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Preface

Exercise is fundamental to human existence. For
mostmen and women exercise is essential for qual-
ity of life and for many it is the essence of their
livelihood.Somehave a competitive instinct for ath-
letic performance in the pursuit of individual hu-
man achievement. We now understand that the
maintenance of physical Wtness throughout life is
crucial if we are to remain healthy and live to an
advanced age. In these contexts, the assessment
of exercise ability is of considerable importance to
humanity. Exercise testing becomes the means of
assessing ability to perform speciWc tasks, quantiW-
cation of athletic performance, diagnosis of disease,
assessment of disability, and evaluation of re-
sponses to physical training, therapeutic interven-
tion, and rehabilitation.
Recent years have indeed witnessed widespread

applications of exercise testing that range from
clinical uses in assessing debilitated patients to
sports medicine venues and the testing of élite ath-
letes. Some exercise tests are appropriately per-
formed with a minimum of equipment, such as a
watch and a measured course. Others involve more
sophisticated instrumentation enabling more de-
tailed assessments. Advances in technology have
rendered all exercise tests more accessible and
more aVordable, although not necessarily easier to
perform with accuracy and reliability. Wireless
heart rate monitors give instantaneous and reliable
heart rates in the Weld or in the laboratory. Bi-direc-
tional, light-weight, mass Xow sensors have ob-
viated the need for cumbersome valves and tubing
and, together with miniaturized and fast-respon-
ding gas analyzers, enable the calculation of oxygen
uptakewith every breath. Computer technology has
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revolutionized the real-time acquisition and analy-
sis of data, although not necessarily made exercise
tests any easier to interpret.
We have both practiced and taught in the Weld of

exercise testing and interpretation for many years.
We saw the need for a practical text that succinctly
explains the physiology of exercise and also gives
detailed advice regarding the conduct and interpre-
tation of exercise tests in a variety of settings. We
have included clinical and sports medicine applica-
tions because we are convinced that these disci-
plines will merge in the future. We have addressed
technical considerations, pitfalls, and solutions. We
have placed emphasis on creative Wgures and dia-
grams to oVer systematic explanations and
schemata for interpretation. We have also attem-
pted to address the confusion that surrounds termi-
nology in this diverse Weld. We have done so
through a systematic, logical, and critical examin-
ation of the concepts and applications of the Weld.
We hope our approach is enlightening and not a
mere addition to the plethora of terms and symbols
already in use.
Exercise testing, whichwe abbreviate to XT, can be

conducted for several purposes, in a variety of set-
tings. Performance exercise tests (PXT) can be per-
formed in the Weld or laboratory using a selection of
protocols, depending upon the purpose of the test.
Typicaly, PXT are conducted to establish exercise-
training guidelines and to monitor progress. Clini-
cal exercise tests (CXT) have a somewhat diVerent
emphasis and are almost exclusively conducted in a
laboratory setting. CXT can be diagnostic, seeking
an explanation for exercise impairment; for risk as-
sessment, such as from coronary artery disease or
surgery; or alternatively formonitoring, for example
to quantify the response to therapeutic or surgical
interventionsor to document progress in rehabilita-
tion. Exercise capacity can bemeasured by diVerent
protocols ranging from the time required to com-
plete ameasured course to the acquisition of a wide
range of cardiovascular, ventilatory, and gas ex-
change variables. Functional exercise tests focus on
ability to performa speciWc task whereas integrative
exercise tests compile an array of variables with

which to study the underlying physiology of the
exercise response.
Several features of this book are unique. The core

of the book describes instrumentation and proto-
cols for exercise testing followed by response vari-
ables and their interpretation. The book is laid out
so that the reader can easily locate a piece of equip-
ment or response variable for ready reference.
Chapter 2 (Instrumentation) describes apparatus
for exercise testing explaining, succinctly, the prin-
ciples of operationand essential facts about calibra-
tion and maintenance of the equipment. Chapter 3
(Testing methods) describes protocols for exercise
testing with many important details, gleaned from
years of experience, that facilitate a successful test.
Chapter 4 (Response variables) expands on the
many physiological variables that can be derived
from exercise testing, ranging from simple timed
distances to the complex integrated cardiovascular
and gas exchange variableswhich underlie the exer-
cise response. Each variable has its own section
including a deWnition, derivation, and units of
measurement, along with examples of the normal
and abnormal responses. Chapter 5 (Data integra-
tion and interpretation) presents a novel and sys-
tematic approach to help the reader develop a
conWdent and meaningful interpretation of the
data. There is an emphasis here on integrative exer-
cise testing because interpretationof this type of XT
has often presented more problems to the exercise
practitioner. Chapter 6 illustrates the principles ex-
pounded in Chapters 2 through 5 with a selection of
real cases. Finally, the appendices are designed to
be a valuable resource for the exercise practitioner.
They include a glossary of proper terms and sym-
bols as adopted by exercise physiologists, simpliWed
algorithms to help explain the derivation of sec-
ondary variables, predicted normal values with
appropriate critique, examples of worksheets that
facilitate testing, and a section on frequently asked
questions.
Finally, a few words about the units of measure-

ment incorporated in this book. Our goal has been
to write a book that will be of practical value to
persons throughout the world who are involved in

x Preface



exercise testing and interpretation. As such we have
had to deal with certain inconsistencies in currently
accepted units of measurement. Some countries,
including the USA, continue to use imperial rather
than metric units for certain measurements. The
Système International d’Unités attempts to bring
everyone into concordance with a metric system.
However, some traditional units do not lend them-
selves comfortably to this conversion.We have used
SI units whereverpossible but referred to traditional
units as well when conversion was not straightfor-
ward. Readers will undoubtedly Wnd some incon-
sistencies and discrepancies but hopefully these
can always be resolved by reference to Table B1 in
Appendix B which explains any necessary conver-
sions.
This book is intended to be a practical text which

exercise practitioners would want readily available
in their clinical or research laboratories, rehabilita-
tion facilities, and sports clubs. The bookmay prove
useful for chest physicians, cardiologists, exercise
physiologists, occupational health physicians,

sports physicians, sports scientists, laboratory tech-
nicians, physical or respiratory therapists, medical
students, and postgraduate students in the exercise
sciences. Thematerial for the book has evolved over
many years of teaching exercise physiology, exer-
cise testing, and interpretation. Parts of the book
reXect a syllabus that we have developed and re-
Wned over the past eight years for an annual sympo-
sium that has taken place at UCLA as well as several
national and international venues. ReXecting our
own careers and experiences, we have tried to ap-
proach the topic simultaneously from the perspec-
tives of exercise science and clinical medicine. By
doing so we have attempted to develop a compre-
hensive and balanced view of a complex subject
which we hope will appeal to, and draw together, a
broad range of disciplines with a common purpose
– that of understanding the human exercise re-
sponse.

CBC, TWS
Los Angeles, California
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Purpose

Introduction

The human body is designed for the performance of
exercise. Habitual patterns of exercise activity are
known to be linked to health, well-being, and risk of
disease. In Wtness and athletics, exercise capacity is
linked to performance and achievement. In clinical
medicine, exercise performance is intricately re-
lated to functional capacity and quality of life.
Hence the importance of exercise testing and inter-
pretationas a means of determining exercise capac-
ity and identifying factors which might limit
exercise performance. Exercise professionals,
whether concerned with physical Wtness and sports
or clinical medicine and rehabilitation, should be
well versed in methods of exercise testing and inter-
pretation. Hence the need for a practical guide to
assist in this undertaking.
A wide variety of methods have evolved for the

purpose of assessing exercise capacity and ident-
ifying speciWc limiting factors. Field tests are
commonly used in Wtness and sports to assess ath-
letic performance, but can be used to assess prog-
ress in clinical or rehabilitative settings. Laboratory
exercise protocols are also used to assess Wtness and
are often combined with electrocardiography to di-
agnose coronary artery disease. Symptom-limited,
incremental exercise testing, including measure-
ment of ventilation and gas exchange, has proven to
be an important diagnostic, clinical, prescriptive,
and rehabilitative tool. Thesemore complex labora-
tory tests evaluate the integrated human cardiovas-
cular, ventilatory, andmusculoskeletal responses to

exercise. Whether the assessment is conducted in
the Weld or in the laboratory, all of these exercise
tests require careful attention to detail if meaningful
information is to be derived.
This book provides a detailed examination of the

instruments, methods, proper conduct, and inter-
pretation of a variety of exercise tests. This is meant
to be a practical guide, assisting the reader in every
step of the process with fundamental information,
examples, and practice using a time-testedmethod-
ology. The next section of this chapter reviews the
basic exercise physiology that underlies exercise
testing and interpretation. It is included not as a
primer, but rather to illustrate the important con-
cepts involved.

Basic exercise physiology

Coupling of cellular respiration to external work

During the performance of most types of exercise, it
is well known that oxygen uptake (V̇o2) is tightly
coupled to external work rate (Ẇ) or power output.
The essential components of this coupling are illus-
trated in Figure 1.1. Central to our understanding of
exercise physiology is the measurement of alveolar
oxygen uptake (V̇o2alv) by collection and analysis of
exhaled gases. V̇o2alv provides the systemic arterial
oxygen content for delivery to exercising muscles.
Hence, the extent to which V̇o2alv matches muscle
oxygen consumption (Q̇o2mus) is in part a reXection
of the eVectiveness of oxygen delivery via the
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Figure 1.1 Cardiovascular and ventilatory coupling to external work. See the accompanying text and Appendix A for deWnitions of

the symbols.

circulation. In steady-state conditions V̇o2alv should
reXect the oxygen consumption of all tissues, in-
cluding Q̇o2mus. However, in unsteady-state condi-
tions, such as during an incremental exercise test or
during the transition from rest to constant work rate
exercise, changes in V̇o2alv typically lag behind
changes in Q̇o2mus. In exercising muscle oxygen is
utilized in the productionof high-energy phosphate
compounds (~P). The yield of ~P per oxygen mol-
ecule is dependent on the substrate being utilized
for energy generation, which in turn dictates the
respiratory quotient (RQ) of the muscle tissue. The
conversion of chemical energy in the form of ~P to
intrinsicmuscle work (Ẇmus) dependson contractile
coupling and mechanisms that result in actin–
myosin cross-bridge formation and muscle
shortening. Finally comes the conversion of Ẇmus to
external work (Ẇext), which can be measured by an
ergometer. This last stage has a signiWcant eVect on
work eYciency, being inXuenced by musculo-
skeletal coordination and undoubtedly incorpora-
ting a skill factor. Aside from the choice of substrate
and the skill factor, it can be appreciated that the
sequence of mechanisms described above is largely
deWned by immutable metabolic reactions and
ultrastructural properties of human skeletalmuscle.
Not surprisingly, therefore, when a short-duration
exercise protocol which utilizes carbohydrate as the
predominantmetabolic substrate is performedon a
cycle ergometer which minimizes the skill factor,

the relationship between V̇o2alv and Ẇext demon-
strates linearity and remarkable consistency among
normal subjects (see Chapter 4).

Cardiopulmonary coupling to external work

Integrated exercise testing usually attempts to study
the simultaneous responses of the cardiovascular
and pulmonary systems. Commonly the cardiovas-
cular response is judged by changes in heart rate
( fC) with respect to measured V̇o2 whereas the pul-
monary response is judged in terms ofminute venti-
lation (V̇E). Figure 1.1 illustrates how each of these
variables is coupled to V̇o2.
Cardiac output (Q̇C) is of central importance in

the cardiovascular coupling. The Fick equation (see
Chapter 4) reminds us that the relationshipbetween
Q̇C and V̇o2 is determined by the diVerence in oxy-
gen content between systemic arterial blood and
mixed systemic venous blood (C(a–v̄)o2). Obviously
Q̇C and fC are linked through cardiac stroke volume
(SV).
Carbondioxide output (V̇co2) is of central import-

ance in ventilatory coupling. The Bohr equation
(see Chapter 4) reminds us that the relationship
between V̇co2 and V̇E is determined by the level at
which arterial carbon dioxide tension (Paco2) is
regulatedand the ratio of dead space to tidal volume
(VD/VT). Obviously alveolar V̇co2 and V̇o2 are linked
by the respiratory exchange ratio, R.
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Metabolic pathways

This book will not attempt a detailed description of
all of the metabolic pathways involved in exercise.
However, a simpliWed description of cellular energy
generation follows and is illustrated in Figures 1.2
and 1.3.
Whilst fat and protein degradation can some-

times be important in the metabolic response to
exercise, undoubtedly the principal substrate for
muscle metabolism is carbohydrate in the form of
muscle glycogen. The degradation of glycogen to
pyruvate occurs in the cytosol and is termed
anaerobic glycolysis or the Embden–Meyerhof
pathway (Figure 1.2). Firstly, glycogen must be split
into glucose units by a glycogen phosphorylase.
Each molecule of glucose is then converted to two
molecules of pyruvate, with the net generation of
two ATP molecules and four hydrogen ions. The
hydrogen ions are taken up by the coenzyme NAD
to form NADH+H+.
Pyruvate undergoes oxidative decarboxylation

that irreversibly removes carbon dioxide and at-
taches the remainder of the pyruvate molecule to
coenzyme A (CoA), forming acetyl-CoA. Note that
acetyl-CoA is also the product of fatty acid �-oxida-
tion. Acetyl-CoA enters the mitochondrion and
combines with oxaloacetate to become citrate. In
this way acetyl-CoA becomes fuel for the tricar-
boxylic acid (TCA) cycle, otherwise known as the
Krebs cycle or citric acid cycle (Figure 1.2). This
sequence of enzymatic reactions dismembers
acetyl-CoA, yielding carbon dioxide and hydrogen
atoms. Once again the hydrogen ions are accepted
by coenzymes. For every acetyl unit consumed in
the cycle, there are two carbon dioxide molecules
produced along with three NADH+H+ and one
FADH2. In addition there is one directly produced
molecule of GTP which contains an equivalent
amount of energy to ATP. Note that by accepting
hydrogen ions the coenzymes NAD and FAD play a
vital role in trapping energy.
The main engine for cellular energy generation is

the mitochondrial pathway for oxidative phos-
phorylation, which is shown in Figure 1.3. This

pathway is also called the respiratory chain or elec-
tron transport chain. The chain is a complex device
consisting of lipoproteins with diVerent cytoch-
romes, metals, and other cofactors. Essentially, the
chain facilitates the Xow of electrons from coen-
zymes NADH+H+ and FADH2 releasing energy for
the phosphorylation of ADP to ATP at three sites.
Finally, two electrons are combined with two pro-
tons (H+) and oxygen to form water. NADH+H+

enters the Wrst stage of the chain, giving rise to NAD
and three ATP, whereas FADH2 enters the second
stage of the chain, giving rise to FAD and two ATP.
The oxidized coenzymes are released and become
available to catalyze dehydrogenase reactions fur-
ther.
Summarizing all of the pathways described

above, the usual process of cellular energy gener-
ation can be described by two equations:

NADH+H++ 1
2O2 + 3Pi + 3ADP� 3ATP+NAD+H2O

(1.1)

FADH2 +
1
2O2 + 2Pi + 2ADP�2ATP+NAD+H2O (1.2)

Complete combustionof onemolecule of glucose in
the presence of suYcient oxygen leads to the gener-
ation of approximately 36 molecules of ATP. This
number varies depending on how one views the
degradation of glycogen and to what extent energy
is consumed transporting protons from anaerobic
glycolysis into the mitochondrion. NADH+H+ does
not cross the mitochondrial membrane and there-
fore its protons are transferred by a ‘‘shuttle’’ to
FAD which enters the electron transport chain at
the second rather than the Wrst stage.
When oxygen is not available in suYcient quan-

tity for complete oxidative phosphorylation, then
several important changes ensue:
1. The mitochondrial pathways, including the TCA

cycle and electron transport chain, are ineVec-
tive.

2. Pyruvate accumulates in the cytosol and is con-
verted to lactate.

3. The regeneration of ATP from ADP slows by a
factor of approximately 18.

4. Muscle glycogen is more rapidly consumed.
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Figure 1.2 Metabolic pathways for cellular energy generation showing anaerobic glycolysis in the cytoplasm and the citrate cycle

in the mitochondrion.
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Figure 1.3 Schematic representation of the mitochondrial electron transport chain.

5. Lactate eZuxes into the plasma where bicarbon-
ate buVering generates carbon dioxide.

6. Gas exchange and ventilatory changes occur in
response to the need to eliminate the additional
carbon dioxide.

A compromised ability to regenerate ATP from ADP
by oxidative phosphorylation leads to the accumu-
lation of ADP. In these circumstances the my-
okinase reaction can combine two ADP molecules
to create one ATP molecule and one AMP molecule
(see Equation 1.3). AMP is then degraded by the
action of the enzyme myoadenylate deaminase to
create inosine and ammonia (see Equation 1.4).

2ADP�ATP+AMP (1.3)

AMP� Inosine+NH3 (1.4)

These secondary pathways of ATP regeneration
seem to be invoked in various clinical conditions
which result in cellular energy deprivation.

Aerobic and anaerobic metabolism

Considerable controversy surrounds the use of the
terms aerobic and anaerobic to describe the physio-
logical responses to exercise because of the tempta-
tion to associate anaerobic metabolism simplisti-
cally with insuYcient oxygen uptake by the body.
During incremental exercise there is not a sudden
switch from aerobic metabolism to anaerobic
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Figure 1.4 Physiological domains of exercise showing the

contribution of aerobic and anaerobic metabolism to gas

exchange. (A) Changes in V̇co
2
with increasing V̇o

2
. (B)

Corresponding increase in blood lactate. V̇o
2
� is the metabolic

threshold separating the aerobic from the aerobic plus

anaerobic domains.

metabolism when the supply of oxygen runs short.
Nevertheless, it is possible to distinguish two diVer-
ent domains of exercise intensity.
Lower-intensity exercise predominantly utilizes

aerobic metabolic pathways, including oxidative
phosphorylation for the regeneration of ATP. A
small amount of lactate is formed in exercising
muscle but blood lactate levels remain low and

stable due to eVective lactate disposal in other tis-
sues. Constant work rate exercise of this intensity
can be performed for long periods without fatigue
and the physiological parameters of the exercise
response exhibit a steady state.
By contrast, higher-intensity exercise utilizes a

combination of aerobic and anaerobic metabolism
in order to produce suYcient quantities of ATP. A
sustained increase in blood lactate occurs, resulting
in a measurable increase in carbon dioxide output
derived from bicarbonate buVering, as illustrated in
Figure 1.4. In other words, the physiological par-
ameters of the exercise response do not achieve a
steady state. A distinction between these two
physiological domains of exercise intensity can of-
ten be made using noninvasive gas exchange
measurements.
In summary, two domains of exercise intensity

can be identiWed and, for the purposes of exercise
testing and interpretation, it is helpful to consider
the transition between these domains as a meta-
bolic threshold. At the same time the terms aerobic
and anaerobic should be used strictly to describe
metabolic processes which respectively use oxygen
or do not use oxygen regardless of its availability.

Threshold concepts

Incremental exercise testing in a variety of circum-
stances is likely to reveal not only limitations to
maximal performance but also certain thresholds of
exercise intensity below or above which diVerent
physiological or pathological factors inXuence the
exercise response. Some of these thresholds might
be clear-cut. Others will be represented by more
gradual transitions. The preceding discussion indi-
cates that the transition from an exercise domain
where metabolism is predominantly aerobic to a
domain where anaerobic metabolism plays an in-
creasing role is not necessarily clear-cut. However,
for the purposes of exercise test interpretation,deW-
nition of this threshold has practical value. This is
true for exercise tests that assess physical perform-
ance in apparently healthy subjects as well as tests
which attempt to deWne exercise limitations in pa-
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Table 1.1. Energetic properties of different metabolic substrates relevant to the exercise response

Caloric Caloric

EYciency of equivalent for eqivalent for

Respiratory energy storage oxygen carbon dioxide

Substrate quotient (kcal · g−1) (kcal · l−1) (kcal · l−1)

Carbohydrate 1.00 4.1 5.05 5.05

Fat (e.g., palmitate) 0.71 9.3 4.74 6.67

Protein 0.81 4.2 4.46 4.57

tients with illness. Other clinical thresholds of prac-
tical importance in patients with cardiovascular or
pulmonary diseases undergoing exercise rehabilita-
tion are described below in the section on exercise
prescription.

Energetics and substrate utilization

This section on basic exercise physiology concludes
with a brief consideration of cellular energetics and
substrate utilization. Whatever the substrate being
used for muscle metabolism during exercise, it is
important to consider the related processes of cellu-
lar energy generation both in terms of their eY-
ciency and also the gas exchange and ventilatory
consequences for the exercise response. Firstly, let
us consider the chemical equations that deWne the
complete oxidation of carbohydrate (glucose) and a
fat (palmitate) in the presence of suYcient oxygen,
to carbon dioxide and water.
For glucose:

C6H12O6 + 36ADP+36Pi + 6O2� 6CO2+ 6H2O
+36ATP (1.5)

For palmitate:

C15H31COOH+ 129ADP+129Pi+ 23O2� 16CO2

+ 16H2O+129ATP (1.6)

These equations enable calculations of the respir-
atory quotient (RQ, or V̇co2 divided by V̇o2), the
eYciency of energy storage, and the caloric equival-
ents for oxygen and carbon dioxide of each meta-
bolic substrate, as shown in Table 1.1. The corre-
sponding values for protein are also included.
These diVerent respiratory quotients are well

known. Table 1.1 shows that fat is almost twice as
eYcient as a storage medium for energy as com-
pared with both carbohydrate and protein. The
caloric equivalents for oxygen indicate that carbo-
hydrate is the most eYcient substrate in terms of
energy generation for every liter of oxygen used in
its combustion. Work eYciency during an in-
cremental exercise test, as illustrated by the rela-
tionship between external work rate (Ẇ) and V̇o2 is
clearly related to the caloric equivalent for oxygen of
the substrate or substrates being metabolized dur-
ing the study. Finally, the caloric equivalents for
carbon dioxide serve as a reminder that fat gener-
ates less carbon dioxide than carbohydrate and
should therefore demand a smaller ventilatory re-
sponse.

Exercise test nomenclature

Many terms have been used to describe exercise
tests leading to some confusionwith the nomencla-
ture. However, exercise testing can be conveniently
partitioned into two general disciplines, two princi-
pal settings and numerous speciWc protocols (Fig-
ure 1.5). The discipline, setting, and protocol of the
exercise test should be appropriate for the purpose
of the test with the intention of deriving the desired
information with the greatest ease and Wdelity. The
two general exercise test disciplines are perform-
ance exercise testing (PXT) and clinical exercise
testing (CXT). A PXT is usually performed on appar-
ently healthy individuals for the purposes of quan-
tiWcation of aerobic capacity or Wtness assessment,
exercise prescription, and response to training or
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Figure 1.5 A classiWcation for exercise testing distinguishing

performance exercise tests for healthy individuals from

clinical exercise tests used for the evaluation and

management of patients.

lifestyle modiWcation. A CXT is performed on sub-
jects presentingwith symptoms and signs of disease
for the purposes of diagnosis, risk assessment, prog-
ress monitoring, and response to therapeutic inter-
ventions. The setting for both PXT and CXT can be
in the Weld or in the laboratory. The convention
displayed in Figure 1.5 will be used throughout this
book. Chapter 3 describes detailed methods for a
variety of Weld and laboratory exercise tests within
these categories.

Evaluation of the exercise response

An exercise response might be judged normal or
abnormal on the basis of one or more speciWc vari-
ables or based on a range of variables, which to-
gether constitute a physiological response pattern.
The extent of this analysis clearly depends on what
type of exercise test has been performed, howmuch
data is available, and what the normal response
would be expected to resemble. A normal response
can be identiWed in the context of a truemaximal or
submaximal eVort. On the other hand, when abnor-
malities are identiWed they need to be characterized
according to certain recognized abnormal exercise
response patterns (Table 1.2).
A detailed analysis of abnormal exercise response

patterns is illustrated in Chapter 5. Cardiovascular
limitation is normal, but when it is associated with

an abnormal cardiovascular responsepattern or im-
paired oxygen delivery, this points to diseases of the
heart or circulation, or perhaps the eVects of medi-
cations. Ventilatory limitation is usually abnormal
and points to diseases of the lungs or respiratory
muscles. Occasionally, one sees failure of ventila-
tion due to abnormal control of breathing. With
more sophisticated types of exercise testing, abnor-
malities of pulmonary gas exchange can be identiW-
ed. This type of abnormality generally points to
diseases of the lungs or pulmonary circulation. Re-
duced aerobic capacity and impairments of the
metabolic response to exercise can be due to abnor-
malities of muscle metabolism due to inherited or
acquired muscle disease. Finally, abnormal symp-
tom perception can be associated with malingering
or psychological disturbances. Figure 1.6 summar-
izes the principal categories of exercise limitation
and indicates how many common conditions and
diseases impact cardiovascular and ventilatory
coupling to external work.

Specific applications

Exercise testing has wide applications in health and
disease. This section proVers several ways in which
exercise testingmay be employed, including assess-
ment of physical Wtness, evaluation of exercise
intolerance, diagnosis of disease, exercise prescrip-
tion both in sports and clinical rehabilitation, and
evaluation of therapeutic interventions. These
broad categories, along with more speciWc applica-
tions of exercise testing, are listed in Table 1.3.

Assessment of physical fitness

Aerobic performance is one of the essential el-
ements of physical Wtness, along with muscle
strength, Xexibility, and body composition. Aerobic
performance is deWned by certain parameters that
can be measured using carefully selected exercise-
testing protocols. The best known of these par-
ameters is maximum oxygen uptake (V̇o2max). The
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Table 1.2. Recognizable exercise response patterns which assist in

exercise test interpretation

Normal response Abnormal response

Maximal eVort

Cardiovascular limitation

Suboptimal eVort

Abnormal cardiovascular

response pattern

Impaired oxygen delivery

Ventilatory limitation

Abnormal ventilatory response

pattern

Abnormal ventilatory control

Impaired gas exchange

Abnormalmuscle metabolism

Abnormal symptom perception

other parameters are the metabolic threshold
(V̇o2�), work eYciency (�), and the time constant for
oxygen uptake kinetics (�V̇o2). Each of these par-
ameters is described in detail in Chapter 4. They can
be derived with accuracy provided the appropriate
instrumentation and testing methods are used, as
described inChapters 2 and3. Determinationof one
or more of the parameters of aerobic performance
for a given individual facilitates the prescription of
exercise based on meaningful physiological data.
Furthermore, the identiWcation of the important
metabolic markers such as V̇o2max, V̇o2� and the
ventilatory threshold (V̇E�) deWnes the physiological
domains of exercise intensity for a given individual.
These domains can in turn be used to prescribe an
exercise program logically based on knowledge of
the metabolic proWle of that individual.
Exercise testing, with repeated determination of

certain parameters, e.g., timed walking distance,
V̇o2max (directly measured or estimated), the rela-
tionship between fC and Ẇ, and V̇o2� can be used to
track individual progression in response to exercise
training or a program of rehabilitation. Properly
conductedWeld tests using appropriate instruments
(see Chapter 2) generally provide reliable results.
Field tests are valuable for progress monitoring,
even though absolute accuracy may be less than
desired.This latter point is particularly applicable to
estimations of V̇o2max.

Evaluation of exercise intolerance

In the clinical laboratory specially designed exer-
cise-testing protocols can be used to study the wide
range of physiological variables during incremental
exercise. Applied to a symptom-limited maximal
exercise test, this approach facilitates the identiWca-
tion of speciWc physiological limitations for a given
individual. Hence, when an individual complains of
exercise intolerance, the physiological responses
can be carefully examined to see if they oVer a
plausible explanation for the subject’s symptoms.
A special application in the evaluation of exercise

intolerance is disability evaluation. A successful
disability claim often has important Wnancial impli-
cations for the claimant. Thus, it needs to be sup-
portedby objectivemeasures of exercise incapacity.
The symptom-limited incremental exercise test
identiWes those with genuine exercise limitation,
those who deliberately give a submaximal eVort,
and those who have normal exercise capacity des-
pite their symptoms.

Differential diagnosis of disease

Cardiovascular diseases

One of the most valuable applications of clinical
exercise testing is the ability to distinguish car-
diovascular frompulmonary causes of exercise limi-
tation. In the arena of clinical exercise testing,
particularly with older subjects, cardiovascular and
pulmonary diseases frequently coexist. The symp-
tom-limited incremental exercise test helps identify
which of these conditions is the limiting factor. This
can have important implications in terms of the
direction and goals of treatment.
A variety of incremental treadmill protocols have

been used for the detection of myocardial ischemia
due to coronary artery disease. These protocols are
usually limited to measurement of heart rate, blood
pressure, and a detailed recording of the electrocar-
diogram. The incremental exercise test can also
identify early cardiovascular disease such as car-
diomyopathy.However, it is often diYcult to distin-
guish early cardiovascular disease from physical
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Figure 1.6 Cardiovascular, ventilatory, and musculoskeletal limitations which aVect the performance of external work.

deconditioning. This dilemma will always exist in
the Weld of exercise assessment because the physio-
logical consequences of these two conditions are
similar. The best way to resolve this dilemma is by
using exercise prescription and repeated testing to
reveal howmuch of the physiological abnormality is
reversible.

Disorders of ventilation

Diseases of the lungs and respiratory muscles are
usually characterized by pulmonary function test-
ing as being either obstructive (e.g., asthma and
chronic bronchitis) or restrictive (e.g., pulmonary
Wbrosis or respiratory muscle weakness). Unfortu-
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Table 1.3. Specific applications of exercise testing

SpeciWc applications of exercise testing

Assessment of physical Wtness

Baseline Wtness evaluation

Exercise training prescription

Demonstration of training response

Evaluation of exercise intolerance

IdentiWcation of speciWc physiological limitations

Disability evaluation

DiVerential diagnosis of disease

Cardiovascular diseases

Cardiomyopathy

Distinguishing cardiovascular from pulmonary disease

Screening for coronary artery disease

Disorders of ventilation

Obstructive pulmonary disease

Restrictive pulmonary disease

Hyperventilation syndrome

Disorders of pulmonary gas exchange

Interstitial lung disease

Pulmonary vascular disease

Diseases of muscle

Distinguishingmyalgia frommyopathy

Psychological disorders

Malingering

Anxiety

Secondary gain

Exercise prescription

Physical training

Clinical rehabilitation

Evaluation of other therapeutic interventions

Lifestyle modiWcations

Nutritional

Weight management

Smoking cessation

Pharmacological interventions

Ergogenic drugs

Oxygen therapy

Surgical interventions

Preoperative risk assessment

Coronary artery bypass grafting (CABG)

Valve replacement

Cardiac transplantation

Lung volume reduction surgery (LVRS)

Lung transplantation

nately, this categorization does not predict what
physiological limitations or ineYciencies these
types of disease impose during exercise. Symptom-
limited incremental exercise testing reveals those
individuals with true ventilatory limitation dictated
bymechanical factors and those with abnormalities
of ventilatory control. Furthermore, a detailed study
of breathing pattern can be undertaken at various
stages of exercise intensity.

Disorders of pulmonary gas exchange

Incremental exercise remains the best method for
challenging the mechanisms of pulmonary gas ex-
change and detecting early interstitial lung disease.
By the same token, sequential exercise testing oVers
themost accuratemeansof assessing progressionof
interstitial lung disease and the response to treat-
ment. Physiological abnormalities can be detected
at maximal exercise when resting pulmonary func-
tion tests and arterial blood gases are normal. A
speciWc situation where knowledge of whether or
not someone has abnormal pulmonary gas ex-
change is important is the person who might have
interstitial lung disease from an occupational expo-
sure (e.g., asbestos).

Diseases of muscle

Increasing numbers of patients complain of muscle
soreness on exercise or one of the fatigue syn-
dromes. Incremental exercise testing provides the
means of determining whether exercise capacity is
truly diminished, and again points to the speciWc
physiological limitations. An exercise-testing
laboratory can evaluate patients with myalgia to
determine whether muscle biopsy is justiWable.
When the pattern of the exercise response suggests
myopathy, a muscle biopsy can be requested with
special histochemical stains and electron micro-
scopy. Thus, exercise testing Wnds a role in making
the important distinction betweenmyalgia and true
myopathy.
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Table 1.4. Clinical exercise thresholds relevant to cardiac and

pulmonary rehabilitation

Cardiac rehabilitation Pulmonary rehabilitation

Metabolic (lactate) Metabolic (lactate)

Myocardial ischemia (angina) Hypoxemic (desaturation)

Hypertension Dyspneic (breathlessness)

Hypotension Tachypneic (anxiety)

Dysrhythmia

Psychological disorders

A variety of psychological conditions present with
exercise intolerance. Exercise capacity may be sur-
prisingly normal. More commonly, exercise capac-
ity is reduced. This may be due to simple decon-
ditioning from inactivity. Alternatively, it may
appear that the physiological responses to submaxi-
mal exercise are normal and that exercise capacity is
consciously or subconsciously reduced for non-
physiological reasons. Observation of the pattern of
submaximal eVort is particularly helpful in this type
of evaluation.
Experienced exercise laboratory staV often Wnd

they have the ability to detect when an individual is
not genuinely limited. Discreet inquiry can reveal
that these individuals receive secondary gains from
their apparent disability. Other psychological prob-
lems such as anxiety and hyperventilation are read-
ily observed in the setting of the exercise laboratory.
Laboratories should develop reliable methods for
reporting these types of observation (e.g., using
psychometric scales).

Exercise prescription

Apparently healthy individuals

Increasing numbers of healthy individuals seek an
exercise prescription for the maintenance of physi-
cal Wtness. Individuals training for competition de-
mand more intensive physical training. In both of
these situations, the exercise prescription is best
developed on the basis of formal exercise testing.
Traditional approaches have relied upon esti-

mates ofmaximumheart rate to determine a ‘‘train-
ing zone.’’ These methods, whilst unarguably eVec-
tive to some extent, cannot be regarded as totally
reliable. A preferred approach is to use exercise test-
ing to deWne the metabolic domains of exercise
intensity, which exist for a given individual. These
domains can be anchored by heart rates or ratings
of perceived exertion and linked to metabolic en-
ergy expenditure. Exercise programming can then
be devised with a true scientiWc basis.
Given that baseline exercise testing is the most

reliable method for establishing an exercise pre-
scription, thereafter repeated exercise testing is
necessary to document improvement in aerobic
performance, or improved performance for a speci-
Wc Weld event.

Individuals with recognized illness

Exercise prescription is widely used in the discipline
of rehabilitation, whether this is after musculo-
skeletal injury, myocardial infarction, or exacerba-
tion of chronic pulmonary disease. Again, baseline
exercise testing establishes an appropriate exercise
prescription and repeated testing documents prog-
ress. In the cases of individuals with known car-
diovascular or pulmonary diseases, speciWc thresh-
olds need to be identiWed so that the exercise
prescription can be delivered eVectively within
documented margins of safety.
Table 1.4 illustrates the important pathophysio-

logical thresholds that may exist in individuals with
recognized cardiovascular or pulmonary disease.
IdentiWcation of these thresholds assists in develop-
ing a safe and eVective exercise prescription for
patients undergoing cardiac or pulmonary rehabili-
tation and is thus an important outcome of exercise
testing. Importantly, individuals with cardiovascu-
lar and pulmonary diseases, even severe, should not
be denied the potential beneWts of regular exercise
participation. Rather, they should be encouraged to
exercise within safe limits to overcome the other-
wise inevitable consequences of inactivity that
would lead to physical deconditioning and contrib-
ute to a worsening of their overall health and quality
of life. In this regard, exercise testing is a valuable
asset.
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Evaluation of other therapeutic interventions

Lifestyle modiWcations

Every year in the USA, 40 million individuals seek to
reduce their body weight by nutritional or other
means. Dietary adjustment alone is inappropriate
without an exercise regimen.Therefore proper exer-
cise prescription plays an essential role in weight
management. Sequential exercise testing, either by
simple Weld tests or with determination of oxygen
uptake, documents the anticipated improvement in
exercise capacity which in turn serves as positive
feedback to the individual.
Another lifestyle modiWcation which is important

for many individuals is smoking cessation. Coupled
with a carefully programmed exercise regimen,
smoking cessation should lead to signiWcant physi-
cal reconditioning and improvement in exercise ca-
pacity.

Pharmacological interventions

The sports industry has long been preoccupiedwith
debate as to whether certain drugs have ergogenic
properties, i.e. whether they themselves increase
exercise capacity. Statements about the ergogenic
capabilities of many drugs are exaggerated. How-
ever, the appropriate means of determining
whether a drug itself is responsible for increased
exercise capacity is to conduct Weld tests, maximal
exercise tests, or comparison of key physiological
variables for selected submaximal exercise proto-
cols.
In the clinical arena, many pharmacological

agents are prescribed with the intention, directly or
indirectly, of improving exercise capacity and abil-
ity to perform the activities of daily living. These
agents include drugs purported to improve skeletal
muscle contractility, cardiac output, and ventilatory
capacity or alternatively to reduce blood pressure,
fatigue, breathlessness, or other limiting symptoms.
Exercise testing is necessary to demonstrate objec-
tive evidence of such improvements.

Surgical interventions

Several studies have attested to the usefulness of
exercise testing in preoperative risk assessment,
particularly in patients with moderate and severe
cardiac or pulmonary disease. In the past, many
surgeons relied on intuition or a simple exercise
challenge like stair climbing to assess physical Wt-
ness before surgery. Often their judgments were
accurate, although not necessarily based on objec-
tive measures. In the modern era, with the avail-
ability of a range of formal exercise tests, actual
determination of exercise capacity is appropriate.
Maximum oxygen uptake and also the metabolic
threshold of lactate accumulation have been shown
to have discriminatory value.
Exercise testing has been used to assess patients

awaiting heart and lung transplantation. The infor-
mationwhich formal testing provides has been suc-
cessfully used to prescribe rehabilitative exercise
and obtain surprising improvements in exercise ca-
pacity in these groups of patients. Indeed, the reha-
bilitative improvements in some cardiac patients
have been suYcient to obviate the need for trans-
plantation. A similar approachmight be considered
before other types of cardiac surgery.
A surgical approach is now advocated for certain

patients with severe emphysema. One of the major
claims of so-called lung volume reduction surgery is
improvement in exercise capacity. Indeed, this
should be a primary goal if such surgery is to be-
come widely accepted. Consequently, this type of
intervention needs to be evaluated by formal exer-
cise testing before and after surgery.

Conclusion

The ability to perform exercise is one of the most
fundamental aspects of human existence. The abil-
ity to test exercise performance is therefore of ut-
most importance whether a subject desires athletic
performance, exercise prescription, diagnosis of ex-
ercise limitation, or evaluation of a therapeutic in-
tervention. This book attempts to bring a level of
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sophistication to exercise testing and interpretation
that, if embraced, can greatly enhance the expertise
of exercise professionals and increase the value of
the information they provide.
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2

Instrumentation

Introduction

Before exercise tolerance is evaluated, the practi-
tioner must carefully consider a number of factors
that will ultimately inXuence the interpretation of
results and ensuing interventions.These include the
purpose of the test (Chapter 1), key variables re-
quired for accurate test interpretation (Chapter 4),
and the best test available for the test objectives
(Chapter 3). In considering which data will best
serve these objectives, the practitioner should select
the most appropriate instrumentation available for
their collection. This chapter presents a number of
instrumentation options in the context of test pur-
poses and data desired for interpretation. These in-
clude relatively simple Weld tests, submaximal lab-
oratory tests, and maximal eVort tests. Details of
actual application of these instrumentswill be pres-
ented in Chapter 3. Each instrument will be pres-
entedwith its descriptionand principle of operation
followed by methods of calibration, its accuracy,
and precision. Maintenance of the instrument is
also discussed. This chapter begins with a brief re-
view of important measurement concepts that in-
Xuence instrument selection. Figure 2.1 illustrates
these concepts.

Measurement concepts

Validation

An instrument is thought to be valid if it accurately
measures the variable(s) it is said to measure. For

example, a heart rate meter is valid if it accurately
represents the true value of the heart rate. It is
prudent for the practitioner to ensure the accuracy
of measurement instruments. This requires peri-
odic validation studies in which the instrument in
question is compared against a ‘‘gold standard’’ or
reference method in its ability to measure the vari-
able in question. Unfortunately, absolute accuracy
can only be determined if one is absolutely certain
of the true value. This may be impossible. Thus, one
must decide how much deviation from the true
value (error) is acceptable. This decision should be
made prior to the purchase of any instrumentation.

Calibration

Calibration is a procedure in which an instrument is
adjusted consequent to its measurement of values
for a variable known to be true. For example, when a
scale is being calibrated, known weights are placed
on the scale that is then adjusted according to the
scale’s reading. It is important that calibrations be
performedover the expected range ofmeasurement
for the variable of interest. Generally, this requires
multiple trials with diVerent known values. Again,
using the scale example, if a laboratory scale was to
be used for children, it might be reasonable to en-
sure calibration over a range of 20–50 kg, whereas in
a sports medicine setting, a range of 80–180 kg may
be more appropriate. Instrumentation should be
purchased in consideration of the range of expected
measurements. Calibration is not validation.
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Figure 2.1 Illustrations of accuracy and precision using the analogy of shots Wred at targets. (A) Poor precision and poor accuracy.

(B) Good precision and poor accuracy. (C) Improved precision and improved accuracy. (D) Good precision and good accuracy.

Figure 2.2 A calibration curve using the example of data

obtained from the calibration of a laboratory scale. The true

value for the measurement is plotted on the y-axis while the

corresponding observed value is plotted on the x-axis. The

regression equation is used to correct future measurements.

What to do with calibration data

In the event that the instrument cannot be physical-
ly adjusted to provide the true value, mathematical
‘‘adjustments’’ can bemade in the formof a calibra-
tion curve. Suppose calibration is desired over the
range of 40–100 kg, using the scale example sugges-
ted above. Known precision weights in 2-kg in-

crements are set upon the scale and the observed
value recorded from the scale’s display. The true
value (precision weight) is plotted against the ob-
served value. A curve is then Wtted to the data de-
pending upon which model best Wts the plotted
data. A regression equation is obtained which is
then applied to future observations. Figure 2.2 illus-
trates this method. Thus, if a subject is weighed on
this scale with an observed value of 80 kg, applying
the calibration curve would give the more accurate
weight of (80� 0.9756)+ 0 or 78 kg.

Accuracy

Accuracy refers to the ability of an instrument to
measure its true value. If an instrument is accurate
it is also said to be valid and reliable (or precise). For
example if an oxygen analyzer reads a calibration
gas certiWed to be 16.00% as 16.00%, it is accurate
for that value. The oxygen analyzer (or, by exten-
sion, any other instrument) may not be accurate at
another value. Instruments should have the capa-
bility of acceptable accuracy over the range of
values one expects to measure.

Precision

Precision (reliability) indicates the ability of an in-
strument to yield the samemeasurement for a vari-
able when that variable is measured repeatedly over
time. Precision does not necessarily infer accuracy.
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Figure 2.3 Examples of systematic errors. Observed values are plotted on the y-axes with corresponding true values plotted on the

x-axes. Each of the four panels represents a diVerent type of systematic error.

Error

Error reXects deviations from the true value and can
be separated into random and systematic errors
(Figure 2.3). Thus, for any measurement, the obser-
vation is equal to the true value plus the random
error and the systematic error. Random errors (of-
ten referred to as noise) are unpredictable devi-
ations from the true value. In Figure 2.1A, the sumof
all the random errors is zero (i.e., there would be as
many negative errors as positive ones). Random

error adds variability to the data but does not aVect
the mean score.
Systematic error is caused by factors that have

deWnite value and direction. As such, they tend to
result in observations that are consistently either
greater than or lesser than the true value. Presum-
ably, these errors can be identiWed and corrected.
Systematic errors may derive from the instrument
itself (e.g., gas analyzer drift), from the manner in
which the instrument is used including methods
(e.g., failure to change the NaWon® gas sample line
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regularly) or from the technician performing the
measurement (e.g., terminal digit bias in reading
bloodpressure). Systematic error is often called bias
in measurement.

Measured courses

Introduction

The use of an established route with a known dis-
tance for exercise can be of value in settings where
more sophisticated measurements are either inap-
propriate or unavailable. Severely limited patients
may be able to walk for only short distances before
they are forced to stop because of shortness of
breath, claudication, or severely compromised oxy-
gen delivery, such as in patients with chronic heart
failure. Apparently healthy individuals are often
able to complete the measured course by running.
The practitioner may wish to consider whether

themeasured course should be onewith distance or
time as the criterion variable. For example, will the
patient respondbest, and are conditions better con-
trolled, when the patient covers a speciWed distance
(e.g., 400m) with time as the criterion measure-
ment? Or, is it more desirable if the patient exercises
for a speciWc period of time (e.g., 12min) with dis-
tance covered as the criterion variable?
Both approaches are frequently used, but the

measurement of time to complete a premeasured
distance is preferable as both time and distance can
be known more precisely. When a patient walks for
a Wxed period of time, distance can be measured,
but often with less precision, and usually with more
diYculty. Additionally, knowing, and when poss-
ible, being able to see the distance to be covered
seem to set a more easily interpreted endpoint for
the participant.
Walking and running courses should be chosen so

that barriers and hazards are kept clear. A busy
hospital corridor is clearly an inappropriate place.
However, underutilized corridors, or other areas in
medical or rehabilitation facilities, parking lots,
school tracks, or sports facilities are ideal.

Indoor courses

Description and principle of operation

Indoor walking courses are typically shorter due to
space limitations and may be appropriate for more
severely disabled individuals. Indoor courses have
the advantage of controlling for temperature, wind,
and air-borne pollutants that might adversely aVect
the test outcome. Additionally, patient monitoring
may be easier to perform. Indoor courses should be
chosen with care not to include too many turns
(which slows down the pace) or distractions that
may inXuence test performance. This latter point is
especially important for the elderly, in whommulti-
tasking may lead to falls. This may even include
attempting to attend to the task of walking while
attention is diverted to a changing Xoor pattern.
Measured courses used for walking should have

few turns (especially U-turns) and distances of 100–
400m. Courses established for shuttle walking or
running tests require only 10 or 20m, respectively,
plus turn areas of 5m at each end. See Chapter 3
for an illustration and description of the shuttle
course.

Calibration, accuracy, and precision

A measuring wheel provides the easiest way to
measure a walking or running course accurately.
Alternatively, careful measurement with a 30-m
tapemeasure would be acceptable. The accuracy of
such courses need not be perfect. However, repro-
ducible starting and ending points, as well as a re-
producible route, are of primary importance.Marks
along the baseboard on a wall or on the Xoor are
useful for tallying distance covered. The walking or
running path should be clearly delineated so that
the patient is sure of the route.

Maintenance

Measured courses should be kept clear of obstacles
(including other people),with care taken to ensure a
Xat, regular surface.
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Figure 2.4 Outdoor course layouts for timed walks, runs, and

shuttle walks or runs. Any open space is appropriate for these

purposes. A 400-m track, as shown, is ideal.

Outdoor courses

Description and principle of operation

Becauseof fewer space constraints, outdoor courses
may be longer, more wide-open, and contain fewer
turns. Eighth-mile (220-yd or about 200-m) and lon-
ger courses are ideal. The 20-m shuttle test may also
be administered outdoors (see Figure 2.4). Good
outdoor courses can be established in controlled
parking lots, schoolyards, running tracks, or any
open space. The longer outdoor courses are es-
pecially useful for less limited individuals, including
those who are able to run. Variables to be consider-
ed, however, include climatic conditions and the
need to monitor patients closely.

Calibration, accuracy, and precision

As with the indoor courses, a measuring wheel
allows the easiest and most accurate way to
measure outdoor walking or running courses. Care-
ful measurement with a 30-m tape measure is an
acceptable alternative. The accuracy of such
courses need not be perfect. Reproducible start, Wn-
ish, and the walking or running path should be
clearly delineated. For example, walking on the in-
side curb of a 400-m track will result in walking
400m per lap. However, walking in the outside lane
of a nine-lane trackwill increase the distance. Cones
or other similarmarkers are useful in identifying the
limits of the shuttle course.

Maintenance

See the section on indoor courses, above.

Timing devices

Introduction

The accurate measurement of time is basic to exer-
cise testing and provides the construct of rate. Since
manymeasurements are expressed as a rate such as
the work rate (Ẇ), the oxygen uptake rate, and
speed, accurate measurements of time are import-

ant. Other laboratory instruments such as pedal ca-
dence (r.p.m.) indicators andmetronomes could be
considered as timing devices.

Chronometers

Description and principle of operation

Included in this category are laboratory clocks and
stopwatches. Laboratory clocks typically are not
used to time activities with great precision, but
rather for gross estimates, signaling the timing of
events such as taking blood pressure or administer-
ing psychometric scales during an exercise test.
Thus, a laboratory clock should be visible through-
out the exercise test.
Stopwatches are better suited for precise timing

during data collection such as in collecting exhaled
air in a Douglas bag for subsequent analysis, timed
walking tests (see above), measurement of heart
rate by palpation, or the precise duration of an exer-
cise test. Additionally, accurate stopwatches are es-
sential for calibrating treadmill speeds and cycle
ergometer r.p.m. indicators.

Calibration, accuracy, and precision

Calibration of chronometers is usually perform-
ed against another chronometer that can be
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simultaneously started and stopped. Modern bat-
tery-powered digital stopwatches with tenth- or
hundredth-second resolution possess suYcient ac-
curacy and precision for laboratory use. Technician
error may be of some concern if the chronometer is
systematically actuated with the thumb instead of
the index Wnger, the former resulting in poorer cor-
respondence between the actual start of the event
and the start of the watch due to a slower response
time with the thumb. In the case of determining
heart rate by palpation, starting thewatch on a heart
beat requires that the heart beat count correspond-
ing with the start of the watch is zero. Errorsmay be
magniWed if the pulse count is for time intervals
shorter than a minute.

Maintenance

Chronometers should be handled carefully and not
subjected to impact by dropping or coming in forc-
ible contact with other objects. They should be kept
dry and free from exposure to dirt or dust. Digital
stopwatches are inexpensive and generally resistant
to damage from all but gross mishandling.

Counters

Description and principle of operation

Counters may include pedal revolution counters
and r.p.m. indicators. One or both of these are es-
sential when exercise tests employ mechanically
braked ergometers. For these ergometers, work rate
calculations require knowledge of workload, dis-
tance traveled by the Xywheel per revolution of the
crank arms, and crank r.p.m. Since r.p.m. can be
quite variable, especially at the end of a test or in
subjects who have diYculty in maintaining a con-
stant cadence, a counting device is indispensable.
Pedal revolution counters are usually mechanical,
incrementingnumerically when a lever is trippedby
the passing pedal crank. The r.p.m. indicator on
mechanically braked ergometers (also known as a
tachometer) is mechanically linked with a cable
from the Xywheel to an analog dial, providing visual

feedback and thus enabling maintenance of a pre-
determined pedaling frequency.

Calibration, accuracy, and precision

Calibration of the pedal revolution counter is
simple, requiring only that a manual count of pedal
revolutions is made simultaneously with the
counter recording each revolution. For the r.p.m.
indicator, calibration is obtained by turning the
crank arms at a constant pedal frequency, e.g.,
60 r.p.m., over a period of about a minute and not-
ing the position of the tachometer needle on the
analog dial. Although some variability in cadence is
likely, an experiencedhuman subjectmay be able to
maintain a relatively constant r.p.m. allowing cali-
bration. Alternatively, one feature of commercially
available cycle ergometer dynamic torque meters
(see below) is the ability to provide constant and
known crank revolution rates.

Maintenance

Counters typically require little maintenance other
than occasional lubrication and alignment. As they
aremechanical devices, they are subject towear and
may move from their original position.

Metronomes

Description and principle of operation

Metronomesare useful in helping subjectsmaintain
pedaling cadence at Wxed rates, e.g., 60 r.p.m. or, in
the case of step tests, at a constant rate of stepping,
such as 24 steps per minute. When possible, the
metronome should provide both auditory and vis-
ual cues to assist the subject in maintaining the
desired cadence. Metronomesmay be either mech-
anical or electrical, emitting an audible tone pre-
cisely timed at the selected interval. In the case of
electrical metronomes, a visual signal in the form of
a Xashing light may also be produced coincident
with the audible signal. An alternative to the mech-
anical or electric metronome is a prerecorded
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audiotapewith sounds recordedat precise intervals.

Calibration, accuracy, and precision

Like pedal revolution counters and r.p.m. indi-
cators, metronomes require calibration against an
accurate chronometer. Correlating the audible sig-
nal with the digital display of a chronometer will
provide a satisfactory approach to calibration.
Counting a Wxed number of tones from the metro-
nome and dividing by the time elapsed over those
toneswill give the true rate. For example, if a metro-
nome is set to deliver tones for 70 r.p.m. (140 tones
in a minute, one for each pedal down stroke), the
elapsed time for 35 tones should be 15 s (0.25min).
Metronomes, especially the electrical varieties, are
usually precise. Accuracy of ±3 counts per minute is
reasonable.

Maintenance

Little maintenance is required other than careful
handling and storage and protection against forc-
ible contact with other objects as in dropping.

Ergometers

Introduction

Ergometers are used in the laboratory to provide an
exercise stimulus in order to examine a subject’s
physiological response to that exercise. DiVerent
ergometers, e.g., leg cycles, arm cycles, and tread-
mills, provide diVerent stimuli, abilities to quantify
work rate, and physiological responses to the
task-speciWc exercise. This section reviews typical
laboratory ergometers, their characteristics, advan-
tages and disadvantages, and appropriates uses. A
typical selection of ergometers is shown in Figure
2.5. Of considerable importance is choosing the cor-
rect ergometer relative to the goals of the test. This is
of particular importance in sports medicine appli-
cations inwhich trainingprescriptions and progress
monitoring require attention to the law of task spe-

ciWcity, i.e., making assessments on apparatus as
nearly identical to the training mode as possible.
The most common ergometers used in clinical

exercise testing (CXT) are the cycle and treadmill
ergometers. Each possesses distinct advantages and
disadvantages that are summarized below. The
choice of which apparatus to use should be based
on the goals of the test and subject abilities. In view
of these considerations, other ergometers, such as
arm ergometers, rowing ergometers, or other work
devices speciWc to the work task, may prove more
appropriate. Recommendations for choice of work
device are presented in Table 2.1. Figure 2.6 illus-
trates a comparison of physiological data collected
with treadmills and cycle ergometers.

Cycle ergometers

Description and principle of operation

Mechanically braked ergometers
With this type of cycle ergometer (which may be
used for both leg work and arm work), resistance is
typically applied by a heat-resistant friction appar-
atus (typically either a band surrounding a weighted
metal Xywheel of known circumference or caliper
brakes). The resistance is increased or decreased by
tightening or loosening the friction apparatus. It
must be realized, however, that additional resis-
tance arises from the ergometer drive train, which is
comprised of the chain, sprockets, and bottom
bracket. In a well-maintained ergometer, this added
friction resistance is on the order of 5–10%. Only
with dynamic calibration can this resistance be
quantiWed. See the section on ergometer calibration
in this chapter (below) for details.
The work rate on friction-braked ergometers is

determined by the force in Newtons (N) or Kilo-
ponds (kp) applied as resistance against the Xy-
wheel, pedal frequency (r.p.m.), and distance
traveled by the Xywheel per crank arm revolution.
Althoughmechanically braked ergometers typically
include an r.p.m. indicator, the work rate may be
variable and unknown if pedal frequency is not
known with a reasonable degree of accuracy. The
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Figure 2.5 Ergometers commonly used for exercise testing. (A) Cycle ergometers. Left: mechanically braked; right: electrically

braked. (B) Treadmill ergometer. (C) Arm ergometer.

ergometer may be instrumented with revolution
counters (see above) to verify pedal frequency and
thus work rate. The actual work rates should always
be used rather than making the assumption that
work rate is a function of a constant pedal fre-
quency, when this frequency is in fact variable. This
is especially true at peak exercise where pedal rate
may drop by more than 10 r.p.m.

EVect of cadence errors on work rate and oxygen
uptake For every 1 r.p.m. above or below the ex-
pected value, Ẇ (in watts) will be in error by ap-
proximately 2%. Thus, a true work rate would be
10% lower than expected if the actual pedal fre-

quency was 6 r.p.m. less than expected. The conse-
quence on the expected V̇o2 at a given Ẇ would be
slightly less, averaging about 1.3% higher or lower
than expected for every one pedal revolution above
or below expected. Hence, the 6 r.p.m. error noted
above would result in a V̇o2 that was about 8% less
than expected. Table C11 in Appendix C illustrates
the eVect of erroneous r.p.m. values on a range of Ẇ
and predicted V̇o2 values.
One of the chief advantages of cycle ergometers is

the capability of accurate presentation of work rate
(also called power output).Work rate is expressed in
watts or kilogrammeters perminute (kg ·m ·min−1),
more correctly referred to as kilopond meters per
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Table 2.1. Recommendations for choice of ergometer used in exercise testing

Ergometer Applications Patient/subject Comments

Leg cycle Evaluate breathlessness, chest

pain, claudication, baseline for

exercise prescription or progress

monitoring

Symptomatic

Apparently healthy, rehabilitation

Preferred ergometer for CXT

due to increased control of

work rate and ease of

measurement

Treadmill Evaluate functional capacity

Evaluate breathlessness, chest

pain, claudication, baseline for

exercise prescription or progress

monitoring

Symptomatic

Apparently healthy, rehabilitation

Most common form of exercise;

largest use of muscle mass;

highest V̇o
2max

Consider value of task-

speciWcity between testing and

training

Arm ergometry Evaluate breathlessness, chest

pain, claudication, baseline for

exercise prescription or progress

monitoring

Individuals using wheelchairs,

spinal cord-injured, back pain,

rehabilitation, pregnancy,

task-speciWc sports

Back pain prohibits walking

and/or sitting on cycle

minute (kpm ·min−1). The correct Système Interna-
tionale (SI) units are joules per second (J · s−1). Con-
version constants for these diVerent expressions of
work rate are presented in Table B1 in Appendix B.
Estimation of the expected oxygen uptake at a

given work rate may be more accurate in cycle er-
gometry since the power output of a subject at a
given load and r.p.m. is similar for all subjects of
similar bodyweight. This proves to be advantageous
when performing biological calibrations.
Friction-braked ergometers have the additional

advantage of being relatively inexpensive, rugged,
easy to calibrate, and require no electrical supply.
These characteristics make them ideally suited for
safe transport and for Weld studies.

Electrically braked ergometers
As with the mechanically braked ergometers, elec-
trically (or electromagnetically) braked ergometers
may be used for either leg or arm work. Depending
on the design of these ergometers, control of electri-
cal current results in a braking action as the subject
pedals. The load or braking force is inversely pro-
portional to pedaling rate at any chosenwork rate. If
a subject pedals faster, the voltage, and thus the
load, decreases. The converse is true for decreases
in pedal frequency. Thus, electrically braked cycle
ergometers have the distinct advantage over their

mechanical counterparts in being able to maintain
the desired work rate independent of any pedal fre-
quency between about 40 and 80 r.p.m. Electrical
braking and the negative feedback loop, which ad-
justs load inversely to pedal rate, is the most accu-
rate method of determining external power output.
Digital computer algorithms allowing small in-
crements in work rate for rampprotocols (see Chap-
ter 3) may control small voltage changes and thus
enable very small increments in work rate, e.g.,
0.25W · s−1 for a 15W ·min−1 ramp.
Some electrically braked ergometers have the ca-

pability of regulating the ergometer work rate by a
heart rate feedback circuit. The ergometer continu-
ously monitors the heart rate and adjusts the brak-
ing voltage to allow maintenance of a preset heart
rate. The work rates change in order tomaintain the
desired heart rate. Applications for this type of er-
gometermay be seen in the PWC170 test inwhich the
work rate at a heart rate of 170 beats ·min−1 provides
a measure of cardiovascular Wtness, and also in
training programs where strict maintenance of a
target heart rate is required.

Additional cycle ergometer concerns
All cycle ergometers should provide visual feedback
of the pedal frequency to the subject. An acoustical
indicator, such as a metronome, is a valuable
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Figure 2.6 Comparison of maximal responses to treadmill and cycle exercise. Reproduced with permission from Hermansen, L. &

Saltin, B. (1969). Oxygen uptake during maximal treadmill and bicycle exercise. J. Appl. Physiol., 26, 31–7.

addition when using mechanically braked er-
gometers (see section on timing devices, above).
Maintaining a constant pedal rate within 50–
70 r.p.m. provides the most eYcient range in which
the lowest oxygen uptake is produced at a given

load. Pedal frequencies above 80 r.p.m. increase the
oxygen cost of the work, altering the expected rela-
tionship between work rate and oxygen uptake
(Chapter 4).
Proper adjustment and recording of the saddle
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Table 2.3. Advantages and disadvantages of treadmill ergometers

Advantages Disadvantages

Familiar mode of exercise Poor quantiWcation of

external work

Larger muscle mass involved,

yielding larger V̇o
2max

Increasedmotion artifact in

ECG, ventilation, and gas

exchange signals

Intrinsic control over work

rate

Increased ambient noise

Easy to calibrate More diYcult to obtain

blood samples

Occupies more space, less

portable, expensive

Greater safety risk

Increased apprehension:

may aVect resting

physiological

measurements and/or limit

attainment of maximal

eVort due to ensuing fear

DiYcult to use in kinetic

studies

Table 2.2. Advantages and disadvantages of leg cycle

ergometers

Advantages Disadvantages

QuantiWcation of external

work

Less familiar mode of

exercise in USA

Reducedmotion artifact in

ECG, ventilation, and gas

exchange signals

Smaller total muscle mass,

resulting in lower V̇o
2max

Reduced ambient noise

improving detection of

KorotkoV sounds

Unnatural form of exercise

that may result in leg

fatigue before

cardiopulmonary limitation

is reached

Ease in obtaining arterial

blood samples

Intrinsic regulation of work

rate

Safe; less subject

apprehension

Smaller space requirements

Easily moved

Less expensive

May be applied to either arm

or leg exercise

height are also important for reproducible test re-
sults and subject comfort. Typically, the saddle
height is adjusted so that when the ball of the foot is
on the pedal with the crank arms vertical (pedal at
its lowest position) the knee is just slightly bent
(5–15° of knee Xexion). This positioning may be
facilitated if the subject Wrst stands next to the er-
gometer and the saddle is adjusted so that the top of
the seat is just opposite the greater trochanter of the
femur. The subject then sits on the saddle and pla-
ces the heel of the foot on the pedal when at its
lowest position. If the knee is straight, the saddle
height is about correct. This can be conWrmed by
placing the ball of the foot on the pedal, as de-
scribed.
The length of the standard crank arm is 17.5 cm.

