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INTRODUCTION

Exercise physiology as a course plays a pivota mlmedicine, and
allied health fields.

Although some lump exercise physiology with spgé&sformance or
athletic training, that is a mere fraction to witae¢ field of exercise
physiology contributes too.

With an upsurge in diseases like obesity and desbasing in the general
population, the increased need for medical doctpfsysical and

occupational therapists, scholars of exercise plygy not only provide

applied and clinical research for medical doctard ather practitioners
to draw upon, but they are able to teach at thebeats of thought

preparing waves of new physicians, physical thetapior teach

undergraduates who aspire to these roles.

Also, increase in rising interest in genetics, epgfics and molecular
processes, exercise physiology goes right in, stigdyot only the effects
of exercise on these processes but also diving hote metabolism,
cardiology and patho-physiology interacts with nealar, genetic and
epigenetic processes.

Exercise physiology contributes to many fields &émd is increasing in
more in health and allied health programmes.

COURSE AIM

The aim of this course is to train you to underdtidne Physical Education
Methods, various teaching styles as well as adgastand disadvantages
of each style.

COURSE OBJECTIVES

At the end of this course, you should be able to:

o Define Exercise Physiology, why study Exercise Rilggy and
career prospects.

o 2. Define Physical Activity, Physical fithess, Egise, Exercise
training, Training Detraining and adaptation xereise

o Explain exercise response, factors involved for@sge response
and exercise response pattern.

) Define the concept of energy and metabolism

o Describe the function of Adenosine Triphosphatmetabolism

o Define Cellular respiration



KHE 416 COURSE GUIDE

o Explain the participation of carbohydrate, fat, apdotein

metabolism

Describe the regulation of cellular respiration &1dP Production

State the Nutrition for Fitness and Athletics

Explain the Body composition and weight control

Define Anaerobic and Aerobic Metabolism

State the measurement of Anaerobic and Aerobic uneaent

Explain the Anaerobic and Aerobic Exercise Response

Describe the Pulmonary system

Differentiate Conducive zone and respiratory zone

Define breathing

State the factors responsible in the mechanismmezitbing in the

pulmonary system.

State the function of Pulmonary Circulation

Define Minute Ventilation

Describe the concept and structure of Pulmonarytilaion

Describe static Exercise

State Male-Female Respiratory Differences

State Lung Volumes and Capacities and Pulmonaryilgan

Describe External and Internal Respiration

Describe Detraining

Describe the Heart

Define the Vascular System

Differentiate between Blood and Hormonal Control Bibod

Volume

. State the neural control and anatomical sensors faotbrs
affecting control of the cardiovascular system.

. Describe the Short-Term, Light to Moderate SubmaxiAerobic
Exercise

o Describe the Long-Term, Moderate to Heavy Submalkima

Aerobic Exercise

Describe the Incremental Aerobic Exercise to Maximu

Describe the Upper-Body versus Lower-Body Aerobier€ise

Describe Intensity of Muscle Contraction

Describe Blood Flow During Static Contractions

Describe the skeletal tissue

Describe measurement of bone health

List the factors influencing bone health

Describe exercise response

WORKING THROUGH THIS COURSE

You will need to study for at least 30 hours to pbete this course
successfully. You also needat least 2 hours o eaarse per week. Each

Vv
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course has a stated and intended learning outcp(he(s) which must
be achieved during the study of each unit. Thera &elf-assessment
exercise in each unit to be done by the studenttwivill help you make

progress.

STUDY UNITS

Module 1

Unit 1 Meaning of Exercise Physiology and why stitd

Unit 2 The Exercise Response

Unit 3 Energy and Metabolism

Unit 4 Metabolic System

Unit 5 Anaerobic & Aerobic Metabolism During Exese

Module 2

Unit 1 Cardiovascular- Respiratory System

Unit 2 Mechanism of Breathing

Unit 3 Respiratory Circulation

Unit 4 Measurement of Lung Volumes

Module 3

Unit 1 Response of The Respiratory System to Eserc

Unit 2 The Influence of Sex and Age on RespiratrirRest and
During Exercig

Unit 3 Respiratory Training and Detraining Adajmas

Unit 4 Overview & Regulation of The Cardiovascukystem

Unit 5 Measurement of Cardiovascular VariableR&sponses to
Aerobic Exercise

Module 3

Unit 1 Neuro-Muscular and Skeletal System

Unit 2 Factors Influencing Bone Health and Exexdfesponse

Unit 3 Application of The Training Principles & Skeal

Adaptation To training.

PRESENTATION SCHEDULE

The presentation schedule sent to you gives yountpertant dates for
the completion of your Tutor Marked Assignments AH and
participation at facilitation. You are required forward all your
assignments at the right time without any defermantplagiarisms.
Plagiarismis falsification and it is unlawful, ame culpable will be
seriously punished.

Vi
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ASSESSMENT

The assessment to this course is divided into taim parts. The first part
is the Tutor MarkedAssignments (TMAs) and the selcpart is the e-
examination which is a computer based examinationsolving the
problems in the assignments, you are meant toheséatts, knowledge
and experience gathered in the course of the sfulityk will be provided
throughwhich the assignment will be submitted leetwv the stipulated
times. The assignment will be evaluated withingh&en guidelines and
a feedback provided. The TMAs will form 30% of tis¢al marks for the
course.

Each student will be required to sit for an e-exaton which will last
for one hour. The e- examination will form 70% bétcourse mark. The
computer will be programmed to open atthe begmoirthe examination
and end as scheduled automatically.

TUTOR-MARKED ASSIGNMENT (TMA)

There are three (3) assignments that make uptitvernarked assignment
and they must be submitted for grading at the Kipd time as no
extension shall be granted to any student aftedire date unless for
exceptional cases. The three assignments form @be & the course
which is a Tutor Marked Assignment.

TUTORSAND TUTORIALS

Each student will be assigned to a tutorial groughair various Study

Centre, date and timeof the tutorials with the eand phone number of
your tutor will be communicated to students throtigh Centre Director.

12 hours of tutorials will be provided for this ¢ea. Your assignments
will be graded and correction made on them. Youlrteekeep a close
watch on the comments made by your tutor and ifieatiy area where
you are having difficulties. Your TMAs must be neailto your tutor

within the deadline stipulated and thiswill be ket and sent back to you
almost immediately. Where you require assistancenat hesitate to

contact your tutor through phone, e-mail or didistussion.

There may be situations where you will need to ntlgemake contact

with your tutor when:

1) You do not understand the assigned readingmgrpart of the
study units.

2.) Youfind it hard to deal with your self-testisexercises.

3.) You have a query or difficulty with your assigent, with
comments made by yourtutor on your assignment idn the
grading system of the assignment.

Vi
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You must ensure you attend all tutorials, thisxesanly avenue you have
for physical contactwith your tutor/facilitator @your questions will be
answered immediately. You are at liberty to queny difficulty
encountered during the course of the study.

There is a great advantage in getting actively lwvea in the group
discussion and to benefit immensely from the cotuserials, you must
have done your personal preparation and drawout ga/n questions,
this helps you to be actively involved in the ca&unstorials.

FINAL EXAMINATION AND GRADING

KHE416 final examinations will last for two hour cnmvill account for
70% of the total coursegrade. The examinationaeithprise of questions
similar to the type of the tutor marked exercis&sl yave initially
practiced. Every part of the course will be ass#sgeu are to usethe time
gap between concluding the last unit and sittingttie examination for
the revision of the entire course.

Revising the tutor mark assignment exercises viighdomments made
by the tutorial facilitators might be useful foetfinal examination. The
final examination will cover every information froati parts of the course
materials.

HOW TO GET THEMOST FROM THE COURSE

In this course you have the opportunity of workamgl studying through a
well-designed studymaterial at your own pace dradtime and place that
suits you best. Read the material as against imgjen a lecturer in the
conventional school system. The content is comphetavith audios
teachings as well as watching related videos. &hgame way that a
lecturer mightrecommend some reading materiadsstindy units tell you
when to read recommended books or other materiats vehen to
undertake practical activities. Note that the studyt replaces the
university lecturer. Just as a lecturer might giy®u class
exercises/activities, your study units provide eksas for you to do at the
appropriate time. Each of the study units followeemmon format. The
first item is an introduction to the subject matbérthe unit and how a
particular unit is integrated with the other oned the course as a whole.
Nextis a set of learning Intended Learning Outc@n@LOs) which state
what you will be able to do by thetime you havenpteted the unit. These
Intended Learning Outcome(s) are set to guide wbudy. When you
have finished a unit, you must go back and checktladr you have
achievedthe Intended Learning Outcome(s). If yaltivate the habit of
doing this, you will make tremendous improvemenyaur chances of
passing the course.

viii
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The main body of the unit guides you through theuneed reading from
other courses. This will usually be either from yoecommended books
or from a reading section. Self- assessment exx@se interspersed
throughout the unit. You are expected to work amntras well. Working
through these exercises will help you to achieweltiiended Learning
Outcome(s) of the unit and prepare you for thegassents and the
examination. You should attempt the self-assessrareicise as you
come across it in the study unit. There will alsséveral examples given
in the study units; work through these when you e@aross them too.

FACILITATION
You will receive online facilitation which is asymonous. Your
facilitator will summarize each unit of study arehd to your mail weekly.
The facilitator will also direct and coordinate yoactivities on the
learning platform.

Do not hesitate to contact your tutor by telephané e-mail if you:

. Do not understand any part of the study units eragsignment.
. Have difficulty with the self-assessment exercises
. Have a question or problem with an assignment dh wour

tutor's comments on anassignment.

Read all the comments and notes of your facilitagpecially on your
assignments, participatein the forums and disoassiThis is the only
chance you have to interact with others in the Eogne. You can raise
any problem encountered in the course of your study gain the

maximum benefit from course tutorials, preparestdf questions before
the discussion session. You will learn a lot froantigipating actively in

the discussions.

SUMMARY

KHE416 intends to introduce you to Exercise Phygjglwith particular
reference to its ability to use the body’'s respottsexercise. It also
describes the adaptation to exercise training tammae human physical
potential. You will also be able to answer the tut@arked assessment as
presented in each unit.
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MODULE 1 EXERCISE PHYSIOLOGY, ENERGY AND
METABOLISM & METABOLIC SYSTEM,
ANAEROBIC & AEROBIC METABOLISM

INTRODUCTION

Exercise Physiology is the ability to use the bsdgsponse to exercise.
It is also a part of science that describes thetatian to exercise training
to maximize human physical potential. The perforoganf body of an
individual is enhanced when such individual haslitgbto perform
exercise.

Unit 1 Meaning of Exercise Physiology and why stitd
Unit 2 The Exercise Response

Unit 3 Energy and Metabolism

Unit 4 Metabolic System

Unit 5 Anaerobic & Aerobic Metabolism During Exese

UNIT 1 MEANING OF EXERCISE PHYSIOLOGY AND
WHY STUDY IT

CONTENTS

1.0  Introduction
2.0 Intended Learning Outcomes (ILOS)
3.0 Main Content
3.1  Definition of Exercise physiology and whyststudied?
3.2  Why study Exercise Physiology
3.3 Meaning of Physical Activity, Physical Fithegxercise,
Exercise training, Training, Detraining and Adajtatto
exercise
4.0 Conclusion
50 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION
This unit describes exercise physiology, the reafionwe study exercise

physiology, the physical activity, physical fithegsercise and exercise
training, training, detraining, and the conceptadéptation to exercise.
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2.0 INTENDED LEARNING OUTCOMES (ILOS)
By the end of this Unit, you will be able to;

Define Exercise Physiology

Explain reasons for studying Exercise Physiology.

List the career prospects in exercise Physiology.

Define Physical Activity, Physical fitness, ExemsisExercise
training, Training Detraining and adaptation torexse

3.0 MAIN CONTENT

3.1 Exercise Physiology

Exercise physiology is the study of how the bodspmnds and adapts to
physical stress. It can be defined as both a lzasican applied science
that describes, explains, and uses the body’s nsgpto exercise and
adaptation to exercise training to maximize humhbagspal potential.
Exercise physiology is the study of the functiorbaflogical systems. In
sport and exercise physiology we are interestéawn the body responds
to exercise and physical activity, what limits pieg$ performance, and
how training can be used to improve health and operdnce. For
instance, we examine how the heart functions tweleblood to muscle
and how muscle functions to produce force. Otheasicovered in sport
and exercise physiology include the effects of det health and
performance. The box below presents some of theckmgtions and
iIssues that sport and exercise physiologists dexested in. Exercise
physiologists study the effect of exercise on platny and the
mechanisms by which exercise can reduce or redesase progression.

3.2 Why study exercise physiology

No single course or textbook, of course, can pr@waildithe information a
prospective professional will need. However, knalgke of exercise
physiology and an appreciation for practice basedesearch findings
help set professionals in the field apart from mpractitioners. To
become a respected professional in the field yad e learn exercise
physiology in order to:

1. Understand how the basic physiological functiorafghe human
body is modified by short and long term exercisevai as the
mechanisms causing these changes. Unless one kwbat
responses are normal, one cannot recognize anrabhi@sponse
or adjust to it.

2. Provide quality physical education programs in sthiothat
stimulate children and adolescents both physicadind
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intellectually. To become lifelong exercisers, €mni$ need to
understand how physical activity can benefit thesny they take
physical fitness tests, and what to do with fitniess$ results.

3. Apply the results of scientific research to maxienihealth,
rehabilitation, and/or athletic performance in ariety of
subpopulations.

4. Respond accurately to questions and advertisingns|as well as
recognize myths and misconceptions regarding ese&rcsood
advice should be based on scientific evidence.

3.3 Meaning of Physical Activity, Physical Fithes, Exercise,
Exercise training, training, detraining and Adaptation to
exercise

Physical Activity

Physical activity refers to all movement that aspercarries out as part
of their day including walking, cycling, wheelirgports, active recreation
and play, which can be done at any level of skitl #or enjoyment by
everybody. The World Health Organization has itrtkd as any bodily
movement produced by skeletal muscles that regeiresyy expenditure.
Regular physical activity whether moderate or wvigm-intensity is
proven to help prevent and manage non-communicibéases such as
heart disease, stroke, diabetes and several caticalso helps prevent
hypertension, maintain healthy body weight and saprove mental
health, quality of life and well-being.

Physical Fitness

Physical fitness refers to how well the human bsibgdy is capable of
performing every physical activity at work, leisuaiad in exercise for
recreation and competition, and participation. Riatditness is divided
into two major sets of components used for desagithiow physically
healthy people are and those indicating how wetippe can perform
different skills as found in sports and dance.

Exercise

Exercise is a single acute bout of bodily exerbomuscular activity that

requires an expenditure of energy above restingl kavd that in most, but
not all, cases results in voluntary movement. Egercsessions are
typically planned and structured to improve or rnteim one or more

components of physical fitness.

Physical activity, in contrast, generally connatesvement in which the
goal (often to sustain daily living or recreatios)different from that of
exercise, but which also requires the expenditdrengrgy and often
provides health benefits. For example, walking ¢bo®l or work is
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physical activity, while walking around a trackaapredetermined heart
rate is exercise.

Exercise Training

There are two main goals for exercise and they are:

1. Health-related Exercise

2. Sport-specific Exercise also called athletic fises

Health-Related Vs Sport-Specific

Health-related exercise refers to that portion lofgical fithess directed
toward the prevention of or rehabilitation fromefise, the development
of a high level of functional capacity for the nssary and discretionary
tasks of life, and the maintenance or enhancemeérmghgsiological
functions in biological systems that are not ineahin performance but
are influenced by habitual activity.

The individual’'s goal may be to participate minifgah an activity to
achieve some health benefit before disease octhesgoal may be to
participate in a substantial amount of exercisamorove or maintain a
high level of physical fitness. Or, a disabled indiual’'s goal may be to
participate in an activity to recover and/or attdie maximal function
possible. All goals should include avoiding injudlyring the process.
Three components of health-related physical fithass generally
recognized: cardiovascular-respiratory enduranesofac power), body
composition, and muscular fitness (strength, mascehdurance, and
flexibility) (Canadian Society for Exercise Physigly, 2004; The Cooper
Institute, 2004). Figure 1.4 (inner circle) showsttthese components
form the core of physical fithess. The relationstptween each of these
fithess components and hypokinetic disease areideddn appropriate
later units. Hypokinetic diseases are diseasesdangsand/or associated
with a lack of physical activity. Health-related ygictal fitness is
important for everyone.

Sport-specific exercise has a narrower focus.thas portion of physical
fitness directed toward optimizing athletic perfamoe. Here, higher
levels of cardiovascular-respiratory endurance amakerobic power and
capacity are generally needed for successful pedoce. Body
composition values may be more specific than hdeltbls in order to
optimize performance. The muscular fitness attabutf power, balance,
and flexibility are frequently more specific in tan athletic

performances than for health.

To determine the importance of each componentméds and develop a
sport-related fitness program, you first analyze #pecific sport’s
physiological demands.
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Then, the athlete is evaluated in terms of thospliirements. These
elements allow for a specifically designed, indiatized program. This
program should:

. Work specific musculature while achieving a bak between
agonistic and antagonistic muscle groups

. Incorporate all motor fitness attributes tha aeeded

. Use the muscles in the biomechanical patternseosport

. Match the cardiovascular and metabolic energpirements of
the sport

. Attend realistically to body composition issues

Training

Training is a consistent or chronic progressionesércise sessions
designed to improve physiological function for bethealth or sport
performance.

There are eight fundamental guidelines that ard eshblished and
forms the basis for the development of any exefcaring.

1. Specificity: This principle is sometimes called 8&ID principle,
which stands for “specific adaptations to imposechdnds”; i.e,
what you do is what you get. When you develop aer@se
training program, you first determine the goalnEgs programs
for children and adolescents, for example, diffemf those for
older adults. Training programs for non-athleteffedi from
training programs for athletes.

2. Overload: Overload is a demand placed on the boesgtegr than
that to which it is accustomed. To determine therlmad, first
evaluate the individual's critical physiological nables
(specificity). Then, consider three factors:

(@) Frequency: The number of training sessions daily or
weekly;

(b) Intensity: The level of work, energy expenditure, o
physiological response in relation to the maximum;

(c) Duration: The amount of time spent training peisEesor
per day.

3. Rest/Recovery/Adaptation: This occurs during pesiad rest,
when the body recovers from the acute homeostaitigtions
and/or residual fatigue. This is sometimes calledpes
compensation. It is therefore critical for exercsséo receive
sufficient rest between training sessions, afteiops of increased
training overload.

4. Progression: Progression is the change in oveiloaglsponse to
adaptation. The best progression occurs in a sefigEremental
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steps called Step loading, in which every thirdowrth change is
actually a slight decrease in training load.

5. Retrogression/Plateau/Reversibility:  When an irdinal’s
adaptation or performance levels off, a plateauldees reached.
If it decreases, retrogression has occurred. Rivéss is the
reversal of achieved physiological adaptations taturs after
training stops (detraining). Too much time spenhgdhe same
type of workout using the same equipment in the esam
environment can lead to a plateau. However, vadaatyrest may
help the person move beyond a plateau. Then, iflatequ
continues for some time or if other signs and symst appear,
then the plateau may be an early warning signavefreaching or
overtraining. Retrogression may signal overreachimg
overtraining.

6. Maintenance: It is sustaining an achieved adaptatith the most
efficient use of time and effort. At this pointetiindividual has
reached an acceptable level of training. In genaransity is the
key to maintenance. l.e. as long as exercise iygasnaintained,
frequency and duration of exercise may decreadeouitlosing
positive adaptations.

7. Individualization: Individuals require personalizedxercise
prescriptions based on their fitness levels andsgaadividuals
also adapt differently to the same training progrdihe same
training overload may improve physiological perfamae in one
individual, maintain physiological and performarieeels in the
second individual, and result in maladaptation padormance
decreases in the third. Age, sex, genetics, disaaskthe training
modality also all affect individual exercise preptions and
adaptations.

8. Warm-Up/Cool-Down: A warm-up prepares the bodydotivity
by elevating the body temperature. Conversely, al-down
allows for a gradual return to normal body tempeetThe best
type of warm-up is specific to the activity thativiollow and is
individualized to avoid fatigue.

Detraining

As noted in the retrogression/plateau/reversibilitgining principle,
training adaptations are reversible. This is callettaining. Detraining is
the partial or complete loss of training-inducedatdtions as a result of
a training reduction or cessation. Detraining maguo due to a lack of
compliance with an exercise training program, ipjiness, or a planned
periodization transition phase. Detraining shoutd accur during the
tapering/unloading phases or cycles. The magnitfdde reversal of
physiological adaptations depends on the trainiatys of the individual
when the training is decreased or ceased, the @é@jreeduction in the
training (minimal to complete), which element oditing overload is
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impacted most (frequency, intensity, or duratioa)d how long the
training is reduced or suspended. Just as all ploggcal variables do not
adapt at the same rate (days versus months), goyallological variables
do not reverse at the same rate. Unfortunatelys laformation is
available about detraining than training. The timefor the loss/reversal
of adaptation for all variables and in all popwas is unknown.
Compounding this issue, it is often difficult tstihguish among changes
resulting from illness, normal aging, and detragniwhat is known will
be discussed in this text within each unit, follogithe training adaptation
sections.

Adaptations to exercise

Training adaptations represent physical and phygical adjustments
that promote optimal functioning. Whereas exeroesponses use resting
values as the baseline, training adaptations aei@ed against the same
condition prior to training.

SELF-ASSESSMENT EXERCISES

I Define Exercise physiology
. Explain why we study Exercise Physiology
iii. Define Physical Fitness

4.0 CONCLUSION

Having read this course and successfully compldtecassessment and
self-assessment test it is assumed that you htaiaeat understanding of
the introductory knowledge on exercise physiology.

5.0 SUMMARY

In this Unit, you have learnt what exercise physiglis and why we must
study it. And also, definition of Physical traininghysical fitness,

Exercise and Exercise Training, Training, Detragniand the concepts of
adaptation of exercise have been discussed. Thssasent and self-
assessment exercise have been provided to enablenglerstand your
own rating of the understanding and learning yduea@d while reading

this material in this Unit. Online links have alseen provided to broaden
your understanding of the learning required in thst.

6.0 TUTOR-MARKED ASSIGNMENT

1. State the difference between Training and Detrginin
2. Describe the concept of Adaptation to exercise
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UNIT 2 THE EXERCISE RESPONSE
CONTENTS

1.0 Introduction
2.0 Intended Learning Outcomes (ILOSs)
3.0 Main Content
3.1 The Exercise Response
3.2 Factors involved in exercise response
3.3 Exercise response pattern
3.4 Exercise and Training as stressors
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

In this unit, we shall look at the exercise resgoifactors associated with
exercise response, exercise response pattern antdsexand training as
stressors will be considered.

2.0 INTENDED LEARNING OUTCOMES (ILOS)
By the end of this unit, you should be able to:

Explain exercise response

State the factors involved in exercise response
Explain the Exercise response pattern

Explain exercise and training as stressors

3.0 MAIN CONTENTS
3.1 The Exercise Response

An exercise response is the pattern of change ysiplogical variables
during a single acute bout of physical exertiorphysiologicalvariable
Is any measurable bodily function that changeganiesunder different
circumstances. For example, heart rate is a variaiih which you are
undoubtedly already familiar. You probably also wnthat heart rate
increases during exercise. However, to state sintbit heart rate
increases during exercise does not describe tHephittern of the
response. For example, the heart rate response4@0an sprint is
different from the heart rate response to a 50ike hde.
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3.2 Factors involved in exercise response

To fully understand the response of heart ratengraher variable, we
need more information about the exercise itselfurFéactors are
considered when determining the acute responsectaise:

the exercise modality
the exercise intensity
the exercise duration
the exercise categories

PoNE

Exercise Modality

Exercise modality (or mode) means the type of dgtinr the particular
sport. For example, rowing has a very differenteeff on the
cardiovascular-respiratory system than does fobtldaldalities are often
classified by the type of energy demand (aerobanarerobic), the major
muscle action (continuous and rhythmical, dynaregistance, or static),
or a combination of the energy system and muscl®racWalking,
cycling, and swimming are examples of continuobgthmical aerobic
activities; jumping, sprinting, and weight liftingre anaerobic and/ or
dynamic resistance activities. To determine thea$f of exercise on a
particular variable, you must first know what typkeexercise is being
performed.

Exercise Intensity

Exercise intensity is most easily described as makior submaximal.
Maximal (max) exercise is straightforward; it simpéfers to the highest
intensity, greatest load, or longest duration afividual is capable of
doing. Motivation plays a large part in the achi@eat of maximal levels
of exercise. Most maximal values are reached atetidpoint of an
incremental exercise test to maximuhmat is, the exercise task begins at
a level the individual is comfortable with and gnatly increases until he
or she can do no more. The values of the physicébgariables measured
at this time are labeled “max”; for example, maximtneart rate is
symbolized as HRmax. Submaximal exercise may beritbesl in one of
two ways. The first involves set load which is a load that is known or
Is assumed to be below an individual's maximum.sTleiad may be
established by some physiological variable suclwaking at a specific
heart rate (perhaps 150 b.min-1), at a specifickwate (e.g., 600
kgm.min—-1 on a cycle ergometer), or for a givenatise (perhaps a 1-
mi run). Such a load is called an absolute workldddan absolute
workload is used and the individuals being testanyvn fitness, then
some individuals will be challenged more than adh&enerally, those
who are more fit in terms of the component beirgjete will be less
challenged and so will score better than those arkdess fit and more
challenged. For example, suppose that the exewsgeas to lift 80 Ib in
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a bench press as many times as possible, as MMI@A bench press
endurance test. As illustrated in Table 1.1, ifitiéividuals tested were
able to lift a maximum of 160, 100, and 80 Ib onespectively, it would
be anticipated that the first individual could domarepetitions of the 80-
Ib lift than anyone else. Similarly, the secondiwdlal would be
expected to do more repetitions than the third, tedthird individual
would be expected to do only one repetition. I3 tase, the load is not
submaximal for all the individuals, because Teaw &ft the weight only
one time (making it a maximal lift for Terry). Naheless, the use of an
absolute load allows for the ranking of individubésed on the results of
a single exercise test and is therefore often usephysical fithness
screenings or tests. The second way to describmastilnal exercise is
as a percentage of an individual’'s maximum. A |loaaly be set at a
percentage of the person’s maximal heart rate, malxability to use
oxygen, or maximal workload.

This value is called a relative workload becauss grorated or relative
to each individual. All individuals are thereforgpected to be equally
challenged by the same percentage of their maxiasl. This should
allow the same amount of time or number of remetgito be completed
by most, if not all, individuals. For example, toe individuals described
in the previous paragraph, suppose that the tasksto lift 75% of each
one’s maximal load as many times as possible. mb&iduals will be
lifting 120, 75, and 60 Ib, respectively. If alrée are equally motivated,
they should all be able to perform the same tatahlver of repetitions.
Relative workloads are occasionally used in phyditeess testing. They
are more frequently used to describe exercisesatkdight, moderate, or
heavy in intensity or to give guidelines for exeecprescription.

There is no universal agreement about what exaxthstitutes light,
moderate, or heavy intensity. See examples ofitilzetson below;

Low or light: <54% of maximum
Moderate: 55—-69% of maximum
Hard or heavy: 70-89% of maximum
Very hard or very heavy: 90-99% of maxm
Maximal: 100% of maximum
Supramaximal: >100% of maximum

Maximumis defined variously in terms of workload or wodde, heart
rate, oxygen consumption, weight lifted for a specnumber of
repetitions, or force exerted in a voluntary coctitmn. Specific studies
may use percentages and definitions of maximumvduat slightly.

11
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Exercise Duration

Exercise duration is simply a description of thaegi of time the

muscular action continues. Duration may be as si®f—3 seconds for
an explosive action, such as a jump, or as lon@2akours for a full

triathlon (3.2-km [2-mi] swim, 160-km [100-mi] bicle ride, and 42.2-
km [26.2-mi] run). In general, the shorter the diorg the higher the
intensity that can be used. Conversely, the lotlgeeduration, the lower
the intensity that can be sustained. Thus, the amoti homeostatic
disruption depends on both the duration and thensity of the exercise.

Exercise Categories

This textbook combines the descriptors of exeromelality, intensity,

and duration into six primary categories of exercig/here sufficient
information is available, the exercise responsdepad for each are
described and discussed:

1. Short-term, light to moderate submaximal aerobiereise
Exercises of this type are rhythmical and contirsuounature and
utilize aerobic energy. They are performed at asstaort workload
for 10-15 minutes at approximately 30-69% of maximark
capacity.

2. Long-term, moderate to heavy submaximal aerobioceses
Exercises in this category also utilize rhythmiaatl continuous
muscle action. Although predominantly aerobic, aokie energy
utilization may be involved. The duration is getigraetween 30
minutes and 4 hours at constant workload interssiaaging from
55% to 89% of maximum.

3. Incremental aerobic exercise to maximuncremental exercises
start at light loads and continue by a predeterthiseguence of
progressively increasing workloads to an intendityat the
exerciser cannot sustain or increase further. gaiist becomes the
maximum (100%). The early stages are generally &gd aerobic,
but as the exercise bout continues, anaerobic gmevglvement
becomes significant. Each workload/work rate idechh stage,
and each stage may last from 1 to 10 minutes, @dth@ minutes
IS most common. Incremental exercise bouts typida#it between
5 and 30 minutes for the total duration.

4. Static exerciseStatic exercises involve muscle contractions that
produce an increase in muscle tension and eneggneiture but
do not result in meaningful movement. Static casttoms are
measured as some percentage of the muscle’s maxahaitary
contraction (MVC), the maximal force that the mescan exert.
The intent is for the workload to remain constdnit fatigue
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sometimes makes that impossible. The duratiorvergely related
to the percentage of maximal voluntary contrac{faVC) that
is being held but generally ranges from 2 to 10utas.

5. Dynamic resistance exercisdhese exercises utilize muscle
contractions that exert sufficient force to overeotine presented
resistance so that movement occurs, as in weightli Energy is
supplied by both aerobic and anaerobic processésnaerobic is
dominant. The workload is constant and is basedsome
percentage of the maximal weight the individual G&r(1-RM)
or a resistance that can be lifted for a specifiechber of times.
The number of repetitions, not time, is the measticuration.

6. Very-short-term, high-intensity anaerobic exercise
Activities of this type last from a few secondsagproximately 3
minutes. They depend on high power anaerobic enanglyare
often supramaximal.

Exercise Response Patterns

The exercise response patterns for the six categai exercise are
described verbally and depicted graphically. Foseeaf recognition,
consistent background colors and icons represech eategory of
exercise. Frequent incremental exercise pattemslepicted in that is
measured with its appropriate unit of measurentexamples are heart
rate (b.min-1), blood pressure (mmHg), and oxyg@msamption
(mL.kg.min-1). Only specific graphic patterns applecable to any given
variable. These combinations of pattern and vagiabé described in the
exercise response sections in each unit. Althoughindicated in the
figure, curvilinear changes can also be descrilseexaonential—either
positive or negative. For each exercise respohsehdseline, or starting
point against which, the changes are comparetheivariable’s resting
value. Your goal here is to become familiar witk traphic patterns and
the terminology used to describe each.

The patterns showing an initial increase or deeresith a plateau at
steady state are the most common responses tetshartand light to
moderate submaximal aerobic exercise. Patterngrntlade a drift seen
as the gradual curvilinear increase or decrease &@lateau despite no
change in the external workload typically resudinfrlong term, moderate
to heavy submaximal aerobic exercise.

Another form of gradual increase despite no chaingéhe external
workload is frequently seen during dynamic resistagxercise as a saw-
tooth pattern resulting from the sequential liftiagd lowering of the
weight. Finally, some categories of exercise maysa smooth, gradual

13



KHE 416 EXERCISE PHYSIOLOGY

increase. Minimal change during exercise with augldl rise in recovery
is almost exclusively a static exercise response.

All of these patterns of response routinely redudtm incremental

exercise to maximum. No specific patterns are shiowwery-short-term,

high-intensity anaerobic exercise because theskttebe either abrupt
rectilinear or curvilinear increases or decreases.

Exercise and Training as Stressors
Exercise and training are often considered only positive manner, but
both acute exercise and chronic training are siress

Selye’s Theory of Stress

A stressor is any activity, event, or impingeméuait icauses stress. Stress
is defined most simply as a disruption in body hostasis and all
attempts by the body to regain homeostasis. Sedfi@as stress more
precisely as “the state manifested by a speciincisyme that consists of
all the nonspecifically induced changes within @ldigical system.” The
biological system here is the human body. The §ipexyndrome is the
General Adaptation Syndrome (GAS), a step-by-sesiiption of the
bodily reactions to a stressor. It consists of éhneajor stages (Selye,
1956):

1. the Alarm-Reaction: shock and counter shock
2. the Stage of Resistance
3. the Stage of Exhaustion

In the Alarm-Reaction stagethe body responds to a stressor with a
disruption of homeostasis (shock). It immediatetiempts to regain
homeostasis (counter shock). If the body can adjustresponse is mild
and advantageous to the organism;Skege of Resistana adaptation
ensues. If the stress becomes chronic or the ahadaptation is lost,
the body enters thetage oExhaustion At this point, the nonspecifically
induced changes, which are apparent during thenAReaction but
disappear during the Stage of Resistance, becomampant. These
changes are labeled the triad of symptoms anddeanlargement of the
adrenal glands, shrinkage of the thymus and lymphizsue, and
bleeding ulcers of the digestive tract. Specificalhduced changes
directly related to the stressor may also occurgkample, if the stressor
Is cold (shock), the body may shiver to producet ljeaunter shock).
Ultimate exhaustion is death (Selye, 1956).

Selye’s Theory of Stress Applied to Exercise and &rning

In the context of Selye’s theory of stress, thetgwat of responses
exhibited by physiological variables during a sendlout of exercise
results directly from the disruption of homeostadikis is the shock
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phase of the Alarm-Reaction stage. For many phygichl processes
(respiration, circulation, energy production, ara ferth), the initial
response is an elevation in function. The degreeelefvation and
constancy of this elevation depends on the intgm@sitd duration of the
exercise. Appropriate changes in physiological fiomc begin in the
counter shock phase of the Alarm-Reaction andIstabn the Stage of
Resistance if the same exercise intensity is maedafor at least 1-3
minutes. This is termed a physiological steadyestatsteady rate. The
Stage of Exhaustion that results from a single lwuéxercise, even
incremental exercise to maximum, is typically saiegree of fatigue or
reduced capacity to respond to stimulation, accomeplaby a feeling of
tiredness. This fatigue is temporary and readiersed with proper rest
and nutrition.

Training programs are made up of a series of abatgs of exercise
organized in such a way as to provide an overlbatuts the body into
the Alarm-Reaction stage followed by recovery psses that not only
restore homeostasis but also encourage super ceatpanor adaptation
(Kenttd and Hassmeén, 1998; Kuipers, 1998; O'Tat®®8). This can be
manifested by altered homeostatic levels at resypned homeostatic
disruptions to absolute submaximal exercise loaat&l/or enhanced
maximal performances or physiological responses. eWhhese

adaptations occur, the body has achieved a Stages$tance. Table 1.3
shows how the training principles previously inodd operate in the
three stages of general adaptation syndrome oteSely

The goal of a training program is to alternategkerciser between Stages
| and Il and to avoid time in Stage IlIl where reenvis not possible in a
reasonable time. This process primarily proceeds tliy cyclical
interaction between adaptation (changes that octuesponse to an
overload) and progression (change in overloaddposse to adaptation).
Each progression of the overload should allow ttapgation. However,
this is not always accomplished.

SELF-ASSESSMENT EXERCISES
I Explain the Exercise Response.

il State and differentiate between the factors aswsatiavith
Exercise Response.

4.0 CONCLUSION
Having read this course and successfully compldtecassessment and
self-assessment test, it is assumed that you Heaieedd understanding

of the introductory knowledge on the exercise respaand exercise and
training as stressors.

15



KHE 416 EXERCISE PHYSIOLOGY

5.0 SUMMARY

This Unit summarizes the exercise response, andfators. Also,
Exercise patterns and Exercise and Training asssire were discussed.
The assessment and self-assessment exercise hemephbzvided to
enable you understand your own rating of the urtdiedsng and learning
you achieved while reading this material in thistU®nline links have
also been provided to broaden your understanditigedearning required
in this Unit.

6.0 TUTOR-MARKED ASSIGNMENT

1. What are Exercise response pattern?
2. Explain Exercise and Training as Stressors.
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1.0 INTRODUCTION

This unit defines the concept of energy and metsimgl describe
Adenosine Trisphosphate (ATP), and cellular respina The

Carbohydrate, fat and protein metabolism will becdssed and the

descriptive pattern of cellular respiration and APRbduction will be
defined.

