imming

ed
ce (Table 3). Together, these adaptations improve the ability to
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deliver and utilize oxygen for energy production, the
for prolonged exercise, sports performance, and th
mance of activities of daily living without undue f
has been estimated that gains in maximal aerobic
after endurance training are strongly influenced by
[29].

Metabolic Adaptations in Skeletal M

Endurance training causes an increase in the nu
capillaries per muscle fiber and in the number an
mitochondria in skeletal muscles [30-32]. The new
ies that form in trained muscles result in an increase
flow to active muscles and provide a greater surface
the exchange of gases during exercise. The increase
chondrial content and concentration of enzymes in
carbohydrate and lipid metabolism enhances the
oxidative capacity and ability to extract and utiliz
from arterial blood. As a result, glycogen stores ar
and lactate production at a given exercise intensity is
increase in mitochondria in the subsarcolemmal reg
muscle fibers shortens the diffusion distance for ox

Cardiovascular Adaptations

Endurance training increases plasma and total blood
Of importance is the fact that this effect is noted w
first 7-10 days of training. The increase in plasma
also results in relative hemodilution and a lower hem
concentration (runner’s pseudoanemia). The low b
cosity enhances the movement of blood through the
ies and may improve oxygen delivery to the active
At the level of the heart, the increase in plasma volum
an increase in end-diastolic volume and in the elastic
the left ventricle [33]. Endurance training also lea
increase in left ventricular muscle mass and dilata

Table 3. Summary of cardiovascular and metabolic
tions with endurance training

Physiological
Parameter Rest

Submaximal
Exercise

Stroke volume 1 1
Heart rate 2 2
Cardiac output — —
a-vO2 difference — 1
VO2 — —
Systolic blood pressure 2 2
Diastolic blood pressure — 2
Blood volume 1 1
Capillary density 1 1
Mitochondrial density 1 1

1 � increase;2 � decrease; — � no change; a-vO2 � (CaO
VO2 � oxygen consumption.
results in a more forceful contraction. Both of these adap
ity
or-
. It
ity
pe

e

of
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od
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le’s
en
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tions enhance the ejection fraction and stroke volum
and during submaximal and maximal exercise.

Resting heart rate decreases after a few weeks of en
training due to an increase in parasympathetic activ
reduction in sympathetic activity [34]. A submaxim
rate at the same relative exercise intensity also decre
genetics play a determinant role in this response to
[35]. Maximal heart rate decreases or remains unch
lower maximal heart rate allows for an increase in
tricular filling time so that maximal stroke volume
diac output are optimized. Resting and submaxima
output do not change significantly after endurance
but, because of the increase in maximal stroke
maximal cardiac output increases significantly after
Finally, endurance training causes a reduction in res
submaximal systolic and diastolic blood pressure
healthy individuals and in patients who are hyp
[36]. The cardiovascular mechanism that leads to an
in VO2 max is dependent on age, with adaptations
people more dependent on changes in the a-vO2 d
and less on cardiac output [37].

SUMMARY

Regular exercise is important to improve physiologi
tion, physical fitness, and health. Physical activity an
are associated with a lower prevalence of many
diseases such as heart disease, cancer, high blood p
and diabetes. Exercise activities can be categorized
of the major metabolic pathway involved in energy c
tion: predominantly aerobic or predominantly an
Repeated bouts of exercise result in significant adapt
many physiological systems of the body. Further
aerobic exercise leads to an improvement in VO2

reflects several cardiovascular and metabolic ada
Although the VO2 max has a significant genetic com
and it is affected by the aging process, it can improv
icantly with training at any age and in both genders.
training should include exercises to increase stren
endurance.
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