This is good for most people, but attention should
be given to changing the crank arm when testing
very short or very tall individuals or children. Some
commercially available ergometers allow an easy
transition between leg and arm cycling. This con-
venience should be considered when making pur-
chasing decisions if both leg and arm ergometry are
used frequently.
Cycle ergometers aVord the best instrumentation

for assessing ‘‘anaerobic’’ power from tests such as
the Wingate test. The cycle used for this test is
usually a friction-braked ergometer modiWed to
allow instant loading and specially instrumented to
obtain precise measurements of power output over
the 30-s data collection period. This ergometermay
be used for either leg or arm exercise in ascertaining
‘‘anaerobic’’ power output.
The advantages and disadvantages of leg cycle

ergometers are indicated in Table 2.2. Thesemay be
compared with a similar table for treadmills (Table
2.3).

Calibration accuracy and precision

Mechanically braked ergometers
Although some ergometer manufacturers suggest
no need for recalibration following the initial fac-
tory calibration, experience as well as published
reports indicate that regular, if not frequent,
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Figure 2.7 Calibration of a mechanically braked cycle

ergometer.

calibration is needed to ensure work rate accuracy
during exercise testing. This is of signiWcant import-
ance when attempting to predict V̇o2max from work
rate and heart rate.
Calibration procedures will vary depending upon

the type ofmechanical braking and the design of the
ergometer. Regardless of the type of ergometer used
in the laboratory, attention to detailed and regular
calibration is necessary for valid work ratemeasure-
ments. Be sure to consult the owner’s manual of
your speciWc ergometer for calibration procedures.
Calibration of mechanically braked cycles may be
performed either statically or dynamically, with Ẇ
as the key variable required of the cycle ergometer.
The accuracy of each determinate of Ẇ should be
ensured including load or braking force, distance
traveled per revolution, and pedal cadence. When
proper calibration procedures are performed as re-
quired, the work rates generated are reasonably ac-
curate and precise. However, each laboratory must
determine the required frequency for calibration
with each type of ergometer. Older ergometers or
those that have been poorly maintained may re-
quire more frequent calibration than others. It is
clear from published reports that some ergometers
require frequent calibration due to considerable
and variable amounts of drift.

Static calibration This approachdoes not take into
account the additional load due to friction of the
drive train (chain, sprockets, bottom bracket, and
bearings) which can be substantial. A well-main-
tained and lubricated drive train will still increase
the frictional resistance of the ergometer by
5–10%.
1. Load: This requires application of a series of

known loads (e.g., 0.5–7kg) to the brakingmech-
anism. Weights should be selected that bracket
the expected range of measurement (e.g., 0.5 kg
above and below the expected range). For some
friction-braked ergometers, this requires hang-
ing known weights from the friction band as
shown in Figure 2.7 and described in Appendix
D, Calibration of Monark cycle ergometer. Cali-
brating caliper-braked ergometers is diYcult
even using the dynamic calibration methods de-
scribed below.

2. Distance traveled per revolution: This value is
Wxed as a function of the Xywheel circumference
and the number of times the Xywheel passes a
Wxed spot on the cycle per complete revolutionof
the crank. The distance shouldbe speciWed in the
user’s manual, but is also easily measured with a
tape measure.

3. Pedal cadence: See section above on counters.

Dynamic calibration Dynamic calibration of
mechanically braked (or electrically braked) cycle
ergometers is the method of choice, since all sour-
ces of resistance may be accurately measured. The
calibration devices attach to the crank arm with a
coupler speciWc to each ergometer type. A precision
motor turns the crank arm at known (but adjust-
able) rates and measures torque applied to the er-
gometer crankshaft at braking loads selected by the
user. A load cell provides the torque measurement
(kg.m) while a tachometer measures pedal cadence
(r.p.m.). Power output from all frictional sources is
then displayed, whether mechanical, electromag-
netic, drive train, or other. These devices are com-
mercially available and have been described in the
literature.
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‘‘Biological’’ calibration In the absence of calibra-
ting devices, human biological calibration may be
performed. Laboratory personnel or subjects cycle
at several constant work rates (such as 25, 50, 75,
100W) below the metabolic threshold (see Chapter
4), while physiological variables such as fC and V̇o2

are monitored and recorded. Performing regularly,
these ‘‘human calibrators’’ can indicate the repro-
ducibility of physiological variables at standardized
work rates, thus conWrming a degree of ergometer
calibration and at least reproducibility. Assuming
accuracy of the system used to determine V̇o2, the
oxygencost of thework rate performed is predicable
given the robust relationship between V̇o2 and Ẇ
(see Chapter 4 and Equation 2.1). The following
equation predicts V̇o2 at a given work rate as well as
the increment in V̇o2 between work rates:

V̇o2 = (10.1 · Ẇ) + (5.8 · BW)+151 2.1

where V̇o2 is expressed in ml ·min−1, Ẇ is expressed
in watts, and BW is body weight in kg.
While ‘‘biological’’ calibration is not good for de-

tecting small changes in ergometer calibration, it
can indicate larger errors that may then demand
more rigorous calibration. It must be emphasized
that biological calibration of ergometers assumes
accuracy and reproducibility of the measured
physiological variables, fC and V̇o2.

Electrically braked ergometers
Static calibration Most electrically braked er-
gometers provideamechanism for static calibration
where a known weight is suspended from a strain
gauge built into the ergometer. This approach as-
sumes strict linearity since the built-in calibration
routine uses only one data point. Further, as with
the mechanically braked ergometer, this static cali-
brationdoes not take into account the friction intro-
duced by the drive train. This is often considerable,
amounting to as much as 12–20W, andmay obviate
use of the ergometer in severely limited subjects.

Dynamic calibration Dynamic calibration of elec-
trically braked ergometers employs the same
methodology and need for dynamic torque meter

described above for the mechanically braked cycle
ergometers. It is the preferred method to ensure
accurate work rates throughout the desired
measurement range.

Maintenance

Maintenance tends to be quite simple and straight-
forward for the mechanically braked ergometers.
The chain should be lubricated as required and the
tension adjusted so as to allow about 1 cm of play.
The sprockets should be cleaned and oiled as
needed. Bearings within the bottom bracket should
be inspected annually and repacked or replaced as
needed. The friction belt should be inspected for
wear and accumulation of dirt or grease. If needed,
the belt can be reversed before it is replaced. The
Xywheel should be cleaned and kept smooth and
free of dirt and rust by cleaning with alcohol or
emery cloth.
For electrically braked ergometers, maintenance

needs include care in handling and movement, as
even slight jars will adversely aVect calibration.
Otherwise, lubrication of moving parts inside the
shrouding and regular clearing will suYce. The
owner’s manual for each type of ergometer should
be consulted for complete details.

Treadmill ergometers

Description and principle of operation

Treadmill walking and running represents the most
common form of laboratory exercise testing in the
USA. This is undoubtedly due to the familiarity of
the exercise among those subjects able to walk. In
treadmill exercise, a continuous fabric belt is moved
across a lubricated platform by an electric motor,
powered by either alternating current (AC) or direct
current (DC). Motor size is important, with 1 horse-
power or more required for exercise testing. Greater
power outputs up to 2 horsepower allow more de-
manding protocols with respect to higher speeds,
steeper grades, and faster response times to speed
and grade changes. Larger motors are also better
suited for use with heavier subjects.
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For clinical applications, treadmills should have
variable speeds that begin at very low levels such
as 0.1m.p.h. (0.16km ·h−1). Top end speeds of
5m.p.h. (8.1 km ·h−1) are usually adequate for pa-
tient populations, whereas speeds up to if not ex-
ceeding 15m.p.h. (24.1 km · h−1) may be necessary
in sports medicine applications. An adequate grade
range for clinical purposes is 0–15%. Above about
15% grade, calf or back pain may be limiting. Some
treadmill manufacturers provide negative slopes
for downhill-running simulations that may be of
interest in physical therapy, athletic, or research
facilities.
A few manufacturers now make treadmills that

have the capability of ‘‘ramping.’’ That is, computer
control of a special drive motor allows very small
increments in either speed or grade each second.
Such adjustments in speed or grade permit smooth
work rate changes and the use of ramp protocols
(see Chapter 3).
Similar to some electrically braked cycle erg-

ometers, several treadmills are now equipped with
mechanisms to regulate speed or grade from a
predetermined heart rate. A heart rate, e.g. 140
beats ·min−1, is entered into the treadmill control
panel along with the choice of either a constant
speed or grade. Based upon the subject’s heart rate
response to the exercise, the nonconstant variable
(speed or grade) changes to maintain the preset
heart rate.
Additional considerations regarding treadmills

include the size of the walking surface, side and
front handrails, an emergency oV switch or ‘‘panic
button,’’ height of the walking platform, and noise
level. Electrical connections must also be planned,
as some treadmills necessitate dedicated circuits
with speciWc voltage and amperage requirements.
Externalwork on the treadmill is diYcult to quan-

tify despite the simple equation used to calculate
power output (in watts):

Ẇ= 0.1634 · speed · (grade/100) · BW 2.2

where Ẇ is expressed in watts, speed is expressed in
m ·min−1 and grade is expressed as a percentage.
BW is body weight in kg.

Example: For an 80-kg subject walking at
53.6m ·min−1 (2m.p.h.) and 2% grade, the work
rate would be 14W. On a horizontal treadmill, the
external work rate would be zero!

Compounding the problem of estimating work
rates on the treadmill is handrail holding and inef-
Wcient walking gaits. Handrail holding may signiW-
cantly reduce (15%) the oxygen cost of the work as
the body weight is functionally reduced due to the
handrail support. Running elicits a greater oxygen
cost than walking at the same speed. While predic-
tion equations for oxygen uptake utilizing speed
and grade are available, the relationship between
estimated work rate during treadmill exercise and
oxygen uptake is often unpredictable.
Table 2.3 summarizes the advantages and disad-

vantages of motor-driven treadmills for XT.

Calibration, accuracy, and precision

Whena commercial-grade treadmill used for XT has
been properly calibrated, it will tend to be both
accurate and reproducible. This should be veriWed
by regular calibration measurements.

Grade
At least upon installation, a treadmill should be set
up so that the walking surface is absolutely level
when set at 0% grade. This may be determined by
placing a carpenter’s level lengthwise on the walk-
ing surface of the treadmill. A 1–2-m level is best for
this purpose. Shims may be added underneath one
or more of the treadmill feet if after measurement
the treadmill is found not to be level. Once the
bubble in the carpenter’s level is in themiddle of the
tube, the grade indicator on the treadmill control
panel should read or be adjusted to read 0%. Cali-
bration of grade may now be performed at several
grade settings (e.g., 5% increments from 5% to 20%
or higher if laboratory protocols call for steeper
grades). A typical calibration routine is described
below and can be followed with reference to Figure
2.8.
1. Place a carpenter’s squarewith its long side along

the long axis of the treadmill walking surface.
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Figure 2.8 Calibration of treadmill grade using carpenter’s

square and level.

2. Place a carpenter’s level on top of the square and
ensure that the treadmill is level when the tread-
mill control panel reads 0%.

3. Use the treadmill grade control to elevate the
treadmill to the desired grade, e.g., 5%.

4. While holding the long arm of the square and
level, raise the short arm of the square until the
bubble in the level is in the center of the window.
Record the distance the short arm of the square
was elevated to obtain the level position. This is
known as the rise.

5. The length of the long arm from its end to where
it joins the short arm is known as the run.

6. Calculate the gradeby dividing the rise by the run
and multiplying by 100%.

7. Repeat for additional grade settings.
8. If the grade indicator on the treadmill control

panel does not correspond with the calculation,
re-mark the dial using tape. Alternatively, con-
struct a graph and regression equation as de-
scribed earlier in this chapter, in the section on
what to do with calibration data.

Note: If a carpenter’s square is not available, a
Wxed distance can be measured on the Xoor (run)
and the change in height from 0% grade to the new
grade (rise) can be measured.

Example: The run on a standard carpenter’s
square is 22.5 in. If the short arm was raised by
118 in. (1.125 in.), the grade would be 1.125/22.5 or
0.05�100%=5%.

This method of calibrating treadmill grade uses the
tangent of �� (rise/run) and is reasonably accurate
for grades up to about 20%. For steeper grades, the
samemethod can be used.However, the sine of that
tangent should be calculated either by using a table
of trigonometric functions or using a hand-held
calculator. In this case, once the tangent is cal-
culated, press ATAN (arc tangent), then press SIN.
Multiply this value by 100% for the correct percent
grade. Table 2.4 provides the relationship between
percent grade and angle (°).

Speed
Treadmill speed should be veriWed at several diVer-
ent speeds throughout the anticipated range of
speeds to be used. Ideally, speed should be calib-
ratedwith someonewalking on the treadmill. This is
especially important with underpowered tread-
mills. Use the following procedures for speed
calibration:
1. Consult the owner’s manual (or the manufac-

turer) to determine the treadmill belt length (in
meters).

2. Alternatively, measure the entire length of the
treadmill belt in meters by marking two distant
spots on the belt and then advancing the belt,
marking and measuring back to the Wrst mark.

3. Start the treadmill belt at the slowest speed an-
ticipated.

4. Using a stopwatch, time and number complete
revolutions of the belt by counting the number of
times a mark on the belt passes a Wxed place on
the treadmill. Be sure to begin the count at zero
when starting thewatch. A convenientnumber of
revolutions to count is 10.

5. Multiply the belt length (inmeters) by the numb-
er of revolutions timed to obtain the number of
meters the belt has moved in the time period.
Divide that product by the time (converted to
minutes) for the number of revolutions counted.
The result will give speed in units of m ·min−1

(see Equation 2.3).
6. The speed can be converted from m·min−1 to

units of m.p.h. by dividing the value obtained
using Equation 2.3 by 26.8 (see Equation 2.4).
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Table 2.4. Relationship between percentage grade and angle for use in treadmill ergometry

Grade Angle (°) Grade Angle (°) Grade Angle(°) Grade Angle (°)

0.0% 0 5.0% 2.86 10.0% 5.71 15.0% 8.53

0.5% 0.29 5.5% 3.15 10.5% 5.99 15.5% 8.81

1.0% 0.57 6.0% 3.43 11.0% 6.28 16.0% 9.09

1.5% 0.86 6.5% 3.72 11.5% 6.56 16.5% 9.37

2.0% 1.15 7.0% 4.00 12.0% 6.84 17.0% 9.65

2.5% 1.43 7.5% 4.29 12.5% 7.13 17.5% 9.93

3.0% 1.72 8.0% 4.57 13.0% 7.41 18.0% 10.20

3.5% 2.00 8.5% 4.86 13.5% 7.69 18.5% 10.48

4.0% 2.29 9.0% 5.14 14.0% 7.97 19.0% 10.76

4.5% 2.58 9.5% 5.43 14.5% 8.25 19.5% 11.04

5.0% 2.86 10.0% 5.71 15.0% 8.53 20.0% 11.31

7. Repeat for several speeds across the range of
expected measurements in increments typically
used in the XT protocol, e.g., 0.5m.p.h.

8. Adjust the speed control on the treadmill control
panel or develop a calibration curve (regression
equation) as described earlier in this chapter, in
the section on what to do with calibration data.

Speed=
Length · Revolutions

Time
2.3

where speed is expressed in m ·min−1, belt length is
expressed in meters, revolutions are counted, and
time is expressed in min.

m.p.h.=m ·min−1/26.8 2.4

Example: A treadmill with a belt length of 6m
required 2min 14 s (2.23min) for 10 revolutions.

Speed=
6 · 10
2.23

=26.9m ·min−1 = 1.0m.p.h.

Maintenance

Documentation accompanying the treadmill will
generally include maintenance recommendations.
This includes verifying speed and grade calibra-
tions, lubricating the drive belt and elevation gear,
alignment (tracking) and tensioning of the walking

belt, and in some cases, waxing the platform below
the walking belt. Newer treadmills have walking
decks that are impregnated with a lubricant, essen-
tially providing self-lubrication to the undersurface
of the walking belt. The power cord andwalking belt
should be regularly inspected for wear. Handrails
should be examined for tight connections to the
treadmill. The treadmill should be cleaned daily to
remove dust and debris. A complete service by
qualiWed repair personnel should be performed ac-
cording to manufacturer recommendations or after
approximately every 1000hours of use.

Safety

Treadmills present increased safety risks as com-
pared to other forms of ergometers. As such, care
should be taken to minimize risks by attention to
the following.
An emergency oV switch should be installed and

easily within the reach of both the subject and the
test operator. Pressing this switch should result in
the treadmill stopping within 2–3 s. It may also be
wise to station lab personnel behind the subject if it
appears that the risk of losing grip or balance and
falling is great.
Handrails on the front and sides of the treadmill

are important safety precautions, but should not be
used for support during the test. Some patients are
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so frail and low-functioning that they cannot man-
age to walk without some handrail support. Al-
though this practice should be discouraged as it
interferes with accurate and reproduciblemeasures
of the exercise response, a technique that may be
occasionally employed allows the use of one Wnger
touching the top of the side rail. Alternatively, the
back of the handmay be placed on the underside of
a side rail. These techniquesminimize handrail sup-
port and alterations in the physiologic response to
the exercise while helping to ensure safety, increas-
ing patient conWdence and sense of security, and
allowing a treadmill test to be taken to its normal
completion.
An important safety precaution is to provide

proper instruction for mounting, walking, and dis-
mounting the treadmill. This should always be done
with naı̈ve subjects until they report a reasonable
sense of security. Subjects should be instructed to
grasp the handrails and begin walking normally as
the treadmill belt starts underfoot. If the lowest
speed on the treadmill is too fast for this approach,
the subject may stand on the side platform while
grasping the handrails and carefully step on to the
treadmill with the inside foot, bringing the other
foot forward as walking begins.
Treadmill walking should be done in an upright

positionwithout lookingdownat the feet. Bent-over
walking, especially at increased elevations, may re-
sult in low back discomfort, leading to early test
termination for reasons unrelated to the objectives
of the assessment. Some subjects will attempt to
march. This should be avoided, as it is less eYcient
than normal walking.
When the subject is walking normally and with

conWdence, the hands should be removed from the
handrails and swung normally at the side.

Arm ergometers

Description and principles of operation

Arm ergometers are useful when leg cycling or
treadmill exercise is inappropriate or contraindi-
cated. Such cases might include testing those indi-

viduals using wheelchairs, people with back pain
that is exacerbated by sitting or walking (particular-
ly up a grade), pregnancy, or athletes for whom arm
exercise is dominant. A potential limitation of arm
ergometry is that V̇o2max values are about 30% lower
than in leg exercise due to the smaller total exercis-
ing muscle mass and increased static eVort in arm
exercise. Arm cycling ergometers are usually avail-
able in three forms: (1) a countertop arm-cranking
device; (2) a modiWed mechanically or electrically
braked cycle ergometer; or (3) a wheelchair erg-
ometer. The countertop arm crank ergometers are
smaller and can be eVectively used by anyone, in-
cluding people in wheelchairs. They are friction-
braked with the tension controlled in a manner
similar to that described above for friction-braked
cycle ergometers. Alternatively, leg cycle er-
gometers (mechanically braked or electrically
braked) can be elevated on to a table or suitable
supports and used for arm work. Commercial arm
ergometers typically have shorter crank arm lengths
than leg ergometers. The shorter arm ergometer
crank arm results in a shorter lever and therefore
greater muscular eVort at the same work rate set-
ting. Recent evidence has suggested signiWcantly
higher fC, V̇o2, R, rating of perceived exertion (RPE)
responses, and lower gross eYciency to work rates
above 25W at the same power output in countertop
arm crank ergometers compared with a leg er-
gometer from the same manufacturer used for arm
cranking. It is important, therefore, to note the
length of the crank arm, especially in serial testing.
Wheelchair ergometers are also available or can be
built, allowing task-speciWc assessment for those
using wheelchairs. Additionally, other special er-
gometers for task-speciWc athletic populations may
be available or specially constructed, e.g., kayaking,
canoeing, or rowing ergometers.

Calibration, accuracy, and precision

Methods used for calibrating arm ergometers are
essentially identical to those used for leg ergometers
whether performing static or dynamic calibration
(see above). Since arm and leg ergometers utilize
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Table 2.5. Desirable qualities of volume-measuring devices

Demonstrated accuracy (�3% error) across the desired

measurement range

Low resistance to inspired or expired airXow

UnaVected by pattern of airXow, gas viscosity, density, or gas

concentration

Allows recording of each tidal breath

Comfortable patient interface: light-weight, portable,

unobtrusive, no need for one-way valves or conducting

tubing

Able to provide analog or digital output for computer signal

processing

Easy to calibrate

Easy to clean and maintain

Cost-eVective in case of need for replacement or multiple

units

Leak-proof (including diVusion as with co
2
in latex balloons)

Measurement unaVected by motion artifact

the same basic equipment conWguration andmech-
anics, accuracy and precision are similar to those
for leg ergometers.

Maintenance

Maintenanceof arm ergometers is essentially ident-
ical to that for friction-braked cycle ergometers. To
ensure proper operation, all ergometers should
undergo regular maintenance, including lubri-
cation and checks for wear of the friction belt.

Volume-measuring devices

Introduction

Several devices are available for measuring exhaled
or inhaled volumes of air for use in calculating pul-
monary minute ventilation, oxygen uptake, carbon
dioxide output, and other derived variables (see
Chapter 4 for detailed discussion on these vari-
ables). Users should be aware of the need for careful
and regular calibration of the volume-measuring
instrument, its inherent limitations and recommen-
ded applications.
A number of volume- or Xow-measuring devices

are commercially available. These span awide spec-
trum of applications from simple measurements of
exhaled gas collected in bags as part of a teaching
laboratory to sophisticated computer-controlled
data acquisition systems for clinical exercise testing.
Examples include Douglas bags andmeteorological
balloons, water-sealed spirometers (recommended
as the ‘‘gold standard’’ for volume measurements),
dry gasometers such as the Parkinson–Cowan gas
meter, mass Xow meters (hot-wire anemometers),
pitot tubes, pneumotachographs, and turbine
volume transducers. Each of these devices has its
applications, advantages, and disadvantages. Desir-
able qualities of volume-measuring devices are lis-
ted in Table 2.5.

Gas collection bags

Description and principles of operation

Collection bags such as Douglas bags, Mylar® bags,
aluminizedpolyester, or latex or neoprenemeteoro-
logical balloons in the 100–300 l size range may be
used to collect expired air for subsequent measure-
ment. Figure 2.9 illustrates a typical bag–valve–tub-
ing arrangement for the collection of expired air.
The collection bag is usually Wtted with a large

two-way stopcock used to direct the expired air
either into the atmosphereor into the bag for collec-
tion over an appropriate time interval. The stopcock
has a tap for gas sampling, allowing the analysis of
the oxygen and carbon dioxide contents of the bag.
Tubing leads from the stopcock to a one-way
breathing valve and thence to the mouthpiece.

Douglas bag technique
The Douglas bag method remains the ‘‘gold stan-
dard’’ for measuring volume of exhaled air. Its use-
fulness is particularly apparent in validating other
volume-measuring devices singularly or as part of
an integrated metabolic measurement system. A
trueDouglas bag or alternatives such asMylar® bags
or latex or neoprene meteorological balloons serve
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Inspired side Expired side
(to DB)

To patient

Nonrebreathing valve

Mouthpiece

Lungs of subject

Conducting tubing

Two-way stopcock

Gas collection bag

Gas sampling port

Figure 2.9 Typical bag, tubing, and valve arrangement for collection of exhaled air. DB, Douglas bag.

to collect the exhaled air. Air acquired in the bag or
balloon is carefully pushed into an appropriately
sized spirometer such as a 120-l (or larger) Tissot
water-sealed spirometer. The Tissot spirometer
used alone is inappropriate for direct measurement
of tidal breathing due to the large inertia of the bell
and thus resistance to airXow. Furthermore, its

limited capacitymakes it unsuitable for direct use in
exercise testing.

Calibration, accuracy, and precision

The collection bags have no need for calibration, as
they are simply reservoirs for the collection of
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exhaled air. However, care must be taken with latex
meteorological balloons, as they are known to de-
teriorate when exposed to ozone and, even under
the best conditions with a new bag, permit the
diVusion of carbon dioxide. To avoid this potential
problem, gas concentrations should be quickly
measured with laboratory gas analyzers before the
bag contents are pushed into the spirometer. Al-
though manufacturers’ speciWcations suggest up to
30min before gas diVuses out of the latex- or neo-
prene-type bags, laboratory staV should verify this
speciWcation by completely evacuating bag con-
tents then alternately Wlling and Xushing the bag at
least three times with a calibration gas. Gas concen-
trations within the bag are then measured immedi-
ately after the last Wll and then at 1-min intervals
until the gas concentrations change (typically car-
bon dioxide Wrst).

Note: When performing the gas analysis, the gas
removed from the bag for analysis must be ac-
counted for and then mathematically ‘‘added
back’’ to the volume measured by the spirometer.
This is simply a process of timing the analysis
period and multiplying by the analyzer sampling
rate. For example, if the combined sample rate of
discrete oxygen and carbon dioxide analyzers is
400ml ·min−1 and the sample period is 30 s, 200ml
of gas was removed and must be added to the
volume measured by the spirometer.

The Tissot water-sealed spirometer typically needs
no calibration; however, care must be taken to en-
sure a leak-free apparatus. This may be accom-
plished by avoiding pinhole leaks due to corrosion
from tap water by using only distilled water in the
spirometer and draining it when use is not antici-
pated for some time. Leak tests may also be per-
formed as follows:
1. Draw the bell upwards several times at diVerent

levels (trials) throughout the expected range of
measurements. Close all valves to ‘‘lock in’’ the
air.

2. Then, for each trial, a reading is taken on the
meter stick.

3. A 10-kg weight may then be placed on top of the
bell and allowed to sit for approximately 1–2min.

4. The weight is then removed and a reading once
again taken on the meter stick.

5. There should be no diVerence between the two
readings.

If changes in the bell spirometer volume are found,
several sources of leaks may be possible. This in-
cludes the pinhole leaks indicated above, leaks from
one or more of the valves, and leaks occurring at the
mercury thermometer port.
Accuracy is also determined by careful attention

to valving, timing, and collectionof whole breaths in
the collection bags. This requires use of a one-way
valve between the patient and the collection bag, a
two-way stopcock attached to the bag, and a small
section of conducting tubing between the exhaust
side of the one way valve and the inlet port of the
two-way stopcock (Figure 2.9). The two-way stop-
cock is turned to direct the exhaled air into the bag
when the subject starts to inhale. At this time a
stopwatch is started in order to time the period of
collection. The approximate length of the collection
period will have been decided beforehand, e.g., as
close as possible to 1 min. The stopcock is turned at
the end of exhalation, directing the next exhaled
breath to atmosphere. Timing is stopped when the
stopcock is turned, e.g., at 58.5 s. Thus, only whole
breaths are collected over a period that can be nor-
malized to a minute value (58.5/60 =0.975min) for
the calculation of minute ventilation (V̇E).

Maintenance

Bags should be kept in airtight containers when not
in use and checked frequently for deterioration and
leaks. Collection bags should be handled with care,
especially latex bags that tear easily. As indicated
above, the Tissot spirometer should be checked for
leaks, drainedwhen not in use, and the valves regu-
larly lubricated. Raising the bell out of the water and
manually drying it at the end of the testing day is
likely to retard any corrosive and thus leak-produc-
ing eVect of prolonged exposure to the water. One-
way valve leaXets should be replaced regularly as
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Water

Figure 2.10 Diagram of a water-sealed spirometer for the

measurement of inhaled and exhaled lung volumes and Xows.

they wear and may leak. The two-way stopcock
should be lubricated with stopcock grease.

Spirometers and gasometers

Description and principles of operation

Water-sealed spirometers
Examples of water-sealed spirometers include the
Tissot, described above, as well as the small 9–13.5 l
desktop spirometers that are used for pulmonary
function testing. A description of these spirometers
is includedhere for two purposes:Wrstly, to describe
more fully the Tissot spirometer referred to above
and secondly, to describe smaller spirometers that
may be used for measurement of maximum volunt-
ary ventilation (MVV) or forced expiratory volume
in the Wrst second (FEV1) prior to conducting the XT.
As discussed in Chapter 3, every diagnostic XT
should be preceded by an MVV or FEV1 measure-
ment in order to estimate an individual’s ventilatory
capacity.
The general principle of water-sealed spirometers

is the same, regardless of spirometer type or size.
Figure 2.10 illustrates a typical conWguration for
water-sealed spirometers. An inner bell made of
either metal or plastic is suspended from a pulley-
and-chainmechanism. This bell is sleeved between
an inner cylinder and an outer housing, usually
made of metal. Water Wlls the space between the
inner cylinder and outer housing, thus providing an
airtight seal for the air contained within the bell.
Rigid tubing supplies the inner cylinder with air
from the patient or collection bags. Two-way valves
direct airXow either into the inner cylinder or to the
atmosphere. A canister containing a CO2 absorbent
may be present within the inner cylinder for studies
requiring rebreathing of bell contents, such as in
restingmetabolic ratemeasurement.When used for
MVV or other forced maneuvers such as FEV1 and
peak expiratory Xow rate (PEFR), the CO2 absorbent
canister is removed to reduce resistance to airXow.
As air moves in or out of the spirometer, the chain-
suspended bell rises or falls with each breath or
input of air. Also, these movements may be re-

corded on paper by means of pensmoving in paral-
lel with themovements of the bell or by linear trans-
ducers that send their signals to a computer for
processing into volumemeasurements. To facilitate
paper recording, a kymograph drum attached to a
variable-speed motor turns at a preselected speed.
In both cases, geometrically derivednumerical ‘‘bell
factors’’ are used to translate linear movements of
the bell into volumes. In the case of the Tissot
spirometer, movements of the bell cause move-
ments of a meter stick. The diVerence in starting
and ending positions of the meter stick can be used
to calculate volume using the ‘‘bell factor.’’ Knowl-
edge of the time over which the volume changes
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were recorded, together with measurements of vol-
ume, allows measurements such as V̇E, FEV1, and
MVV.

Dry rolling-seal spirometers
Also known as the Ohio spirometer, this device con-
sists of a horizontal cylinder to which is attached a
Xexible, cylindrical rolling seal. As air enters, the
rolling seal allows the cylinder to move. Linear
transducers are attached to the cylinder and inter-
faced with a computer allowing measurements of
Xow and volume.

Dry gasometers
An example of a dry gasometer is the Parkinson–
Cowan dry gasometer. Two pairs of bellows are Wl-
led and emptied, themovements of which are trans-
mitted to a pointer on a labeled circular dial. A
potentiometer can be coupled to this dial to give an
analog voltage signal proportional to the volume
recorded. The dry gas meter is best used on the
inspired side so as to avoid destruction of the bel-
lows due to accumulation of moisture condensing
from the exhaled airXow through the apparatus.
Alternatively, if measurement of expired air is un-
avoidable, a portable hair dryer can be used to dry
the inside of the gasometer, reducing potential
damage.

Calibration, accuracy, and precision

Calibration of spirometers and gasometers is essen-
tial. The American Thoracic Society has published
standards on accuracy for pulmonary function and
exercise testing (see Further Reading). According to
these standards, volume-measuring devices must
be accurate within ±3% of the true value. A 3-l syr-
inge should be used to perform calibration checks
for volume with syringe strokes applied at diVerent
speeds to simulate diVerentXow rates. Caremust be
taken not to bottom out the syringe piston against
the base of the cylinder as thismay cause a rebound,
producing an erroneous additional and unknown
volume. Since the FEV1 and MVV maneuvers are
rate-dependent,exhaled volumesmust be accurate-

ly measured over precisely known time periods.
Calibration of the speed of the rotating kymograph
drum on a water-sealed spirometer is performed at
each of the speed settings as follows:
1. A stopwatch is used to time the movement of the

spirometer paper attached to the revolving
kymograph drum as it passes across the record-
ing pen.

2. As the pen crosses a vertical line on the paper, the
watch is started and then stopped several sec-
onds later as the pen crosses a second vertical
line.

3. The true paper speed is calculated by dividing
the distance traveled by the pen by the corre-
sponding time interval. For example, if the dis-
tance between two vertical lines on the recording
paper is 192mm and the time interval for the pen
to travel between these lines is 6 s, then the drum
speed is 32mm · s−1 (1920mm·min−1).

Maintenance

Water-sealed spirometers should contain only dis-
tilled water in order to avoid corrosion and possible
leaks. This problem has been considerably reduced
with the advent of plastic bells. Nevertheless, distil-
led water and frequent (if not daily) draining into a
gravity-fed reservoir is advised. For all spirometers,
rubber tubing and connectors should be inspected
for cracks and replaced as needed. The bellows
inside the dry gasometer should be inspected
for leaks, especially if used to measure expired
airXow.

Flow and volume transducers

Description and principles of operation

Mass Xow tranducers measure instantaneous Xow
with a predetermined frequency (e.g., 100Hz). The
Xow signals can be integrated with respect to time
in order to obtain volume measurements. A signiW-
cant advantage of these instruments is their capa-
bility of measuring individual breath volumes, both
inspired and expired. The four commonest Xow
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Figure 2.11 Diagrammatic representation of four types of mass Xow transducers. (In each example, V̇ is Xow. P
1
–P

2
is the pressure

diVerence in A and B. �I is the diVerence in electrical current in C. f is the frequency of rotation of the helical impeller in D.

transducers are described below and illustrated dia-
gramatically in Figure 2.11.

Pneumotachograph
Pneumotachographs quantify airXow by measuring
the pressure drop across obstructions placedwithin
the tube. These obstructions may be bundles of
parallel capillary tubes or low-resistance mesh
screens of diVerent gauges. Pneumotachographs
are available in several diVerent sizes, providing
applications ranging frommeasurements in infants
to maximal Xow rates in large exercising subjects.
Size of the pneumotachograph is important, as the
change in pressure across the resistance is no longer

proportional to airXow if the inappropriate size re-
sults in nonlaminar Xow.

Pitot tube
The Pitot tube is a diVerential pressure sensor con-
sisting of two tubes, one facing the air stream and
the other perpendicular to it. The pressure gradient
between the two tubes is measured with diVerential
pressure transducers. Using an application of Ber-
noulli’s law, airXow velocity is proportional to the
density of the gas and to the square root of the
pressure. Pitot tubes are advantageous in so far as
they present low resistance to breathing, do not
depend on laminar Xow, are light-weight, and have
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minimal problems with heating and cooling of the
gas. Some models are disposable, thus providing
an additional precaution against communicable
infections. However, corrections for the inherent
nonlinearity of the quadratic relationship between
airXow velocity and pressure as well as adjustments
for gas density due to changes in gas composition
throughout the respiratory cycle are necessary for
accurate measurements of airXow and therefore
volumes of exhaled air.

Hot-wire anemometer
This device measures mass Xow – the number of
molecules passing the point of measurement – by
detecting the increase in the amount of electrical
current needed to heat a wire placed in the air
stream as air Xows over the wire. A modiWcation of
this principle utilizes two wires heated to diVerent
temperatures in a bridge circuit. Flow is detected by
the hotter wire losing heat faster than the colder
wire. The amount of electrical current required to
maintain the temperature ratio between the two
wires is proportional to the airXow. Since the re-
sponse to gas Xow is nondirectional, an additional
device, such as a pressure-sensing arrangement,
must be added to detect phases of respiration.
Digital computer algorithms are used to correct in-
herent nonlinearity.

Turbine transducer
This is an electromechanical device typically con-
sisting of a low-mass helical impeller mounted
upon jeweled bearings. The impeller is housed in a
plastic support structure and inserted into an elec-
tronics cylinder consisting of pairs of light-emitting
diodes. As the impeller blade spins with airXow,
the light beams are broken and digital signals pro-
portional to volume are sent to the processor. Bi-
directional Xow is easily sensed by the change in
direction of rotation of the impeller. The turbine
volume transducermay be usedover awide range of
Xow rates from rest to maximal exertion, although
evidence exists for large errors at low (i.e., resting)
Xows attributable to impeller inertia at the onset
and end of airXow.

Calibration, accuracy, and precision

Calibration of Xow and volume transducers is es-
sential. Recommendations from the American
Thoracic Society indicate that calibration should be
performed with a 3-l calibration syringe with the
transducer achieving an accuracy corresponding to
no greater than a 3% error (see Further Reading).
Flow and volume calibrations should be carried out
prior to each test. Syringe strokes should be varied
in speed so as to simulate the diVerent Xow rates
that will be encountered during the XT. Care must
be taken not to ‘‘bottom out’’ (slam the piston into
the end of the cylinder) the piston as this will pro-
vide false volumes due to the potential for a re-
bound of the piston against the end of the cylinder
adding an unknown quantity to the correct volume.
Considerations potentially aVecting measure-

ment accuracy include the temperature, viscosity,
and density of the gas measured as well as Xow
characteristics (laminar or turbulent). Under opti-
mal conditions where these variables are well con-
trolled, the pneumotachograph, the Pitot tube, the
hot-wire anemometer, and the turbine Xow trans-
ducer have all been shown to provide measure-
ments within the ±3% accuracy recommended by
the American Thoracic Society.

Maintenance

Cleaning and sterilization of mass Xowmeters pres-
ents the greatest maintenance requirement apart
from the expected care in handling precision instru-
ments. Cleaning with one of the many eVective
commercial sterilization solutions should be per-
formed according to manufacturers’ instructions
after each use. Special care should be taken with
pneumotachographsso as not to immerse the entire
unit, which could damage the heater circuit or trap
water inside the case. The screens or capillary tubes
should be checked for obstructions. A portable hair
dryer will facilitate drying of any of the mass Xow
sensors, although this practice should be used cau-
tiously with turbines so as not to risk bending the
impeller.
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Gas analyzers

Introduction

Of primary interest in cardiopulmonary exercise
testing is the measurement of oxygen uptake and
carbon dioxide output. Requisite for these determi-
nations is the measurement of the exhaled oxygen
and carbon dioxide concentrations. Analyzers that
use chemical, electronic, or spectroscopic method-
ologies perform these functions. Knowledge of the
principle of operation among diVerent analyzers
will assist the user in understanding the inherent
strengths and limitations underlying each. This is of
particular importance when considering an integ-
rated metabolic measurement system.
Chemical methods using the Scholander or

Haldane apparatus and procedures provide ‘‘gold-
standard’’ accuracy and are useful for validating
calibration gases. Once so validated, these ‘‘grand-
father’’ gas cylinders are used to validate subse-
quently purchased calibration gases. The methods
are tedious and time-consuming, but in the hands
of a practiced expert are invaluable for ensuring
accuracy of calibration gases. The Scholander and
Haldanemethods are not practical for routine clini-
cal use because of the time required per analysis
(roughly 6–8min for an experienced technician to
performduplicatemeasurements of a single aliquot
sample). Discrete electronic analyzers for oxygen
and carbon dioxide may exist either as stand-alone
units or part of an integrated metabolic cart. When
well calibrated, they perform remarkably well.
Alternatively, the mass spectrometer provides in-

creased precision and the ability to measure
multiple gas species in the same unit, albeit at a
substantially increased cost.

Oxygen analyzers

Description and principle of operation

Three types of discrete oxygen analyzers are in
common use: paramagnetic, fuel cell, and zirco-
nium oxide.

Paramagnetic analyzers
As Wrst demonstrated by Faraday in 1851, oxygen
possesses the property of paramagnetism, unlike
other respiratory gases. The paramagnetic analyzers
make use of this property, aligning oxygen mol-
ecules in amagnetic Weld located within a chamber,
thus enhancing the Weld. Changes in the oxygen
concentration change the magnetic Weld. The re-
sulting signal is conditioned and linearized by elec-
tronic circuits within the analyzer or using digital
computer algorithms. Typical applications of para-
magnetic analyzers are in systems in which respir-
atory gases are measured from collection bags or
mixing chambers. This is due to their slower re-
sponse time (700–1000ms) although pumps and
signal processing may be used to enhance the re-
sponse time to �150ms, making them suitable for
breath-by-breath measurements.

Electrochemical or fuel cell analyzers
With electrochemical or fuel cell analyzers, oxygen
molecules diVuse through a sensingmembrane and
then through a thin layer of electrolyte. The mol-
ecules reach the cathode surface where they are
reduced, gaining electrons. These electrons are fur-
nished by the simultaneous oxidation of the anode.
TheXowof electrons fromanode to sensing cathode
results in a current proportional to the amount of
oxygen in the sample gas. Over time, the fuel cell
sensor becomes weaker and weaker, requiring re-
placement roughly every 2–3 years depending upon
the frequency of use and the concentrations of oxy-
gen typically measured. The fuel cell tends to be less
sensitive to the eVects of water vapor.

Zirconium oxide analyzers
In the zirconium oxide analyzer, the gas sensor (zir-
conium oxide ceramic), when heated, develops a
voltage between its surfaces if they are exposed to
diVerent concentrations of oxygen. Porous elec-
trodes deposited on the inside and outside surfaces
of the cell serve as conductors for the cell output.
The sample gas surrounds the exterior of the cell
while the interior is exposed to ambient air. The
output of the cell depends upon the diVerences in
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the partial pressure of oxygen on the inside and
outside of the cell and also on temperature; the
larger the diVerence, and the higher the tempera-
ture, the larger the output. The zirconium oxide
analyzers operate at high (750 °C) temperatures, re-
quire an AC heater, heat shielding, and a large con-
sumption of current. Analyzer response characteris-
tics are quite fast, in the range of 50ms, making
them suitable for breath-by-breath applications.

Laser diode absorption spectroscopy
A recent development in oxygen analyzers makes
use of laser diode absorption spectroscopy (LDAS).
The absorption of oxygen is in the visible spectrum
(760nm) where there is no interference with other
respiratory gases. The width of the laser beam and
the absorption line width of oxygen are less than
0.01nm, compared to 100nm for the infrared
measurement of carbon dioxide. As the oxygen con-
centration increases, light intensity is attenuated,
with the photo detector varying linearly with the
oxygen concentration. Analyzer response times are
fast, i.e., in the 80ms range. These analyzers are still
in development and have limited application at
present.

Calibration, accuracy, and precision

When properly calibrated, a well-performing oxy-
gen analyzer can be both accurate (±1%of full scale)
and precise (0.01% O2). Accurate calibration is criti-
cal for this performance. Oxygen analyzers are
calibrated with gases of known concentration over
the expected range of measurement, e.g., 12%–21%
for XT without the use of supplemental oxygen. The
accuracy of calibration gases is crucial since the
accuracy of a gas analyzer can never be better than
the accuracy with which the concentrations of cali-
bration gases are known. Use of the Scholander
apparatus and technique provides the best assur-
ance of calibration gas accuracy. Alternatively, use
of gases certiWed to be accuratewithin ±0.02%abso-
lute is acceptable, although expensive (e.g., oxygen
speciWed to 16% must be 15.98%–16.02%). To obvi-
ate the tedious Scholander procedure or the pur-
chase of expensive certiWed gases, a practice used

by many laboratories is ‘‘grandfathering’’ the
Scholander tested or certiWed gases. These gases are
then used only for the purposeof verifying the accu-
racy of subsequently purchased less expensive cali-
bration gases along with electronic gas analyzers or
a mass spectrometer.
With the exception of the mass spectrometer,

most oxygen analyzers in current use are partial
pressure-sensing devices. As such, care must be
taken to ensure that the pressure of the gas reaching
the sensing element is the same for calibration as it
is for measurement during the XT. This is accom-
plished by maintaining the same tubing geometry
and eliminating positive or negative pressures dur-
ing the calibration routine or measurement of the
expired gas. The need to maintain tubing geometry
may be explained by Poiseuille’s law which states
that Xow through a tube (V̇) is proportional to the
pressure gradient (P1–P2) and the fourth power of
the tube’s radius (r4) and inversely proportional to
length (l) and the viscosity (�) of the Xuid (see Equa-
tion 2.5).

V̇= (P1 −P2) · r
4 ·

�
8l�

(2.5)

If the length or the radius of the tubing changes, the
pressure diVerence changes at a given constantXow
rate such as that maintained by the analyzer pump.
As the pressure diVerence changes, so does the par-
tial pressure of oxygen. Changes in pressure can be
avoided by Xowing the calibration gas from its
source (usually a pressured gas cylinder) through an
empty 10ml syringe barrel. The sample line will not
be pressurized since gas Xow in excess of the vac-
uum pump Xows to ambient air. However, the Xow
rate from the calibration gas tank must exceed the
sensor pump Xow rate so that ambient air is not
drawn in to dilute the calibration gas. After calibra-
tion, no changes should bemade to the sample Xow
rate or tubing that connects the subject’s expired air
to the gas analyzer. In summary, the following con-
ditions must be met during gas analyzer calibra-
tions.
1. Concentrations of the calibration gases must be

precisely known.
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2. The calibration gas pressure must not exceed or
be lower than ambient pressure.

3. The Xow rate of the calibration gas must be
greater than the sample rate.

4. There must be no leaks in the sample circuit
allowing dilution of the calibration gas by room
air.

5. The conWguration of the calibration circuit (in-
cluding sampleXow rate)must be identical to the
measurement circuit so as not to alter the change
in pressure from ambient to the sensing element.

Water vapor
A Wnal important concern during calibration and
measurement of gas analyzers is the eVect of water
vapor. Sincewater vapor pressure contributes to the
total pressure in a mixture of gases, its presence
decreases the concentration and therefore the par-
tial pressure of all the other gases in the mix. The
eVect of water vapor may be eliminated with a tube
of calcium sulfate placed in the sampling circuit
between the distal end of the sample line and the
gas analyzer sensor. Unfortunately, this slows the
response and transit time and appreciably slower
transit times are unacceptable for breath-by-breath
applications. As an alternative, specialized sample
lines composed of a perXourinated polymer that
acts as a hygroscopic ion exchange membrane
(NaWon®) may be used to cope with the water vapor
problem. These sample lines selectively alter the
water vapor content of the gas Xowing through the
line without changing the composition of the re-
maining gases. The water vapor content in
saturated respiratory gases comes to equilibrium
with the water vapor content in the atmosphere as
the exhaled gas passes through the length of tubing.
In this case the relative ‘‘drying’’ is determined by
the amount of time the gas is in the tube (slower
sample Xow rates and longer tubes increase the
‘‘drying’’). In the case of calibrating an oxygen ana-
lyzer through this special tubing using dry calibra-
tion gases, the dry gas is eVectively made ‘‘wetter,’’
achieving ambient water vapor pressure by the end
of the sample line. Gases reaching the sensor of the
gas analyzer are assumed to have water vapor con-

tent equal to ambient regardless of whether the gas
was wet or dry at the inlet.
It is important to note that the gas reaching the

gas analyzer through this tubing is never dry. It can
only be as dry as the ambient air. Thismay present a
problem in humid environments without air condi-
tioning. Advantageously, this sample line may be
used in breath-by-breath systems without appreci-
able compromise in transit times. In addition, re-
moval of water vapor protects the analyzer from
erroneousmeasurements or damage to the sensing
element shortening its operating life. Experience
with this special sample tubing suggests a Wnite
time for eVective use. The sampling tube should be
changed after every three tests conducted in suc-
cession and allowed to dry. The sample line should
be discarded after 3 months due to the degradation
of its water vapor-handling properties.

Remember the following: Whenever analyzing a
gas mixture, if the amount of water vapor in the
mixture is underestimated, then the true gas con-
centrations (%) will be lower than those which you
measure or calculate. Conversely, if the amount of
water vapor in the mixture is overestimated, then
the true gas concentrations (%) will be higher than
those which you measure or calculate.

Maintenance

With regard to oxygen analyzers, little maintenance
is required beyond normal calibration and adjust-
ments recommended by the manufacturer. Care
should be taken to maintain clear and clean sample
lines. A daily log should be kept of calibration re-
sults, including response time and gain settings.
With new sensors, the gain setting should be at the
lower end of the adjustment range. As the sensor
deteriorates with time and use, the analyzer may
‘‘run out of gain,’’ meaning that there is little room
left for adjustments to a calibration gas. When this
happens, sensor replacement is imminently necess-
ary. Some manufacturers recommend periodic
service for cleaning and Wne adjustments. It may be
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necessary to have this service performed by factory
service personnel.

Carbon dioxide analyzers

Description and principles of operation

Most carbon dioxide analyzers in current use are of
the nondispursive infrared type. The infrared beam
is directed alternately through reference and
measurement cells by means of a chopper wheel. A
detector senses the alternating change in absorp-
tion of selected infraredwavelengths. The fractional
concentration of carbon dioxide is proportional to
the degree of infrared absorption. The resulting sig-
nal is processed and either displayed or output to
digital computer algorithms. The response time of
these analyzers can be �100ms, making them ac-
ceptable for breath-by-breath measurements. The
instruments are stable, although the sensing el-
ement is susceptible to vibration. Suspending the
detector cell or placing it in foam signiWcantly re-
duces this eVect.

Calibration, accuracy, and precision

The principles and procedures used for calibrating
carbon dioxide analyzers are the same as those for
oxygen analyzers noted above,with the exception of
the selection of the calibration gas concentrations.
For typical applications in XT, a ‘‘zero’’ gas contain-
ing no CO2, (i.e., 100% nitrogen) and a ‘‘span’’ gas
above the expected upper limit of physiological
measurement (7–8% CO2) is appropriate. All the
concerns for partial pressures and water vapor-
handling expressed above for oxygen analyzers are
the same for CO2 analyzers andmay be dealt with in
the same way (see above). Modern CO2 analyzers
are fast-responding, accurate (±1% full-scale), and
precise.

Maintenance

With regard to carbon dioxide analyzers, mainte-
nance procedures are minimal. Depending on the
model, adjustment of the optical balance and purg-

ing the sensor head may be required periodically.
Otherwise, taking care not to jar the sensing el-
ement and maintaining daily records of the gain
and zero settings togetherwith calibration perform-
ance is adequate. Somemanufacturers recommend
periodic service for cleaning and Wne adjustments.
It may be necessary to have this service performed
by factory service personnel.

Mass spectrometry

Description and principle of operation

Molecules of exhaled gas samples drawn through
the sampling tube are Wrst ionized then dispersed
according to gas species on the basis of their mass-
to-ionic-charge ratio. After separation, ions of a
given species of gas reach an ion detector. The am-
plitude of the induced current is proportional to the
partial pressure of the gas species. Mass spec-
trometers are linear, stable, and oVer very fast re-
sponse times. Despite these signiWcant advantages,
the high cost has limited thewidespreaduse ofmass
spectrometers in performance and clinical exercise
testing.

Calibration, accuracy, and precision

Calibration of the mass spectrometer follows pro-
cedures identical to those described for oxygen and
carbon dioxide analyzers above. Accurate calibra-
tion gases are required for accurate performance of
themass spectrometer.One of the advantagesof the
mass spectrometer is the ability to ‘‘dial out’’ water
vapor in the gas measured, i.e., functionally elimin-
ate its presence. This leaves only nitrogen, oxygen,
carbondioxide, argon, and other inert gases to com-
prise 100% of the sample. Consequently, algorithms
for the calculation of V̇o2 and V̇co2 must recognize
the absence of water vaporwhen using amass spec-
trometer (see Appendix B). Accuracy and precision
of measurement with the mass spectrometer are
excellent, varying only about ±0.1% of full-scale per
day for CO2 and ±1% of full-scale per day for O2.
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Maintenance

Although an expensive investment and quite com-
plicated in its principle of operation, themass spec-
trometer is one of the most reliable gas analyzers
available. Furthermore it requires relatively little
maintenance. However, a mass spectrometer has
two types of vacuum pump: one a priming pump
and the other a deep vacuum pump. Both pumps
aremechanical and require lubrication on a regular
schedule. Occasionally the ionization chamber fails
and needs replacement.

Metabolic measurement systems

Introduction

A major focus of this book is on the integrated
exercise test in which measurement of pulmonary
ventilation and gas exchange represent important
objectives. The previous sections have outlined
speciWc components for measuring the primary
variables needed for this type of testing (i.e., minute
ventilation and exhaled fractional concentrations of
oxygen and carbon dioxide). Metabolic measure-
ment systems enable the integration of these
components using computer-controlled analog-to-
digital signal processing. This additional capability
allows for online and oZine calculation and display
of results, as well as storage of data. Several instru-
ment conWgurations are available, ranging from
very simple or semiautomatedmixing chamber sys-
tems to highly sophisticated fully automated
breath-by-breathmeasurement systems. Some sys-
tems provide options for both methods. Features,
aVordability, ease of use, product training, support,
and service, in addition to the expected accuracy
and reliability of the instrument, may diVer among
the commercially available systems. It is essential
that users carefully evaluate the competing prod-
ucts and ask for validation data and current user
lists, as well as having the opportunity to use the
system in their own setting before purchase.

Mixing chamber method

Description and principles of operation

Mixing chamber systems may be very simple man-
ual systems, more complex semiautomated sys-
tems, or fully automated computer-controlled sys-
tems. Regardless of the degree of sophistication, all
possess Wve basic components: (1) a one-way non-
rebreathing valve to direct airXow; (2) conducting
tubing; (3) an instrument to measure volume; (4) a
device to mix the expired air for subsequent gas
sampling; and (5) instruments tomeasure fractional
concentrationsof oxygen and carbon dioxide. Leak-
free connections throughout the system are essen-
tial. The simplest approach is the Douglas bag
method inwhich expired airXow is directed through
the one-way valve into a collection bag (see above)
over a precisely timed interval. The bag serves as a
reservoir for the mixed expired air. Aliquot samples
of the mixed air are analyzed with electronic gas
analyzers or a Scholander method to give O2 and
CO2 concentrations.Although the process is tedious
and limited data are available with this approach, it
is nevertheless extremely accurate when performed
by well-practiced technicians. This method is the
standard against which all other systems are
validated for accuracy in the determination of V̇E,
V̇o2, and V̇co2.
Another approach replaces the collection bags

with a dynamic conWguration, directing the exhaled
air through connecting tubing into a mixing cham-
ber. At the same time, minute ventilation is deter-
mined by measuring either inhaled volume over
time (V̇I) with a dry gasometer or exhaled volume
over time (V̇E) with one of the mass Xow meters,
previously described. Mixing chambers may be cy-
lindrical or rectangular-shaped containers in the
range of 3–8 l containing baZes to encourage thor-
ough mixing of the exhaled air (Figure 2.12). Some
commercial systems use combinations of tubing
and blenders as small ‘‘dynamic mixing chambers’’
to achieve this purpose. In any mixing chamber, the
goal is to ensure thoroughmixing of the dead space
and alveolar air for subsequent sampling. Mixing
occurs as a result of the turbulent Xow-and-eddy
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Figure 2.12 A diagrammatic representation of two types of

mixing chambers.

currents that developwhen the entering airXow hits
the baZes inside the mixing chamber. Properly
mixed expired air is sampled near the exhaust port
of the mixing chamber and should show no tidal
variations in gas concentrations. The sample is
drawn by a vacuum pump at known Xow rate and
passed through a drying tube to removewater vapor
before entering the previously calibrated electronic
gas analyzers.
In 1974, Wilmore and Costill described a

semiautomated system in which a vacuum pump
pulled samples of the air from the mixing chamber
to small anesthesia bags. The vacuum pumps from
the gas analyzers then pulled themixed gas from the
bags for determination of the fractional concentra-
tions of oxygen and carbon dioxide. Three anes-
thesia bags were attached to a spinner valve at 120°
intervals. The valve was manually turned so that,
while one bag was Wlling with air from the mixing
chamber, the gas analyzers were sampling from the
second bag and the third bag was being evacuated.

The interested reader should refer to the original
publication for further details (see Further Read-
ing).
Mixing chamber systems donot allow fast enough

determinations of V̇o2 and V̇co2 to be useful in
studying gas exchange kinetics with exercise transi-
tions. Typically, a mixing chambermethod provides
calculated values at best every 20 s.

Calibration, accuracy, and precision

Of signiWcant concern with mixing chamber sys-
tems, especially in non steady-state conditions, is
the time alignment of the measurements of ventila-
tion and the mixed expired gas concentrations. For
proper calculation of V̇co2 and V̇o2 the three pri-
mary variables, V̇E, fractional concentrations of
mixed expired oxygen FĒo2, and carbon dioxide
FĒco2, must be measured at precisely the same
time. Ventilation is measured without delay either
before or after the expired gas is sampled from the
mixing chamber. However, the measurement of gas
concentrations is delayed since they must travel
through conducting tubing, the mixing chamber,
the drying tube, and thence to the gas analyzers for
measurement. The introduction of NaWon® tubing
has perhaps reduced this problem. The delay is not
constant, but changes as a function of the Xow rate.
This is particularly important at low to moderate
minute ventilation.During heavy exercise with high
Xow rates, the temporal misalignment is likely to be
small with small errors in the calculated V̇o2max.
Also, during constant-rate exercise in steady-state
conditions, the mixed expired gas concentrations
are not changing appreciably, thus eliminating the
problem of temporal alignment. The accuracy of
anymixing chambermethod is dependentupon the
accuracy of its component instruments as well as
time alignment of the ventilation and gas concen-
trationmeasurements.Whole breath cyclesmust be
measured for the accurate calculation of ventilation
and corrections made for any disparity between V̇I
and V̇Ewhen the respiratory exchange ratio (R) does
not equal 1.0 (see Appendix B for computational
formulae).
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Maintenance

It is important that the mixing chamber system is
maintained in a leak-free condition. In addition to
performing regular maintenance on each of the
components of the system, the mixing chamber
itself should be cleaned and kept free of water that
condenseswithin the chamber. It should be inspec-
ted regularly for leaks, especially at the Wttings for
the gas sampling line(s).

Breath-by-breath method

Description and principles of operation

Whereas the mixing chamber method averages ex-
pired volumes and gas concentrations over a num-
ber of breaths, the breath-by-breath method takes
each individual breath and computes its volume
and gas composition. This is accomplished by
sampling the inspired and expired Xow signals at
high frequency (e.g., 100Hz) and integrating to give
volume changes throughout the breath cycle. In-
spired and expired gas concentrationsmust be sam-
pled simultaneously with the same frequency and
carefully time-aligned with the volumes. V̇o2 and
V̇co2 are then calculated by cross-multiplying the
volumes and gas concentrations for the entire
breath. In order to accomplish precision in the face
of such complexity, precise Xow transducers and
rapidly responding gas analyzers are essential. Fur-
thermore, processing of the signals would be im-
possiblewithout the capability of digital computing.
Current automated breath-by-breath systems in-
clude digital processing for data acquisition and
real-time display for key response variables in both
tabular and graphical format.
Skeptics of the breath-by-breath method ques-

tion whether this approach conveys any advantage
over a mixing chamber technique. Unquestionably,
the breath-by-breath method provides a substan-
tially higher density of data points yet it also exposes
signiWcant physiological variability in the data. Pro-
vided a carefully chosen method is used to smooth
the data whilst at the same time preserving the data
density then the display will lend itself more fa-

vorably to pattern recognition and detection of
thresholds. This advantage can be likened to a tele-
vision screen whereby the Wdelity of the picture is
dependent upon the number of lines of resolution.
In this regard the rolling average approach to data
smoothing is recommended (see Chapter 5).

Calibration, accuracy, and precision

Automated breath-by-breath systems usually pro-
vide automated calibration routines for their Xow
transducers and gas analyzers. These routines are
simple, quickly completed, and should be standard
laboratory routine prior to every test (see Chapter
3). It is important to recognize that these calibration
routines only check the accuracy of the component
measuring devices and do not verify the integrated
performance of the whole system.
Two methods are available for integrated system

calibration. One approach, referred to as biological
calibration, uses healthy human subjects with
stable Wtness levels. Each subject performs several
constant work rates below the metabolic threshold
on a well-calibrated cycle ergometer. V̇o2 is aver-
aged across the subjects and compared to the ex-
pected V̇o2 calculated using Equation 3.9 (Chapter
3) for each work rate. Performed on a regular sched-
ule (e.g., monthly), this approach assesses both ac-
curacy and reproducibility. A second approach uses
a device referred to as a metabolic simulator. This
device produces a sinusoidal volume from a preci-
sion syringe pump and simulates gas exchange by
displacement of room air with a gas mixture of
knowncarbon dioxide andnitrogen concentrations.