2.0 INTENDED LEARNING OUTCOMES (ILOS)

By the end of this unit, you will be able to:

o Define the concept of energy and metabolism

) Describe the function of Adenosine Triphosphatmetabolism

° Define Cellular respiration

o Explain the participation of carbohydrate, fat, apdotein
metabolism

o Describe the regulation of cellular respiration &1dP Production

3.0 MAIN CONTENT

3.1 Concept of Energy and Metabolism

Most individuals eat at least three meals a dayingas necessary to
provide the energy that is essential for all calla@nd thus bodily activity.
To provide this energy, food must be transformed ahemical energy.
The total of all energy transformations that ocicuthe body is called
metabolism. When energy is used to build tissueswas amino acids
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are combined to form proteins that make up musctes—process is
called anabolism When energy is produced from the breakdown of
foodstuffs and stored so that it is available tovdok, the process is called
catabolism It is catabolism that is of primary importance erercise
metabolism. Energy is needed to support muscleiggtiwhether a little
or a lot of muscle mass is involved or the exercsséght or heavy,
submaximal or maximal. In providing this neededrgpethe human
body is subject to th&irst Law of Thermodynamicsyhich states that
energy is neither created nor destroyed, but dmiyged in form. Figure
2.1 depicts this law and the changes in form regm@sg catabolism.
Potential chemical energy—or fuel—is ingested aslfdCarbohydrates,
fats, and protein can all be used as fuels, althahgy are not used
equally by the body in that capacity. The chem&radrgy produced from
the food fuel is stored as adenosine triphosph&id®). The ATP then
transfers its energy to energy-requiring physiatagfunctions, such as
muscle contraction during exercise, in which somergy performs the
work and some is converted into heat. Thus, ATBtaed chemical
energy that links the energy-yielding and the ep@eguiring functions
within all cells. The aim of this chapter is tolfuéxplain ATP and how
it is produced from carbohydrate, fat, and profeod sources.

Adenosine Triphosphate (ATP)

Structurally, ATP is composed of a carbon-nitrogase called adenine,
a 5-carbon sugar called ribose, and three phosphsyenbolized by iP
(inorganic phosphate). Each phosphate group isdinly a chemical
bond. When one phosphate is removed, the remaicamgpound is
adenosine diphosphate (ADP). When two phosphateseanoved, the
remaining compound is adenosine monophosphate (ANIRg¢ ATP
energy reaction is reversible. When ATP is synitessirom ADP and iR
energy is required. The addition afi® known as phosphorylation.

ADP + R + energy— ATP

When ATP is broken down, energy is released. Hydislis a chemical
process in which a substance is split into simg@mpounds by the
addition of water. ATP is split by hydrolysis.

ATP — ADP + R + energy for work + heat

The energy-requiring and energy-releasing reactiovslving ATP are

coupled reactions. Coupled reactions are linkednoted processes in
which a change in one substance is accompanieccbgrage in another;
that is, one of these reactions does not occurowitthe other. As the
chemical agent that links the energy-yielding amtkrgy-requiring

functions in the cell, ATP is also a universal agénis the immediate
source of energy for virtually all reactions requir energy in all cells.
ATP is often referred to as cellular energy. Adia TP is a high-energy
molecule. The term high energy means that the jibtyais high that
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when a phosphate is removed, energy will be trareste To better
understand how the breakdown of ATP releases eneysider the
analogy of a spring-loaded dart gun. The dart eaconsidered analogous
to A. It takes energy to “spring-load” the dart; thiesgy corresponds to
the energy involved in the energy-requiring reactio

ADP + R + energy— ATP

Once the dart is loaded, the compressed springpbtential energy,
which is released when the gun is fired. Firingesponds to the energy-
releasing reaction:

ATP — ADP + H + energy

The ATP content of skeletal muscle at rest is alBouimol.kg—1. If not
replenished, this amount could supply energy fdy about 3 seconds of
maximal contraction.

The total amount of ATP stored in the body at amyewy time is
approximately 0.1 kg, which is enough energy fdy@few minutes of
physiological function. However, ATP is constanbdging hydrolyzed
and resynthesized.

The average adult produces and breaks down (twer3 approximately
40 kg (88 Ib) of ATP daily, and an athlete may tauer 70 kg (154 Ib) a
day. The rate of hydrolysis of ATP during maximakecise may be as
high as 0.5 kg.min-1.

ATP can be resynthesized from ADP in three ways:

1. By interaction of ADP with CP (creatine phosgehawhich is
sometimes designated as PC, or phosphocreatine).

2. By anaerobic respiration in the cell cytoplasm.

3. By aerobic respiration in the cell mitochondria

Phosphocreatine is another high-energy compounddsia muscles. It
transfers its phosphate—and, thus, its potentietggr—to ADP to form
ATP, leaving creatine:
ADP + PC— C + ATP

Resting muscle contains more CP (~20 mmol.kg-1) &hd~12
mmol.kg—1) than ATP. The maximal rate of ATP retbpsis from CP is
approximately 2.6 mmol.kg.sec—1 and occurs with# $econds of the
onset of maximal contraction. PC stores are useegenerate ATP, and
in a working muscle will be depleted in 15-30 se&tn

The rest of this chapter will concentrate on theremsubstantial

production of ATP by the second and third technsqlisted, namely,
anaerobic cellular respiration and aerobic celltggpiration.
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Cellular Respiration

The process by which cells transfer energy frond f@oATP in a stepwise
series of reactions is called cellular respiratiims term is used because,
to produce energy, the cells rely heavily on thggex that the respiratory
system provides. In addition, the by-product ofrgggroduction, carbon
dioxide, is exhaled through the respiratory syst@eillular respiration
can be either anaerobic or aerobic. Anaerobic raspn means it occurs
in the absence of oxygen, does not require oxygenjoes not use
oxygen. Aerobic means it occurs in the presencexgfen, requires, or
utilizes oxygen. Brain cells cannot produce enesggerobically, and
cardiac muscle cells have only a minimal capa®@tyanaerobic energy
production.

Skeletal muscle cells, however, can produce enaeggbically and/or
anaerobically as the situation demands. Figureo@tines the products
and processes of cellular respiration, which aseulised in detail in
following sections. Following are some basic poirgbout these
processes:

1. All three major food nutrients, fats (FAT), bahydrates (CHO),
and proteins (PRO), can serve as fuel or substratesssubstances
acted upon by enzymes— for the production of ATP.

2. The most important immediate forms of the swalbss utilized are
glucose (GLU), free fatty acids (FFA), and aminma¢AA). Both
FFA and glycerol are derived from the breakdowtrigfycerides.
Some cells can use glycerol directly in glycolybist muscle cells
cannot.

3. Acetyl coenzyme A (acetyl CoA) is the centraineerting
substance (usually called the universal or commégrmediate)
in the metabolism of FAT, CHO, and PRO. Although fitocess
of glycolysis provides a small amount of ATP aslvas acetyl
CoA, both beta-oxidation and oxidative deaminatian
transamination are simply preparatory steps by lwhEA and AA
are converted to acetyl CoA. That is, beta-oxidatiod oxidative
deamination or transamination are simply the preegsfor
converting FFA and AA, respectively, to a commohsitate that
allows the metabolic pathway to continue. The ezglit is that
the primary metabolic pathways of the Krebs cydkctron
transport system (ETS), and oxidative phosphoiya{OP) are
the same regardless of the type of food preculdus. is certainly
more efficient than having totally different pathygdor each food
nutrient.

4, Each of the energy-producing processes or Stégigcolysis,
Krebs cycle, ETS/OP) consists of a series of st&agh step
represents a small chemical change to a substatdting in a
slightly different product in a precise, unvaryiggquence with
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designed first and last steps. This is known astabolic pathway.
That is, a metabolic pathway is a sequence of eazydiated

chemical reactions resulting in a specific prodi&etch stage may
be made up of one or more metabolic pathways. Téegeences
of steps are important for the body because theywanergy to

be released gradually. If all of the energy cormdinn food

nutrients were released at one time, it would Ed@minantly

released as heat and would destroy tissues. Itasy ¢o be

intimidated by or uninterested in so many stepsh edth its own

chemical structure, enzymes, and long, complicatede. There
iIs a logic to these steps, however. It is on tlogid and

understanding (rather than the chemical structutbs} the

following discussion concentrates.

Carbohydrates, Fat, Protein Metabolism

The discussion of ATP production will begin with risahydrate
metabolism for several reasons. First, many oétlergy requirements of
the human body are met by carbohydrate metaboliS@cond,
carbohydrate is the only food nutrient that camubed to produce energy
anaerobically. Energy for both rest and exerciggasided primarily by
aerobic metabolism. However, exercise often requargaerobic energy
production, and then carbohydrate is essentiatd] barbohydrate is the
preferred fuel of the body because carbohydrateires|less oxygen in
order to be metabolized than fat. Finally, once yonderstand
carbohydrate metabolism, it is relatively simpleutaderstand how fats
and proteins are metabolized. Carbohydrates argpasea of carbon,
oxygen, and hydrogen. The complete metabolism abotedrate
requires oxygen, which is supplied by the respmatgystem and is
transported by the circulatory systems to the neuscélls. The
metabolism of carbohydrate also produces carbomidko which is
removed via the circulatory and respiratory systeans water.

The form of carbohydrate that is exclusively metedea is glucose, a 6-
carbon sugar arranged in a hexagonal formation smdbolized as
C6H1206. Thus, all carbohydrates must be brokemdato glucose in
order to continue through the metabolic pathwaystd most simplistic
form, the oxidation of glucose can be represenygtidequation €H120s
+ 60, — 6H.0 + 6CQ

or

glucose + oxyger- water + carbon dioxide

In the skeletal muscle cell, oxidation is tightlyoupled with
phosphorylation to produce energy in the form ofPATherefore, the
equation becomes;

CeH1206 + O2 + (ADP + R) - CO; + ATP + RO

or

22



KHE 416 MODULE 1

glucose + oxygen + (adenosine diphosphate + inargamosphate)—
carbon dioxide + adenosine triphosphate + watern\éxeess glucose is
available to the cell, it can be stored as glycogemch is a chain of
glucose molecules chemically linked together, aram be converted to
and stored as fat. The formation of glycogen frolumcgse is called
glycogenesisGlycogen is stored predominantly in the liver andscle
cells. When additional glucose is needed, storgcbglen is broken down
(hydrolyzed) to provide glucose, through a pro@atled glycogenolysis.
Because glycogen must first be broken down intcage, the production
of energy from glucose or glycogen is identicagéathat initial step.

Fat Metabolism

Although the body may prefer to use carbohydratdua$ from the
standpoint of oxygen cost, the importance of falaasenergy source
should not be underestimated.

Fat is found in many common foods. Fat, in the farhiriglyceride
(sometimes known as triacylglycerol), is the majorage form of energy
in humans. Some triglyceride is stored within mesm#lls, but the vast
majority is deposited in adipose cells, which cosgat least 10-15% of
the body weight of average young males and 20-25¥%edody weight
of average young females.

Roughly half of this adipocyte storage occurs stdmeously (under the
skin). The remaining stores surround the major msgaf the
abdominothoracic cavity as support and protectibmglycerides are
turned over constantly in the body. Because bodyisfaurned over
completely about every 3—4 weeks, no one is ligstlll carrying their
“baby fat”. Fat is an excellent storage fuel foves@al reasons. First, fat is
an energy-dense fuel yielding 9.13 kcal.g both carbohydrate and
protein yield slightly less than 4 kcal.g—-1. Théfetience is due to the
chemical structure of the substrates specificétily,amount of oxidizable
carbon and hydrogen. It is easy to appreciateifferehce by looking at
the chemical composition of the free fatty acidnutdte, which is
C16H3202. This fatty acid has almost three timesyash C and H, but
only a third as much O as glucosekizOs). Remember that it is H that
donates the electrons (e—) and protons (H+) usedglelectron transport
and oxidative phosphorylation.

Second, carbohydrate, in the form of glycogentasesl in the muscles
with a large amount of water: 2.7 g of water peofgdried glycogen.

Triglyceride is stored dry. Thus, the energy contdrfat is not diluted,

and hard as it may be to believe, body bulk is thas would otherwise
be necessary. If humans had to store the compaaaiment of energy as
carbohydrates, we would be at least twice as digd] glycogen stores
are relatively small in comparison to fat storespérson can deplete
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stored glycogen in as little as 2 hours of heawrese or 1 day of bed
rest, whereas fat supplies can last for weeks, evttnmoderate activity.
Although many Americans are concerned about haiongmuch body
fat, this storage capacity is undoubtedly importamt survival of the

species when food is not readily available.

The triglycerides stored in adipose tissue must be broken down into
glycerol and free fatty acids before they can lesluas fuel. One glycerol
and three fatty acids make up a triglyceride. Sevatty acids
predominate in the body, but since three fatty fa@dmbine with a
glycerol to make up a triglyceride, 343 (7 x7 >diffjerent combinations
are possible. Some common fatty acids include @eid, palmitic acid,
stearic acid, linoleic acid, and palmitoleic ackeatty acids may be
saturated, unsaturated, or polyunsaturated. A aaulirfatty acid has a
chemical bonding arrangement that allows it to heddmany hydrogen
atoms as possible. Thus, the term “saturated” mésauwsirated with
hydrogen.” Unsaturated fatty acids have a chenmoating arrangement
with a reduced- hydrogen binding potential anddf@e are unsaturated
with respect to hydrogen atoms. Polyunsaturatechegaveral bonds are
without hydrogen. The breakdown of triglyceridewiglycerol and fatty
acids is catalyzed by the enzyme hormone-sendiggse. The glycerol
is soluble in blood, but the free fatty acids (FF&g not. Glycerol can
enter glycolysis in the cytoplasm, but it is nqiitally utilized by muscle
cells in this way. The direct role of glycerol atual in the muscle cells
during exercise is so minor that it need not besm®red. However,
glycerol can be converted to glucose by the liF€A must be transported
in the blood bound to albumin. Specific receptteson the muscle cell
membrane take up the FFA into the cell. The FFA tnthen be
translocated or transported from the cytoplasm th#® mitochondria.
Once in the mitochondrial matrix, the FFA undergibesprocess of beta-
oxidation.

Protein Metabolism

Proteins are present in many food sources. Progemsarge molecules
consisting of varying combinations of amino acidskeéd together.
Approximately 20 amino acids occur naturally. Bessathere are so many
ways these amino acids can combine the numberssilge proteins is
almost infinite. Like carbohydrates and fats, amawads contain atoms
of carbon, oxygen, and hydrogen. In addition, they include sulfur,
phosphorus, and iron. All amino acids have in commo amino group
containing nitrogen (NH2). Proteins are extremetyportant in the
structure and function of the body. Among othemngsi they are
components of hemoglobin, contractile elements lbé tmuscle,
hormones, fibrin for clotting, tendons, ligamerasd portions of all cell
membranes. Because proteins are so important botlg the constituent
amino acids are used predominantly as buildingksiocot as a source of
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energy. However, amino acids can be, and in cematances are, used
as a fuel source. When amino acids are used asl adurce, muscles
appear to preferentially, but not exclusively, inélthe group of amino
acids known as branched-chain amino acids (BCA&icinhe, isoleucine,
and valine. In this situation, as with carbohydiatd fat metabolism, the
final common pathways of the Krebs cycle, electtmsport, and
oxidative phosphorylation are utilized. The sitenfry into the metabolic
pathways varies, as shown in Figure 2.2, with thena acid. Six amino
acids can enter metabolism at the level of pyracid, 8 at acetyl CoA,
4 at a-ketoglutarate, 4 at succinate, 2 at fumaeatd 2 at oxaloacetate.
All of these intermediates except acetyl CoA aneturn, converted to
pyruvate before being used to produce energy. théy/laCoA is used
directly in the Krebs cycle and electron transpastpreviously described.

Regulation of Cellular Respiration and ATP Producton

Intracellular Regulation

Intracellularly, the production of ATP and, hentlee flow of substrates
through the various metabolic pathways is regulgtetiominantly by
feedback mechanisms. Again, each step in each oletgiathway is
catalyzed by a specific enzyme. At least one o$¢henzymes in each
pathway can be acted on directly by other chemicalke cell and, as a
result, increases or decreases its activity. Sna@mayme is called rate-
limiting enzyme and the other factors that influence it are chlle
modulators

When the rate-limiting enzyme is inhibited, evetgpsin the metabolic
pathway beyond that point is also inhibited. Whae tate-limiting
enzyme is stimulated, every step in the metabdit\way beyond that
point is also stimulated.

The primary rate-limiting enzyme in glycolysis iegsphofructokinase

(PFK), the enzyme that catalyzes step 3. PFK imuated, and

subsequently the rate of glycolysis increased, bglutators such as ADP,
AMP, A, and a rise in pH. ADP, AMP, and Rodulators are the result
of the breakdown of ATP. This is an example of aifpee- feedback

system in which the by-product of the utilizatidrassubstance stimulates
a greater production of that original substancenweosely, PFK is

inhibited and subsequently the rate of glycolysecrdased by the
modulators ATP, CP, citrate (a Krebs cycle interiae], FFA, and a

drop in pH. Each of these modulators signals th#tcgent substances
exist to supply ATP. This is an example of a nagateedback system in
which the formation of a product or any other sari acting product

inhibits further production of the product.

The primary rate-limiting enzyme in the Krebs cydke isocitrate
dehydrogenase (ICD), which catalyzes step 3. ICEdimsulated by ADP,
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Pi, and calcium (positive feedback) and is inhibitgdATP (negative
feedback).

Cytochrome oxidase—which catalyzes the transferelgctrons to
molecular oxygen, resulting in the formation of eratis the rate-
limiting enzyme for the electron transport systéris stimulated by ADP
and R (positive feedback) and is inhibited by ATP (negatieedback).
A pattern in the modulators is readily evident,nnTP, ADP, and P
being universally important. When ATP is presensulfficient amounts
to satisfy the needs of the cell and to provide esweserve in storage,
there is no need to increase its production. Thayg, enzymes in the
metabolic pathways are inhibited. However, whengalauactivity begins
and ATP is broken down into ADP and these by-products stimulate all
the metabolic pathways to produce more ATP so that muscle
contractions can continue.

Extracellular Regulation

During exercise, metabolic processes must provid@E for energy and
maintain blood glucose levels at near-resting \&alf@ the proper
functioning of the entire organism. This is becatlgebrain and nervous
tissue must have glucose as a fuel. One of the efayaintaining glucose
levels is by the process of gluconeogenesis.

Gluconeogenesis

As defined earlier, gluconeogenesis is the cregtiganesis) of new (-
neo) glucose (gluco-) in the liver from non-carbdtate sources. The
primary fuel sources for gluconeogenesis are golckactate or pyruvate,
and alanine.

Neurohormonal Coordination

The regulation of blood glucose levels, includingcgneogenesis, is
governed jointly by the autonomic nervous systerart{pularly the

sympathetic division) and the endocrine system,clvHunction in a

coordinated fashion.

SELF-ASSESSMENT EXERCISES
I What is energy and metabolism?

. Describe the function of Adenosine Triphosphatmetabolism
iii. Define Cellular respiration

4.0 CONCLUSION
Having read this course and successfully compldtecassessment and
self-assessment test, it is assumed that you htaieesd understanding

of the introductory knowledge on the Energy andd@etism.
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5.0 SUMMARY

This Unit summarizes the concept of exercise anthinodism, and the
functions of Adenosine Triphosphate (ATP). Cellukspiration, and the
participation of carbohydrate, fat, and protein nmetabolism were
discussed. The assessment and self-assessmentsexbhave been
provided to enable you understand your own ratingp® understanding
and learning you achieved while reading this matémnithis Unit. Online
links have also been provided to broaden your wstdeding of the
learning required in this Unit.

6.0 TUTOR-MARKED ASSIGNMENT
1. Explain the participation of carbohydrate, fat, apdotein

metabolism
2. Describe the regulation of cellular respiration &1dP Production
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UNIT 4 METABOLIC SYSTEM
CONTENTS

1.0 Introduction
2.0 Intended Learning Outcomes (ILOSs)
3.0 Main Content
3.1  Nutrition for Fitness and Athletics
3.2 Body Composition, Determination and Weighttoaoin
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

This unit describe the metabolic system during @ger

2.0 INTENDED LEARNING OUTCOME (ILOS)
By the end of this unit, you will be able to;

o State the Nutrition for Fitness and Athletics
o Explain the Body composition and weight control

3.0 MAIN CONTENT

3.1  Nutrition for Fitness and Athletics

Proper nutrition and exercise are natural partf@réealth, fithess, and
athletic performance. Consequently, many fitnestummasts pursue
healthy diets, and athletes try to optimize thegrfgrmance by
implementing appropriate diets. Although thesevary positive trends,
they also have the potential to be taken to aremér which may simply
involve spending money needlessly on “nutritiongd@ements” or may
actually be harmful, as with eating disorderss lihie responsibility of all
physical educators, athletic personnel, and fithpesfessionals to
understand what constitutes optimal nutrition fordss and athletics.

Individuals in exercise training need to matchtimiining regimen with
an appropriate diet. This often involves consutatiwith a fitness
professional, a complete diet analysis by a natrist, and, many times,
a trial-and-error approach to find what works dest given individual.
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The goals of an optimal training diet are to:

1. provide caloric and nutrient requirements

2. incorporate nutritional practices that promgded health

3. achieve and maintain optimal body compositiod eompetition
weight

4. promote recovery from training sessions and sjhgygical
adaptations

5. try variations of pre-competition and competfitimel and fluid

intake to determine the body’s responses.

There is almost universal agreement that poor trariel status impairs

work performance. There is also considerable, afhonot universal,

agreement that good general nutrition (the balamttedrecommended

for just about everyone, as shown in Table 6.Adisquate and probably
even optimal for most active individuals as welkagentary individuals.

All the essential classes of food are importartha nutrition for fithess

and athletics.

Three categories of carbohydrate sources have deexloped that are
specifically marketed for active individuals andhlates: sports drinks,
sports bars, and sports gels.

Sports Drinks

Liquid carbohydrate sources are as effective a#d sthrbohydrate
sources. In fact, liquids may be even more usdbeicause many
individuals are not hungry after an intense bowbarcise but are willing
to drink liquid, and fluid replacement is also imfamt. It compares
several currently available commercial sports dinkontaining
carbohydrates. Several drinks also include prot®any more with
different formula are available. Note that spontisikks are not the same
as “energy drinks,” which are marketed for theirntaé stimulatory
effects and sudden “bursts” of energy. Energy dritypically contain
caffeine and herbal ingredients and may or mayoeatafe or useful for
active individuals. Although some sports drinks taom low amounts of
stimulant caffeine, they are designed to maximlael fabsorption and
support performance or recovery by delivering watelectrolytes,
carbohydrate, and in some cases protein. Sporikdwith appropriate
amounts of carbohydrate and electrolytes aid in rttentenance of
homeostasis, prevent injuries, delay fatigue, goithvze performance.
Those manufactured by reputable companies haveabneeen tested
and found to be both safe and effective (Seeb@87).

Sports Bars

It provides the macronutrient breakdown for seléaports bars and a
Snickers candy bar for comparison purposes. Spartsprovide readily
available carbohydrate and fall into two generidegaries: high
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carbohydrate (>60% of total calories) with mininfia and protein; and
minimal to moderate carbohydrate (20-55% of totalomes) with
balanced fat and protein (~22—-40% of each).

High-carbohydrate bars are suitable for ingestigioite, during, and after
exercise. Fat consumed during exercise is notlseavhilable for energy;

moreover, fat slows digestion and can lead to stbnugset. Bars with 4
g or less of fat (per 230 kcal serving size) ameffor workouts, but bars
with higher fat content are best used as dietapplstments or snacks
after exercise. Before or during exercise, it isthe select sport bars with
no more than 8-10 g of protein because higher jprat@ounts also slow
digestion. Likewise, bars with more than 5 g ofefitshould not be

ingested before or during exercise because fitmy slows digestion.

However, high-fiber bars can be good choices facks because fiber
delays hunger pangs. If a sports bar is to berasa replacement, one
with high protein should be selected. Similarlyghprotein bars can be
used in recovery.

Sports Gels

Another type of packaged food for active individu@ the sport gel.
Sport gels are products with a consistency of sprupudding and come
in 0.75-1.4 oz plastic or foil packets. They com20—-28 g (80—110 kcal)
of carbohydrates per serving. Some gels contartrelgtes (especially
potassium) and/or caffeine, and at least one amhaiotein, but none
contains fat (Table 6.6). As with sports bars,siimportant to ingest
sufficient water (~4—8 oz per ounce of gel) anttymut a variety of gels
during training to determine individual reactionsfdre ingesting any
during competition. If carbohydrates are not repsleed between training
bouts, local muscle fatigue will occur, and workput during succeeding
training sessions will decline. Severe depletidiofeed by a nonoptimal
diet will require more than 1 day of rest, whiclorse reason to alternate
body parts and hard-easy exercise days.

3.2 Body Composition, Determination, Importance ad
Weight Control

Way to directly assess body composition is by disse of human
cadavers. Few bodies are available for such studmsever, and the
technique is difficult and problematic. From 1945 1984 (from the
earliest to the latest reported studies), body amsion has been
analyzed in only 40 cadavers. While these studies/iged much
information, particularly regarding the densitiesbmdy tissues, they
were not used to determine the accuracy (validityhe commonly used
laboratory techniques for body composition assestme
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Theoretically, direct cadaver analysis should be thost accurate
technique, but newer cadaver studies were ofteonsistent with the
results from the earlier studies. Thus, when dgalimith body
composition analysis, keep in mind that some tepkas are better than
others, and none is likely to be 100% accurate.

Many methods are currently available for the latmyaassessment of
body composition. Several could possibly serve ridsrion measures.
Techniques such as densitometry (hydrostatic weiginid air
displacement plethysmography [Bod Pod]), hydrometrydilution to
determine total body water (TBW), nuclear techngsach as whole-
body counting of potassium 40 or neutron activatoual-energy X-ray
absorptiometry (DXA), computed tomography (CT), metic resonance
imaging (MRI), ultrasound, and total body electricanductivity are all
accurate enough to be used. Unfortunately, attithis, these techniques
are also often expensive, cumbersome, and/or tonstoning, requiring
sensitive instrumentation operated by highly trdinechnicians. The
DXA technique is pictured and described because donsidered the
“gold standard,” or criterion measure, for the asagent of bone mineral
density. However, DXA also allows the simultanemesasurement of fat
and lean soft tissue for the determination of bomiyposition. In the near
future, DXA may become the criterion standard fodyp composition
assessment as well. The Bod Pod also is frequersiy. For now,
however, pending more research, the criterion nmreasent for body
composition is still hydrostatic, or underwater igeng.

Hydrostatic (Underwater) Weighing: Densitometry

Hydrostatic, or underwater, weighing determines yb@dmposition
through the calculation of body density (Behnke &Mdimore, 1974;
Going, 2005; Goldman and Buskirk, 1961). We havehhknedes, a
Greek mathematician who lived in the second cenBQy to thank for
this technique. When King Hieron of Syracuse cormsioised a new
crown, he suspected that the jeweler substituteersor pure gold inside
the crown. The king asked Archimedes to determtiieecomposition of
the crown without harming it in any way. Legend hasthat as
Archimedes was pondering this question at the pudaths, he solved the
problem and went running through the streets nadteoljting, “Eureka!”
(“l have found it!”).

What Archimedes observed was that an amount ofrweds displaced
from the bath equal to the volume of the body emgerthe bath.
Archimedes reasoned that the volume was propottiorthe mass of the
object and that the object’s loss of weight in waigualed the weight of
the volume of water displaced. We now define thessnaf an object
divided by its loss of weight in water as gpecific gravityof that object.
Archimedes also reasoned that the body (or any atject floating or
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submerged) is buoyed up by a counterforce equ#igowneight of the
water displaced. Thus, Archimedes’ principle stdted a partially or
fully submerged object experiences an upward budgace equal to the
weight or the volume of fluid displaced by the albjeBased on this
principle, the volume of any object, including theman body, can be
measured by determining the weight lost by complei®mersion
underwater. In the case of the human body, divitivegmass of the body
by its volume definevody density When Archimedes compared the
amount of water displaced by a mass of pure gotamass of pure
silver equal to the mass of the king’s crown, henfib that the crown
displaced more water than the gold, but less tharsitver. He confirmed
this result by weighing in air and underwater, negassf gold and silver
equal to the weight of the crown in air, and foudihe crown to have an
intermediate specific gravity value. Thus, the anowas not pure gold
(only about 75%), and we can only speculate alsdddte of the jeweler.

Field Tests of Body Composition

Field methods to determine body composition canclassified as
anthropometry (measurement of the human body) oelé&ctrical
impedance analysis (BIA). Anthropometric techniginetude skinfolds,
height and weight, BMI, diameters, and circumfee=nd hese techniques
are generally practical, require a minimum of equapt, and (if properly
applied) can provide useful, reasonably accurdtenmation. They vary
in the degree of skill needed by the tester.

Skinfolds

The most widely used anthropometric estimation ofdyb size or
composition involves the measurement of skinfoltdselected sites.
Skinfolds (sometimes called fatfolds) are the deubickness of the skin
plus the adipose tissue between the parallel layetse skin. Because
skin thickness varies only slightly among indivityakinfold measures
generally indicate the thickness of the subcutasdati Technically,
however, adipose tissue (and thus the subcutarietbalksl) has both a fat
component and a fat-free component. The fat-freenpoment is
composed of water, blood vessels, and nerves. ésathcontent of the
adipose tissue increases (as in obesity), the watdent decreases. The
use of skinfold thicknesses to estimate body coitipass based on two
assumptions. The first is that selected skinfdielssare representatives of
the total subcutaneous adipose tissue mass. Imajee@dence supports
this assumption. The second assumption is thasubeutaneous tissue
mass has a known relationship with total body fat.

Height and Weight

In some situations, such as when large numbensdofiduals are being
evaluated, the only measures of body size thateaity be obtained are
height and weight. These values are often usedyalath height and
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weight charts that include standards such as asoepbody weight
(<10% over the chart weight for a given height)emmweight (10—-20%
over the chart weight), and obese (>20% over thetereight) sometimes
by frame size. Such use of height and weight chartsninimally
acceptable for large group data but is not reconti@@ras a source of
what an individual “should” weigh, for the followgrreasons.

Body Mass Index

Body Mass IndeXxBMI) is a ratio of the total body weight to height
Several ratios have been proposed, but the onemsstfrequently is
weight (in kilograms) divided by height (in metesgjuared [WT + HT2
(kg.m=-2)]. This ratio is also known as the Queteldex. Calculated BMI
can then be compared against standard values éondee whether the
individual has acceptable body weight, is overwgigh is obese. The
selection of BMI values at the upper limit of actzdpe is based on the
data relating BMI to morbidity (disease occurrengegrticularly
cardiovascular disease [CVD]) and mortality (death)

As shown in this figure, for adults there is a cimear increase in excess
mortality (a greater number of deaths than expéaatadjiven population)
with an increasing BMI. Significant increases iskrbegin at a BMI of
27.3 for females and 27.8 for males. Thereforel985, the National
Institute of Health defined obesity as a BMI of2¥or females and 27.8
for males.

Waist-to-hip Ratio/Waist Circumference

Waist-to-hip (W/H) ratio is another way to estimagalth risk based on
the individual's pattern of fat distribution. Resga has shown that the
W/H ratio is a stronger predictor for diabetesprary artery disease, and
overall death risk than body weight, BMI, or %BF adlults. In the
absence of large total fat stores, the W/H carirattie identification of
certain hormonal and metabolic abnormalities assediwith a relative
increase in abdominal.

Bioelectrical Impedance (Impedance Plethysmography)

Determining body composition by Bioelectrical Impede (BIA) has
gained a great deal of acceptance in fitness fiasifprimarily because the
procedure can easily be done. In BIA, four eleamodre attached to a
quietly resting supine subject’s hands and feeb (fver limb either
ipsilaterally or contralaterally). A harmless, sati@nless, low- amperage
(80 mA), radio frequency (50 kHz) electrical cutrepassed between
the electrodes, and the resistance (in ohms) tatnent is recorded.
Body volume is assumed to be a cylinder of constaygs-sectional area
with uniform density distribution. Body volume isone often defined as
height squared divided by resistance (HT2 + R). @b#ity to conduct
the electrical current is directly related to th@moaint of water and
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electrolytes in the various body tissues. Eleckrmarent flows more

easily in fat-free tissue (which offers less resise) than in fat tissue
because the fat-free tissue has a higher percemgeater and

electrolytes. Therefore, individuals with more FIR@&le lower resistance
values, and those with more fat weight have higésistance values.

Overweight and Obesity

Although being overweight is what bothers most peo is really the
amount and location of fat (%BF, abdominal fat masat should be of
concern. Excess weight can be caused by high lef/&an muscle mass,
but additional muscle mass is beneficial. Excepane instances, such as
providing protection from the cold water for an lsig Channel swimmer
or certain wasting diseases, excess fat is gegparatl beneficial. There
are no universally agreed upon acceptable %BF atdad The most
typically used normal values for young adults (Z0y) are 12—15% for
males and 22—-25% for females with an allowancenaidditional 2% for
each decade of age. Obesity is defined as +5% BW¥eahe normal value.

SELF-ASSESSMENT EXERCISES

I List the Nutrition necessary for fithess and aibtet
. Define Body Composition

4.0 CONCLUSION

Having read this course and successfully compldtecassessment and
self-assessment test, it is assumed that you Heaieedd understanding
of the introductory knowledge on the Anaerobic Ardobic Metabolism.

5.0 SUMMARY

This Unit has summarized the Anaerobic and Aergbhetabolism in
exercise. It also looked at the anaerobic and &emtercise response.
The Anaerobic characteristics in exercise metatvoliss discussed. The
assessment and self-assessment exercise have rosateg to enable
you understand your own rating of the understanding learning you
achieved while reading this material in this UQline links have also
been provided to broaden your understanding ofeting required in
this Unit.

6.0 TUTOR-MARKED ASSIGNMENT

1. State the importance of body composition andylatezontrol
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UNIT 5 ANAEROBIC & AEROBIC METABOLISM
DURING EXERCISE
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1.0 INTRODUCTION
This unit describe the anaerobic and aerobic mésabaluring exercise.
2.0 INTENDED LEARNING OUTCOME (ILOS)

By the end of this unit, you should be able to;

° Define Anaerobic and Aerobic Metabolism
° State the measurement of Anaerobic and Aerobic unea®nt
) Explain the Anaerobic and Aerobic Exercise Response

3.0 MAIN CONTENT

3.1 Anaerobic and Measurement of Anaerobic Metabam

This describesalactic anaerobic metabolismsometimes called the
phosphageror ATP-PC systemOnce produced, ATP is stored in the
muscle. This amount is relatively small and carvigl® energy for only
2-3 seconds of maximal effort. However, anothehntggergy compound,
phosphocreatine (PC), also known as creatine platspiCP), can be
used to resynthesize ATP from ADP almost instartasky. The amount
of PC stored in muscle is about three times th&(1d?. Muscles differ in
the amount of stored PC by fiber type. Fibers thatduce energy
predominantly by anaerobic glycolysis are callegcglytic; those that
produce energy predominantly aerobically are cateidative. In terms
of contraction speed, muscle fibers are eithertiagth or slow twitch.
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When contractile and metabolic characteristicscarabined, three fiber
types are generally described: fast-twitch glydolyFG also known as
Type 1IX), fast-twitch oxidative glycolytic (FOG sb known as Type
lIA), and slow-twitch oxidative (SO). Fast-twitchibérs have

proportionally more PC than ATP compared to sloweiw oxidative

fibers. Any time the energy demand is increased—twdreghe activity is

simply turning a page of this book, coming outlwé blocks for a sprint,
or starting out on a long bicycle ride—at least phthe immediate need
for energy is supplied by these stored forms (APE), which must
ultimately be replenished. These sources are asd preferentially in
high-intensity, very short-duration activity. Most-synthesis of ATP
from PC takes place in the first 10 seconds of maki muscle

contraction; little, if any, occurs after 20 secsmd maximal activity.

This ATP-PC system neither uses oxygen nor prodizctie acid (LA)
and is thus said to balactic anaerobic When the demand for ATP
exceeds the capacity of the phosphagen systennharagtobic system (at
the initiation of any activity or during high- intsity, short-duration
exercise),fast (anaerobic) glycolysis is used to produce ATP. Tihis
rather like calling in the reserves, for glycolysisan provide the
supplemental energy quickly. The rate of ATP praiduncfrom glycolysis
reaches its maximum about 5 seconds after initiadfocontraction and
is maintained at this rate for several secondss $iistem predominates
in activities such as a 1500-m speed skating e@thier sport activities
with a heavy reliance on the LA system include raddistances (e.g.,
track 200-800 m, swimming 100 m, slalom and downskiing);
gymnastic floor exercise; parallel bars; a rountafing; and a period of
wrestling. The ability to perform the events wifbeed and power is the
benefit. The cost is that the production of lacitd often exceeds
clearance, and lactate accumulates. Because thisnsydoes not use
oxygen but does result in the production of laatid, it is said to bectic
anaerobic

The generation of ATP fromslow (aerobic) glycolysis, the Krebs cycle,
and electron transport—oxidative phosphorylation cienstantly in
operation at some level. In resting conditionss teystem provides
basically all of the energy needed. When activiigihs or occurs at
moderate levels of intensity, oxidation increasasldy and proceeds at
a rate that supplies the needed ATP. If the workl@acontinuously
increased, aerobic oxidation proceeds at a cornelpgly higher rate
until its maximal limit is reached. The highest ambof oxygen the body
can consume during heavy dynamic exercise for ¢nebéc production
of ATP is called maximal oxygen uptake, or ¥dax. Because Vénax

is primarily an index of cardiorespiratory powemndaas such is used as a
measure of cardiovascular-respiratory fithesss discussed in depth in
that unit. However, because W@ax reflects the amount of oxygen
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available for the aerobic production of ATP, itatso an important
metabolic measure. Both aerobic and anaerobic isesrcare often
described in terms of a given percentage obi@x (either less than or
greater than 100% V4ax). Anaerobic metabolic processes are
important at the onset of all aerobic exercise trdoute significantly at
submaximal levels, and increase their contributes the exercise
intensity gets progressively higher. Depending windividual’'s fithess
level, lactic anaerobic metabolism begins to makesignificant
contribution to dynamic activity at approximatelp-460% VOmax.
However, even then the ability to use oxygen is tmaogportant.
Historically, the contribution of aerobic metabatigo intense exercise
has probably been underestimated and the contribudf anaerobic
metabolism overestimated because of the difficuitymeasuring the
anaerobic metabolism accurately. By between 1 andhiutes of
maximal exercise, the relative contributions of Agi®duction from the
aerobic and anaerobic energy systems are appraetinedual. Because
the aerobic system involves the use of oxygen anodeeds completely
to oxidative phosphorylation, it is said to &erobicor oxidative Sport
activities that rely predominantly on the O2 systaniude long distance
events, such as the 5000 and 10,000 m in trackathmars; swimming
1500 m; cross-country running, skiing, and orienteg field hockey,
soccer, and lacrosse; and race walking.

These three sources of ATP; the phosphagen sysAdiR-PC), the
glycolytic system (LA), and the oxidative systemy)@ontribute to
maximal exercise of different durations in a pattealled théime-energy
system continuunT his continuum assumes that the individual iskivay
at a maximal maintainable intensity for a contineiduration. This means
that it is assumed that an individual can go allfou5 minutes or less or
can work at 100%Vé@nax for 10 minutes, at 95% \iax for 30
minutes, at 85% Veénax for 60 minutes, and at 80% W@ax for 120
minutes. Of course, there are individual differencéout these
assumptions are reasonable in general. Note thaariberobic systems
respond immediately but cannot sustain the higéllevATP production.
Conversely, the aerobic energy system) (® incapable of meeting the
immediate energy demands but contributes to a mghni degree
surprisingly quickly. By 30 seconds almost 27% loé tATP is being
supplied by oxidative phosphorylation. The poinhtch the aerobic and
anaerobic contribution becomes approximately eiguab seconds.

Four basic patterns can be discerned from thisraantn. Understanding
these patterns is helpful when developing trairaggrams.

1. All three energy systems (ATP-PC, LA, ang) @re involved in
providing energy for all durations of exercise.
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2. The ATP-PC system predominates in activitising 10 seconds
or less. Since the ATP-PC system is involved prilyat the onset
of longer activities, it becomes a smaller pordthe total energy
supply as the duration gets longer

3. Anaerobic metabolism (ATP-PC and LA) predonasatin
supplying energy for exercises lasting betweend Zminutes.
The equal contribution point for anaerobic and berenergy
contribution to maximal exercise is probably clés&5 seconds.
However, even exercises lasting as long as 10 ssruge at least
15% anaerobic sources. Within the anaerobic compotiee
longer the duration, the greater the relative ingooze of the lactic
acid system is in comparison to the phosphageesyst

4. By 2 minutes of exercise, the ystem clearly dominates. The
longer the duration, the more important it becomes.

Measurement of Anaerobic Metabolism

Unfortunately, there is no generally accepted mégnshich to directly
measure the contribution of anaerobic energy toosee Two general
approaches are used, One approach describes chantpes chemical
substances either used in alactic anaerobic mesab@pecifically, ATP
and PC levels) or produced as a result of lactaessbic metabolism
(lactic acid or lactate). The second approach dfiesitthe amount of
work performed or the power generated during stor&tion, high-
intensity activity. The assumption is that suchwétgt could not be done
without anaerobic energy; therefore, measuring swork or power
indirectly measures anaerobic energy utilizationd gorovides an
indication of anaerobic capacity.

ATP-PC and Lactate

Muscle ATP, PC, and lactate can be measured byicheanalysis of

muscle biopsy specimens. Lactate is the most fratjueneasured

variable, in part because it can also be measuwoedflood samples. The
blood sample may be obtained by venipuncture aefirprick, both of

which are less invasive than a muscle biopsy. Agrotikason for the
popularity of lactate analysis is the availabiliy user-friendly, fast,

accurate, and relatively inexpensive analyzers.

Tests of Anaerobic Power and Capacity

Energy system capacity is the total amount of gnirat can be produced
by an energy system. Energy system power is thamadamount of
energy that can be produced per unit of time. Tdatid anaerobic
glycolytic system has almost equal power and c#épagist slightly
favoring capacity. The information on the aerolid)(system is included
here just to show how truly high in power and low dapacity the
anaerobic systems are.
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Lactate Analysis.

A small sample of blood is obtained by a fingerckr{A) and injected
into a lactate analyzer (B) for determination oftéde concentration
[La-].

The Wingate Anaerobic Test
The Wingate Anaerobic Test depicted in Figure 8.@robably the most
well-known of several cycle ergometer tests usethéasure anaerobic
power and capacity. The test is an all-out ride3J0rseconds against a
resistance based on body weight. Both arm anddegjons are available,
although the leg test is most frequently used aitidoe the only version
discussed here. Resistance values of 0.075 kgdapdy weight for
children, 0.086 kg- kg body weight for adult females, and 0.095 kg*kg
body weight for adult males appear to be optimdhlé&tes may need
values as high as 0.10 kg-kof body weight, but the most common value
used (as in the example that follows) is 0.075 &g kody weight. The
revolutions (rev) of the flywheel are counted pecad during the test,
and from the available information three varialdes determined.

% @

The Margaria-Kalamen Stair Climb

To perform the Margaria-Kalamen test, an individuwad for 6 m on the
level and then climbs a staircase, taking threpssé a time. Power in
kgm-sec! is calculated from the weight of the subject, tbeical height
between the third and ninth steps, and the timedst the third and ninth
steps. The use of electronic switch mats or phetbet cells is essential
for accuracy. This test is considered to be adfesliactic anaerobic power
because of the short time involved usually less thaseconds for the
entire test and close to 1 second for the meagimedbetween the third
and ninth steps.
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3.2 The Anaerobic Exercise Response

When exercise begins, regardless of how light aviaet is, there is an
immediate need for additional energy. Thus, thetmbsious exercise
response is an increase in metabolism. All threerggnsystems are
involved in this response, their relative contribns being proportional
to the intensity and duration of the activity. Higu3.8 shows two
scenarios for going from rest to different intelesitof exercise. The
oxygen requirement for this exercise is 1.4 L- minHie individual has
a VOymax of 2.5 L-min—1. Therefore, this individual i®fking at 56%

VO2omax. The area under the smoothed curve during &cathcise and
recovery represents oxygen used. Notice, howelvat there is an initial
lag during which the oxygen supplied and utilizedbelow the oxygen
requirement for providing energy. This differencetviieen the oxygen
required during exercise and the oxygen supplielduditized is called the
oxygen deficit. Because of this discrepancy betwagply and demand,
anaerobic sources must be involved in providinggnat the onset of all
activity. The Q deficit has traditionally been explained as thabitity of

the circulatory and respiratory systems to delwergen quickly enough
to meet the increased energy demands. Evidencendovates, however,
that the Q deficit is probably due to limited cellular utiéition of Q as a

result of metabolic adjustments in both the anaerahd aerobic systems.

The relatively slow response time of aerobic ATRodoction is
determined by the faster speed of response of Tl RC system and by
the content of mitochondria in the muscle. The thelt the ATP-PC
system responds rapidly does not indicate anynsitridelay or inertia of
activation for either the LA or £Osystem. All three pathways respond
simultaneously in an integrated fashion. The mdiabe@sponse is
regulated by a series of feedback control systéuaisare sensitive to the
release of Ca from muscle contraction and the breakdown of ATikre
metabolic systems simply respond at different spe€terefore, during
the transition from rest to work, energy is supglosy;

O transport and utilization;

utilization of Q stores in capillary blood and bound to myoglobin;
the splitting of stored ATP-PC; and

anaerobic glycolysis, with the concomitant prctebn of LA.

e

Eventually, if the exercise intensity is low enoutyie aerobic system will
predominate and the oxygen supply will equal thggex demand. This
condition is called steady-state, steady rate, teady-level exercise.
Figure 3.8B shows a smoothed plot ofé@nsumption at rest and during
and after an exercise bout in which the energyirement is greater than
VO2max, sometimes called supramaximal exercise. Tihialitag period
between @ supply and demand is once again evident, and tifirst
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example, the added energy is provided by stored-RTP anaerobic
glycolysis, and stored O However, in this case, when the O2
consumption plateaus or levels off, it is at M@x, and more energy is
still needed if exercise is to continue.

3.3 Anaerobic Exercise Characteristics

The anaerobic characteristics of females are giyéaer than those of
males in the young and middle-aged adult years.hMiche difference
is undoubtedly related to the smaller overall meisohss of the average
female compared with that of the average male.

The Availability and Utilization of ATP-PC

Neither the local resting stores of ATP per kilagraf muscle nor the
utilization of ATP-PC during exercise varies betwége sexes. However,
in terms of total energy available from these phaggn sources, males
will have more than females because of muscle whiffssences.

The Accumulation of Lactate

Resting levels of lactate are the same for malesfamales. Lactate
thresholds, when expressed as a percentage gh&) are also the same
for both sexes, although the absolute workload hichkvthe lactate
thresholds occur is higher for males than femalémis, at any given
absolute workload that is still submaximal but abdb¥1 or LT2, females
have a higher lactate value than males. Consequeh#d workload is
more stressful for females and requires a greai@erabic contribution.
However, at a given relative workload or percentafj§ O2max above
the lactate thresholds, lactate concentrationsegral for both sexes.
Lactate values at maximal exercise from ages Iautir 50 are higher by
approximately 0.5-2.0 mmol-L-1 for males than éanéles. Once again,
females are generally doing less in terms of amwlabes workload than
males at maximum.

Mechanical Power and Capacity

As previously mentioned, on average males prodigteehabsolute work
output than females. Data available from the Wiagahaerobic Test
show that values for peak power for women are apprately 65% of
values for men if expressed in watts, improve @ 8f3expressed in watts
per kilogram of body weight, and come close to &qual at 94% when
expressed in watts per kilogram of lean body ma&hks. corresponding
comparisons for mean power are 68%, 87%, and 988pectively. The
peak power of women (in watts per kilogram of badsight) is very
similar to the mean power of men. The fatigue inders not show a
significant sex difference, indicating that botxes®tire at the same rate.
It has been shown that females provide a relatikigizer portion of the
energy for the WAT aerobically than males. This maan that the total
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power output during a WAT actually underestimakesdex difference in
anaerobic capacity between males and females. Tlaximal
accumulated oxygen deficit (MAOD) expressed re&atio the active
muscle mass for cycling is significantly highemmales than females.

3.4 Aerobic and Measurement of Aerobic Metabolism

Aerobic metabolism can be measured directly by roaktry (the
measurement of heat production) or indirectly byrapetry (the
measurement of air breathed and the analysis ofjeaxyand carbon
dioxide gases). Typically, open-circuit indirecirsmetry/ open-circuit
indirect calorimetry is used. This system has gdagrror and is rarely
used. It is mentioned here so that the terminolafggn open circuit can
be understood. llopen-circuit spirometrythe subject inhales room or
outdoor air from his or her surroundings and exhatéo the same
surroundings. The oxygen content of the inhaleasanormally 20.93%;
the carbon dioxide does not need to be absorbeds ®iinply exhaled
into the surrounding atmosphere. A sample of thered air is analyzed
for oxygen and carbon dioxide content. Putting ¢h&sctors together
results in the descript@pen-circuit indirect spirometryThe termopen-
circuit indirect calorimetryshould technically be reserved for use when
calories are calculated from oxygen consumptiot,ibdact, that term is
often used interchangeably with open circuit inclirgpirometry and we
will do so in this text.

Measuring oxygen consumption by open-circuit inclirgpirometry is a
valid way to assess aerobic metabolism duringrmgsind steady-state
submaximal exercise, conditions when the relatignbletween oxygen
consumption and ATP production remains linear. Hmwgin situations
also involving anaerobic energy production, theialcenergy cost of the
exercise will be underestimated, because the lirgationship no longer
exists and there is no way to account for the aimemortion. Open-
circuit indirect spirometry can be used to measxggen consumption
during any physical activity. However, the sizenggvity, and lack of
portability of the equipment have, until recentlymited its use to
modalities that can be performed in a laboratorg special swimming
pool setup. By far, the most popular exercise rigsthodalities in the
laboratory are the motor-driven treadmill and thegcle ergometer.
Measurements can be performed with the subjecteat, rduring
submaximal exercise, or at maximal levels of egertiThe following
sections describe in detail how these measurenastslone and the
aerobic responses to varying patterns of exercise.

The Aerobic Exercise Responses
The individual uses a breathing valve, which pesrait to flow in only
one direction at a time in from room air and ouwwaod the sampling
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chamber. The nose clip ensures that the individtedthes only through
the mouth.

Oxygen Consumption and Carbon Dioxide Production

This describes schematic configurations of an ogeruit system in
which the volume of either inspired air or expiggdis measured and the
expired air is analyzed for the percentage of oryged carbon dioxide.
Although oxygen consumption is the variable of @gninterest, because
of its direct relationship with ATP, determiningetamount of carbon
dioxide produced is also important, because thaasome enables a
determination about fuel utilization and caloricperditure. Oxygen
consumption (V@ is technically theamount of oxygen taken up,
transported, and used at the cellular level. laégjthe amount of oxygen
inspired minus the amount of oxygen expired. Howesas the symbol
VO indicates, it is commonly labeled as ttidumeof oxygen consumed.
Similarly, carbon dioxide produced (VGQs technically the amount of
carbon dioxide generated during metabolism, prilparom aerobic
cellular respiration. It equals the amount of cardmxide expired minus
the amount of carbon dioxide inspired. As withy®CO; is commonly
described as the volume of carbon dioxide produtedamountof a gas
equals the volume of air (either inhaled or exhatedes the percentage
of the gas. Therefore, to determine these amotlr@s,olume of air either
inhaled or exhaled is measured, as are the pegeniaf oxygen and
carbon dioxide in the exhaled air. The percentajexygen and carbon
dioxide in inhaled air.

The Oxygen Cost of Breathing

Part of the oxygen used both at rest and duringceseegoes to support
the respiratory muscles. This value does not reroairstant but varies
with the intensity of activity. During rest, thespmratory system uses
about 1-2% of the total body oxygen consumptior2.6rmL- min* of
oxygen. The oxygen cost of ventilation is highercimldren than in
middle-aged or older adults. During light to moderaubmaximal
dynamic aerobic exercise, where VE is less thanLeé@in™, the
respiratory oxygen cost changes to about 25-100minCY. At heavy
submaximal exercise, when VE is between 60 and L2@in™,
respiratory oxygen use may rise to 50 to 400 mL-hiuring
incremental exercise to maximum, the initial VE idgr the lower
exercise stages shows a very gradual curvilinese, meflecting the
submaximal changes described previously. At woddoabove those
requiring a VE greater than 120 L-mina dramatic exponential curve
occurs. In this curve, by the time a VE of 180 Lnthis achieved in a
very fi t individual, 1000-1300 L-mih of oxygen is used simply to
support respiration. Theoretically, there may benaximal level of
ventilation above which any further increase in gety consumption
would be used entirely by the ventilatory muscukatuhus limiting

45



KHE 416 EXERCISE PHYSIOLOGY

maximal exercise. At what precise point this caltitevel of ventilation
occurs is unknown. However, even if a critical viatibn level does not
exist, respiration does utilize a significant ponti 3—18%, of the V©
during heavy exercise. Smoking increases the oxggsnhof respiration
during exercise. However, an abstinence of everdag&an substantially
reduce this effect of cigarette smoking. In old,age higher oxygen cost
of breathing may be a significant factor in limgiexercise performance.

SELF-ASSESSMENT EXERCISES

I. List and define the variables used to describetaenmetabolic
responses to exercise.

il. Define Anaerobic metabolism and state its measun&nme

ii. Define Aerobic metabolism and state its measurement

4.0 CONCLUSION

Having read this course and successfully compl#tecassessment and
self-assessment test, it is assumed that you Heaieesd understanding
of the introductory knowledge on the Anaerobic Ardobic Metabolism.

5.0 SUMMARY

This Unit has summarized the Anaerobic and Aergbetabolism in
exercise. It also looked at the anaerobic and &emtercise response.
The Anaerobic characteristics in exercise metatvoliss discussed. The
assessment and self-assessment exercise have rosateg to enable
you understand your own rating of the understanding learning you
achieved while reading this material in this UQline links have also
been provided to broaden your understanding ofeing required in
this Unit.

6.0 TUTOR-MARKED ASSIGNMENT

1. Describe the Anaerobic Exercise response
2. State the characteristics of Anaerobic metabolisexercise
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MODULE 2 CARDIOVASCULAR- RESPIRATORY
SYSTEM

INTRODUCTION

Respiration consists of four separate processes.fif$t is pulmonary

ventilation, in which air is moved into and outtbEé body. The second,
external respiration, involves the exchange of exygnd carbon dioxide
between the lungs and the blood. The third is inatlerespiration, which

involves the exchange of oxygen and carbon dioridéhe cellular or

tissue level. Finally, cellular respiration is tb#lization of oxygen to

produce energy, which also produces carbon dicxsda byproduct.

Unit 1 Cardiovascular- Respiratory System
Unit 2 Mechanism of Breathing

Unit 3 Respiratory Circulation

Unit 4 Measurement of Lung Volumes

UNIT 1 INTRODUCTION AND STRUCTURE OF
PULMONARY SYSTEM

CONTENTS

1.0 Introduction

2.0 Intended Learning Outcomes (ILOSs)

3.0 Main Content
3.1  The concept and structure of Pulmonary System
3.2 The Conducive Zone
3.3 Respiratory Zone

4.0 Conclusion

5.0 Summary

6.0 Tutor-Marked Assignment

7.0 References/Further Reading

1.0 INTRODUCTION
This unit describes the concept and the structRubmonary system.

2.0 INTENDED LEARNING OUTCOMES (ILOS)
By the end of this Unit, you will be able to;

o Describe the Pulmonary system
o Differentiate Conducive zone and respiratory zone
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3.0 MAIN CONTENT

3.1 The concept and structure of Pulmonary System

Although it is typical to think of respiration asibhg the same as breathing
and/or ventilation, technically, it is not. The uole of air flowing into
the lungs from the external environment throughegithe nose or the
mouth is called pulmonary ventilation. Ventilatie accomplished by
breathing, the alternation of inspiration and exfiin that causes the air
to move. The actual exchange of the gases oxyge) &dd carbon
dioxide (CO2) between the lungs and the blood iewkn as external
respiration. At the cellular level, oxygen and carldioxide gases are
again exchanged; this exchange is called interaspiration. Cellular
respiration is the utilization of oxygen by thelsab produce energy with
carbon dioxide as a byproduct. Cellular respiraimmtudes both aerobic
(with O2) and anaerobic (withoutfenergy production and is discussed
in Chapter 2. This chapter concentrates on pulnyorettilation, external
respiration, and internal respiration.

Structure of the Pulmonary System
The respiratory system consists of two major pagio

(1) the conductive zone, which transports theéaathe lungs, and
(2) the respiratory zone, where gas exchange falkes.

3.2 The Conductive Zone

The basic structure of the conductive zone is showiigure 9.2. The
structures from the nose or mouth to the termimahthioles comprise
the conductive zoneThe primary role of the conductive zone is to
transport air. Because no exchange of gases tékes lpere, this zone is
also callecanatomical dead spac@és a general guideline, the amount of
anatomical dead space can be estimated as 1 ndadbr 1 Ib of “ideal”
body weight (Slonim and Hamilton, 1976). Hence 38-Ib female who

Is at her ideal weight has an estimated 130 mlnat@mical dead space.
However, if this individual were to gain 20 Ib, sWweuld still have the
same anatomical dead space and that estimate weukin at 130 mL.
Anatomical dead space is important in determiniig talveolar
ventilation, as discussed later. The second importale of the
conductive zone is to warm and humidify the air. tBg time the air
reaches the lungs, it will be warmed to body terapge (normally
~37°C) and will be 99.5% saturated with water vapor

This protective mechanism helps maintain core bissyperature and
protects the lungs from injury (Slonim and Hamilta876). The warming
and humidifying of air is easily accomplished owemwide range of
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environmental temperatures under resting conditahgn the volume of
air transported is small and the air is inhaledulgh the nose. During
heavy exercise, however, large volumes of air ateled primarily
through the mouth, thus bypassing the warming aoidtorizing sites of
the nose and nasal cavity. As a result, the moudhtlae throat may feel
dry. If heavy exercise takes place in cold weafbspecially at subzero
temperatures), dryness increases and throat pain bmafelt. These
uncomfortable feelings are not a symptom of fregoifithe lungs; rather,
they are the result of the drying and cooling & ttpper airway. The
lower portions of the conductive zone still moistarand warm the air
sufficiently before it reaches the lungs. A scadrwacross the mouth
will trap moisture and heat from the exhaled anl #rereby decrease or
eliminate the uncomfortable sensations. The ttotd of the conductive
zone is to filter the incoming air. The nasal cavipharynx, larynx,
trachea, and bronchial system are all lined withateid mucous
membranes (Figure 9.2). These membranes with their-like
projections trap impurities and foreign particlgarficulates) that are
inhaled. Both smoke and environmental air polligagiminish ciliary
activity and can ultimately destroy the cilia.

3.3 The Respiratory Zone

Therespiratory zoneonsists of the respiratory bronchioles, the akeol
ducts, alveolar sacs (grape-like clusters), anéleoli (Figure 9.2). The
alveoli are the actual site of gas exchange betweepulmonary system
and the cardiovascular system. At birth, humans lebout 24 million
alveoli. This number increases to about 300 milbgr8 years of age and
remains constant until age 30, when it begins dugkdecline. Although
each individual alveolus is small, only about 0.Znnin diameter,
collectively the alveoli in a young adult have &atsurface area of 50—
100 m2 (West, 2005). This area would cover a battmioourt or even a
tennis court if flattened out. Despite this largeface area, the lungs
weigh only about 2.2 Ib (1 kg). The volume of tlespiratory zone is
about 2.5-3.0 L-min—1 (West, 2005). The membrameden the alveol
and the capillaries is actually composed of fiveyw&in layers, two of
which are the endothelial cells of the alveoli ahd capillaries. The
endothelium of the alveoli produces a substancledaurfactant that
reduces surface tension and helps prevent alveot €ollapsing (Seifter
et al., 2005). Despite the number of layers, thekttess is less than the
paper this book is printed on, and gas exchangstplace easily (West,
2005).

In addition to the anatomical dead space wherexnbamge takes place,
some alveoli have no capillary blood supply andrefege cannot
participate in gas exchange; these alveoli malanapveolar dead space
The anatomical plus the alveolar dead space comibinake up the

51



KHE 416 EXERCISE PHYSIOLOGY

physiological dead spacdecause alveolar dead space is minimal in
healthy individuals, the physiological dead spacenly slightly larger
than the anatomical dead space (West, 2005).

SELF-ASSESSMENT EXERCISES

I Describe the structure of the pulmonary system
. Differentiate between Conducive and Respiratoryezon

4.0 CONCLUSION

Having read this course and successfully compldtecassessment and
self-assessment test, it is assumed that you hHeaieedd understanding
of the introductory knowledge on structure of thinmonary system.

5.0 SUMMARY

This Unit has successfully summarized the introdacto pulmonary
system and then the structure.

6.0 TUTOR-MARKED ASSGINMENT
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UNIT 2 MECHANISM OF BREATHING
CONTENTS

1.0 Introduction
2.0 Intended Learning Outcomes (ILOSs)
3.0 Main Content
3.1  The Mechanism of breathing
3.2  The Application of Boyle’s law in the pulmogaystem
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

This unit describes the mechanism of breathinguimBnary system.

2.0 INTENDED LEARNING OUTCOMES (ILOS)
By the end of this Unit, you will be able to;

o Define breathing
o State the factors responsible in the mechanismezthing in the
pulmonary system.

3.0 MAIN CONTENT

3.1 The Mechanism of breathing

The movement of air into the lungs from the atmespldepends on two
factors: pressure gradietf) and resistance (R).

A pressure gradient is simply the difference betw&&o pressures.
Difference is represented by the Greek capita¢letelta:A. The larger
the differences in pressure, the larger the presstadient is. Gases—in
this case, air which is a mixture of gases—movenfrareas of high
pressure to areas of low pressure. Resistanceeisuim of the forces
opposing the flow of the gases. About 20% of rasis¢ to airflow is
caused by tissue friction as the lungs move durmgpiration and
expiration. The remaining 80% is due to the frictioetween the gas
molecules and the walls of the airway (airway tasise) and the internal
friction between the gas molecules themselves dsitg). Airway
resistance is determined by the size of the airaral/the smoothness or
turbulence of the airflow.
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In order for air to flow, the pressure gradient iioes greater than the
resistance to the flow. Thus, for inspiration tketglace, pressure must
be higher in the atmosphere than in the lungsexpiration, pressure in
the alveoli of the lungs must be higher than indhmosphere. It shows
how the inspiratory pressure gradient is created.

3.2 Boyle’s Law and Mechanism of breathing

Boyle’s lawstates that the pressure of a gas is inverselyeckel® its
volume (or vice versa) under conditions of constamperature: low
pressure is associated with large volume, and ighsure is associated
with small volume. For pulmonary ventilation, acri@ase in chest cavity
volume is accomplished by muscle contraction fapiration. This
increase in volume leads to an internal lung presdacrease according
to Boyle's law. As a result, a negative pressuiistexn the chest cavity
relative to the atmosphere outside the body. Thpsessure gradient has
been created. Air flows into the chest cavity irattiempt to equalize this
pressure difference. The volume change per unpressure is called
complianceg(West, 2005).

The main inspiratory muscle is the dome-shapedhdagmm. With neural
stimulation, the diaphragm contracts and moves davd, elongating
the chest cavity (Figure 9.3B). In normal restinggthing, the diaphragm
moves about 1 cm; in heavy or forced breathingpay move as much as
10 cm (West, 2005).

During exercise, the chest cavity is further erddrgpy the action of the
external intercostal muscles and others, knownectbilely as the
accessory muscles, which elevate the rib cage amskecexpansion both
laterally (side-to-side) and anteroposteriorly Kfrto-back). The extent
of accessory muscle activity and the resultant drggessure depends on
the depth of the inspiration. These changes inctiest cavity volume
transfer themselves to the lungs through the pleBlaurae are thin,
double-layered membranes that line both the chaeityc (the inner
surfaces of the thorax, sternum, ribs, vertebrad,ciaphragm) and the
external lung surfaces. The portion covering thestlavity is called the
parietal pleura; the portion covering the exteldoag surfaces is called
the visceral or pulmonary pleura. A fluid secrebgdthe pleura fills the
space between the pleurae (the intrapleural spalb@ying the lungs to
glide smoothly over the chest cavity walls. It atsmses the parietal and
the pulmonary pleurae to adhere to each otherars#ime way that two
pieces of glasses are held together by a thindflmater. Because of this
adhesion, the lungs themselves move when musatsmachove the chest
cavity (Guyton and Hall, 2006; Matrtin et al., 1979)
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During normal resting conditions, expiration occanwply because the
diaphragm and other inspiratory muscles relax. Whege muscles relax,
both the lungs and the muscles, which are higtdgtel, recoil to their

original positions. This elastic recoil decreasasgl volume and thus
creates a pressure inside the chest cavity thatigeer than the

atmospheric pressure. As the chest cavity volumeredses, the
intrathoracic pressure increases slightly abovieahihne atmosphere. The
result is that the air moves out of the lungs itite atmosphere. The
pressures equalize again, and the cycle repedighétnext inspiration.
A complete respiratory cycle includes both inspiratand expiration.

During heavy breathing, as in exercise, expirat®oan active process.
The primary expiratory muscles are the abdominald the internal

intercostals. The abdominals (rectus abdominus,otfigues, and the
transverse abdominus) push the abdominal organs—kamde the

diaphragm—upward; the internal intercostals pud tibs inward and

down. This decrease in chest volume increasesthioli@cic pressure
more quickly than passive elastic recoil alone, @edair is forced out of
the lungs faster. The pleurae also serve a pumhaseg expiration.

Pressure in the intrapleural space fluctuates langathing in a way that
parallels pressure within the lungs. However, tiieapleural pressure is
always negative (24—-28 mmHg) relative to the intfapnary (lung)
pressure. This negative pressure protects the lwogscollapsing. If the
intrapleural pressure were equal to the atmosplpedassure, the lungs
would collapse at the end of expiration becausehef elastic recoil.
Because muscle activity is involved during the nedpry cycle of
inhalation and exhalation, energy is consumed.igurest, however, this
energy consumption (restricted to inspiratory meschmounts to only
1-2% of the total body energy expenditure in noriar® (Pardy et al.,
1984).

SELF-ASSESSMENT EXERCISE

I Describe the structure of the pulmonary system
. Differentiate between Conducive and Respiratoryezon

4.0 CONCLUSION

Having read this course and successfully compl#tecassessment and
self-assessment test, it is assumed that you Héaieesd understanding
of the introductory knowledge on mechanism of brieaf.

5.0 SUMMARY

This Unit has successfully summarized the mechabimnd every form
of breathing.
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UNIT 3 RESPIRATORY CIRCULATION
CONTENTS

1.0 Introduction
2.0 Intended Learning Outcomes (ILOSs)
3.0 Main Content
3.1 Respiratory System
3.2  Minute Ventilation/Alveolar Ventilation
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

This unit describes the mechanism of breathinguimBnary system.
2.0 INTENDED LEARNING OUTCOMES (ILOS)

By the end of this Unit, you will be able to;

I State the function of Pulmonary Circulation
. Define Minute Ventilation

3.0 MAIN CONTENT

3.1 Respiratory Circulation

The lung has two different circulatory systerRsimonary circulation
serves the external respiratory function, abibnchial circulation
supplies the internal respiratory neefishe lung tissue (Figure 9.4)he
structure of the pulmonary circulation parallele divisions of the
structures in the conductiamne, branching in a tree-like manner called
arborization(Figure 9.5). Arborization ends in a dense alvecégillary
network, blanketing most but not all alveoli. Toapillary blood flow
through this network is called perfusioh the lung (Guyton and Hall,
2006; West, 2005)The pulmonary artery exits the right ventricle loé t
heart and gives rise to the capillary network ie lings(Figure 9.4A).
The pulmonary vein originates from tloapillary network and enters the
heart at the left atrium.

As with pulmonary airflow and the rest of the ciatory system, blood
flows through this circuit due to differences iregsure that produce a
pressure gradient large enough to overcome ressstam the flow.
Normal pulmonary artery blood pressure is low, a2fy10 mmHg, but
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venous pulmonary blood pressure is even lower, dmynmHg. Although
this pressure gradient between the pulmonary aatedyvein is not large,
it is enough to bring about the blood flow. Becaakéhe low gradient,
however, gravity affects the pulmonary circulatiomore than the
systemic or total body circulation. The lowest portof the lungs,
therefore, is perfused best. The portion of thgduthat is best perfused
with blood is also ventilated best (Guyton and Halb06; Leff and
Schumacker, 1993; Martin et al., 1979). Which ortit is varies with
the body posture.

The bronchial circulation consists of relativelyahsystemic arteries that
originate from the descending portion of the aoctlled the thoracic
artery, travel through the lungs, and return ass/é¢hat empty into the
pulmonary venous system. Thus, not all of the pualanp venous blood
is fully oxygenated (Slonim and Hamilton, 1976).

Minute Ventilation/Alveolar Ventilation

Alveolar Ventilation is the volume of air availabfer gas exchange;
calculated as tidal volume minus dead space votumes frequency. The
amount of air inspired or the amount of air expied minute is known
as minute ventilation or minute volume. The mosiown units of
measurement are liters per minute (L-min—1) andilieiis per minute
(mL-min-1). Inspired minute ventilation is symbeiizas V.| , where V
is volume, the “dot” indicates per unit of time,datine subscript upper
case | stands for inspired. The symbol for expivedtilation, V.E,
indicates expired rather than inspired air. Minugatilation depends on
tidal volume (VT), the amount of air inhaled or eldd per breath, and
the frequency (f) of breaths per minute (b-min-@.2milliliters per
minute are then commonly converted to liters paruta by dividing by
1000. At rest, a normal young adult breathes eg@uiency of 12—-15 times
per minute and has a tidal volume of 400—600 mlild@dn ventilate at a
much faster rate but with a smaller tidal volumesc8use minute
ventilation represents the total amount of air ntbugo or out of the
lungs per minute, it includes the portion of aiattfills the conduction
zone. Thus, minute ventilation does not represenatmount of air that is
available for gas exchange. The amount of air ihavailable for gas
exchange is termed alveolar ventilation (or anatainieffective
ventilation).

SELF-ASSESSMENT EXERCISES

I Describe the structure of the pulmonary system
. Differentiate between Conducive and Respiratoryezon
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4.0 CONCLUSION

Having read this course and successfully compl#tecassessment and
self-assessment test, it is assumed that you htaieesd understanding
of the introductory knowledge on mechanism of brizaf.

5.0 SUMMARY

This Unit has successfully summarized the mechabimnd every form
of breathing.

6.0 TUTOR-MARKED ASSIGNMENT
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UNIT 4 MEASUREMENT OF LUNG VOLUMES
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1.0 INTRODUCTION

This unit will state the different kinds of measment used for lung
volumes.

2.0 INTENDED LEARNING OUTCOMES (ILOS)
By the end of this Unit, you will be able to;

I Know how lung volumes can be measured.
. Describe the regulation of pulmonary ventilation

Measurement of Lung Volumes

Lung volumes can be measured either staticallyymandhically. Static

lung volumes are anatomical measures, are indepentieme, and thus
do not measure flow. Dynamic lung volumes depentino@ and measure
both airflow and air volume.

Static Lung Volumes
Take as deep a breath as you can. At this point; mgs contain the
maximum amount of air they can hold. This amourdiofs called total
lung capacity (TLC).

TLC can be divided into four volumes and three ptba&pacities, as
depicted in Figure 9.6. Note that the four capasiire combinations of
two or more volumes. All of these volumes and caachave clinical
significance, but only those important in the stoflgxercise physiology
are discussed briefly here.

As mentioned previously, tidal volume (VT) is the@unt of air either
inhaled or exhaled in a single breath. A normalikflates the lungs to
about half of the TLC
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when sitting erect or standing and only about edthihen lying supine

(Slonim and Hamilton, 1976). When the demand fagrgy increases
during exercise, VT increases by expanding intchhbe inspiratory

reserve volume (IRV) and expiratory reserve volUBRYV). Thus, the

limits of vital capacity (VC = IRV + VT + ERV) repsent the absolute
limit of the tidal volume increase during exercise.

Residual volume (RV) is the amount of air left e ttungs following a
maximal exhalation. This leftover air is importdiagcause it allows for a
continuous gas exchange between the alveoli ancaghitaries between
breaths. If all air were forced out of the lungs,gas would be available
for exchange. During exercise, when VT expandsfuhetional residual
capacity (FRC) helps maintain a smooth exchangieriollowing way.
The VT can and does expand into both the IRV amdBRYV, but it
expands more into the IRV than the ERV, leavinglatively large FRC
intact. This large FRC dilutes the gas changesdgiceease in oxygen and
increase in carbon dioxide) caused by the increasedgy production
and expenditure of exercise. By reducing fluctugtihe FRC stabilizes
and smoothes the gas exchange. Despite its bealefibysiological
aspects, RV presents a measurement difficulty. Wioely composition
is determined by hydrostatic (underwater) weighify must be
measured or estimated. Residual air makes the imody buoyant; if not
accounted for, it would reduce the underwater weidihe less an
individual weigh underwater, the higher the meadyercentage of body
fat. Thus, if RV were not accounted for, it wouldomeously increase the
measurement of fat. This is the most common refmaetermining RV
in exercise physiology. Sometimes RV is estimatethfVC, however it
is more accurate if measured directly either oetsad inside the tank
(Wilmore, 1969). RV is estimated as 24% of VC foales and 28% of
VC for females’ exchange.