Maintenance

Maintenance of breath-by-breath measurement
systems requires careful attention to the perform-
ance of their individual components, as previously
described. The user should be particularly con-
scious of the deterioration of gas sampling
tubes and slowing of gas analyzer response times.
Cleaning and sterilization of nondisposable mass
Xow transducers is a routine part of system
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maintenance. To ensure optimal system perform-
ance, regular system calibration, as described
above, should be included in the maintenance
schedule.

Peripheral measuring devices

Introduction

Exercise testing can be signiWcantly enhanced by
the addition of peripheral measurements. This is
particularly true in clinical exercise testing for diag-
nostic purposes. The peripheral measurements de-
scribed here include electrocardiography, sphyg-
momanometry, pulse oximetry, and blood
sampling. Once again, the purpose of this book is
not to instruct on basic techniques but rather to
draw attention to pitfalls commonly encountered in
making such measurements and to suggest reWne-
ments that enhance the value of an exercise test.

Electrocardiography

Description and principles of operation

The heart contracts as a result of the depolarization
of myocardial cells initiated by an impulse from the
sinoatrial node. Since the body is a large-volume
conductor, this electrical signal may be monitored
on the surface of the body with electrodes arranged
in a particular conWguration. Standard 12-lead elec-
trocardiography (ECG) is the accepted standard for
clinical exercise testing in which at least three leads
can be simultaneously monitored (e.g., II, aVf, V5).
Other lead conWgurations such as CM5 may be ap-
propriate for performance exercise testing (see
Chapter 3). ECG instruments shouldmeet or exceed
speciWcations published by the American Heart As-
sociation (see Further Reading). All ECG instru-
ments consist of a recorderwith properties of sensi-
tivity, frequency response, and paper speed.
Standard sensitivity is 10mm·mV−1. Frequency re-
sponse speciWcations should be from 0.5 to 100Hz.
This is important for accurate evaluation of ST seg-
ment changes. Standard paper speed is 25mm · s−1.
In some applications, sensitivity is increased to

20mm ·mV−1 in order to obtain improved detection
of amplitudes. The sensitivity may be decreased to
5mm·mV−1, especially when R or S waves are large,
due to ventricular hypertrophy or in subjects with
thin chest walls. Paper speed may be increased to
50mm · s−1 for easier measurement of intervals and
durations such as the QRS duration. The electrocar-
diograph should provide for continuous display of a
minimum of three leads on an oscilloscope. Elec-
trodesmade of silver–silver chloridewith aggressive
adhesive are useful for decreasing motion artifact.

Calibration, accuracy, and precision

Modern electrocardiographs provide automatic
calibration pulses that are recorded as part of every
tracing. The 10mm·mV−1 pulse should rise sharply
with no overshoot to a height of 10mm. Paper speed
can be veriWed with marks and a stopwatch. While
older electrocardiographs could be checked for fre-
quency response by pressing and holding the cali-
bration button and observing the subsequent decay
of the calibration pulse, newer machines do not
typically provide an option for manual calibration.
Failure of the electrocardiograph to perform
necessitates a service call.

Maintenance

Little maintenance is required other than preven-
ting damage to the instrument due to impact. The
patient cable should be kept clean, with lead wires
hanging straight when not in use. Twisted or tan-
gled lead wires may lead to breakage. Lead wire
electrode attachments should be kept free of cor-
rosion.

Sphygmomanometry

Description and principles of operation

The indirect brachial artery auscultation technique
using an inXatable cuV, mercury manometer, and
good-quality stethoscope is the simplest and most
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reasonable method for blood pressure monitoring
during exercise. Aneroid manometers are not rec-
ommended because they are less accurate, less pre-
cise, more diYcult to calibrate, and require more
frequent maintenance. Attention to proper tech-
nique (see Chapter 3), choice of correct cuV size,
and stethoscope ear pieces that block out most am-
bient noise will facilitate accuracy, as will appropri-
ate training in the detection of the KorotkoV sounds
(see Chapter 4). Laboratories should have cuVs and
bladders in multiple sizes from small adult to large
adult (see Appendix D, Blood pressure measure-
ment procedures, for correct cuV sizing). Audio and
video training tapes are available for learning to
distinguish between the distinct tonal qualities of
these Wve sounds. Automated measurement sys-
tems have been developed that will inXate and de-
Xate the cuV at preprogrammed intervals. A
‘‘physiological sounds’’ microphone placed over
the brachial artery records the diVerent sound fre-
quencies of the KorotkoV phases. The American
Heart Association and the British Hypertension So-
ciety have published recommendations for blood
pressure measurement.

Intraarterial blood pressure measurement
Systemic arterial pressure can be measured by
placementof an arterial catheter coupled to an elec-
tronic pressure transducer. Thismethod is generally
too invasive, complex, and time-consuming for per-
formance or even clinical exercise testing. Invasive
blood pressure monitoring may be preferred for
research purposes.

Calibration, accuracy, and precision

In sphygmomanometry, the mercury manometer is
the calibration standard. When an arterial catheter
is used for invasive blood pressure monitoring, the
transducer should be calibrated against a mercury
manometer.Furthermore, careful attentionmust be
paid to the frequency response of the transducer as
well as its accuracy.

Maintenance

The mercury column should move quickly when
pressure is applied through the cuV and tubing. A
slow or sluggish-responding mercury column sug-
gests the need for cleaning. The air Wlter at the top of
the column should be regularly inspected and
cleaned if necessary. All tubing (including stetho-
scope tubing), the bladder, and the bulb should be
inspected regularly for cracks and leaks. Spares
should be readily available, stored in plastic bags to
prevent deterioration. Pressure control valves
should operate smoothly. CuVs may be washed in
warm water and allowed to dry thoroughly before
next use.

Pulse oximetry

Description and principles of operation

Pulse oximetry is used to estimate arterial oxygena-
tion noninvasively using the diVerential absorption
of light by reduced hemoglobin (Hb) and oxy-
hemoglobin (HbO2). The resulting estimate of arter-
ial oxygen saturation is denoted as Spo2 to distin-
guish it from the saturation determined by blood
gas analysis, which is normally denotedas Sao2. The
light source used in pulse oximetry is a light-emit-
ting diode (LED) producing bright light in two
wavelengths: 660nm (red region of the spectrum)
and 940nm (near-infrared spectrum). A photo
diode detects both wavelengths of transmitted light
and produces electrical signals that each have two
components: an AC component that varies with the
pulsatile nature of arterial blood, and a much larger
DC component that is relatively constant and repre-
sents light passing through tissue and venous blood
without being absorbed. The AC component at each
wavelength is corrected by dividing it by the corre-
sponding DC component at each wavelength. The
corrected AC component then represents only the
diVerential absorption of light by Hb and HbO2 at
the two wavelengths. The absorption of 660-nm
wavelength light is 10 times greater for Hb com-
pared with HbO2. At 940nm, HbO2 has 2–3 times
greater absorption than Hb. The ratio of these
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Table 2.6. Factors affecting the accuracy of a pulse oximeter

Factor Comment

Perfusion of the

sensor site

Poor vascularity

Low ambient

temperature

Vasoconstrictive drugs

Hypotension

Poor perfusion causes the oximeter

to underestimate Spo
2

Poor perfusion causes an

inadequate pulse waveform and

failure to detect accurately f
C

Perfusion can be improved by

warming or rubbing the area

Skin pigmentation Darker skin pigmentation causes

the oximeter to underestimate Spo
2

Some oximeters adjust light

intensity to compensate for denser

pigmentation

Movement of the

probe

Movement, especially during

exercise, degrades the oximeter

signal, usually resulting in

underestimation of Spo
2

Carboxyhemoglobin When carboxyhemoglobin exceeds

3%, the oximeter overestimates

Spo
2

Methemoglobin Low levels of methemoglobin cause

the oximeter to overestimate Spo
2

Very high levels of methemoglobin

result in a Wxed Spo
2
of 84–86%

Jaundice Increased bilirubin in the blood

causes the oximeter to

underestimate Spo
2

Nail polish or acrylic

Wnger nails

ArtiWcial materials in the Weld of

the oximeter probe cause the

oximeter to underestimate Spo
2

Ambient light

intensity

Bright light can cause the oximeter

to underestimate Spo
2

Opaque Wnger coverlets help

diVerent absorptions is determined by relating
them to actual Sao2 measurements, thus developing
a calibration curve for the oximeter at all possible
combinations of Hb and HbO2 (from 0 to 100%).
This calibration curve is stored in thememory of the
microprocessor of the oximeter. Using the pulsatile
nature of arterial blood Xow, the pulse oximeter
uses the AC component from either the 660 nm
channel or the 940nm channel to identify the peak
of the waveform for counting. This count is dis-
played as the pulse rate.

Calibration, accuracy, and precision

Validation of the pulse oximeter should be per-
formed against simultaneous measurements of
Sao2. Most pulse oximeters are calibrated by simple
electrical adjustment. Their accuracy is ±2% for
Spo2 above 90% and slightly less for Spo2 between
85% and 90%. Accuracy and precision are aVected
by several factors (Table 2.6). Signal quality can in
part be ascertained by examining the pulse rate. An
inconsistent pulse rate that does not agree with
palpation suggests poor perfusion. Changing be-
tween the Wnger and earlobe attachment site for the
sensor may be helpful in some cases.

Maintenance

Little maintenance is required apart from the nor-
mal care one would provide a delicate electronic
instrument. Cables and sensors should be protected
from damage.

Arterial blood sampling

Description and principles of operation

Accurate determinationsabout gas exchangeduring
exercise necessitate arterial blood sampling at a
minimum of two time-points: rest and maximum
exercise. Assessment of musclemetabolism is aided
by blood sampling for lactate and ammonia. Again,
resting and end-exercise measurements are desir-
able. In addition to these two time-points, there
might be indications for blood sampling at other

times during testing, e.g., around the metabolic
threshold or at a chosen intermediate work rate.
Metabolites such as lactate and ammonia can be
measured in venous blood; however, it is generally
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accepted, at least for lactate, that arterial blood
levels are more reliable. Therefore, depending on
the type of test being performed, there could be a
need for repetitive sampling, preferably of arterial
blood. The exercise practitioner has the options of
placing an arterial catheter or making multiple dis-
crete arterial punctures.

Arterial catheter
Successfully inserted, an arterial catheter allows for
rapid, easy, and repetitive sampling. Sterile poly-
ethylene catheters of 18–22 gauge are suitable.
Simple catheters can be threaded directly oV the
needle used for arterial puncture and probably oVer
the least expensive approach. An alternative ap-
proach is to use a guidewire method whereby a
Xexible wire is Wrst threaded into the artery through
the needle used for puncture. Either radial or
brachial arteries are used. When a radial artery is
chosen, a modiWed Allen test should be performed
to ensure adequate collateral perfusion via the ulnar
artery.

ModiWed Allen test
1. The exercise practitioner occludes both of the

subject’s radial and ulnar arteries using thumb
pressure.

2. The subject clenches and releases the handgrip
several times until the hand is blanched.

3. The practitioner releases the thumbcompressing
the ulnar artery and watches for reperfusion of
the hand.

4. Lack of satisfactory reperfusion within 20 s indi-
cates a failed Allen test and radial artery puncture
on that side should be avoided.

An indwelling arterial catheter must be carefully
secured and the arm supported to prevent the cath-
eter from becoming bent or displaced during the
study. A moulded plastic, padded splint with Velcro
straps is ideal for this purpose. The catheter will
require Xushing with heparinized saline if not used
for more than 2min. Arterial catheters can readily
remain in place for the whole duration of exercise
testing. Indeed, in intensive care units patients have
arterial catheters for several days with minimal

complications. The incidence of thrombosis or oc-
clusion is less than 1 in every 5000 catheterizations
and surgical intervention is unlikely ever to be
needed.
As well as allowing for repetitive blood sampling,

an arterial catheter can be connected to a trans-
ducer to enable direct measurement of arterial
blood pressure during exercise (see above). This
set-up requires a three-way stopcock and hepa-
rinized normal saline Xush, e.g., from a pressurized
bag.

Double arterial puncture
A reasonable alternative to insertion of an arterial
catheter, and an approach that might be preferred
by the subject, is to obtain resting and end-exercise
arterial blood samples by two separate arterial
punctures. This technique can be useful when the
exercise practitioner has a low degree of conWdence
about successful catheter insertion or when bilat-
eral modiWed Allen tests are equivocal. Brachial
puncture is preferred, since the artery is larger. One
clear disadvantageof this technique is that diYculty
might be encountered in obtaining the end-exercise
sample at a precise time.Weighed against this is the
advantage of having already located the artery dur-
ing the resting puncture and therefore knowing of
the site and depth of needle insertion required. Fur-
thermore, the arterial pulse should be easily pal-
pated at the time of maximum exercise. The ideal
type of syringe for arterial puncture is pre-
heparinized with a low-friction barrel that is
self-Wlling up to 3ml. The lactate assay can be per-
formed on 2ml of the heparinized sample, thus
obviating the need for a third blood sample.

Calibration, accuracy, and precision

Blood gas analyzers can be problematic if not used
regularly and subjected to systematic quality con-
trol measures. Clinical laboratories performing
blood gas analysis should participate in a recog-
nized quality control program such as that oVered
by the American Thoracic Society. Quality assur-
ance and reference ranges for other biochemical
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assays should be discussed with the laboratories
performing the analyses.

Maintenance

With regard to blood sampling, maintenance issues
are straightforward. Every laboratory performing
clinical exercise testing should have a supply of
alcohol wipes, gauzes, syringes, needles, stopcocks,
heparin, and tubing for blood sampling. Ice is re-
quired for transportation of the samples for arterial
blood gases. Tubes containing 1ml of perchlorate
are required for lactate assay and need to be stored
in a refrigerator until used. Some individuals experi-
ence a vasovagal reaction when arterial or venous
puncture is performed. The symptoms are light-
headedness, and even fainting. The signs are pallor,
sweating, bradycardia, and hypotension. When this
happens the subject should be allowed to lie down
comfortably for several minutes and the problems
should resolve. With this in mind, initial blood
sampling or catheter insertion is best performed
with the subject seated in a secure reclining chair.
The proximity of a gurney is helpful if problems
develop.
After blood sampling or catheter removal there is

no substitute for accurately applied and prolonged
pressure at the puncture site to prevent a bruise or
hematoma. This requires thumb or Wnger pressure
by the exercise practitioner or an assistant. Two
minutes is usually adequate following venepunc-
ture. Fiveminutes is the minimum requirement fol-
lowing arterial puncture. A gauze pack, even tightly
taped, in place is not a satisfactory substitute.
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3

Testing methods

Introduction

A variety of methods is available for assessing the
integrated response to exercise. This chapter pres-
ents detailed methodologies for conducting exer-
cise tests where knowledge of this response is im-
portant for Wtness or risk assessment, diagnostic,
prescriptive, or monitoring purposes. As illustrated
inChapter 1, XT is convenientlypartitioned into two
general disciplines: performance exercise testing
(PXT) and clinical exercise testing (CXT). The PXT is
typically performedon the well population, often as
part of preventive strategies, for health promotion,
and to provide guidance for Wtness improvement or
as a basis for training athletes. The CXT is usually
reserved for individuals presenting with signs or
symptoms of illness or disease. In both PXT and
CXT, the setting for the XT may be in the Weld or
laboratory. The choice of a Weld or laboratory as-
sessment depends upon the purpose of the test, the
need for density, precision, and accuracy of the
response variables, and the available instrumenta-
tion and personnel. Lastly, the protocol for Weld or
laboratory tests describes how the test is conducted.
Table 3.1 identiWes several potential purposes with-
in the two PXT and CXT disciplines alongwith poss-
ible settings and protocols. Clearly, some protocols
will serve multiple purposes. For example, a maxi-
mal cycle ergometer test without arterial blood
samplingmay be appropriate for PXT Wtness assess-
ments, exercise prescription, progress monitoring,
or CXT diagnostic exercise assessments, risk assess-
ments, or in monitoring the progress of a patient
undergoing rehabilitation.

The following two sections brieXy introduce the
two major types of protocols for exercise testing –
submaximal andmaximal – identifying their advan-
tages, disadvantages, and assumptions.

Submaximal testing

Submaximal tests are appropriate for both PXT and
CXT. They may be conducted in the Weld or in the
laboratory, may be incremental or constant work
rate, but do not directly assess maximal exercise
capacity.Many submaximal tests, particularly those
used for PXT, attempt to predict aerobic capacity
(V̇o2max), however, accuracy of the prediction is
based on a number of assumptions, particularly the
heart rate/work rate relationship. Generally, the
predictions are made graphically (Figure 3.1) or
throughuse of prediction equations speciWc to each
test. The advantages, disadvantages, and assump-
tions underlying the use of the submaximal XT to
predict aerobic capacity are presented in Table 3.2.
Submaximal constant rate tests may also be em-

ployed as a means to determine exercise endurance
or the time constant for oxygen uptake (�V̇o2). These
applications are described in the section on PXT
below. See Chapter 4 for a discussion of �V̇o2.

Maximal testing

Maximal or near maximal tests are also used as PXT
and CXT, and may be conducted in the Weld or in
the laboratory. Predictions of V̇o2max may be im-
proved since actual maximal data are obtained. If
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Table 3.1. Potential purposes, settings, and protocols for performance and clinical exercise tests

Discipline Purpose Setting Protocol options

PXT Fitness assessment

Exercise prescription

Progress monitoring

Field Timed walk or run

Step test

Shuttle walk ro run

Laboratory Submaximal (IWR or CWR)

Treadmill, cycle, or arm ergometer

Maximal (IWR or CWR)

Treadmill, cycle, or arm ergometer

CXT Diagnostic

Integrative

Exercise-induced

bronchospasm

Myopathy

Cardiac

Laboratory Symptom-limited maximal

With or without arterial blood sampling

Treadmill, cycle, or arm ergometer

Risk assessment

Cardiac

Preoperative

Return to work

Field Timed walk

Step test

Shuttle walk

Stair climb

Laboratory Symptom-limited maximal

With or without arterial blood sampling

Treadmill, cycle, or arm ergometer

CWR

With or without arterial blood sampling

Treadmill, cycle, or arm ergometer

Progress monitoring Field Timed walk

Step test

Shuttle walk

Stair climb

Laboratory Symptom-limited maximal

With or without arterial blood sampling

Treadmill, cycle, or arm ergometer

CWR

With or without arterial blood sampling

Treadmill, cycle, or arm ergometer

IWR= incremental work rate; CWR= constant work rate.
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Figure 3.1 Illustration of the extrapolation of maximal work

rate from predictedmaximal heart rate and the heart

rate/work rate relationship obtained from a submaximal

exercise test. In this example, the x-axis variable is work rate

in kg ·m ·min−1. However, the x-axis variable could contain

other expressions of work intensity, such as V̇o
2
, calculated

from treadmill speed and grade, or stepping. See Appendix B,

Oxygen cost of exercise.

instruments for the measurement of gas exchange
are included, measurement of aerobic capacity
(V̇o2max), as well as many other variables important
for test interpretation, are also available. Because
subjects are asked to exercise to the point of symp-
tomatic or subjective limitation, the test is highly
eVort-dependentand can be inXuencedby a numb-
er of factors, including a desire for secondary gain.
Table 3.3 indicates the advantages, disadvantages,
and assumptions of the maximal XT.

Performance exercise tests

Introduction

In the apparently healthy population, performance
tests are used for several purposes, including Wtness
assessments, developing exercise training prescrip-
tions, and for progress monitoring. The key
outcome variables for these purposesmay be deter-
mineddirectly in the laboratory usingmaximal tests
and metabolic measurement instrumentation. This
approach usually provides the greatest accuracy
and precision in acquiring the data needed to serve
the purpose of the PXT. However, this is not always
practical due to the risks, costs, equipment, and
personnel required. Consequently, simpler tests
have evolved in order to measure submaximal re-
sponses and to predict maximal variables such as
V̇o2max using nongas exchange data, including work
rate, heart rate, or time. These simpler tests may be
conducted in the Weld or in the laboratory and pos-
sess varying degrees of accuracy. The following sec-
tions review the purposes of PXT as well as Weld and
laboratory tests that may be used to generate data
needed for assessing subject performance.

Fitness assessment

Fitness assessments are usually conducted to quan-
tify aerobic capacity (V̇o2max) for subsequent com-
parison against reference values. These data may
then be used to develop exercise prescriptions as

well as to serve as a baseline for observing training
status or progress. Testing may be conducted in the
Weld or the laboratory and can be either submaxi-
mal or maximal. Field tests, submaximal tests, and
some laboratory tests, even when maximal, only
estimate V̇o2max through use of prediction equa-
tions, thus decreasing accuracy when compared to
direct measurements using gas exchange.

Exercise prescription

One purpose of PXT is acquisition of suYcient per-
formancedata to allow the developmentof an eVec-
tive exercise training prescription. Accuracy of test
data is of primary importance as its use now goes
beyond simple proWling of a subject’s aerobic Wt-
ness to creating an intervention for change. This
suggests choosing the most accurate test available.
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Table 3.2. Advantages, disadvantages, and assumptions of submaximal XT as compared to maximal XT

Advantages Disadvantages

Assumptions for predictive accuracy

(V̇o
2max

)

Less exertion required Estimates rather than measures aerobic

capacity

Accurate ergometer work rates

Less time to complete Misses potentially abnormal responses at

work rates above termination point, e.g.,

ischemic or dyspneic thresholds,

hypertension, signs of exercise

intolerance

Accurate heart rate measurements

Safer, lower risk of complications Limited data available for interpretation

and use for guiding interventions

The f
C
–Ẇ relationship is linear up to the

predicted f
Cmax

Fewer requirements for physician

supervision (see section on level of

supervision, later in this chapter)

Exercise prescriptions for intensity must

not exceed the highest Ẇ achieved

Prediction of f
Cmax

(e.g., 220 −age) is

accurate

Reproducible f
C
–Ẇ relationship allowing

a goodmethod for progress monitoring

Less dependent on motivation

The V̇o
2
–Ẇ is linear up to predicted

V̇o
2max

Table 3.3. Advantages, disadvantages, and assumptions of maximal XT as compared to submaximal XT

Advantages Disadvantages

Assumptions for predictive accuracy

(V̇o
2max

)a

Can provide direct measurement of

aerobic capacity

Highly eVort-dependent Ergometer work rates are accurate

Provides much additional data Can require more time to complete Prediction equations are appropriate to

the population, have high correlations,

and low see

Provides greater opportunity to observe

an abnormal response if it exists

Increased safety concerns The V̇o
2
–Ẇ is linear up to Ẇ

max

Reproducible f
C
–Ẇ relationship allowing

a goodmethod for progress monitoring

Increased requirements for physician

supervision

Can require more technical expertise to

administer and interpret

aWhen V̇o
2max

is not directly measured.

see=Standard error of estimate.

While it is beyond the scope of this book to discuss
the intricacies of exercise prescription, Table 3.4
provides suggestions for PXT data that are required
for this purpose. These data are used to develop the

intensity portion of the exercise prescription. Type
of exercise, duration, frequency, and rate of pro-
gression are other considerations.
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Table 3.4. Data acquired from PXT for use in exercise prescription

Field tests Laboratory tests

Variable Submaximal Maximal Submaximal Maximal

Resting heart rate ( f
Crest

) � � � �

Maximal heart rate ( f
Cmax

) (�) � (�) �

Maximal work rate (Ẇ
max
) (�) � (�) �

Resting oxygen uptake (V̇o
2rest

) (�) (�) (�)[�] (�)[�]

Maximal oxygen uptake (V̇o
2max

) (�) (�) (�) (�)[�]

Metabolic threshold (V̇o
2
�) [�] [�]

Ventilatory threshold (V̇
E
�) [�] [�]

Rating of perceived exertion (RPE) � � � �

Walking or running speed � � � �

f
C
–Ẇ relationship � � � �

� Indicates data that may be collected in Weld or laboratory settings, (�) indicates data that may be predicted, [�] indicates data that

may be measured if gas exchange measurements are included in the test.

Progress monitoring

Performance exercise testing may also be used to
document changes in aerobic performance due to
exercise training. This allows the practitioner to
evaluate the eVectiveness of the training program
and to modify the training elements based on sub-
ject responsiveness. Results from serial testing are
often motivational, conWrming the value of the
training program through clear, objective measures
of performance. In many cases, the greatest value in
some of the Weld or submaximal tests is their relia-
bility. As discussed in Chapter 2, a test may not
exhibit great accuracy, but it may be quite reliable.
The reliability of a test makes it ideally suited for
progress monitoring when the change may be as or
more important than knowledge of the true value.

Field tests

Introduction

Field tests for assessing Wtness are often used when
availability of more sophisticated instrumentation
or practicality precludes the use of laboratory tests.
Field tests are also appropriate when testing groups
of people, providing quantitative and objective
measures of exercise performance in a variety of
settings. This section presents several Weld tests for

the practitioner who desires a reliable, but simple
method of quantifying exercise capacity. Table 3.5
summarizes these assessments.

Timed walking tests

Rockport walking test
The Rockport walking test is a 1-mile (1.60 km) test
developed and cross-validated (r =0.88) in 1987 as a
simple way to predict V̇o2max in healthy people aged
30–69 years. The test protocol includes:
∑ Walking 1 mile as fast as possible without run-
ning.

∑ Measuring time for the mile walk to the nearest
second.

∑ Recording a 15-s heart rate immediately upon
completion of the mile walk.

∑ If a heart rate meter is available, record the aver-
age heart rate over the last 2 min of the walk.

∑ Recording body weight (kg) and age (years).
∑ A cool-down period.
Time and heart rate data are then used along with
age, bodyweight, and a gender coeYcient to predict
V̇o2max :

V̇o2max = 132.85 − (0.169 · BW)− (0.39 · age)
+ (6.32 · gender)− (3.26 · t) − (0.16 · fC) (3.1)

where V̇o2max is expressed in ml · kg−1 ·min−1,
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Table 3.5. Field tests for fitness assessment

Instruments

Test Test name and required Response Predicted

category relative eVort (optional) variables variables

Timed walks

(submaximal)

Rockport 1-mile walk

test

Cooper 3-mile walk test

Measured course

Stopwatch

Scale

( f
C
monitor)

f
C

Ẇ (pace)

V̇o
2max

Timed runs (near

maximal)

12-min run or 1.5-mile

run

20-meter shuttle run

Other distances

Measured course

Stopwatch

f
C

d
w

Ẇ (pace)

V̇o
2max

Step tests

(submaximal)

Queens College step test

SiconolW step test

Measured step f
C

V̇o
2max

Metronome Ẇ (watts)

Stopwatch or clock ( f
C

monitor)

Other (near maximal) 12-minute swim test

12-minute cycle test

Pool or traYc-free

cycling area

Distance

Distance

Fitness category

(quintile)

BW=body weight in kg, age is in years, gender is 0
for females, 1 for males, t is time to complete
the mile walk (min), and fC is the heart rate (beats
·min−1). Alternatively, if a heart rate meter is used,
the mean fC during the last 2min of the test is used
for the heart rate variable. The estimated V̇o2maxmay
be used with tables of reference values (see Tables
C1 and C2, Appendix C) to obtain a Wtness classiW-
cation.
The standard error of the estimate for this test is

4.4ml · kg−1 ·min−1. The test has been further cross-
validatedon younger (20–29 years) and older (70–79
years) males and females and on overweight fe-
males with the correlation between estimated and
measured V̇o2max ranging from r= 0.78 to r = 0.88.

The Cooper 3-mile walking test
The 3-mile (4.80-km) walk test, developed by Dr
Kenneth Cooper, is more challenging and eVort-
dependent than the Rockport 1-mile walk test. It is
generally reserved for individuals who have been
actively walking for at least 6 weeks and is appli-
cable to healthy males and females aged 13–70
years. The walking course can be ameasured indoor
or outdoor track or any other suitable course that
has been accurately measured. The procedures are

as follows:
∑ Subject walks 3 miles as fast as possible without
running.

∑ Time to completion is recorded to nearest second.
∑ Fitness category is determined using Table C8 in
Appendix C.

Additional objective measures, such as fC and RPE,
taken at regular intervals during the walk, add fur-
ther documentation that can be used for progress
monitoring.

Timed run tests

In 1968, Cooper published the Wrst description of
his 12-minute run test for estimation of aerobic
Wtness. This was a modiWcation of a 15-minute run
test developed earlier by Balke on military person-
nel. Later, Cooper introduced the alternative 1.5-
mile (2.40-km) run. These are very eVort-dependent
tests, requiring participants to give a near maximal
eVort. To be valid, the test requires previous exer-
cise training (at least 6 weeks is recommended),
presumably by running. Correlations between time
for the 12-minute run or 1.5-mile run tests with
measured V̇o2max range from 0.30 to 0.90 depending
on the population studied.
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Cooper 12-min running test
The procedures are as follows:
∑ Subjects should be encouraged to warm up and
stretch prior to the run.

∑ Subjects should be instructed to run as far as
possible in 12min; walking is permitted.

∑ Distance to the nearest yard is recorded. To facili-
tate greater precision in identifying the distance
covered, the measured course should be marked
every 55 yards (50m). Distance is recorded by
adding the number of complete laps to the dis-
tance represented by the last marked 55-yard in-
terval passed.

∑ Convert distance (yards) to hundredths of a mile
for use in Equation 3.2 below or Table B1 in Ap-
pendix B.

miles=
yards
1760

(3.2)

∑ Subjects should cool down gradually upon com-
pletion of the test.

∑ Table C4 in Appendix C shows distance run in
12min and the Wtness category for that perform-
ance. The corresponding estimate for V̇o2max is
shown in Table C9.

∑ Instead of using Table C9, the following equation
developed by Cooper provides an estimate of
V̇o2max:

V̇o2max = (35.97�miles) − 11.29 (3.3)

where V̇o2max is expressed in ml · kg−1 ·min−1.

Cooper 1.5-mile run test
The protocol for the 1.5-mile (2.40 km) run test is
identical to the 12-minute run except that the cri-
terion is completionof a Wxed distance rather than a
Wxed time. This is advantageouswhen testing larger
groups of people, as it is easier to recognize and
record a more precise endpoint for the test. For this
reason and because people may be better able to
pace themselves over a known distance rather than
a known time (e.g., 12 min), the 1.5-mile run test is
preferred. The procedures are as follows:
∑ Subjects should be encouraged to warm up and
stretch prior to the run.

∑ Subjects should be instructed to complete the 1.5-
mile distance as fast as possible; walking is per-
mitted.

∑ Time is recorded to the nearest second.
∑ Subjects should cool down gradually upon com-
pletion of the test.

∑ Use of Tables C7 and C9 in Appendix C and the
time to complete the 1.5-mile run will provide
estimates of the Wtness category and V̇o2max for
that performance.

20-meter Shuttle running test
The multistage 20-meter shuttle run test was
originally developed by Léger & Lambert (1982) to
assess V̇o2max in healthy adults tested either individ-
ually or in groups. The protocol requires the follow-
ing conditions:

∑ The 20-m course should be dry, Wrm, and Xat and
allow 5–10m extra length for deceleration at each
end (Figure 3.2).

∑ Subjects run back and forth on the 20-m course
marked at each end with a line.

∑ Subjects must touch the line at the same time a
sound cue is emitted from a prerecorded
audiotape.

∑ The frequency of the cues is increased 0.5 km ·h−1

(8.33m ·min−1) every 2 min from a starting speed
of 8.0 km ·h−1 (133.3m ·min−1 or 5.0m.p.h.).

∑ Cues are provided so that an audible tone is
sounded as a pacing mechanism. Table 3.6 indi-
cates the pace time for each shuttle during each
2-min stage.

∑ When the subject is no longer able to reach the
20-m distance on cue (deWned as more than 3m
away), the last fully completed stage number is
recorded and used to predict maximal oxygen
uptake corresponding to the Wnal stage.

V̇o2max = (5.857 ·S) − 19.458 (3.4)

where V̇o2max is expressed inml · kg−1 ·min−1, and S is
the speed corresponding to the last completed stage
expressed in km ·h−1. Speed can be obtained from
Table 3.6 or calculated in km · h−1 using the formula
8+ [0.5(completed stages −1)].
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Figure 3.2 Photographs of performance and clinical exercise tests in progress. (A) Healthy young adult performing a 20-m shuttle

test. (B) Patient with chronic obstructive pulmonary disease performing a diagnostic exercise test on a cycle ergometer.

Table 3.6 indicates speed at each stage, the corre-
sponding time per shuttle (for use in recording the
audiotape), shuttles to be completed per minute,
distance covered in each stage, and estimated
V̇o2max.

Example: If a subject completed nine stages
and four shuttles, the speed would equal
8+ [0.5 · (9−1)] = 12 km ·h−1. Using Equation 3.4, or
Table 3.6, V̇o2max = 50.8ml · kg−1 ·min−1 (r =0.84,
see= 5.4ml · kg−1 ·min−1).

Step tests

Queens College single-stage step test
This step test is best suited for college-aged males

and females and uses recovery heart rate to predict
V̇o2max. The test is conducted in a single 3-min per-
iod and requires a 41.3-cm (16.25-in.) step or plat-
form. In the USA, this height is standard for
gymnasium bleacher seats. A metronome or pre-
recorded audiotape is used to set the stepping rate.
Heart rate during recovery is recorded via palpation
or a heart rate meter. The protocol requires that:
∑ Subjects have warmed up and stretched.
∑ The method of stepping is described and demon-
strated as follows:
(a) On the Wrst count (sound cue from themetro-

nome or tape), step up on to the step with one
foot.

(b) On the second count, subjects step up with
the opposite foot, extending both legs and the
back.
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Table 3.6. Speeds, time intervals, and predicted V̇O
2max

for each stage of the 20-m shuttle test

Time per Distance Total Predicted

Speed Speed Speed Speed Shuttles shuttle per stage distance V̇o
2max

Stage (km · h−1) (m ·min −1) (m · s−1) (m.p.h.) per min (s) (m) (m) (ml · kg−1 ·min−1)

1 8.0 133 2.22 4.98 6.7 9.00 267 267 27.40

2 8.5 142 2.36 5.29 7.1 8.47 283 550 30.33

3 9.0 150 2.50 5.60 7.5 8.00 300 850 33.26

4 9.5 158 2.64 5.91 7.9 7.58 317 1167 36.18

5 10.0 167 2.78 6.22 8.3 7.20 333 1500 39.11

6 10.5 175 2.92 6.53 8.8 6.86 350 1850 42.04

7 11.0 183 3.06 6.84 9.2 6.55 367 2217 44.97

8 11.5 192 3.19 7.15 9.6 6.26 383 2600 47.90

9 12.0 200 3.33 7.46 10.0 6.00 400 3000 50.83

10 12.5 208 3.47 7.77 10.4 5.76 417 3417 53.75

11 13.0 217 3.61 8.08 10.8 5.54 433 3850 56.68

12 13.5 225 3.75 8.40 11.3 5.33 450 4300 59.61

13 14.0 233 3.89 8.71 11.7 5.14 467 4767 62.54

14 14.5 242 4.03 9.02 12.1 4.97 483 5250 65.47

15 15.0 250 4.17 9.33 12.5 4.80 500 5750 68.40

16 15.5 258 4.31 9.64 12.9 4.65 517 6267 71.33

17 16.0 267 4.44 9.95 13.3 4.50 533 6800 74.25

18 16.5 275 4.58 10.26 13.8 4.36 550 7350 77.18

19 17.0 283 4.72 10.57 14.2 4.24 567 7917 80.11

20 17.5 292 4.86 10.88 14.6 4.11 583 8500 83.04

(c) On count 3, the Wrst foot is returned to the
Xoor.

(d) On count 4, the second foot returns to the
Xoor. This four-step cycle is repeated in time
with the counting device for the duration of
the test.

∑ The subjects practice 15–30 s before the test is
administered.

∑ Female subjects perform the test at 22 complete
cycles per minute. Thus the metronome or
audiotape emits 88 sounds per minute.

∑ Male subjects perform the test at 24 cycles (96
sounds) per minute.

∑ Heart rate is recorded for 15 s beginning precisely
5 s after the 3-min stepping period has ended.
Thus, record fC between 5 and 20 s of recovery.
Multiply by 4 to convert to beats ·min−1.

∑ For the test to be valid, both legs and the back
must come to full extension at the top of each
step, i.e., after count 2.

The following equations, also described in Appen-
dix B, predict V̇o2max in males and females respect-
ively:

Males:

V̇o2max = 111.33 − (0.42 · fCrec) (3.5)

Females:

V̇o2max = 65.81 − (0.1847 · fCrec) (3.6)

where V̇o2max is expressed inml · kg−1 ·min−1 and fCrec
is the recovery heart rate. The predicted V̇o2max

scores can be used to identify the Wtness category
using Tables C2 and C3 in Appendix C.

SiconolW multistage step test
In contrast to the single-stage Queens College step
test, the SiconolW multistage step test predicts
V̇o2max from a test that consists of one, two, or three
stages and is applicable to a wider range of age
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groups (males and females aged 19–70 years). The
step height is lower (25.4 cm or 10 in.) and the step-
ping rate is varied with each 3-min stage. Recovery
periods of 1min are given between stages. A metro-
nome or audiotape is used to set the cadence. Re-
covery fC is best obtained by a heart rate meter.
Palpation in this test is diYcult because of the need
to measure fC during stepping. The protocol is as
follows:
∑ Calculate and record the subject’s age-predicted
maximum heart rate (220 − age).

∑ Provide warm-up and stretching for the subject.
∑ Describe and demonstrate the stepping pro-
cedure as indicted for the Queens College step
test (above).

Stage 1
∑ The subject steps at 68 steps (17 cycles) per
minute for 3min.

∑ Record fC during the last 30 s of the 3-min period.
∑ The subject sits for 1min recovery.
∑ If the fC during stage 1 is less than 65% of the
age-predictedmaximum fC, continue with stage 2
after the 1-min recovery period.

∑ If the fC during stage 1 is greater than 65% of the
age-predicted maximum fC, the test is ended.

Stage 2
∑ The subject steps at 104 steps (26 cycles) per
minute for 3min.

∑ Record fC during the last 30 s of the 3-min period.
∑ The subject sits for 1min recovery.
∑ If the fC during stage 2 is less than 65% of the
age-predictedmaximum fC, continue with stage 3
after the 1-min recovery period.

∑ If the fC during stage 2 is greater than 65% of the
age-predicted maximum fC, the test is ended.

Stage 3
∑ The subject steps at 136 steps (34 cycles) per
minute for 3 min.

∑ Record fC during the last 30 s of the 3-min period.

V̇o2max is predicted as follows:
1. First, the V̇o2 (ml · kg−1 ·min−1) for the stepping

rate is determined from standard equations for
stepping (Appendix B, Equations B11, B12, and

B13). These V̇o2 values are 16.3, 24.9, and 33.5
(ml · kg−1 ·min−1), respectively, for stages 1, 2, and
3.

2. This V̇o2 is multiplied by the subject’s weight (kg)
and divided by 1000 to convert to l ·min−1.

3. The V̇o2 in l ·min−1 and the fC at the end of the last
stage are used to predict V̇o2max (l ·min−1) from
the Åstrand–Ryhming nomogram (Figure C5 in
Appendix C). The estimated V̇o2max so derived is
correctedwith the following equation, developed
by SiconolW et al. (see Further Reading):

V̇o2max = 0.302 · (nomogramV̇o2max)
− (0.019 · age) + 1.593 (3.7)

where V̇o2max is expressed in l ·min−1 and age is
expressed in years.

Other Weld assessments

Additional assessments for Wtness are available and
include the Cooper 12-minute swim test and the
Cooper 12-minute cycle test. Protocols for adminis-
tering these tests are similar to the 12-minute run
test described above. Fitness classiWcations based
on distance completed for these tests are contained
in Appendix C (Tables C5 and C6). Details on the
conduct of these tests may be found by referring to
Cooper’s The Aerobics Program for Total Well-being
(1982), listed in Further Reading.

Laboratory tests

Introduction

Laboratory tests oVer greater control over the
environment (temperature, humidity, surfaces, and
distractions) and the subject. Use of more sophisti-
cated instruments, including metabolic measure-
ment equipment, within the laboratory allows
greater accuracy and precision in the measurement
of a greater number of response variables. Thus,
more data of potentially higher quality are obtain-
able for interpretation. Whenever available and ap-
propriate for the purpose, laboratory testing is pre-
ferred. This section presents several submaximal
and maximal strategies that can be applied in the
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Figure 3.3 Branching protocol for submaximal cycle

ergometer exercise testing. Adapted with permission of the

YMCA from Golding, L., Myers, C. & Sinning, W. E. (eds)

(1989). Y’s Way to Physical Fitness: The Complete Guide to

Fitness Testing and Instruction, 3rd edn. Chicago, IL: Human

Kinetics Publishers.

laboratory for assessing the integrated response to
exercise. Table 3.7 summarizes these assessments.

Submaximal incremental work rate tests

Cycle ergometer tests
Several tests are available in this category, most of
which are modiWcations of the multistage test de-
veloped by Sjostrand in 1947. These tests are based
on the same underlying principle: that the relation-
ship between fC, Ẇ, and V̇o2 is linear and that esti-
mates of V̇o2max may be made from the extrapola-
tion of the fC–Ẇ relationship (Figure 3.1). Since
estimates of V̇o2 are wholly dependent upon accu-
rate ergometer work rates and accurate measure-
ments of heart rate, extreme care must be exercised
in ensuring this accuracy. Failure to do so increases
error and decreases reproducibility. Error for these
tests in predicting V̇o2max is usually in the 10–15%
range, but can be as high as 25%. The major source
of error, assuming properly calibrated instruments
and good procedures, is in the assumption that fCmax

is faithfully represented by the formula: 220 −age
(or some other prediction equation). Other con-
cerns include the potential for nonlinearity in the
V̇o2–Ẇ response (see Chapter 4). Accuracy aside,
submaximal cycle tests have potential for good re-
producibility and thus for tracking changes.
The multistage YMCA cycle ergometer test is one

of the most commonly used submaximal cycle tests
for Wtness assessment. The test consists of four 3-
min stages, incrementing in a heart rate-dependent
branchingprotocol, as illustrated in Figure 3.3. After
an initial 3min of cycling at 150 kg ·m ·min−1

(~25W), work rate is increased in the next 3-min
stage based on the fC response to the Wrst work rate
(Figure 3.3). For subsequent stages, work rate is
further increased following the initial branch until a
fourth stage is completed (12 min) or until the sub-
ject reaches 85% of age-predicted fCmax or 70% of the
heart rate reserve (age-predicted fCmax − fCrest).

fCreserve = fCmax − fCrest (3.8)

The following protocol should be undertaken to
perform the YMCA multistage cycle test:

∑ Verify calibration of the ergometer.
∑ Adjust the saddle height so that the knee angle is
between5 and15° of Xexionwhen the foot presses
the pedal to the bottom of its stroke. The seat
height should be recorded for future tests. Failure
to do so and the use of a diVerent seat height in
subsequent tests may result in biomechanical
changes and diVerences in V̇o2 at every work rate.

∑ Attach a heart rate meter (a pulse oximeter can be
used for this purpose) or Wnd and mark a periph-
eral artery such as the radial or carotid artery to be
used with palpation. If the carotid artery is used,
care should be taken to press lightly on one side
only and not to massage the area so as to avoid
provoking the baroreceptor reXex. Obtain fC .

∑ Attach a sphygmomanometer cuV and measure
the resting blood pressure.

∑ Explain the protocol and allow familiarization
with pedal cadence during stage 1. A pedal ca-
dence of 50–60 r.p.m. is recommended.

∑ Record fC near the end of minutes 2 and 3 of each
of the 3-min stages.

∑ Record blood pressure and rating of perceived
exertion (RPE) near the end of each stage.
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Table 3.7. Laboratory tests for fitness assessment

Variables that

Test Test Instrumentsa required can be Predicted

category name and optionalb measuredc variables

Submaximal,

incremental work rate

YMCA cycled test

ModiWed Bruce or Balke

treadmill test

Cycle ergometer

Treadmill ergometer

Arm ergometer

Sphygmomanometer

Stethoscope

Timing device

( f
C
monitor)

(ECG)

(Pulse oximeter)

(Metabolic measurement

system)a

(Arterial blood sampling)

(Psychometric scales)

f
C

Ẇ (watts) or BP

t

(ECG)

(Spo
2
)

(V̇o
2
, V̇co

2
, V̇

E
plus

derived variables)e

(Pao
2
, Paco

2
, Spo

2
,

HCO
3
−, La, BP)

(RPE, VAS)

Ẇ
max

V̇o
2max

Submaximal, constant

work rate

Åstrand–Ryhming cycle

test

Constant work rate cyclec

test

Single-stage treadmill test

Cycle ergometer

Treadmill ergometer

Sphygmomanometer

Stethoscope

Timing device

( f
C
monitor)

(ECG)

(Pulse oximeter)

(Metabolic measurement

system)a

(Arterial blood sampling)

(Psychometric scales)

f
C

Ẇ (watts) or BP

t

(ECG)

(Spo
2
)

(V̇o
2
, V̇co

2
, V̇

E
plus

derived variables)e

(Pao
2
, Paco

2
, HCO

3
−, La,

BP)

(RPE, VAS)

V̇o
2max

Ẇ
max

Maximal, incremental

work rate

Stair step or ramp cycled

test

Stair step or ramp

treadmill test

Cycle ergometer

Treadmill ergometer

Arm ergometer

Sphygmomanometer

Stethoscope

Timing device

( f
C
monitor)

(ECG)

(Pulse oximeter)

(Metabolic measurement

system)a

(Arterial blood sampling)

(Psychometric scales)

f
C

Ẇ (watts) or BP

t

(ECG)

(Spo
2
)

(V̇o
2
, V̇co

2
, V̇

E
plus

derived variables)e

(Pao
2
, Paco

2
, HCO

3
−, La,

BP)

(RPE, VAS)

V̇o
2max

aSee Chapter 2.
bInstruments in parentheses are optional.
cVariables in parentheses are optional depending on equipment used.
dMay also be used with arm ergometry. See below.
eSee Chapter 4.

See Appendix A for deWnition of variables.
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Table 3.8. Suggested timing for measurement of f
C
, blood

pressure, and RPE during each 3-min stage of a submaximal

exercise test

Time of Blood

each stage f
C

pressure RPE

0: 00–1: 40

1: 40–1: 55 X

2: 00–2: 30 X

2: 40–2: 55 X

2: 55–3: 00 X

Table 3.9. Data table for Ẇ–f
C
regression and prediction of V̇O

2max

from f
C
–Ẇ responses from the YMCA submaximal branching protocol

Stage f
C
(min−1) Ẇ (kg ·m ·min−1)

1 88 150

2 120 600

3 140 750

4 160 900

Although there are no speciWc times that are
necessarily better than others, the schedule
shown in Table 3.8 works well, allowing all
necessary data to be collected.

∑ The fC at the end of minutes 2 and 3 must agree
within ±6min−1 before the work rate is increased
to the next stage.

∑ Monitor signs and symptoms of exercise intoler-
ance throughout test.

∑ Verify that the pedal cadence is maintained at the
desired rate. This is of utmost importance in
mechanically braked ergometers since changes in
r.p.m. directly aVect thework rate (see Chapter 2).

∑ Terminate the test when the subject reaches 85%
of age-predicted fCmax or 70% of the heart rate
reserve (see Equation 3.8).

∑ Provide a recovery period during which the sub-
ject cycles at a work rate equivalent to or lower
than stage 1 of the test.

∑ In an emergency or if the subject develops ad-
verse symptoms such as angina, dyspnea, or
claudication, remove the subject from the cycle
and elevate the feet. Monitor fC, blood pressure,
and symptoms for at least 4min of recovery. Ex-
tend the recovery period if untoward signs persist.

Upon completion of the test, fC and Ẇ are tabulated
as shown in Table 3.9. The Ẇmax may be estimated
by graphical analysis from the linear portion of the
fC–Ẇ relationship, extrapolating the curve upwards
to the predicted fCmax (Figure 3.1). Alternatively, the
slope and intercept of the linear portion of the Ẇ–fC
relationship along with the predicted fCmax can be

used to estimate Ẇmax. Following estimation of Ẇmax

by either method, V̇o2max is predicted from the es-
timated Ẇmax (either W or kg ·m ·min−1) and the
subject’s body weight (kg) using either Equation 3.9
or 3.10 below.

Either, using the equation ofWhipp andWasserman
(see Further Reading):

V̇o2max = (10.3 · Ẇmax) + (5.8 · BW) +151 (3.9)

where V̇o2max is expressed in ml ·min−1, Ẇmax is in
watts, and BW is in kg.

Or, using the equation of the American College of
Sports Medicine (see Further Reading):

V̇o2max = (2 · Ẇmax) + (3.5 · BW) (3.10)

where V̇o2max is expressed in ml ·min−1, Ẇmax is in
kg ·m ·min−1, and BW is body weight in kg.

Example: Calculating the slope and intercept (Ẇ
as the dependent, e.g., y-axis variable) from the
sample data in Table 3.9 for a 40-year-old male
yields a slope of 7.5 and y-intercept of −300. Since
a 40-year-old male has a predicted fCmax

of 180min, predicted Ẇmax = 7.5 · 180 −300 =
1050kg ·m ·min−1 (172W). Using the graphical
approach for this 40-year-old subject as shown in
Figure 3.1, Ẇmax is predicted as 1050 kg ·m ·min−1

(172W). Using the subject’s body weight of 75 kg
and predicted Ẇ with Equation 3.9, the predicted
V̇o2max is 2319ml ·min−1. Using Equation 3.10,
V̇o2max is 2363ml ·min−1.
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Table 3.10. Data for V̇O
2
–f

C
regression and prediction of V̇O

max
from a

submaximal Bruce protocol

Speed

m.p.h. f
C

V̇o
2

Stage (m ·min−1) % Grade (min−1) (ml · kg−1 ·min−1)

1 1.7 10 100 16.3

2 2.5 12 130 24.7

3 3.4 14 160 35.6

Treadmill tests
While submaximalWtness testing is oftenperformed
on the cycle ergometer, submaximal treadmill tests
may be advantageous from the point of view of task
speciWcity. If a subject is planning to walk or run
as the primary mode of training, use of a similar
exercise mode for assessment will optimize the
chance of documenting real change. The advan-
tages and disadvantages of the various ergometers
were presented in Chapter 2.
The Bruce or Balke protocols (see Tables D1 and

D2 in Appendix D) are often used, although these
tests are generally terminated at 85% of the fCreserve
(see Equation 3.8). An estimation of V̇o2max may be
obtained using either regression analysis or the ex-
trapolation method, described in Figure 3.1. Unlike
themethod described for cycle ergometry, values of
V̇o2 are used instead of Ẇ for the x-axis variable.
Table 3.10 gives an example of this approach for a
submaximal Bruce protocol.
Appendix B explains how to derive the required

values for V̇o2. Equation B21 predicts V̇o2 for the
Balke treadmill protocol and Equations B22a–c pre-
dict V̇o2 for the Bruce treadmill protocol. Alterna-
tively, V̇o2 can be calculated from any treadmill
speed and grade, using Equation 3.11 below in con-
junction with Equations B4–6 in Appendix B.

V̇o2(ml · kg−1 ·min−1) = V̇o2H+ V̇o2V+ V̇o2R (3.11)

whereH is the horizontal component inm ·min−1, V
is the vertical component expressed as percentage
grade/100, and R is the resting component (gen-
erally assumed to be 3.5ml · kg−1 ·min−1).

Example: Calculating the slope and intercept
(V̇o2 as the dependent, e.g., y-axis variable) from
these data for a 40-year-old male yields a slope of
0.322, and a y-intercept of −16.3. Hence this 40-
year-old male with a predicted fCmax of 180min−1

has a predicted V̇o2max of 41.6ml · kg−1 ·min−1.

This same approachmay be adopted for any pro-
tocol developed by the user. The Balke protocol can
be favorably modiWed, maintaining a constant
speed while incrementing the grade each minute.
Choice of speed is based on subject history and
clinical judgment. The grade is chosen so as to ter-
minate the test in 8–12min at a level corresponding
to about 85% of the fCreserve. A simple spreadsheet
can be used to calculate the optimal percentage
grade (see Figure D4 in Appendix D, Calculating a
treadmill protocol).

Arm ergometry
The smaller muscle mass employed in arm er-
gometry, in addition to lack of regular training
stimulus (except in upper-extremity athletes such
as swimmers, rowers, kayakers), results in early fa-
tigue and lower V̇o2max (60–80% of leg cycling). This
suggests a selection of protocols that utilize smaller
Ẇ increments than typically used in leg ergometry.
The Ẇ increment is selected individually on the
basis of subject history and test purpose (see section
below on selecting the optimal exercise test proto-
col). Maximal arm ergometer protocols generally
use work rate increments of 10–25W and may be
continuous or discontinuous, applied in stages of
1–6min. Continuous protocols save time whilst dis-
continuous protocols facilitate easier measurement
of blood pressure, fC, and the ECG if included.
Cranking frequency is 40–60 r.p.m. Application of
the fC–Ẇ relationship provides an appropriate basis
for designing a submaximal arm ergometer proto-
col. Prediction of V̇o2max is accomplished through
the same regression procedures described above for
leg cycling, although the equation for predicting
V̇o2max from predicted Ẇmax is diVerent, as shown in
Equation 3.12.
A submaximal arm ergometer protocol for
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younger, healthy subjects might consist of:
∑ 3-min warm-up at 0W.
∑ Increasing the Ẇ by 15–25W every 3min while
measuring and recording fC at the end of each
minute. fC should be in steady state (±6min−1)
during the last 2min of each stage.

∑ If fC is �6min−1 diVerent, the Ẇ is held for an-
other minute until the steady-state fC criterion is
achieved.

∑ Blood pressuremay bemeasuredbymomentarily
stopping the test every 3min.

∑ RPE should be obtained at the end of each 3-min
stage.

∑ The test is terminated when the subject reaches
85% fCmax or 70% of the fCreserve ( fCmax − fCrest) or if
the subject cannot maintain the cranking fre-
quency, or exhibits signs of intolerance to the
exercise.

∑ A recovery period is provided at a low Ẇ (e.g.,
0–10W) with continued fC and blood pressure
monitoring.

∑ Regression is obtained for fC and Ẇ as described
above for leg cycling.

∑ Ẇmax is estimated from the age-predicted fCmax

and the fC− Ẇ relationship.
∑ The estimated Ẇmax is used with Equation 3.12 to
estimate V̇o2max.

V̇o2max = (18.36 · Ẇmax) + (3.5 · BW) (3.12)

where V̇o2max is expressed in ml ·min−1, Ẇmax is in
watts, and BW is body weight in kg.

Submaximal constant work rate tests

Single-stage tests to predict Wtness level have been
developed for use on both the cycle ergometer and
the treadmill. As with the multistage tests, these
tests rely on the relationship between V̇o2 and fC to
predict V̇o2max.

Åstrand–Ryhming cycling test
The Åstrand–Ryhming test requires setting a cycle
ergometer load using a pedal frequency of 50 r.p.m.
so that the work rate is 75W, 100W, or 150W for
untrained, moderately trained, or well-trained sub-

jects, respectively. This work rate is thenmaintained
for 6min. If values for fC recorded during minutes 5
and 6 are not diVerent by more than 5min−1, and if
fC is between 130 and 170min−1, the test is termin-
ated. If fC is less than 130min−1, the work rate is
increased by 50–100W and the test continued for
another 6min. Again, if fC is diVerent by more than
5min−1 between minutes 5 and 6, the test is con-
tinueduntil the fC between two consecutiveminutes
doesnot diVer bymore than5min−1. TheWnal fC and
Ẇ are then used with the Åstrand–Ryhming nomo-
gram (see Figure C5 in Appendix C), to determine
V̇o2max. This value is then corrected for age with the
table included on the nomogram.

Submaximal treadmill tests
Submaximal constant work rate treadmill exercise
tests for prediction of V̇o2max are uncommon. While
it is conceivable that a modiWcation of the Åstrand–
Ryhming nomogram could be applied to treadmill
exercise, unknownand variable work rates obtained
from a single fC–Ẇ relationship would undoubtedly
result in decreased accuracy and precision in pre-
diction. A nomogram to predict V̇o2max from a single
submaximal treadmill stage remains to be develop-
ed.

Constant work rate tests for endurance
Constantwork rate (CWR) tests have applications in
Wtness assessment other than predicting V̇o2max.
One such use is in assessing exercise endurance.
Although reference values are not available to evalu-
ate performance in this way, the CWR test provides
an excellent baseline for further comparisons of
change in Wtness. For this purpose, a predetermined
work rate is selected, usually as a percentage of the
previously performed maximal exercise test. After
warm-up (see section below on data acquisition),
the load is abruptly increased to provide the
preselected CWR. Appropriate CWR settings are in
the range of 60–100%of the peakwork rate achieved
in the maximal XT.
The CWR test is highly reproducible and is some-

what less eVort-dependent, especially at lower
percentages of the peak Ẇ. Measurement variables
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include endurance time (t), fC, and systemic arterial
pressures, as well as the other variables indicated in
Table 3.7. See Chapter 4 for detailed descriptions of
these variables.

Constant work rate tests to determine the time
constant for oxygen uptake
The time constant for oxygen uptake (�V̇o2) is a
parameter of aerobic Wtness, representing the
approximate time (in seconds) for V̇o2 to reach 63%
of its steady-state value. Measurement of �V̇o2 typi-
cally requires application of a series of CWR tests at
a preselectedwork rate below themetabolic thresh-
old. Suprathreshold work rates disallow the obser-
vation of a V̇o2 steady state and are thus not used for
this purpose.
The CWR protocol to determine �V̇o2 requires a

baseline of low-intensity work followed by an
abrupt increase (‘‘square wave’’) in work rate to the
desired level. This is known as the on-transient.
Since more breath-by-breath variability is observed
during unloaded cycling, a 10–20-W baseline with a
two- to fourfold increase in work rate appears opti-
mal (provided the steady-state V̇o2 remains below
V̇o2�). Since �V̇o2 is typically 35–45 s in healthy sub-
jects, breath-by-breath data acquisition provides
the only appropriate measurement of V̇o2 for the
determination of �V̇o2.
The high signal-to-noise ratio in breath-by-

breath measurements suggests that a single CWR
test is generally inappropriate for measurement of
�V̇o2. Thus,multiple CWR tests at the same CWR are
required to improve the Wdelity with which �V̇o2 is
reported. Interestingly, the oV-transient for �V̇o2,
measured immediately upon the return of a CWR to
the baseline work rate, appears to be equivalent to
�V̇o2 measured from the on-transient. Hence, two
CWR XTs will yield four estimates of �V̇o2. Since the
work rates utilized for these tests must be below the
metabolic threshold, duplicate tests can be admin-
istered after only about 15min of recovery. Re-
sponses from themultiple transitions are then aver-
aged to obtain �V̇o2. See Chapter 4 for a discussion
of the normal and abnormal response of this par-
ameter.

The CWR test oVers additional value in helping to
verify V̇o2�. Examination of values for V̇o2 after 3
and 6min of a CWR protocol (the so-called V̇o2(6−3))
indicates whether or not a true steady state exists.
Identical values over this time interval conWrm that
the work rate was below V̇o2�. Alternatively, the
identiWcation of an upward ‘‘drift’’ in V̇o2 conWrms
that the work rate was above V̇o2�. For the purposes
of conWrming that a work rate is below V̇o2�, V̇o2(6−3)

should be less than 100ml ·min−1.
The protocol for constant work rate tests used to

determine �V̇o2 should be as follows:
∑ Selection of an appropriate constant work rate
protocol (depending on the purpose of the test).

∑ A work rate near but below the metabolic thresh-
old is desirable for measurement of �V̇o2 or for
conWrming V̇o2�.

∑ A work rate at 75–80% of the previouslymeasured
maximum work rate is desirable for tests of en-
durance or progress monitoring.

∑ 3–4min of baseline exercise at a low work rate,
e.g., 20–25W.

∑ 6–8min of constant work rate exercise at the
chosen work rate.

∑ 6–8min of recovery if gas exchange measure-
ments are required to deWne the oV-transient.

∑ Averaging of a minimum of two CWR tests in
order to reduce the signal-to-noise ratio.

Maximal incremental work rate tests

Maximal XTs provide the greatest amount of data
with which to evaluate exercise performance and
aerobic capacity. Data collected from amaximal XT
also allow more precise interpretations of exercise
performance, especially when ventilation is meas-
ured and gas exchange data are acquired. Response
variables may be observed, recorded, and plotted
throughout the range of rest to maximal exertion.
These data allow observations of the pattern of re-
sponse as well as discrete individual responses at
particular work rates, including Ẇmax or V̇o2max. If
oxygen uptake is not directly measured, prediction
of V̇o2max is possible from Ẇmax (e.g., Bruce and
Balke treadmill protocols, American College of
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SportsMedicine (ACSM) and Storer cycle protocols,
and various arm ergometer protocols). Actual
measurement of Ẇmax is expected to improve pre-
diction of V̇o2max.
Maximal XTs require the greatest dependence on

subject eVort and the subject’s ability to withstand
the discomfort of high-intensity exercise. Endpoints
for maximal XT include fatigue (exhaustion) as well
as a variety of symptoms. The term symptom-
limited usually refers to patient populations in
which test termination criteria may be based on the
observance of speciWc symptoms. Typical limiting
symptoms include muscle discomfort, breathless-
ness, chest pain, claudication, muscle strain or
cramps (common in steep-grade walking on a
treadmill), inability to maintain adequate cycle ca-
dence, or inability to keep pace with the treadmill
belt.
Incremental exercise protocols are the most

commonly used laboratory tests for integrated as-
sessment of ventilatory, cardiovascular, and mus-
culoskeletal function. These tests possess the at-
tributes of being graded (increasing in work
intensity over time) and continuous up to maximal
exercise or the occurrence of symptoms suggesting
termination of the test (see the section on safety
considerations, below). The various incremental
protocols diVer with respect to their metabolic cost
at each stage, duration of the stages, and total dur-
ation of the test. Two common types of incremental
tests are used; stair-step and ramp.