Vital capacity (VC) is simply the largest amoun&afthat can be exhaled
following a maximal inhalation. The common way e$ting VC is to ask
the individual to inhale maximally and then fordgfexhale all of the air
as quickly as possible. Because the exhalatioarcetl, the designation
forced vital capacity, FVC, is used.

Dynamic Lung Volumes When volumes are measuregextied time
intervals (usually 1 and 3 sec) during a forced ¥6t, the name is
changed tdorced expiratory volumespecifically, FEV1 and FEV3. This
provides information not only about the total vokimf air moved but
also the rate of flow. Normal healthy individualesld be able to exhale
at least 80% of their FVC in 1 second; this measerd is labeled FEV1.
FEV1 values below 65-70% indicate moderate to sevestriction to
airflow (Adams, 1994). The second commonly measuaigthmic lung
volume is a test of ventilatory capacity call@daximal voluntary
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ventilation(MVV). In this test, a timed maximal ventilation either 12
or 15 seconds is recorded and then multiplied Gy B2 sec) or 4 (if 15
sec) to extrapolate to the volume that could béikaeed in 1 minute. This
value is usually higher than what can actuallydieeved during exercise
in untrained individuals, but it gives a rough ewstie of exercise
ventilation potential. Low values may reflect aigwasistance and poorly
conditioned or poorly functioning ventilatory mussl Both FEV and
MVV tests are often used as screening tests befaremal exercise tests
of oxygen consumption.

Spirometry

All of the lung volumes and capacities describeevjmusly except for
TLC, FRC, and RV—can be measured using a spiromeéirrst
spirometers have an inverted container, called I that fits inside
another container usually filled with water. Whenis exhaled into the
tube, the bell is pushed up; inhalation moves #ledown. In this way,
the volumes of air inspired and expired can be omeas and the various
volumes, capacities, and flow rates can be caledlak spirometer that
measures air volumes over water is called a webs@ter. Newer dry
spirometers do not use water.

Gas Dilution

TLC, FRC, and RV cannot be measured by simple sp@toy because
these involve air that cannot be exhaled voluntdrdm the lungs. Thus,
it is necessary to determine the volume of air thatains in the lungs.
The most common technique for this measuremenassdgution. One
technique involves the dilution of an inert, indaky foreign gas such as
helium (He). A second technique involves the diotof medical grade
oxygen and the measurement of nitrogen (N2) adlled the nitrogen
washout technique. In each case, the participdates a known volume
of either helium or oxygen and then rebreathegysemixture. Helium
ultimately equilibrates with the gases in the lumgsl spirometer and
calculations are based on the dilution of the aagihelium mixture.
Oxygen dilutes the original nitrogen concentrationthe lungs and
calculations are based on these values.
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Standardization

The respiratory measurements detailed above artorped under
ambient or atmospheric conditions. This means that temperature
measured is the temperature in the room or in pirerseter just before
testing, and the pressure is the barometric pressuthe room. Because
the air is exhaled from inside the human body, Wwhis a wet
environment, the air is saturated with water vaptiese measurements
are therefore designated as ATPS: ambient (A) teamtype (T) and
pressure (P) saturated (S). Because ATPS volunmg®yanvironmental
conditions, they must be converted to standardizedditions for
purposes of comparison and assessment. Standardiabased on the
known effects of pressure, temperature, and waieownon gas volumes.
Figure 9.8 illustrates these three effects, whiehas follows:

1. The volume of a given quantity of gas is inegrgelated to the
pressure exerted on it when the temperature rernairstant. This
effect is described by Boyle’s law and was discdgseviously in
the section on the mechanics of breathing. As shiowiigure
9.8A, when pressure is reduced from 760 to 600 mndHgof air
expands to 6.3 L. The reverse is also true. Iptfessure increases
from 600 to 760 mmHg, the volume is reduced froft6.5.0 L
(Slonim and Hamilton, 1976; West, 2005).

2. The volume of a given quantity of gas is dikecelated to the
temperature of the gas when the pressure remaimsasa. This
relationship is described bgharles’ law As shown in Figure
9.8B, if the temperature is reduced from 37°C t6,Ghe volume
of the gas is reduced from 5 to 4.4 L. The revésaso true. If
the temperature rises from 0°C to 37°C, the volatse rises from
4.41t05.0 L.

3. Water molecules evaporate into a gas, suchirasamad are
responsible for part of the pressure of that gd® @mount of
pressure accounted for by the water vapor is lexponentially
to temperature. As shown in Figure 9.8C, when amel of air is
converted from saturated to dry air at a constamiperature, the
volume is reduced from 5.0 to 4.7 L. Once agai, rééverse is
also true. If a gas volume goes from dry to wetaagiven
temperature, the volume increases (Slonim and HamilL976;
West, 2005). The numbers for temperature and pressurigure
9.8 were not chosen arbitrarily. They are involuadthe two
standardized conditions to which ATPS lung voluma®
converted: BTPS and STPD. The abbreviation BTPSwsbady
(B) temperature (T) (37°C), ambient pressure (Rid &ully
saturated (S) with water vapor. Remember that snpassage
through the conduction zone, the air is both warnzeudl
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humidified to achieve these values. When convetftioppn ATPS
to BTPS, the temperature increases and the pressijusted for
the effects of temperature on water vapor pressigereases.
Because of Charles’ law (an increase in temperatateses an
increase in volume) and Boyle’s law (a decreaggessure causes
an increase in volume), the volume expressed asSB¥R to be
larger than the volume originally measured as ATBEPS is
typically used when the anatomical space from whiighvolume
of gas originated is of primary importance. Thuspsinlung
volumes and capacities are conventionally expresse@TPS.
STPD means standard (S) temperature (T) (0°) aeslspre (P)
(760 mmHg), dry (D). The STPD volume is smallerrtithe
originally measured ATPS volume because under &pesting
conditions, temperature decreases from ATPZ30(C) to STPD
(0°C), and by Charles’ law, so does volume. Untasstesting is
done at sea level, pressure increases from ATP&Eaila, but
around 735-745 mmHg before considering the infleesfovater
vapor) to STPD (760 mmHg), and according to Boylew,
volume decreases. Going from wet to dry conditalas decreases
the volume. STPD volumes are used when it is nacg$s know
the amount of gas molecules present. Inspired pirek minute
ventilation is typically converted and reporte&ifiPD conditions,
although sometimes it may be expressed as BTPS.

Regulation of Pulmonary Ventilation

Breathing, or pulmonary ventilation, results fromspiratory and
expiratory muscle contraction and relaxation. Thesoe action—and
therefore the rate, depth, and rhythm of breathirsgeentrolled by the
brain and nervous system and is tightly coupleétiedody’s overall need
for oxygen and the subsequent production of enanglycarbon dioxide.
The coordinated control of respiratory muscles, eesly during

exercise, is a very complex process that is nofutst understood (Leff
and Schumacker, 1993; West, 2005).

The Respiratory Centers

There are four respiratory centers in the brain thaction together to
control breathing; two are located in the medubiéongata and two are
located in the pons. These four centers are sclaitatdiagramed in
Figure 9.9.

The two respiratory centers located within the ntladoblongata of the
brain stem are composed of anatomically distinctraenetworks. The
inspiratory center (1), also called the dorsal nedgpry group is the most
important. The other center is the expiratory ce(i®, sometimes called
the ventral respiratory group. The nerves of thspimatory center
depolarize spontaneously in a cyclic, rhythmicalofinpattern. During

67



KHE 416 EXERCISE PHYSIOLOGY

the “on” portion of the cycle, nerve impulses tdawg via motor neurons
in the phrenic nerve stimulate the diaphragm aedettternal intercostal
inspiratory muscles to contract. Inhalation occwisen the thoracic
cavity is enlarged and intrathoracic pressure @des@® During the “off”
portion of the cycle, the nerve impulses are infeted, the inspiratory
muscles relax, and exhalation occurs. Without detsnfluence and at
rest, the inspiratory center causes a respiratgehe ©f approximately 2
seconds for inspiration and 3 seconds for exhaldfior a rate of 12—-15
br-min—1). This normal respiratory rate and ostii@rhythm is known
as eupnea (Leff and Schumacker, 1993).

SELF-ASSESSMENT EXERCISES

I Describe the structure of the pulmonary system
. Differentiate between Conducive and Respiratoryezon

4.0 CONCLUSION

Having read this course and successfully compldtecassessment and
self-assessment test, it is assumed that you hHeaieedd understanding
of the introductory knowledge on mechanism of dreaf

5.0 SUMMARY

This Unit has successfully summarized the mechabimnd every form
of breathing.

6.0 TUTOR-MARKED ASSIGNMENT
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MODULE 3 RESPIRATORY SYSTEM RESPONSE TO
EXERCISE

INTRODUCTION

During exercise, the demand for energy increasas.demand varies, of
course, with the type, intensity, and duration lod exercise. In most
exercise situations, much of the body’s ability¢spond to the demand
for more energy depends on the availability of etygTo provide the

needed oxygen for aerobic energy production, tlspiratory system

including pulmonary ventilation, external respioati and internal

respiration must respond.

Unit 1 Response of The Respiratory System to Eserc

Unit 2 The Influence of Sex and Age on RespiraibrRest and
During Exercig

Unit 3 Respiratory Training and Detraining Adapias

Unit 4 Overview & Regulation of The Cardiovasculystem

Unit 5 Measurement of Cardiovascular VariableR&sponses to

Aerobic Exercise

UNIT 1 RESPONSE OF THE RESPIRATORY SYSTEM
TO EXERCISE

CONTENTS

1.0 Introduction

2.0 Intended Learning Outcomes (ILOSs)

3.0 Main Content
3.1  The concept and structure of Pulmonary Vetitita
3.2  Static Exercise

4.0 Conclusion

5.0 Summary

6.0 Tutor-Marked Assignment

7.0 References/Further Reading

1.0 INTRODUCTION

This unit will explain the respiratory system respe to exercise.
20 INTENDED LEARNING OUTCOMES(ILOYS)

By the end of this Unit, you will be able to;

o Describe the concept and structure of Pulmonarytilaion
o Describe static Exercise
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3.0 MAINCONTENT
3.1 Concept and Structure of Pulmonary Ventilation

Pulmonary ventilation increases to enhance alvae@atilation, external
respiration adjusts to maintain the relationshipMeen ventilation and
perfusion in most cases, and internal respiratiesponds with an
increased extraction of oxygen by the muscles. &helsanges in
respiration not only provide adequate oxygenatimntfie muscles but
also play a major role in maintaining acid-basabeé, which is, in turn,
closely related to carbon dioxide levels.

In general, all levels of respiratory activity gmeecisely matched to the
rate of work being done. Furthermore, becauseigifitecise control and
the large reserve built into the system, respinatio normal, healthy,

sedentary or moderately fi t individuals is gengrabt a limiting factor

in activity. This is true despite the perceptionfeéling out of breath
during exercise. Only occasionally do the capaciiethe cardiovascular
and metabolic systems exceed that of the respyratgstem such that
respiration can be considered a limitation to maimork. Of course,

changes in pulmonary ventilation would be of litdenefit if parallel

changes in pulmonary blood volume and flow andl totaly systemic

circulation did not also occur.

The most obvious response to an increased metatfiand, such as
exercise, is the increase in pulmonary ventilaf/dg L- min-1), called
hyperpnea. Note that between the onset of exeati3and 2 minutes into
the exercise, a triphasic response in V.E occur&hilVthe first
respiratory cycle at the onset of exercise, tresamiinitial abrupt increase
in V.E, termed phase 1. This increase is maintaioedpproximately 10—
20 seconds. Phase 2 is a slower exponential nseftfie initial elevation
to a steady-state leveling off. At the low to materworkload depicted
here, this exponential rise is generally compléte?-3 minutes. At this
point, phase 3, a new steady state, is achieveel.attual level of this
achieved exercise steady state depends on a nainfaetors, including
the workload, the fitness status of the individaald the environmental
conditions.

In the time span depicted in this graph, the stesddie level is
maintained. The three-phase response at the ohaetiaty is typically

not seen when V.E is reported or graphed minutmioyite, rather than
second by second or even breath by breath, boe# dccur (Bell, 2006;
Pardy et al., 1984; Whipp, 1977; Whipp and WardBQ@9Nhipp et al.,
1982).

71



KHE 416 MODULE 3

The initial rise in ventilation occurs primarily teuse of an increase in
tidal volume (Leff and Schumacker, 1993). Theosdly tidal volume
ranges from the resting level to the limits of Wdapacity (VC). In reality,
rarely is more than 50-65% of VC reached befordate@au occurs.
Furthermore, although tidal volume encroaches it the inspiratory
reserve volume (IRV) and the expiratory reserveunw (ERV), it
encroaches much more into IRV than ERV (Koyal et #76; Pearce
and Milhorn, 1977; Turner et al., 1968; Younes Kndnen, 1984).

At light to moderate workloads, the contributioninfreased breathing
frequency to minute ventilation is minimal and grad Both tidal volume
and frequency level off at a steady state thatsfsasi the oxygen
requirements of the short submaximal activity.

Airway resistance decreases because of bronchodilas soon as
exercise begins. Likewise, the ratio of dead sg&@ to tidal volume
(VT) decreases, and in this case, the largest @saarg evident at the
lowest work rate (Wasserman et al., 1967; Whipp\Afaad, 1980). This
result is shown in Figure 10.1B. The depth of tmepdin VD/VT is
moderate at low to moderate exercise intensities. D itself changes
minimally with bronchodilation, but with the progmmally larger
increase in VT, the ratio declines (Grimby, 1969)jis result is important
because alveolar ventilation (V.A) thus increasemfabout 70% of the
total pulmonary ventilation at rest to a highergesitage during exercise.
Since V.A is the critical ventilation, this redumi in the VD/VT ratio
means that the appropriate level of V.A can beesdd with a smaller
rise in V.E than would be needed if the ratio didl change (Wasserman
and Whipp, 1975).

External Respiration

The V.A response to low to moderate exercise isctiegh This curve

parallels the change in V.E, except that the ihsttgustments seen in V.E
are not depicted for V.A. The rise in V.A is sui@iot to maintain PO2 at
the alveolar level (PAO2) during short-term submaadiexercise (Figure
10.2B). Maintenance of PAO2 is important becauseefiresents the
driving force for oxygen transfer across the alaedapillary interface

(Powers et al., 1993; Wasserman, 1978).

Under resting conditions, there is an inequity @2Metween the alveol
(PAO2) and systemic arterial blood (PaO2) owinghe® dilution of the
systemic arterial blood with the bronchial venolsold. During short-
term, low-intensity submaximal exercise, PaO2 isintamned. The
alveolar to arterial oxygen partial pressure ddfere, depicted as (A-
a)PO2 diff in Figure 10.2C, either does not chaogdecreases slightly
(Jones, 1975; Leff and Schumacker, 1993; WasseamanVhipp, 1975).
At moderate workloads, a slight increase may octhe. (A-a) PO2 diff
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reflects the efficiency and/or adequacy of oxygemgfer in the lungs
during exercise. At the steady-state submaximatl¢edescribed here,
there is no noticeable change in this efficiency.

Gas exchange and blood perfusion in the lungs duaw to moderate
exercise are sufficient to maintain the saturatbned blood cells with
oxygen (Sa02%) within a narrow range approximatiegting levels
(Figure 10.2D) (Gurtner et al., 1975).

Internal Respiration

Recall that internal respiration involves the dgaton of oxygen from
the red blood cells so that it may diffuse down phessure gradient into
the muscles and other tissues.

Four factors are involved in increased oxygen extra during exercise:
1. increased PO2 gradient

2. increased PCO2

3. decreased pH

4 increased temperature

3.2 Static Exercise

Static exercise involves the production of forcetension with no

mechanical work being done. Therefore, gradatidrsatic exercise are
usually expressed relative to the individual's ipilo produce force in a
given muscle group (called the maximal voluntargtcaction, or MVC)

held for a specified period of time. For example,iadividual might

perform a 30% MVC for 5 minutes.

Entrainment of Respiration during Exercise

In some but not all individuals, the performancetofthmical exercise
(such as walking, running, cycling, and rowing)aiscompanied by a
synchronization of limb movement and breathing diestcy called
entrainment (Bechbache and Duffi n, 1977; Caretéil.e 1992; Clark et
al., 1983; Hill et al., 1988; Jasinskas et al.,d;%8ay et al., 1975; Mahler
et al., 1991; Sporer et al., 2007).

For example, an individual may always inhale dutimg recovery phase
of rowing and always exhale during the drive portad the stroke. Or a
walker, runner, or cyclist may always exhale dutimg push-off phase of
one leg or the other. Unlike swimming, in which dtreng coordination
is a function of head placement during the straka éearned response,
entrainment occurs without conscious thought. liodizls who entrain
naturally have a slightly improved ventilatory eféncy (Bonsignore et
al., 1998) and a lower energy cost during exensisen they entrain but
not when they breathe randomly. However, subjemtsefl to breathe in
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specific entrainment patterns rather than beingwat to breathe
spontaneously do not exhibit any reduction in epenst or perceive any
less breathing effort with entrained breathing (Manan et al., 1994).

SELF-ASSESSMENT EXERCISES

I Describe the concept and structure of pulmonaryitedion
. Describe Static Exercise.

40 CONCLUSION

Having read this course and successfully compldtecassessment and
self-assessment test, it is assumed that you hHeaieedd understanding

of the introductory knowledge on response of thepiratory system to

exercise.

50 SUMMARY

This Unit has successfully summarized the mechanésponse behind
every form of respiratory system to exercise.

6.0 TUTOR-MARKED ASSIGNMENT
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UNIT 2 THE INFLUENCE OF SEX AND AGE ON
RESPIRATION AT REST AND DURING
EXERCISE

CONTENTS

1.0 Introduction

2.0 Intended Learning Outcomes (ILOS)

3.0 Main Content
3.1 The Male-Female Respiratory Differences
3.2  The Children and Adolescents
3.3  The Older Adults

4.0 Conclusion

5.0 Summary

6.0 Tutor-Marked Assignment

7.0 References/Further Reading

1.0 INTRODUCTION

This unit describes the influence of sex and ageespiration at rest and
during exercise.

20 [INTENDED LEARNING OUTCOMES(ILOYS)

By the end of this Unit, you will be able to;

° State Male-Female Respiratory Differences
° Describe the factors in Children and Adolescents
° Describe the factors in Older Adults

3.0 MAIN CONTENT
3.1 Male-Female Respiratory Differences

Lung Volumes and Capacities

Values for total lung capacity (TLC) and each efstubdivisions are, on
the average, lower for females than males acr@ssritire age span, with
the possible exception of around 12—-13 years gfalgen most girls have
had their pubertal growth spurt but boys have Tieése differences carry
over into the dynamic measurements of maximal walynventilation
(MVV) and forced expiratory volume in one secon&8¥f). Part of these
differences can be attributed to the smaller siZernales.

Males, for example, have larger diameter airwaysremalveoli, and
larger diffusion surfaces than females. Howevegnewhen values are
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expressed relative to height, weight, or surfaea.asome differences in
lung capacities remain (Astrand, 1952; Comroe, 18@%is et al., 1965;
Harms, 2006).

Pulmonary Ventilation

At rest, there is no consistent difference in dregt frequency between
males and females (Malina et al., 2004). Howevdr,the same

submaximal ventilation, females typically displaligher frequency and
a lower VT than males. This pattern is maintainechaximal exercise
(Saris et al., 1985) (Figure 10.12B). Ventilatoegponsiveness during
exercise may be influenced in females by levelsi@ulating estrogen
and progesterone (Harms, 2006). Males also exjer V.E at all ages
than females at maximal exercise, although thegtereinces are

narrowed considerably when expressed relative tty veeight (Figure

10.12A) (Astrand, 1952, 1960). Surprisingly, expents have shown
that the inspiratory muscles of females may fatigua slower rate than
those of males (Gonzales and Scheuermann, 2006).

External and Internal Respiration

Data to compare males and females are unavailabtedst external and
internal respiratory measures (Harms, 2006). Tiw©2diff has been

measured at rest and during submaximal and maer&kise, but the
results show little consistency (Astrand et alg4:Becklake et al., 1965;
Zwiren et al., 1983). The (A-a) PO2 diff is higteerd the PaO2 is lower
in females compared to males at any given levekg@en utilization. An

excessive widening of the (A-a) PO2diff occurs iAH, and females

exhibit this condition at least as often as maldarins, 2006). V.A is

equal in males and females. The PaCO2 is sligbiget in females than
males at any given V.02 (Hopkins and Harms, 2004).

3.2 Children and Adolescents

Lung Volumes and Capacities

In general, the TLC and each of its subdivisiongease in a mostly
rectilinear pattern for both males and female$ayg progress from about
6 years of age into the late teens or early tweniiee FEV1 and MVV
follow essentially the same incremental patternciildren (Astrand,
1952; Astrand et al., 1963; Bjure, 1963; Koyallet976; Malina et al.,
2004). From birth to approximately age 10, thessngles depend largely
on the growth and development of the respiratosgesy. After that, cell
proliferation ceases and hypertrophy of existingdtires occurs until
maturity. Thus, these changes result primarily it exclusively from
structural enlargement and are strongly relatebdady height (Bjure,
1963; Johnson and Dempsey, 1991). When the sulmigi®f TLC are
expressed as a percentage of the VT, the propsrtemain the same
from about age 8 to age 20. The anatomical deadespereases in
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proportion to maturity (Ashley et al., 1975; Rolmns 1938) and, as in
adults, is approximately 1 ml per pound of bodygi¢iRowland, 2005).

Pulmonary Ventilation The control of ventilation sgmilar in children

and adults, except that there is a lower set @diRCO?2 in children than
adults (Rowland, 2005). However, there are someomilifferences in

V.E and its components across the age span (Zarsdr, 1989). Rest
The V.E at rest is surprisingly consistent regasllef age (Robinson,
1938). Figure 10.13 shows that V.E in males vdass than 2 L-min-1
from ages 6 to 76. Comparable data are not avaifablfemales. When
V.E is expressed relative to body weight, youngaysbhave a higher
V.Ethan older adolescents or adults, but from at@ece to old age,
there is little change in V.E.

The remarkably consistent V.E is achieved diffdgerity children,
however, than by older adolescents and adults.

Submaximal Exercise

Children’s and adolescents’ respiratory responsexercise are similar
to those of adults. V.E rises in response to greatggen needs at all
ages, but it does so faster at the onset of exenrtigounger individuals
than adults (Rowland, 2005). The higher V.E intielato body weight
at rest is maintained, as is the variation in hoW 6 obtained, that is,
children exhibit a higher frequency and lower VT aty given
submaximal load than adults. They also respond witiigher V.E in
relation to body weight at an equal work rate. Tao of liters of air
processed per one liter of oxygen used (V.E/V.O2)called the
ventilatory equivalent. Children and adolescentselahigher ventilatory
equivalent at all exercise intensities than adutigdicating that they are
hyperventilating. Girls hyperventilate more tharybgRowland, 2005).
These differences are considered negative, indgat wasteful
ventilation, and gradually disappear by late admase (Bar-Or, 1983;
Robinson, 1938; Rowland, 2005; Rowland and Gre2881Rowland et
al., 1987). Figures 10.15A and 10.15B show diffeemnin frequency (f),
VT, and V.E for 11-year-old girls and boys in comgpan to 29-year-old
adults (Rowland and Green, 1988; Rowland et aB7L9The speeds are
different for the males and females, so direct camspn between the
sexes cannot be made, but within the sexes, theddfigences are
similar.

During prolonged submaximal exercise, children addlescents have
the same ventilatory drift as adults, probablyesponse to a rising core
temperature. Nothing in the respiratory responsprtdonged exercise
would indicate that children are not suited forfsactivity (Malina et al.,
2004; Rowland, 2005).
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Maximal Exercise

In general, children’s responses to maximal exergmarallel the
differences seen at rest and during submaximal waids. The older the
child, the higher the V.E that can be achievedosotute terms. The V.E
in relation to body weight gradually declines frabout age 7 until
adulthood is achieved at about 20 years of agegadth in 4- to 6-year-
olds, this value is comparable to that of youngltad{Figure 10.12A)
(Astrand, 1952; Astrand et al., 1963; Fahey et1£79; Krahenbuhl et
al., 1985; Robinson, 1938; Rowland, 1990; Rowland &reen, 1988).
Breathing frequency decreases consistently fromythagest children
tested to approximately age 20, while VT showseady rise over the
same time span (Figure 10.12B). The percentageCofidéd as VT rises
slightly from childhood to young adulthood. The YWED2 gradually
declines at maximal work in both boys and girls WRmd, 2005).
Children also show ventilatory breakpoints duringremental exercise
to maximum. Some inconclusive evidence suggests\iia and VT2
(expressed as a percentage of V.02max) are highgsunger children
than adults and gradually decline as children neaituio adults (Mahon
and Cheatham, 2002). The physiological mechanissmonsible for the
VT1 and VT2 in children are as unclear as theyfareadults (Bar-Or,
1983; Rowland and Green, 1988).

External and Internal Respiration

Little is known about the changes in gas exchangdransport that occur
during normal growth and maturation. The higheqgdiency and lower
VT of children in relation to adolescents and agludtt rest and during
exercise, seem to be offset by their smaller anandead space.
Consequently, V.A is more than adequate at allesof V.E (Bar-Or,

1983; Malina et al.,2004; Zauner et al., 1989).

Pulmonary diffusion during exercise does not appeadiffer by age.

Likewise, no meaningful aging trends are apparenPiAO2, PaO2, or
(A-a)PO2 diff at rest or during exercise. HowevPgO2 decreases
slightly and the (A-a)PO2 diff increases slightly ehildren mature to
adulthood (Bar-Or, 1983; Eriksson, 1972; Robinsd938). As a

consequence, Sa02% is also relatively constantsadtte age span
(Robinson, 1938). EIAH is evident in some trainexuty as in some
adults, and the causes are also unclear in thigyemg (Nourry et al.,

2004; Prefaut et al., 2000).

The a-vO2diff is also very similar at both rest amakimal exercise levels
from childhood to maturity. If anything, childrenaybe able to extract
about 5% more oxygen during maximal exercise thdrits (Eriksson,
1973).
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3.3 Older Adults

Lung Volumes and Capacities

The effect of aging on TLC is controversial. Incstent evidence shows
that TLC may decrease or stay the same in indilgdorer the age of 50
(Berglund et al., 1963; Jain and Gupta, 1974a,bnsdon and Dempsey,
1991; Kenney, 1982; Stanescu et al., 1974; Storsted Voll, 1974).
However, research has fi rmly established that U@ @nspiratory
capacity (IC) decrease with age and that residadme (RV) and
functional residual capacity (FRC) increase, trhenging the percentage
of total volume that each occupies (Astrand, 198360; Ericsson and
Irnell, 1974; Slonim and Hamilton, 1976; Stanestcale 1974; Turner et
al., 1968). For example, the ratio of RV/TLC dowdleom about 15-30%
in the elderly (Comroe, 1965; Johnson and Dempk@91). FEV1 and
MVV decline steadily after approximately age 35hath males and
females (Ashley et al., 1975; Ericsson and IrrEd74; Shepard, 1978;
Slonim and Hamilton, 1976; Stanescu et al., 19¥Ag&se declines result
from a combination of structural and mechanical nges in the
respiratory system. These changes include (1) dsecdeelastic recoil of
lung tissue; (2) stiffening of the thoracic cagdjiehh decreases chest
mobility and creates a greater reliance on thehilagm; (3) a decrease
in intervertebral spaces, which in turn decreaseghh and changes the
shape of the thoracic cavity; and (4) losses ipiragry muscle force and
velocity of contraction. Of all these changes, lihgs of elastic recoil
appears to be the most important (Johnson and Demp891; Turner et
al., 1968).

Pulmonary Ventilation

Resting V.E and its components VT and frequency rarearkably
consistent across the entire age span. Howeversttthe percentage of
VC used as VT does show a very slight U-shapedecuBoth young
children and older adults use slightly more of th&C for VT at rest than
young adults (Robinson, 1938).

Submaximal Exercise V.E rises in older adults sponse to increased
energy needs. As in young adults, this increaset®mplished mainly
by an increase in VT at lighter work rates and tlgnan increased
frequency, if needed. Like children, older aduleers to have an
exaggerated response in V.E compared with yourdydtsa That is, the
absolute V.E is higher at any given work rate ideolthan in younger
adults. Because the VC decreases with age and iaims fairly stable,
VT represents a higher percentage of the oldet’addC (Astrand, 1952,
1960; Davies, 1972; DeVries and Adams, 1972; Rannsl938;
Shepard, 1978).
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Maximal Exercise

With aging, both the ability to exercise maximadnd the ability to
process air decline. The decrement in pulmonargtion contributes to
the decline in work capacity but probably simplyglkels the changes in
circulation, metabolism, and muscle function that@ccurring.

The highest V.E values are typically seen in yoadglts, and these may
decline by almost half by the seventh decade ef [ithis decline is
evident both in absolute values (V.E in liters penute) and in values
adjusted for body weight (V.E in liters per kilogrger minute). Most of
this decline is brought about by a reduction in \dlhough maximal
frequency does decrease slightly.

The percentage of VC used during maximal work lestineely stable with

age from young adulthood on. However, the deadespmtidal volume

ratio is consistently 15-20% higher in older adtiien in younger adults
(Robinson, 1938) because dead space increasestmtht and during
exercise. The ventilatory breakpoints occur at loalesolute and relative
workloads in older adults than in younger adulthef@rd, 1978).
Respiratory work and the sensation of dyspnearmreased at maximal
work in older adults.

External Respiration

The loss of elastic recoil in the lungs not onlieafs static and dynamic
lung volumes but also influences the distributibaioin the lungs. Thus,
ventilation may not be preferentially directedhe base of the lung in the
upright posture at rest, although most blood flewtill directed there. As
a result, there may be an imbalance between alveelatilation and
pulmonary perfusion (Johnson and Dempsey, 1991).adidlition,
structural changes in aging lung tissue decreasealyeolar capillary
surface area, which in turn means a decrease fusdih capacity
(Donevan et al., 1959; Johnson and Dempsey, 199dithermore,
pulmonary capillary blood volume decreases becafise stiffening of
both pulmonary arteries and capillaries. The cutiudeeffects of these
changes are a decrease in PaO2, but not PAO2,witgaing of the (A-
a) PO2 diff—although these changes are neithertadde nor large. The
saturation of hemoglobin with oxygen in arteriadddl declines about 2—
3% from age 10 to age 70 (Robinson, 1938; ShedaiB).

Exercise

During exercise, the increased ventilation thag¢dgiired results in a more
homogeneous distribution of ventilation in the langAlthough the

decreases noted at rest in diffusion surface almdgnary capillary blood

volume remain, the matching of ventilation and psién improves

during exercise as more of the lung is used. Treelabhle reserve is
sufficient to meet the demands for oxygen transpedn to maximal
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exercise levels. Nevertheless, V.A is a smallertipor of minute
ventilation in older adults than in younger adulisis change indicates a
slightly decreased efficiency of respiration, buengral arterial
hypoxemia is prevented, and carbon dioxide elinmas adequate. That
is, the PaO2 and PaCO2 are maintained within nafimovts and are
similar to those for younger adults. The PO2 diffiore variable in older
than in younger adults but, on average, is onlyghslly wider than the
usual mean values for younger individuals (JohrmsahDempsey, 1991,
Robinson, 1938; Shepard, 1978). Highly fi t olddulés can, however,
exhibit EIAH, as noted previously (Prefaut et 2000).

Internal Respiration

At rest and at any given submaximal level of exsacthe a-vO2diff is
greater in older adults than in younger adults.sTHavO2% is lower.
Conversely, at maximal exercise, the a-vO2diff asvér in older

individuals than in younger ones. Maximal valuesrage 14-15
mL-dL-1 in older adults but average 15-20 mL-dLr¥ounger adults.
Some of these changes in the a-vO2diff can bdat&d to a shift in the
oxygen dissociation curve to the left, which mattesrelease of oxygen
to the tissues more difficult (Kenney, 1982; Shdpa®78).

SELF-ASSESSMENT EXERCISES

I State the Male-Female Respiratory Differences

. State the factors responsible for respiratory tiffiees in Children
and Adolescents

iii. State the factors responsible for respiratory chifiees in Older
Adults

40 CONCLUSION
Having read this course and successfully compl#tecassessment and
self-assessment test, it is assumed that you Héaieedd understanding

of the introductory knowledge on the influence @xsand age on
respiration at rest and during exercise.

5.0 SUMMARY

This Unit has successfully summarized the influesfcgex on respiration
and age on respiration during exercise.

6.0 TUTOR-MARKED ASSIGNMENT
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UNIT 3 RESPIRATORY TRAINING AND DETRAINING
ADAPTATIONS

CONTENTS
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3.1 The Lung Volumes and Capacities and Pulmonary

Ventilation

3.2 The External and Internal Respiration
3.3  The Detraining
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1.0 INTRODUCTION
This unit describes the respiratory training antlaleing adaptations
20 INTENDED LEARNING OUTCOMES(ILOYS)

By the end of this Unit, you will be able to;

) State Lung Volumes and Capacities and Pulmonaryil&an
o Describe External and Internal Respiration
o Describe Detraining

Respiratory Training Adaptations

No training principles or guidelines are includesténfor the respiratory
system because respiratory training for healthyiddals is very rare.
One exception involves exercise-induced diaphragigude. During both
short-and long-duration incremental or constard kexercise<80% V.02
max, the diaphragm does not fatigue. However, aertttan 80% V.02
max intensity continued to exhaustion, the diaphralpes fatigue. The
consequence of this fatigue is a decrease in eestolerance (Sheel,
2002). Because the diaphragm is a muscle, it isdbgo attempt to use
specific training to increase its resistance tdgte. Two types of
respiratory muscle training have been used expetstig. The first,
hyperpnea training, involves maintaining a set getage of 15-second
MVV at a breathing frequency of 50-60 br-min-1,8i&-d-1, and 3-5
d-wk-1. The second technique is termed inspiratesystive loading
training; it requires specialized pressure equiprgoth techniques have
been shown to improve strength and endurance oetpratory muscles
in healthy humans. However, any positive impactpenformance has
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been limited at best (Sheel, 2002). One recenygtdright et al., 2006)

documented increased diaphragm thickness with asex performance
and power output. A second study (Verges et alQ7p0Cachieved

increased fatigue resistance of respiratory muselésr respiratory

muscle training; however, cycling endurance did onbange. More

research is needed before either type of trainang lme recommended
routinely for athletes.

Otherwise, training adaptations that have been meoted in the
respiratory system occur as a by-product of trgiffor cardiovascular
and/or metabolic improvement.

Applications of the training principles are presehfor these systems in
their respective units. The few training adaptatitimat do occur in the
respiratory systems are documented in the followsegtion.

3.0 MAINCONTENT

3.1 LungVolumesand Capacities

Whether the chronic but intermittent elevationsaspiratory demand that
occur with physical training actually change thedutself is unknown.
Studies of land training (running, cycling, wresgj and the like) have
found no consistent significant changes in TLC, RV, FRC, or IC in
males or females of any age; nor have they fougdidferences favoring
athletes over nonathletes (Bachman and Horvathg;1G6rdain et al.,
1990; Dempsey and Fregosi, 1985; Eriksson, 1972ifrdann et al.,
1974; Niinimaa and Shepard, 1978; Reuschlein ¢1868; Saltin et al.,
1968). Studies of water-based activities (swimmamgl scuba diving),
however, have shown that swimmers have higher veduamd capacities
than both land-based athletes and nonathletes &oetlal., 1990; Leith
and Bradley, 1976). In addition, swim training seschave demonstrated
increases in TLC and VC in both children and yowaaylts. Similar
generalizations can be made for the dynamic measfifeEV1 and MVV
(Andrew et al., 1972; Bachman and Horvath, 1968nin et al., 1987,
Vaccaro and Clarke, 1978; Walsh and Banister, 1988)

Precisely why swimmers but not land-based athigtesy improvements

in static and dynamic lung volumes is not knownwidaer, swimmers

doing all strokes except the backstroke breathesigthe resistance of
water, using a restricted breathing pattern wiffeeded expansion of the
lungs to total lung capacity. Swimming also takkese with the body in

a horizontal position, and this posture is optifoalperfusion of the lung

and diffusion of respiratory gases (Cordain andj&tal988; Mostyn et

al., 1963).
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Pulmonary Ventilation

Changes in V.E are the primary and most consistéaptations seen in
the respiratory system as a result of endurandeirica Although V.E
itself does not change at rest, a shift occurstsncomponents: VT
increases, and frequency decreases. This shift asmtamed during
submaximal work but overall VT is lower during suxmal exercise as
a result of the training. At maximal work, V.E igher after training than
before, accompanying the ability to do more wortke Thajor component
that changes is frequency, but VT increases ag(ldethpsey et al., 1977;
Mabhler et al., 1991; Rasmussen et al., 1975; RetdTdhomson, 1985;
Whipp, 1977; Wilmore et al., 1970). In addition,etltapacity for
sustaining high levels of voluntary ventilationimproved, reflecting
increased strength and endurance of the respiratosgles (Krahenbuhl
et al., 1985; Robinson and Kjeldgaard, 1992). Tresgptations occur
within the first 6-10 weeks of a training prograRe{d and Thomson,
1985). They result from both land- and water-baseit/ities across the
entire age span (Bar-Or, 1983; Fringer and St@l41 Nourry et al.,
2004; Pollock et al., 1969; Seals et al., 1984;néawand Benson, 1981;
Zauner et al., 1989). The ventilatory threshold& stha higher workload
and oxygen consumption as a result of training litbhildren and in
adults indicating that a greater intensity of ex&@an be maintained
during endurance exercise performance acrossghis@an (Haffor et al.,
1990; Laursen et al., 2005; Loat and Rhodes, 198Bpn and Cheatham,
2002; Paterson et al., 1987; Pogliaghi et al.,

2006; Poole and Gaesser, 1985).

3.2 External and Internal Respiration

In a healthy individual of any age and either ggs exchange varies little
as a result of training (Reid and Thomson, 198%fuBion capacity has

been reported to be higher in elite swimmers (Ceni®65; Magel and
Andersen, 1969; Mostyn et al., 1963; Vaccaro etl#l77) and runners
(Kaufmann et al., 1974), but it does not consisgemmicrease at either
submaximal or maximal work as a result of trainfBgltin et al., 1968).

Even in studies where diffusing capacity did inseewith training, it was

most likely due to circulatory changes (an incraagriimonary capillary

volume) rather than any pulmonary membrane chamgese. Higher

values in diffusion capacity may be an example exiggic selection for

specific athletes (Comroe, 1965; Dempsey, 1986; ey et al., 1977;

Niinimaa and Shepard, 1978; Reuschlein et al., 1968&caro and

Clarke, 1978; Wagner, 1991).

Arterial values of pH and PCO2 do not change waming, but venous

pH levels increase (become less acidic) and PCQO2esadecrease
(Rasmussen et al., 1975) during the same submaxewekise. The
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PO2diff decreases at submaximal workloads as altresuraining,
indicating greater effi ciency (Saltin et al., 1968

Training may also cause the oxygen dissociationectar shift to the right,
facilitating the release of oxygen from the bloatbithe muscle tissue
(Rasmussen et al., 1975). In children, neithershiemaximal nor the
maximal a-vO2diff adapts as a result of training#®r,1983; Eriksson,
1973). In young adults, the a-vO2diff increaseseat (Clausen, 1977;
Saltin et al., 1968) and at maximal exercise agsult of training
(Blomqvist and Saltin, 1983; Coyle et al., 1984lti§at al., 1968). Both
increases and decreases in the a-vO2diff have bewnd during
submaximal exercise as a result of endurance migri(Clausen, 1977,
Ekelund, 1967; Ekelund and Holmgren, 1967; Saltinak, 1968).
Changes in middle-aged and elderly adults ardilesy than in younger
adults (Green and Crouse, 1993; Saltin, 1969). Ndribe other partial
pressure or saturation variables changes signtficand/or consistently
with training.

Why Are There So Few Respiratory: Adaptations to Exercise
Training?

The most commonly accepted answer to the questioamy there are so
few respiratory adaptations to exercise traininghist the pulmonary
system is endowed with a tremendous reserve cggdheit is more than
sufficient to meet the demands of very heavy playggercise. Thus, the
various components of the respiratory system atestressed to any
significant limits during physical training and do not need to change.
At the same time, the cardiovascular and metaloalpacities of muscle
are being stressed and do respond by adaptingaddygtations in these
systems may ultimately exceed the capability ofréspiratory system,
as seen with EIAH and diaphragmatic fatigue. Otlszw the
generalization that the respiratory system is “buét’ remains accurate,
so there is no need for great changes in the edspyr system in the
normal healthy individual (Dempsey, 1986; Dempsey

et al., 1977; Sheel, 2002).

3.3 Detraining and the Respiratory System

All available research evidence suggests that &ygiplogical variable
that is responsive to exercise training will alespond to detraining.
There is no reason to suspect that this is nottalsofor the respiratory
system, although research evidence is sparse. ©seaommon pattern
is a rapid deterioration in maximal V.E. In additjodetraining is
associated with an increase in V.E/V.02 duringddadized submaximal
exercise and at maximal exercise. These changas wapidly and
progress to reductions approximating 10-14% iintray is stopped for
more than 4 weeks (Mujika and Padilla, 2000a,bgrEise Training and
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Pollution Air pollution is comprised of a mixturef onany different
chemicals. The major components of automotive golunclude sulfur
dioxide (SO2), nitrogen oxides (NOx), ozone (O3yrtigulates, and
carbon monoxide (CO).

Cigarette smoke and by-products of the combustiootiter fuels also
contribute to air pollution. Sulfur dioxide is albbed by the moist
surfaces of the upper airways and can cause brepabm. Sulfur dioxide
peaks at midday but is rarely a major problem. dgg&m oxides are
absorbed by the mucosal lining of the nose andypixaand lead to
irritation, cough, dyspnea, and diminished resistamio respiratory
infection. Levels of NOx are usually relatively lozone is formed
naturally by the action of ultraviolet radiation\() on oxygen as UVR
enters the earth’s atmosphere and by the actiosunfight UVR on
automobile exhaust (Armstrong, 2000). Ozone caaisiesrease in forced
vital capacity (FVC) and FEV1 and an increase iway resistance.
Ozone levels are higher in summer, than in winesralise of the greater
sunlight, and in rural rather than urban areastid®dates are solid or
liquid materials produced from fuel combustion tteahain suspended in
air for long periods of time. They are usually unti@um in diameter and
are thus often labeled as PM10. Particles of ikesssn penetrate deeply
into the lungs. Particulate pollution is highestigavy smog, which can
also include ozone. Lead is associated with pdsdies, and a significant
relationship has been shown between training duraand blood lead
accumulation. The effects of particulates includevay inflammation
and decreased capacity for oxygen exchange (Gadrsl Sharp, 2001).
Experiments have shown that the deposit of ulteaf#0.1um) particles
is high during mouth breathing in healthy indivithuat rest and increases
more than 4.5 times as much during moderate exefDiaigle, 2003).

As the intensity of exercise increases, both the emd the depth of
breathing also increase. To accommodate this iserethe individual
switches from nose to mouth breathing and henceadsgs the cleansing
filtration of the nose. As a result, a greater patage of inhaled pollutants
penetrates more deeply into the respiratory tiaanh tat rest. Probably
because of the respiratory system changes, brgafialiuted air may
result in decreased exercise performance (Haymds\Vdells, 1986;
McCafferty, 1981).

If the pollutant is CO, it reduces both the abitibycarry oxygen and the
ability to release oxygen already bound to red dloells. The affinity of
hemoglobin for CO is 210-230 times greater thaafiisity for oxygen,
and CO binds at the same site where oxygen wouldis,T when
carboxyhemoglobin (COHDb) is formed, the arteriaicpat saturation of
oxygen decreases. The release of oxygen from hetningk impaired by
a shift in the oxygen dissociation curve to the. lef
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Myoglobin (Mb—the oxygen transporting and storageotgn of
muscles) and its role in assisting oxygen diffusloough the sarcoplasm
to the mitochondria are also affected. First, tleerdased release of
oxygen from the red blood cells reduces the efficyeof Mb for attracting
and holding oxygen within the muscle cells. Sec&@fd,binds directly to
Mb with approximately the same affinity as to Hbheteby reducing
myoglobin’s ability to combine with whatever oxygenavailable. The
combined result of the effects of elevated CO kewsl Hb and Mb is an
earlier and possibly greater dependence on ana@erwiabolism.

This is manifested by a lower exercise intensitywdiich anaerobic
metabolism becomes important, a shorter endurameeat submaximal
loads, a lower maximal exercise performance, a lomeximal a-
vO2diff, and a lower maximal oxygen consumption @¥max)
(McDonough and Moffatt, 1999). As little as a 4% ldiolevel will have
detrimental effects on exercise time and inten3ikys level may result if
training is done near heavy traffic (Figure 10.13D inhaled by smoking
has additional respiratory impact, including in@@@ pulmonary airway
resistance, increased oxygen cost of ventilatiom] an increased
diffusion distance for oxygen and carbon dioxideas the alveolar walls
because of mucosal swelling and bronchial congin¢McDonough and
Moffatt, 1999). Individuals smoking 10 or fewer argttes per day
average approximately 4% COHb, and a two-pack-afasyit almost
doubles this value. A nonsmoker riding in a carffdrour with a smoker
can reach 3% COHb level (Haymes and Wells, 1986n8ous exercise
near heavy traffi c for 30 minutes can increasddtel of COHb as much
as smoking 10 cigarettes (Carlisle and Sharp, 2004¢ half-life of
COHb is 3—4 hours, meaning that it takes that fongne half of the CO
to become unbound to hemoglobin and be removedet&th are often
affected by pollution levels that do not bothercptors. Individuals with
cardiovascular and respiratory diseases and chilare also particularly
vulnerable (McCafferty, 1981). The following recomndations are
suggested to minimize the impact of pollutants aoreaercise training
session or competition.

1. Individuals with health problems that make thearticularly
susceptible to the effects of pollution should ex¢rcise outside
during air quality warnings. They should seek sité®re the air
is filtered.

2. Everyone should avoid prolonged heavy exemitsen hazardous
air warnings are in effect. Individuals can adaptbreathing
pollutants, but in the long term, adaptation isnifait because it
suppresses normal defense mechanisms. Therefoaptatidn
should not be attempted. Anyone experiencing symgtsuch as
coughing, wheezing, chest tightness, pain with tbhieg deeply,
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or difficulty breathing should reduce their actwlevel and seek
medical attention (Campbell et al., 2005).

Atmospheric ozone levels peak at around 1-3 armd are much
higher during most of the daylight hours in sumihan in winter.
CO peaks at approximately 7 a.m. and 8 p.m. artdgier in
winter than in summer. Thus, heavy outdoor workauight be
best early in the morning and late evening durimegsummer and
around noontime in the winter (Armstrong, 2000).nRers,
cyclists, and in-line skaters should seek locateomay from heavy
vehicular traffic. Locations upwind with at leadd & between
motor vehicles and exercisers are best. Avoidinigaitlose to a
pace car or waiting at stoplights behind cars’ eish@ipes.

At the very least, smoking should be bannedanfral indoor
training and competition sites. Smoking should isea@lraged at
all times (McCafferty, 1981).

SELF-ASSESSMENT EXERCISES

4.0

Define the Lung Volumes Capacities
Describe the Pulmonary Ventilation
Define External and Internal Respiration
Describe Detraining

CONCLUSION

Having read this course and successfully compldtecassessment and
self-assessment test, it is assumed that you htaieesd understanding
of the introductory knowledge on the respiratoajiring and detraining

adaptations.

5.0

SUMMARY

This Unit has successfully summarized the impacespiratory training
and detraining adaptations.

6.0
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1.0 INTRODUCTION

This unit describe the ability to deliver oxygemdaother substances)
depends on the proper functioning of the cardioviassystem. In many
ways the cardiovascular system and the respirasgstem operate
together to accomplish a common mission—to delggen to working
muscles—and they are driven by similar mechanisiiss chapter
provides an overview of the cardiovascular systeiiscusses basic
principles of cardiovascular dynamics, and outliteehniques currently
used to assess cardiovascular function.

20 [INTENDED LEARNING OUTCOMES(ILOYS)

By the end of this Unit, you will be able to;

o Describe the Heart

o Define the Vascular System

° Differentiate between Blood and Hormonal Control Bibod
Volume

° State the neural control and anatomical sensors faotbrs

affecting control of the cardiovascular system.

Overview of the Cardiovascular System
The cardiovascular systenmcludes the heart, blood vessels, and blood.
Its primary functions are;

1. to transport oxygen and nutrients to the caflthe body and to
transport carbon dioxide and waste products fraerctils.
2. to regulate body temperature, pH levels, anid thalance.
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3. to protect the body from blood loss and infacti

The heart is a double pump that provides the faya@rculate the blood
throughout the vessels of the circulatory systene Blood vessels serve
as conduits for the blood as it travels through lioely. The blood
transports gases and nutrients within the cardmias system.

Arteriescarry blood away from the heart, amelinsreturn blood to the
heart. Thecapillary bedsserve as the site of exchange for gases and
nutrients between the blood and body tissues. Bis@ajected from the
ventricles on both sides of the heart simultangoughe right ventricle
pumps blood through the pulmonary arteries to theg$, where it is
oxygenated and then returned to the left atriumtvapulmonary veins;
this is called the pulmonary circulation. The leféntricle pumps
oxygenated blood through the aorta, which thendiras extensively into
arteries to carry the blood to body cells througimerous specific
circulations.

The partially deoxygenated blood returns to thetragrium. Collectively,
this route from the left ventricle to the rightiam is known as the
systemic circulation.

As described in the respiration chapters, extereapiration is the
exchange of gases (02, CO2) between the lungs kudi.binternal
respiration is the exchange of gases (02, CO2)eattllular level. The
cardiovascular system functions primarily to molve gases (as well as
nutrients from the digestive tract to the tissubsjween these two
exchange sites so that energy can be produced |ljyaceespiration.
Cellular respiration is described completely in Eetabolic Unit.

3.0 MAINCONTENT

3.1 TheHeart

The heart is a hollow muscular organ located inthiwacic cavity. It
weighs approximately 250-350 g and is 12—-14 cm,labgut the size of
a clenched fist. The heart beats approximatelyiri@s per minute in a
resting adult—or over 100,000 times per day! Manedamy of the
Heart.

The heart has four chambers and is functionallyasspd into the right
and left heart. The right side pumps blood to thegs (pulmonary
circulation), and the left side pumps blood to #mtire body (systemic
circulation).
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Heart muscle is calledhyocardium. The two sides of the heart are
separated by the interventricular septum. The ugbambers, called
atria (atriumis the singular), receive the blood into the heHlne lower
chambers, calledentricles eject blood from the heart. Blood is ejected
from the right ventricle to the pulmonary arteryldrom the left ventricle
to the aorta.

One-way valves control blood flow through the heaifhe
atrioventricular (AV) valveseparate the atrium and ventricle on each side
of the heart. Specifically, the tricuspid valve aegtes the atrium and
ventricle on the right side of the heart, and tloeigpid (or mitral) valve
separates the atrium and ventricle on the left sii¢he heart. The
semilunar valvesontrol blood flow from the ventricles. Specifigglthe
aortic semilunar valve allows blood to flow fronetleft ventricle into the
aorta, and the pulmonary semilunar valve allowsdltw flow from the
right ventricle into the pulmonary artery.

Microanatomy of the Heart

Cardiac muscle cells, called myocytes, are theraotile cells that
produce the force that ejects blood from the velasi Cardiac muscle
cells are both similar to and different from skalehuscle cells. Both are
striated in appearance because they contain theactife proteins, actin
and myosin. The primary difference between cardrat skeletal muscle
cells is that cardiac muscle cells are highly icd@nected; that is, the cell
membranes of adjacent cardiac cells are strucyueaid functionally
linked byintercalated discs. The intercalated discs contain gap junctions
that allow the electrical activity in one cell tags to the next. Thus, the
individual cells of the myocardium function colleely: when one cell is
stimulated electrically, the stimulation spreadsircell to cell over the
entire area. This electrical coupling allows theogardium to function as
a single coordinated unit, or a functiorsghcytium. Each of the two
functional syncytia, the atrial and ventricularntracts as a unit.

TheHeart as Excitable Tissue

Cardiac muscle cells are excitable cells that askarzed (have an
electrical charge with the inside being negativetiee to the outside of
the cell) in the resting state and contract whey thecome depolarized
(the charges reverse). Repolarization (the eledtbarge returns to
resting value) occurs during relaxation of the neisells. With each

contraction, blood is ejected from the chamberdividual myocardial

cells function together to produce a coordinateatre@tion of the entire
syncytium.

Generally, when contraction of the heart is reféiie unless specified

otherwise, it means contraction of the ventriclesddition to contractile
muscle cells, the heart contains specialized cdantycells. Although
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there are far fewer conducting cells than contimatiuscle cells, they are
essential because they spread the electrical sigmeily throughout the
myocardium. The conduction system cells with th&dst spontaneous
rate of depolarization are called gh@cemakecells. These are located in
thesinoatrial (SA) nodan the right atria. As shown in Figure 11.4A, the
excitation spreads from the SA node throughout riight atria by
internodal tracts and to the left atria by Bachmbaaondle. Because the
atrial and ventricular syncytia contract separatekcitation in the atria
does not lead directly to the contraction of cardialls in the ventricles.
The signal is spread from the atria to the vergsalia theAV node Once
the AV node is depolarized, the electrical signahttiues down the
specialized conduction system consisting of thedluaf His, the left and
right bundle branches, and the Purkinje fibers. @leetrical excitation
then spreads out from the conducting system taexdi of the cardiac
muscle cells in the ventricles. Thus, the excitai® spread first by the
conduction system and then by cell-to-cell contdbtie excitation must
be passed from muscle cell to muscle cell withentbntricles since the
conduction system does not reach each individuil ce

As mentioned earlier, the cells of the SA node epesidered the
pacemaker cells of the heart because they norrhalrg the fastest rate
of depolarization. Cells in each area of the cotidacsystem have their
own inherent rates of depolarization. For the SAedhe intrinsic rate
of depolarization is 60—100 times per minute. Thérode discharges at
an intrinsic rate of 40—60 times per minute, are Rurkinje fi bers at a
rate of 15—40 times per minute (Guyton and HalQ&O0If the SA node
is diseased, the AV node may take over the pacengakVhile it is
generally known that endurance training leadslémvar resting heart rate
(HR), if the only thing you knew about an individweas that he or she
had a resting HR of 40 b-min-1, you could not walether the person
was a highly trained endurance athlete or someaoneed of an artificial
pacemaker implant because the SA node was notdantg properly.

Electrocardiogram

An electrocardiogram (ECG) provides a graphic illustration of the
electrical current generated by excitation of tearhmuscle. The spread
of the electrical signal through the conductionteysof the atria is shown
in green. The P wave represents atrial depolapizatvhich causes atrial
contraction. Repolarization of the atria, whichulesin a Ta wave, is
normally not detectable on a resting ECG but ocdusng the time
period concurrent with the QRS complex and may Wideat during
exercise. The electrical signal reaches the AV ratdine end of the P
wave (shown in yellow). Excitation of the bundle ldfs and bundle
branches (shown in red) occurs in the middle oRRanterval, followed
by excitation of the
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Purkinje fibers (shown in purple). Notice that eation of the various
portions of the conduction system happens very kipii@and that

activation of the entire conduction system precatlesQRS complex.
The QRS complex reflects depolarization of the reudibers in the

ventricles. It occurs after the electrical signakhraveled through the
specialized conduction system in the ventriclesaudirs simultaneously
with atrial repolarization. The T wave reflectsotgrization of the muscle
fibers in the ventricles and is followed by relasatin preparation to start
the cycle all over again. The U wave may or mayhb®seen in a normal
ECG but is often present in the slower cardiaceptkrained individuals.
When present, it probably represents the final @hak ventricular

repolarization during which the Purkinje systemonaars. Although the
SA node can depolarize spontaneously, the firinghef SA node is
influenced by neural and hormonal factors. Addiibyn HR varies with

age.

Cardiac Cycle

To function successfully as a pump, the heart magé alternating times
of relaxation and contraction. The relaxation phaa#eddiastole, is the
period when the heart fills with blood. The contiae phase, called
systole, is the period when blood is ejected from the théldrecardiac
cycle—one complete sequence of contraction and relaxatib the
heart—includes all events associated with the fdwlood through the
heart. During the cardiac cycle there are drantdianges in pressure and
blood volume. This chapter summarizes the flowlob8 in the heart and
the position of the heart valves throughout thespeaf the cardiac cycle.
The ventricular-filling period (VFP) occurs wherethentricles are at rest
(ventricular diastole) and the AV valves are opEme ventricles fill as
blood is returned to the atria and flows down itite ventricles. Blood
flow into the ventricles from the atria is assisbgdgravity in an upright
person. Atrial contraction also pushes a small wawf additional blood
into the ventricles at the end of diastole. Blootlme in the ventricles is
greatest at the end of ventricular filling, but gsere remains relatively
low because the ventricles are relaxed. Systoke ¢tntraction phase,
shown on the right side of the figure) is dividedoi two periods, the
iIsovolumetric contraction period (ICP) and the viendar ejection period
(VEP). During the ICP both the AV valves and themgenar valves are
closed.

Thus, blood volume in the ventricles remains cartstiespite the high
pressure generated by the contraction of the werdn myocardium.
Once the pressure in the ventricles exceeds tssyme in the aorta, the
semilunar valves are forced open. Blood is therctege from the
ventricles, initiating the VEP, and ventricular wole decreases as blood
exits the ventricles through the open semilunavesl
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During the isovolumetric relaxation period (IRP)tibahe AV and the

semilunar valves are closed. Thus, ventricular maus unchanged, and
pressure is low because the ventricles are reladethese events occur
within a single cardiac cycle, which repeats wilery beat of the heart.
The cardiac cycle graphically, shows concurrenbnmiation about the

electrocardiogram; the pressure in the left atritime, left ventricle, and

aorta; the left ventricular volume; the heart phéseperiod of the cardiac
cycle; and the position of the heart valves. Diesi® shown in blue and
systole is shown in green.

The AV valves are open, allowing blood to flow frahe atria into the

ventricles; therefore, ventricular volume is in@ieg. As the atria

contract, more blood is forced into the ventrictesysing a small increase
in ventricular volume and ventricular pressure.ldwing the QRS

complex, there is an immediate and dramatic ineraasventricular

pressure as the myocardium contracts. Notice, hewethat the

ventricular volume does not immediately changesTéithe ICP.

Locate Point A on the graph of ventricular pressii@s is the point

where pressure in the ventricle exceeds pressutkeiraorta, and the
aortic semilunar valve is forced open. Follow tlaslied lines downward
to the row for the semilunar valves in the charthat bottom, and note
that these valves are now opened. Also note tisatitshed line coincides
with the start of a rapid decrease in ventriculalume. Once the valves
are open, blood is forced out of the ventriclesisttblood volume in the
ventricles decreases. This is the VEP. When th&spre in the ventricles
falls below the pressure in the aorta, the semiluab/es close. Refer to
Point B on the pressure curve and again followdtdshed line downward,
noting ventricular volume and valve position. Venitar pressure

decreases because the myocardium is relaxed (@obtia Ventricular

volume, however, remains constant, because allaives are closed and
no blood can enter or leave the ventricles. Thisx@vn as the IRP.

Following the T wave (ventricular repolarizatiotije ventricles relax and
begin to fill with blood: The AV valves are opemgdaventricular volume
increases. This is the VFP. This cycle of diastoleowed by systole
followed by diastole continues with each beat of treart. Diastole
provides time for the cardiac cells to relax anel ¥kntricles to fill. The
length of time spent in diastole thereby directffeets the amount of
blood that will be present in the ventricles to fnemped during the
subsequent systole. Furthermore, it is during diashat the myocardium
is supplied with blood.

Systole is the contraction period of the hearst isometrically (ICP) and

then dynamically (VEP). The volume of blood ejedieuin the ventricles
directly affects the cardiovascular system’s apiid meet the demands
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of the body. The volume of blood in the ventrickéghe end of diastole
is termedend-diastolic volume (EDV). Similarly, the volume of blood
in volume (ESV). The amount of blood ejected from the ventriclewit
each beat is callestroke volume (SV), which is equal to EDV — ESV.
Figure 11.6 depicts the volume in the left vengjdut because both sides
of the heart must pump the same amount of blood arg significant
period of time, the SV is typically the same fottbeides of the heart.

Before going to the next section, Be sure you ustded what happens
with the ECG, with ventricular, atrial, and aortmressure, with
ventricular volume, and with the heart valves abhgaeriod of the cardiac
cycle. Now, find your radial pulse and begin congtiO, 1, 2, 3, ... . All
the events described in this section occur eveng tyou feel a pulse,
which occurs once every 0.8 second when the HR Is ihin-1.

Heart rate (HR) is thus defined as the number of cardiac cycles per
minute, expressed as beats per minute (b-min—-i9ké&tvVolume As
mentioned previously, SV is the volume of bloodctge from the
ventricles with each beat, expressed as millilifges beat (mL-b-1) or
simply in milliliters (mL). The amount of blood ejed from the heart is
determined by three factors:

1. The volume of blood returned to the heart @ad).

2. The force of contraction (contractility).
3. The resistance presented to the contractintggigkn
(afterload).

The volume of blood returned to the heart is cgtiedload and is critical
to the SV because the heart cannot eject bloodighabt there. Under
resting conditions the heart ejects approximat@y&®% of the blood
that is returned; this is known as tgection fraction (EF). There are
changes in the volume of blood in the ventriclesdlghout the cardiac
cycle and defines specific volumes associated théhventricles. The
EDV is approximately 130 mL of blood which is typidor an adult male
under resting conditions. Following systole the ES¥pproximately 60
mL of Blood Contractility, the force of contraction of the heart, is
determined primarily by neural innervation. Sympgdith nervous
stimulation causes an increase in the contractditthe myocardium
independent of the volume of blood returned to lart. Circulating
catecholamines (hormones) also reinforce the isekacontractility
caused by sympathetic nerve stimulation. Duringr@sge, the Frank-
Starling mechanism and increased contractility fiomc together to
enhance SV.

Theafterload, or the resistance presented to the contractingricke, is
determined primarily by the blood pressure (BP)Xha aorta. As BP
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increases, opposition to the outward flow of blondreases and less
blood is ejected from the ventricles for any giverce of contraction—
that is, SV decreases as afterload increases. Vhe&eases in this way
because the increased pressure in the aorta dhesssmilunar valves to
remain closed longer and to close sooner. The valtreus open for less
time thereby causing a decrease in ejection timé ansubsequent
decrease in SV. There is a typical value for SVre#t in healthy
individuals of various ages.

Coronary Circulation

The energy necessary for cardiac function is sedplhrough aerobic
metabolism. Arterial coronary circulation suppl@sygenated blood to
the myocardium through two major arteries, thetrggronary artery and
the left coronary artery. Both arteries origindtéha root of the aorta. The
left coronary artery divides into the left circue¥l and anterior
descending arteries. The right coronary arteryddisiinto the marginal
artery and the posterior interventricular arterjneTmyocardium is
supplied with a dense distribution of arteriolesd anapillaries,
approximately 3000 to 4000 capillaries per squaitknmeter of cardiac
muscle (Rowell, 1986). The venous blood from theooary circulation
is returned to the right atrium via the coronanusi Coronary blood flow
is affected greatly by the phase of the cardiatecy®ecause of the high
intramyocardial pressure during systole, the canpnarteries are
compressed and blood flow to the myocardium is eksed. Thus, the
myocardium receives the largest portion of its dllow during diastole
(Guyton and Hall, 2006). The myocardial blood flemquired to provide
necessary oxygen at rest is about 250 mL-min-1clwihepresents
approximately 4% of the normal resting cardiac aufjfiRowell, 1986).
The coronary circulation very effectively extractsygen as the blood
flows through the capillary beds. Under restingdibans, 60—70% of the
available oxygen is extracted.

Myocar dial Oxygen Consumption

Oxygen consumption is determined by oxygen exac{a—vO2diff)
and blood flow (Q). Because the metabolic demarmdiseomyocardium
are increased during exercigayocardial oxygen consumption—the
oxygen consumed by the myocardium to support cotra—increases
during exercise. As mentioned previously, oxygetraetion of the
coronary circulation is nearly optimal at rest (80%) and increases little
if at all during exercise. Thus, the increased mayd@al oxygen
consumption during exercise occurs almost entibglyncreased blood
flow to the myocardium. The coronary blood flow mbe regulated to
meet the demands of the myocardium for oxygendthtion to a higher
HR, blood fl ow is increased by two mechanisms:
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1. The greater force of myocardial contractiont thesults from
exercise causes more blood to be forced into the®neoy
circulation.

2. By-products of cellular work cause vasodilatadrnthe arterioles

that supply the myocardium. Thus, as the heart svbdeder and
produces more by-products, the arterioles dilatechvdecreases
resistance and effectively increases blood flow.

Myocardial oxygen consumption increases as HR as&e. Because HR
increases with the intensity of exercise, so als@sdnyocardial oxygen
consumption (Kitamura, et al., 1972)

3.2 TheVascular System

The vascular systenmis composed of vessels that transport the blood
throughout the body. Their size and structure ¥aryughout the vascular
tree, with each portion of the vascular systeminga specific structure
and function related to the overall function of ttegdiovascular system.
Blood vessels, except for capillaries, have thageris; the adventia (outer
layer), tunica media (inner layer), and tunicanmdi(innermost layer).
The adventia is composed of connective tissue #tadhees the blood
vessel to surrounding tissue. The tunica mediaatasmitsmooth muscle,
which is critical for controlling the vessel's diater, and connective
tissue, and gives the vessel elasticity and sthefidte intima consists of

a single layer of endothelial cells and a thin tagkconnective tissue
(basal lamina). Thendothelium serves as the barrier between blood and
underlying tissue, and plays a critical role in thevement of material
out of the blood, releases factors that help regullae contraction of
smooth muscle in the tunica media, helps prevemecessary clot
formation, and interacts with immune cells in thBammatory process.
The vessels of the vascular system, along withouarcirculations, are
illustrated.

Arteries

The arteries are thick-walled conduits that catootl from the heart to

the body’s organs. They contain a large amountladtie tissue that

allows them to distend when blood is ejected dusysjole and pulsatile
owing to the pumping action of the heart. As thieventricle ejects blood

into the aorta, the blood stretches the aorta'stielavalls. BP is the force

exerted on the wall of the blood vessel by the tldde peak pressure is
referred to asystolic blood pressure (SBP) because it is essentially
caused by the contraction of the heart (systole)ifig relaxation of the

heart (diastole), the arterial walls recoil, maimtag pressure on the
blood still in the vessels. Thus, although the B&pd during diastole,

there is always some pressure in the arteriestlaadower pressure is
known asdiastolic blood pressure (DBP). Mean arterial pressure
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(MAP) is a weighted average of SBP and DBP, represethi@gnean
driving force of blood throughout the arterial st
Typical resting BP values for males and femalatifégrent ages.

Arterioles

Arterioles also called esistance vessels, are smaller than arteries and are
the major site of resistance in the vascular systBetause of this
increased resistance, the pulsatile arterial bftmwvd becomes continuous
before it reaches the capillaries. Arterioles abgbe pulsatile force of
blood flow because they contain a large amountastie tissue. Imagine
bouncing a basketball on a gymnasium floor and wmestling mat. The
ball rebounds from the gym floor at an angle angltteproportional to
the force imparted by your muscle action. Howetteg, same force will
not produce much (if any) rebound from the wregtlmat. The elastic
tissue in the walls of the arteries absorbs theggnom the pulsatile
blood flow in a similar way that the mat absorbsergy from the
basketball. In an individual with reduced elasyictr arterial stiffening
(sometimes called hardening of the arteries), tierias, like the gym
floor, are not able to distend as readily, resglimelevated BP.

The smooth muscle surrounding arterioles is ableotdract and relax.
Contraction of the smooth muscle around an areeri@sults in

vasoconstrictiona decrease in vessel diameter and thereforeraatec
in blood flow to a given region. Relaxation of tsr@ooth muscle results
in vasodilation an increased vessel diameter and therefore cagase in

blood flow to a region. The vasoconstriction andodilation of the

smooth muscles surrounding the arterioles are pilyn@sponsible for

determining blood flow distribution to various orga

The degree to which an arteriole vasodilates ooa@sstricts depends on
the balance of extrinsic (originating outside tlagtn which it acts) and
intrinsic (originating within the part on which #@cts) mechanisms.
Extrinsic mechanisms are geared toward maintaiMéd® and include
nervous stimulation and circulating hormones. Simoanuscle
surrounding terminal arteries and arterioles i®imated by sympathetic
neurons. Sympathetic stimulation causes most alésrto vasoconstrict.
However, during exercise, when the sympathetic mesvsystem is
clearly activated, arterioles to the working musctilate in order to
supply the working muscle with increased blood flovae role of the
sympathetic nervous system in accounting for thigatidn is
controversial. Although sympathetic vasodilatorypefis have been
identified in several species, and postulated imdms, there is no direct
evidence of vasodilatory sympathetic nerve fiberlsumans (Joyner and
Dietz, 2003). Intrinsic (local) mechanisms thattcoharteriole diameter
include myogenic (originating within the musclepanetabolic controls.
Myogenic control is accomplished by mechanisms ¢hate the vessels
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to dilate in response to decreased stretch (desnledlow) and
vasoconstrict in response to increased stretche@sed flow). This reflex
action helps to ensure that changes in BP do adttie dramatic changes
in blood flow to a given vascular bed. The metabobntrol of vascular
diameter plays a critical role in determining tlegke of smooth muscle
contraction and hence local blood flow. When ausss metabolically
active, such as skeletal muscle during exerciggpduces metabolic by-
products that act locally to cause vasodilatioeydby increasing blood
flow to the metabolically active area. Thus, coctireg skeletal muscles
act locally (intrinsically) on the smooth musclersunding the arterioles
to increase blood flow in that region. In the ca$exercise, the local
vasodilatory effects have a greater effect on \alaeeter in arterioles
supplying the skeletal muscle than the sympathetisoconstrictor
effects, leading to vasodilation in the skeletakote. On the other hand,
arterioles supplying nonworking muscle and othegaaos (stomach,
kidneys) constrict, resulting in decreased blooavftiuring exercise due
to sympathetic nerve stimulation.

Capillaries

The capillaries perform the ultimate function of the cardiovascular
system: transferring gases and nutrients betweemltiod and tissues.
Some exchange of gases occurs in the smallestlsess®oth sides of
the capillaries (collectively termed tlechange vessels) but most of the
gas exchange occurs across the capillary wall widils of the capillaries
are very thin, essentially composed of a singledayf endothelial cells.
Capillaries have a very small diameter, such tedthlood cells often
must pass through in a single file. Blood flow tngh capillaries also
depends on the other vessels that make up the cimutation. The
microcirculation includes several vessels: arterioles, venules,
arteriovenous anastomoses, metarterioles, and tcagillaries.
Anastomoseare wide, connecting channels that act as shurigeba
arterioles and venules. These vessels are not canmmost tissue but
are abundant in the skin and play an important irokaermoregulation
(Levick, 2003). When anastomoses are open, larlyemes of blood can
be directed to blood vessels close to the surfédkeoskin, facilitating
heat dissipation.

A metarterioleis a short vessel that connects an arteriole witeralle,
creating a direct route through the capillary bBde metarteriole gives
rise to the capillarieslrue capillariesvary in number depending on the
capillary bed.

Smooth muscles around these vessels that relaagnstrect in response
to local chemical conditions control blood flow algh the capillaries
(Levick, 2003). Thus, a capillary bed can be perfuwith blood or be
almost entirely bypassed, depending on the neetiie dissue it supplies.
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Gas Exchange

The exchange of gases and nutrients in the cdpgladepends on
diffusion. For a substance to diffuse from a capyllinto a cell, it must
cross two membranes: the capillary wall (composenngrily of
endothelium) and the cell membrane. Substancesfimasghe capillary
to the interstitial space by the process of diffasiMovement from the
interstitial space into the cell may also occudiffusion or may require
carrier-mediated transport. The movement of gasdsatrients into and
out of the capillaries depends on the concentragi@dient or pressure
gradient of the substance or gas that diffusesgéxynd carbon dioxide
diffuse down pressure gradients. Oxygen diffusewrnddats pressure
gradient from systemic capillaries into muscle ellherefore, there is
less oxygen in the veins draining skeletal musties in the arteries
supplying them. The difference in the oxygen contdrthe arteries and
veins is termed tha-vO2 differencewhich reflects the oxygen taken up
by the skeletal muscles.