Stair-step test
The stair-step protocols use the common feature of
discrete increases in work rate, typically occurring
in stages of 1, 2, or 3min duration.Using the cycle or
arm ergometer, work rates are increased with each
stage, by increments typically in the range of 5–
50W. The most commonly used treadmill protocol,
the Bruce protocol, requires increases in both speed
and grade every 3min in stair-step fashion. The
increment in the oxygen cost of each stage is vari-
able, ranging from 4.1 to 11.6ml · kg−1 ·min−1.
The original Balke protocol uses a constant speed

of 3.3m.p.h. (88.4m ·min−1) with 1% increases in

grade each minute, thus yielding equal increases in
the oxygen cost of each stage. Use of incremental
protocols with the work rate increased each minute
rather than every 2 or 3min as with some protocols
increases the Wdelity of the key response variables
enabling easier pattern recognition. This is particu-
larly important in identifying the metabolic thresh-
old (V̇o2�), as discussed in Chapter 4.With protocols
that increment work rate every 2–3min, the key
response variables for identifying V̇o2� are slurred,
making detection more diYcult. Additionally, clini-
cians should not ruthlessly apply a single protocol,
e.g., a Bruce protocol, to every subject. Rather, total
test duration must be considered and constrained
ideally to 8–12min, as described in the section on
selecting the incremental exercise test protocol, be-
low. Examples of incremental exercise test proto-
cols for treadmill, leg, and arm cycling exercise are
provided in Appendices B and D.

Ramp test
The ramp protocol is one in which the work rate
continuously increases in small increments
throughout the test. Such Wne control over the work
rate is generally attained through use of a pro-
grammable microprocessor that controls the volt-
age signal to the ergometer. Small increments in
work rate can be achieved each second, allowing for
smooth work rate transitions throughout the test.
This form of work rate increase facilitates pattern
recognition of the physiological variables used to
interpret the exercise test. While ramp protocols are
more common in cycle ergometer testing, some
treadmillmanufacturers provide for this function as
well. Typical cycle ergometer ramp protocols oVer a
range of ramp rates of 5–50W ·min−1. Treadmill
ramp protocols should be designed so that the work
rate increases smoothly, resulting in a steady rate of
increase in oxygen cost throughout the test, termi-
nating in 8–12min at V̇o2max or at the limit of subject
tolerance.
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Clinical exercise tests

Introduction

In the clinical population, that is to say individuals
with recognized illness or disease, clinical exercise
tests are used for speciWc purposes, such as assist-
ance with diagnosis, deWnition of speciWc
pathophysiological limitations to exercise, and pre-
operative risk assessment. Also, in the clinical disci-
pline, CXT can be used for progress monitoring
in response to physical rehabilitation or various
therapeutic interventions. The following sections
review the purposes of CXT as well as Weld and
laboratory tests that may be used to generate data
useful in clinical management.

Diagnostic tests

Impaired exercise capacity, fatigue and exertional
breathlessness are remarkably common symptoms
in clinical practice. Frequently they lead to exhaus-
tive investigation without deWnite conclusions. The
role of diagnostic exercise testing is to reproduce
these symptomswhile obtainingprecise physiologi-
cal measurements with which to evaluate the exer-
cise response. This approach usually necessitates a
maximal exercise test, which is limited by the symp-
toms in question. A cycle ergometer is often chosen
for its precision in controlling external work rate.
Sometimes the test gives deWnitive diagnostic infor-
mation, pointing to a particular disease entity, but
more often than not the test indicates speciWc
physiological or pathophysiological limitations to
exercise. These limitations are usually explained by
one or more disease processes and, most import-
antly, give guidance as to what therapeutic inter-
ventions are necessary to relieve the symptoms and
improve exercise capacity.

Risk assessment

A second category of CXT is used for risk assess-
ment. Again, tests for risk assessment demand pre-
cision. They will usually be maximal exercise tests,

performed on a cycle or treadmill ergometer. Many
of these tests are focused on clinical risks and lead
to therapies aimed at risk modiWcation. However,
task-speciWc exercise testing can be used in a reha-
bilitative sense to assess potential risks associated
with return to work.
Perhaps the best known type of risk assessment is

the evaluation of cardiac risk from myocardial is-
chemia or dysrhythmia. This type of risk assessment
carries important prognostic and therapeutic impli-
cations. Secondly, exercise testing is used to assess
suitability for surgery and can predict postoperative
mortality and morbidity, e.g., after thoracotomy. A
less well-recognized type of risk assessment is the
detection of exercise-induced hypertension. This
Wnding, even in the presence of normal resting
blood pressures, indicates compromised vascular
conductance and predicts the development of hy-
pertension later in life. Finally, exercise testing can
detect signiWcant hypoxemia, even in the presence
of normal resting oxygenation. This problem,which
reXects gas exchange failure, if chronic and uncor-
rected can lead to permanent vascular damage to
the pulmonary circulation. Thus, exercise testing
can identify those patients at risk and aid in the
prescription of supplemental oxygen which ameli-
orates the problem.

Progress monitoring

Progressmonitoring assessments in the clinical set-
ting are often performed to evaluate responses to
rehabilitation, pharmacotherapy, surgery, and
other interventions. Progress monitoring tests may
include Weld or laboratory, submaximal or maximal
tests. Any of the protocols listed belowmay be used
to monitor progress, although the laboratory tests
typically oVer greater precision and thus increased
ability to detect changes. Regardless of the test
chosen, care must be taken to perform the test pre-
cisely since the important concern is change in one
or more variables previously measured. Failure to
do so increases error and may obscure the ability to
detect any real change.
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Field tests

Introduction

Field tests used in the clinical setting are essentially
modiWcations of those used in PXT. Their value is
best seen in providing a means to monitor progress
in rehabilitation rather than in assessing Wtness.
Prediction of V̇o2max is generally not the primary
goal of these tests. Observation and recording of
symptoms or subject responses to these tests (e.g.,
fC, t, Spo2, RPE, �−) can also be used to adjust the
elements of the exercise program. See Chapter 4 for
descriptionsof these variables as well as normal and
abnormal responses.

6- and 12-minute walk

These tests are modiWcations of the Cooper 12-
minute run test, as described in PXT above. The 6-
and 12-minute walk tests are Weld tests appropriate
for use with certain patient groups. They have
gained considerable popularity in patients with
chronic pulmonary disease. These tests are sub-
maximal and may have a variable rate depending
upon the pacing characteristics of the patient.
Equipment requirements are modest, requiring
only an accurately measured course and a stop-
watch (see Chapter 2). The addition of RPE and
visual analog or angina rating scales, along with fC
and Spo2 monitoring (portable pulse oximeter) add
substantially to the data available to assess perform-
ance. While these tests possess certain advantages,
including an estimate of the ability to perform
everyday activities, they should not be considered
for diagnostic purposes. Reproducibility is en-
hanced when the protocol is standardized with
respect to encouragement oVered to the patient
during the test, whether or not the patient carries
supplemental oxygen, or how tests conducted in-
doors might vary from tests conducted outdoors.
Additionally, a learning eVect is common, yielding
signiWcantly increased walking distances with re-
peat trials.
Correlations between 6-min or 12-min walking

distance and V̇o2max are in the range of r =0.4–0.6,

thus accounting for only 16%–36% of the common
variance. Correlations between the 6-min and the
12-min walk are higher (r� 0.9), suggesting im-
proved time eYciency with the 6-min test. An eVec-
tive timed walk test protocol requires standardized
procedures, including:
∑ Clear instructions to the subject regarding the test
procedures, including expected level of eVort (see
Appendix D, Standard instructions for the 6-
minute walk test).

∑ Standardizedstatements of encouragement to the
subject during the test.

∑ A requirement for the test administrator to walk
behind the patient so as not to provide pacing.

∑ Standardized feedback with respect to time re-
maining in the test.

∑ At least 2–3 practice trials for familiarization.

10-meter shuttle

As with the 20-meter shuttle test described above in
PXT, the 10-meter shuttle is an incremental maxi-
mal test. The endpoint of this test is either fatigue or
observation of symptoms. The protocol for this cli-
nical application reduces the distance to 10m per
shuttle and the starting speed to 30m ·min−1. Speed
is incremented by 10m ·min−1 every minute for
each of the 12 stages. Like the 20-meter shuttle, the
10-meter shuttle depends on keeping pace with
audio signals emitted from a prerecorded tape. The
intervals of these tones may be seen in Table 3.11
under the heading Time per shuttle (s). Table 3.11
also shows speeds for each stage, distance walked
per stage, total distance, and an estimation of V̇o2max

derived from a regression of shuttle performance
against V̇o2max determined by treadmill testing (see
Further Reading). The regression equation was:

V̇o2max = 0.025 · distance+ 4.19 (3.13)

where V̇o2max is expressed inml · kg−1 ·min−1 and dis-
tance is expressed in m. The correlation coeYcient
was 0.88. A separate study showed reliability to be
high: r= 0.98.
The protocol includes:

∑ Explanation of test procedures:
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Table 3.11. Speeds, time intervals, and predicted V̇O
2max

for each stage of the 10-meter shuttle test

Time per Distance Total Predicted

Speed Speed Speed Speed Shuttles shuttle per stage distance V̇o
2max

Stage (km · h−1) (m ·min −1) (m · s−1) (m.p.h.) per min (s) (m) (m) (ml · kg−1 ·min−1)

1 1.8 30 0.50 1.12 3 20.00 30 30 4.94

2 2.4 40 0.67 1.49 4 15.00 40 70 5.94

3 3.0 50 0.84 1.87 5 12.00 50 120 7.19

4 3.6 60 1.01 2.24 6 10.00 60 180 8.69

5 4.2 70 1.18 2.61 7 8.57 70 250 10.44

6 4.8 80 1.35 2.99 8 7.50 80 330 12.44

7 5.4 90 1.52 3.36 9 6.67 90 420 14.69

8 6.0 100 1.69 3.73 10 6.00 100 520 17.19

9 6.6 110 1.86 4.10 11 5.46 110 630 19.94

10 7.2 120 2.03 4.48 12 5.00 120 750 22.94

11 7.8 130 2.20 4.85 13 4.62 130 880 26.19

12 8.4 140 2.37 5.22 14 4.29 140 1020 29.69

(a) ‘‘Walk at a steady pace with a goal of turning
around each marker cone when you hear the
signal.’’

(b) ‘‘You will increase speed at the end of each
minute. This will be signaled by a distinctly
diVerent tone. Try to keep pace with the sig-
nals as long as you can.’’

(c) To facilitate pacing, the examiner may walk
alongside the subject for the Wrst minute.

∑ Monitoring the subject so that pace is maintained
and signs and symptoms are observed.

∑ The test is terminated when the subject is more
than 0.5m away from a marker. If the subject is
less than 0.5m from the marker, another 10m is
allowed to come back on pace. If the subject can-
not make up the distance, the test is terminated.

∑ The number of completed levels and shuttles is
recorded in order to calculate total distance in
meters.

Example: If the subject completes level 5 plus two
additional shuttles (each shuttle equals 10m) the
total distance is 250+ 20= 270m.

Symptom-limited maximal stair-climb

This simple test is used to estimate V̇o2max and mi-
nute ventilation in patientswith chronic obstructive

pulmonary disease. Subjects are instructed to climb
stairs (or Xights of stairs) until they stop at their
symptom-limited maximum.

Laboratory tests

Introduction

As with PXT, laboratory tests oVer greater control
over the environment (temperature, humidity, sur-
faces, and distractions) and the subject. Use of more
sophisticated instruments, including metabolic
measurement equipment, within the laboratory
allows greater accuracy and precision in the
measurement of a greater number of response vari-
ables. Thus, more data of potentially higher quality
are obtainable for interpretation. Whenever avail-
able and appropriate for the purpose, laboratory
testing is preferred. This section presents several
submaximal andmaximal strategies that can be ap-
plied in the laboratory for assessing the integrated
response to exercise. The reader is referred again to
Table 3.7 for a summary of laboratory tests.

Without arterial blood sampling

Many clinical laboratorieswill performamajority of
their exercise tests without arterial blood sampling
(Figure 3.2). This approach oVers a simpler protocol
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but information regarding gas exchange is limited.
Regardless of whether or not arterial blood samples
are obtained, certain elements are necessary for this
type of CXT. The restingphase should continue long
enough to obtain stable data within acceptable
limits (see section on data acquisition, below). A
warm-up phase of 3min is recommended as a stan-
dard. This enables a new steady-state baseline to be
establishedprior to the systematic increase in exter-
nal work rate. The work rate increment should be
carefully selected with a view to obtaining 8–12min
of exercise data. Peripheral measurements can in-
clude ECG monitoring, blood pressure measure-
ments, and pulse oximetry. A convenient frequency
for recording these measurements is once towards
the end of each of the resting and warm-up phases,
every 2min during the exercise phase, at maximum
exercise, and after 2min of recovery. Further recov-
erymeasurementsmight be indicated to ensure that
the subject returns appropriately towards baseline.
Use of psychometric scales for rating of perceived

exertion (RPE) and breathlessness (�−) is strongly
encouraged. Examples of these scales are given in
Appendix D. These scales can be administered
multiple times during the test but themost valuable
assessment is as soon as possible after
termination of exercise. A meaningful test can
certainly be performedwithout any blood sampling.
However, depending on subject acceptance and
laboratory expertise, any test can be enhanced by
the addition of certain blood measurements. One
sample that can be considered is a single venous
blood sample after 2min of recovery for lactate.
Notwithstanding the fact that arterial blood gives
more reliable lactate measurements, a venous
sample usually tells whether a signiWcant increase
in lactate has occurred and gives some indication of
subjectmotivation. Lastly, it must be acknowledged
that if a pulse oximeter is to be relied upon to evalu-
ate oxygenation, the instrument should be calib-
rated by a simultaneous arterial blood gas. Again, if
acceptable to the subject and laboratory staV, a
single arterial sample obtained during the resting
phase enables calibration of the oximeter and also
calculation of gas exchange indices at rest. Subse-

quent indirect measures of gas exchange such as
end-tidal gas tensions and ventilatory equivalents
can be judged accordingly.

With arterial blood sampling

Among the most diYcult decisions facing an exer-
cise laboratory is the choice of when to perform
exercise testing with serial arterial blood gas samp-
ling. Essentially this question is about whether pre-
cise determination of gas exchange is necessary at
maximum exercise. Calculation of physiological
dead space and alveolar–arterial partial pressure
gradient for oxygen necessitate arterial blood samp-
ling and the moment of exercise limitation is the
most valuable time at which to evaluate these indi-
ces. Given these considerations, it is clear that
whenever a gas exchange abnormalitymight be sus-
pected, then serial arterial sampling is required.
This consideration might apply to many diagnostic
exercise tests. Also, it applies when testing a patient
with knownpulmonary diseasewhomight be at risk
of exercise-induced hypoxemia. The availability of
narrow-gauge plastic or TeXon catheters renders
the decision about arterial blood sampling easier
since these catheters are relatively easy to insert and
well tolerated by the subjects (see Chapter 2). Alter-
natively, the double arterial puncture technique can
be used (see Chapter 2).
Once an arterial catheter is inserted, blood

samples become readily available. The most im-
portant samples are those obtained at rest and at
maximum exercise. In both instances timing is im-
portant.The resting samplemust be obtainedwhilst
breathing through the mouthpiece in order to allow
precise calculation of gas exchange indices. The
end-exercise sample should be obtained as close to
maximum exercise as possible. Since the exercise
practitioner can usually anticipate the end of an
exercise test, it is preferable to obtain this arterial
blood sample during the last 30 s of exercise rather
than during recovery when rapid hemodynamic
changes are occurring. An indwelling arterial cath-
eter enables other samples to be obtained. A con-
venient sampling frequency might be to include
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samples towards the end of the warm-up phase and
every 2min during the exercise phase. In practical
terms these additional samples add limited value to
the exercise test interpretation.

Exercise-induced bronchospasm test

Exercise-induced bronchospasm (EIB) or, as some
prefer, exercise-induced asthma (EIA), is caused by
bronchiolar smooth muscle contraction that is
stimulated by the increased ventilation associated
with exercise. The increased ventilation results in
loss of heat and water, and changes in mucosal
osmolarity, which then appear to trigger bron-
choconstriction. Alternatively, airways cooling dur-
ing exercise may provoke a reduction in bronchial
blood Xow. When exercise ceases, a reactive hy-
peremia ensues, resulting in mucosal edema, thus
inducing airXow obstruction.Higher intensities and
longer duration of the exercise as well as breathing
cool, dry air seem to increase the occurrence of EIB.
Following exercise, symptoms include wheezing,
shortness of breath, chest discomfort, coughing,
and decreased performance. This is usually not a
life-threatening condition and tends to abate spon-
taneously within 30–40min.
ConWrmation of EIB is a two-step process, Wrst

requiring 6–8min of exercise at an intensity that
increases ventilation to about 20 times the pre-
dicted forced expiratory volume in the Wrst second
(FEV1). Following this exercise, the subject performs
repeated FEV1 maneuvers at 1, 3, 5, 7, 10, 15, and
20min. The forced expiratoryXowbetween75%and
25% of vital capacity (FEF25–75) may also be meas-
ured, particularly in athletes. The lowest FEV1meas-
ured after exercise is comparedwith the preexercise
FEV1 and expressed a percentage fall. A change of
	10% is abnormal and 	15% is diagnostic for EIB.
Salient features of the EIB protocol are as follows:
∑ Subjects should not have had an occurrence of
EIB within the past 3h, should be at least 6 weeks
free from infection, and have bronchodilator
medication withheld 6–24h before the test de-
pending upon their duration of action. CaVeine,
antihistamines, and steroids should also be with-

held on the day of the test.
∑ Patient risk factors should be assessed and oxy-
hemoglobin saturationmonitored during the test
using a pulse oximeter. Supplemental oxygen and
rapidly acting inhaled bronchodilators (e.g., sal-
butamol) should be available.

∑ FEV1 is measured before the exercise test at least
in duplicate with �10% variability between the
best two tests.

∑ Cycle ergometry or treadmill exercise is per-
formed such that minute ventilation (V̇E) is in-
creased to about 20 times the FEV1 measurement
and held at this level for at least 4min. Some
believe that cycle exercise does not provoke EIB
symptoms as well as treadmill exercise, as lower
V̇E is observed in cycle exercise.

∑ The target Ẇ should be approachedwith an initial
Ẇ of 60% of the target value in minute 1. The Ẇ is
increased to 70% of the target value in minute 2,
90%of the target value inminute 3, thenachieving
and maintaining the target work rate for an addi-
tional 4–5min.

∑ The inspired air should be �25 °C and �50%
relative humidity. If laboratory conditions do not
favor these requirements, breathing compressed
air through a respiratory valve is an ideal alterna-
tive.

∑ V̇E, V̇o2, and Ẇ should be recorded in order to
identify the level of ventilation and work at which
symptoms occur.

∑ In some circumstances, it may be necessary to
conduct the exercise portion of the test in Weld
conditions speciWc to the activity causing the EIB
if laboratorymethods fail to duplicate symptoms.

The target work rate for the cycle ergometermay be
calculated as follows:

V̇o2 = (V̇E − 0.27)/28 (3.14)

where V̇E and V̇o2 are both expressed in l ·min−1 and
V̇E is estimated from FEV1�20.

Ẇ=
V̇o2 − 500
10.3

(3.15)

where Ẇ is expressed in W and V̇o2 is expressed in
ml ·min−1.
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Example: If FEV1 = 4.2 l
Desired V̇E� 20� 4.2= 84 l ·min−1

Estimated V̇o2 (l ·min−1) = 84− 0.27)/28
=2.99 l ·min−1

Estimated Ẇ (W) = (2990− 500)/10.3= 241W

For treadmill exercise, calculation of the correct
speed and grade combination is more tedious, al-
though possible:
1. Estimate V̇o2 using Equation 3.14.
2. Convert to ml · kg ·min−1 by dividing this V̇o2 by

the subject’s body weight.
3. Use Equations B3–6 in Appendix B to calculate a

grade at any desired treadmill speed.
4. Alternatively, use Figure D4 in Appendix D to

provide an automated approach for this calcula-
tion.

Myopathy evaluation

Various myopathies limit exercise capacity and are
associated with speciWc patterns of cardiovascular
and ventilatory abnormality (see Chapters 4 and 5).
However, more speciWc myopathy evaluation re-
quires blood sampling to assess changes in lactate,
ammonia, and perhaps other metabolites. These
samples could be obtained from an indwelling ve-
nous catheter, although an arterial catheter is more
reliable for rapid and complete sampling and allows
simultaneous determinations about gas exchange.
Practicality and economy govern when to obtain
samples. A resting sample is clearly necessary as a
baseline and a sample at maximum exercise is also
necessary for obvious reasons. A third samplemight
be considered after 4min of the exercise phase. The
rationale for this sample is as follows. An intermedi-
ate sample between rest and maximum exercise
helps characterize the pattern of increase in lactate
or ammonia. Furthermore, in normal subjects sub-
stantial increases in thesemetabolites would not be
expected below 40% of predicted V̇o2max (see Chap-
ter 4). Assuming that the exercise protocol was care-
fully selected with the goal of obtaining 10min of
data, then the subject would be expected to achieve
predicted V̇o2max after 10min of exercise. Thus, after

4min of steadily incrementing exercise the subject
will have an oxygen uptake approximately 40% of
predicted V̇o2max and, if blood is sampled at this
time, premature increases in lactate or ammonia
can be detected. Adoption of a standardprotocol for
myopathy testing, such as the one described here,
eventually leads to improved pattern recognition
and better ability to identify abnormalities.

Cardiac exercise testing

Although it is preferable not to distinguish a cardiac
exercise test from an integrative exercise test, his-
torically the former clinical evaluations have been
performed speciWcally to detect myocardial is-
chemia and as a test to identify symptoms such as
angina. These purposes were generally served with
incremental treadmill exercise, terminating at 85–
90% of predicted fCmax. Respired gases were rarely
measured as part of the so-called cardiac stress test.
Rather, exercise tolerance was assessed on the basis
of treadmill time at termination along with ECG
changes and symptoms. Several protocols exist for
this purpose, the most popular of which is the
aforementioned Bruce treadmill protocol (Appen-
dix D). Other protocols exist, such as the Naughton
protocol and the Ellestad protocol. Nomatter which
of these protocols is used, much potentially valu-
able diagnostic information is lost when the integ-
rated XT is not performed.

Preoperative assessment

The literature regarding preoperative risk assess-
ment, at least for thoracotomy, relies upon deter-
mination of V̇o2max and V̇o2�. With this in mind,
a laboratory CXT that aims to assess preoperative
risk should be designed to facilitate reliable deter-
mination of these parameters. Clearly, a symptom-
limited maximal test is required with all of the
considerations that improve threshold detection,
such as a ramp increase in work rate and careful
selection of the work rate increment. The cycle er-
gometer is preferred for its precision in controlling
external work rate and for enabling peripheral
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measurements that might also impact risk stratiW-
cation.
Table C10 in Appendix C summarizes Wve studies

of operative risk assessment usingmaximal exercise
testing. Low risk, with mortality of 0% and compli-
cations less than 10%, is characterized by V̇o2max

�1.5 l ·min−1 or 20ml · kg−1 ·min−1 and V̇o2�
�15ml · kg−1 ·min−1. High risk, with mortality up to
18% and complications up to 100%, is characterized
by V̇o2max �1.0 l ·min−1 or 10–15ml · kg−1 ·min−1 and
V̇o2� �10ml · kg−1 ·min−1.

Constant work rate tests

CWR tests were described above, in the section on
PXT laboratory tests. Use of CWR tests in clinical
exercise testing allows quantiWcation of the kinetic
responses of V̇E, V̇co2, and V̇o2. These responses are
known to be signiWcantly slower in both pulmonary
and cardiac disease. While theoretically sound, the
clinical utility of documenting these responses re-
mains to be established.
CWR tests are useful, however, in conWrming the

identiWcation of V̇o2�, or in assessing endurance
performance at a percentageofmaximumwork rate
or at a Wxed percentage of a metabolic marker such
as V̇o2� or V̇o2max. The CWR test is also beneWcial in
establishing parameters for exercise prescription
such as target heart rates, ratings of perceived exer-
tion,minimal oxygen saturation, and appearance of
symptoms such as dyspnea, angina, claudication,
and serious dysrhythmias. Serial CWR tests at
the same work rate are useful in documenting the
eVectiveness or ineVectiveness of a therapeutic
intervention. CWR tests can be modiWed to deter-
mine requirements for supplemental oxygen.

Subject preparation

Before the test

A successful exercise test necessitates careful sub-
ject preparation. The following sections describe
approaches that enhance the professionalism of the
exercise practitioner and improve the eYciency of

the laboratory or other setting for exercise testing.
1. A date and time for the test should be mutually

agreed upon at least 48h before the test appoint-
ment. A 24-h reminder telephone call might
prove valuable in conWrming the appointment,
potentially saving time, as well as demonstrating
professionalism.

2. The subject should be given written instructions
prior to the test date providing informationabout
how to prepare for the tests, what to wear, when
to eat, and what to do about medications. A
sample of such instructions is contained in Ap-
pendix D.

3. Prepare a Wle folder for the subject with the ap-
propriate data collection forms needed for the
tests, the medical history questionnaire or Physi-
cal Activity Readiness Questionnaire (PAR-Q),
the informed consent (see Appendix D). Other
documentation needed should include the pur-
pose of the test and physician approval when
indicated. Additional information can be
gathered from subjects with respect to their
goals, medications, habits, and exercise history.

Subject arrival

The subject should arrive at the designated location
at a scheduled time. Greet the subject in a profes-
sional and friendly manner. Ask the subject to be
seated so that a short rest period may begin, after
which resting heart rate and arterial blood pressure
will be taken. Ensure that the medical history ques-
tionnaire and informed consent have been com-
pleted (see Appendix D). Explain the events of the
day. That is, explain the nature of the assessment
planned for that appointment. Ask the subject, if
relevant, for a goal statement with respect to exer-
cise training, weight management, Wtness, and
health. Perhaps oVer several examples to stimulate
the appropriate responses.

Completion of medical history questionnaire

If the client has not already done so, a medical
history questionnaire and informed consent should
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be given to the client. These important documents
should be completed and available for your review
at the start of the test appointment. Samples of a
medical history questionnaire and the PAR-Q, as
well as basic elements of the informed consent are
contained in Appendix D.

Informed consent

The informed consent is an important part of the
preparation for XT. The consent form is designed to
advise the client fully of: (1) the purpose and charac-
teristics of the test; (2) the beneWts and risks in-
herent with the test; (3) alternatives to not testing;
(4) responsibilities of the client; (5) conWdentiality
of results and potential use of information; and (6)
freedom to make inquiries about the test as well as
to remove consent. It is recommended that all cli-
ents read, understand, agree to, and sign the in-
formed consent before testing. Since laws vary from
state to state, individualized legal advice should
be sought before adopting a consent form. Basic
elements of the informed consent are contained in
Appendix D.

Resting 12-lead electrocardiogram

Skin preparation for electrodes

Skin preparation is important to ensure that a high-
Wdelity signal, free frommotion artifact or electrical
interference, is sent to the electrocardiograph and
themetabolicmeasurement systemwhere fC will be
recorded. Proper skin preparation involves remov-
ing hair with a disposable safety razor, cleansing the
skin with alcohol or acetone to remove skin oils,
followed by light abrasion to remove the stratum
corneum. Scratching the next layer of skin, the
stratumgranulosum,will further reducemotion po-
tentials. Ideally, for exercise testing, skin abrasion
should reduce impedance to less than 5000
. This
may be veriWed once the electrode is in place with a
hand-heldmultimeter. A small amount of electrode
gel on the pregelled electrode will facilitate signal
conduction. Care must be taken to prevent gel from
seeping out under the electrode adhesive.

Lead placement

The standard 12-lead ECG with the limb lead elec-
trodes placed on the wrists and ankles cannot be
used during exercise. Placement of these electrodes
is modiWed for exercise testing by moving them to
the trunk in the Mason–Likar conWguration, shown
in Figure 3.4. In this arrangement, limb lead elec-
trodes are moved from the wrists and ankles to the
anterior trunk as follows:
∑ The right-arm electrode is positioned just below
the distal end of the right clavicle.

∑ The left-arm electrode is placed just below the
distal end of the left clavicle.

∑ The right-leg electrode is positioned just above
the right iliac crest in a right mid clavicular line.

∑ The left-leg electrode is positioned just above the
left iliac crest in a left mid clavicular line.

Note: Movement of the limb electrodes in this
manner changes the ECG waveforms from those
obtained in the standard 12-lead ECG. It is im-
portant to indicate the lead conWguration for
comparison to past or future tracings.

The chest (precordial) leads remain in their stan-
dard conWguration as follows:
∑ V1: fourth intercostal space just to the right of the
sternum.

∑ V2: fourth intercostal space just to the left of the
sternum.

∑ V3: on a diagonal line halfway betweenV2 andV4.
∑ V4: Wfth intercostal space in the left mid clavicular
line.

∑ V5: on the same level as V4, on the left anterior
axillary line.

∑ V6: on the same level as V4 and V5 in the left mid
axillary line.

On some occasions such as PXT, the standard 12-
lead ECG is not employed except for recording a
resting 12-lead ECG. The exercise ECG may be ac-
quired using a simpler, bipolar lead conWguration
such as CM5 in which the positive electrode is in the
V5-left position and the negative electrode is on the
manubrium sterni. This conWguration is considered
to be the most sensitive for ST segment changes.
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Figure 3.4 Placement of electrodes for the exercise ECG. (A) Mason–Likar conWguration. (B) Simple bipolar CC
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conWgurations. See text for description of anatomical locations.

Another alternative is the CC5 conWguration in
which the positive electrode is placed in the V5-left
position and the negative electrode is located at the
level of the Wfth intercostal space on the anterior
axillary line. The CC5 conWguration decreases the
inXuence of the atrial repolorization (Ta wave) and
is thus thought to reduce the incidence of false-
positive tests (ST segment depression reaching the
criteria for a positive test when in fact ischemia is
not present).

Measurement of resting blood pressure

After the subject has been resting quietly during the
ECG preparation andmeasurement, blood pressure
should be measured by auscultation or with a re-
liable and valid automated device. If laboratory or
Weld tests are conducted in which ECG measure-
ments are not included, blood pressure measure-

ments should be taken only after the subject has
rested for at least 5min after arrival. Ideally, arterial
systolic pressure K1 (Wrst KorotkoV sound) and
diastolic pressure K4 and K5 (fourth and Wfth
KorotkoV sounds) will be recorded. See Table 4.5
in Chapter 4 for a description of the KorotkoV

sounds. The recordingof bothK4 andK5 is of partic-
ular importance during exercise since blood Xow
may remain turbulent without disappearance of K5
at manometer readings of 0mmHg. See Chapter 2
and Appendix B for additional equipment and pro-
cedural information.

Determination of ventilatory capacity

Especially before CXT, if not already performed,
ventilatory capacity (V̇Ecap) should be determinedby
maximal voluntary ventilation (MVV) or predicted
from FEV1 (see Chapter 4). Ventilatory capacity, like
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the estimated fCmax, provides a physiological bound-
ary with which to interpret the exercise response.
For example, ventilatory capacity can be compared
with the measured V̇Emax to determine if a true ven-
tilatory limitation occurred during exercise (see
Chapter 5).

Explanation of test procedures

The subject should be given a complete explanation
of what is expected during the course of the test.
This includes instructions on how to use
psychometric scales such as the Borg RPE scale, the
visual analog scale for breathlessness, and other
angina or dyspnea scales that may be employed.
General testing procedures should also be ex-
plained. The following example is appropriate for
maximal PXT or CXT. This example is given for an
electrically braked cycle ergometer, but a treadmill
or other ergometer may be substituted.
1. ‘‘You will be exercising on this special exercise

bike beginning with a 1–2-minute rest. This will
be followed by 3 minutes of warm-up exercise at
a very light level of work. After the warm-up, the
intensity of the exercise will increase very grad-
ually until you are no longer able to continue.We
anticipate that you will be exercising for about 10
minutes after the warm-up.’’

2. ‘‘At no time during the test should you rise out of
the seat.Wewill ask that youmaintain a constant
pedaling cadence of 60.’’

Note: The cadence may be higher when testing
trained cyclists for the purpose of exercise pre-
scription. Cadences of 90–110 may be appropri-
ate, although this will cause an increase in the
oxygen cost of the work, displacing the V̇o2–Ẇ
curve upward along the y-axis.

3. ‘‘Since you will not be able to speak, nor should
you try to do so, you should use hand signals for
communication: Thumbs-up means yes or that
everything is OK. Thumbs-downmeans no. Hold
up your index Wnger if you think you can con-
tinue one more minute. Hold up a half-Wnger if
you can only last 30 seconds longer.’’

4. ‘‘If you develop any untoward symptom such as

pain, point to the part of your body aVected (e.g.,
head, chest, a joint, or legs). Thenuse one, two, or
three Wngers to indicate mild, moderate, or se-
vere, respectively.’’

Note: This method enables early detection of
potentially concerning or limiting symptoms
and also enables the subject to indicate if the
symptom is worsening.

5. ‘‘At certain times during the test we will be pre-
senting you with the RPE scale. Please point to
the appropriatenumberwhen asked to do so.We
will take your blood pressure periodically
throughout the test. At the end of the test we will
show you the visual analog scale (VAS) and ask
you tomark the scale somewhere betweennot all
at breathless and extremely breathless, depend-
ing upon your feelings at the time. We will also
ask you to tell us why you stopped exercise.’’

6. ‘‘We may decide to stop the test before you feel
ready to stop. This will be for your safety or for
technical reasons.’’

7. ‘‘Do you have any questions about the test?’’

Familiarization with ergometer

Whenever possible, subjects should be allowed
practice on the ergometer selected for the XT and its
speciWc requirements andmovement patterns. This
is especially true with the treadmill since it is the
only work device that has extrinsic control over the
work rate. The fact that subjects must mount and
then keep up with a moving belt may be anxiety-
provoking. Initial balance and gait patterns are
unsure, leading to further apprehension. Although
holding the handrails may reduce this, such action
should be discouraged since it decreases the work
rate by a variable and unknown amount. Handrail
holding thus aVects test interpretation by aVecting
the V̇o2–Ẇ relationship andmakes comparisonwith
previous or future tests diYcult. At near maximal
levels, subjects unfamiliar with treadmill exercise
often stop prematurely because of their unease and
fear of falling. These concerns can largely be al-
leviated with good pretest familiarization.
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Equipment preparation

Ergometer settings

If the cycle ergometer is chosen, the seat height
must be correctly set, allowing for a knee bend of
5–15° when the pedal is at the bottom of its stroke.
The seat height should be recorded for future tests.
Failure to do so and the use of a diVerent seat height
may result in biomechanical changes and diVeren-
ces in V̇o2 at every work rate. Cycling cadence
should be maintained at between 50 and 80 r.p.m.
with 60 r.p.m. an optimal target. It is important to
maintain a constant pedaling rate, evenwith electri-
cally braked ergometers. Variable pedaling rates af-
fect oxygen uptake, changing their expected rela-
tionship with work rate. As mentioned previously,
when testing cyclists for the purpose of exercise
prescription, cadence should be increased to that
commonly used during training. This may mean
90–110 r.p.m. In addition, consideration for modiW-
cation of the ergometer to include clipless pedals,
drop bars, and a racing saddle will make the test
more task-speciWc.
No additional treadmill settings are required to

accommodate most subjects. Although atypical in
most laboratory settings, treadmills with very short
walking surfaces may present a safety hazard when
used with subjects having very long legs or stride
lengths. It is good practice to keep all subjects walk-
ing or running near the front of the treadmill.
With arm ergometry, care must be taken to posi-

tion the ergometer so that subjects can maintain an
upright position with feet on the Xoor. The height of
the arm ergometer should allow crank arms when
horizontal to be at or slightly below shoulder level.
The seat position should allow full extension of the
arms during cranking.

Calibration

The work device (cycle or treadmill) should have
been previously calibrated. Just prior to the exercise
test, the volume-measuring device and gas ana-
lyzers should be calibrated. While many mass Xow

meters and gas analyzers are quite stable, it is of
primary importance that they be calibrated with
known values prior to the administration of each
exercise test.

Patient interface

The patient interface consists of the mouthpiece
and nose clip or the respiratorymask. These should
be sterile before use and carefully applied to ensure
leak-free connections. Facemasks tend to leak when
V̇E exceeds about 90 l ·min−1. If the laboratory staV

prefer the use of facemasks, they should perform
their own independent leak check. This can be ac-
complished by having two or three of the staV per-
form duplicate bouts of exercise using the same
protocol, once with a standard mouthpiece and
nose clip arrangement and once with the facemask.
Work rates should slightly exceed the highest ex-
pected work rate anticipatedwhen facemasks are to
be used.
Nose clips may become loose due to perspiration

during the test. Some nose clips have foam pads
that are less susceptible to this problem. As an ad-
ded precaution, a small strip of gauze between the
nose and nose clip will avert this concern.

Preset data displays

Many of the commercially available metabolic
measurement systems allow real-time graphical
and tabular data display, including the ECG signal.
The tabular and graphical conWgurations shown in
Table 3.12 are recommended,when possible, to op-
timize patient data monitoring and safety during
exercise testing.

Selecting the optimal exercise test protocol

Selection of the optimal protocol is crucial for sub-
ject comfort and safety, as well as to obtain themost
interpretable data for addressing the purpose of the
test. This is equally true for treadmill ergometer,
cycle ergometer, and arm ergometer testing.
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Table 3.12. Recommended tabular and graphical real-time data displays for integrative XT
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The Bruce and Balke treadmill protocols are per-
haps the most widely used examples of stair-step
incremental work rate tests. Tables D1 and D2 in
AppendixD show the speed and grade as well as the
oxygen cost at each stage. Table D2 indicates the
standard Bruce protocol (stages Ic through IV), and
modiWed stages (denoted Ia and Ib) for patients
with low functional aerobic capacity. A potential
concern with the standard protocol (beginning at
1.7m.p.h. and 10% grade) is the large increase in
work rate and thus oxygen cost between each stage.
Using the equation for estimating work rate in
treadmill exercise (Chapter 2, Equation 2.2) with a
70-kg subject, the increase in work rate between
stages is about 50W – a formidable undertaking for
patients with cardiovascular or pulmonary disease
who might have a maximal work capacity of 50W.
Advantageously, the large increase in work rate
from stage to stage may be an important stimulus
for detecting ischemic ECG changes.
The Balke protocol is less troublesome in regard

to thework rate increments as they are smaller, with
an average increase of about 10W between stages.
However, the constant speedof 3.3m.p.h. is likely to
be too fast for patient groups. An oxygen uptake of
over 20ml · kg−1 ·min−1 is required after only 5min
of exercise. This value may represent maximal oxy-
gen uptake in many patient groups. As indicated in
the next section, 5min is not optimal for protocol
duration.

Other standard incremental protocols exist for
both cycle (arm and leg) as well as treadmill exer-
cise. However, use of a previously developed proto-
col may not provide the appropriate work stimulus
nor the opportunity for high-Wdelity test interpreta-
tion based on pattern recognition. The next section
suggests optimal protocol design for achieving
these purposes.
It is now well established that the optimal dur-

ation of the CXT and PXT used for Wtness assess-
ment is between 8 and 12 min. Shorter or longer
tests tend to underestimate V̇o2max. Decisions
should be made a priori as to the work rate in-
crement to be applied to the stair-step or ramp
protocol. This section provides step-by-step in-
structions for determining the work rate increment
for maximal cycle and treadmill exercise tests.

Maximal cycle exercise tests

1. Determine the expected V̇o2max for the patient in
ml ·min−1. This is facilitated by using appropriate
reference standards based on age and gender as
well as clinical experience (see Appendix C).

2. Calculate and subtract the unloaded oxygen re-
quirement:

V̇o2unloaded= (5.8 · BW)+ 151 (3.16)

where V̇o2 is expressed in ml ·min−1 and BW is
body weight in kg.
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Table 3.13. Guide for setting the work rate increment for leg

cycling in a variety of subject groups

Work rate

increment

(W ·min−1) Patient characteristics

5 Severely impaired (e.g., subject who is

conWned to home or walks only short

distances)

10 Moderately impaired (e.g., subject who

walks one or two city blocks before

developing symptoms)

15 Mild impairment or sedentary older adult

20 Sedentary younger subject (no physical

activity beyond activities of daily living)

25 Active younger subject (regular physical

activity)

30 Athletic and Wt (competitive)

40 Extremely Wt (highly competitive,

particularly as a cyclist)

3. Divide the remainder by 103. This divisor repre-
sents the product of the expected oxygen cost of
leg cycling (10.3ml ·min−1 ·W−1) and the optimal
test duration (10min).

4. The resulting quotient represents the desired
work rate increment per minute.

Ẅ=
(Predicted V̇o2max − V̇o2unloaded)

103
(3.17)

where Ẅ is the rate of work rate increment in
W ·min−1.

Example: Using the reference values from
Hansen et al. (see Further Reading), a 55-year-old
65kg sedentary female would have a predicted
V̇o2max of 1450ml ·min−1. The following steps
would be used to calculate the optimal rate of
work rate increment:

(a) The unloaded cycling V̇o2 would be:

(5.8� 65+ 151) = 528ml ·min−1

(b) The expected increase in V̇o2 for a maximal
test would be:

1450− 528= 922ml ·min−1

(c) The expected rate of work rate increment
would be:

922/103= 9.2W ·min−1

This result suggests a 9W ·min−1 (or, nominally,
10W ·min−1) protocol. This estimate would be
either increased or decreased, usually in
5W ·min−1 increments based on the nature of
the subject. For example, this same 55-year-old
female weighing 65 kg, with clinical evidence of
ventilatory abnormalities, e.g., asthma, might
require a 5W ·min−1 work rate increment. Con-
versely, a healthy, regularly exercising 55-year-
old female weighing 65 kg might require a pro-
tocol of 20W ·min−1. Inmost cases, it is better to
overestimate the work rate increment slightly,
as this will result in a shorter test. If necessary,
after recovery, the test can be repeated with an
adjusted work rate increment.

Table 3.13 presents a guide for setting work rate
increments for leg cycle ergometer testing in a var-
iety of subject groups. This table has been develop-
ed from experience and use of the above equations.
Selection of the increment should be modiWed
based on clinical assessment of the person’s exer-
cise capacity. Smaller subjects, even though more
Wt, might require smaller increments.

Maximal treadmill exercise tests

Designing the optimal treadmill protocol for ramp
or stair-step incremental exercise testing requires
knowledge of the expected V̇o2max in units of
ml · kg−1 ·min−1. Reference standards appropriate to
the subject’s age, gender, and weight along with
clinical experience will aid in this determination
(see Appendix C). Use of standard equations will
allow the algebraic calculation of a speed or grade
increment. Importantly, during treadmill exercise
the total V̇o2 equals the sum of a horizontal compo-
nent related to treadmill speed (V̇o2H), a vertical
component related to treadmill speed and grade
(V̇o2V), and a resting component (V̇o2R).

V̇o2 = V̇o2H+ V̇o2V + V̇o2R (3.18)
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where all measures of V̇o2 are expressed in
ml · kg−1 ·min−1.
The following example is used with walking

speeds (50–100m ·min−1):
1. Estimate V̇o2max for the patient being tested using

subject characteristics and clinical experience.
2. Substitute the estimated V̇o2max for V̇o2 in Equa-

tion 3.18.
3. Subtract the V̇o2R component (3.5ml ·

kg−1 ·min−1) from both sides of Equation 3.18.
4. Choose a constant treadmill speed (Speed) for

the calculation of V̇o2H and V̇o2V.
5. Calculate V̇o2H using Equation 3.19 or Equation

3.20.

V̇o2H=Speed · 0.1 (3.19)

where V̇o2H is the horizontal component of oxy-
gen uptake expressed in ml · kg−1 ·min−1 and
Speed is the treadmill speed expressed in
m ·min−1. Alternatively:

V̇o2H=Speed · 2.68 (3.20)

where V̇o2H is the horizontal component of oxy-
gen uptake expressed in ml · kg−1 ·min−1 and
Speed is the treadmill speed expressed in m.p.h.
(1m.p.h. = 26.8m ·min−1).

6. Subtract V̇o2H from both sides of Equation 3.18.
The remainder represents V̇o2V.

7. Calculate the maximum treadmill grade using
Equation 3.21 or Equation 3.22.

V̇o2V =Speed ·Grade · 0.018 (3.21)

where V̇o2V is the vertical component of oxygen
uptake expressed in ml · kg−1 ·min−1, Speed is the
treadmill speed in m ·min−1 and Grade is the
treadmill grade expressed as a percentage. Alter-
natively:

V̇o2V =Speed ·Grade · 0.482 (3.22)

where V̇o2V is the vertical component of oxygen
uptake expressed in ml · kg−1 ·min−1, Speed is
the treadmill speed in m.p.h. and Grade is the
treadmill grade expressed as a percentage
(1m.p.h. = 26.8m ·min−1).

8. Divide the maximum percent grade by 10min

(optimal test duration) to obtain the percentage
grade increment for each minute.

Example: If the estimated V̇o2max is
20ml · kg−1 ·min−1 and the chosen treadmill speed
is 1.5m.p.h., assuming an optimal test duration of
10min:

V̇o2 = V̇o2H+ V̇o2V + V̇o2R
20= V̇o2H+ V̇o2V+ 3.5
16.5= V̇o2H+ V̇o2V

since:

V̇o2H= (1.5 · 26.8 · 0.1)

then:

V̇o2H=4.02
16.5= 4.02 + V̇o2V
12.48= V̇o2V

since:

V̇o2V = (1.5 · 26.8 · 0.018) ·Maximum grade

therefore:

Maximum grade= 12.28/(1.5 · 26.8 · 0.018)
Maximum grade= 17.2(%)
Grade increment= 1.7 (% ·min−1)

The calculations detailed above can be condensed
into a single equation to estimate the minute-by-
minute grade increment (Equation 3.23 or Equation
3.24). Again, these equations assumean optimal test
duration of 10min and require knowledge of the
expected V̇o2max and the desired treadmill speed.

Grade increment

=
V̇o2max(expected) − 3.5 − (Speed · 0.1)

Speed · 0.18
(3.23)

where Grade increment is expressed in % ·min−1,
V̇o2max is expressed in ml · kg−1 ·min−1 and Speed is
the treadmill speed in m ·min−1. Alternatively:

Grade increment

=
V̇o2max(expected) − 3.5 − (Speed · 2.68)

Speed · 4.82
(3.24)

where Grade increment is expressed in % ·min−1,
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V̇o2max is expressed in ml · kg−1 ·min−1 and Speed is
the treadmill speed in m.p.h. (1m.p.h.
= 26.8m ·min−1).

Example: Using the same example as above;
where the estimated V̇o2max is 20ml · kg−1 ·min−1

and the chosen treadmill speed is 1.5m.p.h.:

Grade increment=
20− 3.5 − (1.5 · 26.8 · 0.1)

(1.5 · 26.8 · 0.18)

= 1.7 (% ·min−1)

A spreadsheet that allows calculation of the optimal
percentage grade increment by inputting the ex-
pected V̇o2max and chosen constant treadmill speed
is shown as Figure D4 in Appendix D.

Maximal arm ergometer exercise tests

For young, healthy subjects, typical work rate in-
crements range between 10 and 25W ·min−1 and
may be continuous or discontinuous. Stage dur-
ations range between 1 and 6min. Discontinuous
protocols facilitate measurement of blood pressure
and acquisition of artifact-free ECG tracings during
the interposed 1-min rest period. Many investiga-
tors have reported comparable V̇o2max values be-
tween the continuous and discontinuous protocols,
although the continuous protocols are more time-
eYcient. Cranking frequency usually ranges be-
tween 40 and 60 r.p.m. For patients with cervical
spinal cord injuries resulting in quadriparesis,
choice of thework rate increment is important, with
increments of 2–6W ·min−1 yielding higher V̇o2max

values than 8W ·min−1 or greater protocols. For per-
sons with paraplegia, the work rate increment may
be increased to 10W ·min−1 or greater. Elderly per-
sons and patients with cardiac or pulmonary dis-
ease may terminate at low work rates (e.g., 25–
50W), thus suggesting low initial work rates and
small (2–5W ·min−1) work rate increments. Unlike
leg cycling and treadmill ergometry, there is no di-
rect evidence that the optimal duration for maximal
arm exercise XT is 8–12min. However, it may be

reasonable to apply this approach to arm ergometry
as well. In doing so, one would:
∑ Identify the expected V̇o2max according to subject
history, physical training history, and clinical
experience. Alternatively, since arm V̇o2max is
approximately 25–35% lower than leg cycling,
reducing the predicted V̇o2max for leg ergometry by
an appropriate value within that range for a given
subject would provide good initial guidance in
setting the work rate increment.

∑ Use the expected V̇o2max alongwith Equation 3.25,
below, to estimate the appropriate work rate in-
crement:

ArmV̇o2max = (Ẇmax · 18.36) + (BW · 3.5) (3.25)

where Arm V̇o2max is expressed in ml ·min−1, Ẇmax

is expressed in W, and BW is body weight in kg.

Example: If the expected leg cycling V̇o2max for a
70-kg subject is 2700ml ·min−1, using Equation
3.25 and assuming arm ergometry V̇o2max to be
70% of leg cycling V̇o2max:

2700 · 0.7 = (Ẇmax · 18.36) + (70 · 3.5)
Ẇmax = (1890 −245)/18.36

=90W

Hence, for a 10-min protocol, a work rate in-
crement of 9W ·min−1 would be recommended.
For most ergometers, the nominal value of
10W ·min−1 would be used.

Exercise testing in pregnancy

Formal guidelines for XT during pregnancy are not
readily available. Whilst the American College of
Obstetrics and Gynecology as well as the ACSM
have position statements on exercise training dur-
ing pregnancy, guidelines for speciWc XT protocols
are lacking, apart from the ACSM’s recommenda-
tion thatmaximal exercise testing is not recommen-
ded in nonclinical settings. Occasions might exist
whenCXTwould be useful. However, the beneWts of
XT must clearly outweigh the risks to warrant test-
ing during pregnancy rather than waiting and test-
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Table 3.14. American College of Sports Medicine recommendations for physician supervision during exercise tests

Apparently healthy Increased risk

Type of Male aged�40 Male aged�40 No Known

test Female aged�50 Female aged� 50 symptoms Symptoms disease

Submaximal testing No No No Yes Yes

Maximal testing No Yes Yes Yes Yes

ing postpartum. Treadmill exercise testing may
present greater risk than necessary because of the
potential of falling. Cycle ergometry oVers a desir-
able alternative because it provides a nonweight-
bearing form of work with increased stability due to
the seated position and handlebar holding. How-
ever, in later stages of pregnancy, the cycle seatmay
prove uncomfortable and the leg action may be
aVected by the encumbrance of the fetus. Arm er-
gometry is also a reasonable alternative. The
woman is seated on a more comfortable chair or
bench seat and the increased size of the abdomen
presents a smaller hindrance. Care should be taken
to optimize heat dissipation, especially during the
Wrst trimester, by advising rehydration prior to the
test, appropriate close-Wtting clothing, and cool
(e.g., 66°), dry testing environments. Morning ap-
pointmentsmight be avoided because of the nausea
experienced in early pregnancy by some women.

Personnel recommendations

Level of supervision

Every cardiopulmonary exercise test should be
properly supervised. Depending upon the setting,
purpose of the test, and characteristics of the sub-
ject, this may require a physician experienced with
exercise testing to be in attendance, directly super-
vising the test. The ACSM has provided recommen-
dations for physician supervision, as shown inTable
3.14. Apparently healthy, according to the ACSM,
refers to those individuals with less than two risk
factors and no signs or symptoms of cardiac, pul-
monary, or metabolic disease. Increased risk is de-
Wned by the ACSM as persons with two or more risk

factors or one or more signs or symptoms. Known
disease refers to people with known cardiovascular,
pulmonary, or metabolic disease. Yes in the table
indicates that physician supervision is recommen-
ded or that a physician is in close proximity and
readily available if needed.No in the table response
means physician supervision is not necessary and
does not mean that the test should not be per-
formed.

Experience and qualifications

Generally for CXT, a physician’s presence will be
appropriate during the test. The ACSM recommen-
dations are moot in a clinical setting where the
physician is in charge of the exercise test. When this
is not the case, for example in university, corporate,
health club, orWtness center settings, care should be
taken that test personnel are appropriately trained
and experienced. The ACSM provides certiWcation
for this purpose and,when tests are to be conducted
with patient groups, the ACSMExercise Specialist™
certiWcation is ideal. In an apparently healthy
population, particularly when submaximal tests
are administered, the ACSM Health and Fitness
Instructor™ certiWcation is appropriate. While
ACSM certiWcations are not absolutely necessary,
they do suggest that the certiWed individual has
achieved a particular level of competency and proW-
ciency in conducting the integrated exercise test.
Such competency and proWciency may be acquired
throughalternativemeans such as formal courses of
study, internships, or job experience. Nevertheless,
it behooves those planning to conduct and interpret
cardiopulmonary exercise tests to become knowl-
edgeable and practiced.
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Figure 3.5 Flow chart indicating the sequence for conducting an exercise test (XT).

Assignments

The XT shouldbe conductedwith aminimumof key
personnel, each assigned to speciWc roles. Excess
personnel are potentially distracting to both subject
and test administrators and should be kept away
from the test environment. Typically, a good XT can
be conducted with the personnel listed below and
shown in Figure 3.5. While this list is somewhat
luxurious, it serves to identify key roles. Two experi-
enced persons can easily perform all the functions
listed below.

Test administrator

This is usually the physician, exercise physiologist,
physical therapist, respiratory therapist, or nurse
who takes charge of the test and directs the test

activities. The test administrator gives pretest in-
structions and monitors the subject throughout the
test for signs and symptoms of exercise intolerance.
The test administrator may also be responsible for
blood pressure measurements and ECG monitor-
ing.

ECG technician

This person is in charge of preparing the subject for
ECG electrodes, applying them, and recording the
ECG during the test. A trained ECG technician will
also monitor the ECG throughout the exercise test.

Blood pressure monitor

This person is responsible formeasuring the resting,
warm-up, exercise, and recovery blood pressures.
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Table 3.15. Reference values appropriate for resting conditions

f
C

V̇o
2

V̇co
2

R V̇
E

P
ET

o
2

P
ET

co
2

(min−1) (ml ·min−1) (ml ·min−1) (l ·min−1) (mmHg) (mmHg)

60–100 200–300 140–300 0.7–1.0 6–10 100–105 38–42

While this may be the function of a third person on
the test team, when one is available, the test admin-
istrator or ECG technician can also monitor blood
pressure.

Metabolic cart operator

This person is in charge of calibrating and operating
the metabolic cart, troubleshooting if necessary,
and for providing end-of-test reports. This person
will also ensure proper ergometer preparation, in-
cluding appropriate adjustment for the subject in
the case of leg or arm ergometry. Typically the
metabolic cart operator is also responsible for appli-
cation of the patient interface.

Data acquisition

Resting phase

Once the subject is comfortably seated on the cycle
or standing on the treadmill, up to 4min of baseline
data should be acquired. The purpose of the base-
line period is to observe patient responses in order
to ensure proper calibration andperformance of the
metabolic measurement system. Key variables
should be evaluated against expected values. Table
3.15 provides an example of key resting variables
and their expected values. While theremay be clini-
cal explanations for departures from these baseline
values, departures can usually be explained by
pretest anxiety, leaks in the patient interface such as
a poor-Wtting mask or failure to apply the nose clip,
or improper calibration of the metabolic measure-
ment instruments. Anxiety typically increases
fC� 80min−1, increases R�1.0, increases
V̇E� 10 l ·min−1, and decreases PET co2� 35mmHg.
Leaking at the patient interface typically results in
normal fC and R values, whereas V̇E, V̇o2, and V̇co2

are decreased in proportion to one another.
In addition to these variables, resting bloodpress-

ure and ECG should also be recorded.

Warm-up phase

Thewarm-up phase consists of 3–4min of unloaded
cycling or treadmill walking at low speed and grade.
This period allows the subject to accommodate to
the ergometer, learning to maintain a Wxed cycling
cadenceor establishingbalancepoints on the tread-
mill. Care should be taken to ensure that the warm-
up work rate is not so severe as to interfere with the
completion of an 8–12-min exercise protocol.
Warm-up work rates on the cycle ergometer are
termed ‘‘unloaded’’ and represent the lowest work
rate available, usually less than 10W. Generally for
CXT on a cycle ergometer, an unloaded pedaling
warm-up phase of 3min is utilized. This lends some
consistency to clinical testing methods and facili-
tates comparisonof data from diVerent institutions.
The approximate V̇o2 for unloaded pedaling in
nonobese subjects is 500ml ·min−1. A speed of
0.1m.p.h. on a horizontal treadmill predicts an oxy-
gen uptake similar to that of unloaded cycling for a
subject weighing 80kg. Although this may seem
quite slow, this speed provides appropriate warm-
up for a clinically limited patient. Blood pressure
and the ECG should be recorded near the end of this
3-min warm-up period.

Exercise phase

The incrementalwork rate protocol begins immedi-
ately after the warm-up phase. Throughout the test,
the subject should be carefully monitored for signs
of intolerance as well as for abnormal ECG, fC, and
blood pressure responses thatmay necessitate early
test termination (see indications for stopping a test
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in the section on safety considerations, below). Al-
though sometimes overlooked in the course of ad-
ministering an integrative exercise test, especially in
apparently healthy individuals, blood pressure
monitoring is essential as a safety measure to detect
exercise-induced hypertension or hypotension and
to calculate the rate pressure product (systolic BP
multipliedby fC). Bloodpressure should be recorded
every 2 or 3min unless abnormal responses suggest
more frequent measurement. For CXT, the ECG is
continuously monitored throughout the test and
recorded during the last 5–10 s of every other mi-
nute. Ratings of perceived exertion and breathless-
ness scoresmay also be obtained every 2min during
the exercise phase. Comments regarding events oc-
curring during the test that may aVect test interpre-
tation should be recordedon the supplemental data
sheet (see Appendix D).

Recovery phase

Measurements of ECG, heart rate, and blood press-
ure should be made periodically for up to 10min
during recovery. Unless calculation of oxygen debt
and deWcit are desired, gas exchange variables need
not be collected during this period.
Immediately upon test termination, the subject

should be presented with psychometric scales such
as the RPE scale and VAS for breathlessness with
appropriate instructions for marking. At the same
time, the subject should be asked, in a nonleading
way, why he or she stopped exercise. The answer to
this important question should be recorded, as it
will be used later to assist with test interpretation.

Generation of reports

As soon as feasible, tabular and graphical reports
should be generated in preparation for test interpre-
tation. See Chapter 5 for a description of the forma-
tting and contents of these reports.

Methodological considerations which enhance
exercise test interpretation

An objective impression regarding subject perform-
ance as well as technical factors occurring during
the test that might aVect test interpretation should
be recorded on the supplemental data sheet (Ap-
pendix D). These data further document test condi-
tions, enhance test interpretation, and help ensure
reliability of future tests. The supplemental data
sheet along with the tabular and graphical results
from the test will provide the practitioner with the
necessary data for systematic interpretation of the
test using the principles outlined in Chapter 5.
Examples of objective impressions and technical
factors that may aVect test interpretation are given
below.

Objective impression

∑ Was the subject well motivated towards the test?
∑ Did the subject give an adequate eVort (e.g., ex-
cellent, good, fair, or poor)?

∑ Has the subject exercised this hard recently?
∑ Did the subject require an unusually long recov-
ery period?

∑ Was the test the best one for the subject in light of
known medical problems?

∑ Will this test serve as a valid basis for subsequent
comparison or exercise prescription?

Technical issues

∑ Were all calibrations satisfactory?
∑ Were baseline measurements within expected
limits?

∑ Were there problems with the patient interface
(e.g., leaking mouthpiece)?

∑ Were there problems with ECG quality?
∑ Were there diYculties obtaining blood samples?
∑ What criteria were used to terminate the test?
∑ Was the V̇o2max measured or estimated?
∑ What was themaximal toleratedwork rate (symp-
tom-limited test)?

∑ What was the maximal safe work rate (threshold
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Table 3.16. Absolute contraindications to exercise testing

according to clinical history or ECG criteria

Absolute contraindications Absolute contraindications

based on clinical history based on ECG criteria

Recent complicated

myocardial infarction (unless

patient is stable and

painfree)a

Recent signiWcant change in

resting ECG suggesting

infarction or other acute

cardiac event

Unstable angina Uncontrolled ventricular

dysrhythmia

Unstable congestive heart

failure

Uncontrolled atrial

dysrhythmia that

compromises cardiac

function

Severe aortic stenosis Third-degree

atrioventricular heart block

without pacemaker

Suspected or known

dissecting aortic aneurysm

Active or suspected

myocarditis or pericarditis

Active or suspected venous

thromboembolic disease,

including recent pulmonary

embolism or intracardiac

thrombus

Acute infection

SigniWcant emotional distress

(psychosis)

aRefer to relative contraindications.

for angina, dysrhythmia, dyspnea, claudication,
or other symptoms)?