Movement of Fluids

Fluids also pass through the capillary membrane.nmitvement of fluids

is determined by two opposing forces: hydrostatespure and osmotic
pressureHydrostaticpressure created by BP, acts to “push” fluid out of
the capillariesOsmotic pressurecaused by the larger concentration of
proteins in the capillaries, acts to “pull” watata the capillaries. The net
result of these opposing force is the loss of axprately 3 L of fluid a
day from the plasma into interstitial spaces (Mari2007). This fluid
returns to the blood via the lymphatic system.

Any change in hydrostatic pressure or osmotic jpiressf the blood will
alter the fluid exchange between the blood andnteestitial fluid.

Venules

The venules are small vessels on the venous sitteeafascular system.
These vessels contain some smooth muscle, whicinitaence capillary
pressure. The venules and capillaries constituge rtiicrocirculation
where gas and nutrient exchange occurs. Venulesyanip veins.

Veins

Veins, also calledapacitance vessels, are low- resistance conduits that
return blood to the heart. They contain smooth meusmervated by the
sympathetic nervous system, which can change dieaineter.

Contraction of smooth muscle around the veins i OwWn as
venoconstriction relaxation of the veins is known agenodilation

Because veins can expand (distensibility), theypzaoi large volumes of
blood—up to 60% of the total blood volume at restkid-a@herefore are
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sometimes referred to as a blood reservoir. Theuatf blood in all the
veins varies with posture and activity. If blooccamulates in the veins
and is not returned to the heart, ventricular E@¥¢rdases, with the result
that SV decreases. Conversely, venoconstriction s@gmificantly
increase ventricular EDV and thereby lead to arease in SV, according
to the Frank-Starling law of the heart.

The skeletal muscle pump and the respiratory puahpincrease venous
return by “massaging” blood back toward the heEne one-way valves
in the veins also help regulate venous pressurawplarticularly helpful
in counteracting the effects of gravity that oppbkmd flow back to the
heart because they prevent the backward flow adclddditionally, the
increased sympathetic nervous activity during a@serbelps to increase
venous return via venoconstriction.

Blood

Blood is the fluid that circulates through the heard the vasculature to
transport nutrients and gases. Blood containsgdibiood cells suspended
in a nonliving fluid matrix called plasma. Bloodatthas been centrifuged
to separate the cells and the plasma. Blood ceds ctassified as
erythrocytes (red blood cells, RBC) or leukocytesife blood cells,
WBC). Blood cells account for 38—45% of the totaldal volume in adult
females and 43-48% of the total blood volume inltagiales. The ratio
of blood cells to total blood volume is knownhesnatocrit and is usually
expressed as a percentage.

As discussed in the respiratory section, the RB&ssport oxygen from
the lungs to body cells by binding oxygen to herbgi. Leukocytes are
less numerous than erythrocytes, accounting foutab% of total blood
volume. Despite their seemingly small number, leykes are essential
to the body's defense against disease and playiteatrrole in
inflammation.

Plasma accounts for approximately 55% of the voluhélood. It is
composed primarily of water, which accounts forragpnately 90% of
its volume. It also contains over 100 dissolvedisd, including proteins,
nutrients, electrolytes, and respiratory gases.cmeposition of plasma
varies greatly, depending on the needs of the bBdgma also plays an
important role in thermoregulation by helping tostdbute heat
throughout the body.

3.3 Hormonal Control of Blood Volume
As is discussed in the accompanying Focus on Aptpdio: Clinically
Relevant Box, blood volume is decreased by bloathtion. Decreased

blood volume may also result from profuse sweadind/or dehydration.
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Blood volume varies considerably among individuetsl is affected by
fitness status. Healthy adult males have an avebdged volume of

approximately 75 mL of blood per kg of body weigbt, a total of

approximately 5-6 L of blood. Healthy adult femdhkase approximately
65 mL of blood per kg of body weight, which equél<l.5 L of blood for

the average-size woman. Children typically haveuals® mL of blood

per kg of body weight, with total volume varyingogeding on body size.
Blood volume plays an important role in maintainilg, cardiac output,
and BP. Under normal conditions blood volume isnteaned within

physiological limits by homeostatic mechanisms lawg the endocrine
system and urinary system. The major hormoneswewdbin maintaining

blood volume are antidiuretic hormone (ADH), rekshsfrom the

posterior pituitary gland, and aldosterone, reldaBem the adrenal
cortex.

The hormonal mechanisms outline the respond talact®n in blood
volume. Plasma volume reduction causes a decreageal and arterial
pressures. The decrease in pressure is sensatbbpartoreceptord@ro
means “pressure”) and arterial receptors in thendyd. Atrial
baroreceptor activation leads to the release of AR the posterior
pituitary gland, which causes the tubules of tlum&ys to reabsorb water,
thus increasing plasma volume. A reduction in blamtme is also
associated with an increase in plasma osmolaritytes concentration).
For example, with profuse sweating more water sg@utes is lost; thus,
the osmolarity of the blood increases. An increasesmolarity of the
blood stimulates osmoreceptors in the hypothalambig;h signals the
posterior pituitary gland to release ADH. ADH casighe kidneys to
retain water, thus leading to an increase in bia@dme. Simultaneously,
the receptors in the kidneys respond to decreadedah pressure by
releasing the enzyme renin. Renin is necessaryh®rconversion of
angiotensinogen to angiotensin I, which is thernveoied to angiotensin
ll. Angiotensin Il signals the adrenal cortex tdeese aldosterone.
Aldosterone causes the kidneys to retain salt aamgnvAngiotensin Il
also has a vasoconstrictor effect on arteriolass thelping to increase
blood pressure.

Cardiovascular Dynamics

The different components of the cardiovascularesydiunction together
to meet the changing demands of the body. Thespaoemts are highly
integrated and interdependent. Although both tharthend the
vasculature respond independently to various cmmdif they are
interrelated because the response of the heactatfee vessels, and vice
versa. To differentiate the responses of the haadt the vessels, we
commonly refer to central and peripheral cardiousc responses.
Central cardiovascular responses are those directly related to the heart:
HR, SV, cardiac output, et€eripheral cardiovascular responses are
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those occurring in the vessels: vasodilation, vasstiction, venous
return, etc.

Principles of Blood Flow

There are relationships among the cross-sectioeal(&€SA) of the blood
vessels, BP, and blood velocity throughout the wiascsystem. The
diameter of the various vessels, and the total GSAe various vessels.
Thus, although a single capillary is incredibly dimapproximately 6m,
there are so many capillaries that the total CSAefaeeeds that of the
other vessels. This depicts the velocity of bloodhie various vessels—
that is, the speed at which blood flows. The véjoef a fluid in a closed
system varies inversely with the total CSA at aiweig point. Therefore,
the velocity of blood flow decreases dramaticafiythe capillaries. This
decreased velocity allows adequate time for thénaxge of respiratory
gases and nutrients. The driving force for the dlmsothe contraction of
the myocardium. Blood flows because of a presstadignt. Thus, blood
flows through the vascular tree because pressunglgest in the aorta
and major arteries and lowest in the great veirmsraght atrium of the
heart.

Pressure continues to decrease as the blood tfavigler from the heart,
reaching a low of approximately 4 mmHg in the rigtrtum. In fact, one-
way venous valves and muscle and respiratory puwtijty are needed
to help return blood to the heart.

Regulation of the Cardiovascular System

The cardiovascular system is regulated by interdland overlapping
mechanisms, including mechanicatvents, neural control, and
neurohormonal controlMechanical events, such as muscle action,
influence venous return and thereby help regulater®l cardiaoutput.
This regulation is particularly important durirexercise. Neural and
neurohormonal mechanisms of cardiovascular coat®imore complex
and are discussed detail in the following sections.

3.4 Neural Control

Three cardiovascular centers are located withimtbdulla oblongata of
the brain stem. The cardio accelerator and carthditor centers
innervate the heart. As the names imply, thedioacceleratorcenter

sends signals, via sympathetic accelerator nethies,cause the HR to
increase and the force of contraction to strengtfibe cardio-inhibitor

center also called the vagal nucleus, sends signalsh@asagus nerve
that cause a decreased HR and force of contrade@vasomotor center
innervates the smooth muscles of the arteriolesympathetic nerves.
Activation of these sympathetic fibers generallyszs vasoconstriction
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(sympathetic fibers to the skin are the only ckareption to this rule in
humans).

In summary, activation of sympathetic nervous owiflleads to an
increased HR, increased cardiac contractility, aagdoconstriction in
most arterioles. During exercise, there is alsod#ation in the arterioles
of skeletal muscle, but the role of the autonon@ovous system in this
response is not clear. What is clear is that mditakiatrinsic) controls

lead to a wide spread vasodilation in arteriolggpsting skeletal muscle
in response to increased metabolic activity duerercise. Activation of
the parasympathetic nervous system leads to thesdppresponses in
each of the above.

3.5 Anatomical Sensorsand Factors Affecting Control of the
Cardiovascular System

The cardiovascular centers—and therefore, the stmpa and
parasympathetic outflow from thosenters—are influenced by several
factors in a variety ofcircumstances, including exercise. This
schematically presents the most important factors influencing the
cardiovascular centers. These factors are describedetail in the
following sections.

Higher Brain Centers

The cardiovascular medullary centers are influertlwgdeveral higher
brain centers, including the cerebral cortex and Hypothalamus.
Emotional influences arising from the cerebral ewrtcan affect
cardiovascular function at rest. Input from the onatortex, which is
relayed through the hypothalamus, can influencdioaascular function
during exercise, leading to an increase in HR asbdilation in active
muscle. The influence of the cortex and hypothaBman the
cardiovascular centers during exercise is oftenmeer “central
command,” denoting that the signal to alter cardsmular variables
comes from the central nervous system.

Body temperature also affects the cardiovasculatecg through the
influence of the hypothalamus. An increased bodypirature results in
an increased HR, increased cardiac output, anddilagon in the
arterioles of the active muscles and skin.

Systemic Receptors

Systemic receptors are present in the great vitie$ieart, and the arterial
system. These receptors provide sensory information the
cardiovascular control centers that leads to redleion.
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Baroreceptors

Baroreceptors are located in the aorta and cdootices. With an increase
in MAP, these receptors cause a reflex decreasdAR through a
decreased HR (and thus decreased cardiac outjat)ddcrease in HR is
mediated through an increased parasympathetic osutfand a
simultaneous decrease in sympathetic outflow tohimart. This reflex
control of BP is called thdaroreceptor reflex Because this reflex
functions to maintain mean arterial blood pressywe, may wonder how
someone becomes hypertensive or why mean artési@d Ipressure goes
up during exercise. In someone with hypertensibe, daction of the
baroreceptors is mediated by a set point. If somgtbauses the resting
BP to be elevated (and no one knows precisely vdaatses this
elevation), the baroreceptors fi re for about 2drkan an effort to bring
down the MAP. If this is unsuccessful, the baroptoes appear to simply
reset at a level above the previous value. Therbeeptor reflex is also
reset during exercise. The resetting of the baexefs in direct
proportion to exercise intensity (Raven et al., &00’he baroreceptor
reflex is also very important in achieving recoverypaseline values after
exercise.

Stretch Receptors

Stretch receptors, located in the right atriumhaf heart, are stimulated
by an increase in venous return. The signal isstraited to the
cardiovascular centers in the medulla, where tlase an increase in
sympathetic outflow and a decrease in parasympatbetflow. This
results in an increased HR and force of contractiocreasing cardiac
output. This sequence is called B&nbridge reflex

Chemor eceptors

Chemoreceptorare located in the aortic and carotid arteries.yTée
sensitive to arterial blood PO2, PCO2, and H+. Agrease in PCO2 and
H+ or a decrease in PO2 causes a reflex vasoodisirof arterioles.

Muscle Joint Receptors

Muscle receptorsnclude mechanicahtechanoreceptoysand metabolic
(metaboreceptojsreceptors located in the joints and muscles. &hes
receptors send impulses to the brain where thelsapsynapse with the
cardiovascular centers. When stimulated by muscldraction, these
receptors lead to an increased rate and force aft h@ntraction.
Vasoconstriction occurs in inactive skeletal muscle

Neur ohormonal Control

The endocrine system also helps regulate the carskolar system.
Considerable control is exerted by the componehtth® autonomic

nervous system and the hormones of the adrenalllaedte previous

section discussed the influence of the sympatimeticous system on the
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heart and the blood vessels. The sympathetic nengystem also

innervates the adrenal medulla, causing the adgdaatls to release the
hormones epinephrine and norepinephrine. Thesedmastravel in the

bloodstream to the heart and the blood vesselsei@ky epinephrine

and norepinephrine have the same effect on thegettargans as the
sympathetic nerve fibers innervating them. In additto the adrenal

hormones, aldosterone and ADH help maintain bladdme and BP as
described in the section on blood volume.

Measurement of Cardiovascular Variables

Cardiovascular variables are routinely measuredaowitored in sports,
fitness, rehabilitation, and research settings. fblewing variables are
measured in order to assess fitness, prescribeisgerand monitor
physiological responses to exercise. Most of themeables can be
assessed both at rest and during submaximal ommahgixercise.

Heart Rate

In a laboratory HR is often obtained by measurimgR-R interval in an
ECG recording. Although the ECG equipment/computeay be
programmed to automatically calculate the HR, itseful to know how
this measure is performed. The first step is tocuate the distance the
ECG paper travels in one minute based on the spe#te paper. The
distance between cycles is then measured. Becausaow know the
number of cycles that occurred within the distanme=asured, you can
solve for the b-min—1 by solving for X in the foleng equation HR can
also be recorded by wireless telemetry. Most aftertransmitter is worn
around the chest, and the HR signal is transmittedsmall receiver that
looks very similar to a watch. Many pieces of fRe@quipment also have
the ability to pick up the HR signal from the trem#er, or to measure
HR by having the exercisers grasp a sensor buiti the exercise
equipment. HR is often measured during exercisendmitor exercise
intensity. In some exercise sessions, however, HBsoring devices are
not available. HR can then be assessed by couthitngulse—a method
called palpation. The pulse can be felt at thet@hir radial artery. This
technique requires instruction and practice.

To measure an exercise HR, the person usually paumskfinds the pulse
as quickly as possible. The pulse count begins ngtio and is counted
for a set period of time, usually 6, 10, or 15 s&ts) using a watch. This
pulse count is then multiplied by 10, 6, or 4, exdjvely, to obtain the

per-minute HR. A period less than 1 minute is Usethuse the HR drops
guickly once exercise is paused.

FactorsLimiting V. O2max

At some point an individual cannot continue to eage the intensity of
the exercise load or to work at maximum effort hseathe body cannot
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provide and utilize more oxygen to support an aollal workload. But
what specifically limits V. O2max? There are poksibmitations to
oxygen consumption within the major systems invdlia oxygen
delivery and use during exercise.

Theoretically, maximal oxygen uptake could be lediby any system (or
step) along the pathway of bringing oxygen intollbey and delivering
it to the mitochondria for the production of ATPhUs, any of the
following systems may limit V. O2max:

1. the respiratory system, because of inadequattlation, oxygen
diffusion limitations, or an inability to maintathe gradient for the
diffusion of O2 (a—vO?2 diff)

2. the cardiovascular system, because of inadedpadd flow (Q.)
or oxygen-carrying capacity (Hb)
3. the metabolic functions within skeletal mussig;h as an inability

to produce additional ATP because of limited numimdér
mitochondria, limited enzyme levels or activity, dmited
substrates.

Evidence suggests that each of these systems mmtyMiO2max in
certain conditions (Bergh et al., 2000). For exampl reduction in the
partial pressure of oxygen (PO2) at altitude orhwasthma causes a
reduction in V.0O2max. Medications (such as beta##dos) that limit
cardiac output also cause a decrease in V.O2madgessa reduction in
hemoglobin associated with anemia.

Certain diseases in which muscle enzymes involueghétabolism are
deficient can also result in reduced V.0O2max. Alidgio factors in each of
these systems may limit the V.0O2max, the questomains: What limits
V.02max in healthy humans performing maximal e»s&®iThis question
has energized exercise physiologists for deca@gsbing with the work
of A. V. Hill in the 1920s, and it continues to emgler lively debate
among physiologists today (Bassett and Howley, 2B@@gh et al., 2000;
Grassi, 2000; Saltin, 1985; Hale, 2008).

Current research suggests that maximal oxygen epsakmited by the
ability of the cardiorespiratory system to deliwatygen to the muscle,
rather than the ability of the muscle mitochondbiatilize oxygen (Bergh
et al.,, 2000; Rowell, 1993; Saltin, 1985). Speaili, cardiac output
appears to be the limiting factor in V.O2max (Bemghal., 2000; di
Prampero, 2003; Saltin, 1985).

Research evidence suggests that oxygen uptake tisimibed by
pulmonary ventilation in normal, healthy athleteghout exercise-
induced hypoxemia. Generally, the functional cayaai the respiratory
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system is believed to exceed the demands of maxarerise (Rowell,
1993). The only respiratory or cardiovascular uagdikely to impose a
limitation on oxygen transport is a—vO2diff.

Many researchers report that skeletal muscles thavability to use more
oxygen than can be supplied by the respiratory eadiovascular
systems (Richardson, 2000; Rowell, 1993; Salti®5)9

Not all researchers agree with this view, thougld, some have proposed
that failure of muscle performance may explain ewsiian during
maximal exercise (Noakes, 1988). Possibly, thefadimiting V.O2max
vary with the fitness level of the individual. Aading to this hypothesis,
in an untrained individual the respiratory capadity gas exchange
exceeds the cardiovascular system’s capacity tovedebxygen. A
training program results in little change in thepieatory capacity but
large changes in the cardiovascular capacity. Tihusgme highly trained
individuals who have exercise-induced arterial lygoia, the increased
cardiovascular capacity may exceed the respiratapacity (Dempsey,
1986; Legrand et al., 2005; Powers et al., 1988).this case the
respiratory system becomes the factor limiting \i@2.

Blood Pressure

In well-equipped laboratories and hospitals, BP lsameasured directly
by an intra-arterial transducer. A small transdusemserted into the
artery, and SBP and DBP are recorded for every bédhe heart.
Although this procedure provides valuable informatiit is not practical
for routine use because as an invasive proceduredlves risks. By far
the most common technique for obtaining BP measengsnis the
auscultation method. The indirect method of austiolh uses a
sphygmomanometer. For a BP measurement to be &ecanad
meaningful, the proper cuff size must be used tainlihe measurement.
As a general rule, the BP cuff should encircleeaist 80% of the arm
circumference (American College of Sports MedicR{#)5). The general
procedure for measuring BP is outlined in Figure211Note that SBP
(Figure 11.21C) is taken as the First Korotkoffret(the first loud sound
heard through the stethoscope), but that theretveveDBPs (Figure
11.21D). The first diastolic blood pressure (DBBdgurs when the sound
heard through the stethoscope is muffled (the Rokidrotkoff sound).
The second diastolic blood pressure (DBP2) occuternwsound
disappears through the stethoscope (the Fifth Kofbtsound). The
pressure at the Fifth Korotkoff sound (DBP2) is sidered the best
measure of DBP in normal adults at rest. HoweveBPD is
recommended for children, for adults during exercend for adults if
DBP2 is lower than 40 mmHg (American Society of Etpnsion, 1992).
This is important for an accurate description ofdf in the calculation
of MAP.
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SELF-ASSESSMENT EXERCISES

I. Describe the Heart

. Define the Vascular System

ii. Differentiate between Blood and Hormonal Control Bibod
Volume

\YA State the neural control and anatomical sensors faotbrs
affecting control of the cardiovascular system.

40 CONCLUSION

Having read this course and successfully compldtecassessment and
self-assessment test, it is assumed that you Heaieesd understanding
of the introductory knowledge on the overview & ukgion of the
cardiovascular system.

50 SUMMARY

This Unit has successfully summarized the ovenderegulation of the
cardiovascular system.

6.0 TUTOR-MARKED ASSIGNMENT
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UNIT 5 MEASUREMENT OF CARDIOVASCULAR

VARIABLES & RESPONSES TO AEROBIC

EXERCISE
CONTENTS
1.0 Introduction
2.0 Intended Learning Outcomes (ILOS)
3.0 Main Content
3.1  The Short-Term, Light to Moderate Submaximalabic
Exercise
3.2 The Long-Term, Moderate to Heavy Submaximalohi
Exercise
3.3  The Incremental Aerobic Exercise to Maximum
3.4  The Upper-Body versus Lower-Body Aerobic Eissc
3.5 Intensity of Muscle Contraction
3.6  Blood Flow During Static Contractions
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading
1.0 INTRODUCTION

This unit describes the parallel cardiovasculapoases to dynamic
aerobic activity, static exercise, and dynamicstasice exercise. Minimal
attention is paid here to short-term, high-intgngihaerobic exercise
because this type of activity is typically perfomhte stress the metabolic
system and is therefore discussed in detail imtb&bolic unit.

2.0

INTENDED LEARNING OUTCOMES (ILOYS)

By the end of this Unit, you will be able to;
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Describe the Short-Term, Light to Moderate SubmakiAerobic
Exercise

Describe the Long-Term, Moderate to Heavy Submakima
Aerobic Exercise

Describe the Incremental Aerobic Exercise to Maximu

Describe the Upper-Body versus Lower-Body AerobierEise
Describe Intensity of Muscle Contraction

Describe Blood Flow During Static Contractions
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Cardiovascular Responsesto Aerobic Exercise

Aerobic exercise requires more energy—and therefooee oxygen
(remember the term aerobic means “with oxygen”)-rtlgher static or
dynamic resistance exercise. How much oxygen igletkedepends
primarily on the intensity of the activity and sedarily on its duration.
As in the discussion of respiration, this chapegegorizes exercises as
short-term (5—-10 min), light (30—49% of maximal gey consumption,
V.02max) to moderate (50-74% of V.02max) submaxieradrcise;
long-term (>30 min), moderate to heavy (60-85% afO2max)
submaximal exercise; or incremental exercise toimam (increasing
from ~30% to 100% V.0O2max).

3.0 MAINCONTENT

3.1 Short-Term, Light to Moderate: Submaximal Aerobic
Exercise

There is generalized cardiovascular responses aa-t#rm, light to
moderate submaximal aerobic exercise. The actughituale of each
variable’s change depends on the work rate or leajronmental
conditions, and the individual’'s genetic makeup atrekss level. At the
onset of light- to moderate-intensity exercised@r output (Q) initially
increases to a plateau at steady state (see Figutd). Cardiac output
plateaus within the first 2 minutes of exercisdlexting the fact that
cardiac output is sufficient to transport the oxygeeded to support the
metabolic demands of the activity. Cardiac outpateases because of an
initial increase in both stroke volume (SV) andrheate (HR); both levels
off within 2 minutes.

During exercise of this intensity, the cardioreafory system can meet
the body’'s metabolic demands; thus, this type ef@&zse is often called

steady-state or steady-rate exercise. During steady-state ese&renergy

provided aerobically is balanced with the energyuneed to perform the

exercise. The plateau in cardiovascular variabticates that a steady
state has been achieved.

Stroke volume (SV) increases rapidly at the on$e&txercise due to an
increase in venous return which in turn increase®nd-diastolic volume
(EDV) (preload). The increased preload stretchesntlyocardium and
causes it to contract more forcibly, as describgdhe Frank-Starling

Law of the Heart. Contractility of the myocardiumalso enhanced by
the sympathetic nervous system, which is activatadng physical

activity. The increase in the EDV and the decrdasthe endsystolic
volume (ESV) both contribute to the increase in & during light to

moderate dynamic exercise (Poliner et al., 1980R Hhcreases
immediately at the onset of
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activity as a result of parasympathetic withdrawal exercise continues,
further increases in the HR result from the symgia¢hnervous system
activation (Rowell, 1986).

Systolic blood pressure (SBP) rises in a pattemy gamilar to that of
cardiac output: an initial increase followed bylatgau once steady state
is achieved. The increase in SBP results fromrtbtieased cardiac output.
SBP would be even higher if not for the fact thegistance decreases,
thereby partially offsetting the increase in cacdmutput. When blood
pressure (BP) is measured intra-arterially, digstbod pressure (DBP)
does not change. When it is measured by auscuifatieither does not
change or may go down slightly. DBP remains redyiconstant because
of peripheral vasodilation, which facilitates blofidw to the working
muscles. The small rise in SBP and the lack ofgaifscant change in
DBP cause the mean arterial pressure (MAP) to oisly slightly,
following the pattern of SBP. Total peripheral stance (TPR) decreases
because of vasodilation in the active muscles. Vasodilation results
primarily from the influence of local chemical facs$ (lactate, K+, and so
on), which reflect increased metabolism. The desgea TPR has two
important implications. First, vasodilation of thessels supplying the
active muscle causes decreased resistance thattead increased blood
flow, thereby increasing the availability of oxygand nutrients. Second,
the decreased resistance keeps MAP from increasamgatically. The
increase in the MAP is determined by the relatitanges in cardiac
output and the TPR. Since cardiac output increas®se than resistance
decreases, the MAP increases slightly during dyoamiobic exercise.

Myocardial oxygen consumption increases during dynaaerobic
exercise because the heart must do more work tease cardiac output
to supply the working muscles with additional oxyg€&he rate- pressure
product (RPP) increases in relation to increaseéberHR and the SBP,
reflecting the greater myocardial oxygen demandhef heart during
exercise.

Blood volume decreases during submaximal aerol@oese. Figure 12.2
shows the reduction of plasma volume during 30 teisiwf moderate
cycle ergometer exercise (60—70% V.O2max) in a wanwvironment (
Fortney et al.,, 1981). The largest decrease ocdursg the first 5
minutes of exercise, and then plasma volume staiili This rapid
decrease in plasma volume suggests that it is $huits, rather than fluid
loss, that account for the initial decrease (WatkFreund, 1990). The
magnitude of the decrease in plasma volume depamdse intensity of
exercise, environmental factors, and the indivigulaydration status. It
shows the distribution of cardiac output at rest daring light aerobic
exercise. Notice that cardiac output increases B@mo 9.4 L-min-1 in
this example (the increase in Q is illustratedhmy larger pie chart). The
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most dramatic change in cardiac output distributuath light exercise is
the increased percentage (from 21% to 47%) anishtiheased blood flow
(from 1200 to 4500 mL) to the working muscles. Skiood flow also
increases to meet the thermoregulatory demandseofise. The absolute
blood flow to the coronary muscle also increaskispagh its percentage
of cardiac output remains relatively constant. Hssolute amount of
cerebral blood flow remains constant while the petage of cardiac
output distributed to the brain decreases. Bothlrand splanchnic blood
flow are modestly decreased during light exercise.

32 Long-Term, Moderate to Heavy Submaximal Aerobic
Exercise

The cardiovascular responses to long-term, modetate heavy
submaximal aerobic exercise (60-85% of V.O2maxhildr to light to
moderate workloads, cardiac output increases namidting the first
minutes of exercise and then plateaus and remaiatively constant
throughout the exercise. Notice, however, thaatheolute cardiac output
attained is higher during heavy exercise than dulight to moderate
exercise. The increase in cardiac output resutis fincreased SV and
HR.

SV has an initial increase, plateaus, and therah@gative (downward)
drift as exercise duration continues past approteipe80 minutes. SV
increases rapidly during the first minutes of els@and then plateaus
after a workload of approximately 40-50% of V.O2maxachieved
(Astrand et al., 1964) (Figure 12.4B). Thus, durimgrk that requires
more than 50% of V.O2max, the SV response doesdepend on
intensity. SV remains relatively constant during first 30 minutes of
heavy exercise. As with short-term, light to modesubmaximal aerobic
exercise, the increase in SV is conventionallydweld to result from an
increased venous return, leading to the FrankiB¢arhechanism, and
increased contractility due to sympathetic nerviendation. Thus,
changes in SV occur because EDV increases and E&¢akes (Poliner
et al., 1980). EDV increases primarily becausehefihcreased venous
return of blood to the heart by the active musalenp and increased
venoconstriction, which decreases venous poolin§V Edecreases
because of augmented contractility of the heartchvbffectively ejects
more blood. If the exercise continues beyond apprately 30 minutes,
SV gradually drifts downward while remaining abdke resting value.

This downward shift is most often attributed tortheregulatory stress,
which results in vasodilation, plasma loss, anddirection of blood to
the cutaneous vessels to dissipate heat, thugieéfigcreducing venous
return and thus SV. This theory suggests that HReases to compensate
for a decrease in SV in order to maintain Q. Areralate viewpoint

117



KHE 416 MODULE 3

suggests that the downward drift in SV is due tonenease in HR (due
to augmented sympathetic nerve activity) that ldads reduced filling
time, thus leading to a reduced SV (Rowland, 2005b)

HR initially increases, plateaus at steady state, taen has a positive
drift. HR increases sharply during the first 1-Zhotes of exercise, the
magnitude of which depends on the intensity of @ser The increase in
HR is brought about by parasympathetic withdrawal activation of the

sympathetic nervous system. After approximatelyn8Qutes of heavy

exercise, HR begins to drift upward. The increasElR is proportional

to the decrease in SV, so cardiac output is maietaduring exercise.

These cardiovascular changes, notably in HR andd8kng long-term,
moderate to heavy submaximal aerobic exercise witlaochange in
workload are known asardiovascular drift. Cardiovascular drift is
probably associated with rising body temperatureingu prolonged
exercise. Exercise and heat stress produce corgpetinlatory demands,
as the skin and the muscles compete for increatsat flow. SV
decreases as a result of vasodilation, a progeessivease in the fraction
of blood being directed to the skin, and a lospla$ma volume (Rowell,
1974; Sjogaard et al., 1988).

SBP response to long-term, moderate to heavy submb&xaerobic
exercise is characterized by an initial increasplateau at steady state,
and a negative drift.

SBP increases rapidly during the first 1-2 minutésexercise, the
magnitude of increase depending on the intensitthefexercise. SBP
then remains relatively stable or drifts slightigpwhward as a result of
continued vasodilation and a resultant decreasesiatance (Ekelund and
Holmgren, 1967).

DBP does not change, or changes so little thaast mo physiological
significance, during prolonged exercise in a thereutral environment.
But it may decrease slightly in a warm environmeetause of increased
vasodilation resulting from heat production. Be@w$ the increased
SBP and the relatively stable DBP, MAP increaseslenatlty during
prolonged activity. Again, as in light to moderateercise, the magnitude
of the increase in MAP is mediated by a large desman resistance.

TPR decreases rapidly, plateaus, and then haglat siegative drift
during long-term heavy exercise because of vadamtilan active muscle
and because of vasodilation in cutaneous vesselsdlR 1974). Finally,
because both HR and SBP increase substantiallpgleavy work, the
rate-pressure product increases markedly with tisetoof exercise and
then plateaus at steady state. An upward drifite-pressure product may
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occur after approximately 30 minutes of exerciseabse the HR
increases more than SBP decreases. The high edsype product
reflects the large amount of work the heart musgiopen to support heavy
exercise.

During prolonged exercise, particularly in a warmvieonment, total
body fluid is continually lost due to sweating.

This loss typically ranges from 900 to 1300 mL- hrddpending on work
intensity and environmental conditions (Wade areuRd, 1990). If fluid
is not replaced during long-duration exercise, plasvolume will
continually be reduced throughout the exercisshdéiws the distribution
of cardiac output at rest and during heavy aerekarcise. Notice that
cardiac output increases from 5.8 L-min—1 at @4{t5 L-min-1 in this
example. The most dramatic change here is thedsecteblood flow to
the working muscle, which now receives 71% of cardbutput. Skin
blood flow is also increased to meet the thermdedgty demands. The
absolute blood flow to the coronary muscle increagile its percentage
of cardiac output remains relatively constant. @hsolute cerebral blood
flow remains constant, while its percentage of izar@utput decreases.
Both renal and splanchnic blood flow are furthecrdased as exercise
intensity increases. Although blood flow to the Wing muscle increases
during aerobic exercise, blood flow to the inactiwmeiscle decreases
because of vasoconstriction. Vasoconstriction iaciive muscle is
necessary to ensure that cardiac output can sagplyuate blood flow to
the working muscle. It presents data from a studwlhich participants
exercised on a cycle ergometer for 8 minutes, #ueled an arm cranking
exercise (Secher et al., 1977). The combinatioleg@fand arm cycling
increased cardiac output modestly but actually edusdecrease in leg
blood flow because a portion of cardiac output tad to be distributed
to the working muscles in the arm.

3.3 Incremental Aerobic Exerciseto Maximum

There are cardiovascular responses to incremeatab@& exercise to
maximum. Note that unlike the graphs for light todarate and heavy
exercise, the cardiovascular variables are nowepted with percentage
of maximum work on the x-axis. Incremental exer¢senaximum (or a
max test) consists of a series of work stages, eachming progressively
harder, that continue until volitional fatigue. Tderation of each work
stage (level of intensity) varies from 1 to 3 mesito allow a steady state
to occur, at least at the lower workloads. Maxstesmte performed in
laboratory settings to quantify physiological respes to the maximal
work that an individual can perform. During an meental test, cardiac
output has a rectilinear increase and plateausaatmal exercise. The
initial increase in cardiac output reflects an @age in the SV and the HR;
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however, at workloads greater than 40-50% V.O2nia&, continued
increase in cardiac output in untrained individuiglsachieved almost
completely by an increase in the HR.

In untrained individuals, the SV increases reatidirly initially and then

plateaus at approximately 40-50% of V.02max (Astren al., 1964;

Higginbotham et al., 1986). The exact SV resporséantremental

exercise continues to be debated (Gonzéalez-Alo8668; Rowland,

2005a,b; Warburton and Gledhill, 2008). As indida&bove, it has
traditionally been believed that the SV plateauspgroximately 50% of
V.02max in untrained individuals. However, therepegrs to be

considerable interindividual variability in this sgonse, and many
laboratories have reported an increase in the SWaximal exercise in
most endurance athletes and some untrained indildEerguson et al.,
2001; Gledhill et al., 1994; Warburton et al., 1p9@ contrast, other
researchers have documented a decrease in the $he anhaximal

exercise (Mortensen et al., 2005; Stringer et 2005), and some
researchers contend that after an initial incre@se to the skeletal
muscle pump returning the pooled venous blood éohéart), the SV
remains essentially unchanged during the increrhemaaimal exercise

(Rowland, 2005b). Much of the controversy is undedly associated
with difficulties in measuring the SV during maxihexercise, with the

use of different exercise protocols, and with imndiial variability. There

is an indication that the changes in the EDV ard&BV that account for
changes in the SV during progressively increaskagase (Poliner et al.,
1980). The EDV increases largely because of themeif blood to the

heart by the active muscle pump and the increageghathetic outflow

to the veins causing venoconstriction and augmgwémous return. ESV
decreases because of augmented contractility ohehet, which ejects
more blood and leaves less in the ventricle.

HR increases in a rectilinear fashion throughoutimaof the submaximal
(~120-170 b-min—-1) portion of incremental exercisel plateaus at
maximal exercise (Astrand and Rhyming, 1954; H20€)8). Myocardial
cells can contract at over 300 b-min-1 but raredyeed 210 b-min-1
because a faster HR would not allow for adequatgricalar filling.
Thus, SV and ultimately cardiac output would desesaConsider the
simple analogy of a bucket brigade. Up to a pdirg useful to increase
the speed of passing buckets under the water sdomtéhe maximum
rate is limited because of the time required ferlibckets to be filled with
water. The maximal amount of oxygen an individuah ctake in,
transport, and utilize (V.O2max) is usually meadurduring an
incremental maximal exercise test. Although V.O2nea considered
primarily.
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3.4 Upper-Body versus L ower-Body Aerobic Exercise

Upper-body exercise is routinely performed in aietgrof industrial,
agricultural, military, recreational, and sportingctivities. The
cardiovascular responses to exercise -using musttas upper body are
different in some important ways from exercise perfed using muscles
of the lower body. This presents data about caediowlar responses to
incremental exercise to maximum in able-bodiedwvialdials using the
upper body (arm cranking on an arm ergometer) getswer body
(cycling on a cycle ergometer). Notice that a higheak V.02 was
achieved during lower-body exercise. Comparisorangtgiven level of
oxygen consumption also show differences in caaBoular responses to
submaximal upper- and lower-body exercise. When thggen
consumption required to perform a submaximal watlds the same,
cardiac output is similar for upper- and lower-bakercise. However,
the mechanism to achieve the required increasarghac output is not
the same.

Upper-body exercise results in a lower SV and adndiR at any given

submaximal workload (Clausen, 1976; Miles et a@84;, Pendergast,
1989). SBP, DBP, MAP, total peripheral resistarteigyre 12.10E), and

rate pressure product (Figure 12.10F) are sigmfigehigher in upper-

body exercise than in lower-body exercise perforatdtie same oxygen
consumption. There are several likely reasons Herdifferences. The
higher HR observed during upper-body exercise asight to reflect a

greater sympathetic stimulation (Astrand and Raded86; Davies et al.,

1974; Miles et al., 1989). SV is lower during uppedy exercise because
of the absence of the skeletal muscle pump augngergnous return

from the legs. The greater sympathetic stimulativat occurs during

upper-body exercise may also be partially respémddr the increased

BP and total peripheral resistance. Upper-bodyaseioften involves a

static component which causes an exaggerated pBnes. For instance,
using an arm-cranking ergometer has a static comgobecause the
individual must grasp the hand crank.

When maximal exercise is performed using upper-baayscles,

V.02max values are approximately 30% lower than rwiheaximal

exercise is performed using lower-body muscles €biet al., 1989;
Pendergast, 1989). Maximal HR values for upper-bexrcise are 90—
95% of those for lower-body exercise, and SV is483 less during
maximal upper-body exercise. Maximal SBP and the-paessure
product are usually similar, but DBP is typicall§-15% higher during
upper-body exercise (Miles et al., 1989). The déi¢ cardiovascular
responses to an absolute workload performed wéhugiper body versus
the lower body dictate that exercise prescriptimngrm work cannot be
based on data obtained from testing with leg egesciFurthermore, the
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greater cardiovascular strain associated with uppdy work must be
kept in mind when one prescribes exercise for indials with
cardiovascular disease.

Cardiovascular Responsesto Static Exercise

Static work occurs repeatedly during daily actesti such as lifting and
carrying heavy objects. It is also a common fornaatfvity encountered
in many occupational settings, particularly mantifeng jobs where

lifting is common. Additionally, many sports anccreational activities

have a static component associated with their pmdoce. For example,
weight lifting, rowing, and racquet sports all imwe static exercise. The
magnitude of the cardiovascular response to stagccise is affected by
several factors, but most noticeably by the intgrsi

muscle contraction.

3.5 Intensity of Muscle Contraction

The cardiovascular response to static exercisendispan the intensity of
contraction, provided the contraction is held fa@pecified time period.
The intensity of a static contraction is expresasda percentage of
maximal voluntary contraction (%MVC). It illustratéhe cardiovascular
response to static contractions of the forearmdbap) muscles at 10,
20, and 50% MVC. Notice that at 10% and 20% MVC ¢tbatraction
could be held for 5 minutes, but at 50% MVC thetcaction could be
held for only 2 minutes. Thus, as in aerobic execintensity and
duration are inversely related. Also note that daéa presented in this
figure are from handgrip exercises. Although thétgpa of response
appears to be similar for different muscle groups,actual values may
vary considerably depending on the amount of actiuscle involved.

Cardiac output increases during static contractcresto an increase in
HR, with the magnitude of the increase dependenthenintensity of
exercise. SV remains relatively constant or de@®abghtly during low-
intensity contractions and decreases during higgnsity contractions.

There is a marked increase in SV immediately foilmgithe cessation of
high-intensity contractions (Lind et al., 1964; 8net al., 1993). This is
the same rebound rise in recovery as seen in a-#fO2dE, and V.02.

The reduction in SV during high-intensity contraa probably results
from both a decreased preload and an increasedoafie Preload is
decreased because of high intrathoracic pressunehwompresses the
vena cava and thus decreases the return of verload to the heart.
Because arterial BP is markedly elevated duringicsteontractions

(increased afterload), less blood is ejected atengorce of contraction.
HR increases during static exercise. The magniardethe rate of the
increase in HR depend on the intensity of contoactirhe greater the
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intensity, the greater the HR response. Staticoeseis characterized by
a rapid increase in both systolic pressure andaliagpressure, termed
the pressor response, which appears to be inappropriate for the amount
of work produced by the contracting muscle (Lindakt 1964). Since
both systolic and diastolic pressures increaseetisea marked increase
in MAP (Donald et al., 1967; Lind et al., 1964; Beet al., 1985; Tuttle
and Horvath, 1957). As in any muscular work, statiercise increases
metabolic demands of the active muscle. Howevestatic work, high
intramuscular tension results in mechanical coctgdn of the blood
vessels, which impedes blood flow to the muscle rBauction in muscle
blood flow during static exercise results in a dup of local by- products
of metabolism. These chemical by-products [H+, adare diphosphate,
and others] stimulate sensory nerve endings, wlaalds to a pressor
reflex, causing a rise in MAP (pressor responskis fise is substantially
larger than the increase during aerobic exercigeitiag similar energy
expenditure (Asmussen, 1981; Hanson and Nagle,)188%ice in Figure
12.11D that holding a handgrip dynamometer at 20%Nor 5 minutes
results in an increase of 20—30 mmHg in MAP, anldihg 50% MVC
for 2 minutes caused a 50-mmHg increase in MAP!talTperipheral
resistance, indicated by TPR, decreases during ste¢rcise, although
not to the extent seen in dynamic aerobic exerdise.smaller decrease
in resistance helps to explain the higher BP respomstatic contractions.
The high BP generated during static contractionfpshevercome
resistance to blood flow from mechanical occlusBecause the SBP and
the HR both increase during static exercise, tiegelarge increase in
myocardial oxygen consumption and thus rate-pregstoduct.

3.6 Blood Flow During Static Contractions

Blood flow to the working muscle is impeded durstgtic contractions
because of the mechanical constriction of the biexsel supplying the
contracting muscle (Freund et al., 1979; Sjogaaald.£1988). It depicts
blood flow in the quadriceps muscle when a 5% ahéo2MVC
contraction were held to fatigue. The 5% MVC loadld be held for 30
minutes; the 25% load could be held for only 4 rntesuQuadriceps blood
flow is greater during the 5% MVC, suggesting #ia25% MVC there is
considerable impedance to blood flow. In fact, blélow during the 25%
MVC load was very close to resting levels desgite thetabolic work
done by the muscle. The response occurring duelcgvery suggests that
when contraction ceases, a mechanical occlusiothéo muscle is
released. The marked increase in blood flow dusecgvery compensates
for the reduced flow during sustained contractibne relative force at
which blood flow is impeded varies greatly amondfedent muscle
groups (Lind and McNichol, 1967; Rowell, 1993).
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Mechanical constriction also occurs during dynamécobic exercise.
However, the alternating periods of muscular caniva and relaxation
during rhythmical activity allow—and, indeed, encage—blood flow,
especially through the venous system.

Comparison of Aerobic and Static Exercise

This compares the HR and the BP responses to iiagidgnandgrip (static)
exercise (30% MVC held to fatigue) and a maximatatmill
(incremental aerobic) test to fatigue. The incretaeaerobic exercise is
characterized by a large increase in the HR, wigightributes to an
increased cardiac output. The treadmill exercisparse also shows a
modest increase in the SBP and a relatively stabldecreasing DBP.
Aerobic exercise is said to impose a “volume loaw'the heart. Increased
venous return leads to increased SV, which cortegio an increased
cardiac output. In contrast, fatiguing static exa¥as characterized by a
modest increase in the HR, but a dramatic incr@aske BP (pressor
response). Mean BP increases as a result of irete@BP and DBP.
Static exercise is said to impose a “pressure loadhe heart. Increased
MAP means that the heart must pump harder to owsgdbe pressure in
the aorta.

Cardiovascular Responsesto Dynamic Resistance Exercise
Weight-lifting or resistance exercise includes anbmation of dynamic
and static contractions (Hill and Butler, 1991; Ndacgall et al., 1985).
At the beginning of the lift, a static contractierists until muscle force
exceeds the load to be lifted and movement octeadjng to a dynamic
concentric (shortening) contraction as the lift tommes. This is then
followed by a dynamic eccentric (lengthening) cantion during the
lowering phase (McCartney, 1999). A static compdonEn always
associated with gripping the barbell. During dynaneisistance exercise,
cardiorespiratory system responses are dissocitited the energy
demand. In contrast, during dynamic endurance iagtresponses in the
cardiorespiratory system are directly related te tise of oxygen for
energy production. In part, the reason for thissatisation between
oxygen use and cardiovascular response to ressstexercise is that
much of the energy required for resistance exeoosaes from anaerobic
(without oxygen) sources. Another important diffeze between
resistance exercise and aerobic exercise is thbanaal constriction of
blood flow during resistance exercise because @fsthtic nature of the
contraction.

The magnitude of the cardiovascular response tistagse exercise

depends on the intensity of the load (the weidted) and the number of
repetitions performed.
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Cardiovascular responses also depend on how tHalwhrepetitions are
combined.

Varying L oad/Constant Repetitions

As expected, cardiovascular responses are grehtar heavier loads are
lifted, assuming the number of repetitions is cans{Fleck, 1988; Fleck
and Dean, 1987). For example, when participantdopeed ten
repetitions of arm curling exercises with dumbbeifsthree different
weights (identified as light, moderate, and heathg,SBP was higheat
the completiorof the heaviest set (Wescott and Howes, 1983).SBle
increased 16%, 22%, and 34% during the light, metéeand heavy sets,
respectively. The DBP, measured by auscultatiod, mibt change
significantly with any of the sets. There is dissgnent about the DBP
response to resistance exercise; some authorst r@pancrease, while
others report no change (Fleck, 1988; Fleck anchDE287; Wescott and
Howes, 1983). These discrepancies may refl ectemdifices in
measurement techniques (auscultation versus inieasd assessment)
and timing of the measurement.

Varying L oad/Repetitionsto Failure

A different pattern of response is seen when agivad is performed to
fatigue, which lifters typically call failure. Inhis case, the individual
performs maximal work regardless of the load. Tkisows the

cardiovascular response at the completion of legprnsion exercise
performed to failure. Participants performed 509808and 100% of their
one repetition maximum (1-RM) as many times as thewyld, and

cardiovascular variables were recorded at the ¢érhch set (Falkel et
al., 1992).

Participants could perform the 100% load only areet of course, but
they could perform the 80% and 50% loads an avesbf§eand 15 times,
respectively. Thus, the greatest volume of work paformed when the
lightest load was lifted the greatest number oes8nCardiac output the

completionof the set was highest when the lightest load viteslIfor the

most repetitions—that is, when the total work weesagest. The SV at the
end of a set was similar for each condition and slightly below resting

levels. This is in contrast to significant incremse the SV that occur
during aerobic exercise. Thus, dynamic resistan@rcese does not
produce the SV overload of dynamic aerobic exer(tsk and Butler,

1991; McCartney, 1999). The HR was highest aftengetion of the set
using the lightest load and lifting it the most ¢isn The HR was lowest
when a single repetition using the heaviest weigs performed. HRs
between 130 and 160 b-min-1 have been reportedshgluesistance
exercise (Hill and Butler, 1991). There is somalewnce that the HR and
the BP attained at fatigue are the same when lbatlseen 60% and
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100% of 1-RM are used, regardless of the numbénas the load can
be performed (Nau et al., 1990).

Constant L oad/Repetitionsto Failure

When the load is heavy, MAP and HR increase witkcceading
repetitions in a set to failure (Fleck and Dear87tacDougall et al.,
1985). Figure 12.16A shows the MAP, measured iatterially, during
a setof leg press exercises that represented 95% of 1iR8hows the
HR during these exercises. In this study, peak ®Bffaged 320 mmHg,
and peak DBP averaged 250 mmHg! The dramatic isereaBP during
dynamic resistance exercise results from the mechlacompression of
blood vessels and performance of the Valsalva mared’he TPR is
higher during dynamic resistance exercise thamdudiynamic aerobic
exercise because of the vasoconstriction causeldeogressor reflex. In
fact, some studies have reported a slight increasbe TPR during
resistance exercise, rather than the decrease velsevith aerobic
exercise (Lentini et al., 1993; McCartney, 1999;lddiet al., 1987).
Myocardial oxygen consumption and thus the ratsgarnee product can
reach extremely high levels because of the tackyewaand the
exaggerated SBP response. Dynamic resistance sxatseb causes large
(about 15%) but transient decreases in plasma il and Butler,
1991). The cardiovascular response of childreresistance exercise is
similar to that of adults, with the HR and the BEreasing progressively
throughout a set (Nau et al., 1990).

Cardiovascular responses to resistance exercisestRece exercises are
generally undertaken to enhance muscle size omfwave muscular
health (strength or endurance). The goal is nstrass the cardiovascular
system. Hence, there is insufficient evidence tegadtely compare
cardiovascular responses to resistance exercisengandifferent
populations (male versus female, children versust,aahd young versus
older adults). Therefore, this exercise categoryas included in the
following sections.

Male-Female Cardiovascular Differences During Exercise

The pattern of cardiovascular responses to aesdarcise is similar for
both sexes, although the magnitude of the resporeasevary for some
variables. Many of the differences in cardiovascuésponses between
the sexes are related to differences in body sidesaucture.

Short-term, Light to Moderate and Long-term, M oder ate to Heavy
Submaximal Exercise

Females have a higher cardiac output and HR, lowtex SV, than males
during submaximal exercise when work is perforntat@samebsolute
workload (Astrand et al., 1964; Becklake et al., 1965; Fseadet al.,
1979). The higher HR more than compensates forldher SV in
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females, resulting in the higher cardiac outpunhssethe same absolute
workload. Thus, if a male and a female performgame workout, the
female will typically be stressing the cardiovascudystem to a greater
extent. This relative disadvantage to the womenmlt@drom several
factors. First, females typically are smaller thaales; they have a
smaller heart and less muscle mass. Second, thveyehbower oxygen-
carrying capacity than males. Finally, they tydicdlave lower aerobic
capacity (V.0O2max).

When males and females perform the sawiative workload(both
working at the same percentage of théiD2max), a different pattern
emerges. The importanoédistinguishing between relative and absolute
workloads. This figure shows results fromstudy that compared the
cardiovascular response of men amaimen to the same absolute work
rate (600 kg- min—1) and the same relative work (a@86 of V.O2max).
Although cardiac output was higher in women during the sabsslute
work rate, it is lower for women when the sametretgawork rate was
performed. The SV was lower in women than in meetvér the work
was expressed on an absolute or relative basiscé\thiatthe values are
very similar for both conditions, suggesting the 8V has plateaued as
would be expected at 50% ¥fO2max in both conditions. The difference
in HR betweenhe sexes was smaller when exercise peaformed at the
same relative work rate.

Males and females display the same pattern of nsgpfmr BP; however,
males tend to have a higher SBP at the same elatvkloads (Malina
and Bouchard, 1991; Ogawa et al., 1992). Much efdifference in the
magnitude of the BP response is attributable fetihces in resting SBP.
The DBP response to submaximal exercise

is very similar for both sexes. Thus, MAP is slighgreater in males
during submaximal work at the same relative wor#loghe pattern of
response for resistance is similar for males anthfes, although males
typically have a lower resistance because of tipeater cardiac output.
Males and females both exhibit cardiovascular ddidiring heavy,
prolonged submaximal exercise.

I ncremental Aerobic Exerciseto Maximum

The cardiovascular response to incremental exersisamilar for both

sexes, although again there are differences imthemal values attained.
Maximal oxygen consumption (V.0O2max) is higher foales than for
females.

When V.02max is expressed in absolute values (L-b)inmales

typically have values that are 40-60% higher timafemales (Astrand,
1952; Sparling, 1980). When differences in bodg sire considered and
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V.02max values are expressed relative to body weidim
mL-kg-1-min-1), the differences between the sexasedses to 20—
30%. If differences in body composition are consedeand V.O2max is
expressed relative to fat-free mass (in mL-kg—Ifavffree mass per
minute), the difference between the sexes is ratitac8-15% (Sparling,
1980). Reporting V.0O2max relative to fat-free magsnportant in terms
of understanding the infl uence of adiposity antffee mass on
V.02max. However, it is not a very practical wayetgress V.0O2max
because, in reality, consuming oxygen only in refato fat-free mass is
not an option. Individuals cannot leave their faass behind when
exercising.

This represents the distribution of V.O2max valiggsnales and females
expressed per kilogram of weight and per kilogrdriabfree mass. This
figure demonstrates the important point that thereconsiderable
variability in V.O2max for both sexes. Thus, altgbumales generally
have a higher V.02max, some females will have adriy.O2max than
the average men.

There is differences in V.O2max, expressed inirgderms and absolute
terms, and average body weight between the sexessatie age span.

Differences in V.O2max are largely explained by tliéerences in the
size of the heart (and thus maximal cardiac outp) the differences in
the oxygen-carrying capacity of the blood. Malegehapproximately 6%
more red blood cells and 10-15% more hemoglobin teenales; thus,
males have a greater oxygen-carrying capacity hstrand Rodahl,
1986). Males typically have a maximal cardiac otithat is 30% higher
than females (Wells, 1983). Maximal SV is higher foen, but the
increase in SV during maximal exercise is achiewsdthe same
mechanisms in both sexes (Sullivan et al., 19Qirtheérmore, if maximal
SV is expressed relative to body weight, thereoigifference between
the sexes. The maximal HR is similar for both sexes

Males and females display the same pattern of BPorese; however,
males attain a higher SBP than females at maxiretese (Malina and

Bouchard, 1991; Ogawa et al., 1992; Wanne and Haah688). The

DBP response to maximal exercise is similar fohksgxes. Thus, MAP
is slightly greater in males at the completion adximal work. The

pattern of response for resistance and rate-pregsoduct is the same
for both sexes. Resistance is greatly reduced glumaximal exercise in
both sexes. Because the HR response is similath@8BP is greater in
males, males tend to have a higher rate-presswdugr at maximal

exercise levels than do females. The differencéwdsn the sexes in
cardiovascular variables at various exercise levels
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Static Exercise

The HR response to static exercise is similar ileeyand females (Misner
et al., 1990). However, when a group of young adha@althy participants
held maximal contractions of the handgrip musate2fminutes, the BPs
reported for women were significantly lower thandé reported for men
(Misner et al., 1990). The SV and cardiac outpspomses in women
during maximal static contraction of the fingerxides were similar to the
responses previously reported in men, but no do@ctparisons between
men and women were made in this study (Smith £1883).

Cardiovascular Responses of Children and Adolescentsto Exercise
The pattern of responses in the cardiovasculaabkes in children and
adolescents to aerobic exercise is similar to #teem in adults. This is
not meant to imply that children are simply “litthdults”. Often, the
actual values are higher or lower than adultsplatall, the direction and
the relative degree of change are very similar sxrive age range.
Differences can frequently be attributed to diffexes in body size,
structure, and maturity (Rowland, 2005a,b).

Short-term, Light to Moderate and Long-term, M oderate to Heavy
Submaximal Exercise

The pattern of cardiac output response to submaaerabic exercise is
similar in children and adolescents to adults, witfrdiac output
increasing rapidly at the onset of exercise anteplang at steady state.
However, children have a lower cardiac output tadults at all levels of
exercise, primarily because children have a lowéra$ any level of
exercise (Bar-Or, 1983; Rowland, 1990). As childgeow and mature,
cardiac output and SV increase at rest and dusagcese. The lower SV
in children is compensated for, to some extenta bygher HR. The HR
response to any given exercise intensity is higinggtung children (Bar-
Or, 1983; Cunningham et al., 1984) and declineshddren grow into
adolescents (Rowland, 2005a,b). Children, adoléscemd adults all
exhibit the cardiovascular drift phenomenon of aghtl (~15%)
progressive rise in HR, simultaneous decrease¥iartsl MAP, and no
change in cardiac output with prolonged exercissa@® and Hirakoba,
1984; Rowland, 2005a SV in girls is less than thdtoys at all levels of
exercise (Bar-Or, 1983).

As always, the magnitude of the cardiovascularaese depends on the
intensity of the exercise. The cardiac output, &Wd HR values of
children 8-12 years old during treadmill exercisd@o, 53%, and 68%
of V.O2max (Lussier and Buskirk, 1977). Both cacdautput and HR
increase in response to increasing intensitieg@fgse. SV peaks at 40%
of V.02max and changes little with increasing ed&rintensity. This is
consistent with the fi nding that SV plateaus at3 of V.O2max in
adults (Astrand et al., 1964). The SBP in childiroreases during
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exercise, as it does in adults, and depends antdesity of the exercise.
Boys tend to have a higher SBP than girls (Malimék Bouchard, 1991).

The magnitude of the increase in systolic presausebmaximal exercise
is less in children than in adults (James et 8801 Wanne and Haapoja,
1988). The failure of SBP to reach adult levelpngbably the result of

lower cardiac output in children. As children matuihe increases in the
SBP during exercise become greater. Diastolic presshanges little

during exercise but is lower in children than asl{tames et al., 1980;
Wanne and Haapoja, 1988).

Similar decreases in resistance occur in childeemadults, a result of
vasodilation in working muscles. Rate pressure gpcbdncreases in
children and adolescents during exercise. Howekierwork of the heart
reflects the higher HR and lower SBP for thesegagaps than for adults.
Blood flow through the exercising muscle appearsbéo greater in
children than in adults, resulting in a higher a2d@ and thereby
compensating partially for the lower cardiac outpabwland, 1990;
Rowland and Green, 1988).

I ncremental Aerobic Exerciseto Maximum

The cardiovascular responses to incremental exetoisnaximum are
similar for children, adolescents, and adults; heave children and
adolescents achieve a lower maximal cardiac oatpdia lower maximal
SV. HR rises in a rectilinear fashion with increrntaexercise in children
as in adults. However, at approximately 60% V.O2nitdbegins to taper.
Maximal HR is higher in children than in adults ascdhot age dependent
until the late teens (Cunningham et al., 1984; Rod| 1996, 2005a). The
maximal oxygen consumption typically attained byitys between the
ages of 6 and 18. As children grow, their abilaytdke in, transport, and
utilize oxygen improves. This improvement represatitnensional and
maturational changes—specifically, heart volumeximal SV, maximal
cardiac output, blood volume and hemoglobin comegioh, and a—
vO2diff increase.

The rate of improvement in absolute V.O2max (exg@dsn L-min-1) is
similar for boys and girls until approximately 12ays of age (Figure
12.21A). Maximal oxygen uptake continues to inceeimsboys until the
age of 18; it remains relatively constant in gbi&tween the ages of 14
and 18.

When V.02max is expressed relative to body weighiplessed as
mL-kg-1-min-1), it remains relatively constant tihghout the years
between 8 and 16 for boys. However, the V.O2maxr@ssed as
mL-kg—-1-min-1) tends to decrease in girls as tiégrguberty and their
adiposity increases. As children mature, they ajgow, and the
developmental changes indicated previously are elgrgoffset if

130



KHE 416 EXERCISE PHYSIOLOGY

V.02max is described per kilogram of body weighteTarge area of
overlap for reported values of V.O2max for boys gint$ in Figure 12.21
reflects the large variability in V.O2max amongldren and adolescents.
There appears to be a major difference betweedreniladolescents and
adults in terms of the meaning of V.O2max. In aguot. O2max reflects
both physiological function (cardiorespiratory pajv@nd cardiovascular
endurance (the ability to perform strenuous, largascle exercise for a
prolonged period of time) (Taylor et al., 1955). &hildren and
adolescents, V.0O2max is not as directly relatedcaodiorespiratory
endurance as in adults (Bar-Or, 1983; Krahenbual.e1985; Rowland,
1990). It shows performance as determined by timebewn of stages or
minutes completed in the PACER test (Léger et 4888). This
progressive aerobic cardiovascular endurance rACER). Recall that
a higher number of laps completed is positivelyasged with a higher
V.02max. It shows that for boys, the mean estimagtde of V.O2max,
expressed in mL-kg-1-min-1, changes very litlemfrage 6-18.
However, mean performance on the PACER test shadesiaite linear
improvement with age. The girls show the same tasthe boys before
puberty, but thereafter, V.O2max declines steadiyd PACER
performance plateaus. Similar results have beeaortexgb for treadmill
endurance times and other distance runs (Cummirg.,e978) and
measured V.02max as well as estimated (Rowland5&00hus, in
general, endurance performance improves progrégsiveoughout
childhood, at least until puberty, but V.O2max, gsed relative to body
size, does not. The reason for the weak associagitveen V.O2max and
endurance performance in young people is unknowg. most frequent
suggestion is that children use more aerobic enérgguire greater
oxygen) than adults at any submaximal pace. Themnpimenon is called
running economwnd is fully discussed in the unit on metabolisnar&/
important than the actual oxygen consumption at pace, however, may
be the percentage of V.O2max that value represant$, more so in
children than adolescents (McCormack et al., 199@ther factors that
may affect endurance running performance in childaed adolescents
include body composition, particularly the percegetaf body fat; sprint
speed, possibly as a reflection of a high percenw@igmuscle fibers
differentiated for speed and power; and variouseeispof body size
(Cureton et al., 1991, 1977; Mayhew and Gifford/3;9McVeigh et al.,
1995). There is also the possibility that manyadreih and adolescents are
not motivated to perform exercise tests and theeedo not perform well
despite high V.O2max capabilities. It presentsatierial BP response of
children and adolescents to incremental maximalrotsse The BP
response is similar for children and adults; howetleere are again age-
or size-related quantitative differences. For aegilevel of exercise, a
small child responds with a lower SBP and DBP thamdolescent, and
an adolescent responds with lower BP than an adik lower BP
response in young children is consistent with tih@wer SV response.
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Typically, boys have a higher peak SBP than giR®el et al., 1979;

Wade and Freund, 1990). This difference too is rikedy attributable to

differences in SV. Myocardial oxygen consumptiommaiximal exercise
increases as children grow—predominantly through itifluence of

higher maximal SBP since maximal HR is stable datd adolescence. It
reports typical cardiovascular responses to maxiregércise in

prepubescent and postpubescent children.

Static Exercise

Children’s and adolescents’ cardiovascular respomgestatic exercise
appear to be similar to adults’ (Rowland, 2005ditpresents data from
two studies that investigated cardiovascular respsto 3 minutes of leg
extension exercise at 30% of MVC. One study tegteshg men between
the ages of 25 and 34 (Bezucha et al., 1982), lamather young boys
aged 7-12 (Rowland et al., 2006). In both studitsdic exercise resulted
in typical responses: an increased MAP, an eleydRda decreased SV,
and a small rise in cardiac output. Similarly, adst that compared
premenarcheal girls and young women found no diffees in
cardiovascular responses to 3 minutes of 30% MVGhef handgrip
muscles (Smith et al., 2000).

Cardiovascular Responses of Older Adultsto Exercise

Aging is associated with diminishing function in myasystems of the
body. Thus, aging is characterized by a decreal#ityao respond to

physiological stress (Skinner, 1993). There is wwrable debate,
though, about how much loss of function is inevigaklated to age, how
much is related to disease, and how much can tileudttd to a sedentary
lifestyle often accompanying aging. Each of thesetdrs causes
decrements in function, but for an individual sitaften difficult to know

which one or which combination may cause an obsechange.

Many older adults remain active into their laterange and perform
amazing athletic feats. For example, Mavis Lindgoegan an exercise
program of walking in her early 60s. She slowlyreased her training
volume and began jogging. At age 70, she comple¢edirst marathon.

In the next 12 years, she raced in over 50 maratijNieman, 1990).

Many studies of physical activity suggest that &yaining active in the
older years, individuals can markedly reduce loéscardiovascular

function, even if they do not run a marathon.

Short-term, Light to M oderate and Long-term, M oder ate to Heavy
Submaximal Exercise

At the same absolute submaximal workload, cardigput and SV are
lower in older adults, but HR is higher than in ggar adults. The pattern
of systolic and diastolic pressure is the sameyfmunger and older
individuals. The difference in resting BP is main& throughout the
exercise, so that older individuals have a highgle, DBP, and MAP at
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any given level of exercise (Ogawa et al., 1998 figher BP response
is related to a higher TPR in older individualssuliing from a loss of

elasticity in the blood vessels. Because HR and &@Fhigher for any

given level of exercise in older adults, myocardigygen consumption

and thus rate pressure product are also highdder ondividuals than in

younger adults.

Incremental Aerobic Exerciseto Maximum

Maximal cardiac output is lower in older individaathan in younger
adults. This results from a lower maximal HR arldvaer maximal SV.
Maximal SV decreases with advancing age, and tokngeis of similar
magnitude for both men and women, although womere lea much
smaller maximal SV initially. Maximal HR decreasgsgh age but does
not vary significantly between the sexes. A de@eafsapproximately
10% per decade, starting at approximately age &9 blkeen reported for
V.02max in sedentary and active adults (Astrang01®Heath et al.,
1981; Wilson and Tanka, 2000). There is some indicahat the rate of
decline in V.O2max is greater in men than in worftiathokostas et al.,
2004; Weiss et al., 2006). It depict the changeVi®@2max from
childhood to 75 years of age. Like resting BP, SB& DBP responses to
maximal aerobic exercise are typically higher ideslindividuals than in
younger individuals of similar fithess (Ogawa et 4092). Maximal SBP
may be 20-50 mmHg higher in older individuals, amakimal DBP 15—
20 mmHg higher. As a result of an elevated SBP @B&, MAP is
considerably higher at maximal exercise in oldantn younger adults.
TPR decreases during aerobic exercise in oldetsadut not to the same
extent as in younger individuals. This differens@iconsequence of the
loss of elasticity of the connective tissue in thasculature that
accompanies aging. Since the decrease in maximal fétitRolder
individuals is greater than the increase in maxi8@BP when compared
to younger adults, older individuals have a lovege+pressure product at
maximal exercise. There is a typical cardiovasculdues at maximal
exercise in young and old adults of both sexes.

Static Exercise

Many studies have described the cardiovascularorsgs to static
exercise in older adults (Goldstraw and Warren,513®etrofsky and
Lind, 1975; Sagiv et al., 1988; VanLoan et al., 98s an example,
Figure 12.24 depicts the cardiovascular responsgsumg and old men
to sustained handgrip and leg extension exerciser @v range of
submaximal static workloads (VanLoan et al., 198&)te that cardiac
output and SV values are lower than normally regghrbecause of the
measurement technique. However, the relative @ifffees between the
responses of the young and the older participamtsvsthat cardiac
output, SV, and HR were lower for the older memtti@ younger men
at each intensity. In contrast, BP responses wigheehfor the older men
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at each intensity. As with dynamic aerobic exerdise differences in the
cardiovascular responses between the two age gavegsobably due to
an age-related increase in resistance due to aolostasticity in the

vasculature and a decreased ability of the myogardio stretch and
contract forcibly (VanLoan et al., 1989). The ratessure product was
higher for the younger participants than for thaeolparticipants at 30%,
45%, and 60% MVC. The small difference in rate-pues product

reflected a higher HR in younger participants atheantensity of

contraction, which was not completely offset byosvér SBP in the

younger participants.

SELF-ASSESSMENT EXERCISE

I Describe the Short-Term, Light to Moderate SubmakiAerobic
Exercise

. Describe the Long-Term, Moderate to Heavy Submalkima
Aerobic Exercise

1 Describe the Incremental Aerobic Exercise to Maximu

40 CONCLUSION

Having read this course and successfully compldtecassessment and
self-assessment test, it is assumed that you Héaieesd understanding
of the introductory knowledge on the measurementasfliiovascular
variables & responses to aerobic exercise.

5.0 SUMMARY

This Unit has successfully summarized the measuremef
cardiovascular variables & responses to aerobicese

6.0 TUTOR-MARKED ASSIGNMENT

1. Describe the Upper-Body versus Lower-Body AerobierEise
2. Describe Intensity of Muscle Contraction
3 Describe Blood Flow During Static Contractions
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MODULE 4 SKELETAL TISSUE AND MANAGEMENT
OF BONE HEALTH

INTRODUCTION

The skeletal system includes the bones and caatitagt provide the
framework for the muscles and organs of the bodiye Jkeletal system
adapts to exercise training in much the same wathes body systems.
A healthy skeleton is important for preventing ¢poelated injuries and
major health problems, including osteoporosis.

Unit 1 Neuro-Muscular and Skeletal System
Unit 2 Factors Influencing Bone Health and Exexdfesponse
Unit 3 Application of The Training Principles & Skéal

Adaptation To training.

UNIT 1 NEURO-MUSCULAR AND SKELETAL SYSTEM
CONTENTS

1.0 Introduction
2.0 Intended Learning Outcomes (ILOS)
3.0 Main Content
3.1  The Skeletal Tissue
3.2  Measurement of Bone Health
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

This unit will explain the neuro-muscular and skallsystem.
2.0 INTENDED LEARNING OUTCOMES (ILOS)
By the end of this Unit, you will be able to;

° Describe the skeletal tissue
° Describe measurement of bone health
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3.0 MAIN CONTENT
3.1 Skeletal Tissue

Bone tissue, also called osseous tissue, is a dgnéwing tissue
that isconstantly undergoing change. In fact, adults recye7% of their
bone mass every week (Marieb, 2007).

Bone remodeling(bone turnover) refers to the continual procedsooie
breakdown (resorption) and the formation (depasjtiof a new bone.
Bone remodeling has important roles in regulatitap® calcium levels
and replacing an old bone with a new bone to enheréntegrity of the
skeletal system. The mass and shape of bones digpgaly on the stress
placed on them. The more bones are stressed (blamieal loading
during physical activity), the more they increasevolume and mass,
specifically at the site of mechanical loading. Tduncept that a bone
adapts to changes in mechanical loading is desthig&Volff 's Law .

Functions

The skeletal system provides a number of impors&tnictural and
physiological functions. Structurally, the skelesgstem provides rigid
support and protection for vital organs and allofws locomotion.
Physiologically, skeletal tissue provides a site btwod cell formation
(hematopoiesis in bone marrow), plays a role inithemune function
(providing the site for white blood cell formatigndnd serves as a
dynamic storehouse for calcium and phosphate, waiehessential for
nerve conduction, heart and muscle contractionpdlolotting, and
energy formation (Bailey and McColloch, 1990; M&ri€2007). The
ability of a bone to perform its structural functsorelates directly to its
role in storing calcium. Because calcium is ess¢ifdr many processes
in the body, bone is broken down (resorbed) asetkémimaintain blood
calcium levels. The body sacrifices bone mineraldiom) when it is
needed to maintain blood calcium levels.

Regulation of Blood Calcium

The skeletal system (bone), the digestive systeam@ch and intestines),
and the urinary system (kidneys) operate togethexgulate and maintain
blood calcium levels. Adequate ingestion and aligmrf calcium are
required through the digestive system to providencessary calcium to
be deposited in the bone. In turn, because oftip@itance of calcium in
so many vital processes of the body, bone masgakeb down to
maintain blood calcium within normal limits (9-11gmdL-1). The
kidneys regulate blood calcium by filtering and bgarbing it. The
primary hormones involved in regulating blood caigilevels and bone
remodeling are parathyroid hormone (PTH), calcipr@ind vitamin D
(calcitrol).
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Levels of Organization
Understanding the structure and physiology of #edetal system helps
one understand how the skeletal system respored®toise and training.

Bones as Organs

The human body contains over 200 different bonesegb together at
articulations known as joints. Joints enable mova&mehen muscles
exert force on the bones. The skeleton is typicdided into two
categories: the axial (or central) skeleton thatuides the bones of the
skull, vertebral column, and rib cage and the agertar (or peripheral)
skeleton that includes the bones of the hips, sleos) and extremities.
Bones have several different shapes—Ilong, shatt.ghd irregular—and
each shape is specific to its function. Furthermaoeording to Wolff's
Law, a bone’s shape reflects its response to teessplaced on it.

Bone Tissue

The two types of bone tissue are cortical bone taablecular bone.

Cortical bone, also called compact, dense, or l@meébne, is densely
packed. It makes up around 80% of the skeletorbélaalar bone, also
called spongy or cancellous bone, is more porodsigsurrounded by
cortical bone. Individual bones are composed offi ighes of bone tissue
in varying relative proportions. In general, boreéshe axial skeleton

have a much greater percentage of trabecular bdrexeas bones of the
appendicular skeleton have a greater percentageomical bone. A

typical long bone. The shaft is composed primasflgortical bone, and
the epiphyses have a greater percentage of tratrdmute. Cortical bone
is composed of osteons, which are the functionids wh bone (Haversian
system). Osteons are organized into concentricrdage matrix called

lamellae, which are surrounded by widely dispers#i$. The matrix, the
intercellular space, is made up of organic andganit substances.

Trabecular bone is composed of branching projestimnstruts, called
trabeculae, which form a latticelike network ofrdonnecting spaces. Its
appearance gives rise to another of its namesgyploone. Trabecular
bone has the same cells and matrix elements asaidsbne, but with
more porosity. About 80—90% of the volume of caticone is calcified,
while only 15-25% of trabecular bone is calcifi&hfon, 1993). The
remaining volume is occupied by bone marrow, blo@s$sels, and
connective tissue. Cortical bone is best suitedstarctural support and
protection, and trabecular bone is best suitedsfarck absorption and
physiological functions.

Because of its large surface area, trabecular lsameremodel more

rapidly than cortical bone. The greatest age-rdl&ies of bone mineral
density (BMD) also occurs in trabecular bone. Tfaee most
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osteoporotic fractures occur in areas composed opmgdhntly of
trabecular bone (wrist, hip, and spine).