∑ At what percent of fCmax, V̇o2max, or absolute V̇o2

did signiWcant symptoms or dysrhythmia occur?
∑ What reference values are to be used for assessing
the subject’s response? Are these reference values
appropriate for thework device and protocol used
in the test?

∑ Whatmedications is the subject taking?How long
before the exercise test were the medications
taken?

Safety considerations

Standards and guidelines have been published for
exercise-testing laboratories in health and Wtness
facilities (see Further Reading). Clinical facilities in
theUSA are likely to be boundby standards dictated
by the Joint Commission for the Accreditation of
Hospital Organizations (JCAHO). It is advisable that
recommended standards be carefully interpreted
and applied as appropriate to any XT setting. The
following section summarizes some of the import-
ant safety considerations. The exercise-testing lab-
oratory should be kept meticulously clean and free
from clutter. In addition to instrumentation used in
XT, emergency equipment and supplies should be
available and well maintained (see below). The en-
vironment should be maintained with temperature,
humidity, and air circulation controlled at 68–72 °F
(20–21 °C), 60% or less relative humidity, and 8–12
air exchanges per hour, respectively. Illumination
should be at least 50 foot-candles (538 lm ·m−2 at
Xoor surface).
The XT laboratory should provide at least 100

square feet (9.3 square meters) of Xoor space. If
carpeted, the material should be antistatic and
treatedwith antifungal and antibacterial chemicals.
Proper sterilization methods using one of the com-
mercially available wet sterilization solutions
should be employed for all equipment and supplies
in direct contact with subjects. This includes
mouthpieces, masks, nose clips, Wlters, breathing
valves, Xow transducers, and respiratory tubing.

Disposable supplies such as nose clips, Wlters,
razors for ECG preparation, and even some Xow
transducers obviate the requirement for steriliz-
ation. Clearly, these should not be reused unless so
designed and properly sterilized.

Contraindications to exercise testing

General considerations

The potential beneWts of exercise testing must be
carefully weighed against the risks of such testing in
individuals presenting with certain conditions,
signs, symptoms, or history. Those presenting with
the absolute contraindications listed in Table 3.16
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Table 3.17. Relative contraindications to exercise testing based on clinical history, ECG criteria, and blood pressure assessment

Relative contraindications Relative contraindications Relative contraindications

based on clinical history based on ECG criteria based on blood pressure

Moderate valvular heart disease Frequent or complex ventricular

ectopy

Resting arterial diastolic pressure

�110mmHg or resting arterial

systolic pressure�200mmHg

Known electrolyte abnormalities (hypokalemia,

hypomagnesemia)

Fixed-rate pacemaker (rarely used)

Ventricular aneurysm

Uncontrolledmetabolic disease (e.g., diabetes,

thyrotoxicosis, or myxedema)

Chronic infectious disease (e.g., mononucleosis,

hepatitis, AIDS)

Neuromuscular, musculoskeletal, or rheumatoid

disorders that are exacerbated by exercise

Advanced or complicated pregnancy

should not be tested until their condition is stabil-
ized. Those with relative contraindications, listed in
Table 3.17, may be tested if clinical judgment sug-
gests a beneWt that outweighs the risk of completing
the exercise test. For ease of use, these contraindi-
cations can be organized into three categories: (1)
contraindications based on clinical history; and (2)
contraindicationsbased on the ECG; and (3) contra-
indications based on blood pressure (see Tables
3.16 and 3.17).

Absolute contraindications

Absolute contraindications generally include un-
stable cardiovascular disease, acute or active infec-
tion, and psychological instability. Exercise testing
has been performed as early as 3 days after acute
myocardial infarction. Maximal exercise testing can
be safely performed soon after uncomplicated my-
ocardial infarction, provided monitoring and safety
criteria are strictly observed. However, submaximal
testingmay suYce to estimate aerobic capacity and
to deWne thresholds for angina or dysrhythmia, thus
enabling a safe and eVective exercise prescription.

Relative contraindications

Relative contraindications generally include less
threatening or reversible conditions. These contra-
indications should be interpreted on a case-by-case
basis with careful evaluation of the beneWts and
risks of exercise testing.

Indications for stopping a test

The exercise practitioner should be aware of the
several indications for terminating an exercise test.
Althoughmore commonly occurring at higher exer-
cise intensity, these criteria may occur at any point
during the exercise test, especially in patients with
known cardiovascular or pulmonary disease. Table
3.18 provides indications for terminating an exer-
cise test that is nondiagnostic and is being per-
formed without physician supervision or ECG
monitoring. Table 3.19 provides test termination
criteria that are more speciWc and appropriate for
use in clinical diagnostic XT with ECG monitoring
and physician supervision. For this latter table, the
decision to continue an exercise test in the presence
of ‘‘relative’’ termination criteria should be based
on the risk-to-beneWt ratio and good clinical judg-
ment.
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Table 3.18. Exercise test termination criteria for nondiagnostic

tests without ECG monitoring or physician supervision

Onset of angina or angina-like symptoms

SigniWcant drop in arterial systolic blood pressure

(�20mmHg)

Failure of arterial systolic pressure to rise with increasing

exercise intensity

Excessive increase in arterial systolic pressure to�250mmHg

or diastolic pressure to�115mmHg

Signs of poor perfusion: lightheadedness, confusion, ataxia,

pallor, cyanosis, nausea, or cold and clammy skin

Failure of an appropriate increase in heart rate with increased

exercise intensity

New and signiWcant change in cardiac rhythm

Physical or verbal manifestations of severe fatigue

Subject requests to stop

Failure of testing equipment

Table 3.19. Exercise test termination criteria for diagnostic tests

with ECG monitoring and physician supervision

Absolute indications Relative indications

for exercise test for exercise test

termination termination

Acute myocardial infarction

or suspicion of myocardial

infarction

Onset of moderate to severe

angina

Drop in arterial systolic

pressure with increasing

workload accompanied by

signs or symptoms or drop

below standing resting

pressure

Serious dysrhythmias (e.g.,

second- or third-degree

atrioventricular block,

sustained ventricular

tachycardia, or increasing

premature ventricular

contractions, atrial Wbrillation

with rapid ventricular

response)

Signs of poor perfusion

including pallor, or cold,

clammy skin

Unusual or severe shortness

of breath

Central nervous system

symptoms, including ataxia,

vertigo, visual disturbance,

paresthesia, gait problems, or

confusion

Technical inability to monitor

the ECG

Request of the subject

Pronounced ECG changes

from baseline (�2mm of

horizontal or downsloping

ST segment depression, or

�2mm of ST segment

elevation (except in aVR)).

Changes in ST level are

usually evaluated 80ms

beyond the J-point

Any chest pain that is

increasing

Physical or verbal

manifestations of severe

fatigue or shortness of

breath

Wheezing

Leg cramps or intermittent

claudication (grade 3 on a

four-point scale)

Hypertensive response

(systolic pressure

�250mmHg; diastolic

pressure�115mmHg)

Less serious dysrhythmias

such as supraventricular

tachycardia

Exercise-induced bundle

branch block that cannot be

distinguished from

ventricular tachycardia

Emergency procedures

Every laboratory in which XT is conducted should
have a documented and practiced emergency pro-
cedures plan appropriate to the setting. The desir-
able frequency for practicing such a plan is at least
twice a year. The plan should provide for the follow-
ing:
∑ Access to all areas of the facility.
∑ Controlling the environment, including by-
standers.

∑ Reporting and documentation of the incident.
∑ Use and practice of speciWc procedures that eVect
the emergency plan.

∑ Methods for activating the emergency medical
system (EMS).

As a basic minimum, exercise laboratory personnel
should obtain training and certiWcation in basic life
support (BLS) such as that provided by the Ameri-
can Heart Association or American Red Cross. Per-
sonnel should know how to activate the emergency
proceduresplan, i.e., they should knowhow toplace
a telephonecall to the appropriateEMS. This activa-
tionmight require a 911 telephone call or pressing a
‘‘Code Blue’’ wall switch. Printed instructions at
each laboratory phone location should remind the
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Figure 3.6 An emergency response board. Emergency functions are labeled and permanently positioned. Tags with staV member

names are positioned below an emergency function upon arrival in the laboratory or clinic, thus identifying staV member

functions during an emergency.

caller of key information to be provided to the EMS.
A typical example is as follows:
∑ EMS telephone number: ——————
∑ ‘‘This is —————— (your name)
at —————— (your facility).’’

∑ ‘‘We have an emergency.’’
∑ Describe the nature of the emergency, current
action, and resuscitation equipment available.

∑ Describe location of the facility and how to get
there.

Note: In some settings, this might require a lab-
oratory staVmember to meet the EMS personnel
at an easily identiWed location and guide them
into the facility.

Laboratorypersonnel should know the location of
all emergency equipment, know the responsibilities
of all personnel for assisting in the emergency, and
be able to prepare the equipment for trained emerg-
ency personnel or laboratory staV trained in ad-
vanced cardiac life support (ACLS).
One approach to eVecting the emergency plan is

to establish an emergency response board. This is a
permanentlymounted board with labels for emerg-
ency functions, belowwhich are hung name tags for
lab personnel on duty, as illustrated in Figure 3.6. It
is important to remember that staV should only do
what they are trained to do. CertiWcation in BLS
along with knowledge and practice of an appropri-
ate emergency plan are basic requisites for every
exercise-testing laboratory. In higher-risk settings, it
is advisable to haveoneormore lab staV trainedand
certiWed in ACLS.

Resuscitation equipment

Table 3.20 contains an abbreviated example of
emergency resuscitation equipment that would be
contained in a crash cart. Crash cart equipment and
supplies should be regularly inspected for proper
function and the expiration dates of emergency
drugs. Further details of crash cart contents and
arrangement are presented in Appendix D.
Aside from the oxygen tank that constitutes an
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Table 3.20. Abbreviated example of crash cart equipment and

supplies

Equipment Emergency drugs

Portable deWbrillator

(synchronized), patient

cables, electrodes, and

electrolyte gel

Sodium bicarbonate

Oxygen with two-stage

regulator and tubing

Atropine

Airways (oral and

endotracheal)

Isoproterenol

Laryngoscope and intubation

equipment

Lidocaine

Ambu bag Bretylium

Syringes and needles Procainamide

Intravenous tubing and

solutions

Epinephrine

Intravenous stand Norepinephrine

Adhesive tape and gauze pads Dopamine

Blood-drawing tubes (for

arterial blood gases,

chemistries)

Dobutamine

Suction devices and tubing Nitroglycerine

Gloves Sodium nitroprusside

Furosemide

Morphine sulfate

Digoxin

integral part of the resuscitation cart, an alternative
supply of supplemental oxygen is helpful in the XT
laboratory. This can be used to relieve subjects who
experience chest pain or intense breathlessness. A
short-acting bronchodilator inhaler should also be
available to relieveEIB when it occurs, either coinci-
dentally or as an anticipated response to an EIB
study.
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4

Response variables

Introduction

This chapter is a compendiumof variables collected
during diVerent types of exercise test. Each variable
is deWned and its derivation and signiWcance ex-
plained. Formany of the variables, a normal data set
is used to illustrate responses to the type of in-
cremental protocol described in Figure 4.4 (A and
B). Reference values are given for normal responses
and various types of abnormal response are illus-
trated. The style of symbols used throughout this
book is that recommended by the international
scientiWc community.When new symbols are intro-
duced they generally reXect established conven-
tions. Some symbols represent a departure from
previous usage but only when it seems necessary
based on logic and consistency. A complete list of
the recommended symbols can be found in Appen-
dix A along with their deWnitions.

Variables of the exercise response

Endurance time (t)

DeWnition, derivation, and units of measurement

Endurance time quantiWes exercise duration for de-
Wned constant and incremental work rate protocols
as well as variable work rates such as walking and
running tests. Endurance time represents the total
time of exercise excluding the warm-up period and
is often used with walking or running distance (dW
or dR) to calculate walking or running velocity (see
below).

Time is one of the most important primary vari-
ables during exercise testing. The units of measure-
ment are minutes or seconds.

Normal response

Constant work rate exercise
Endurance time for constant work rate exercise va-
ries inversely with the percentage of maximum
work rate used for that speciWcmode of exercise. No
reference standards are available; however, t is in-
creased with endurance exercise training, weight
loss, supplemental oxygen, pharmacological ther-
apy, and other interventions, thus providing a
simplemeasure of trainingprogress and the eYcacy
of an intervention.

Incremental exercise
Endurance time for incremental exercise depends
on the rate of increase in work rate. An optimal
protocol results in t of 8–12min.

Variable work rate exercise
Endurance time for variablework rate exercise, such
as walking or running tests, varies inversely with
Wtness level and degree of disability. Some walking
and running tests require completion of a Wxed dis-
tance with t used as a criterion variable. In these
applications, t may be compared against quintile
norms such as those contained in Tables C2 and C3
in Appendix C. Reference values for times in the
Cooper 1.5-mile running test are included in Tables
C7 and C9 in Appendix C. Since time is correlated
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with V̇o2max, scores on these tests reXect the nor-
malcy of aerobic capacity. A desirable Wtness level
should be considered as achieving the ‘‘good’’
category or above, as the lower limit of
this quintile represents the 60th percentile. Fitness
categories have been published for other perform-
ance tests as contained in Appendix C.

Abnormal responses

Constant work rate exercise
Physical deconditioning, impaired oxygen delivery,
ventilatory and gas exchange abnormalities will all
reduce t at the same absolute constant work rate.

Incremental exercise
Unduly short or excessively long tests (greater than
18min) are undesirable and might result in a low
V̇o2max.

Variable rate exercise
Performance on standardized walking (1 mile) or
running (1.5mile) testsmay be compared to normal
values contained in Appendix C, Tables C2 and C3.
Scores below the ‘‘average’’ rating indicate per-
formance at or below the 40th percentile and are
thus considered abnormal.

Walking and running distance (dW and dR)

DeWnition, derivation, and units of measurement

Distance completed in either walking or running
tests is one of the criterion variables for the simple
assessment of endurance performance. Examples
include the 6- and 12-minute walk tests and the
12-minute run test (see Chapter 3).
The units of measurement are meters; however,

the data may also be expressed as a velocity
(m ·min−1) when dW or dR is divided by time in
minutes. This velocity can then be used with stan-
dard equations in order to estimate the intensity of
the activity or the caloric expenditure rate (see
Chapter 2).

Normal response

The normal relaxed human walking speed is 67–
80m ·min−1 (2.5–3.0m.p.h.), hence it is reasonable
to expect a dW to be greater than 800m for 12min or
greater than 400m for 6min of relaxed walking.
Running times or speeds are greatly variable

between individuals and mainly inXuenced by
physical training. Orthopedic limitations notwith-
standing, most healthy individuals are able to run
for at least short distances, particularly in youth.

Abnormal responses

Factors aVecting cardiovascular and ventilatory en-
durance such as physical deconditioning or abnor-
malities in oxygen delivery and gas exchange will
decrease walking or running distance and decrease
their corresponding velocities. Scores below the
‘‘average’’ category on standardized tests represent
percentile rankings at or below the 40th percentile
and are thus considered abnormal.

Six-minute walking distance (dW6)

DeWnition, derivation, and units of measurement

∑ The 6-minute walking test is a popular example of
a timed distance test that is used extensively in
clinical research and rehabilitation. The criterion
variable is the distancewalked by an individual, at
his or her own chosen pace, in a predetermined
time (6min). This distance is recorded without
regard to the number and duration of stops to
rest.

∑ Whenused for clinical investigation, the 6-minute
walking test should be standardized. Approved
methods include tape-recorded instructions (see
Appendix D, Standard instructions), repeated
testing by the same exercise practitioner, ident-
ical levels of encouragement, and having the ob-
serverwalk behind the subject. A premarked track
is advantageous.The environment should be con-
trolled, i.e., it is preferable to use an enclosed,
level track that is free of obstacles. Often the
walking distance is recorded as a number and
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Figure 4.1 Reference values for 6-min walking distance

related to age. These data are derived from the results

reported by Enright, P. L. & Sherrill, D. L. (1998). Reference

equations for the six-minute walk in healthy adults. Am. J.

Respir. Crit. Care Med., 158, 1384–7.

Figure 4.2 Learning eVect for the 6-min walking test

demonstrated in 10 patients with chronic obstructive

pulmonary disease performing identical walks on three

consecutive days.

a fraction of circuits of the premarked track.
∑ The preferred units of measurement for dW6 are
meters (m).

Normal response

Published data for dW6 indicate an approximate
value of 600m at age 40 years, declining by about
50m per decade, thus reaching 400m at age 80
years (Figure 4.1). These values equate to normal
walking speeds of 3–5m.p.h. depending on stride
length. It is most important with certain types of XT
to recognize that a learning eVect can occur. This
implies that the same subject, repeating identical
XT protocols over a relatively short time frame, will
demonstrate increased performance which is unre-
lated to any true physiological changes. An example
of this eVect is shown for 10 patients with chronic
obstructive pulmonary disease who performed 6-
minute walking tests on three consecutive days
(Figure 4.2). The mean diVerence was 8% between
days 1 and 2 and 11% between days 1 and 3. Other
investigators have shown that the learning eVect
tends to plateau after about three attempts.

Abnormal responses

Some individuals with severe chronic pulmonary
disease might walk less than 400m in 6min (as
shown in Figure 4.2). In this type of patient dW6

correlateswell with V̇o2max, thus validating the walk-
ing test as a meaningful measure of functional ca-
pacity.

Shuttle test speed

DeWnition, derivation, and units of measurement

∑ Shuttle test speed is the maximum speed over the
ground achieved by a subject performing one of
the standard shuttle Weld tests between two
markers.

∑ The shuttle test is performed according to audible
cues from a prerecorded tape. In performance
exercise testing a 20-m shuttle run is used where-

as in clinical exercise testing a 10-m shuttle walk
might be preferred. Each shuttle stage deWnes a
speciWc speed, as described in the methods sec-
tion of Chapter 3. For a given individual, the high-
est shuttle stage achieved during the test deWnes
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Figure 4.3 Prediction of V̇o
2max

from a multistage 20-m shuttle

run test for aerobic Wtness. Data obtained with permission

from Léger, L. A., Mercier, D., Gadoury, C. & Lambert, J.

(1988). The multistage 20 meter shuttle run test for aerobic

Wtness. J. Sports Sci., 6, 93–101.

the maximum speed or number of shuttles per
minute. Both of these measures can be used to
estimate V̇o2max.

∑ The units of shuttle test speed are kilometers per
hour (km · h−1) or alternatively speed may be ex-
pressed as shuttles per minute.

Normal response (Table 3.6 and 3.11; Figure 4.3)

A reference value for V̇o2max in a given individual can
be used retrogressively to predict a normal shuttle
test speed using data such as those shown in Tables
3.6 and 3.11 or regression equations 3.4 and 3.13,
shown in Chapter 3.

Abnormal responses

A maximum shuttle test speed that falls below the
expected value predicts a reduced aerobic capacity
or reduced V̇o2max. The interpretation of a reduced
V̇o2max is described in the following section. In pa-
tients with chronic obstructive pulmonary disease,
performance on a shuttle walking test correlates
with performance on a 6-minute walking test
(r = 0.68).

Maximum oxygen uptake (V̇O2max)

DeWnition, derivation, and units of measurement

∑ Maximum oxygen uptake is the highest value for
oxygen uptake, which can be attained and meas-
uredduring an incremental exercise protocol for a
speciWc exercise mode. Attainment of V̇o2max gen-
erally necessitates the use of large muscle groups
over 5–15min – so-called aerobic exercise. Hence,
V̇o2max is also called aerobic capacity.

Terminology
Confusion has arisen over terminology for the
highest value of oxygen uptake. Maximal oxygen
uptake is the highest value attainable by a given
individual. Maximal oxygen uptake is therefore
dependent upon the exercise mode, age, gender,
and body weight.Maximum oxygen uptake is used
to describe the highest value measured (Figure
4.4A). Hence, the highest value measured for a
given individual performing a speciWc exercise task
might not be the highest value that individual
could attain. Observation of a plateau value for
oxygenuptake during an incremental exercise pro-
tocol is evidence of true maximal oxygen uptake
(Figure 4.4B). Maximal oxygen uptake can be at-
tained during constant work rate exercise of suY-
cient intensity to cause a relentless upward drift of
oxygen uptake (Figure 4.4C and D). In these cir-
cumstances the constant work rate will be toler-
ated only as long as it takes for V̇o2 to reach V̇o2max.
Hence, a higher constant work rate results in ear-
lier attainment of V̇o2max, as shown in Figure 4.4D.
Generally, when performing XT, it is preferable

to use the term maximum oxygen uptake (V̇o2max).
The term V̇o2peak is sometimes used synonymously
with V̇o2max. It is a superXuous term and only
serves to add to the confusion surrounding this
nomenclature.
Another important issue of terminology needs to

be clariWed. That is the distinction between oxygen
uptake and oxygen consumption. Oxygen uptake
is the correct term for non-steady-state measure-
ments obtained from expired gas analysis. Oxygen
consumption refers to that quantity of oxygen used
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Figure 4.4 Increases in oxygen uptake in response to various exercise test protocols. (A and B) Responses to rest, then unloaded

pedaling followed by an incremental work rate. (C and D) Responses to high and very high constant work rates respectively. Only

(B) shows deWnite evidence of maximal oxygen uptake because a plateau is seen just before exercise termination.

in metabolic processes at a cellular level. Similar
distinctions apply to carbon dioxide output and
carbon dioxide production. For example, tissues
might produce a certain amount of carbon dioxide
but not all of this carbon dioxide is necessarily
evolved through the lung or measured as carbon
dioxide output. Carbon dioxide output should ap-
proximate tissue carbon dioxide production when
the body is in steady state.

∑ V̇o2max is a primary variable normally measured
near the end of an incremental exercise protocol.

The method for selecting V̇o2max from a matrix of
dataneeds to be addressed.Towards the endof an
incremental exercise test V̇o2 might reach a pla-
teau, in which case determination of V̇o2max is
simpliWed. Alternatively, V̇o2 might reach a maxi-
mum and then begin to decline even before the
end of the exercise phase is marked. This is
commonly due to failure to maintain pedaling
cadence or keep up with the increasing power
output demanded by the ergometer. To allow for
this possibility, V̇o2max can be selected as the high-
est value of V̇o2 recorded during the last 30 s of an
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Figure 4.5 Typical values for V̇o
2max

recorded in (A) female

and (B) male athletes. Endurance sports utilizing greater

muscle mass tend to elicit higher values for V̇o
2max

.

incremental protocol. V̇o2 rarely increases beyond
the end of a symptom-limited exercise test.
Unquestionably, breath-by-breath data give

the most detailed proWle of oxygen uptake at end
exercise. However, there is marked variability in
breath-by-breath data and an averaging method
is needed. Any averaging method introduces a
timing error, which has a greater impact when the

primary variable is rapidly changing. Retrograde
time averaging (e.g., mean V̇o2 for the preceding
20 s) is commonly used. This method tends to
underestimate V̇o2max. An alternative method is
the rolling average of a deWned number of breaths
(e.g., mean V̇o2 for a given breath plus the preced-
ing four breaths, usually known as the Wve-breath
rolling average). This method is appealing since
the time for Wve breaths shortens progressively
with increasing exercise intensity and the timing
error is thus minimized.

∑ The absolute units of measurement of V̇o2max are
liters per minute (l ·min−1) or milliliters per mi-
nute (ml ·min−1). Also, oxygen uptake is frequent-
ly related to an individual’s body weight and ex-
pressed as milliliters per kilogram per minute
(ml · kg−1 ·min−1). The MET is an imprecise unit
which refers to an arbitrary restingmetabolic rate
of 3.5ml · kg−1 ·min−1 (1 MET). In some applica-
tions oxygen uptake is related to the resting level
by being expressed as a number of METs.

Normal response (Figures 4.4, 4.5, and 4.6A)

A healthy but sedentary adult male might have a
V̇o2max of 35ml · kg−1 ·min−1. In a normal individual
performing incremental exercise, V̇o2 can increase
by as much as 16-fold: from 0.25 l ·min−1 at rest to a
V̇o2max of 4.00 l ·min. V̇o2max is clearly related to the
mode of exercise performed. Figure 4.5 shows
values of V̇o2max obtained from élite athletes per-
forming diVerent sports. The variation in values for
V̇o2max reXects the diVerent muscle mass used for
diVerent tasks. Women generally have V̇o2max values
about 10% less than men for the same reason (Fig-
ure 4.5). V̇o2max declines with increasing age and
varies with body size.
The prediction of normal V̇o2max should therefore

take into account exercise mode, gender, age, and
body size. Reference values are available for V̇o2max

(see Tables C1–3 and Figures C2–4 in Appendix C).
In Table C1 the values reported by Shvartz &
Reibold (1990) were obtained from an extensive lit-
erature review of studies in which V̇o2max was meas-
ured directly in healthy untrained subjects. Their
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Figure 4.6 Relationship between V̇o
2
and time during an

incremental work rate XT. (A) Normal response. (B) Abnormal

responses for � moderate obesity and � severe obesity.

Table 4.1. Common convention used to relate measured values to

reference values

Measured value/

reference value (%) Interpretation

�80 Normal

71–80 Mildly reduced

51–70 Moderately reduced

�50 Severely reduced

data include 98 samples of males and 43 samples of
females, aged 6–75 years, reported in a total of 62
studies conducted in the USA, Canada, and seven
European countries. The values reported by Jones &
Campbell (1982) are also derived from data ob-
tained in Europe, Scandinavia, and North America.
The values predicted by Hansen et al. (1984) were
obtained from a group of male shipyard workers in
California of mean age 54 years. Obviously, one
must exercise caution in applying reference values
to the general population. The most important con-
sideration is whether the subject being studied
matches the population from which the reference
values were derived. For a more complete dis-
cussion of reference values, see Chapter 5.
The normal proWle of increase in V̇o2 for a maxi-

mal incremental XT is shown in Figure 4.6A.

Abnormal responses (Figure 4.6B)

The variability of V̇o2max is estimated to be 10%.
Therefore an individual V̇o2max less than 80% of the
predicted value is likely to be abnormal in 95% of
cases. Table 4.1 shows a convention which can be
used to categorize V̇o2max based on selected refer-
ence values, using 80% as the lower limit of normal-
ity.
A healthy adult male might have a V̇o2max of

35ml · kg−1 ·min−1. A person with simple physical
deconditioning could have a V̇o2max of
25ml · kg−1 ·min−1 (75% of normal) without func-
tional impairment. The cardiology literature sug-
gests that persons with a V̇o2max less than
20ml · kg−1 ·min−1 (60% of normal) have disability
which can be classiWed as mild disability (V̇o2max of

15–20ml · kg−1 ·min−1), moderate disability (V̇o2max

of 10–15ml · kg−1 ·min−1), and severe disability
(V̇o2max less than 10ml · kg−1 ·min−1).
Table 4.2 and Table 4.3 show two common ap-

proaches to the classiWcation of cardiovascular dis-
ease with corresponding values of V̇o2max expressed
in ml · kg−1 ·min−1.
Obesity increases oxygen uptake at rest and dur-

ing unloaded pedaling. Reference values for resting
oxygen uptake are not usually applied during exer-
cise testing. However, the oxygen uptake for
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Table 4.2. New York Heart Association (NYHA) classification of cardiovascular impairment based on functional capacitya alongside estimates

of maximum oxygen uptake and oxygen pulse

V̇o
2max

V̇o
2
/f

Cmax

NYHA class Functional capacitya (ml · kg−1 ·min−1)b (% of reference)

I No impairment 26–35 90

II Minimal impairment 21–25 75

III Moderate impairment 16–20 55

IV Severe impairment �15 45

aThe Criteria Committee of the New York Heart Association, 1994.
bModiWed from Riley, M., Porszasz, J., Stanford, C. F. & Nicholls, D. P. (1994). Gas exchange responses to constant work rate

exercise in chronic cardiac failure. Br. Heart J., 72, 150–5.

Table 4.3.Weber classification of cardiovascular impairment based

on maximum oxygen uptakea alongside estimates of stroke volume

at rest and at maximum exercise

Resting Maximum

Functional V̇o
2max

SVb SVb

class (ml · kg−1 ·min−1)a (ml) (ml)

A �20 80 120

B 16–20 60 90

C 10–15 50 70

D �10 40 50

aWeber, K. T., Kinasewitz, G. T., Janicki, J. S. & Fishman, A. P.

(1982). Oxygen utilization and ventilation during exercise in

patients with chronic cardiac failure. Circulation, 65, 1213–23.
bWeber, K. T. & Janicki, J. S. (1985). Cardiopulmonary exercise

testing for evaluation of chronic cardiac failure. Am. J.

Cardiol., 55, 22A–31A.

unloaded pedaling on a cycle ergometer can be in-
terpreted with regard to body weight, being in-
creasedby 5.8ml ·min−1 for every kilogramof excess
body weight (Figure 4.6B). Obesity complicates the
interpretation of V̇o2max. An obese relatively Wt sub-
ject might have a high absolute value for V̇o2max but
spuriously low value when expressed as
ml · kg−1 ·min−1 (see Figures C3 and C4 in Appendix
C).
Reduced V̇o2max can occur due to many diVerent

types of limitation, as described in Chapter 5. A
normal V̇o2max excludes exercise impairment and
generally excludes a serious, or at least an advanced,
disease process.

Work efficiency (�, �−1)

DeWnition, derivation, and units of measurement

∑ Work eYciency (�) is a measure of the metabolic
cost of performing external work. Hence, work
eYciency is calculated by dividing the caloric
value of the externalwork performedby themeta-
bolic cost of the work in terms of the caloric value
of the oxygen uptake.

�=
�Ẇ · 0.01433

�V̇o2 · 4.95
(4.1)

∑ For incremental exercise the ‘‘eYciency’’ is often
expressed as the slope of the relationshipbetween
V̇o2 andwork rate. This slope represents the recip-
rocal of � or �−1.

�−1 =
�V̇o2

�Ẇ
(4.2)

∑ Being a ratio of caloric values, � is often expressed
as a percentage. The units of measurement of �−1

are ml ·min−1 ·W−1.

Normal response (Figure 4.7A)

The V̇o2–Ẇ slope has remarkable linearity and con-
sistency for normal subjects, being
10.3ml ·min−1 ·W−1 (Figure 4.7A). The standard de-
viation of this measurement is 1.0ml ·min−1 ·W−1,
meaning that 95% of normal values lie between 8.3
and 12.3ml ·min−1 ·W−1.
The remarkable linearity and consistency of the
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Figure 4.7 Relationship between V̇o
2
and Ẇ during an

incremental work rate XT. (A) Normal response: dotted

reference line with a slope of 10.3ml ·min−1 ·W−1. (B)

Abnormal responses for � high pedaling cadence followed by

an alteration in work eYciency at higher exercise intensity;�

a slope of 8.3ml ·min−1 ·W−1; and� impaired oxygen delivery

due to cardiomyopathy.

V̇o2–Ẇ slope is explained by the rigid physiological
coupling of these parameters below the metabolic
threshold (see Figure 1.1 in Chapter 1). In normal
subjects it is likely happenstance that the V̇o2–Ẇ
relationship remains linear above the metabolic
threshold. There is no obvious physiological expla-
nation why the relationship should remain linear
above this point. Increasing reliance on anaerobic
metabolism would tend to reduce the slope whilst
increased body temperature, circulating cat-
echolamines, and the oxygen cost of lactate disposal
havebeenpostulated to contribute to increasing the
slope.
The lower section of the V̇o2–Ẇ slope is thought to

reXect the physiological mechanisms described in
Chapter 1, whereas the upper section of the V̇o2–Ẇ
relationship appears to be inXuenced by oxygen
delivery to exercising muscles.

Abnormal responses (Figure 4.7B)

Inadequate oxygen delivery to exercising muscles
lowers the slope of the V̇o2–Ẇ relationship, particu-
larly above themetabolic threshold.Paradoxically, a
lower slope might be taken to indicate better work
eYciency. However, like the engine that strains at
low revolutions, an unduly low slope is considered
abnormal.
Some athletes exhibit increased V̇o2–Ẇ slopes.

Commonly this is due to a faster pedaling cadence
on the cycle and recruitment of greater muscle bulk
for the exercise task. This phenomenon is
commonly seen when an exercising subject rises
out of the saddle and contributes arm power to
accomplish the increasing work rate. It is tempting
to interpret this as reduced work eYciency, like an
engine overrevving, but of course the reduced work
eYciency is a consequence of the increased oxygen
uptake unrelated to the external work performedon
the ergometer.

Metabolic, gas exchange, or lactic acid threshold
(V̇O2�)

DeWnition, derivation, and units of measurement

∑ There exist two distinct domains of exercise in-

tensity. At lower work rates, metabolism is pre-
dominantly aerobic and can be continued for a
prolonged time in physiological steady state.
Above a certain work rate for a given individual,
aerobic metabolism is supplemented by
anaerobic ATP regeneration with the accumula-
tion of lactic acid in the contracting muscles and
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circulating blood. At work rates higher than this
‘‘threshold,’’ prolonged exercise is not possible
and fatiguewill eventually ensue. The existence of
two domains of exercise intensity is indisputable
but physiologists have long debated the nature of
the transition and its proper terminology. Whilst
accepting that the threshold is imprecise, i.e., that
a gradual transition exists from one domain to the
other, it is helpful nevertheless, in the under-
standing and interpretation of human exercise
responses, to ascribe a single value of oxygen up-
take to the threshold (V̇o2�).

Terminology
The terminology for V̇o2� is fraught with contro-
versy. The term ‘‘anaerobic threshold’’ is most
widely known and has a certain logical appeal.
However, the appearance of lactic acid at lowwork
rates is testimony to the fact that aerobic and
anaerobic metabolism coexist at all stages of exer-
cise intensity. One basic principle helps resolve
some of the controversy surrounding threshold ter-
minology: that is, to describe the threshold using
the terms with which it has been identiWed. Thus,
when the threshold is detected by noninvasive gas
exchange measurements it is appropriate to call it
the ‘‘gas exchange threshold.’’ Only when the
threshold has been deWned by sequential blood
lactate measurements should it be called the ‘‘lac-
tate threshold.’’

∑ V̇o2� is a secondary variable but its derivation is
complex. The most popular and reliable way to
identify the gas exchange threshold is by plotting
V̇co2 against V̇o2 for incremental exercise. After
about 2min,whilst body co2 stores are increasing,
the V̇co2–V̇o2 relationship adopts a slope of ap-
proximately 1.0 (Figure 4.8A). Like the V̇o2–Ẇ re-
lationship, this slope has remarkable consistency
for normal, nonfasted individuals. This lower
slope (S1) of 1.0 represents utilization of carbohy-
drate as the dominant metabolic substrate (see
section on muscle respiratory quotient, later in
this chapter). When lactic acid begins to accumu-
late, the V̇co2–V̇o2 relationship exhibits a steeper

slope (S2) due to the evolution of ‘‘additional co2’’
derived from bicarbonate buVering of lactic acid.
Usually, when an incremental test is of optimal
duration (8–12min), the inXection point can be
clearly identiWed by Wtting straight lines to the
V̇co2–V̇o2 plot. Drawing a line of identity from the
origin (45° on a square plot) can also be helpful in
identifying S1 (Figure 4.8A).
Another traditionalmethod for identifying V̇o2�

employs plots of ventilatory equivalents and end-
tidal gas tensions against time, work rate or V̇o2

(Figure 4.9). As discussed in Chapter 1, V̇o2� sig-
nals the onset of alveolar hyperventilation with
respect to oxygen uptake. Therefore, V̇E /V̇o2 and
PETo2 are both expected to increase systematically
beyond this point. At the same time, since ventila-
tion remains coupled to co2 output, V̇E /V̇co2, and
PETco2 remain constant. The identiWcation of an
inXection in the V̇E /V̇o2 plot whilst V̇E /V̇co2 re-
mains constant, or an inXection in the PETo2 plot
whilst PETco2 remains constant, is know as the
‘‘dual criteria’’ for the identiWcation of V̇o2�. Al-
veolar hyperventilation with respect to both oxy-
gen and carbon dioxide exchange does not occur
until there is ventilatory compensation for meta-
bolic acidosis. At this point (see section on ven-
tilatory threshold, below), V̇E /V̇co2 increases and
PETco2 decreases simultaneously.
In our laboratory, experienced observers

choose the thresholdwith agreementand consist-
ency. Inexperienced observers with a rudimen-
tary training of exercise physiology do not. We
have found that an autodetection method pro-
grammed into a commercially available meta-
bolic cart was generally reliable but needed to be
over-read by an experienced observer to avoid
occasional erroneous results and conclusions.

∑ The units of V̇o2� are clearly the same as those for
oxygen uptake, i.e., l ·min−1 or ml · kg−1 ·min−1.

Normal response (Figure 4.8A)

Reference values for V̇o2� can be calculated using
published algorithms (see Appendix C, Metabolic
threshold). V̇o2� should be interpreted in relation to
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Figure 4.8 Relationship between V̇co
2
and V̇o

2
during an

incremental work rate XT. (A) Normal response: dotted

reference line with a slope of 1.0. The intersection of the lower

slope (S1) and upper slope (S2) determines V̇o
2
�. (B)

Abnormal responses for � physical deconditioning and �

McArdle’s disease.

Table 4.4. Interpretation of the metabolic threshold in relation to

the reference value for maximum oxygen uptake

V̇o
2
�/ reference V̇o

2max
(%) Interpretation

80–60 Athletic

60–50 Sedentary

50–40 Deconditioned

�40 Diseased

predicted V̇o2max (Table 4.4). Comparison with
measured V̇o2max can produce serious errors of in-
terpretation in the case of a suboptimal eVort and
noncardiovascular limitation.
Normal sedentary individuals exhibit V̇o2�

around 50% of V̇o2max. With successful physical
training, the threshold increases both as an absolute
value and also as a percentage of V̇o2max (Figure
4.10). Hence, with endurance training V̇o2� can in-
crease from 50% to 80% or more of the measured
V̇o2max.

Abnormal responses (Figure 4.8B)

Experience in laboratorieswith precise data-collect-
ing capabilities has shown that when V̇o2� is less
than 40% of the reference value for V̇o2max, serious
pathology can be expected. Values of V̇o2� between
40 and 50% of the reference value for V̇o2max could
be explained by physical deconditioning. However,
early cardiovascular or muscular disease can result
in values of V̇o2� within the same range. The inevi-
table overlap in physiological responses between
deconditioning and early pathology frequently
causes a dilemma in exercise test interpretation.
The response to judicious exercise prescription is
one way to distinguish these two possibilities (see
Chapter 5).
Patients with McArdle’s syndrome (myophos-

phorylase deWciency), who fail to develop a lactic
acidosis during exercise, should not exhibit a true
V̇o2� (Figure 4.8B). Chapter 5 explains more about
the exercise response patterns in patients with dif-
ferent types of myopathy.

Time constant of oxygen uptake (�V̇O2)

DeWnition, derivation, and units of measurement

∑ With the introduction of a constant exercise
stimulus, oxygen uptake increases in a predict-
able pattern that can be described conveniently
by Wrst-order kinetics with an exponential
function (Figure 4.11). There is debate about the
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Figure 4.9 Determination of V̇o
2
� using the dual criteria. (A)

Relationships between the ventilatory equivalents (V̇
E
/V̇o

2
and

V̇
E
/V̇co

2
) and V̇o

2
. (B) Relationship between the end-tidal gas

tensions (P
ET

o
2
and P

ET
co

2
) and V̇o

2
. V̇o

2
� is identiWed as the

point at which V̇
E
/V̇o

2
and P

ET
o
2
both begin to rise whilst

V̇
E
/V̇co

2
and P

ET
co

2
remain constant.

exact nature of this function and whether or not
there are time delays or multiple exponential
components. However, for practical purposes,
i.e., performance or clinical XT, the kinetic in-
crease of oxygen uptake with the onset of exercise
can be conveniently described by a monoex-

ponential function with a time constant, �V̇o2.
This time constant is deWned in the standard
equation for a ‘‘wash-in’’ exponential function.

V̇o2(t) = �V̇o2(1 − e
−t/�) (4.3)

where V̇o2(t) is the oxygen uptake at a given time
(t), �V̇o2 is the total increase in oxygen uptake and
e is the base of natural logarithms.
Based on the monoexponential model, after

one time constant (�V̇o2), the increase in V̇o2 will
be 63% of the total increase to the new steady-
state value and after four time constants, the in-
crease in V̇o2 will be 98% of the total increase.
Direct interpolation of the data set to derive the
time when V̇o2 has reached 63% of the eventual
increase gives a value called the mean response
time which is an estimate of �V̇o2.

�V̇o2 is important because, along with V̇o2max, �
and V̇o2�, it is one of the fundamental parameters
of aerobic function. Above V̇o2�, the determina-
tion of �V̇o2 is more complex because of the conti-
nuing upward drift of V̇o2 even for constant work
rate exercise.

∑ �V̇o2 is best derived from a constant work rate XT
with a baselinewarm-upphase followedby impo-
sition of a square wave of moderate-intensity
work rate for at least 6min. During this type of
test, V̇o2 is expected to increase to a new steady
state after about 3min (Figure 4.12). Exponential
curve-Wtting software can be used to derive �V̇o2.
Alternatively, if the oxygen deWcit (V̇o2def) is de-
rived using more complex mathematical
methods, then �V̇o2 can be calculated from the
following formula:

�V̇o2 =
V̇o2def

�V̇o2

(4.4)

∑ Being a time constant, the units of �V̇o2 are sec-
onds.

Normal response (Figure 4.12A)

The normal value for �V̇o2, derived according to
Equation 4.3, in young sedentary subjects is 38 s
with a standard deviation of 5 s. �V̇o2 is reduced by
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Figure 4.10 Increases of V̇o
2max

and V̇o
2
� in normal subjects

with 6 months of physical training. Reproduced with

permission from Åstrand, P.-O. & Rodahl, K. (1986). Textbook

of Work Physiology, 3rd edn. London: McGraw-Hill.

Figure 4.11 ‘‘Wash-in’’ exponential function where the rate of

change of the dependent variable (y) in relation to time is

proportional to the instantaneous value of y. The time

constant (�) is the reciprocal of the constant k in the equation.

After one �, y will have risen to 63% of its Wnal value. After four

�, y will have risen to 98% of its Wnal value.

physical training, e.g., 30 days of endurance training
can reduce �V̇o2 by about 10 s. �V̇o2 can be as short
as 20 s in athletes. �V̇o2 is shorter when measured
immediately following prior exercise. Presumably,
this is due to priming of the mechanisms that en-
able oxygen delivery and utilization by contracting
muscle. By contrast, �V̇o2 becomes prolonged with
physical deconditioning.This is presumed to be due
to suboptimal functioning of the mechanisms that
enable oxygen delivery and utilization by contract-
ing muscle.

Abnormal responses (Figure 4.12B)

Patients with cardiovascular disease have pro-
longed �V̇o2. Patients with chronic pulmonary dis-
ease also have prolonged �V̇o2. Partly, this is due to
deconditioning since physical training in patients
with chronic obstructive pulmonary disease has
been shown to shorten �V̇o2. An additional factor
inXuencing �V̇o2 in cardiovascular and pulmonary
disease is likely to be hypoxemia. Experiments in
normal subjects breathing hypoxic gas mixtures
(e.g., 14% FIo2) slowed �V̇o2 by asmuch as 6 s. Final-
ly, �V̇o2 might be slowed by abnormal pulmonary
vascular conductance in certain chronic pulmonary
diseases.

Respiratory exchange ratio (R)

DeWnition, derivation, and units of measurement

∑ The respiratory exchange ratio is the ratio of car-
bon dioxide output over oxygen uptake, both
measured at the mouth. Essentially, R is a non-
steady-state measurement that can vary from
breath to breath as well as from time to time
depending on physiological circumstances.

∑ R is simply derived from instantaneous measure-
ments of V̇co2 and V̇o2.

R=
V̇co2

V̇o2

(4.5)
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Figure 4.12 Relationship between V̇o
2
and time during a

constant work rate XT. (A) Normal response with a similar

time constant (�) for exercise onset and recovery. The oxygen

deWcit and oxygen debt are shown. (B) Abnormal responses

for � the on-transit, and � the oV-transit, which can be seen

in cardiovascular and pulmonary disease.

Terminology
An important distinction must be made between
the respiratory exchange ratio which is a non-
steady-state measure derived from instantaneous
values of V̇co2 and V̇o2, and respiratory quotient
(RQ), which is normally derived from steady-state
measures of V̇co2 and V̇o2. R applies to the whole
body, whereas RQ can apply to the whole body or

be related to individual organs such as liver or
muscle.Determination of an organ RQnecessitates
isolation of the organ andmeasurement of its oxy-
gen consumption and carbon dioxide production
over time. Importantly, these measures reXect tis-
sue metabolism and are inXuenced by metabolic
substrate. If the metabolic substrate is purely
carbohydrate, then the RQ value is 1.0. When the
metabolic substrate is predominantly fat, the RQ
approaches 0.7. Thus, RQ values diVer for diVerent
organs andwhole-body RQ represents the summa-
tion of many diVerent organ system RQ values.
Measurement of whole-body RQ demands steady-
state conditions and so during XT this measure-
ment is only applicable to constant work rate
exercise of suYcient duration (at least 4min) be-
low the metabolic threshold. However, allowing
for certain considerations, an estimate of the RQ of
contracting muscle can be obtained during in-
cremental exercise from the increases of oxygen
uptake and carbon dioxide output above baseline
values (see next section).

∑ Since V̇co2 and V̇o2 both have units of liters per
minute, R has no units.

Normal response (Figure 4.13A)

RestingR is typically 0.7–0.95, indicating that overall
bodymetabolism utilizes a mixture of carbohydrate
and fat. Resting R is inXuenced by the nutritional
state of the subject.Hence, normally nourishedsub-
jects who have taken no food for about 4h prior to
testing should have an average R value of 0.85. Pro-
longed fasting lowers resting R whereas recent
carbohydrate ingestion tends to elevate its value
towards 1.0.
When Wrst measured breathing through a mouth-

piece, R tends to increase due to hyperventilation,
which increases V̇co2 whilst having relatively little
eVect on V̇o2. During XT, when precision is import-
ant, it is necessary to allow long enough for the
subject to acclimatize to the mouthpiece before ob-
taining baseline values. An R value greater than 1.0
at rest is a certain indication of hyperventilation.
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Figure 4.13 Relationship between R and time during an

incremental work rate XT. (A) Normal response. Note that R

decreases with exercise onset at 300 s. (B) Abnormal responses

for � hyperventilation at rest; � hyperventilationwith

exercise onset; � suboptimal eVort; and � McArdle’s disease.

With the onset of exercise, R decreases. This tran-
sient phase occurs because of the important dif-
ferences in the dynamic changes of V̇o2 and V̇co2.
Measured at the mouth, V̇o2 increases more rapidly
than V̇co2. This phenomenonis thought to be due to
the greater solubility of co2, causing some of the co2

from increased muscle metabolism to load into
body stores rather than to appear immediately in
the exhaled breath. A reverse phenomenon is ob-
served when exercise ends. In this situation the
body continues to eliminate excess carbon dioxide
until body stores have normalized. Consequently
there is a transient increase inR after exercise cessa-
tion.
During incremental exercise, particularly after

adjustment of body carbon dioxide stores, R in-
creases steadily. Above the metabolic threshold,
when additional carbon dioxide is derived from bi-
carbonate buVering of lactic acid, R increases more
rapidly, resulting in the inXection on the V̇co2–V̇o2

plot that is used to determine V̇o2�. Again it is im-
portant to note that R should be less than 1.0 at the
metabolic threshold, as shown in Figure 4.8.
End-exercise R has been advocated as a measure

of maximal eVort. Although there is some logic to
this approach, it is not to be recommended. End-
exercise R can vary considerably between individ-
uals (e.g., 1.1–1.5) and hyperventilation for various
reasons can elevate R independently of eVort. R
should not be used as a criterion for stopping a
maximal incremental exercise test.

Abnormal responses (Figure 4.13B)

The most frequent factor adversely increasing R is
hyperventilation. This can be acute during rest, ex-
ercise, and recovery, or chronic related to underly-
ingmetabolic acidosis or psychological factors. Pain
or anxiety might cause acute hyperventilation dur-
ing exercise. Hyperventilation, by deWnition, is
characterized by an inappropriate increase in mi-
nute ventilation as well as high ventilatory equival-
ents (see the section on ventilatory equivalents later
in Chapter 4). Individuals with chronic hyperven-
tilation develop compensatory reductions in

plasma bicarbonate levels that tend to normalize
pH. Conceivably, this could reduce lactic acid-buf-
fering capacity during exercise.
Patients with McArdle’s disease (myophos-

phorylase deWciency) do not generate lactic acid
during exercise. Their metabolic responses are ab-
normal in several respects, including low R values at
rest and maximum exercise.
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Figure 4.14 Relationships between V̇co
2
and V̇o

2
during

incremental work rate XTs for a group of normal subjects. Day

1 shows the initial control response. Day 2 shows the same

subjects after glycogen depletion. Day 3 shows reversion to

the normal resonse following glycogen repletion. The asterisk

indicates the beginning of the slope analysis. Reproduced

with permission from Cooper, C. B., Beaver, W. L., Cooper, D.

M. & Wasserman, K. (1992). Factors aVecting components of

the alveolar CO
2
output–O

2
uptake relationship during

incremental exercise in man. Exp. Physiol., 77, 51–64.

Muscle respiratory quotient (RQmus)

DeWnition, derivation, and units of measurement

∑ During incremental exercise, the respiratory quo-
tient of exercising muscle (RQmus) is represented
by the increase in muscle co2 production divided
by the concomitant increase in muscle o2 con-
sumption.
Once body carbon dioxide stores have stabil-

ized, further increases in V̇co2 and V̇o2, measured
by expired gas analysis, predominantly reXect the
increasing metabolism of exercising muscle. This
will be true until additional nonmetabolic co2 be-
gins to be evolved from bicarbonate buVering of
lactic acid.

∑ RQmus is derived from the lower slope (S1) of the
V̇co2–V̇o2 relationship for incremental exercise.

RQmus =
�V̇co2

�V̇o2

(4.6)

∑ Since V̇co2 and V̇o2 both have units of liters per
minute, RQmus has no units.

Normal response

In normal individuals the lower slope (S1) of the
V̇co2–V̇o2 relationship has a value close to 1.0 (Fig-
ure 4.14). This indicates that the metabolic substra-
te for the exercising muscle must be almost entirely
carbohydrate.
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Figure 4.15 Age-related decline in f
Cmax

. Actual data are

derived from Åstrand, I., Åstrand, P.-O., Hallbäck, I. & Kilbom,

Å. (1973). Reduction in maximal oxygen uptake with age. J.

Appl. Physiol., 35, 649–54. Commonly used prediction

equations are superimposed.

Abnormal responses

S1 can be manipulated in normal individuals by
prolonged fasting combined with prior depletion of
muscle glycogen by endurance exercise. In these
circumstancesRQmus can be closer to 0.7, the respir-
atory quotient of fat. Figure 4.14 shows the eVects of
intentional glycogen depletion on RQmus. S1 is re-
duced in McArdle’s disease, where lack of muscle
phosphorylase prevents normal utilization of
muscle glycogen.

Maximum heart rate ( fCmax)

DeWnition, derivation, and units of measurement

∑ Maximum heart rate is the highest value of the
heart rate or pulse rate which can be attained and
measured during incremental exercise.

∑ fCmax is a primary variable best measured from the
R-R intervals of a continuous electrocardiogram
during incremental exercise. Newer technologies
allow fCmax to be measured using telemetric
monitoring. Alternatively, fCmax can be calculated
from 10-s pulse rate in a Weld test or by ausculta-
tion.

∑ The units of fCmax are beats per minute or min−1.

Normal response

Every individual has a theoretical maximum heart
rate, which declineswith increasing age. Figure 4.15
shows the prediction of fCmax according to data col-
lected by Åstrand et al. (1973). There are two for-
mulae commonly used for calculation of predicted
fCmax. Both are shown in Figure 4.15 and the reader
can draw his or her own conclusions about their
reliability in relationship to this data set:

predfCmax = 220− age (4.7)

predfCmax = 210− (age · 0.65) (4.8)

As with any physiological entity, there is variability
among the normal population (see Chapter 5). The
standard deviation for fCmax is estimated to be
10min−1. Hence, for 95% of individuals of a speciWc

age, fCmax will be included in a calculated range of
40min−1. Whilst predicted fCmax values are useful in
exercise testing and interpretation, clearly the
methodsof predictionhave their limitations. It is far
preferable to measure fCmax in the context of an
incremental exercise test with an adequate physical
eVort. The same problems occur when attempting
to use predicted fCmax in conjunction with submaxi-
mal V̇o2 and heart rate data, to calculate V̇o2max. The
range of normal fCmax is too great to make this
method reliable.
Some individuals exhibit a plateau at maximum

heart rate, similar to the plateau which can be seen
at V̇o2max. When this occurs, the observer can be
reasonably certain that a true fCmax is being ex-
hibited.

Abnormal responses

Noncardiovascular limitations of various types pre-
vent attainment of true fCmax. Recognition of these
diVerent responsepatternswill be discussed further
in Chapter 5.
Certain drugs, which interfere with cardiac con-

duction, slow heart rate and reduce fCmax. These
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Figure 4.16 Relationship between f
C
and V̇o

2
during an

incremental work rate XT. (A) Normal response. (B) Abnormal

responses for � suboptimal eVort;� cardiomyopathy;�

myocardial ischemia developing at f
C
of 115min−1; and �

chronotropic incompetence.� Normal trained response.

drugs include �-sympathomimetic antagonists like
propranolol and metoprolol, calcium channel an-
tagonists like verapamil and diltiazem, and digoxin.
Rarely, individuals with coronary artery disease fail
to exhibit a normal heart rate response to incremen-
tal exercise. This phenomenon, called chronotropic
incompetence, can occur without overt signs ofmy-
ocardial ischemia. Failure of heart rate to increase
appropriately is presumed to be due to ischemic
dysfunction of the sinoatrial node. The result is a
low fCmax.

Slope of the cardiovascular response (�fC / �Vo2)

DeWnition, derivation, and units of measurement

∑ �fC/�V̇o2 is the slope of the relationship between
heart rate and V̇o2 during incremental exercise.
The relationship has remarkable linearity, as
shown in Figure 4.16. The robustness of this rela-
tionship is due to its derivation from the Fick
equation:

V̇o2 = Q̇C ·C(a–v̄)o2 (4.9)

where Q̇C is cardiac output and C(a–v̄)o2 is the dif-
ference in oxygen content between arterial and
mixed venous blood.
The following considerations lead to an equa-

tion for the slope of the cardiovascular response.
Since:

Q̇C= fC · SV (4.10)

where SV is cardiac stroke volume, then:

V̇o2 = fC · SV ·C(a–v̄)o2 (4.11)

or:

fC= V̇o2 ·
1

SV ·C(a–v̄)o2

(4.12)

i.e.

fC
V̇o2

=
1

SV ·C(a–v̄)o2

(4.13)

Hence the slope �fC/�V̇o2 is related to stroke vol-
ume and the diVerence in oxygen content be-
tween arterial and mixed venous blood.

∑ �fC/�V̇o2 is derived by linear regression analysis of
a plot of fC versus V̇o2 during incremental exercise.
An alternative, reasonably accurate and simpler
method for calculating this slope uses resting and
maximal values for both variables:

�fC/�V̇o2 =
fCmax − fCrest

V̇o2max − V̇o2rest

(4.14)

As a measure of cardiovascular eYciency, �fC/
�V̇o2 is closely related to the oxygen pulse (see
below). An important diVerence is that oxygen
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pulse is derived from instantaneous values of V̇o2

and fC, and therefore changes as a rising exponen-
tial during incremental exercise. In fact, �fC/�V̇o2

is the reciprocal of the asymptotic oxygen pulse.
∑ The units of �fC/�V̇o2 are l

−1.

Normal response (Figure 4.16A)

The normal value for �fC/�V̇o2 in a given individual
can be calculated using the Equation 4.14 above
with assumed or measured resting values and pre-
dicted maximum values for fC and V̇o2. A plot of fC
versus V̇o2 gives an excellent visual representation
of �fC/�V̇o2, especially if the physiological bound-
aries of the normal response ( fCmax and V̇o2max) are
drawn on the graph. The relationship between fC
and V̇o2 thus has a target point corresponding to
predicted fCmax and predicted V̇o2max. The data pub-
lished by Spiro et al. in 1974 suggest reference
values of �fC/�V̇o2 of 42–43 l

−1 for men and 63–71 l−1

for women.

Abnormal responses (Figure 4.16B)

Equation 4.13 above illustrates that the slope �fC/
�V̇o2 is related to cardiac stroke volume and arter-
ial–venous oxygen diVerence. Alterations of �fC/
�V̇o2 can therefore be helpfully interpreted in terms
of these underlying physiological parameters.
Physical training, which increases SV, and also

C(a–v̄)o2, will predictably reduce �fC/�V̇o2, allowing
an individual to attain a higher V̇o2max at fCmax (Fig-
ure 4.16). The traditional concept of the training
response having both central (SV) and peripheral
(C(a–v̄)o2) components Wts well with this analytical
approach.
Conversely, conditions that reduce SV or impair

peripheral oxygen extraction (reducing C(a–v̄)o2) in-
crease �fC/�V̇o2, resulting in a lower V̇o2max at fCmax

(Figure 4.16).
Typical cardiac conditions causing a steeper �fC/

�V̇o2 would include congestive heart failure, coron-
ary artery disease resulting in myocardial dysfunc-
tion, and valvular heart disease. Typical peripheral
conditions would include deconditioning and cer-
tain types of myopathy.

Oxygen pulse (V̇O2/fC)

DeWnition, derivation, and units of measurement

∑ V̇o2/fC is a measure of cardiovascular eYciency
indicating what metabolic value in terms of oxy-
gen uptake derives from every heart beat. Hence,
V̇o2/fC is a secondary variable calculated by divid-
ing instantaneous oxygen uptake by the heart
rate.

Oxygen pulse=
V̇o2

fC
(4.15)

∑ V̇o2/fC is intricately related to cardiac stroke vol-
ume (SV) and can be used to estimate stroke vol-
ume at various stages of incremental exercise.
Recalling the Fick equation:

V̇o2 =QC · (C(a–v̄)o2) (4.16)

where QC is cardiac output and (C(a–v̄)o2) is ar-
teriovenous diVerence in oxygen content, since:

QC= fC · SV (4.17)

then:

V̇o2

fC
=SV ·C(a–v̄)o2 (4.18)

or:

SV=
V̇o2/fC
C(a–v̄)o2

(4.19)

where V̇o2/fC is the oxygen pulse.
Using this equation and making several as-

sumptions, we can estimate SV during incremen-
tal exercise. At rest, arterial oxygen content is
close to 20ml per 100ml of blood (0.20ml ·ml−1),
whereas mixed venous oxygen content is close to
15ml per 100ml of blood (0.15ml ·ml−1). Hence,
C(a–v̄)o2 is 0.05ml ·ml−1. At rest:

SV= V̇o2/fC · 20 (4.20)

Throughout exercise, in normal individuals, arter-
ial oxygen content remains close to 20ml per
100ml of blood (0.20ml ·ml−1). In a sedentaryper-
son, mixed venous oxygen content typically falls
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Figure 4.17 Relationship between V̇o
2
/f

C
and time during an

incremental work rate XT. (A) Normal response. (B) Typical

responses for � cardiovascular disease and� physical

training.

to 8ml per 100ml of blood (0.08ml ·ml−1). Hence
C(a–v̄)o2 is 0.12ml ·ml−1. At maximal exercise:

SV= V̇o2/fc · 8.3 (4.21)

In an athlete, mixed venous oxygen content can
fall to 5ml per 100ml of blood (0.05ml ·ml−1).
Hence C(a–v̄)o2 is 0.15ml ·ml−1. At maximal exer-
cise:

SV= V̇o2/fC · 6.8 (4.22)

Using the same reasoning, it follows that if an
individual could extract all the oxygen from circu-

lating blood, the theoretical maximum C(a–v̄)o2

would be 0.20ml ·ml−1. At maximal exercise:

SV= V̇o2/fC · 5 (4.23)

where V̇o2/fC is the asymptotic oxygen pulse.
∑ The units of V̇o2/fC are milliliters per beat or ml.

Normal response (Figure 4.17A)

The normal resting V̇o2/fC is 3.5–4.5ml, correspond-
ing to a cardiac stroke volume of 70–90ml. Maxi-
mum V̇o2/fC depends uponWtness level. A sedentary
20-year-old individual has a maximum V̇o2/fC of
12–15ml, corresponding to a cardiac stroke volume
of 100–120ml (Figure 4.17). An athlete can have a
maximum V̇o2/fC of 16–20ml, corresponding to a
cardiac stroke volume of 120–140ml.

Abnormal responses (Figure 4.17B)

Maximum V̇o2/fC is reduced in physical decon-
ditioning, noncardiovascular limitation, and all
forms of cardiovascular limitation or disease. Stu-
dies of maximal exercise responses in patients with
cardiac failure reveal a relationship between maxi-
mum V̇o2/fC and the NYHA classiWcation of cardiac
failure (Table 4.2).
Typical V̇o2/fC response patterns for cardiovascu-

lar disease andphysical training are shown in Figure
4.17.

Electrocardiogram (ECG)

DeWnition, derivation, and units of measurement

∑ The ECG is a summation of electrical vectors oc-
curring during the cardiac cycle and being meas-
ured at the body surface by certain conWgurations
of skin electrodes.