Bone Development

Bone development involves three processes: bonevtigrobone
modeling, and bone remodeling. Each process o@ud#fferent times
throughout an individual’s life.

Growth

Bone growth refers to size increase caused by @easing number of
bone cells (Frost, 1991a). There are two types ofebgrowth.
Appositional growth is an increase in thicknessrass. Longitudinal
growth occurs at the epiphyseal plate until a persaches adult stature.
This is an area of interest because of concerrsettiessive exercise
might stunt a child’s growth. The longitudinal grbmof bones results
from the growth of a cartilage, which is later @q@d by a bone. While
growing, the bone is also remodeling itself—thatcisanging its shape
and thickness. Bone growth and remodeling arendistbut closely
related processes.

In general, growth refers to the longitudinal growdf bone, and
remodeling involves the balance between bone résar@and bone
formation. If bone formation exceeds resorptiois gfrocess would also
represent growth.

Bone Modeling

Bone modelings the process of altering the shape of a bonadjus$ting

the bone strength through bone resorption and bomeation (Frost,

1991a; Khan et al., 2001c). Micro-modeling involibg microscopic
level of cell organization that occurs during fotiom; it determines what
kind of tissue will be formed (Frost, 1991a).

Macro-modeling controls if, when, and where newueswill form or old
tissue will be removed (Frost, 1991a). This proesssires that the bone’s
shape matches its role (Frost, 1988, 1991a,b; ik€hah, 2001b; Lanyon,
1989; Marcus, 1987). Modeling is largely resporesitdr bone growth
during the years in which the skeleton is growing.

Remodeling

Bone remodeling involves a continual process of ebdarnover,
maintenance, replacement, and repair (Frost, 1991akflects the
balance between the coupled processes of boneptiesorand bone
formation. This ongoing process occurs becauskeotoupled actions of
bone cells, with osteoclasts responsible for boreonption and
osteoblasts responsible for bone formation. Renmoglebccurs in
response to stress on the skeleton throughoutdbuk years. Physical
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activity influences bone strength and mass thraeghodeling, which is
accomplished largely because of the activity ofeboells.

Bone Cells

The three types of bone cells are osteoclastsplosiss, and osteocytes.
These cells are the living part of a bone. Althotigh cells represent a
small fraction—less than 2% (Teitelbaum, 1993)—dfe t total
composition of bone, they are responsible forata@deling.

Osteoclasts

These are large, multinucleated bone cells thasecdlbe resorption of
bone tissue. Osteoclasts secrete enzymes thaedisate the bone matrix.
As the bone is degraded, the mineral salts (prignaralcium and
phosphate) dissolve and move into the bloodstr&steoblastsare bone
cells that cause the deposition of bone tissueo A#dled bone-forming
cells, osteoblasts produce an organic bone madtaikkiecomes calcified
and hardens as minerals are deposited in it. Harger the bone matrix
Is known as ossificationOsteocytes,which are mature osteoblasts
surrounded by calcified bone, help regulate thecgss of bone
remodeling. Osteocytes appear to initiate the @®oé calcification. The
actions of osteoclasts and osteoblasts are couibleg work together to
remodel bone. Osteoclasts must first cause borgptesn before the
osteoblasts can form a new bone (Marcus, 1987;itRaffo87;
Teitelbaum, 1993). From the resting phase, theookdsts are stimulated
and cause the resorption of bone, forming a cawtgteoblasts then
appear and deposit the bone matrix where the caxisgs. The matrix is
called osteoid until it is calcified.

Calcification of the new bone occurs as calcium phdsphate minerals
are deposited in the osteoid. The bone then retioribe resting or
guiescent phase. Bone remodeling may result irratgr bone mass, the
same bone mass, or a reduction in bone mass. Tiyamugg adulthood,
typically, more bone is formed than is resorbedreasing the bone mass.
This increased mass strengthens the bone and dsdouthe increase in
BMD that commonly occurs during this period of lifevhen bone
remodeling is in equilibrium, the amount of bonsamed equals the
amount of bone formed; thus, BMD remains relativapstant. In older
adults and those with certain diseases, the amafubbne resorbed is
greater than the amount of bone formed, decrea8iMp. The
remodeling of bone provides for skeletal growth analves a constant
turnover of bone throughout life. Bone remodeliagicomplex process
regulated by hormonal and local factors (CanaB90).

Hormonal Control

Bone remodeling reflects the interrelationship lestwthe structural and
the physiological functions of bone. Calcium is es&sary not only to
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provide structural integrity of bone but also foe tproper functioning of
the heart, skeletal muscles, and nervous tissulg.a@bout 1 g of calcium
is present in the extracellular fluid of the bodgpmpared to
approximately 1150 g of calcium present in bonsuis (Bailey and
McColloch, 1990; Khan et al., 2001c).

Excess calcium in the blood leads to the releasmalitonin (from the
thyroid gland), which causes deposition of calciunmmthe bone. This
deposition decreases the blood calcium level armteases BMD.
Conversely, when the blood calcium level drops Wweteormal, PTH
stimulates osteoclast activity, causing calciumbéreleased from its
storage site, the bone. This release of calciumm filee bone causes the
blood calcium level to increase and BMD to decreaggamin D
(calcitriol) is important for the absorption of calm from the intestines.
Thus, it leads to an increased blood level of cafciOther hormones that
play an important role in skeletal health are #westeroids (estrogen and
testosterone) and growth hormone. These hormomeslate the protein
formation necessary for bone growth and are resplen®r the eventual
closure of the epiphyseal plate, which determihedbne length and thus
a person’s height (Bailey and McColloch, 1990).ré&gtn promotes
calcium retention and acts as an inhibiting agémT. The loss of the
protective role of estrogen on the skeletal syséétar menopause or
during secondary amenorrhea has important consegsdor females.
Decreased estrogen causes increased bone resofptmmath hormone
and insulin-like growth factor (IGF-1) also play iamportant role in bone
formation and remodeling in children. Hormones dhemselves
stimulated by other factors, including physicaliatt and nutritional
status.

3.2 Measurement of Bone Health

Bone strength is determined by the bone massxteenal geometry, and
the internal microstructure (Beck and Marcus, 1999st, 1997; Heaney
et al., 2000). Because it is difficult to quantdyternal geometry and
microstructure, measures of bone mass and BMD as# aften used to
describe the bone strengtBone strengthrefers to a bone’s ability to
withstand forces that may cause fracture. Bonengtreis largely
influenced by bone mass. A less dense bone wilikbreith less force
(Heaney et al., 2000). Bone mineral content (BM&Z¢ns to the absolute
amount of calcium and phosphate salts and is me@sargrams. The
calcium and phosphate salts are responsible fonahgness of the bone
matrix. BMD is defined as the relative value of bomineral per
measured bone area, expressed as grams per censagdared (g-cm-2)
or milligrams per centimeter cubed (mg-cm-3), depen on the
technology used to measure area.
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Accurate measures of BMC and BMD can be obtaindgiariaboratory
or clinical settings, primarily because of the aaofséquipment and safety
considerations. Nonetheless, these measurements tieamatically
increased the information available to researcloéirscians, and those in
fitness professions. At present, no field testedsapredict BMD.

Dual-Energy X-ray Absorptiometry

Dual-energy X-ray absorptiometry (DXA) is the staral method of
measuring BMD for research and clinical purposasé¢Acan College of
Sports Medicine, 2004). DXA uses an X-ray beam t&asure regional
and whole-body mineral content (Figure 16.4) aryijoles an areal bone
mineral density (aBMD) value. Areal BMD provide$wa-dimensional
measure of density.

It shows a computer-generated printout of wholeyd®MD and various

regions of the body for a 37-year-old active femdlee whole-body

BMD is compared with the standard references. Hik drea represents
an average range across the age span of 20-108 {«atice that the

individual in the example is above average for whoddy BMD as

represented by the asterisk (located at the irdBoseof age 37 yr and
BMD of 0.197 g-cm-2).

Regional BMDs along with comparisons with young ladiwormative
data. Notice that each region of the body has gqueBMD value because
of the varying composition of bones. For exampgie, legs have a BMD
of 1.229 g-cm-2, whereas the pelvis has a BMD 2174 g-cm-2. These
values correspond to 106% and 110% of young adiudes, respectively.
In addition to these total body scans, cliniciansl aesearchers often
measure BMD at specific, clinically relevant sitesich as the hip or
spine, where osteoporotic fractures are more likallgen scanning just a
small area (e.g., a hip or spine), a better-qualign result. It present a
hip and spine scan of an active, older woman. Th#sespecific scans
enable researchers to investigate differences irDBi various sites,
among various individuals, and as a result of atapt to long-term
exercise training.

BMD derived from DXA is the basis of the operatibdafinitions of
osteopenia and osteoporosis. BMD is normally disted and is often
expressed in standard deviation (SD) units relawdits T or Z
distribution. The T distribution has a mean scdreeavo (0).

Osteopeniais a condition of decreased BMD defined as a Tresob -1

to —2.5. This means a BMD value greater than 1 8bBvb (but not more
than 2.5 SD below) values for young, normal ad{®s-35 yr, sex
matched).Osteoporosisis a condition of porosity and decreased BMD
defined as a T-score greater than —-2.5, indicaiBMD more than 2.5
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SD below values for young, normal adults (World e&®rganization,
1994). Established osteoporosis the term used for the condition of
osteoporosis, as defined above, plus one or maotuites (Kanis et al.,
1993). Figure 16.7 indicates the relative riskratfure at the spine, hip,
and forearm based on T-scores. The Internationeie§ofor Clinical
Densitometry (ISCD) recommends using T-scores foaluating
postmenopausal women and Z-scores for adolescetigramenopausal
women. Both T- and Z-scores represent SDs fronatleeage score, but
the comparison group for Z-scores is age matchddex matched while
the T-score compares with a single sex-matchedgawllt value. The
ISCD defines a Z-score above -2 (< 2 SDs belowageras a BMD
“within the expected range for age.” Z-scores oforfdower (> 2 SDs
below average) are defined as “below the expeecieglr for age.” Z-score
comparisons with age-matched peers are especiaijyortant for
individuals under the age of 20 years becausedhegtill accumulating
bone (Leib et al., 2004).

In addition to measures of BMD, DXA measures haeerbused to
estimate bone strength (see Focus on ResearchAmaiscussed earlier,
bone strength refers to the ability of a bone teistefracture and is
determined by bone mass, physical properties ofep@nd bone
geometry. Variables thought to reflect bone strengtlude directly
measured variables, such as the cross-sectional arel calculated
variables, such as a bending index and a strend#xi(Sl).

Quantitative Computed Tomography

Quantitative computed tomography (QCT) is a nevemhhique that
provides researchers with measures of bone healddition to BMD
(Figure 16.8). QCT can determine the volumetricebamneral density
(vBMD) of trabecular and cortical bones. Volume®8W®D is a measure
of three-dimensional volume. Since QCT appears rsensitive to bone
changes than DXA, QCT measures will likely be ugsexteasingly to
assess bone adaptations to exercise (Khan e0allp

SELF-ASSESSMENT EXERCISES

I Describe the Short-Term, Light to Moderate SubmakiAerobic
Exercise

. Describe the Long-Term, Moderate to Heavy Submalkima
Aerobic Exercise

1 Describe the Incremental Aerobic Exercise to Maximu

4.0 CONCLUSION

Having read this course and successfully compl#tecassessment and
self-assessment test, it is assumed that you htaieesd understanding
of the introductory knowledge on the measurementasfliovascular

variables & responses to aerobic exercise.
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5.0 SUMMARY

This Unit has successfully summarized the measuremef
cardiovascular variables & responses to aerobiese

6.0 TUTOR-MARKED ASSIGNMENT

1. Describe the Upper-Body versus Lower-Body Aerobier€ise
2. Describe Intensity of Muscle Contraction
3 Describe Blood Flow During Static Contractions
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1.0 INTRODUCTION

This unit will explain the neuro-muscular and skalleystem.

2.0 INTENDED LEARNING OUTCOMES (ILOS)
By the end of this Unit, you will be able to;

o List the factors influencing bone health
) Describe exercise response

3.0 MAIN CONTENT

3.1 Factors Influencing Bone Health

Bone health is largely related to peak bone maamatent and bone loss
rate. Both processes are influenced by age and sex.

Age-Related Changes in Bone

Bones change in density throughout life. It shows tharacteristic
pattern between bone mass and age for males aradeferf©Ott, 1990).

The first 20 years of life are characterized byvacgrowth in bone mass.
About 25% of the final adult bone is accumulateahfrapproximately

11.5-13.5 years (around the age of menarche) ftg gnd 13.0-15.0
(peripuberty to postpuberty) for boys. This appnaxies the amount of
bone lost in females in postmenopausal years (MagKet al., 2002).

The skeletal consolidation phase occurs in eartljtadod, and peak bone
mass is generally attained by 30 years. Shortéyr #fie attainment of peak
bone mass, bone mass loss begins. After a rapsdploase, the rate of
bone loss decreases (Teitelobaum, 1993). The thearetirves shown in
Figure 16.9 assume the attainment of full genetmtemtial. If
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environmental factors such as exercise, nutritmg, hormonal status are
inadequate, full genetic potential for bone masy mat be realized,
increasing fracture risk (Heaney et al., 2000). 3hecific effect of aging
is difficult to know precisely because bone headtlaffected by many
factors, especially physical activity level andntignal patterns (Tucker
et al., 2002; Wohl et al., 2000).

Male-Female Differences in Bone Mineral Density

BMD varies between males and females. Total BMDnhgea throughout
the life span for both sexes. BMD increases througlthildhood and
early adult life for both sexes, but the peak BMtiaiaed is less in
females than males (Ott, 1990). In addition toedt#hces in total BMD,
BMD also varies between males and females accotdimgeasurement
site (Beck and Marcus, 1999). At menopause, femasesthe protective
influence of estrogen, and bone loss acceleratesstifogen is not
pharmacologically replaced. The loss of the protecinfluence of

estrogen explains the prevalence of osteoporo@ctdres in older
postmenopausal women.

Development of Peak Bone Mass

Peak bone mass is attained during the mid-30s tin exes, although
95% of peak bone mass is achieved by age 20 (Betkarcus, 1999).
The individual’s peak bone mass developed in yoadglthood is
influenced by mechanical factors, nutrition, horraldevels, and genetics
(Heaney et al., 2000; Ott, 1990). Mechanical factoclude physical
activity and gravity. These forces are generallpsidered necessary
stimuli for bone formation and growth (Frost, 1993judies done with
astronauts and with individuals confined to bed ck=arly show a loss of
BMD when bone is not subjected to the force of gyav

Although additional research is needed to speciBrase prescriptions
for optimal skeletal development, children and adoénts should be
encouraged to engage in physical activity to prenmine health along
with other positive changes and development withire body.
Specifically, for bone development, children andladcents should be
encouraged to participate in high-impact activi{@smston et al., 1993;
Khan et al., 2001c; Vicente-Rodriquez, 2006; Greand Naughton,
2006; Macdonald et al., 2007). Some have suggéséedhe time period
of puberty is particularly important for the devetoent of bone mass
(MacKelvie et al., 2002). For girls, peak BMC vatgcoccurs on the
average at about age 12.7 years (the average agenairche); for boys,
it occurs about 1.5 years later. Of course, maturat age varies widely
among individuals. Specific exercises for bone tgvaent are generally
important from approximately 9—16 years.
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Adequate nutrition is necessary for developingrangt skeletal system.
Dietary calcium is essential for bone health buifisn deficient in young
athletes. It shows the recommended Dietary Referbriake of calcium.
Note that these are Adequate Intake (Al) valuest iy recommended
amounts based on observed or experimentally dateth@ipproximations
from healthy individuals when a more specific Reomended Dietary
Allowance has not been determined.

Unfortunately, many individuals fall well below thhecommendations,
particularly young women concerned about weightm@nFor instance,

young women may eliminate dairy products from tlt because they
are high in fat. But dairy products also are are#&at source of calcium.
Thus, while trying to maintain weight, these atbtetmay be negatively
affecting the attainment of peak bone mass. Exemmiefessionals must
consider the need for dietary calcium when coungefioung athletes
(particularly females) about weight management (Aca@ College of

Sports Medicine, 2004; Loucks, 1988). The avaiigbdf the many low

fat dairy products makes it easier to include cautin the diet.

Adequate estrogen levels are also needed to gizak bone mass.
Finally, there are genetically determined limitsthe amount of BMD

that an individual can attain. The only way to aslel genetic potential,
however, is to pay careful attention to modifiafdetors: nutritional

status, hormonal status, and activity level.

3.2 Exercise Response

Physical activity increases mechanical forces onebo This leads to
physiological changes in bone cells that allow btmée modeled and
remodeled.Mechanotransduction is the process by which a bone
responds to a mechanical force on it. Physicalviggtiapplies a
mechanical force (e.g., bending or deformation)atdoone. Bending
causes botbompressivatress antensilestress that alter the hydrostatic
pressure in different regions of the bone tissaasing movement of fluid
in this tissue. Fluid flows through the small canahd spaces within the
bone matrix (lacunocanalicular system) and aroistdazytes; this flow
aids in the transport of nutrients and waste. Thisl movement also
exerts a shear stress that may stimulate an ostieogsponse, resulting
in the formation of a new bone. Physical actividyises specific changes
in bone physiology within minutes. Soon after a haggcal load is placed
on bone cells, they release prostacyclin; thioieied within minutes
by an increase in enzymes related to metabolisatoS$wenty-four hours
after activity, RNA synthesis increases. Thereuslence of increased
collagen and mineral deposition on the bone sudatten 3-5 days after
a bout of loading (Khan et al., 2001b).
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SELF-ASSESSMENT EXERCISES

I Describe the Short-Term, Light to Moderate SubmaxiAerobic
Exercise

. Describe the Long-Term, Moderate to Heavy Submalkima
Aerobic Exercise

iii. Describe the Incremental Aerobic Exercise to Maxmu

4.0 CONCLUSION

Having read this course and successfully compldtecassessment and
self-assessment test, it is assumed that you Heaieesd understanding
of the introductory knowledge on the measurementarfliiovascular

variables & responses to aerobic exercise.

5.0 SUMMARY

This Unit has successfully summarized the measuremef
cardiovascular variables & responses to aerobicese

6.0 TUTOR-MARKED ASSIGNMENT

1. Describe the Upper-Body versus Lower-Body AerobierEise
2. Describe Intensity of Muscle Contraction
3 Describe Blood Flow During Static Contractions

7.0 REFERENCES/FURTHER READING

Beck, B., & R. Marcus: Skeletal effects of exerarsmen. In E. S. Orwoll
(ed.), Osteoporosis in Men: The Effect of Gender Skeletal
Health San Diego, CA: Academic Press, 129-155 (1999).

Beck, B. R., & C. M. Snow: Bone health across tfespan—exercising
our optionsExercise and Sport Sciences Revie®ig3):117-122
(2003).

Borer, K. T.: Physical activity in the preventiomcaamelioration of
osteoporosis in women: Interaction of mechanicatonal, and
dietary factorsSports Medicine35:779-830 (2005).

Burge, R., B. Dawson-Hughes, D. H. Solomon, J. Bn@/ A. King, &
A. Tosteson: Incidence and economic burden of psiesis-
related fractures in the United States, 2005—-20@%tnal of Bone
and Mineral Researct22:465-475 (2007).

149



KHE 416 MODULE 4

Caine, D. J.: Growth plate injury and bone growth:update Pediatric
Exercise Scienc(3):209-229 (1990).

Canalis, E.: Regulation of bone remodeling. In Mravus (ed.)Primer
of Metabolic Bone DisorderKelseyville, CA: American Society
of Bone and Mineral Research Society Offi ce, 23EZ®0).

Carmona, R. HBone Health and Osteoporosis: A Report of the Surge
General Rockville MD: US Department dflealth and Human
Services, Offi ce of the Surgeon Genei2004. Available at:
www.hhs.gov/surgeongeneral/library/bonehealth/content.html.
Accessed December 13006.

Dalsky, G. P.: The role of exercise in the prevantand treatment of
osteoporosisOsteoporosis Repor8(4):2—3 (1993).

Dalsky, G. P., K. Stocke, A. Ehsani, E. SlatopoJ3iy Lee, & S. Birge:
Weight-bearing exercise training and lumbar boneemal content
in post-menopausal womenAnnals of Internal Medicine
108:824-828 (1988).

Delvaux, K., J. Lefevre, R. Philippaerts, et al.nBamass and lifetime
physical activity in Flemish males: A 27-year follup study.
Medicine and Science in Sports and Exerc&2(11):1868-1875
(2001).

DeSouza, M. J., & N. I. Williams: Physiological asps and clinical
sequelae of energy defi ciency and hypoestrogemsrercising
women.Human Reproduction Updat&0(5): 433—-448 (2004).

Donaldson, G. L., S. B. Hulley, J. M. Vogel, R.Hittner, J. H. Boyers,
& D. E. MacMillan: Effect of prolonged bed rest bane mineral.
Metabolism 19:1071-1084 (1970).

Duncan, C. S., C. J. R. Blimkie, C. T. Cowell, SBUrke, J. N. Briody,
& R. Howman-Giles: Bone mineral density in adolegdemale
athletes: Relationship to exercise type and mustiength.
Medicine and Science in Sports and Exerc¥e286-294 (2002).

150



KHE 416 EXERCISE PHYSIOLOGY

UNIT 3 APPLICATION OF THE TRAINING
PRINCIPLES & SKELETAL ADAPTATION TO
TRAINING

CONTENTS

1.0 Introduction
2.0 Intended Learning Outcomes (ILOS)
3.0 Main Content
3.1  Application of the Training Principles
3.2  Skeletal Adaptations to Exercise Training
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

Bone’s adaptation to physical activity dependshantype of loading. In
other words, the response is specific to the typactvity performed.
Stress(or load) refers to the external force applied tboae, whereas
strain (deformation) refers to changes in the bone tis$hes unit will
explain the neuro-muscular and skeletal system.

2.0 INTENDED LEARNING OUTCOMES (ILOS)
By the end of this Unit, you will be able to;

o List the factors influencing bone health
o Describe exercise response

3.0 MAIN CONTENT

3.1 Application of the Training Principles

Adaptations in any given physiological system aepeahdent on the
extent to which exercise stresses that systeminstances, adaptations
in the cardiovascular system depend on the inigndration, and
frequency of predominantly aerobic exercise tragninSimilarly,
adaptations in skeletal muscle depend on the loachber of reps, rest
period, number of sets, and frequency at which-loealing exercise is
performed. The adaptation to a mechanical load qjghY activity) in
bones depends on the strain magnitude, straindigtepution of load on
the bone, and number of cycles (Khan et al., 2001a)

151



KHE 416 MODULE 4

Strain magnitudes the amount of relative change in bone lengtheund
mechanical loadingstrain rateis the speed at which strain develops and
releasesDistribution of loadrefers to how strain occurs across a section
of bone Straincyclesare the number of load repetitions. Thechanostat
theory, suggests that a bone adapts to set poimtsromal effectivetrain
(MES. This theory suggests that a control system degria which an
MES is necessary to maintain a bone and that aehi§lES must be
surpassed to overload a bone appropriately fortigesadaptations
(increased BMD and strength). Above the repair Mife enters a state
of overuse. In the pathological overuse zone, bso#ers from
microdamage, and woven (unorganized) bone is addedart of the
repair process, leading to increased bone massdiubone strength
(Khan et al., 2001a).

The precise type and amount of activity for enhag@nd maintaining
bone health are not fully known at present. Howgeveeveral
recommendations can be made based on the mechatiestay and
research. The overall goals of physical activitatiee to skeletal health
are to (a) increase peak bone mass in adolesdbptspinimize age-
related bone loss, and (c) prevent falls and frastAmerican College
of Sports Medicine, 2004).

Specificity

The specificity principle applies to the specifunies being stressed, the
composition of the bone being stressed (corticeduse trabecular), and

the type of activity being performed. Research gaggest that the type
of exercise or activity performed greatly influeaskeletal adaptations.

Weight-bearing exerciserefers to a movement in which the body weight
is supported by muscles and bones, thereby wodgagnst gravity.

Non— weight—bearing exerciseby contrast, refers to a movement in
which the body is supported or suspended, therebyvorking against
the pull of gravity. Weight bearing or impact-loagiactivities, such as
running, gymnastics, stair climbing, volleyball,daresistance training,
are more likely to stimulate increased bone maas tlon—weight-bearing
activities, such as swimming and cycling (Americaollege of Sports
Medicine, 2004; Dalsky, 1993; Duncan et al., 2@Bg&mston et al., 1993;
Proctor et al., 2002). The best activity is chosased on the individual's
health and preference. When considering exerciséntbviduals with
low BMC, the risk of falling and causing a fractusea major concern.
Activities with a high risk of falls or collisionsshould not be
recommended for certain populations, such as adetts (American
College of Sports Medicine, 2004; Dalsky, 1993).c&8ee dynamic
resistance training is associated with positiveptatteons in skeletal tissue
as well as muscular fitness, exercise physiologjstgerally recommend
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this type of exercise for maintaining both muscwad skeletal health
(American College of Sports Medicine, 2004; Layne &lelson, 1999).

Loading seems to have a localized eff&blff 's Law); thus, specific

sites can be isolated for impact. Conversely, &ggmynamic resistance
program that works all the major muscles of theybsitbuld benefit the
total skeleton. Note that bone tissue does notaperespond to static
resistance exercise (Turner and Robling, 2003).

The Check Your Comprehension box provides you gheodunity to
apply the information presented in this section.

Overload

As mentioned earlier, weight-bearing exerciseslt@sypositive skeletal
adaptations. The threshold for a stimulus thaiat@s new bone formation
Is termed the MES for remodeling (Frost, 1997).0ad or force that
exceeds this threshold and is repeated a sufficiantber of times is
thought to cause osteoblasts to secrete osteoittaddo the formation
of a new bone. The MES for bone modeling, and thesimpact load
necessary to induce positive skeletal adaptationhiumans, is not
precisely known, but the stimulus must include ésrcconsiderably
greater than those of habitual activity. There trorgy evidence that
weightbearing, impact-loading exercises can leaghtoncrease in BMD
in children and adolescents and also decreasgéiectated loss of BMD
in adulthood (American College of Sports Medicia@04; Borer, 2005;
Ernst, 1998).

Impact loads, and thus the strain applied to barees pe manipulated by
increasing repetitions or by increasing the straagnitude as measured
by ground reaction force or joint force. For exaeppunning loads the
bones by high repetition, whereas rope jumping loaels the bones
primarily by intensity (strain magnitude). For at#mns in skeletal
tissue, intensity is apparently more important theetition (Beck and
Marcus, 1999). Until the amount of exercise neetledmpose an
overload is known, the rate of adaptation or thealdprogression
necessary to induce additional gains in bone densénnot be
determined. However, any type of exercise overlaaeénsity, duration,
or frequency) must begin at a level the individceh safely tolerate and
progress gradually. Skeletal adaptations are unigaerms of the slow
turnover rate of a bone. Because it takes about rBedths for one
remodeling cycle to complete the sequence of besarption, formation,
and mineralization, a minimum of 6—8 months of el training are
typically required to detect a measurable chandmme mass in humans,
using current technology (American College of Spéftdicine, 2004).
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Rest/Recovery/Adaptation

To date, little research has been done with huntangetermine the

optimal amount of rest and recovery for positiveadadaptations. Some
researchers have used information from animal stuth develop an
osteogenic index (Ol) (see Focus on Application)lioxguide exercise

prescription for bone adaptations, but the utiitysuch a tool has not yet
been proven. It is known that inadequate rest asdvery along with

excessive repetitive loads can lead to stressuir@et(discussed later in
this chapter).

Individualization

The individual response principle applies to thelstal system as well as
other body systems; that is, different people redpo the same exercise
stress differently depending on their genetic makewrmonal and
nutritional status, and so on. Individuals with IBMD have the greatest
potential for benefit.

Additionally, exercise interventions’ goals vary fodividuals across the
lifespan. During childhood, the primary goal is bmprove bone
acquisition and attain the highest peak bone masstigally possible.
High-impact activities, such as jumping and hoppirgould be
incorporated into activity starting in the prepubéryears. The goal
through early adulthood is to build bone, and tiglouniddle age to
maintain bone. This requires weight- bearing attiwith a force of
impact greater than 2.5 times body weight. For oédkilts, the goal is to
reduce bone loss and prevent falls. This means asmphg those
activities that challenge the postural system asadrasistance for loading
muscles and bones. Dynamic resistance programsdghiamumote balance
and upper and lower body muscle strength to retheeaisk of falling
and possible resulting bone fractures. Osteopoiradigiduals should not
engage in jumping activities. Although walking isdlf is not a strong
bone stimulus (see Focus on Application box),etifiie of walking may
beneficially reduce bone loss (Beck and Snow, 2003)

Retrogression/Plateau/Reversibility

The reversibility principle suggests that if yowase exercising for a time,
you lose the benefits of exercising. Studies of ohilized patients
(Donaldson et al.,, 1970; Vogel and Whittle, 1976@y aiscontinued
training (Dalsky et al., 1988; Iwamoto et al., 20Rbrdstrom et al., 2005;
Winters and Snow, 2000) indicate that this priregllso applies to bones.

Maintenance

The increased BMD resulting from exercise trainiagpears to be
reduced with the cessation of training. The ratlearfe loss is not known,
however, nor is the level of activity needed to mein BMD or the

threshold at which bone loss occurs. Intense es@ttcaining during the
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pubertal years and early adulthood may lead tagredétainment of peak
bone mass, which may protect against fracturesilatée because more
bone mass can be lost before the bone is weakertled point of fracture
(Heaney et al., 2000; Karlsson, 2004). There ideawie that increases in
BMC in the femoral neck gained during 7 monthsighhimpact training
in prepubertal children were maintained during endhth detraining
period (Fuchs and Snow, 2002). Clearly, activitméeded to maintain
BMD, but additional research is necessary to datexnthe level of
activity in various age groups for maintaining irmpements in BMD that
resulted from exercise training.

Warm-Up and Cooldown

The effect of warm-up and cooldown on bone densityjot known.
However, warm-up and stretching are important figarhents and
tendons, which are part of the skeletal systensummary, the optimal
exercise prescription for skeletal health is naotently known. However,
this should not be used as an excuse not to egefmne weight-bearing
or impact-loading exercise is clearly better thanen Most individuals
should undertake exercise programs using weighifmpactivity and
dynamic resistance exercise.

3.2 Skeletal Adaptations to Exercise Training

The adaptation of the skeletal system to exercaring. The adaptation
of bone to exercise depends largely on the amduaattivity and may be

represented as a continuum. Measurable skeletptatttan also depends
on the type of bone being measured (trabeculaomical) as well as the
type of activity employed.

One approach to studying the effects of increadegipal activity on
bone density is to compare the dominant limb tonle@odominant limb
in sports such as tennis and baseball. These studport that the
dominant arm has greater BMD or mass than the nammothnt arm
(Huddleston et al., 1980; Jones et al., 1977; Klamtan et al., 2002). This
seems true for both females and males and acrosglea age span.
Furthermore, the difference in BMD between the dant arm and the
monodominant arm appears related to the age ahyhaiticipants started
playing the sport. Kontulainen et al. (2002) haeparted that BMD
measures of the humerus of the dominant arm areoxippately 17%
greater than those in the monodominant arm in retcgport players who
began playing before menarche, compared to a 9férelifce between
dominant and monodominant limbs in players who hegjaying after
menarche. The control group of nonathletic indigigduevidenced a 3%
difference in BMD between the dominant arm andhie@odominant arm
(Kontulainen et al., 2002). Another approach todgtog skeletal
adaptations to exercise training has been to camgdferent athletic
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groups with one another and with control groups.eskh studies
collectively suggest that individuals involved itlatics or participating
in vigorous fitness training have greater BMD tlsmdentary controls.
Furthermore, individuals involved in weight-beariaog impact-loading
sports have higher BMD than those involved in neveight-bearing
activities (American College of Sports Medicine, 020 Duncan et al.,
2002; Proctor et al., 2002; Riser et al., 1990).

Training studies have also been conducted of sadenndividuals
beginning an exercise program. BMD measurement® wempared
before and after the exercise training. A reviev2 blongitudinal studies
in which participants were randomly assigned tor@sge treatment or
control groups strongly suggests that regular maysxercise can delay
the physiological decrease in BMD that occurs \aging and reduce the
risk of osteoporosis. Weight-bearing exercisedugling weight lifting,
jumping, and running, were associated with thetgstamprovements in
bone mass (Ernst, 1998).

Skeletal adaptation to exercise depends on theoidlee participant.
Vigorous exercise helps increase bone mass an#tran children and
is thus important for the attainment of peak bomssnFurthermore, bone
mass tracks from childhood to adulthood, as showrthie following
studies. One study (Barnekow-Bergkvist et al., 20@&ted female
students at age 16.1 years and 20 years latexe?giils had higher BMD
than inactive girls as adolescents. Those who oeatl to be active in
weight-bearing activity had significantly higher BM (5-19%) in
adulthood than those who ceased participation ay hdd never been
active. Membership in a sports club and site-specihysical
performance in adolescence were significantly aaset with higher
adult BMD. Another study (Delvaux et al., 2001)téesmales at ages 13
and 40 years. Static arm strength, running spead, upper body
muscular endurance as an adolescent contributedfisamtly to the
prediction of adult bone mass. Additionally, no sistent evidence
suggests that exercise training negatively affeetther skeletal
maturation (measured by ossification) or bone llenggrowing children.
Although isolated studies have shown both retarded accelerated
growth in stature in young athletes, the consensukat youngsters
involved in exercise training grow at the same eatte to the same extent
as their sedentary counterparts (Baxter-Jones aftuli, 2002; Caine,
1990; Malina, 1988; Plowman et al., 1991; Sprynard887).

A study by Welsh and Rutherford (1996) suggests ¢lderly men and
women respond to exercise in a similar manner. Hhgbact aerobics,
performed 2—-3 d-wk-1, resulted in an increase ioletbody BMD and
in hip and spine BMD. The increase in BMD was samilor the males
and females who participated in the 12-month stuyerall, studies
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suggest that weight-bearing and resistance exetceing play an

important role in maximizing bone mass during dmidd and

adolescence, maintaining bone mass through addjfatt®nuating bone
loss with aging, and reducing falls and fracturethe elderly (American
College of Sports Medicine, 2004). However, if sasngood, more is not
necessarily better when it comes to exercise trgignd bone health.
Excessive physical activity can exceed the adapdbiity of bone,

resulting in overuse injuries.

Skeletal Adaptations to Detraining

Research clearly shows that a cessation of weightilg exercise is

detrimental to the skeleton because it resultdassof BMD. This effect

has been clearly shown in astronauts and in patmorifined to bed rest
or immobilized in a cast. Studies have consistentljcated that weight-

bearing bones are affected more and that trabelcote (measured in the
spine) is lost at a greater rate than cortical @unaldson et al., 1970;
Frost, 1988; Vogel and Whittle, 1976).

Research also suggests that discontinuing weigririgeexercise results
in a loss of the positive adaptation that occuits waining. Detraining is
associated with a reversal of the positive effettsxercise on the bones
in young adult males 3 years after discontinuirignee hockey training
(Nordstréom et al., 2005), in premenopausal womeer & months of
detraining following a year of impact and resis&training (Winters and
Snow, 2000), and in postmenopausal women with pstesis after 1
year of detraining following a year of walking aggmnastic exercises
(lIwamoto et al., 2001).

In a classic study that investigated changes in BMth training and
subsequent detraining, Dalsky et al. (1988) repotta@t 22 months of
weight-bearing exercise caused a significant irseg®.2%) in lumbar
BMC. When subjects discontinued exercise trainiog tained < 3
d-wk-1), BMC returned to baseline values. Afterearyof detraining,
BMC was only 1.1% above baseline values.

Collective data strongly suggest that the incred&sa mineral resulting
from exercise is lost if exercise is not continueakhes respond to activity
and inactivity.

SELF-ASSESSMENT EXERCISEs

I Describe the Short-Term, Light to Moderate SubmakiAerobic
Exercise

. Describe the Long-Term, Moderate to Heavy Submalkima
Aerobic Exercise

1 Describe the Incremental Aerobic Exercise to Maximu
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4.0 CONCLUSION

Having read this course and successfully compl#tecassessment and
self-assessment test, it is assumed that you htaieesd understanding
of the introductory knowledge on the measurementasfliovascular
variables & responses to aerobic exercise.

5.0 SUMMARY

This Unit has successfully summarized the measuremef
cardiovascular variables & responses to aerobieses

6.0 TUTOR-MARKED ASSIGNMENT

1. Describe the Upper-Body versus Lower-Body AerobierEise
2. Describe Intensity of Muscle Contraction
3 Describe Blood Flow During Static Contractions
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