∑ During a performance exercise test (PXT) the
heart rate is typically derived from a three-lead
ECG. This method shows cardiac rhythm but
gives limited diagnostic information. A clinical
exercise test (CXT) should include full 12-lead
ECG with analysis of rhythm, mean frontal plane
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Figure 4.18 Electrocardiographic recordings showing normal

variations and common supraventricular dysrhythmias. (A)

Normal sinus rhythm. (B) Sinus arrhythmia. (C) Sinus

bradycardia. (D) Supraventricular tachycardia. (E) Atrial

Wbrillation.

axis, and P, QRS, and T-wave conWguration. Dur-
ing Weld exercise tests heart rate is usually pal-
pated from the pulse or recorded using a pulse
rate monitor. In these circumstances ECG infor-
mation is not available. ECG interpretation is a
complex subject. For the purposes of this bookwe
will merely state important normal and abnormal
features.

∑ The conventional 12-lead ECG is measured on
standard recording paper with a speed of
25mm · s−1. Hence, each millimeter on the hori-
zontal axis represents 0.04 s and the heart rate can
be quickly estimated by dividing 300 by the
number of centimeters between R waves. Stan-
dard calibration sets the amplitude at 10mm per
millivolt (mV). Hence, eachmillimeter on the ver-
tical axis represents 0.1mV.

Normal response

The normal ECG should exhibit sinus rhythmwith a
rate between 60 and 100min−1 at rest (Figure 4.18A).
Sinus rhythmcan be conWrmedbymarking the R–R�
intervals of several QRS complexes on the edge of a
piece of paper and then sliding this paper along the
ECG to conWrm that the QRS complexes are equally
spaced.
There is a small variation in R–R� interval during

respiration causing heart rate to Xuctuate – usually
less than 10min−1 – called sinus arrhythmia (Figure
4.18B). The heart rate quickens during inspiration
and slows duringexpirationdue to variation in vagal
tone. Occasionally exaggerated sinus arrhythmia is
observed in normal individuals.
At rest a heart rate less than 60 min−1 is

sinus bradycardia. A rate greater than 100
min−1 is sinus tachycardia. Sinus bradycardia occurs
as a result of intensive physical training and rates
less than 50 min−1 are not unusual. Sinus tachycar-
dia at rest is commonly associated with anxiety.
Occasional (less than 6min−1), premature atrial or

ventricular contractions (PACs and PVCs) can be
normal, particularly if they disappear with exercise.
The mean frontal plane axis is derived from the

QRS complex. The normal axis lies between −30°

and +90°. Thus, a normal axis can be easily recog-
nized when the QRS is predominantly positive in
both leads I and II. Right axis deviation occurs in 5%
of normal individuals.
The normal P-R interval is 0.12–0.20ms (3–5mm

on a conventional ECG tracing). The normal QRS
voltage (maximum R plus maximum S in the
precordial leads) is less than 35mV (35mm on a
conventional ECG tracing). QRS voltage sometimes
appears increased in a lean individual with a thin
chest wall.
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Figure 4.19 Electrocardiographic recordings showing

common dysrhythmias. (A) Atrial Xutter. (B) First-degree

heart block with a premature atrial contraction. (C) Second-

degree heart block (Möbitz type I). (D) Second-degree heart

block (Möbitz type II). (E) Third-degree (complete) heart

block.

Abnormal responses

The intention of this book is to help the exercise
practitioner to recognize normal variations of the
ECG and to identify signiWcant abnormalities, since
thedevelopmentof ECGabnormalities is among the
important contraindications to exercise testing and
indications for stopping an exercise test (see Chap-
ter 3). The ECG appearances of the common dys-
rhythmias are presented in Figures 4.18–4.20 and an
approach to the identiWcation of ECG changes that

suggest myocardial ischemia is shown in Figure
4.21. For more information, the reader is advised to
consult a detailed text on ECG interpretation and to
confer with a cardiologist.

Cardiac dysrhythmias (Figures 4.18–4.20)
Any cardiac rhythm other than those discussed in
the foregoing section is abnormal, including fre-
quent PACs (�6min−1), frequent PVCs (�30% of all
ventricular complexes), atrial Wbrillation, atrial Xut-
ter, supraventricular tachycardia, and paroxysmal
ventricular tachycardia or ventricular Wbrillation.
An incremental exercise test can be conducted in
the presence of atrial Wbrillation and in patients
with cardiac pacemakers. A clinical setting is clearly
recommended and the cardiovascular responses
must be interpreted with caution.

Other common abnormalities
Left axis deviation (LAD) more than −30° and new
right axis deviation (RAD) more than +90° are ab-
normal. A P-R interval less than 0.12ms can be
indicative of preexcitation. One longer than 0.20ms
indicates Wrst-degree heart block. A QRS complex
wider than 0.22ms indicates bundle branchblock. A
combinedQRS voltage greater than 35mV indicates
ventricular hypertrophy. The criteria for left ven-
tricular hypertrophy (LVH), as seen in signiWcant
cases of hypertension, are LAD, QRS� 0.22ms and
�35mV. In addition, ST depression can be seen in
lateral leads indicating relativemyocardial ischemia
– the so-called strain pattern.

Myocardial ischemia (Figure 4.21)
The classical features of myocardial ischemia on the
ECG are horizontal, downsloping, or rounded ST
depression of 0.1mV observed �80ms past the J-
point. Upsloping ST depression�0.1mV occurring
�80ms past the J-point is suspicious but less
conclusive. ST changes often present a consistent
pattern in the anterior, lateral, or inferior leads.
However, in practice, the distribution of ST changes
does not necessarily predict the location of is-
chemia or the coronary artery involved. In subjects
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Figure 4.20 Electrocardiographic recordings showing

common ventricular dysrhythmias. (A) Unifocal premature

ventricular contractions. (B) Multifocal premature ventricular

contractions. (C) Trigemini becoming bigemini. (D)

Ventricular tachycardia. (E) Ventricular Wbrillation.

with left bundle branch block, ST segment depress-
ion cannot be used to diagnose myocardial is-
chemia. Also certain medications such as digoxin
aVect the ST segment and confound the diagnosis of
myocardial ischemia. Rarely, ST segment elevation
can be seen as a result of myocardial ischemia dur-
ing exercise. The reliability of the exercise ECG for
the identiWcation of myocardial ischemia has been
evaluated by comparison with coronary angiogra-
phy, using 50% stenosis of at least one coronary
artery as the ‘‘gold standard.’’ The sensitivity, i.e.,
the percentage of individuals with coronary artery
disease who will have a positive test, is approxi-
mately 70%. The speciWcity, i.e., the percentage of
individualswithout coronary artery diseasewhowill
have a negative test, is 80%.

Arteriovenous difference in oxygen content
(C(a–v–)O2)

DeWnition, derivation, and units of measurement

∑ The arteriovenous diVerence in oxygen content
(C(a–v̄)o2) is the absolute diVerence in content of
oxygen in arterial and mixed venous blood from
the systemic circulation. Hence, C(a–v̄)o2 repre-
sents the amount of oxygen extracted from blood
circulating in the systemic circulation by all body
tissues. During exercise C(a–v̄)o2 is substantially
inXuenced by the increased oxygen extraction of
exercising muscles. Under steady-state condi-
tions, the oxygen content of the systemic arterial
blood is equal to the oxygen content of the pul-
monary venous blood and the oxygen content of
systemic mixed venous blood is equal to the oxy-
gen content of the pulmonary arterial blood.
Hence, C(a–v̄)o2 also represents the amount of oxy-
gen taken up by the blood in the lungs.

∑ C(a–v̄)o2 is a secondary variable which must be
derived by simultaneous sampling of both sys-
temic arterial and systemic mixed venous blood.
The former requires discrete puncture or cath-
eterization of a radial, brachial, or femoral artery.
The latter requires placement of a Xow-directed
central venous catheter in the right atrium or the

main pulmonary artery outXow tract. Obviously
these procedures are not straightforward and can
only be accomplished with experienced person-
nel in a laboratory setting.

∑ The traditional units of C(a–v̄)o2 are milliliters of
oxygen per deciliter of blood (ml · dl−1). However,
when used in equations to calculate cardiac out-
put or cardiac stroke volume C(a–v̄)o2 must be ex-
pressedwith like units, i.e.,milliliters permilliliter
or liters per liter.
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Rounded S–T
0.1 mV > 80 ms

Figure 4.21 Normal ECG conWguration and criteria for the

diagnosis of myocardial ischemia. (A) Normal P, QRS, T and U

wave conWgurations with normal values for amplitudes and

intervals. (B) Four diVerent patterns seen in myocardial

ischemia, including horizontal, downsloping, and rounded ST

depression of 0.1mV occurring 80ms after the J-point as well

as upsloping ST depression�0.1mV occurring 80ms after the

J-point.

Normal response

Systemic arterial oxygen content is reasonably con-
stant in normal individuals, being 20ml · dl−1 or
0.20ml ·ml−1. At rest, mixed venous oxygen content
is typically about 15ml · dl−1 or 0.15ml ·ml−1. Hence,
C(a–v̄)o2 is 5ml · dl−1 or 0.05ml ·ml−1. Thus, at rest,
about 25% of available oxygen is extracted from the
circulating systemic blood. During exercise the ex-

traction of oxygen may approach 75%, depending
on the level of Wtness of the individual.
Fortuitously, C(a–v̄)o2 has a predictable relation-

ship with relative exercise intensity, i.e., the percen-
tage of predicted V̇o2max. This relationship was el-
egantly demonstrated for normal subjects and is
illustrated in Figure 4.22. The following equation,
derived from these data, can be used to estimate
C(a–v̄)o2 from relative exercise intensity:

C(a–v̄)o2 = 5.72+ (0.1 ·%ref V̇o2max) 4.24

where C(a–v̄)o2 is the diVerence in oxygen content
between arterial andmixed venous blood expressed
in ml · dl−1 and %ref V̇o2max is the relative exercise
intensity, i.e., the instantaneous V̇o2 expressed as a
percentage of reference or predicted V̇o2max.
Experimental data in general, and application of

Equation 4.24 in particular, show that for maximal
exercise in normal individuals, C(a–v̄)o2 approaches
15ml · dl−1 or 0.15ml ·ml−1. In a sedentary person,
mixed venous oxygen content typically falls to
8ml · dl−1 or 0.08ml ·ml−1. Hence C(a–v̄)o2 is
0.12ml ·ml−1. Values for mixed venous oxygen con-
tent of 0.03ml ·ml−1 have been observed in highly
trained athletes, giving a value for C(a–v̄)o2 of
0.17ml ·ml−1.

Abnormal responses

Compromised oxygen delivery due to inadequate
blood Xow or cardiac output results in relatively
higher C(a–v̄)o2 compared with relative exercise in-
tensity. This pattern of abnormality might be ex-
pected with cardiac failure due to a variety of
causes. By contrast, impaired ability of exercising
muscle to extract oxygen would result in lower
C(a–v̄)o2 and also lower V̇o2. The relationships be-
tween C(a–v̄)o2, V̇o2, and cardiac output are further
considered in the following section on cardiac out-
put.

Cardiac output (Q̇C)

DeWnition, derivation, and units of measurement

∑ The cardiac output (Q̇C) is the total circulating
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Figure 4.22 Relationship between arteriovenous diVerence in

oxygen content and percentage of measuredmaximum

oxygen uptake. Data were determined from systemic arterial

and pulmonary arterial (equivalent to systemic mixed venous)

blood that was simultaneously sampled each minute during

10 incremental exercise tests in 5 subjects. Reproduced with

permission from Stringer, W. W., Hansen, J. E. & Wasserman,

K. (1997). Cardiac output estimated non-invasively from

oxygen uptake during exercise. J. Appl. Physiol., 82, 908–12.

blood Xow. Averaged over time, the blood Xow
through the systemic and pulmonary circulations
must be equal.

∑ Several techniques are available for determining
cardiac output. Cardiac output is most reliably
measuredby cardiac catheterization,althoughes-
timates can be obtained using echocardiography.
One approach is to measure V̇o2, arterial oxygen
content, and mixed venous oxygen content and
then to apply the direct Fick principle.

Q̇C=
V̇o2

C(a–v̄)o2

(4.25)

Knowledge of the predictable relationship be-
tween C(a–v̄)o2 and relative exercise intensity, i.e.,
the percentage of reference V̇o2max, shown in
Equation 4.25, allows us to express Q̇C in terms of
the instantaneous V̇o2.

Q̇C=�
V̇o2

0.0572+ (0.001 ·%ref V̇o2max)� (4.26)

where Q̇C and V̇o2 are both expressed in l ·min−1

and %ref V̇o2max is the relative exercise intensity,
i.e., the instantaneous V̇o2 expressed as a percen-
tage of reference or predicted V̇o2max.
The ability to predict Q̇C based on noninvasive

measures such as V̇o2 has deWnite appeal. This
approach is reasonable in normal subjects; how-
ever, it is likely to be subject to inaccuracies in
disease states.
An alternative invasive approach is to deter-

mine Q̇C by cardiac catheterization using an indi-
cator dilution technique and then applying the
indirect Fick principle.

∑ The units of Q̇C are liters per minute (l ·min−1).

Normal response (Figure 4.23A)

Resting cardiac output is about 5 l ·min−1. Younger
healthy subjects performing maximal exercise can
achieve values of Q̇C about 25 l ·min−1, representing
an approximate Wvefold increase. Figure 4.23A
shows the hypothetical relationship between Q̇C

and C(a–v̄)o2 based on Equation 4.24. This relation-

ship can be seen to be nonlinear. In normal sub-
jects, the metabolic threshold is known to occur
approximatelywhen C(a–v̄)o2 exceeds 10ml · dl−1, i.e.,
when Q̇C is about 15–20 l ·min−1.

Abnormal responses (Figure 4.23B)

Various cardiac diseases result in compromised Q̇C,
particularly during exercise. Whenever Q̇C is inap-
propriately low during incremental exercise, tissue
oxygen consumption tends to be maintained by in-
creased oxygen extraction from the blood. As a re-
sult, C(a–v̄)o2 increases more rapidly at relatively
lower levels of exercise. The eVect on the relation-
ship betwen Q̇C andC(a–v̄)o2 is shown in Figure 4.23B.
Data from Weber and Janicki (Table 4.3) can be
plottedon Figure 4.23 to illustrate this phenomenon
andhow it progresses through the diVerent stages of
severity of congestive heart failure. Theoretically, in
cases of myopathy, the hemodynamic response
to incremental exercise should be diVerent, as
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Figure 4.23 Hypothetical relationship between Q̇
C
and C

(a–v̄)
o
2

for incremental exercise. Isopleths represent levels of V̇o
2
. The

normal response shown in (A) was derived using Equation

4.24. (B) Abnormal responses for � cardiac failure and �

skeletal myopathy.

illustrated in Figure 4.23B. One might expect nor-
mal or even exaggerated increases in cardiac output
to occur while oxygen extraction fails to increase
appropriately. The predicted eVect on the relation-
ship between Q̇C and C(a–v̄)o2 is shown in Figure
4.23B. However, suYcient data do not yet exist to
substantiate this concept.

Cardiac stroke volume (SV)

DeWnition, derivation, and units of measurement

∑ Cardiac stroke volume is the volume of blood
ejected by either the left or right ventricle with
each systolic contraction. Averaged over time, the
left- and right-sided SV must be equal.

∑ Precise measurement of SV necessitates determi-
nation of cardiac output. SV is then calculated
knowing the heart rate:

SV=
Q̇C

fC
(4.27)

Several techniques are available for determining
cardiac output and hence deriving SV. Cardiac
output is most reliably measured by cardiac cath-
eterization, although estimates can be obtained
using echocardiography. One approach is to
measure V̇o2, arterial oxygen content, and mixed
venous oxygen content and then apply the direct
Fick principle. Alternatively, cardiac output can
be determined by cardiac catheterization using
an indicator dilution technique and applying the
indirect Fick principle.

∑ The units of SV are milliliters.

Normal response

Normal resting cardiac stroke volume is about
70ml. During incremental exercise SV increases due
to increased venous return to the heart, increased
end-diastolic volume, and sympathetic nervous
system stimulation of myocardial contractility. SV
increases during the early phase of incremental ex-
ercise, approaching a plateau at about 50% of maxi-
mum cardiac output or 40% of V̇o2max (Figure 4.24).
In a sedentary adult, SV reaches 100–120mlwhereas
in the athlete the increase can reach 120–140ml.

Abnormal response

Cardiac diseases, including coronary artery disease,
cardiomyopathy, valvular heart disease and con-
genital heart disease, typically result in a low cardiac
stroke volume. In some cases end-diastolic volume
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Table 4.5. Sphygmomanometry: tonal qualities of the Korotkoff

sounds and their interpretation

KorotkoV Tonal

sound qualities Interpretation

I Onset of sounds,

metallic tapping that

increases in intensity

Peak systolic blood

pressure

II Swishing sound or

murmur, occasionally

absent and referred to

as auscultatory gap

III Increased intensity

with crisper, sharper

sounds

IV Sudden and distinct

muZing of sound

Diastolic blood

pressure

V Disappearance of

sounds

Return of laminar

Xow

Figure 4.24 Relationship between SV and V̇o
2
as percentages

of maximum during an incremental work rate XT. SV reaches

a plateau value at approximately 40% of V̇o
2max

. Reproduced

with permission from Åstrand, P.-O., Cuddy, T. E., Saltin, B. &

Stenberg, J. (1964). Cardiac output during submaximal and

maximal work. J. Appl. Physiol., 20, 268–74.

is increased but SV is low due to impaired myocar-
dial contractility. In the case of mitral regurgitation,
the left ventricle becomes dilated and left ventricu-
lar stroke volume might actually be increased, at
least in early disease. However, it must be remem-
bered that a fraction of the stroke volume is retro-
grade Xow through the regurgitant mitral valve.
Hence, the eVective forward SV is actually reduced.
Table 4.3 shows estimated values for SV at rest

andmaximum exercise based on theWeber classiW-
cation of cardiovascular impairment alongside the
familiar classiWcation of functional capacity ad-
vocated by the New YorkHeart Association (NYHA).

Systemic arterial pressure

DeWnition, derivation, and units of measurement

∑ Most exercise professionals are familiar with sys-
temic arterial pressure. Systemic systolic blood
pressure coincides with left ventricular contrac-
tion whereas systemic diastolic blood pressure
coincides with left ventricular relaxation immedi-
ately before systole.

∑ During exercise testing systemic arterial pressure
is usually measured by manual or automated

sphygmomanometer and occasionally by in-
dwelling arterial catheter connected to a pressure
transducer. Measurement techniques are dis-
cussed in Chapter 3. The KorotkoV sounds that
are heard during sphygmomanometry are re-
viewed in Table 4.5.
Mean arterial pressure (Pā), which represents

the average force of the blood against arterial
walls, can be derived by electronic averaging of
the pressure signal. Alternatively, Pā can be es-
timated using a simple formula that assumes the
mean pressure is at a level one-third of the way
from diastolic pressure to systolic pressure:

Pā=
Pasys + (2 ·Padia)

3
(4.28)
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Figure 4.25 Relationship between systemic arterial pressure

and V̇o
2
as a percentage of maximum during an incremental

work rate XT. Normal responses are shown for systolic and

diastolic pressures during leg and arm exercise. Adapted with

permission from Åstrand, P.-O., Ekblom, B., Messin, R., Saltin,

B. & Stenberg, J. (1965). J. Appl. Physiol., 20, 253–6.

where Pasys is systemic arterial systolic pressure
and Padia is systemic arterial diastolic pressure.

∑ The traditional units of systemic arterial pressure
are millimeters of mercury (mmHg).

Normal response

During exercise, heart rate and blood pressure in-
crease in response to increased sympathetic tone
and circulating catecholamines. Systemic arterial
systolic pressure often increases by about 10mmHg
in anticipation of performing an XT. During in-
cremental exercise Pasys increases by 7–10mmHg
for every MET increase in V̇o2. With maximal exer-
cise, normal subjects exhibit an increase in systemic
arterial systolic pressure of 50–70mmHg and a de-
crease in systemic arterial diastolic pressure of 4–
8mmHg. Normal responses are shown in Figure
4.25. Note that systemic arterial pressure increases
more for arm work compared with leg work. The
reduced diastolic pressure during leg work is at-
tributable to reducedperipheral vascular resistance.
The increase in systolic pressure during exercise is

slightly potentiated by reduced body temperature.
Normally, after the termination of exercise, sys-
temic arterial pressure falls rapidly. This phenom-
enon might lead to relative hypotension in some
individuals.

Abnormal responses

Criteria for abnormal systemic arterial pressures are
not easy to deWne. Undoubtedly, they increase with
advancing age – a phenomenonprobably explained
by reduced systemic vascular compliance with the
stiVening of arterial walls. As a result of the in-
creased peripheral vascular resistance, older per-
sons require higher perfusion pressures to maintain
adequate tissue blood Xow. Notwithstanding these
considerations, systemic arterial pressures at rest
that are greater than 140/90mmHg are generally
regarded as abnormal.
Several studies indicate that an exaggerated in-

crease in arterial systolic pressure during exercise is
predictive of the development of systemic hyper-
tension in later life. Hence, individualswho develop
an arterial systolic pressure above 200mmHg dur-
ing incremental exercise have a two- to threefold
increased risk of developing resting hypertension.
Similarly, individuals with untreated hypertension
tend to develop arterial systolic pressures over
200mmHg during exercise. A similar discriminatory
value should exist for arterial diastolic pressure and,
although one has not been reported, 100mmHg
seems appropriate. Certainly, increases in arterial
diastolic pressure during exercise of greater than
15mmHg have been associated with arterioscler-
osis. During maximal incremental exercise, sys-
temic arterial pressures greater than 250/
115mmHg are regarded as indications for stopping
the exercise test, as described in Chapter 3.
Arterial systolic pressure normally falls towards

maximal exercise by as much as 20mmHg. This is
probably explained by reduced cardiac stroke vol-
ume due to inadequate diastolic Wlling. A convinc-
ing fall of systemic arterial systolic pressure of more
than 20mmHg towards end-exercise is suspicious
for cardiac dysfunction, either inadequate time for
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diastolic Wlling or the development of myocardial
ischemia and consequent impairment of contractil-
ity. Furthermore, when a fall of this magnitude is
observed, the exercise practitioner should consider
terminating the test.
Systemic arterial pressures should fall rapidly

during the recovery phase immediately after exer-
cise has ceased. When this expected change does
not occur, an association with hypertension can be
suspected. Routinemeasurement of blood pressure
after 2min of recovery is helpful in making this
determination.

Pulmonary arterial pressure (Ppa)

DeWnition, derivation, and units of measurement

∑ Pulmonary arterial pressure is the cyclical press-
ure in the pulmonary outXow tract and main pul-
monary arteries. The pressurewaveformbecomes
dampened and the mean pressure decreases as
blood Xows across the pulmonary circulation.

∑ Pulmonary arterial pressure is best measured us-
ing a balloon Xotation pulmonary artery catheter
which has been inserted via a central vein such as
the jugular, subclavian, or femoral vein.When the
intention is to measure Ppa during exercise, then
a long line can be inserted from a vein in the
antecubital fossa. Doppler echocardiography of-
fers an alternativemethod of estimating pulmon-
ary arterial pressure when signiWcant tricuspid
regurgitation is present.

Ppasys =Pra+4 · (V̇TR)
2 (4.29)

where Pra is the mean right atrial pressure and
V̇TR is peak tricuspid regurgitation velocity meas-
ured by echocardiography. Pra is assumed to be
5mmHg if the superior vena cava (SVC) com-
pletely collapses during inspiration, 10mmHg if
the SVC partially collapses, and 15mmHg if the
SVC does not collapse.
Mean pulmonary arterial pressure is derived

similarly to mean systemic arterial pressure, as
shown in Equation 4.28. Thus:

Ppa=
Ppasys + (2 ·Ppadia)

3
(4.30)

where Ppasys is pulmonary arterial systolic press-
ure and Ppadia is pulmonary arterial diastolic
pressure.

∑ The traditional units of pulmonary arterial press-
ure are millimeters of mercury (mmHg).

Normal response

Generally, pressures within the pulmonary circula-
tion are about one-sixth of correspondingpressures
in the systemic circulation. Therefore, normal rest-
ing Ppa is approximately 20/10mmHg, with amean
value of 13mmHg. Exercise produces modest in-
creases in Ppa as shown in Figure 4.26. The increase
is more evident in the supine versus upright pos-
ture. Provided that the pulmonary circulation is
normal, Ppa might actually revert to resting levels
during prolonged moderate-intensity exercise. The
fact that Ppa increases so little despite substantial
increases in cardiac output during exercise is testi-
mony to the fact that the pulmonary vascular resis-
tance falls dramatically due to extensive recruit-
ment of the pulmonary capillary bed.

Abnormal responses

Pulmonary vascular disease, either primary or sec-
ondary to chronic pulmonary or cardiovascular dis-
ease, results in increased Ppa. In primary pulmon-
ary hypertension, Ppa can be as high as 80/
40mmHg. In pulmonary hypertension secondary to
chronic pulmonary disease, Ppasys is rarely greater
than 45mmHg and Ppa is rarely greater than
35mmHg. During exercise Ppa will be further in-
creased in patients with resting pulmonary hyper-
tension. When pulmonary vascular disease is se-
vere, the high pulmonary vascular resistance can
prevent an adequate increase in cardiac output dur-
ing exercise. This could result in systemic arterial
hypotension in the presence of peripheral
vasodilatation. For this reason patients with pul-
monary vascular disease must be exercised with
caution and careful hemodynamic monitoring.
The development of hypoxemia during exercise

will cause reXex pulmonary vasoconstriction and
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Figure 4.26 Relationship between hemodynamic measurements and work rate during an incremental XT. (A) Mean systemic

arterial pressure. (B) Mean pulmonary arterial pressure. (C) Mean pulmonary capillary wedge pressure. (D) Right atrial pressure.

Closed symbols represent men (M) and open symbols represent women (W). Reproducedwith permission from Sullivan, M. J.,

Cobb, F. C. & Higginbotham, M. B. (1991). Stroke volume increases by similar mechanisms during upright exercise in normal men

and women. Am. J. Cardiol., 67, 1405–12.

contribute to a rise in Ppa. However, this increase is
small. In normal subjects an acute fall in oxyhemog-
lobin saturation to 77% has been reported to in-
crease Ppa by only 5mmHg.

Maximum minute ventilation (V̇Emax)

DeWnition, derivation, and units of measurement

∑ Maximumminute ventilation is the highest value
of ventilation which can be attained and meas-

ured during incremental exercise.
∑ V̇Emax is a secondary variable derived from the
product of tidal volume and respiratory rate. Dur-
ing an incremental exercise test, using a meta-
bolic cart, minute ventilation can be calculated
this way with each breath. Alternatively, exhaled
gas can be collected over a speciWc time interval
(e.g., 1min) and ventilation measured using a
conventional spirometer. Both methods produce
variability, the former due to breath-by-breath
variations in VT and fR, the latter due to errors in
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Figure 4.27 Relationship between V̇
E
and V̇o

2
during an

incremental work rate XT. (A) Normal response where V̇
Emax

is

about 70% of V̇
Ecap

. (B) Abnormal responses for � reduced V̇
Ecap

due to obstructive or restrictive mechanical abnormalities;�

increased �V̇
E
/�V̇o

2
due to increased R, decreased Paco

2
or

increased V
D
/V

T
; and� decreased �V̇

E
/�V̇o

2
due to decreased

R, increased Paco
2
, or decreased V

D
/V

T
.

interval sampling according to the number of
breaths or partial breaths collected. V̇Emax should
be determined over a short time interval at end
exercise, preferably using an averaging technique,
as discussed in Chapter 2. The rolling average of
nine breaths that would typically represent 10–
15 s at maximum exercise is ideal.

∑ The units of V̇Emax are l ·min−1.

Normal response

With symptom-limited incremental exercise, mi-
nute ventilation typically increases from a resting
value of 5–8 l ·min−1 up to 100–150 l ·min−1, i.e., a
20–30-fold increase. The response is nonlinear (Fig-
ure 4.27).
Every individual has a theoretical ventilatory ca-

pacity (V̇Ecap). V̇Ecap can be measured in the labora-
tory using a maneuver called maximum voluntary
ventilation (MVV). The subject is asked forcibly to
increase tidal volume and respiratory rate during 12
or 15 s of a maximal ventilatory eVort. The MVV
maneuver is clearly eVort-dependent and should
not be considered to correspond physiologically to
maximum exercise ventilation. In particular, hyper-
ventilation induces hypocapnia, which can provoke
reXex bronchoconstriction.By contrast, exercise in-
creases circulating catecholamines, which cause
bronchodilation.Thus, the mechanics of the respir-
atory system are diVerent in these two situations.
Notwithstanding these shortcomings, MVV
measurement is currently the preferred method for
estimating V̇Ecap.
An alternative method is to estimate V̇Emax from

the forced expired volume in one second (FEV1).
This is obtained by spirometry during a single for-
ced expiration and has the obvious advantage that it
is quick and easy to perform. When a spirometer is
not available, FEV1 can be predicted using nomo-
grams (see Appendix C, Wgures C6–C9). Two equa-
tions are commonly used to estimate V̇Ecap from
FEV1:

V̇Ecap = FEV1 · 40 (4.31)

V̇Ecap = FEV1 · 35 (4.32)

Figure 4.28 shows the relationship between FEV1
and V̇Emax for several groups of subjects. Lines repre-
senting Equations 4.31 and 4.32 are indicated on
this graph. Neither of these equations is accurate
over a wide range of FEV1 values. Interestingly, the
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Figure 4.28 Prediction of V̇
Emax

during exercise from FEV
1
.

Regression lines are shown from three published studies,

along with commonly used prediction equations.

available data are best Wtted with the following
equation, which is also indicated on Figure 4.28:

V̇Emax = (FEV1 · 20) + 20 (4.33)

A normal individual uses 50–75% of his or her ven-
tilatory capacity at maximum exercise. Thus, a nor-
mal individual is not expected to exhibit ventilatory
limitation. Athletes who have successfully extended
their cardiovascular Wtness use a higher proportion
of their ventilatory capacity at maximum exercise.
Althoughnot strictly limited by themechanical con-
siderations of V̇Emax, athletes might experience ex-
piratory Xow limitation at maximum exercise (see
below).

Abnormal responses

Mechanical abnormalities of the respiratory system
such as obstructive or restrictive lung disease, re-
spiratory muscle weakness, or reduced chest wall
compliance all reduce ventilatory capacity. If suY-
ciently severe, such abnormalities could result in
true ventilatory limitation at maximum exercise
with a reduced V̇Emax. True ventilatory limitation is
deWned as occurring when the ventilatory require-
ment formaximumexercise (V̇Emax) reaches the ven-
tilatory capacity (V̇Ecap) (Figure 4.27).

Slope of the ventilatory response (�V̇E/�V̇O2)

DeWnition, derivation, and units of measurement

∑ �V̇E/�V̇o2 is the slope of the relationship between
minute ventilation and V̇o2 during incremental
exercise. The relationship is nonlinear and in-
creases throughout incremental exercise (Figure
4.27). Sometimes, three phases of the response
can be discerned which conform to the concepts
of the underlying physiological determinants of
the response. During the Wrst phase, ventilation is
coupled to the increasing V̇o2. During the second
phase, ventilation is coupled to the increasing
V̇co2, including carbon dioxide derived from bi-
carbonate buVering of lactic acid. During the
third phase, acidemia acting via the carotid body
stimulates ventilation.

∑ The �V̇E/�V̇o2 relationship is determined from the
Bohr equation:

V̇co2 = V̇A ·FAco2 (4.34)

where V̇co2 is carbon dioxide output, V̇A is al-
veolar ventilation, and FAco2 is the fractional con-
centration of alveolar carbon dioxide. Substitu-
ting (V̇E − V̇D) for V̇A and (V̇o2 ·R) for V̇co2, then:

V̇E− V̇D= V̇o2 ·
R

FAco2

(4.35)

where V̇E is minute ventilation, V̇D is dead space
ventilation, and R is the respiratory exchange
ratio.

FAco2 =
Paco2

PB−47
(4.36)

where Paco2 is partial pressure of arterial carbon
dioxide which is presumed to equal the alveolar
partial pressure of carbon dioxide, PB is the baro-
metric pressure and 47 represents the partial
pressure of saturated water vapor at body tem-
perature.

V̇D= V̇E ·�1 −
VD
VT� (4.37)

where V̇D is the dead space volume and VT is the
tidal volume.
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Figure 4.29 Relationship between V̇
E
and V̇co

2
during an

incremental work rate XT. (A) Normal response, with V̇
E
�

identiWed. (B) Abnormal responses for � suboptimal eVort,�

abnormal ventilatory response to carbon dioxide, and�

depleted bicarbonate-buVering capacity.

V̇E= V̇o2 ·
R

Paco2 · (1 −VD/VT)
(4.38)

Hence, the slope �V̇E/�V̇o2 is related to three im-
portant factors: (1) the respiratory exchange ratio,
which in turn is related tometabolic substrate; (2)
the level at which arterial carbon dioxide tension
is regulated; and (3) the dead space/tidal volume
ratio, a measure of ventilatory eYciency.

∑ The �V̇E/�V̇o2 slope has no units.

Normal response

The value for �V̇E/�V̇o2 changes throughout in-
cremental exercise. There is little information re-
garding reference values for �V̇E/�V̇o2. However,
Spiro et al. (1974) report values of 23–26 formenand
27 for women. Some commercial exercise systems
display a normal zone for the �V̇E/�V̇o2 response,
taking into account an arbitrary range of variation.

Abnormal responses

Equation 4.38 above illustrates that �V̇E/�V̇o2 is re-
lated to the R, Paco2, and VD/VT. Alterations of
�V̇E/�V̇o2 can therefore be helpfully interpreted in
terms of these underlyingphysiological parameters.
With reference to Figure 4.27, consider the following
circumstances which illustrate important inXuen-
ces on the ventilatory response pattern during in-
cremental exercise:
1. Ingestion of carbohydrate prior to exercise in-

creases R and would thus tend to increase
�V̇E/�V̇o2. By contrast, ingestion of a higher-fat,
lower-carbohydrate diet would tend to decrease
�V̇E/�V̇o2. These considerations form the basis of
the rationale for recommending a higher-
fat, lower-carbohydrate diet for patients with
chronic lung disease with the hope of reducing
ventilatory requirement for exercise. Although
rigorous scientiWc justiWcation for this approach
is lacking, it is known that excessive carbohy-
drate ingestion impairs exercise performance in
such patients, presumably by increasing ventila-
tory requirement.

2. Disturbances of ventilatory control which result
in higher or lower than normal Paco2 can be
expected to alter the ventilatory response to
exercise. For example, anxiety causing alveolar
hyperventilation results in a low Paco2. Mainte-
nance of a low Paco2 increases �V̇E/�V̇o2 during
incremental exercise. This situation is seen in
many patients with chronic lung disease who
display anxiety, fear, andmarked breathlessness.
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Figure 4.30 Alternative method for the determination of V̇
E
�

using the dual criteria graphs. (A) Relationships between the

ventilatory equivalents (V̇
E
/V̇o

2
and V̇

E
/V̇co

2
) and V̇o

2
. (B)

Relationship between the end-tidal gas tensions (P
ET

o
2
and

P
ET

co
2
) and V̇o

2
. V̇

E
� is identiWed as the point at which V̇

E
/V̇co

2

rises and P
ET

co
2
falls. V̇

E
/V̇o

2
and P

ET
o
2
are noted to have begun

rising earlier at V̇
E
� (see Figure 4.9).

These patients have been called ‘‘pink puVers’’
because their exaggerated ventilatory drive is
manifest in breathlessness and maintenance of
normal oxygenation. Notably, some patients
with chronic lung disease tolerate an increased
Paco2 (alveolar hypoventilation). Along with the

increased Paco2 there is often a reduced Pao2

(hypoxemia). These patients have been called
‘‘blue bloaters.’’ Although they appear to have
a diminished respiratory drive during exer-
cise, paradoxically they require a lower level of
ventilation to excrete a given amount of carbon
dioxide. Reference to Figure 4.27 shows that
tolerance of a higher Paco2 reduces �V̇E/�V̇o2.
‘‘Blue bloaters’’ are noticeably less breathless
than ‘‘pink puVers.’’

3. Lastly, breathing eYciency, as demonstrated by
the ratio of dead space to tidal volume, has pre-
dictable eVects on ventilatory requirement. High
VD/VT, as seen in chronic lung diseases, particu-
larly emphysema and pulmonary vascular dis-
ease, results in a steeper �V̇E/�V̇o2.

In summary, any physiologicalmechanismwhich
tends to increase �V̇E/�V̇o2 will result in a higher
ventilatory requirement for all levels of exercise.
Furthermore, if ventilatory capacity is signiWcantly
reduced, a steeper �V̇E/�V̇o2 will result in earlier ex-
ercise termination due to ventilatory limitation.
Conversely, any physiological mechanism which
tends to reduce �V̇E/�V̇o2 will result in a lower ven-
tilatory requirement for all levels of exercise. For
individuals with ventilatory limitation, such a
change would be expected to increase exercise ca-
pacity (Figure 4.27).

Ventilatory threshold, respiratory compensation
point (V̇E�)

DeWnition, derivation, and units of measurement

∑ During incremental exercise minute ventilation
increases evermore rapidly towards its maximum
(Figure 4.27). However, throughout lower- and
moderate-intensity exercise, V̇E is coupled appro-
priately to the V̇co2, as shown in Figure 4.29. At
higher-intensity exercise, a point exists when V̇E
becomes dissociated from V̇co2. This point is
usually easily identiWed during XT and can be
termed the ventilatory threshold (V̇E�).
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Figure 4.31 Relationship between V
T
and time during an

incremental work rate XT. (A) Normal response. (B) Abnormal

responses for � obstructive pulmonary disease and �

restrictive pulmonary disease.

Terminology
The deWnition of ventilatory threshold needs clari-
Wcation since it has often been used synonymously
with lactate threshold and anaerobic threshold. A
ventilatory threshold can only truly be described
when minute ventilation is being measured. The
question then arises as to what constitutes a dis-
tinct and meaningful threshold in the ventilatory
response. At and immediately above the metabolic
threshold (see V̇o2�), V̇E remains coupled to V̇co2

and is therefore appropriately geared to metab-
olism, including buVering. It is only when
acidemia stimulates ventilation independently via
the carotid bodies that V̇E increases independently.
This is a distinct physiological entity that is well
illustrated by plotting the relationship between V̇E
and V̇co2 (see section on normal response, below).
Furthermore, human subjects appreciate this
point as the moment when ventilation increases
noticeably. Therefore it is logical to designate this
point as the ventilatory threshold (V̇E�) to distin-
guish it from the metabolic threshold (V̇o2�).
Others have referred to this entity as the respiratory
compensation point, wishing to acknowledge that
it represents ventilatory compensation for lactic
acidemia.

∑ Given that V̇E� represents the dissociation of V̇E
from V̇co2, this threshold can be best identiWedby
plotting these two variables (Figure 4.29). This
relationship remains linear as long as V̇E is
coupled to V̇co2 but increasesmore steeply at V̇E�.
This method yields a value for V̇co2 at which V̇E�
occurs. However, in order to relate V̇E� to exercise
intensity, and to compare it with V̇o2�, it is often
desirable to relate V̇E� to the level of V̇o2 at which
it occurs. The value of V̇o2 which corresponds
with the value of V̇co2 at V̇E� can be found quite
simply by reference to tabulated values of V̇o2 and
V̇co2 or to the plot of V̇co2 versus V̇o2. An alterna-
tive method exists for deriving V̇E� using the ven-
tilatory equivalents and end-tidal gas tensions in
a way that is similar to the method used for the
derivation of V̇o2� (Figure 4.9). The dual criteria
for detection of V̇o2� stipulate that V̇E/V̇o2 and

PETo2 begin to increase whilst V̇E/V̇co2 and PETco2

remain constant. The same plots can be used to
identify the point, later in the study, when V̇E/
V̇co2 begins to increase and PETco2 begins to de-
crease simultaneously (Figure 4.30). This point
represents V̇E�.

∑ The units of V̇E� are the same as those for oxygen
uptake, i.e., l ·min−1 or ml · kg−1 ·min−1.
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Figure 4.32 Relationship between V
T
and V̇

E
during an

incremental work rate XT. (A) Normal response with isopleths

representing diVerent respiratory rates. (B) Abnormal

responses for � obstructive pulmonary disease and �

restrictive pulmonary disease. Also the consequences of

reduced ventilatory capacity are illustrated.

Normal response (Figure 4.29A)

V̇E� occurs at 80–90% of V̇o2max. The identiWcation of
V̇E� during XT is a reliable indicator that the subject
is close to maximal eVort. V̇E� has not been system-
atically studied and therefore little more can be said
about its normal value.

Abnormal responses (Figure 4.29B)

When V̇E� cannot be identiWed from the plot of V̇E

versus V̇co2, this typically indicates a submaximal
eVort or premature test termination. Conditions
which deplete bicarbonate-buVering capacity such
as chronic metabolic acidosis might result in a
lower V̇E� but also a lower V̇o2max. An unusual group
of patients who had carotid body resection in the
1960s to alleviate breathlessnessno longer exhibited
V̇E�. Also, rare individuals with abnormalities of
ventilatory control fail to respond to lactic acidemia
and therefore do not exhibit V̇E�.

Tidal volume (VT)

DeWnition, derivation, and units of measurement

∑ VT is the volume of a single breath.
∑ By convention, VT is expressed as the expired vol-
umeand is derivedby volumetric displacementor
by integration of the expiratory Xow signal with
respect to time. Several factors cause the expired
volume to be slightly diVerent from the inspired
volume, notably temperature, humidity, and the
altered composition of expired gas that result
from exchange of oxygen and carbon dioxide in
the lungs. Typically the expired volume is slightly
greater than the inspired volume. During integra-
tive XT it is common to measure VE. However,
both VI and VE must be known in order to calcu-
late oxygen uptake (see Appendix B, Equation
B30). VI and VE are interrelated by the Haldane
equationwhich assumes that the volume of nitro-
gen expired is equal to the volume inspired:

VI ·FIn2 =VE ·FEn2 (4.39)

The inspired nitrogen concentration (FIn2) is as-
sumed to be 0.7903. The expirednitrogen concen-
tration (FEn2) can either bemeasured, e.g., using a
mass spectrometer, or calculated, assuming that
the expired concentrations of O2, CO2 and N2 add
up to 100%, i.e.:

FEn2 = (1 −FEo2 −FEco2) (4.40)
∑ The units of VT are liters or milliliters.

Normal response (Figure 4.31A)

Normal resting VT varies according to body size and
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Figure 4.33 Relationship between f
R
and time during an

incremental work rate XT. (A) Normal response. (B) Abnormal

responses for � hyperventilationwhich normalizes at higher

exercise intensity;� hyperventilationwhich persists

throughout the study; � obstructive pulmonary disease; and

� restrictive pulmonary disease.

also varies from breath to breath. A simple estimate
of normal resting VT of 10ml per kg of body weight
can be used to set a mechanical ventilator on the
intensive care unit. In other words, for a 70-kg man,
resting VT would be 700ml. Note that VT measured
during integrative XT is inXuenced by the dead
space of the breathing apparatus.
During exercise VT increases in a nonlinear

fashion reaching a plateau value equal to approxi-
mately 50–60% of vital capacity at about 70% of
V̇o2max (Figure 4.31). The pattern of increase in VT is
often studied in relation to V̇E, as described by the
Hey plot (V̇E versus VT) or its reciprocal (VT versus
V̇E), as shown in Figure 4.32. The isopleths shown in
Figure 4.32A represent respiratory rate ( fR).

Abnormal responses (Figure 4.31B)

Human breathing patterns vary considerably, par-
ticularly when Wrst breathing through amouthpiece
at rest. However, during exercise one expects to see
amore regular breathing pattern established. A per-
sistent, erratic breathing pattern, with undue varia-
bility ofVT , occurswith anxiety and is often a feature
of hyperventilation.
Patients with chronic pulmonary disease, both

restrictive and obstructive, have reduced VT during
exercise along with a compensatory increase in
breathing frequency (see below). There may be
subtle diVerences between these two types of pa-
tients but in practice they are diYcult to distinguish
(Figure 4.31 and Figure 4.32). Generally, restrictive
patients achieve their maximum VT early during
incremental exercise and then rely on increasing
breathing frequency to increase V̇E.

Respiratory rate ( fR)

DeWnition, derivation, and units of measurement

∑ The respiratory rate is the number of breaths
taken per minute.

∑ fR is a primary variable. In a Weld XT, the number
of breaths taken per minute can be counted by
visual inspection of chest wall movements. Dur-
ing integrative XT with exhaled gas analysis, the

derivation of fR depends upon accurate breath
detection. Metabolic measurement systems
usually rely on cessation of expiratory Xow or
measurement of a sustained inspiratory Xow to
determine the onset of a new breath phase. How-
ever, owing to the variability of Xow patterns,
criteria must be developed to reject erroneous
signals that would not truly represent an actual
breath. This is certainly one of the challenges of
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Figure 4.34 Relationship between V̇o
2
/f

R
and time during an

incremental work rate XT. (A) Normal response. (B) Abnormal

responses for � obstructive pulmonary disease and �

restrictive pulmonary disease.

integrativeXT. Once a newbreath has beendetec-
ted, fR can be calculated using the time interval
from the preceding breath or, preferably, the new
breath interval can be factored in with several
preceding breaths to obtain a more consistent
measure of fR.

∑ The units of fR are breaths per minute or min−1.

Normal response (Figure 4.33A)

The normal resting fR is 8–12min−1. Typically, when
subjects Wrst breathe through a mouthpiece, fR in-

creases, e.g., up to 20min−1. fR can be used to assess
stability at rest before proceeding with the next
phase of XT. However, it is not unusual for fR to
remain high at rest in certain individuals.
Characteristically, fR increases steadily to a maxi-

mum value of 30–40min−1. fRmax rarely exceeds
50min−1. However, some élite athletes may exhibit
fR values as high as 80min−1 at maximum exercise.

Abnormal responses (Figure 4.33B)

A clear distinction between normal and abnormal
responses for fR during exercise does not exist. How-
ever, it is unusual for fR to remain above 20min−1 at
rest or to exceed 50min−1 at maximum exercise,
with the possible exception of élite athletes.
Patients with restrictive pulmonary disease are

generally unable to increase VT adequately during
exercise; therefore they depend upon increasing fR
to meet their ventilatory requirement. These pa-
tients might exhibit values of fR at maximum exer-
cise greater than 50min−1.
Hyperventilation, for example as a result of

anxiety, might also cause fR to be greater than
50min−1. Unlike patients with restrictive disease,
cases of primary hyperventilation are often asso-
ciated with erratic breathing patterns, i.e., marked
variations in V̇E and VT from breath to breath, and
characteristic changes in ventilatory equivalents
and end-tidal gas tensions (see below).

Oxygen breath (V̇O2/fR)

DeWnition, derivation, and units of measurement

∑ The oxygen breath is a measure of breathing eY-
ciency indicating what metabolic value derives
from each breath. In the same way that the oxy-
gen pulse is an indirect measure of cardiac stroke
volume, the V̇o2/fR is related to alveolar tidal vol-
ume. The V̇o2/fR can be tracked during incremen-
tal exercise to illustrate how breathing eYciency
might change at diVering work intensities.

∑ V̇o2/fR is a secondary variable calculated by divid-
ing the instantaneous oxygen uptake by the re-
spiratory rate:
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Figure 4.35 Relationship between T
I
/T

E
and percentage of

V̇o
2max

for normal subjects and patients with obstructive or

restrictive disease. Mean data points and regression lines are

shown. Generally, T
I
/T

E
in obstructive patients is less than in

normal subjects, whereas in restrictive patients it is higher.

Oxygen breath=
V̇o2

fR
(4.41)

∑ The units of oxygen breath are milliliters per
breath or ml.

Normal response (Figure 4.34A)

The resting V̇o2/fR for normal subjects is 10–
20ml · breath−1. Typically this increases to 80–
100ml · breath−1 at maximum exercise. The pattern
of increase is a rising exponential up to the region of
V̇E�. Above V̇E�, when ventilation is completely un-
coupled from metabolism and carotid body stimu-
lation accelerates fR, it is not unusual to observe a
reduction in V̇o2/fR (Figure 4.34A).

Abnormal responses (Figure 4.34B)

A submaximal exercise response will be associated
with a submaximal V̇o2/fR. Also, failure to observe a
fall in V̇o2/fR towards end exercise most likely indi-
cates a submaximal eVort. Individualswith obstruc-
tive or restrictive pulmonary disease will exhibit a
low maximum V̇o2/fR. Both groups can exhibit a
decrease in V̇o2/fR towards end exercise. Generally,
V̇o2/fR is lower in restrictive comparedwith obstruc-
tive individuals.

Ratio of inspiratory to expiratory time (TI /TE)

DeWnition, derivation, and units of measurement

∑ The ratio of inspiratory to expiratory time, also
called the I/E ratio, indicates what proportion of
the time taken for each breath is devoted to inspi-
ration versus expiration. Hence, TI /TE is a
measure of breathing pattern.

∑ The conventional method for measuring ven-
tilation uses a Xow transducer. Mixing chamber
systems use unidirectional transducers, which
summate exhaled breaths to derive exhaled
minute ventilation. Breath-by-breath systems are
more sophisticated, integrating exhaled Xows
with each breath to derive expired tidal volume or
both expired and inspired tidal volume, depend-

ing on whether the Xow transducer is unidirec-
tional or bi-directional. Whole breath time (TTOT)
is used to calculate respiratory rate. Clearly, (TTOT)
is the sum of inspired time (TI) and expired time
(TE) whereas TI/TE is the ratio of these times.

fR =
60

TTOT
(4.42)

TTOT=TI+TE (4.43)

I/E ratio=
TI
TE

(4.44)

Knowledge of fR or TTOT, together with either TI
or TE, enables one to calculate the TI/TE.

∑ Being the ratio of two time intervals, TI/TE has no
units.

Normal response (Figure 4.35)

Measured nonintrusively, TI /TE is normally 0.8–1.0,
both at rest and at maximum exercise. When a sub-
ject Wrst breathes through a mouthpiece, TI /TE
might be disturbed by artiWcial prolongation of TI.
Hence, it is common throughout an incremental
exercise test to see TI/TE slowly decline (Figure 4.35).
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Figure 4.36 Flow–volume loops for rest, intermediate exercise intensity, and maximum exercise in a normal subject (top row), a

patient with obstructive disease due to chronic bronchitis (middle row), and a patient with restrictive disease due to pulmonary

interstitial Wbrosis (bottom row). In each panel the pretest maximal expiratory and inspiratory Xow volume envelope is shown as

the outer dashed line. The pretest resting loop is shown as the inner dashed line.
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Given the various mechanical factors of the hu-
man respiratory system, including airway resistance
and lung recoil, TI /TE has an optimum value, rather
like ventilation–perfusion ratio (V̇/Q̇). Coinciden-
tally, this value appears to be approximately 0.8, the
same as the ideal V̇/Q̇.

Abnormal responses (Figure 4.35)

Acceptance of the concept of an ideal TI/TE allows
one to judge abnormalities of breathing pattern
during exercise testing.
In obstructive pulmonary disease such as chronic

bronchitis or asthma, expiratory Xows are limited
and there is an obligatory TE required to avoid dy-
namic hyperinXation as breath time shortens dur-
ing exercise. Hence, a greater proportion of the
breath time needs to be devoted to expiration com-
pared with a normal subject. Thus, TI/TE is less than
0.8 (Figure 4.35).
In restrictive pulmonarydisease, such as pulmon-

ary Wbrosis or kyphoscoliosis, expiratory Xow is fa-
cilitated by increased lung or chest wall recoil,
whereas inspired Xow is constrained by the same
phenomenon. There is an obligatory TI required to
avoid dynamic hypoinXation as breath time
shortens towards maximum exercise. Hence, a
greater proportion of the breath time needs to be
devoted to inspiration compared with a normal
subject. Thus, TI /TE is greater than 0.8 (Figure 4.35).

Inspiratory and expiratory flow: volume
relationships (V̇I:V and V̇E :V)

DeWnition, derivation, and units of measurement

∑ Using a forced maneuver, it is possible to deWne
the maximal inspiratory and expiratory Xow ca-
pabilities for the respiratory system at various
stages of lung volume. The typical maximal Xow–
volume plot shown in the top left-hand panel of
Figure 4.36 illustrates that Xow is critically de-
pendent upon lung volume during the course of a
single breath. This phenomenon is partly ex-
plainedby changes in airway caliberwith changes
in lung volume.

∑ The maximal Xow–volume loop is deWned at rest
using a forced single-breath maneuver. Then, in-
spiratory and expiratory Xows can be observed at
diVerent stages of exercise for comparison with
the theoreticalmaximal values to seek evidence of
Xow limitation. The method depends upon refer-
encing Xow to instantaneous lung volume, since
absolute lung volume may change during exer-
cise. This is accomplished at the time of recording
tidal airXow by asking the subject to perform a
maximal inspiration to total lung capacity (TLC).
There is reasonable evidence that TLC does not
change during exercise and so can be used as a
reference point for absolute lung volume. Of
course, this analytical approach is critically de-
pendent on the subject being able to achieve TLC
on command by performing inspiratory capacity
maneuvers at various stages during exercise.

∑ The units of Xow are l · s−1.

Normal response

Typical inspiratory and expiratoryXows during rest-
ing tidal breathing, an intermediate level of exercise
intensity, and maximal exercise are shown in the
top row of panels of Figure 4.36, superimposed on
the normal maximal Xow–volume plot. Although
inspiratory and expiratory Xows are measured in
l · s−1, normal values are not clearly deWned for a
given individual. In fact, the Xow–volume relation-
ship is interpretedvisually. Note the inspiratoryma-
neuvers to TLC (shown as negative Xows), which
have been used to determine the position of each
Xow loop on the volume axis. It can be seen that the
increase in tidal volume (VT) with increasing exer-
cise intensity is mainly due to an increase in the
end-inspiratory lung volume (EILV). Normally,
however,end-expiratory lung volume (EELV) simul-
taneously decreases during exercise and this change
makes an important contribution to the increased
tidal volume.
The tidal Xow–volume loop is not expected to

impinge upon the maximal Xow–volume envelope
with increasing exercise intensity in normal sub-
jects. However, we now recognize that some degree
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of expiratory airXow limitation is normal, particu-
larly in endurance-trained subjects at higher exer-
cise intensities. The extent to which this phenom-
enon may inXuence maximal exercise capacity is
not known.

Abnormal responses

Clinical experience in the interpretation of Xow–
volume loops during exercise is still limited. Never-
theless, evidence of airXow obstruction during in-
spirationor expiration and volume restriction either
in terms of tidal volume or encroachment on TLC
can be identiWed.
Expiratory Xow limitation, as seen in asthma or

chronic bronchitis, imposes a concavity on the ex-
piratory limb of the Xow–volume curve. Early im-
pingement of the tidal Xow–volume loop on this
envelope causes a shift to a higher operational lung
volume. This phenomenon is called dynamic hy-
perinXation (see the middle row of Figure 4.36).
Restrictive pulmonary disease results in a reduc-

ed TLC, either as a result of reduced lung or chest
wall compliance, or alternatively due to respiratory
muscle weakness. The reduced TLC imposes a con-
straint on inspiratory capacity throughout exercise
and can be identiWed as early encroachment of the
tidal Xow–volume loop on TLC (see the bottom row
of Figure 4.36).
Finally, it should be appreciated that expiratory

Xow limitation (obstruction), by causing dynamic
inXation, also results in a relative restrictive abnor-
mality as the operational lung volume approaches
TLC.

Ventilatory equivalents (V̇E/ V̇O2 and V̇E / V̇CO2)

DeWnition, derivation, and units of measurement

∑ Ventilatory equivalents aremeasures of breathing
eYciency, which relate instantaneous minute
ventilation to the metabolic rate of oxygen uptake
or carbon dioxide output.

∑ Ventilatory equivalents are secondary variables
derived as the ratio of instantaneousminute ven-

tilation to oxygen uptake (V̇E/V̇o2) or carbon diox-
ide output (V̇E/V̇co2).

∑ Being ratios of two Xows, ventilatory equivalents
have no units.

Normal response (Figure 4.37A)

Resting ventilatory equivalents are variable, but
generally 30–60. The eVect of breathing through a
mouthpiece, particularly for the Wrst time, can in-
duce a degreeof hyperventilationand result in high-
er resting ventilatory equivalents. During exercise a
subject ismore inclined tomatch ventilation appro-
priately to metabolic exchange of oxygen and car-
bon dioxide.
Ventilatory equivalents fall steadily during the

early stage of incremental exercise. The explanation
for this can be seen by geometrical consideration of
graphs of ventilation versus V̇o2 or V̇co2. Both plots
have positive intercepts on the y-axis. Instan-
taneous values for V̇E/V̇o2 and V̇E/V̇co2, represented
by the slope of lines drawn from the origin, can be
seen to fall, plateau, and then rise once ventilation
becomes uncoupled from the parameter on the x-
axis. The points of departure from the plateau
values are diVerent for V̇E/V̇o2 and V̇E/V̇co2, based
on diVerent underlying physiological mechanisms.
The V̇E/V̇o2 begins to increase when V̇E becomes
dissociated from V̇o2, i.e., when V̇E responds to addi-
tional carbondioxide generatedby bicarbonatebuf-
fering of lactate. The inXection point for V̇E/V̇o2 can
therefore be used to identify the metabolic thresh-
old (V̇o2�). By contrast, V̇E/V̇co2 does not begin to
increase until V̇E becomes dissociated from V̇co2,
i.e., when buVeringmechanisms can no longer pre-
vent a fall in blood pH and V̇E responds to carotid
body stimulation. The inXection point for V̇E/V̇co2

can therefore be used to identify the ventilatory
threshold or respiratory compensation point (V̇E�).
Appreciation of the pattern of changes in V̇E/V̇o2

and V̇E/V̇co2 is helpful in the interpretation of in-
cremental XT. As long as the respiratory exchange
ratio is less than 1.0, V̇E/V̇o2 will be less than V̇E/
V̇co2. Of particular importance are the plateau
values that are on average 25 for V̇E/V̇o2 and 28 for
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Figure 4.37 Relationship between ventilatory equivalents and

time during an incremental work rate XT. (A) Normal

response. Note that while R is less than 1.0, V̇
E
/V̇o

2
is less than

V̇
E
/V̇co

2
. V̇

E
/V̇o

2
reaches a nadir about 25 and V̇

E
/V̇co

2
reaches

a nadir about 28. (B) Abnormal responses for � chronic

pulmonary disease resulting in high V
D
/V

T
and � acute

hyperventilation causing simultaneous increases in both

ventilatory equivalents.

V̇E/V̇co2 for younger normal subjects (Figure 4.37).
With advancing age, as the physiological dead space
in the lung increases, the plateau values of the ven-
tilatory equivalents are higher, e.g., 30 for V̇E/V̇o2

and 33 for V̇E/V̇co2.

Abnormal responses (Figure 4.37B)

Abnormal ventilatory equivalents imply that the
level of minute ventilation is inappropriate for the
metabolic exchange of oxygen and carbon dioxide.
High ventilatory equivalents represent ineYcient

ventilation and have two common causes: hyper-
ventilation and increased physiological dead space.
Arterial blood sampling and determinationof Paco2

are essential to distinguish between these two
causes. With hyperventilation, high ventilatory
equivalents are associated with a low Paco2, where-
as with increased physiological dead space alone,
Paco2 is normal.
Acute hyperventilation occurring early during in-

cremental exercise can be recognized by simulta-
neous increases in V̇E/V̇o2 and V̇E/V̇co2 as opposed
to the separate inXection patterns that are expected
(Figure 4.37).
An abnormal pattern of ventilatory equivalents is

commonly seen in patients with chronic lung dis-
easewhereby both values are high at rest anddo not
fall with an expected pattern during incremental
exercise. Hence the plateau values might be 40–60
depending on the severity of the underlying lung
disease.
Low ventilatory equivalents are not expected and

if observed should prompt a search for technical
problems.

Arterial blood gas tensions (PaO2 and PaCO2)

DeWnition, derivation, and units of measurement

∑ Arterial blood gas tensions are the partial press-
ures of oxygen and carbon dioxide in the systemic
arterial blood.

∑ Arterial blood for the measurement of Pao2 and
Paco2 is usually sampled from the radial or
brachial artery. Care must be taken to ensure that

the samples are not contaminated with air
bubbles. A small sample of blood is draw by auto-
mated pipette into a multipurpose gas analyzer
which uses electrodes to determine pH, Paco2,
and Pao2. Bicarbonate is typically calculated from
pH and Paco2 using the Henderson–Hasselbalch
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Figure 4.38 Relationship between oxygen tensions and time

during an incremental work rate XT. (A) Normal response. (B)

Abnormal response with � progressive fall in Pao
2
, and �

abnormally widened P
(A−a)

o
2
gradient at maximum exercise.

equation (Equation 4.45), and oxyhemoglobin
saturation is derived from Pao2 using a standard
dissociation curve.

pH=pK+ log10
[HCO−

3]

 ·Paco2

(4.45)

where  is the solubility coeYcient for carbon
dioxide.

∑ The units of Pao2 and Paco2 are millimeters of

mercury (mmHg) in the USA and kiloPascals
(kPa) in Europe, where:

kPa=mmHg · 0.133 (4.46)

or:

mmHg=kPa · 7.5 (4.47)

Normal response (Figures 4.38A and 4.39A)

Arterial blood gas tensions are remarkably constant
at rest and throughout a wide range of exercise
intensities. This reXects the precision of the respir-
atory control mechanism, which matches alveolar
ventilation to the changing metabolic demands for
oxygen uptake and carbon dioxide output.
The accepted normal value for Pao2 declines with

age owing to less eYcient gas exchange with age-
related alterations in lung structure. Resting Pao2,
breathing room air, can be predicted by the equa-
tion:

Pao2 = 102− (0.33 · age) (4.48)

Normal Paco2 is on average 40mmHg, with a range
from 36 to 44mmHg. Small oscillations of Paco2 are
thought to occur and be involved in the Wne control
of ventilation. However, these oscillations are
imperceptible in blood sampled from peripheral
arteries and analyzed by typical laboratory gas
analyzers.
Intense exercise, associated with lactic acidosis,

can lead to additional stimulation of ventilation by
the direct eVect of acidemia on the carotid
chemoreceptors. This compensatory component of
the ventilatory response leads to increases in
alveolar and arterial oxygen tensions along with
decreases in alveolar and arterial carbon dioxide
tensions. The magnitude of change in Pao2 and
Paco2 at intense exercise depends on the extent of
the hyperventilation but an increase in Pao2 of
10mmHg and fall in Paco2 of 8mmHg would be
typical.

Abnormal responses (Figures 4.38B and 4.39B)

Chronic lung disease and cardiovascular disease as-
sociated with abnormal right-to-left shunt result in
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Figure 4.39 Relationship between carbon dioxide tensions

and time during an incremental work rate XT. (A) Normal

response. (B) Abnormal response with � persistently low

P
ET

co
2
and � persistently positive P

(a−ET)
co

2
throughout

exercise.

abnormally low Pao2 at rest and further reductions
during exercise.
Early interstitial lung disease which slows oxygen

diVusion in the lung can result in normal Pao2 at
rest but a progressive fall in Pao2 during incremen-
tal exercise as cardiac output increases and pul-
monary capillary transit time is decreased (Figure
4.38).

End-tidal gas tensions (PETO2 and PETCO2)

DeWnition, derivation, and units of measurement

∑ End-tidal gas tensions are the partial pressures of
oxygen and carbon dioxide observed at the end of
each exhalation. The last gas exhaled from the
lung is assumed to come from the alveolar com-
partment. Therefore, in the ideal lung, the end-
tidal gas tensionswould reXect the alveolar partial
pressures of these gases.

∑ End-tidal gas tensionsmust be measured by con-
tinuously sampling the exhaled air stream using
fast-responding gas analyzers. They can be dis-
played in real time by some metabolic measure-
ment systems.

∑ The units of PETo2 and PETco2 are millimeters of
mercury (mmHg) in the USA and kiloPascals
(kPa) in Europe (see Equations 4.46 and 4.47).

Normal response (Figures 4.38A and 4.39A)

The normal partial pressure proWles of exhaled oxy-
gen and carbon dioxide are shown in Figure 4.40.
The two proWles resemble ‘‘mirror images’’ of each
other and the relative magnitudes of the changes
they reXect depend on the respiratory exchange ra-
tio (R). The end-tidal partial pressures are often
described as plateaux but in reality they are slopes.
Towards the end of exhalation, the oxygen tension
actually continues to decrease slowly whereas the
carbon dioxide tension increases slowly. These
changes, which are subtle at rest, represent the con-
tinuing gas exchange between the blood and the
alveolar gas. During exercise, as the metabolic rate
increases, these alveolar slopes become steeper.

Abnormal responses (Figures 4.38B and 4.39B)

As illustrated by the ‘‘alveolar slope,’’ end-tidal gas
tensions are impacted by the rate of gas exchange in
the lung. They are also aVected by respiratory rate
and breathing pattern in ways which are not so
clearly deWned.
An important inXuence on PETo2 and PETco2 is

the magnitude of the physiological dead space,
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particularly the alveolar dead space. Figure 4.41
shows the simultaneous emptying of an ideal lung
unit (on the left) and an unperfused lung unit repre-
senting alveolar dead space (on the right). Clearly,
the relative amounts of air emptying from these two
compartments determines to what extent end-tidal
gas tensions diVer from the gas tensions in the ideal
lung unit, and consequently in the arterial blood.
This concept will be explained more fully in the
section on arterial–end-tidal carbon dioxide partial
pressure diVerence (see below).

Alveolar–arterial oxygen partial pressure
difference (P(A–a)O2)

DeWnition, derivation, and units of measurement

∑ P(A–a)o2 is the diVerence in partial pressure of oxy-
gen between the arterial blood and the alveolar

compartment of the lung. This represents the
completeness or eVectiveness of oxygen ex-
change in the lung. P(A–a)o2 is increased by diVu-
sion impairment or admixture of inadequately
oxygenated blood from areas of inappropriate
ventilation–perfusion matching or shunt.

∑ Pao2 is measured from an arterial blood sample
whereas PAo2 is calculated using the simpliWed
alveolar air equation:

PAo2 =PIo2 −�
Paco2

R � (4.49)

where PIo2 is the inspired oxygen partial pressure
and R is the respiratory exchange ratio. Then:

P(A–a)o2 =PAo2 −Pao2 (4.50)

∑ The units of P(A–a)o2 are millimeters of mercury
(mmHg) in the USA and kiloPascals (kPa) in
Europe (see Equations 4.46 and 4.47).

Normal response (Figure 4.38A)

In a normal young adult, P(A–a)o2 is 5–10mmHg.
Most of this diVerence arises from venous admix-
ture and normal anatomical shunt rather than from
incomplete diVusion equilibration across the al-
veolar–capillary membrane. P(A–a)o2 increases with
age, apparently due to reduced gas-exchanging eY-
ciency associated with age-related alterations in the
structure of the lung. P(A–a)o2 can be predictedby the
following equation:

P(A–a)o2 = (0.33 · age) − 2 (4.51)

where P(A–a)o2 is expressed in mmHg.
P(A–a)o2 increases during incremental exercise.

The magnitude of this increase is about 20% for
normal subjects around the predicted V̇o2max. An-
other estimate is that P(A–a)o2 increases by about
5.5mmHg for every 1 l ·min−1 increase in V̇o2. Again,
diVusion limitation is unlikely to occur in normal
subjects. However, three important factors inXu-
ence oxygen diVusion across the alveolar–capillary
membrane during exercise: (1) pulmonary capillary
transit time (Tpc) is shortened; (2) mixed venous
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Table 4.6. Reference values for oxygen partial pressure in arterial

blood and alveolar–arterial difference

Age Pao
2

95% Cl P
(A–a)

o
2

Upper 95% Cl

(years) (mmHg) (mmHg) (mmHg) (mmHg)

20 95 84–105 5 15

30 92 82–102 8 18

40 89 79–99 11 21

50 86 76–96 15 25

60 82 72–92 18 28

70 79 69–89 21 31

80 76 66–86 24 34

Cl = ConWdence interval.

Figure 4.41 Determinants of P
(a−ET)

co
2
. (A) Ideal lung unit. (B)

Alveolar dead space. Admixture of exhaled air from both units

results in higher P
ET

o
2
and lower P

ET
co

2
than ideal alveloar

gas.

oxygen partial pressure (Pv̄o2) is reduced by in-
creased peripheral oxygen extraction; and (3) al-
veolar oxygen partial pressure is increased by hy-
perventilation (Figure 4.42).
Elite athletes, with signiWcantly elevated V̇o2max, can
achievewideningof P(A–a)o2 to asmuch as 35mmHg.
All three of the factors mentioned above contribute
to this phenomenon, but the most important is
thought to be the substantial shortening of Tpc
which accompanies the high cardiac output of the
élite athlete.
Table 4.6 shows reference values for oxygen par-

tial pressure in arterial blood and alveolar–arterial
diVerence.

Abnormal responses (Figure 4.38B)

DiVusion impairment increases P(A–a)o2 during in-
cremental exercise as Tpc shortens (Figure 4.42).
Both the slowed diVusion and shortened time for
oxygen partial pressure equilibration contribute to
this eVect.
The response to incremental exercise in patients

with interstitial lung disease is characterized by a
progressive widening of P(A–a)o2 (Figure 4.38). Early
interstitial lung diseasemay result in a normal Pao2

andP(A–a)o2 at rest but an abnormal decrease in Pao2

and increase in P(A–a)o2 during exercise.Hence, exer-
cise testing may be the most sensitive means – in-
deed, the only means short of lung biopsy – of de-

tecting such a condition. In severe interstitial lung
disease P(A–a)o2 might be abnormal, even at rest.
Increased physiological shunt also increases

P(A–a)o2 – an eVect that is likely to be exaggerated
during incremental exercise. Examples of increased
physiological shunt include lung consolidation, a
lung tumor mass, the intrapulmonary vascular
dilatations as seen in chronic liver disease, and car-
diac septal defects. Rarely, in patients with pulmon-
ary hypertension, the foramen ovale opens during
incremental exercise, causing a sudden fall in Pao2

and increase in P(A–a)o2.
Careful examination of P(A–a)o2 is helpful in as-

sessing pulmonary gas exchange mechanisms dur-
ing exercise. An abnormal P(A–a)o2 is indicative of
diVusion impairment or inappropriately low V̇/Q̇,
i.e., increased physiological shunt.
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Figure 4.42 Determinants of P
(A−a)

o
2
. (A) Normal diVusion

equilibration for oxygen between pulmonary capillary blood

and alveolar gas. DiVusion is typically complete within 0.4 s,

or less than 50% of the pulmonary capillary transit time. (B)

ProWles of slowed diVusion for � early interstitial disease

which would result in a widened P
(A−a)

o
2
during exercise but

not at rest and� severe interstitial disease resulting in a

widened P
(A−a)

o
2
even at rest.

Arterial–end-tidal carbon dioxide partial pressure
difference (P(a–ET)CO2)

DeWnition, derivation, and units of measurement

∑ P(a–ET)co2 is the diVerence in carbon dioxide
partial pressure between the arterial blood and
the end-tidal gas. Paco2 is assumed to represent
the PAco2 in ‘‘ideal’’ gas-exchanging lung units.
Therefore, P(a–ET)co2 indicates the extent to which
ideal alveolar gas has been diluted with gas from
the physiological dead space.

∑ Paco2 is measured by arterial blood sampling.
PETco2 is measured by sampling gas at the end of
exhalation using a fast responding gas analyzer,
then:

P(a–ET)co2 =Paco2 −PETco2 (4.52)

∑ The units of P(a–ET)co2 are millimeters of mercury
(mmHg) in the USA and kiloPascals (kPa) in
Europe (see Equations 4.46 and 4.47).

Normal response (Figure 4.39A)

We have already seen that, during exhalation in a
normal individual at rest, the partial pressure of
carbon dioxide rises exponentially from zero at the
start of exhalation to reach the alveolar slope that
represents the rate ofmetabolic carbondioxide pro-
duction. This fact is exempliWed by the obvious in-
crease in the ‘‘alveolar slope’’ during incremental
exercise (Figure 4.40).
Assuming the lungwas entirely composedof ideal

lung units, PETco2 would represent ideal alveolar
gas, and assuming complete equilibration of carbon
dioxide partial pressures between the alveoli and
the blood, PETco2 would equal Paco2. Actually,
PETco2 is normally about 2mmHg less than Paco2

due to admixture of gas from the alveolar dead
space (Figure 4.41). Hence, the normal resting value
for P(a–ET)co2 is positive by about 2mmHg.
During incremental exercise, an important

change occurs. The alveolar slope becomes steeper
due to increasedmetabolic carbon dioxide produc-
tion. Meanwhile, Paco2 continues to represent the
mean alveolar partial pressure of carbon dioxide
(PAco2) throughout the breath cycle. Consequently,
PETco2 may actually exceed Paco2 (Figure 4.40).
Hence, during exercise P(a–ET)co2 becomes negative
by about 2–4mmHg in normal circumstances.
During intense exercise, when acidemia causes
compensatory hyperventilation, PAco2 falls.
Consequently, both Paco2 and PETco2 fall. They
fall to approximately the same extent, so that
P(a–ET)co2 remains negative (Figure 4.39).
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Figure 4.43 Relationship between V
D
/V

T
and time during an

incremental work rate XT. (A) Normal response. (B) Abnormal

response for chronic obstructive pulmonary disease �.

Abnormal responses (Figure 4.39B)

Increases in physiological dead space result in pro-
portional increases in P(a–ET)co2. Certain types of
lung disease, notably chronic obstructive pulmon-
ary disease, emphysema, and pulmonary vascular
disease, result in increased physiological dead
space. Typically, these patients have abnormally in-
creased P(a–ET)co2 at rest, and may fail to demon-
strate reversal of P(a–ET)co2 from positive to negative
during exercise (Figure 4.39).
Careful examination of P(a–ET)co2 is helpful in as-

sessing gas exchange mechanisms during exercise.
An abnormal P(a–ET)co2 is indicative of inappro-
priately high V̇/Q̇, i.e., increased physiological dead
space.

Dead space–tidal volume ratio (VD/VT)

DeWnition, derivation, and units of measurement

∑ Since the respiratory system operates as a bi-
directional pump, with each breath there is
wasted ventilation or dead space. The physiologi-
cal dead space (VDphysiol) comprises anatomical
dead space (VDanat) plus alveolar dead space
(VDalv).VDanat represents the upper airway, trachea,
and conducting bronchi andVDalv representsnon-
perfused or underperfused areas of lung, hence:

VDphysiol =VDanat +VDalv (4.53)

∑ VD/VT is calculated using the Bohr equation:

VD
VT

=
Paco2 −PĒco2

Paco2

(4.54)

Correct determinationof VD/VT necessitates arter-
ial blood sampling for Paco2. Some metabolic
measurement systems erroneously purport to de-
termine VD/VT from noninvasive gas exchange
measurements alone (i.e., without arterial blood
sampling). Whilst this method might be approxi-
mately true in healthy young subjects, it is unreli-
able and potentially misleading in older subjects
andpatients with pulmonary disease. In Equation
4.54, PĒco2 is the mixed expired carbon dioxide

partial pressure. This can be measured using a
mixing chamber system but with a breath-by-
breath system PĒco2 can be calculated from the
instantaneous carbon dioxide output and ventila-
tion.

PĒco2 = (PB−47) ·
V̇co2

V̇E
(4.55)

where PB is the barometric pressure and 47
represents the partial pressure of saturated water
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Figure 4.44 EVect of increasing age on V
D
/V

T
(top). The

resulting steepening of the relationship between V̇
E
and V̇o

2
is

shown below. Reproduced with permission from Johnson, B.

D., Badr, M. S. & Dempsey, J. A. (1994). Impact of the aging

pulmonary system on the response to exercise. Clin. Chest

Med., 15, 229–46.

vapor at body temperature. During collection of
exhaled gases, dead space is artiWcially increased
by the additional mouthpiece and breathing
valve. In these circumstances it becomes appro-
priate to correct VD/VT for the added dead space
(Vds).

VD
VT

=
Paco2 −PĒco2

Paco2

−
Vds

VT
(4.56)

∑ VD/VT is the fraction of each breath wasted. Being
the ratio of two volumes, VD/VT has no units. It is
sometimes expressed as a percentage.

Normal response

During resting breathing, VD constitutes about one-
third of the tidal volume, i.e., VD/VT approximately
equals 33%. During incremental exercise, VD/VT
normally falls with an exponential pattern reaching
lowest values of 15–20% (Figure 4.43).
The fall in VD/VT with exercise is explained in two

ways. Firstly, whilst tidal volume increases substan-
tially during incremental exercise, changes in dead
space are relatively small. Secondly, as pulmonary
blood Xow increases during exercise, ventilation
and perfusion become better matched throughout
the lungs, thus reducing alveolar dead space. The
fall inVD/VTwith increasing exercise intensity serves
to improve the eYciency of ventilation as the de-
mand for gas exchange increases.
VD/VT is higher in older subjects, reXecting less

eYcient ventilation. This observation is likely to be
explainedby the commonWnding ofmild degrees of
emphysema or abnormal lung architecture in au-
topsies of older individuals without actual recog-
nized lung disease. These Wndings are presumed to
represent a natural age-related deterioration of the
lung.
It is advisable to take age into accountwhen judg-

ing whether VD/VT is normal or abnormal (Figure
4.44). At maximal exercise:

VD
VT

=0.4 · age (4.57)

Abnormal responses (Figure 4.43B)

A normal VD/VT depends upon appropriate match-
ing of ventilation and perfusion in the lungs. Lung
units that are ventilated but not perfused constitute
alveolar dead space and increase VD/VT. Any lung
disease which results in inequality of V̇/Q̇, such as
chronic obstructive pulmonary disease or, particu-
larly, pulmonary vascular disease, results in high
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VD/VT at rest and failure of VD/VT to fall appropriate-
ly during incremental exercise (Figure 4.43).

Lactate (La)

DeWnition, derivation, and units of measurement

∑ Blood lactate (lactic acid) level during exercise is
governed by several factors but primarily by the
balancebetween its rate of accumulation or eZux
from exercising muscles and its rate of disposal
elsewhere in the body. The principal sites of lac-
tate disposal are thought to be the liver, heart,
brain, and nonexercising muscle.

∑ Blood lactate varies depending on whether an
arterial or venous blood sample is obtained. In
general, when blood is sampled from a nonexer-
cising limb, arterial lactate is higher than venous
lactate because of its uptake and metabolism by
the tissues. Although an arterial sample might
therefore be preferred, a venous sample might be
more readily obtained and should suYce for a
reasonably accurate estimation of circulating
blood lactate.
Blood lactate tends to increase for approxi-

mately 2min after the termination of exercise.
Therefore, if the maximum blood lactate level for
an exhaustive exercise test is desired, then the
sample should be obtained after approximately
2min of recovery. It is good laboratory practice to
standardize the timing of the sample so that staV

can derive a better sense of what constitutes a
normal and abnormal response.

∑ The units ofmeasurement of lactate vary between
laboratories. Some use milligrams per deciliter
(mg · dl−1), whereas others use millimoles per liter
(mmol · l−1). Conversion between these units is
based on knowing that the molecular weight of
lactic acid is 90, hence:

mg · dl−1 =mmol · l−1 · 9 (4.58)

or:

mmol · l−1 =mg · dl−1 · 0.111 (4.59)

Normal response

The normal reference value for blood lactate at rest
is 5–20mg · dl−1 or 0.5–2.2mmol · l−1. During a symp-
tom-limited incremental exercise test the antici-
pated increase in lactate is governed by several fac-
tors, including subject motivation and degree of
physical training.
Even during low-intensity exercise a small in-

crease in blood lactate is seen. However, it is usual
for the level to stabilize, reXecting a balance be-
tween lactate production from exercise muscle and
lactate disposal by other tissues. This change has
been called ‘‘early lactate.’’
As discussed in detail earlier in this chapter, the

metabolic threshold, V̇o2�, represents the transition
between two important physiological domains of
exercise. According to our understanding of these
domains, V̇o2� also represents the onset of blood
lactate accumulation, i.e., an imbalance between
lactate production and disposal. The normal V̇o2�
occurs above 40% of the reference value for V̇o2max

and this should be equally true for the onset of
blood lactate accumulation. Studies that have re-
lated serial arterial blood lactate measurements to
the gas exchange indices used for the identiWcation
of V̇o2� have demonstrated that V̇o2� is the thresh-
old above which lactate shows a sustained increase.
Interpretation of the lactate threshold can be
achieved using Table 4.4. IdentiWcation of the lac-
tate threshold is facilitated by serial blood lactate
measurements or at least by a specimen after 4min
of an incremental test that is calculated to terminate
at about 10min.
A well-motivated subject can be expected to

achieve a lactate level of 40–100mg · dl−1 (4.4–
11.0mmol · l−1). Greatermotivation and tolerance of
muscle fatigue result in higher end-exercise lactate
levels.

Abnormal responses

Failure to exhibit a signiWcant increase in blood
lactate during symptom-limited incremental exer-
cise is abnormal. Possible explanations include lack
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of subject motivation, i.e., suboptimal eVort, non-
metabolic causes of exercise limitation, and
McArdle’s disease. Note that a subject whose end-
exercise blood lactate is 15–30mg · dl−1 (1.7–
3.3mmol · l−1) could have just begun to accumulate
lactate before termination of exercise. Some indi-
viduals with low tolerance of muscle fatigue exhibit
this type of response.
A premature increase in blood lactate, i.e., before

reaching 40% of the reference value for V̇o2max, is
abnormal and should be accompanied by a low
V̇o2�. A diagnostic approach to interpretation of a
low V̇o2� is described in Chapter 5.
Finally, an exaggerated increase in blood lactate

with an unexpectedly high maximum value is ab-
normal and may reXect severe cardiovascular ab-
normalities or failure of cellular energy generation
through restoration of ATP. Blood lactate values of
60–120mg · dl (6.7–13.3mmol · l−1) are suspicious
for these types of abnormality, especially when as-
sociated with a reduced V̇o2max. At present no clear-
cut parameters exist for normal and abnormal
blood lactate levels. Therefore, maximum lactate
should be interpreted carefully with respect to the
V̇o2max achieved.

Ammonia (NH3)

DeWnition, derivation, and units of measurement

∑ Blood ammonia increases with exercise, tending
to reach a maximum with exhaustion.

∑ Ammonia is derived by the alternative pathway
for ATP regeneration: Wrstly, two ADP molecules
combine under the inXuence of the enzyme my-
okinase to form ATP and AMP. This reaction
serves to restore a favorable ATP:ADP ratio.

2ADP�ATP+AMP (4.60)

Secondly, AMP is removed by the enzyme my-
oadenylate deaminase, generating inosine and
ammonia.

AMP� Inosine+NH3 (4.61)

This pathway appears to be activated when oxy-

gen is in short supply and therefore ATP cannot
be regenerated fast enough by oxidative phos-
phorylation alone.

∑ The units of measurement of ammonia vary be-
tween laboratories. Some usemicrograms per de-
ciliter (�g · dl−1), whereas others use micromoles
per liter (�mol · l−1). Conversion between these
units is based on knowing that the molecular
weight of ammonia is 17, hence:

�g · dl−1 = �mol · l−1 · 1.7 (4.62)
or:

�mol · l−1 =�g · dl−1 · 0.59 (4.63)

Normal response

Normal values for blood ammonia at rest are 5–
70�g · dl−1 (3–40�mol · l−1). Normal values for am-
monia at maximum exercise have not been well
established. As with lactate, end-exercise ammonia
levels undoubtedly relate in part to subject moti-
vation and Wtness level. A well-motivated normal
subject typically achieves a maximum ammonia
level of 120–200�g · dl−1 (70–120 �mol · l−1).

Abnormal responses

Failure to exhibit a signiWcant increase in blood
ammonia during symptom-limited incremental ex-
ercise is abnormal. Possible explanations include
lack of subject motivation, i.e., suboptimal eVort,
nonmetabolic causes of exercise limitation, and the
rare metabolic disorder, myoadenylate deaminase
deWciency.
A premature increase in blood ammonia is abnor-

mal and should be accompanied by a low V̇o2�. A
diagnostic approach to interpretation of a low V̇o2�
is described in Chapter 5.
Finally, an exaggerated increase in blood ammo-

nia with an unexpectedly high maximum value is
abnormal and usually reXects failure of cellular en-
ergy generation through normal restoration of ATP
via oxidative phosphorylation. This occurs in a var-
iety of metabolic and othermyopathies, notably the
mitochondrial myopathies, which may include
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Figure 4.45 Relationship between RPE and f
C
for men and

women performing cycle ergometer exercise. Reproduced

with permission from Borg, G. (1998). Borg’s Perceived

Exertion and Pain Scales. Champaign, IL: Human Kinetics.

mitochondrial DNA mutations. A blood ammonia
value greater than 200�g · dl−1 (120�mol · l−1) is sus-
picious for these types of abnormality. As with lac-
tate, no clear-cut parameters exist for normal and
abnormal blood ammonia levels. Therefore, maxi-
mumammonia should be interpretedcarefully with
respect to the V̇o2max achieved.

Rating of perceived exertion (RPE)

DeWnition, derivation, and units of measurement

∑ Rating of perceived exertion is a concept devised
by Gunnar Borg, the Swedish psychophysicist.
Borg appreciated that in human physiology the
relationship between most applied stimuli (K)
and their perception (�) followed Stevens’ law of
psychophysics. Hence, the relationship between
these two variables could be represented by a
power function:

�=Kn (4.64)

In the case of many human physiological re-
sponses, e.g., perception of light intensity, the
loudness of sound, and pain, the value of the
exponent (n) is between 1 and 2. In the case of
exercise the applied stimulus is exercise intensity
and the perception of particular interest is exer-
tion. Borg devised a series of psychometric scales
to record �. The two most common representa-
tions of these scales are the RPE scale and the
CR10 scale. These are category scales because
they have graded labels. In addition, they have
ratio properties that recognize the underlying
power function and are intended to linearize the
scale of response. Examples of these scales are
included in Appendix D.

∑ The RPE scale is the most commonly used scale
for rating of perceived exertion. The main advan-
tage of the RPE scale is that the given ratings grow
linearly with exercise intensity, fC and V̇o2 (Figure
4.45). RPE is then easy to compare with other
physiological measurements of the exercise re-
sponse. A disadvantage of the CR10 scale is that
the number range is small. Also for ratings of
perceived exertion the CR10 scale does not give

the simple linear relationship to exercise intensity
that the RPE scale does. In most situations it is
preferable to use the RPE scale for perceived exer-
tion and the CR10 scale for other sensations. The
RPE is obtained by showing the scale to an exer-
cising subject with appropriate written or verbal
instructions. The instructions recommended by
Borg are shown with the scales in Appendix D.

∑ These perceptions are integers selected from the
particular scales.

Normal response

There is suYcient experience using the 6–20 scale
during incremental exercise to know that with a
symptom-limitedmaximal eVort RPE is expected to
be 16–18. At the metabolic threshold RPE is ex-
pected to be 12–14. An RPE of 19 or 20 is rare.
Corresponding points on the 1–10 scale would be

a maximum eVort of 6–8 and a metabolic threshold
at 3–5. Perceived exertion of 9 or 10 on this scale is
rare.
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Figure 4.47 Interpretation of low RPE. Firstly, the RPE is

judged to be appropriate or inappropriate based on the

cardiovascular response. An appropriately low RPE is then

compared with the subject’s perception of breathlessness (�–)

on a visual analog scale (VAS). An inappropriately low RPE is

examined for conscious or subconscious components.

Figure 4.46 Interpretation of high RPE. Firstly, the RPE is

judged to be appropriate or inappropriate based on the

cardiovascular response. An appropriately high RPE is then

compared with the subject’s perception of breathlessness (�–)

on a visual analog scale (VAS). An inappropriately high RPE is

examined for conscious or subconscious components.

Abnormal responses

Knowledge of how RPE usually relates to exercise
intensity in normal subjects allows identiWcation of
abnormal perceptual responses and can help ex-
plain exercise intolerance. The preferred approach

is to determinewhether RPE is inappropriately high
or low compared with the cardiovascular response.
An inappropriately high RPE might include a rat-

ing of 19 or 20 at end exercise, particularly if V̇o2max

was reduced or low normal. Also an RPE greater
than 14 would be considered inappropriately high
when there is no accompanying evidence of ameta-
bolic threshold having been achieved.
An inappropriately high RPE can be regarded as

intentional (conscious) or unintentional (uncon-
scious) based on an impression of whether the sub-
ject is intentionally rating perceived exertion high
for secondary gain or whether it appears that there
is truly a perceptual abnormality. This approachcan
be developed in conjunction with a separate evalu-
ation of breathlessness to give further insight into
abnormal symptom perception (Figures 4.46 and
4.47).

Breathlessness (�−)

DeWnition, derivation, and units of measurement

∑ The visual analog scale is a psychometric tool that
can be used conveniently to quantify breathless-
ness (�−) during exercise. This scale oVers a valu-
able alternative to the RPE scale, which is best
reserved for rating perceived exertion and is not
ideally suited to quantiWcation of breathlessness.
The usual scale is a 100-mm line representing the
range of breathlessness from ‘‘not at all breath-
less’’ to ‘‘extremely breathless’’ or ‘‘the most
breathless you have ever felt.’’ An example of a
visual analog scale for quantifying �− is included
in Appendix D.

∑ The visual analog scale is shown to the subject
immediately after the end of incremental exercise
test and subjects are asked to mark the line at a
point that indicates how breathless they felt at
maximum exercise. The accuracy and therefore
the value of a visual analog scale is dependent on
the subject properly understanding the meaning
of the scale and carefully marking it to represent
the symptom being assessed.

∑ �− on the visual analog scale is usually expressed

146 Response variables



Figure 4.48 Relationship between breathlessness (�−) and

ventilation as a percentage of ventilatory capacity for 21

patients with a variety of diseases limiting exercise capacity

but apparently normal symptom perception. The majority

utilized 60–100% of ventilatory capacity at maximum exercise

and recorded �− scores between 50 and 90. VAS=Visual

analog score; MVV=maximum voluntary ventilation.

without units. Alternatively it can be expressed as
a percentage.

Normal response

Visual analog scales for breathlessness have been
shown to correlate reasonably well with minute
ventilation during exercise. Hence, �− can be com-
pared with the ventilatory response to assess
whether the symptom is appropriately matched to
the physiological variables.
There is a loose correlation between �− at maxi-

mum exercise and V̇Emax expressed as a percentage
of ventilatory capacity:

�−�
V̇Emax

V̇Ecap
(4.65)

At maximum exercise, a normal subject will score
�− at 50–90, corresponding to utilization of 60–100%
of ventilatory capacity (Figure 4.48). Visual analog
data are not as rigorous asmany of the physiological
parameters that have been discussed. However,
with regular use, a sense of the appropriateness of
symptomperceptionduring exercise can be derived
using this instrument. The score for �− can then be
used in conjunction with RPE, as shown in Figures
4.46 and 4.47.

Abnormal responses

Patients with pulmonary disease may reach their
ventilatory capacities during exercise and exhibit
true ventilatory limitation. Given that such individ-
uals utilize close to 100% of their ventilatory capac-
ity, it is not unusual for them to score �− between 90
and 100. �− greater than 90 is unusual in the ab-
sence of ventilatory limitation and can be asso-
ciated unconsciously with anxiety or consciously
with malingering or a desire for secondary gain.
By contrast, �− less than 50 is unusual with a true

maximal eVort. When �− is low, the exercise practi-
tioner should consider whether this is appropriate,
due to submaximal eVort, or whether it is inappro-
priate due to stoicism or denial.

A schema for the interpretation of �− in conjunc-
tion with RPE is shown in Figures 4.46 and 4.47.
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5

Data integration
and interpretation

Introduction

Proper selection and use of well-calibrated
instruments and an appropriate test protocol
should produce one or more of the measured vari-
ables described in Chapter 4. These variables now
require integration, one with another, and mean-
ingful interpretation to complete the purpose of the
exercise test.
Some tests, such as Weld tests, yield one speciWc

measured variable. These variables are typically
compared with reference values (so-called
predicted normal values) or related to serial
measurements for a given individual. They do not
necessarily require integration with other results.
The interpretation of individual variables has been
thoroughly explained in Chapter 4. However, a brief
consideration of the derivation and limitations of
reference values will now be addressed.
Laboratory exercise tests, notably the maximal

incremental work rate protocols, yield an impres-
sive array of data. The results can be bewildering
unless organized and interpreted in a systematic
manner. This chapter describes how test data can
be displayed, in graphical or tabular format, thus
enabling the practitioner to evaluate these data sys-
tematically and arrive at conclusions that address
the speciWc purpose of the test.
Based on logical data displays of multiple vari-

ables, a scheme for the recognition of speciWc re-
sponse patterns can be developed. The scheme
presented in this chapter acknowledges that clinical
exercise testing is often limited in its ability to point

to a speciWc diagnosis. However, for each abnormal
response pattern, the implications are discussed
and examples of clinical conditions giving rise to
that pattern are given.

Comparison of single variables with reference
values

Population sample means

Once a measurement is obtained in an exercising
subject, the inclination is to ask what this value
should be in normal circumstances. Reference
values, often called predicted normal values, exist
for many physiological variables. They are
commonly obtained as mean values from the study
of large samples of the supposedly normal human
population.
In reality, all individuals do not have an identical

value for a given physiological parameter. There is
biological variability, which usually results in a nor-
mal distribution of values around the population
mean. Hence, if we measure V̇o2max in 1000 normal
individuals of the same age, gender, and body
weight, we will obtain a range of values with a bell-
shaped distribution about the mean. The degree of
variability is characterized statistically by the stan-
dard deviation of the mean (Figure 5.1).
When comparing measured values from an

individual with reference values from a sample
population, several factors must be taken into con-
sideration: (1) Does the individual subject match
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Figure 5.1 Normal distribution of a hypothetical variable

illustrating identical mean and median. The x-axis is

represented in terms of standard deviation (sd), illustrating

that 68% of the data lie within 1 sd either side of the mean,

whereas 95% of data lie within 2 sd either side of the mean.

The 95% conWdence limits for the x-variable can also be

appreciated from this graph.

the sample population? (2) Was the sample popula-
tion representative of the normal condition? (3)
What was the variability of the measurement in the
sample population? The third question is important
in determining whether a single measured value is
suYciently diVerent from the population mean to
be considered abnormal. Here, we rely upon statis-
tical analysis to deWne normality.
Knowledge of the standard deviation of the mean

or biological variability of themeasurement enables
one to predict that a percentage of all normal
measurements will fall within a certain conWdence
interval based on the standard deviation. Thus, for a
normally distributed variable approximately 95% of
normal values will lie within 2 sd (actually 1.96 sd)
of the population mean, as shown in Figure 5.1.
One can see that the biological variability of the

measurement is crucial. The variability is small for
measurements such as V̇o2max, V̇o2rest, Pao2, Paco2,
and RPE but substantial for measures such as fCmax,
V̇Emax, VD/VT and �− score. Themost important rami-
Wcation of these facts is in the prediction of maxi-

mum heart rate and the use of this estimate to
derive V̇o2max from submaximal exercise data. The
standard deviation for fCmax is 10min−1, meaning
that 95% of normal individuals will exhibit fCmax

within 20min−1 above or below the predicted mean
value. Such considerations clearly render estimates
of V̇o2max based on predicted fCmax at best uncertain
and often unreliable.

Prediction equations

Several important measured variables of the exer-
cise response are inXuenced by descriptive or an-
thropometric characteristics of the subject. It is
important to keep this consideration in mind when
comparing any measured variable with a reference
value obtained from a prediction equation. The best
example is V̇o2max, which is well known to be related
to age, gender, and body mass. The inXuence of
such characteristics can be assessed in population
studies by regression analysis. The details of this
approach are best researched in a text of biomedical
statistics. However,many exercise variables are pre-
dicted by regression equations, which attempt to
quantitate the relative inXuences of other major
characteristics on the measurement in question.
Examples of prediction equations for V̇o2max are
shown in Table C1 of Appendix C. By this approach
it is possible to say that about 80% of the variability
of V̇o2max is accounted for by age, gender, and body
mass. By similar considerations, it is also possible to
state that only about 60% of the variability of fCmax is
accounted for by the age of the subject.

Nomograms

A convenient method for prediction of normal
values is the use of the nomogram.Usually, a nomo-
gram consists of three parallel straight lines each
graduated for a diVerent variable, so that another
straight line cutting across all three graduated lines
intersects the related values of each variable. An
example of a nomogram linking fC, Ẇ, and V̇o2max

(the Åstrand–Ryhming nomogram) is shown in Ap-
pendix C (Figure C5).

150 Data integration and interpretation



Figure 5.2 Hypothetical graph of 1.5-mile running times for a

30-year-old female progressing from poor to superior Wtness

category during a 10-month training program.

Comparison of serial measurements for single
variables

Response to physical conditioning or
rehabilitation

Repeated measurement of the same variable in the
same individual gives greater statistical power to
determine diVerences from normality and mean-
ingful changes. In the realm of exercise testing this
approach ismost valuable in periodic assessment of
physical Wtness and progress monitoring with
physical training or rehabilitation.
This can be achieved very eVectively using Weld

tests to measure physical performance in terms of
running speed or distance (Figure 5.2). Alternative-
ly, serial physiological assessments can be obtained
using the more complex integrative exercise test to
determine V̇o2max and V̇o2�. Many athletes judge
their level of physical conditioning by monitoring
resting heart rate. Integrative exercise testing oVers
a more precise method of looking at submaximal
heart rates in relation to metabolic rate through the
slope of the cardiovascular response, �fC/�V̇o2. Suc-
cessful physical training should result in reduction
of this slope as well as increased V̇o2max.
Comparison of serial measurements is best ap-

plied to single variables obtained from identical
work rate protocols. For example, the performance
of identical constant work rate XTs before and after
successful physical training should result in reduc-
tions in fC, V̇co2, V̇E andmost likely symptom scores
at identicalmoments in the exercise protocol. Argu-
ably these Wndings oVer the most reliable evidence
of a ‘‘true’’ physiological training response. When
the work rate protocols are identical in relation to
time, reductions in fC, V̇o2, and V̇E should be sought
at identical times during each of the tests (so-called
isotime analysis). Where the relationship between
work rate and time is less certain, changes in single
variables can be sought at the same work rate (so-
called isowork analysis).
When the isotime or isowork approaches are

used, special consideration should be given to the
observationof reduced V̇o2 following physical train-

ing or rehabilitation. Such a change implies im-
proved biomechanical or work eYciency. Bi-
omechanical eYciency is an important aspect of
physical training but not strictly a manifestation of
physiological improvement. Runners are familiar
with the term ‘‘running economy,’’ used to describe
biomechanical eYciency for Weld XTs.
In the practice of rehabilitation for patients with

chronic pulmonarydisease, deliberate strategies are
employed to reduce the ventilatory requirement or
V̇E for a given work rate. These strategies are based
on an understanding of the determinants of the
slope of the ventilatory response, �V̇E/�V̇o2, as dis-
cussed in Chapter 4. Hence avoidance of excessive
carbohydrate ingestion just before exercise reduces
R. Peripheral adaptations reduce lactic acidosis (i.e.,
they increase V̇o2�) and thereby reduce V̇co2 and
also reduce R. Avoidance of rapid shallow breathing
improves breathing eYciency and reduces VD/VT.
Each of these changes in and of itself will contribute
to reducing ventilatory requirement and hopefully
increase functional capacity in these patients.

Progression or regression of illness

In the realm of clinical assessment, serial measure-
ment of speciWc exercise variables can be used to
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assess the progression or regression of certain dis-
ease processes.
Various walking tests are commonly used to

assess the functional capacity of patients with
cardiovascular and pulmonary diseases in terms of
distance covered in a given time. Similarly, 1-mile
walking tests and 12-min run or 1.5-mile run tests
are often used with apparently healthy populations
as Weld test measures of aerobic capacity. These
tests can be designed to give additional information,
such as the requirement for supplemental oxygen or
symptomperceptionand rate of heart rate recovery.
Integrative exercise tests can be used to compare

several more speciWc physiological measures. One
or other of these measures might be directly rel-
evant to the disease process in question.
For example, changes in V̇Emax in patients with

chronic pulmonary disease who have true ventila-
tory limitation might reXect a response to thera-
peutic intervention or alternatively reXect disease
progression. Similarly, in patients with chronic pul-
monarydisease,alterationsinexercisegasexchange,
e.g., P(A–a)o2 and P(a–ET)co2, can be indicators of a
treatment response or alternatively of deterioration.
Whenever exercise capacity is deemed to be an

important outcome in the clinical management of
certain diseases, comparison of serial measure-
ments can be used to assess the eVectiveness of
treatment. Thus, in chronic obstructive pulmonary
disease V̇Emax may increase with bronchodilator
therapy. In Wbrosing alveolitis P(A–a)o2 at maximum
exercise should be reduced with eVective cortico-
steroid or immunosuppressive treatment. In con-
gestive heart failure V̇o2max should be increased by
successful pharmacotherapywhereas, unfortunate-
ly, too often drugs prescribed for cardiovascular dis-
ease actually impair the exercise response.

Reduction and display of multiple data

General approach

Multiple data needorganization to assist interpreta-
tion. Two approaches are commonly used: tabular

display, and graphical display. Both oVer speciWc
advantages and they can be usefully combined in
developing an interpretation. Table 5.1 shows a sys-
tematic approach for the interpretation of multiple
data.

Step 1: Reason for testing

One question remains of paramount importance in
the conduct and analysis of an exercise test. This
question is, of course, the reason for referral and
testing. The entire approach to exercise testing
should be geared to the speciWc purpose of answer-
ing this question. Hence, the selection of the test
protocol should be appropriate and the method by
which the results are collated and displayed should
enable the practitioner to answer the questions
posed by the referral.
A brief exercise or medical history is helpful in

this regard. For example, a subject might have
known pulmonary and cardiovascular disease but
the reason for testing is to determine which of these
problems limits exercise capacity. Alternatively, a
subject may have no known medical problems and
simply wish to know how V̇o2max and V̇o2� have
responded to a physical training program. Also, the
person referring the subject might have a predict-
able purpose in requesting exercise testing, e.g., a
surgeon who is interested in preoperative risk as-
sessment.

Step 2: Technical factors

An important requirementof every exercise test is to
record any technical problems thatmay have occur-
red. These could include mouthpiece intolerance,
leaking, poor-quality ECG, malfunction of the work
rate controller, inability to draw blood samples, or
any type of instrument failure. Such problemsmust
obviously be taken into consideration when ana-
lyzing and interpreting the results.
Every test should be carefully scrutinized to

ensure that the environmental conditions were
accurately recorded and that all calibrations were
satisfactory. Environmental conditions include
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Table 5.1. Systematic approach for the analysis of multiple data from integrative exercise testing

Step Focus Questions Primary focus Additional focus

1 Reason for testing Why was the exercise test

requested?

Known diagnoses

SpeciWc question

Who referred

2 Technical factors Was the test technically

adequate?

V̇o
2
/Ẇ

Test duration

Calibration

Technical problems

Medical problems

3 Parameters of aerobic

performance

Was there normal aerobic

capacity?

Was there normal work

eYciency?

V̇o
2max

, �V̇o
2
/�Ẇ, or �−1, V̇o

2
�,

�V̇o
2

V̇o
2
warm-up (intercept)

4 Cardiovascular

response

Was there cardiovascular

limitation?

Was the cardiovascular

response pattern normal?

f
Cmax

, �f
C
/�V̇o

2
, V̇o

2
/f

C
f
Crest

, ECG, systemic arterial

pressure

5 Ventilatory response Was there ventilatory

limitation?

Was the ventilatory response

pattern normal?

V̇
Emax

, MVV, V̇
Ecap

, V
T
, f

R
, T

I
/T

E

6 Gas exchange Were gas exchange

mechanisms normal?

Was there evidence for

wasted ventilation or wasted

perfusion?

Paco
2
, V

D
/V

T
, Pao

2
, P

(A–a)
o
2
,

Spo
2

P
ET

co
2
, P

(a–ET)
co

2
, P

ET
o
2
,

V̇
E
/V̇o

2
, V̇

E
/V̇co

2
, R

7 Muscle metabolism Was there suggestion of

myopathy?

Lactate, ammonia, creatine

kinase

V̇o
2
�, �V̇o

2
/�Ẇ

8 Symptom perception What symptoms limited

exercise?

Was perceived exertion

consistent with

cardiovascular response?

Was breathlessness consistent

with ventilatory response?

Reason for stopping RPE, �− Subjective eVort

Objective eVort

9 Conclusion What were the speciWc

physiological limitations?

What was the answer to the

question posed?

Steps 3–8

Pattern recognition

barometric pressure and ambient temperature. Gas
exchangemeasurements at altitude, (e.g., in Denver
at 1500m or Cheyenne at 2300m) must take into
account the proportionately lower partial pressure
of oxygen.
As described in Chapter 2, all instruments must

be calibrated on a regular basis and, for gas ex-
change measurement, the Xow transducer and gas

analyzers should be calibrated before each test.
Calibrationdata should be examined to ensure con-
sistency, i.e., low variance, in calculated tidal vol-
umeswhenusing a standard calibration syringe. For
the gas analyzers both accuracy and response char-
acteristics are important. During breath-by-breath
measurement, a common problem is prolongation
of the phase delay of the gas analyzers due to
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problems with the sampling line. This problem
alone can cause serious errors in calculated V̇o2 and
V̇co2, regardless of the accuracy of the instruments.
The best indicator of a successful incremental XT

is found in the robustness of the V̇o2–Ẇ relationship
and should be one of the Wrst elements of the data
set to be examined to ensure that there were no
untoward technical problems during the test.
The tester should also examine the correlation of

heart rate by ECG with the values recorded by the
metabolic cart, throughout the test. Discrepancies
can arise at higher exercise intensities due to electri-
cal interference degrading the ECG signal.
Although not strictly technical factors, any medi-

cal problems which aVect exercise performance
should also be recorded.

Step 3: Parameters of aerobic performance

Once the test purpose is clearly deWned and techni-
cal problems have been assessed, the next funda-
mental step in data analysis is to examine the four
parameters of aerobic capacity: V̇o2max, �

−1, V̇o2� and
�V̇o2 whenever or however they have been meas-
ured.
Using the convention described in Table 4.1,

aerobic capacity or V̇o2max can be stated to be nor-
mal (�80% and �120%), higher than predicted, or
reduced to varying degrees. A normal V̇o2max implies
normal exercise capacity, although it is conceivable
that V̇o2max could be spuriously high due to
technical problems, thus masking an underlying
physiological abnormality. A low V̇o2max demands
explanation through further steps of the analysis.
A normal V̇o2–Ẇ relationship indicates a success-

ful test and implies that technical problems were
unlikely to have inXuenced this aspect of the results.

Step 4: Cardiovascular response

With regard to the cardiovascular response, two
questions are of fundamental importance:
1. Was there evidence of cardiovascular limitation?

2. Was the cardiovascular responsepatternnormal?
An approach to answering these questions is de-
scribed later in this chapter.
Cardiovascular limitation with a normal response

pattern is the normal physiological response,
whereas cardiovascular limitation with an abnor-
mal response pattern or absence of cardiovascular
limitation is abnormal and demands further expla-
nation.

Step 5: Ventilatory response

With regard to the ventilatory response, two ques-
tions are of fundamental importance:
1. Was there evidence of ventilatory limitation?
2. Was the ventilatory response pattern normal?
An approach to answering these questions is de-
scribed later in this chapter.
Ventilatory limitation is not expected in normal

subjects. Therefore, evidence of ventilatory limita-
tion or an abnormal ventilatory response pattern
requires further explanation.
Ventilatory limitation must be judged in relation

to a subject’s actual ventilatory capacity rather than
a normal predicted value. Hence, a person with
obstructive pulmonary disease can be expected to
have reduced ventilatory capacity but may or may
not have ventilatory limitation.

Step 6: Gas exchange

An integrative exercise test which yieldsmeasures of
V̇E, V̇o2, V̇co2, and end-tidal gas tensions can be
interpreted to help determine whether any abnor-
mality of gas exchangewas present. However, arter-
ial blood sampling is crucial for the calculation of
P(A–a)o2, P(a–ET)co2, and VD/VTwhich are the deWnitive
physiological measures of gas exchange eYciency.
When normal patterns of change in ventilatory
equivalents and end-tidal gas tensions are observed
during an XT without arterial blood sampling, there
are not likely to be severe or limiting gas exchange
abnormalities. A single arterial blood sample ob-
tainedwhilst gas exchangemeasurements are being
made at rest allows a precise determination about
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Table 5.2. Common symptoms or other reasons for stopping

exercise

Symptoms or other reasons for stopping exercise

Breathlessness

Leg fatigue

Breathlessness and leg fatigue

General fatigue

Chest pain

Palpitations

Dizziness

Dry mouth

Physical discomfort

resting gas exchange and can be used in conjunc-
tion with subsequent noninvasive data. However,
an early or subtle gas exchange abnormality may
only manifest itself at maximum exercise. When
subtle gas exchange abnormalities are suspected,
arterial blood sampling at maximum exercise is
clearly desirable.

Step 7: Muscle metabolism

A person with musculoskeletal disease, such as my-
opathy, is unlikely to exhibit normal responses for
the parameters of aerobic performance. Abnormali-
ties of the cardiovascular and ventilatory responses
are also likely to occur. These Wndings per se are
often nondiagnostic.
Examination of the physiological data together

withmeasurements of blood lactate, ammonia, and
creatine kinase are recommended to characterize
the musculoskeletal response.

Step 8: Symptom perception

An important requirement of any symptom-limited
exercise test is a record of the speciWc symptoms or
reasons that caused the subject to stop exercise.
This information should be recorded immediately
upon termination of the exercise test and will be
helpful in the subsequent test interpretation. The
subject should be allowed to describe in his or her
own words the limiting symptoms or other reasons
for stopping an exercise test. However, in order to
obtain consistency in recording these data, a de-
Wned list can used fromwhich to prompt the subject
who has diYculty assigning or categorizing a
limiting symptom. Table 5.2 shows the commonly
described reasons subjects give for stopping an
exercise test.
The use of psychometric scales, described in

Chapter 4, enhances the symptomatic evaluation
during an exercise test. The valuable correlation
between rating of perceived exertion (RPE) and
heart rate allows the observer to judge whether the
subject’s perception of eVort was appropriate for
the cardiovascular response. The approximate cor-

respondence of breathlessness score on a 100-mm
visual analog scale with the proportion of ventila-
tory capacity utilized (V̇Emax/V̇Ecap) allows the ob-
server to judge whether the subject’s perception of
breathlessness was appropriate for the ventilatory
response. Symptoms that appear to be inappropri-
ate comparedwith the physiological responses sug-
gest conscious or subconscious nonphysiological or
psychogenic components (see Chapter 4).

Step 9: Conclusion

Once this stepwise process of interpretation is com-
pleted, it should be possible to deWne one or more
speciWc physiological limitations to exercise in a
given subject. In the case of clinical exercise testing,
it may not be possible to attribute these limitations
to a speciWc disease but usually a focused diVeren-
tial diagnosis can be suggested.
The Wnal task in exercise interpretation is to ad-

dress the question posed in referral of the subject. A
systematic analysis, such as that outlined above,
oVers the best chance of being able to answer this
question and thereby to satisfy the person request-
ing the exercise test.

Tabular display

The systematic approach described above is helped
considerably by the extraction and tabulation of key
variables from the raw data obtained during an
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Table 5.3. Tabular summary for multiple data from integrative exercise testing

Name (last, Wrst) ID no. Age (years) Gender (M/F) Date of study

(m/d/y)

Anthropometric Technical Diagnosis

Height (in.) Barometer (mmHg)

Height (m) Ambient T (°C)

Weight (lb) F
I
o
2
(%)

Weight (kg) Valve dead space

(ml)

Ẅ (W ·min−1)

Body mass index Ẇ (W)

(kg ·m−2)

Pulmonary function Predicted Observed %Predicted Comment

FVC (l)

FEV
1
(l)

FEV
1
/FEV (%)

MVV (l ·min−1)

Aerobic capacity Predicted Observed %predV̇O
2max

Comment

V̇o
2max

(l ·min−1)

V̇o
2
� (l ·min−1)

�V̇o
2
/�W (ml ·min−1 ·W−1) 10.3

V̇o
2unloaded

(l ·min−1)

Cardiovascular response Predicted Observed %Predicted Comment

f
Cmax

(min−1)

Cardiac reserve (min−1) 0

V̇o
2
/f

Cmax
(ml)

f
Crest

(min−1)

Resting ECG

Exercise ECG

Rest Exercise (max.) Recovery (2 min)

Systolic BP (mmHg)

Diastolic BP (mmHg)

Ventilatory response Predicted Observed %MVV Comment

V̇
Emax

(l ·min−1)

Ventilatory reserve �15

(l ·min−1)

V
Tmax

(l)

f
Rmax

(min−1) �50

T
I
/T

E
at end 0.8

exercise
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Table 5.3. (cont.)

Gas exchange Rest Threshold Maximum Comment

V̇
E
/V̇o

2

V̇
E
/V̇co

2

P
ET

o
2
(mmHg)

P
ET

co
2
(mmHg)

R

Spo
2
(%)

Pao
2
(mmHg)

Paco
2
(mmHg)

P
(A–a)

o
2
(mmHg)

P
(a–ET)

co
2
(mmHg)

V
D
/V

T
(%)

Muscle metabolism Rest Exercise (4min) Recovery (2 min) Comment

Lactate (mg · dl−1)

Ammonia (�g · dl−1)

Creatine kinase (U · l−1)

Predicted Observed

RQ
mus

(�V̇co
2
/�V̇o

2
) 0.95

Symptom perception Rest Exercise (max.) Comment

EVort (observer

impression)

Symptoms (subjective)

Perceived exertion

(Borg scale/20)

Breathlessness

(VAS scale/100)

incremental exercise test. Condensing the data to a
single page so that all elements of the test can be
viewed simultaneously and interrelated is ideal.
Suggested elements of a tabular summary are

shown in Table 5.3. This table combines identifying
characteristics for the subject, known clinical diag-
noses, anthropometric data, environmental condi-
tions, protocol deWnition, aerobic capacity, car-
diovascular response, ventilatory response, gas
exchange, muscle metabolism, and symptom per-
ception.

Graphical display

Graphs are most valuable for studying the interre-
lationship of certain data and trending phenomena,

eitherwithin a single test or with the passage of time
to examine the progressionof illness or the eVects of
physical training or rehabilitation.
Many investigators have found value in placing as

many as nine graphs on a single page so that
multiple relationships and trending phenomena
can be viewed simultaneously.

Nine-panel display

One such approach is the nine-panel display, popu-
larized by Harbor-UCLA Medical Center. An
example of a nine-panel display is shown in Figure
5.3 and the important elements of this display are
listed in Table 5.4.
The nine-panel display has a logical layout.
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Figure 5.3 Nine-panel display for a maximal incremental XT. Refer to Table 5.4 for a description of the individual graphs.
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Table 5.4. Elements of a nine-panel display for multiple data from

integrative exercise testing

Graph Variables Relevance

1 V̇
E
vs. time (or Ẇ) Ventilatory response

2 f
C
and V̇o

2
/f

C
vs. time (or Ẇ) Cardiovascular

response

3 V̇o
2
and V̇co

2
vs. time (or Ẇ) Metabolic response

4 V̇
E
vs. V̇co

2
Ventilatory threshold

5 f
C
vs. V̇o

2
Cardiovascular

response

V̇co
2
vs. V̇o

2
Metabolic threshold

6 V̇
E
/V̇o

2
and V̇

E
/V̇co

2
vs. time

(or Ẇ)

Gas exchange

7 V
T
vs. V̇

E
Ventilatory response

8 R and V
D
/V

T
vs. time (or Ẇ) Gas exchange

9 Pao
2
, Paco

2
,P

ET
o
2
, and

P
ET

co
2
vs. time (or Ẇ)

Gas exchange

Graphs which depict the ventilatory response are
arranged in the Wrst column (panels 1, 4, and 7).
Graphs which depict the cardiovascular response
are together in the second column (panels 2 and 5).
Graphs which depict the gas exchange responses
are grouped at the bottom right (panels 5, 6, 8, and
9).
This arrangement also facilitates identiWcation of

other key response patterns. Graphs 6 and 9 can be
used in conjunction to help identify the metabolic
threshold. A vertical line through the inXection
points for V̇E/V̇o2 and PETo2 can be extrapolated on
to graph 3 to read V̇o2�.
Most metabolic carts have adopted the nine-

panel display as a graphical option and allow users
to select and customize their own plots.

Four-panel displays

An alternative approach to the graphical represen-
tation of data is to use a series of four four-panel
displays to focus separately on aerobic perform-
ance, the cardiovascular response, the ventilatory
response and gas exchange. Examples of these dis-
plays are shown in Figures 5.4–5.7 and their import-
ant elements are listed in Table 5.5.

These four displays can be used to analyze the im-
portant components of the exercise response. They
should be studied in conjunction with each other
but can also be used to focus on speciWc questions
or concerns about an individual study.

Aerobic performance (Figure 5.4)
For an incremental work rate study, the four-panel
display of aerobic performance allows three of the
four important parameters of aerobic performance
to be precisely studied (V̇o2max, �−1, and V̇o2�).
Panel 1 shows the fundamental relationship be-

tween V̇o2 and Ẇ, allowing the slope to be com-
pared with its predicted normal value of
10.3ml ·min−1 ·W−1. Furthermore, this panel allows
a comparison of V̇o2max with its reference value.
Panel 2 shows the relationship between fC and Ẇ.

This panel allows fCmax to be comparedwith its refer-
ence value. The slope of this relationship can also be
assessed.
Panel 3 shows the relationship between V̇E and Ẇ.

This panel allows V̇Emax to be compared with the
measured MVV or predicted V̇Ecap.
Panel 4 shows the relationship between V̇co2 and

V̇o2 and enables the metabolic threshold V̇o2� to be
determined.
The fourth parameter of aerobic performance,

�V̇o2, is reXected in the phasic response of oxygen
uptake shown in panel 1. However, there are
methodological diYculties in determining �V̇o2

from the incremental test. For a constant work rate
test, the four-panel display of aerobic performance
would allow the determinationof time constants for
each of V̇o2, V̇co2, fC, and V̇E.

Cardiovascular response (Figure 5.5)
Panel 1 shows the relationship between fC and Ẇ.
Furthermore, this panel allows a comparisonof fCmax

with its reference value.
Panel 2 shows the fundamental relationship

between fC and V̇o2. This panel is most impor-
tant in judging the pattern of the cardiovascular
response and also allows a comparison of fCmax with
V̇o2max.
Panel 3 shows V̇o2/fC with increasing work rate.
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Figure 5.4 Aerobic capacity: four-panel display. Refer to Table 5.5 for a description of the individual graphs.

Panel 4 shows the relationship between V̇o2 and
Ẇ, which is the important foundation upon which
to judge the cardiovascular response.

Ventilatory response (Figure 5.6)
Panel 1 shows the relationship between V̇E and Ẇ.
Furthermore, this panel allows a comparison of
V̇Emax with measured MVV or predicted V̇Ecap.
Panel 2 shows the fundamental relationship be-

tween V̇E and V̇o2. This panel is important in judging
the overall pattern of the ventilatory response.
Panel 3 is the inverseHey plot of VT versus V̇E. This

panel oVers an approach for judging the pattern of
the ventilatory response.
Panel 4 shows the relationship between V̇E and

V̇co2. This panel allows the ventilatory threshold V̇E�
to be identiWed. IdentiWcation of the value of V̇E
which corresponds to V̇E� in panel 2 allows this
threshold to be expressed in terms of V̇o2.

Gas exchange (Figure 5.7)
This plot is set out to facilitate the identiWcation of
the metabolic threshold.
Panel 1 displays the relationship between V̇co2

and V̇o2 and allows V̇o2� to be determined by the
pattern of its response. The V̇o2� determined in this
way has been shown to be the most accurate and
reliable method for ascertaining the metabolic
threshold from gas exchange measurements.
Panel 2 shows the relationships of V̇E/V̇o2 and
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Figure 5.5 Cardiovascular response: four-panel display. Refer to Table 5.5 for a description of the individual graphs.

V̇E/V̇co2 with increasing work rate. These plots illus-
trate the so-called dual criterion.
Panel 3 displays the relationship between R and

Ẇ. Although complex and inXuenced by hyperven-
tilation, this relationship often exhibits a threshold
corresponding to V̇o2�.
Panel 4 shows the relationships of PETo2 and

PETco2 with increasing work rate. Panels 2 and 4 can
be used in conjunction to help identify the meta-
bolic threshold. A vertical line is drawn through the
inXection points for V̇E/V̇o2 and PETo2 to determine
the work rate at which the metabolic threshold oc-
curred. Importantly, at the metabolic threshold,
V̇E/V̇co2 andPETco2 should not exhibit simultaneous
upward or downward deXections respectively. This

work rate must then be applied to a plot of V̇o2

versus Ẇ or to raw tabular data to determine the
actual value for V̇o2�.
Values for Pao2 and Paco2 can also be added

to panel 4, allowing for estimation of P(A–a)o2 and
P(a–ET)co2.

Sequential graphing to display trending
phenomena

Certain variables derived from exercise testing are
of such paramount importance that they stand
alone and can be scrutinized in relation to predicted
reference values or previously observed responses
for an individual subject. In this context graphs can
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Figure 5.6 Ventilatory response: four-panel display. Refer to Table 5.5 for a description of the individual graphs.

be helpful in displaying trending phenomena over
time and between tests.
Variables relating to maximal performancewhich

lend themselves to this type of display are walking
or running time, dW,dR, V̇o2max, V̇o2�, fCmax, and V̇Emax.
Variables that relate to submaximal performance
can be displayed similarly to illustrate a physiologi-
cal training eVect.Most useful in this regard are V̇o2,
V̇co2, fC, V̇E, fR, and lactate at a predetermined and
Wxed constant work rate. Figure 5.8 shows an
example of the ventilatory response to four constant
work rates before and after 8 weeks of cycle er-
gometer training in healthy subjects. The reduced
levels of ventilation at higher work rates reXect re-
ductions in blood lactate for the same exercise pro-
tocols after training.

Diagnostic response patterns for multiple data

Cardiovascular limitation

DeWnition and identiWcation

Cardiovascular limitation is considered to occur
when a subject achieves a value for fCmax during
incremental exercise that is within 2 sd of the
reference value. This deWning limit is conveniently
calculated as being 20min−1 below predicted fCmax,
estimated using one of the equations shown in
Chapter 4. Importantly, the variance associated
with estimation of fCmax based on age is such that
these estimates are often quite unreliable. Occa-
sionally, during incremental exercise, a plateau
value for fCmax can be identiWed and this increases
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Figure 5.7 Gas exchange: four-panel display. Refer to Table 5.5 for a description of the individual graphs.

the conWdence with which cardiovascular limita-
tion can be identiWed.
Cardiovascular limitation is to be expected in nor-

mal individuals. The main diYculty in identifying
the normal cardiovascular response is the accuracy
with which maximum heart rate for an individual
can be predicted. Factors that are completely inde-
pendent of the cardiovascular response, such as
mechanical ventilatory limitations, abnormal
symptomperception, or suboptimal eVort for what-
ever reason, can cause termination of incremental
exercise before predicted fCmax is attained.
Cardiovascular limitation is best identiWed by

examining tabular data for fCmax and V̇o2/fCmax (Table
5.6) in conjunction with panel 2 of a nine-panel
display (Figure 5.3).

Conditions exhibiting this response pattern

Normal response
Cardiovascular limitation is expected in normal in-
dividuals in conjunction with a normal or high
V̇o2max.

Athletic response
Cardiovascular limitation is also expected in the
physically trained or well-conditioned individual.
As a result of improved peripheral oxygen extrac-

tion by exercising muscle and increased cardiac
stroke volume, the athlete requires a lower heart
rate to attain the same cardiac output and
V̇o2. In addition, there is a neural component by
which the parasympathetic drive increases while
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Table 5.5. Elements of the four-panel displays for multiple data

from integrative exercise testing

Four-panel

display Graph Variables

Aerobic 1 V̇o
2
and V̇co

2
vs. Ẇ

performance

2 f
C
vs. Ẇ

3 V̇
E
vs. Ẇ

4 V̇co
2
vs. V̇o

2

Cardiovascular 1 f
C
vs. Ẇ

response

2 f
C
vs. V̇o

2

3 V̇o
2
/f

C
vs. Ẇ

4 V̇o
2
vs. Ẇ

Ventilatory 1 V̇
E
vs. Ẇ

response

2 V̇
E
vs. V̇o

2

3 V
T
vs. V̇

E

4 V̇
E
vs. V̇co

2

Gas exchange 1 V̇co
2
vs. V̇o

2

2 V̇
E
/V̇o

2
and V̇

E
/V̇co

2
vs. Ẇ

3 R vs. Ẇ

4 P
ET

o
2
and P

ET
co

2
vs. Ẇ

Table 5.6. Cardiovascular limitation

DeWning variables

f
Cmax

V̇o
2
/f

Cmax

Conditions exhibiting this response pattern

Normal response

Athletic response

Cardiovascular disease

Medications (e.g., �-sympathomimetic antagonists, calcium

channel antagonists)

sympathetic tone decreases. Hence, an individual
who is physically well conditionedwill exhibit a low
fCrest, shallow fC–V̇o2 slope and high V̇o2/fC at maxi-
mal exercise. fCmax should still be achieved but at a
higher V̇o2max. The athlete characteristically has a
high V̇o2�, both as an absolute value and also as
percentage of measured and predicted V̇o2max.

Cardiovascular disease
Cardiovascular disease can be subdivided into four
categories: (1) coronary artery disease; (2) car-
diomyopathy; (3) valvular heart disease; and (4)
congenital heart disease. Each of these conditions is
associatedwith cardiovascular limitation. However,
attainment of fCmax is typically associated with a low
V̇o2max (see below).

Unusual conditions
Certain drugs, notably �-sympathomimetic antag-
onists and calcium channel antagonists, constrain
heart rate increases during exercise, thus preventing
attainment of predicted fCmax. In these cases it is
tempting to state that cardiovascular limitation did
not occur. However, when the data are examined in
conjuction with the fC–V̇o2 slope, it appears that
these subjects have a unique type of cardiovascular
limitation.

Abnormal cardiovascular response pattern

DeWnition and identiWcation

An abnormal cardiovascular response pattern is
characterized primarily by abnormal form and
slope of the fC–V̇o2 relationship. Since the oxygen
pulse represents instantaneous values of V̇o2/fC and
the asymptotic oxygen pulse equates to the inverse
of the fC–V̇o2 slope, then an abnormal cardiovascu-
lar response pattern can also be exhibited by an
abnormal maximal oxygen pulse. An abnormal car-
diovascular response pattern is typically associated
with a value for V̇o2max that diVers from the refer-
ence value. This is because the altered fC–V̇o2 slope
causes attainment of a diVerent V̇o2max at predicted
fCmax.
An abnormal cardiovascular response pattern is

best identiWed by examining panels 4 and 2 of a
nine-panel display (Figure 5.3) in conjunction with
tabular data for fCmax and V̇o2/fCmax. An abnormal
cardiovascular response pattern may also be asso-
ciated with a resting bradycardia or tachycardia,
abnormal blood pressure response, or ECG abnor-
malities (Table 5.7).
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Figure 5.8 Graphs showing ventilatory requirement for exercise at four diVerent constant work rates (A) before and (B) after 8

weeks of strenuous cycle ergometer training in young health subjects. Reproduced with permission from Casaburi, R., Storer, T. W.

& Wasserman, K. (1987). Mediation of reduced ventilatory response to exercise after endurance training. J. Appl. Physiol., 63,

1533–8.

Table 5.7. Abnormal cardiovascular response pattern

DeWning variables

f
Crest

�f
C
/�V̇o

2

V̇o
2
/f

C

Systemic arterial pressure

ECG

Conditions exhibiting this response pattern

Physical deconditioning

Cardiovascular disease (e.g., CAD, CM, VHD, CHD)

Systemic hypertension

Pulmonary vascular disease

Medications (see Table 5.8)

Chronotropic incompetence

Anxiety

Dysrhythmias

Thyrotoxicosis

CAD=Coronary artery disease; CM=cardiomyopathy;

VHD= valvular heart disease; CHD=congenital heart disease.

Conditions exhibiting this response pattern

Physical deconditioning
Physical deconditioning is essentially impairment
in the ability of exercising skeletal muscle to extract
and utilize oxygen from the blood. The physiologi-
cal changes in muscle that signify deconditioning
are opposite to those that distinguish the physically
trained individual. Therefore, the deconditioned in-
dividual will have reduced muscle capillarity, re-
duced mitochondrial density, and reduced
oxidative enzyme concentrations. Another distinc-
tion between physically trained and deconditioned
individuals is seen in smaller cardiac stroke volume
in deconditioned individuals. Together, these pe-
ripheral and central components result in an in-
creased fCrest, steeper fC–V̇o2 slope, and reduced
V̇o2/fC at maximum exercise. V̇o2max is reduced and
V̇o2� is reduced both as an absolute value and also
as a percentage of the reference value for V̇o2max. In
deconditioned individuals V̇o2� is typically between
40% and 50% of predicted V̇o2max.
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Cardiovascular disease
Early cardiovascular disease is indistinguishable
from physical deconditioning and it may be argued
that the latter is a variant of the former. When an
abnormal cardiovascular response pattern is identi-
Wed, then other markers of cardiovascular disease
should be sought. Preliminary physical examination
can be used to identify signs of cardiomegaly, car-
diac failure, valvular heart disease, or congenital
heart disease. During exercise, the ECG should be
scrutinized for evidence of myocardial ischemia
and blood pressure monitored to detect exercise-
induced hypertension. In the absence of such fac-
tors then it is reasonable to attribute an abnormal
cardiovascular response pattern to deconditioning.
Suspected cardiovascular disease warrants an
echocardiogram.However, if no clinical evidence of
cardiovascular disease can be found, then the ulti-
mate way to distinguish early cardiovascular dis-
ease from deconditioning is to give the subject an
exercise prescription over at least 6 weeks. Subjects
with deconditioning are much more likely to show
improvements in their exercise responses, perhaps
evennormalizationof V̇o2max and V̇o2�, whichwould
distinguish this diagnosis.

Systemic hypertension
Systemic hypertension can develop during exercise,
when it is not evident at rest. Essentially, hyperten-
sion increases cardiac afterload, myocardial work,
and myocardial oxygen requirement. In these cir-
cumstances, increased cardiac output is usually
achievedwith relatively higher heart rate and small-
er cardiac stroke volume. Such alterations are re-
Xected in the cardiovascular response pattern as a
steeper fC–V̇o2 slope and lower V̇o2/fC.
Exercise-induced hypertension appears to pre-

dict the development of signiWcant resting systemic
hypertension later in life. Thus, exercise serves as
the physiological stimulus that reveals early alter-
ations in systemic vascular conductance, presum-
ably due to increased vascular tone or reduced
vessel wall elasticity. A systolic blood pressure
greater than 200mmHg or a diastolic blood press-
ure greater than 100mmHg during exercise along

with pressures greater than 180/90mmHg after
2min of recovery warrant closer clinical scrutiny
and regular checks for the development of resting
hypertension.

Pulmonary vascular disease
Abnormal pulmonary vascular conductance, as
seen in primary pulmonary hypertension, throm-
boembolic disease, and emphysema, diminishes
stroke volume and thereby aVects the cardiovascu-
lar response pattern during exercise. Increased fCrest,
steeper fC–V̇o2 slope, and reduced V̇o2/fC at maximal
exercise will be seen. Attributing these abnormali-
ties to pulmonary vascular disease rather than any
other form of cardiovascular impairment requires
the identiWcation of gas exchange abnormalities
that accompany pulmonary vascular disease. Loss
of portions of the pulmonary capillary bed results in
both high and low V̇/Q̇ abnormalities. The high V̇/Q̇
abnormality (wasted ventilation) is manifest as in-
creased VD/VT, increased ventilatory equivalents,
andpersistently positiveP(a–ET)co2 during incremen-
tal exercise. The low V̇/Q̇ abnormality is thought to
be due to shortened pulmonary capillary transit
time in nondiseased regions of the lung. This phe-
nomenon (wasted perfusion) is manifest as an ab-
normal P(A–a)o2 gradient which widens progressively
as cardiac output increases during incremental ex-
ercise.
Hence, an abnormal cardiovascular responsepat-

tern, in conjunction with evidence of the gas ex-
change abnormalities outlined above, and in the
absence of cardiac or systemic vascular disease in-
dicates the presence of pulmonary vascular disease.

Medications
The heart rate response to exercise is governed by
sympathetic and parasympathetic mechanisms as
well as the cardiac conduction pathways. Thus,
medicationswhich aVect these controlmechanisms
can cause an abnormal cardiovascular response
pattern.Drugs that aVect the heart rate response are
shown in Table 5.8. Drugs which decelerate heart
rate or attenuate the heart rate responsepredictably
cause a reduced fCrest, shallower fC–V̇o2 slope, and a
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Table 5.8.Medications which affect the cardiovascular response

pattern

Drugs which Drugs which

decelerate f
C

accelerate f
C

�-sympathomimetic

antagonists

Propranolol,metoprolol,

acebutolol

Tricyclic antidepressants

Calcium channel antagonists

Verapamil, diltiazem

Amphetamines

Digoxin or other cardiac

glycosides

Thyroxine

�-sympathomimetic agonists

Albuterol (e.g., MDI),

metaproterenol

Nicotine (recent smoking)

Cocaine

MDI=Metered-dose inhaler.

spuriously high V̇o2/fC. These changes may be mis-
taken for a physically trained response except that,
when caused by medications, V̇o2max and V̇o2� are
also reduced. Drugs that accelerate the heart rate
response predictably cause increased fCrest, steeper
fC–V̇o2 slope, and reduced V̇o2/fC.

Chronotropic incompetence
Rarely, an abnormal cardiovascular response pat-
tern is seen due to inherent dysfunction of the
sinoatrial node. This has been called chronotropic
incompetence and is thought usually to be due to
ischemic heart disease. The manifestation of this
condition is a failure to increase heart rate appro-
priately with increasing oxygen uptake. As with
medications that slow the heart rate response, V̇o2/
fC can be spuriously high. Diagnosis of chronotropic
incompetence requires that the individual is not
taking any medications that could impair sinoatrial
node function.

Anxiety
Anxiety results in a heightened state of sympathetic
activation. Thus, anxiety is associated with a famil-
iar resting tachycardia and also higher heart rates
during incremental exercise. The fC–V̇o2 slope can
be normal, although its intercept on the heart rate

axis is increased and the subject may reach the
predicted maximum heart rate prematurely.
Anxiety can be distinguished from the anticipatory
response which often precedes exercise. Anticipa-
tion results in a heart rate which is high at rest but
which settles to an appropriate level once the exer-
cise phase is underway.

Unusual conditions
Some individuals with signiWcant coronary artery
disease develop a critical imbalance between oxy-
gen demand and supply during exercise. It is not
unusual for this to occur at a relatively Wxed heart
rate or cardiac output. In these circumstances,
whether or not the subject has angina pectoris, a
distinct alteration can be seen in the pattern of the
cardiovascular response during incremental exer-
cise. The fC–V̇o2 slope becomes steeper at the
threshold for myocardial ischemia.
An abrupt alteration of the cardiovascular re-

sponse pattern is also seen with the onset of a dys-
rhythmia during exercise, e.g., supraventricular
tachycardia or atrial Wbrillation.
Hyperthyroidism, due to excessive sympathetic

stimulation, causes resting and exercise tachycardia
and premature cardiovascular limitation. Further-
more, by the same mechanism, an exaggerated hy-
pertensive response can occur. Hyperthyroidism is
also sometimes characterized by the development
of atrial Wbrillation.

Impaired oxygen delivery

DeWnition and identiWcation

Certain conditions potentially impair oxygen deliv-
ery to exercising muscles. Thus, oxygen delivery is
reduced, either by decreased oxygen-carrying ca-
pacity of the bloodor by reducedmuscle bloodXow.
Oxygen-carrying capacity is aVected by anemia or
carboxyhemoglobinemia whilst muscle blood Xow
is impairedby peripheral vascular disease or cardiac
disease. Each of these conditions is associated with
impaired aerobic capacity and reduced V̇o2max.
When oxygen delivery to exercising muscle is im-

paired, the relationship between V̇o2 and external
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Table 5.9. Impaired oxygen delivery

DeWning variables

V̇o
2max

�V̇o
2
/�Ẇ or �

V̇o
2
�

Conditions exhibiting this response pattern

Carboxyhemoglobinemia

Anemia

Peripheral vascular disease

Cardiac disease

work rate is abnormal. Hence, the V̇o2–Ẇ slope (�−1)
is reduced. This is particularly evident at higher
work intensities when the demand for oxygen in-
creases, thus presenting a greater challenge to the
oxygen delivery mechanisms.
When muscle is deprived of suYcient oxygen for

aerobic metabolism, premature reliance on
anaerobic mechanisms can be anticipated. There-
fore, V̇o2� is reduced. As previously discussed, when
V̇o2� is less than 40% of predicted V̇o2max, deWnite
pathology exists. However, when V̇o2� lies in the
40–50% range it is diYcult to distinguish between
physical deconditioning and an early or mild dis-
ease process.
Impaired oxygen delivery can be identiWed by

examining panels 3 and 5 of a nine-panel display
(Figure 5.3) in conjunction with tabular data for
V̇o2max (Table 5.9). Panel 5 is used to determine V̇o2�.

Conditions exhibiting this response pattern

Carboxyhemoglobinemia
The aYnity of carbon monoxide for hemoglobin is
over 200 times that of oxygen. Thus, the presence of
carboxyhemoglobin (HbCO) in the blood denies he-
moglobin the ability to transport oxygen. Conse-
quently, signiWcant levels of HbCO impair oxygen
delivery to exercising muscle.
Increases in the level of HbCO cause proportional

reductions in V̇o2max and V̇o2�. However, discernible
eVects of HbCO on oxygen utilization and ventila-
tion are not seen below V̇o2�.
Smokers can have HbCO levels up to 10% and

occasionally higher. Experimentally an HbCO level
of 10%was shown to reduceboth V̇o2max and V̇o2�by
5–10%.
Incidentally, greater heart rate and blood press-

ure increases can be seen during exercise immedi-
ately after smoking, presumably due to the sym-
pathomimetic eVects of nicotine.

Anemia
Anemia, for whatever reason, representsa reduction
in the hemoglobin concentration of the blood and
therefore impacts oxygen-carrying capacity and
oxygen delivery to exercising muscle. Thus, signiW-
cant anemia reduces V̇o2max, V̇o2� and the V̇o2–Ẇ
slope (�−1).
Anemia also reduces blood viscosity – an eVect

that might oVset to some degree the reduced oxy-
gen-carrying capacity by enhancing blood Xow.
‘‘Blood doping’’ (also called ‘‘blood boosting’’ or

‘‘blood packing’’) is a technique used by athletes to
enhance physical performance. The eVect occurs
because of increased hemoglobin concentration,
increased oxygen-carrying capacity, and increased
oxygen delivery. One can easily appreciate that
these physiological mechanisms are opposite to
what occurs in anemia.Consequently, blooddoping
is expected to increase V̇o2max and V̇o2� but should
have no inXuence on �−1.

Peripheral vascular disease
In the case of peripheral vascular disease, the im-
paired oxygen delivery comes about because of
poor systemic vascular conductance. This can be
manifest in one leg and associated with symptoms
of intermittent claudication or pain causing early
exercise termination. Typically, V̇o2max is reduced,
but predicted fCmax is not achieved. V̇o2�may be low
if lactic acid eZuxes into the central circulation in
suYcient quantity to produce discernible gas ex-
change alterations.
More generalized systemic atherosclerosis causes

an exaggerated blood pressure response during ex-
ercise. Despite the reduced aerobic capacity, sys-
tolic blood pressure can be over 200mmHg and
diastolic blood pressure over 100mmHg.
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Table 5.10. Ventilatory limitation

DeWning variables

V̇
Emax

V̇
Ecap

or MVV

Conditions exhibiting this response pattern

Chronic pulmonary disease

Respiratorymuscle weakness

Hyperventilation (rarely)

Cardiovascular disease
Clearly, cardiovascular disease itself impacts oxy-
gen delivery when the ability to increase cardiac
output or blood Xow is impaired. As discussed
above, cardiovasculardiseases are important causes
of reduced V̇o2max and V̇o2�. They also impact the
V̇o2–Ẇ slope (�−1).
With coronary artery disease, the V̇o2–Ẇ slope

may be initially normal but display a reduced slope
at higher exercise intensity when myocardial is-
chemia causes ventricular dysfunction. Car-
diomyopathy and valvular heart disease typically
impact the V̇o2–Ẇ slope (and V̇o2/fC) right from the
onset of exercise.

Ventilatory limitation

DeWnition and identiWcation

Ventilatory limitation is considered to occur when a
subject reaches or approaches his or her ventilatory
capacity (V̇Ecap) at maximum exercise. Arbitrarily,
one can consider ventilatory limitation to occur
when V̇Emax is greater than 90% of V̇Ecap. Unlike fCmax

which is estimated, V̇Ecap is usually measured as
MVV or calculated from FEV1. While it must be
remembered that these approaches do not directly
measure V̇Ecap during conditions of exercise, they
are none the less actual measurements and thereby
likely to be more accurate than predicted fCmax. For
this reason a tighter range can be used to deWne
ventilatory limitation. It is not unusual for an indi-
vidual with ventilatory limitation just to exceed
V̇Ecap, for reasons expounded in Chapter 4.
Ventilatory limitation is not expected with the

normal exercise response. Hence, ventilatory limi-
tation is only likely to occur when ventilatory capac-
ity is reduced. However, highly endurance-trained
athletes, because they have successfully extended
their cardiovascular response, use a signiWcantly
greater proportion of ventilatory capacity at maxi-
mumexercise andmay approach ventilatory limita-
tion even though their ventilatory capacity is nor-
mal.
Ventilatory limitation is best identiWed by

examining tabular data for V̇Emax and MVV (Table
5.10) in conjunction with panels 1, 4, and 7 of a
nine-panel display (Figure 5.3). Panels 1 and 7 can
be especially helpful in this regard if MVV or cal-
culated V̇Ecap is indicated on these graphs.

Conditions exhibiting this response pattern

Chronic pulmonary disease
In obstructive pulmonary disease, such as asthma
or chronic bronchitis, ventilatory capacity is reduc-
ed and true ventilatory limitation is often identiWed.
The breathlessness score is high, concomitant with
the proportion of the ventilatory capacity utilized.
In restrictive pulmonary diseases, such as pul-

monary Wbrosis or kyphoscoliosis, ventilatory ca-
pacity is also reduced and true ventilatory limitation
is often identiWed. Again, the breathlessness score is
high, concomitant with the proportion of the ven-
tilatory capacity utilized.
Inmany cases of chronic pulmonary disease, ven-

tilatory limitation is precipitated by other factors
that increase the ventilatory requirement for exer-
cise. These factors include carbohydrate intake, in-
eYcient breathing, increased VD/VT, and anxiety
(see section on abnormal ventilatory response pat-
tern, below).

Respiratory muscle weakness
Respiratory muscle weakness due to various forms
of neuromuscular disease presents a speciWc form
of restrictive ventilatory abnormality. Ventilatory
capacity is reduced and therefore individuals with
respiratory muscle weakness may be susceptible to
true ventilatory limitation.
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Sometimes, if a high intensity of exercise can be
attained, an individual with respiratory muscle
weaknessmay develop hypercapnic ventilatory fail-
ure (see below).
Individuals with respiratory muscle weakness

typically experience severe breathlessness, even at
rest. During exercise, the breathlessness score is
high, concomitant with the proportion of the ven-
tilatory capacity utilized.

Extreme hyperventilation
An individual with extreme hyperventilation due to
psychological factors may conceivably exhibit ven-
tilatory limitation. Other manifestations of hyper-
ventilation would be apparent, including high
ventilatory equivalents, high PETo2, low PETco2, and
low Paco2 (perhaps even �20mmHg).

Abnormal ventilatory response pattern

DeWnition and identiWcation

The ventilatory response during exercise can be
analyzed in two important ways. Firstly, consider-
ation of the determinants of ventilatory require-
ment gives insight into the relationship between V̇E
and V̇o2, as described in Chapter 4. Secondly,
breathing pattern can be assessed in terms of VT, fR,
time components of the breath, and Xow–volume
relationships.
Ventilatory requirement and the related slope

�V̇E/�V̇o2 are inXuenced by R, Paco2, and VD/VT.
Hence, nutritional status that aVects R, arterial
Paco2 regulation and breathing eYciency can all
alter ventilatory requirement.
Attempts to deWne the ventilatory response in

terms of breathing pattern are handicapped by in-
suYcient knowledge of factors regulating breathing
pattern during incremental exercise. However, it
seems intuitive that, given certain mechanical fac-
tors, there must be an optimum breathing pattern
for an individual which would obtain the highest
alveolar ventilation for a given minute ventilation
(V̇E).
The traditional approach to breathing pattern

analysis was described by Hey as the relationship

between VT and V̇E. Unfortunately, this approach
does not seem to discriminate between obstructive
and restrictive pulmonary disease. Nevertheless,
there is a tendency, shown by the Hey plot, for
individuals with restrictive disease to achieve their
VTmax at lower exercise intensity and thereafter rely
almost entirely on an increase in fR to achieve a
higher V̇E.
Considering breathing pattern in terms of the

time components of the breath, two factors are of
primary importance. They are total breath time
(TTOT) and TI/TE ratio. From TTOT derives breathing
frequency ( fR) and from TI/TE derives TI and TE. VT
derives from TI and TE after taking into account
mechanical factors such as respiratory muscle
force, lung compliance, and airway resistance. In
normal circumstances, TTOT should not be less than
1.2 s ( fR�50min−1) and TI/TE should be approxi-
mately 0.8.
Finally, the Xow–volume loop, which can be re-

corded with reasonable accuracy during exercise,
allows an interpretation of two factors: encroach-
ment on total lung capacity (restriction), and
encroachment on the volume-related maximal
expiratory Xow (obstruction).
An abnormal ventilatory response pattern is best

identiWed by examining tabular data for V̇E, VT, fR,
V̇o2/fR, and TI/TE (Table 5.11) in conjunction with
panels 1, 4, and 7 of a nine-panel display (Figure
5.3). Panel 7 is particularly useful in this regard if
MVV and vital capacity are also displayed on the
graph.

Conditions exhibiting this response pattern

Obstructive pulmonary disease
In general, individualswith obstructive diseasehave
reduced VT and achieve their VTmax at moderate-
intensity exercise. The obligatory prolongation of
expiratory time results in fRmax being within the nor-
mal range (�50min−1).
Given that the nature of an obstructive ventilatory

abnormality is diYculty with expiration, TE is typi-
cally prolonged or occupies a larger proportion of
TTOT. Therefore, the TI/TE is less than 0.8.
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Table 5.11. Abnormal ventilatory response pattern

DeWning variables

V̇
E

V
T

f
R

V̇o
2
/f

R

T
I
/T

E

Conditions exhibiting this response pattern

Obstructive pulmonary disease

Restrictive pulmonary disease

Neuromuscular disease

Nutritional factors

The Xow–volume loop shows compromised
maximal expiratory Xows and typically the expir-
atory Xows during exercise encroach upon this
envelope, indicating expiratory Xow limitation.
Furthermore, because of the expiratory Xow limita-
tion, the tidal Xow–volume loop is typically shifted
towards higher lung volumes (dynamic hyperinXa-
tion). Individuals with a primary obstructive ven-
tilatory abnormality may therefore encroach upon
total lung capacity and exhibit a secondary restrict-
ive abnormality.

Restrictive pulmonary disease
Individuals with restrictive disease have reduced VT
and achieve their VTmax at lower-intensity exercise.
The primary restriction of VT means that increases
in V̇E aremore dependenton fR. Indeed, fRmax is often
�50min−1 at maximum exercise.
Given that the nature of a restrictive ventilatory

abnormality is diYculty with inspiration, TI is typi-
cally prolonged or occupies a larger proportion of
TTOT. Therefore, the TI/TE is greater than 0.8. Further-
more, with reduced lung compliance, as seen in
pulmonary Wbrosis, the increased elastic recoil en-
hances expiratory Xow and shortens TE, contribu-
ting to the increased TI/TE.
The Xow–volume loop shows encroachment of

tidal volume on total lung capacity early during
incremental exercise. The coexistence of expiratory
Xow limitation at lower lung volumes has also been
described in some cases of pulmonary Wbrosis. This

phenomenon, if present, appears to be secondary to
the restriction, which prevents the bulk of expir-
atory Xow being achieved at higher lung volumes.
Respiratory muscle weakness due to various

forms of neuromuscular disease presents a speciWc
form of restrictive ventilatory abnormality. Even in
the presence of normal lung compliance, reduced
inspiratory force results in slower inspiratory Xow
and generally smaller VT with a higher fR. These
Wndings may be evident at rest and worsen during
incremental exercise.
Any of the breathing pattern abnormalities de-

scribed above can be seen with respiratory muscle
weakness.

Nutritional status
Carbohydrate ingestion just prior to exercise
increases V̇co2 and thereby increases ventilatory
requirement. Measurable changes in V̇co2 and V̇E
occur. Although advocated in chronic pulmonary
disease, lower-carbohydrate (higher-fat) diets do
not produce measurable reductions in ventilatory
requirement in these patients.

Abnormal ventilatory control

DeWnition and identiWcation

During exercise, alveolar ventilation should in-
crease appropriately with the increased eZux of
carbondioxide. There are several important sources
of exhaled co2 during incremental exercise. At low
exercise intensity, exhaled co2 comes from aerobic
metabolism. Above the metabolic threshold, addi-
tional exhaled co2 comes from bicarbonate buVer-
ing of accumulating lactate. Normally, during both
of these phases, ventilation is precisely matched to
V̇co2 so that PAco2 and Paco2 remain remarkably
constant despite manifold increases in V̇co2. Only
during intense exercise, when a decrease in pH can
no longer be prevented by buVering, does carotid
body stimulation cause V̇E to increase over and
above that required for co2 elimination. This is an
expected phase of true hyperventilation when both
ventilatory equivalents show a sustained increase,
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Table 5.12. Abnormal ventilatory control

DeWning variables

V̇
E

V̇
E
/V̇o

2

V̇
E
/V̇co

2

P
ET

o
2

P
ET

co
2

Pao
2

Paco
2

Conditions exhibiting this response pattern

Acute hyperventilation

Chronic hyperventilation syndrome

Ventilatory failure (hypoventilation)

Rapid shallow breathing

Oscillating ventilation

PETco2 falls, PETo2 increases, and Paco2 also falls.
Abnormal ventilatory control can result in inappro-
priately high or low levels of V̇E during these various
stages of the exercise response.
Inappropriately high V̇E will be associated with

increased V̇E/V̇o2, increased V̇E/V̇co2, increased
PETo2, reduced PETco2, and reduced Paco2. This pat-
tern is called hyperventilation. It can occur acutely
during exercise or be associated with a chronic dis-
turbance.
Inappropriately low V̇E will be associated with

reduced V̇E/V̇o2, reduced V̇E/V̇co2, reduced PETo2,
increased PETco2 and increased Paco2. This pattern
is called hypoventilation or ventilatory failure.
Sometimes abnormalities of ventilatory control

are manifest as irregularities of ventilatory pattern,
e.g., rapid shallow breathing or cyclical ventilation.
The former may be due to subconscious inXuences
of the higher central nervous system. The latter is
typically due to degradationof the Wne tuning of the
biofeedback mechanism which determines the ap-
propriate level of ventilation.
Abnormal ventilatory control is best identiWed by

examining tabular data for Pao2, Paco2, and P(A–a)o2

(Table 5.12) in conjunctionwith panels 2, 4, 6, and 9
of a nine-panel display (Figure 5.3). Panel 1 shows
irregularities in V̇E; panel 4 allows identiWcation of
V̇E�; panels 6 and 9 show irregularities in ventilatory
equivalents, end-tidal gas tensions, and arterial gas
tensions.

Conditions exhibiting this response pattern

Acute hyperventilation
Hyperventilation implies inappropriately high V̇E,
therefore high ventilatory equivalents and low
Paco2. When hyperventilation occurs acutely dur-
ing an exercise test protocol a sudden increase in
V̇co2 is expected. In addition, there is often a spuri-
ous and concomitant increase in V̇o2. The increase
in V̇o2 is a technical problem but should be recog-
nized in this context.
Acute hyperventilation is seen most frequently at

rest or with the onset of unloaded pedaling on a
cycle. Later, when the exercise stimulus is of greater

intensity, ventilation often becomes bettermatched
to metabolic rate and ventilatory equivalents fall
appropriately.
The respiratory alkalosis, which results from

signiWcant acute hyperventilation, may cause
symptoms such as lightheadedness, and pares-
thesia involving the hands and face.

Chronic hyperventilation syndrome
Some individuals, an example being those with
chronic anxiety, can exhibit chronic hyperventila-
tion. The abnormalities that accompany acute hy-
perventilation are likely to be present throughout
the exercise study. In addition, the compensatory
depletion of plasma bicarbonate may compromise
the ability to buVer lactate, resulting in a shorter
isocapnic buVering period during incremental exer-
cise.

Ventilatory failure (hypoventilation)
True ventilatory failure implies inadequate alveolar
ventilation and is associated with hypercapnia and
hypoxia. AlthoughPao2 is reduced,P(A–a)o2 is normal
in pure hypoventilation. This is a relatively unusual
Wnding during incremental exercise. Ventilatory
failure occurs when mechanical factors severely
limit the ventilatory response or, rarely, due to pri-
mary abnormalities of ventilatory control similar to
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the syndrome of primary alveolar hypoventilation
seen in obese subjects.

Rapid shallow breathing
Rapid shallow breathing is an ineYcient mode of
ventilation, which results in increased VD/VT, i.e.,
signiWcant wasted ventilation. This pattern of ven-
tilatory abnormality is seen most commonly as a
feature of acute or chronic hyperventilation.
Commonly, it is associated with anxiety. It can oc-
cur in obstructive pulmonary disease when the re-
sulting compromise of alveolar ventilation leads to
oxyhemoglobin desaturation. Individuals with re-
strictive pulmonary disease exhibit rapid shallow
breathing by virtue of their limited ability to in-
crease tidal volume, as described above.

Oscillating ventilation
Oscillations in V̇E are sometimes noted in cases of
severe cardiac failure. This phenomenon is thought
to represent a degrading of the ventilatory control
mechanism, equivalent to Cheyne–Stokes breath-
ing. In eVect, the sluggish blood Xow between the
pulmonary capillary bed and the carotid body
chemoreceptors prolongs the response time of the
biofeedback mechanism which normally regulates
V̇E according to the chemical composition of the
systemic arterial blood. The oscillations represent
alternating undercorrection and overcorrection of
V̇E in response to aVerent neural input to the central
nervous system from the carotid body chemorep-
tors.

Impaired gas exchange

DeWnition and identiWcation

In physiological terms, there are two types of gas
exchange abnormality. These are increased physio-
logical dead space, corresponding to high ventila-
tion–perfusion abnormality, and increased physio-
logical shunt, corresponding to low ventilation–
perfusion inequality.
The high V̇/Q̇ abnormality, or increased dead

space, produces high ventilatory equivalents in the

presence of a relatively normal or high Paco2. In
addition,PETo2 is high, PETco2 is low, and P(a–ET)co2 is
widened or persistently positive during incremental
exercise. This pattern of abnormalities is conWrmed
by an increase in the calculated VD/VT.
The low V̇/Q̇ abnormality, or increased shunt, is

characterized by reduced oxyhemoglobin satura-
tion as determined by pulse oximetry (Spo2,
reduced Pao2 and abnormally increased P(A–a)o2.
Importantly, it is the low V̇/Q̇ abnormality which, if
suYciently severe, produces critical hypoxemia and
true gas exchange failure.
The hallmark of gas exchange failure is inability to

maintain adequate oxygenation of arterial blood
during incremental exercise. Oxyhemoglobin de-
saturationcan be detectedby pulse oximetry, taking
care to exclude any technical errors (Chapter 2).
When arterial blood is available for analysis, a criti-
cal fall in Pao2 can be seen along with widening of
the alveolar–arterial oxygen gradient. Only in the
unusual setting of exercise under conditions of en-
vironmental hypoxia (e.g., extreme altitude) would
desaturationbe accompaniedby a relatively normal
P(A–a)o2.
When Pao2 falls below 60mmHg, carotid body

responsiveness causes intense stimulation of venti-
lation. Thus, the onset of gas exchange failure is
commonly accompanied by an exaggeration of the
ventilatory response just prior to exercise termina-
tion.
Impaired gas exchange is best identiWed by

examining tabular data for Pao2, Spo2, P(A–a)o2,
Paco2, P(a–ET)co2, and VD/VT (Table 5.13) in conjunc-
tion with panels 6, 8, and 9 of a nine-panel display
(Figure 5.3).

Conditions exhibiting this response pattern

Emphysema
Emphysema is destruction of the lung parenchyma
by loss of the supporting connective tissue. The
collapse of unsupported airways results in a mech-
anical impairment that is usually categorized as a
form of obstructive pulmonary disease. Air spaces
distal to the terminal bronchioles (1mm diameter)
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Table 5.13. Impaired gas exchange

DeWning variables

Pao
2

Spo
2

P
(A–a)

o
2

P
(a–ET)

co
2

V
D
/V

T

Conditions exhibiting this response pattern

Emphysema

Interstitial lung disease

Pulmonary vascular disease

Intracardiac shunt

are enlarged. However, the lung destruction also
speciWcally obliterates pulmonary capillaries, re-
sulting in loss of pulmonary capillary bed. The obvi-
ous consequence of this process is an increased
VD/VT (high V̇/Q̇ abnormality). Individuals with em-
physema exhibit increasedVD/VT at rest and a failure
of VD/VT to fall with a normal pattern during exer-
cise.
The loss of pulmonary capillary bed produces a

more complex gas exchange problem due to reduc-
ed vascular conductance in certain regions of the
lung. Since the stimulus of incremental exercise de-
mands an ever-increasing cardiac output, perfusion
must be diverted to other nonemphysematous re-
gions of the lung or, alternatively, blood Xow needs
to be accelerated through regions of diseased capil-
lary bed. Both eVects, particularly the latter, result
in shunt (low V̇/Q̇ abnormality) with reduced Pao2

and increasedP(A–a)o2. The ability to divert perfusion
to less diseased regions of the lung may avert de-
saturation until higher exercise intensity. However,
one can envisage a critical cardiac output or pul-
monary blood Xow above which desaturation is in-
evitable.

Interstitial lung disease
Interstitial lung disease (ILD) is characterized by
inXammation and Wbrosis of the interstitial spaces,
which separate the alveolar epithelium and capil-
lary endothelium. Hence, ILD disrupts the pathway
for pulmonary gas exchange. Furthermore, the dis-

ease process is often homogeneous, i.e., diVusely
involving a large area of the lungs.
Disruption of the gas exchange pathway predict-

ably impacts oxygen diVusion rather than carbon
dioxide diVusion, for reasons explained in Chapter
4. As a result there is a widening of the P(A–a)o2

gradient and reducedPao2. If Pao2 is reduced below
60mmHg, signiWcant oxyhemoglobin desaturation
can be detected by pulse oximetry.
In its early stages, ILD may be insuYcient to pro-

duce measurable gas exchange abnormalities at
rest. However, the exercise stimulus, by virtue of the
shortened pulmonary capillary transit time and re-
duced Pv̄o2, oVers the best method for challenging
the physiological mechanisms of oxygen diVusion
and revealing a subtle gas exchange abnormality.
Exercise testing is the most sensitive and reliable
method available for detecting the subtle gas ex-
change abnormalities that result from early ILD.
A characteristic pattern of gas exchange abnor-

mality is associated with ILD. The P(A–a)o2 gradient
widens progressively as cardiac output increases.
Clearly this phenomenon relates to the steadily in-
creasing pulmonary blood Xow and shortened pul-
monary capillary transit time. Whilst the shortened
pulmonary capillary transit time challenges diVu-
sion mechanisms, the increased pulmonary blood
Xow, particularly through regions of the lung with
compromisedventilation, equates to shunt (low V̇/Q̇
abnormality). Both eVects contribute to the pro-
gressive reduction in Pao2 seen during incremental
exercise in ILD.

Pulmonary vascular disease
The key to the diagnosis of pulmonary vascular dis-
ease is the demonstration of abnormal gas ex-
change, particularly increased VD/VT (high V̇/Q̇
abnormality), accompanied by an abnormal car-
diovascular response to exercise. In some cases the
abnormal gas exchange can be explainedby chronic
pulmonary disease with resulting eVects
on the ventilatory response to exercise. When pul-
monary function tests are normal, gas exchange
abnormalities are likely to be caused by very early
interstitial or obstructive disease or pulmonary vas-
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Table 5.14. Abnormal muscle metabolism

DeWning variables

V̇o
2max

V̇o
2
�

Lactate

Ammonia

Creatine kinase

Conditions exhibiting this response pattern

McArdle’s syndrome

Myoadenylate deWciency

Carnitine palmitoyl transferase deWciency

Mitochondrial myopathy

Chronic fatigue syndrome

cular disease. The absence of demonstrable cardiac
or peripheral vascular disease indicates that the ab-
normality of the cardiovascular response arises in
the pulmonary circulation.
Pulmonary vascular diseases include primary

pulmonary hypertension and secondary pulmonary
hypertension, e.g., as a result of chronic throm-
boembolicdisease. The physiological consequences
are reduced pulmonary vascular conductance and
pulmonary hypertension,which is exaggerated dur-
ing exercise. The cardiovascular response during
exercise is characterized by a steeper fC–V̇o2 rela-
tionship or reduced V̇o2/fC, leading to cardiovascu-
lar limitation at a low V̇o2max.

Intracardiac shunt
An extrapulmonary, right-to-left shunt results in a
widened P(A–a)o2 gradient and reduced Pao2. If the
shunt Xow is substantial, e.g. 10% of the cardiac
output, this will cause signiWcant hypoxemia, which
reduces the oxygen-carrying capacity of the arterial
blood and potentially aVects the cardiovascular re-
sponse to exercise by steepening the fC/V̇o2 relation-
ship. In turn, a steeper fC/V̇o2 relationship leads to
cardiovascular limitation at a low V̇o2max.
The commonest examples of these shunts are

long-standingdefects of the atrial or ventricular car-
diac septum, which begin as left-to-right shunts but
reverse their Xowwhen pressures in the right side of
the heart become persistently elevated above sys-
temic or left-sided pressures.
There is an unusual example of a right-to-left

shunt, which develops suddenly during exercise.
This occurs if the foramen ovale, which is not fully
sealed, opens abruptly as right atrial pressure in-
creases. The sudden development of right-to-left
shunt is detected by a marked fall in Pao2, possibly
accompanied by a steepening of the slope of the
fC–V̇o2 relationship.

Abnormal muscle metabolism

DeWnition and identiWcation

Muscle metabolism is the primary determinant of

oxygenuptake duringexercise. Therefore, abnormal
muscle metabolism is usually but not inevitably as-
sociated with a reduced V̇o2max. However, reduced
aerobic capacity is not a speciWc Wnding.
Abnormal muscle metabolism typically results in

a markedly reduced V̇o2� (�40% of predicted
V̇o2max) in the absence of demonstrable cardiovas-
cular disease. Milder forms of myopathy will be
associatedwith lesser reductions in V̇o2� andwill be
diYcult to distinguish from physical decondition-
ing.
The diagnosis of abnormal muscle metabolism

must be aided by blood analysis; diVerent types of
myopathy are associated with speciWc proWles of
abnormality.
Impairedmuscle metabolism is best identiWed by

examining tabular data for V̇o2, lactate, ammonia,
and creatine kinase (Table 5.14) in conjunctionwith
panels 3 and 5 of a nine-panel display (Figure 5.3).
Panel 3 depicts V̇o2max and panel 5 enables determi-
nation of V̇o2�.

Conditions exhibiting this response pattern

McArdle’s syndrome
McArdle’s syndrome is an inherited lack of muscle
phosporylase,which denies an individual the ability
to utilizemuscle glycogen for glycolysis. Individuals
with this condition develop muscle cramping and
fatigue at moderate exercise intensity.
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In McArdle’s syndrome, V̇o2max is typically less than
50%of the reference value. Impairment of glycolysis
means that an increase in blood lactate does not
occur in McArdle’s syndrome. Interestingly, false
gas exchange thresholds have been described but
these are likely to be due to hyperventilation
associated with muscle pain, which characteristi-
cally develops when these individuals perform
moderate-intensity exercise. Careful scrutiny of the
ventilatory equivalents and end-tidal gas tensions
should distinguish this phenomenon.
The cardiovascular response to incremental exer-

cise is also abnormal in that predicted fCmax will be
attained at a considerably reduced V̇o2max. This has
been interpreted as an attempt to increase delivery
of oxidative substrate to contracting muscle, me-
diated throughmuscle sympathetic nervous system
activation by muscle metabolites.
Reliance on the alternativemetabolic pathway for

ATP regeneration by deamination of ADP results in
exaggerated increases in ammonia – as much as
four times normal. Thus, measurement of lactate
and ammonia during incremental exercise can help
establish the diagnosis of McArdle’s syndrome.

Myoadenylate deaminase deWciency
Myoadenylate deaminase deWciency was Wrst de-
scribed in 1978. The enzyme participates in the al-
ternative pathway for ATP regeneration from ADP
and its main role is thought to be the maintenance
of high ATP:ADP ratios during strenuous muscular
activity. Individuals with this condition complain of
muscle cramps on exercise. Since myoadenylate
deaminase is the major enzyme catalyzing the pro-
duction of ammonia by contractingmuscle, when it
is deWcient, increases in the blood ammonia level
are not seen. On the other hand, reliance purely on
anaerobic glycolysis for ATP regeneration causes
premature and exaggerated increases in blood lac-
tate. Creatine kinase levels can be mildly elevated.
The EMG is nonspeciWcally abnormal.
Myoadenylate deaminase deWciency can be dem-

onstrated by histochemical analysis of a muscle bi-
opsy.

Carnitine palmitoyl transferase deWciency
Carnitine palmitoyl transferase (CPT) is an essential
enzyme in fatty acid oxidation. Individuals with this
condition complain of muscle pain, especially on
prolonged exercise and particularly after fasting or
taking a high-fat diet. Since there is little, if any,
reliance on fatty acid oxidation to regenerate ATP
during short-duration incremental exercise testing,
it is not unusual to Wnd that V̇o2max is normal or only
mildly reduced. V̇o2� is typically reduced, e.g., 40–
50% of predicted V̇o2max. Therefore, it is diYcult to
know to what extent this is due to physical decon-
ditioning. Creatine kinase levels can be grossly elev-
ated in this condition.
Muscle biopsy can be normal or show accumula-

tion of lipid droplets between myoWbrils. His-
tochemical analysis is necessary to conWrm the di-
agnosis.

Mitochondrial myopathy
There exists a group of myopathic disorders where
the abnormalities lie within the mitochondria.
These include a variety of mitochondrial DNA ab-
normalities either inherited or acquired by point
mutation, a phenomenon that seems surprisingly
common. Another group of disorders aVects the
enzymes of the respiratory chain and thus prevents
production of ATP by oxidative phosphorylation.
Individuals with mitochondrial myopathy have

muscle pain on exercise and striking reductions in
V̇o2max. Reliance on cytoplasmic pathways for the
regeneration of ATP causes premature and exag-
gerated increases in lactate and ammonia during
incremental exercise. Therefore V̇o2� is also mark-
edly reduced.
Muscle biopsy can show abnormal morphology

either with red-ragged Wbers or subsarcolemmal
accumulations of abnormal mitochondria. These
appearances are more convincing on electron
microscopy.

Chronic fatigue syndrome
Chronic fatigue syndrome is a term used in the USA
to describe a condition characterized by severe per-
sistent debilitating fatigue which does not appear to
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Table 5.15. Abnormal symptom perception

DeWning variables

RPE in conjunction with f
C
/f

Cmax

�− in conjunction with V̇
Emax

/V̇
Ecap

Objective impression of eVort

Subjective reason(s) for exercise termination

Musculoskeletal discomfort

Other discomfort

Conditions exhibiting this response pattern

Chronic pulmonary disease

Malingering

Desire for secondary gain

Stoicism

Denial

Anxiety

Fear

Psychological disturbances

Arthritis

have any identiWable medical or psychological
basis. The condition may be due to an abnormal
perception of eVort. However, the symptoms are
commonly indistinguishable from individuals with
myopathy.
During incremental exercise testing, V̇o2max and

V̇o2� are mildly reduced and a premature increase
in blood lactate has been demonstrated. A resting
tachycardia is often seen in conjunction with a
steeper fC–V̇o2 response. These individuals have in-
creased perception of eVort compared with normal
subjects. Unfortunately, it is not known whether
these eVects are due to the disease or the physical
deconditioning which results from inactivity.
In chronic fatigue syndrome exercise testing is

requested to rule out cardiovascular disease or
other reasons for exercise limitation and for design-
ing an individualized exercise program.

Abnormal symptom perception

DeWnition and identiWcation

Whenpsychometric scales are skillfully used during
exercise testing, the symptomatic response can be
compared with the accompanying physiological re-
sponses. In this regard RPE should correlate with
variables of the cardiovascular response, whereas a
breathlessness score should loosely correlate with
the proportionof ventilatorycapacity utilized. Thus,
it is possible to draw conclusions as to whether the
symptomatic responses are inappropriately high or
low compared with these physiological parameters.
Symptom scores that are disproportionate to the
underlying physiological responses constitute a
unique diagnostic response pattern, which necessi-
tates further explanation. A systematic approach to
symptom evaluation has been described in Chapter
4.
Some individuals exhibit pure symptom limita-

tion without evidence of simultaneous physiologi-
cal limitation. Extreme scores on the psychometric
scales, which are used to rate perceived exertion
and breathlessness, can help identify pure sympto-
matic limitation. RPE of 18 or higher is suYcient to

account for exercise cessation. Alternatively, a
breathlessness score close to or greater than 90 on a
scale of 100 implies that the subject feels close
to ventilatory capacity. These sensations can be
recorded without simultaneous physiological evi-
dence of cardiovascular limitation, ventilatory
limitation, or gas exchange failure, in which case
they represent pure symptom limitation.
Abnormal symptom perception is best identiWed

by examining tabular data for RPE, fCmax(%), �− and
V̇Emax/V̇Ecap (Table 5.15) and also comparing the ob-
jective impression of eVort noted by the exercise
practitioner with the reasons given for exercise ter-
mination by the subject. Occasionally, other symp-
toms that do not have a physiological basis cause
exercise cessation. These symptoms are elicited by
questioning the subject at the end of the exercise
test. They may include discomfort from the mouth-
piece, cycle saddle, or musculoskeletal system.

Conditions exhibiting this response pattern

Chronic pulmonary disease
Chronic obstructive and restrictive pulmonary dis-
eases are often associated with extreme breathless-
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ness, which becomes reinforced by chronic fear and
anxiety. In some of these individuals their symp-
toms have increased out of proportion to any
underlying physiological abnormalities and be-
come the sole limiting factor during maximal exer-
cise.

Malingering and desire for secondary gain
(disproportionately high symptoms)
Some individuals deliberately score symptoms high
on psychometric scales. A reason in terms of sec-
ondary gain fromdoing somay be obvious or subtle.
Examples may include claim for disability pay-
ments, a desire to retire from work, or for other
purposes of Wnancial compensation or litigation.
Some individuals score disproportionately high
symptoms for no other reason than that they desire
ongoing medical attention and investigation. This
behavior is described as malingering.

Stoicism and denial (disproportionately low
symptoms)
There are two common reasons for disproportion-
ately low symptom scores: stoicism and denial. A
subject can intentionally underrate perceived exer-
tion and underscore breathlessness through being
stoical. Thus, stoicism is a conscious process, often
exhibited for reasons of bravado. Determined ath-
letes exhibit stoicism; also some patients exhibit
stoicism despite having a deWnite disease process.
Denial is notably diVerent from stoicism, imply-

ing unintentional or subconscious underrating or
underscoring of symptoms. Denial is seen in ath-
letes as they get older and are unwilling to accept
the inevitable decline in maximal exercise perform-
ance. Denial is also seen in patients who sub-
consciously refuse to accept the existence of their
disease process.
Clearly, distinguishing between stoicism and de-

nial becomes a subtle judgment call on the part of
the exercise professional.

Psychological disturbances
Various psychological disturbances, including
anxiety neurosis, can precipitate exercise limitation

without physiological limitation. Other features of
anxiety may be evident from the submaximal
physiological measurements, e.g., resting tachycar-
dia or hyperventilation at any stage during the
study.
Psychological disturbances are often unpredict-

able in the way they inXuence perception of eVort
and other exercise symptoms such as breathless-
ness. Disproportionatelyhigh or low symptoms that
do not have any obvious explanation can be due to
an obscure psychological disturbance.
Fear and anxiety most commonly lead to dispro-

portionately high symptom scores, which can
sometimes even limit the exercise response.

Musculoskeletal disease
Arthritis or othermusculoskeletal disease can cause
exercise cessation without physiological limitation.
It would be unusual to require an incremental exer-
cise test to reach the conclusion that musculos-
keletal disease was the reason for exercise limita-
tion. However, theremay be circumstances where it
is desired to measure physiological performance
within the constraints of known musculoskeletal
disease.

Suboptimal effort

DeWnition and identiWcation

Suboptimal eVort results in submaximal physiologi-
cal values for the incremental exercise test. Hence,
aerobic capacity is reduced and predicted maxi-
mum heart rate is not attained. In the absence of
any identiWable physiological limitations or abnor-
mal response patterns, V̇o2max� 80% of predicted
together with fCmax also �80% of predicted suggests
suboptimal eVort. Given that the underlying exer-
cise response is otherwise normal, the reductions in
V̇o2max and fCmax are usually proportional. The detec-
tion of V̇o2� within the normal range further sub-
stantiates the diagnosis of a suboptimal eVort,
assuming all other aspects of the exercise response
are normal. However, V̇o2� may also be within the
range of deconditioning, i.e., 40–50% of predicted
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Table 5.16. Suboptimal effort

DeWning variables

V̇o
2max

f
Cmax

V̇
Emax

V̇o
2
�

Lactate

RPE

R

Conditions exhibiting this response pattern

Poor motivation

Psychological disturbances

Desire for secondary gain

Malingering

V̇o2max in the presence of suboptimal eVort.
The expected increase in blood lactate that ac-

companies a true maximal eVort is diminished or
absent. End-exercise blood lactate should be at least
30mg · dl−1 to indicate a true maximal eVort, in the
absence of other confounding factors.
A true maximal eVort is reliably associated with a

rating of perceived exertion of 16–18 on the Borg
scale. Thus an RPE� 16, in the absence of other
confounding factors, is also consistent with subop-
timal eVort.
The respiratory exchange ratio, R, is often ad-

vocated as an indicator of maximum eVort. An R
value less than 1.10 is unlikely to be observed with
true maximal eVort in the absence of other con-
founding factors. However, R for a true maximum
eVort is extremely variable between individuals and
attainment of an R value of 1.10 should never be
taken as an indication to terminate a maximal exer-
cise test.
Suboptimal eVort is best identiWed by examining

tabular data for V̇o2max, fCmax, V̇Emax, V̇o2 lactate, RPE,
andR (Table 5.16) in conjunctionwith panels 1, 2, 3,
5, and 8 of a nine-panel display (Figure 5.3). Panel 5
shows a normal fC–V̇o2 response patternwhich ends
prematurely before fCmax and V̇o2max have been
achieved. The same panel allows determination of
V̇o2� from the V̇co2–V̇o2 plot.

Conditions exhibiting this response pattern

Subconscious (unintentional) suboptimal eVort
Some individuals are simply poorly motivated for a
maximal exercise test and consequently do not
push themselves to give a truemaximal eVort. Their
physiological measures fail to indicate any speciWc
physiological limitations but nevertheless their per-
ception of eVort (RPE) may be relatively high. In
these circumstances the inability to give a true
maximal eVort is unintentional. Furthermore, if
successful measures can be implemented to im-
prove motivation then a higher aerobic capacity
should be elicited in a subsequent test.
Inability to give a true maximal eVort is a feature

of certain psychological disturbances. Therefore,
the results of an exercise test in a personwith estab-
lished psychiatric diagnosis should be interpreted
accordingly. Beware not to prejudge an individual
because of suspected psychological factors which
could mask an underlying somatic illness.

Conscious (intentional) suboptimal eVort
Some individuals deliberately give a suboptimal ef-
fort to give the impression of reduced exercise ca-
pacity for reasons of secondary gain. These reasons
may be obvious, such as a claim for disability pay-
ments, a desire to retire from work, or for other
purposes of Wnancial compensation or litigation.
Sometimes the secondary gain is less obvious and
requires subtle inquiry to reveal its nature.
Some individuals give a suboptimal eVort for no

other reason than they desire ongoing medical at-
tention and investigation. This behavior is often de-
scribed as malingering.
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6

Illustrative cases
and reports

Introduction

This chapter provides six carefully selected cases
which are used to integrate the concepts of test
purpose, instrumentation, testingmethods, physio-
logical responses, and interpretation of test results
that have been developed in Chapters 1–5. These
examples are not meant to represent an exhaustive
examination of every set of responses that may be
seen in clinical or performance exercise testing.
Rather, these commonly encountered cases allow
the reader to envisage the process of exercise testing
leading to its natural conclusion – an interpretation
of exercise performance based upon a systematic
process of carefully applied methodologies and ac-
curate collection of key response variables. Each
case concludes with a brief statement about the
outcome following exercise testing.

Case 1: Declining exercise capacity with a
history of asthma (CXT: diagnostic)

Purpose

This 51-year-old male complained of declining ex-
ercise capacity. He had a history of asthma but
normal pulmonary function tests. He used a
salmeterol metered-dose inhaler (MDI: 2 puVs
twice daily) and Xuticasone MDI (2 puVs twice
daily). He had never smoked.Hewas accustomed to
running 2–3 miles, 4–5 days per week. A clinical
exercise test (CXT) was requested to deWne his exer-
cise limitations.

Method

A diagnostic exercise test was chosen utilizing a
ramp work rate protocol on a cycle ergometer.
Based on the initial physical assessment and re-
ported exercise habits, a ramp rate of 30W ·min−1

was chosen. Expired ventilation was measured us-
ing a two-way breathing valve and hot wire Xow
transducer. Therefore,Xow–volume loops could not
be obtained. The metabolic measuring system was
set in breath-by-breath mode. Peripheral measure-
ments included ECG, systemic arterial pressure,
pulse oximetry, and serial arterial blood sampling.
After a period of equilibration at rest, he per-

formedunloadedpedaling for 3min followed by the
ramp increase in work rate. He gave an excellent
eVort, achieving a maximumwork rate of 300W. He
stopped exercise complaining of leg fatigue. There
wereno technical problemsandnomedical compli-
cations during the study.

Results

Tabular data

See Table 6.1.

Graphical data

See Figure 6.1.

Aerobic capacity

V̇o2max was 3.53 l ·min−1 or 37ml · kg−1 ·min−1 (138%
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Table 6.1. Case 1: tabular data

IdentiWcation ID no. Age (years) Gender (M/F)

Illustrative case 1 51 M

Anthropometric Technical

Height (in.) 69 Barometer (mmHg) 757

Height (m) 1.75 Ambient temperature (°C) 22

Weight (lb) 209 F
I
o
2
(%) 21%

Weight (kg) 95 Valve dead space (ml) 80

Ẅ (W ·min−1) 30

Body mass index (kg ·m−2) 31 Ẇ
max

(W) 300

Pulmonary function Predicted Observed %Predicted

FVC (l) 4.70 4.50 96%

FEV
1
(l) 3.46 3.22 93%

FEV
1
/FVC (%) 74% 72%

MVV (l ·min−1) 89 160 179%

Aerobic capacity Predicted Observed %predV̇o
2max

V̇o
2max

(l ·min−1) 2.57 3.53 137%

V̇o
2
� (l ·min−1) 1.03 1.60 62%

�V̇o
2
/�W (ml ·min−1 ·W−1) 10.3 10.0

V̇o
2unloaded

(l ·min−1) 0.80

Cardiovascular response Predicted Observed %Predicted

f
Cmax

(min−1) 169 149 88%

Cardiac reserve (min−1) 0 20

V̇o
2
/f

Cmax
(ml) 15.2 23.7 156%

f
Crest

(min−1) 67

Resting ECG SR 70/min, axis + 60, P-QRS-T conWguration normal

Exercise ECG No dysrhythmia and no evidence of myocardial ischemia

Rest Exercise (max.) Recovery (2 min)

Systolic BP (mmHg) 138 154 140

Diastolic BP (mmHg) 98 94 90

Ventilatory response Predicted Observed %MVV

V̇
Emax

(l ·min−1) 160 117 73%

Ventilatory reserve (l ·min−1) �15 43

V
Tmax

(l) 2.25 2.93

f
Rmax

(min−1) �50 41

T
I
/T

E
at end exercise 0.8 0.9
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Table 6.1. (cont.)

Gas exchange Rest Threshold Maximum

V̇
E
/V̇o

2
35 26 33

V̇
E
/V̇co

2
40 26 27

P
ET

o
2
(mmHg) 103 104 115

P
ET

co
2
(mmHg) 39 42 38

R 0.88 0.98 1.23

Spo
2
(%) 97 96 93

Pao
2
(mmHg) 90 99 88

Paco
2
(mmHg) 44 43 39

P
(A–a)

o
2
(mmHg) 9 6 29

P
(a–ET)

co
2
(mmHg) 5 1 1

V
D
/V

T
(%) 36% 18% 16%

Muscle metabolism Rest Exercise (4min) Recovery (2 min)

Lactate (mg · dl−1) 94

Ammonia (�g · dl−1)

Creatine kinase (U · l−1)

Predicted Observed

RQ
mus

(�V̇co
2
/�V̇o

2
) 0.95 1.00

Symptom perception Rest Exercise (max.)

EVort (observer impression) Excellent

Symptoms (subjective) Leg fatigue

Perceived exertion (Borg scale/20) 10

Breathlessness (VAS scale/100) 21

of reference). V̇o2� was conWdently detected at an
oxygen uptake of 1.60 l ·min−1 or 17ml · kg−1 ·min−1

(62% of reference V̇o2max). Both of these measure-
ments exceed the reference values. Work eYciency
was normal, as judged by the relationship between
V̇o2 and Ẇ. V̇o2 for unloaded pedaling was in-
creasedcommensuratewith increasedbodyweight.

Cardiovascular response

fCmax was 149min−1 (88% of reference). He ap-
proached cardiovascular limitation. V̇o2/fCmax was
23.7ml (156% of reference) and �fC/�V̇o2 was reduc-
ed consistent with physical conditioning. The ECG
showed no dysrhythmia and no evidence of my-
ocardial ischemia. Systemic arterial pressures were
normal at rest, during exercise, andduring recovery.

Ventilatory response

V̇Emax was 117 l ·min−1 (73% of measured MVV). He
did not exhibit ventilatory limitation. �V̇E/�V̇o2 was
normal. VTmax and fRmax were both within their ex-
pected ranges. TI/TE was normal, indicating a nor-
mal ventilatory response pattern.

Gas exchange

Ventilatory equivalents and end-tidal gas tensions
showednormal response patterns.VD/VTwas 36% at
rest and 16% at maximum exercise, which was nor-
mal. P(A–a)o2 was 9mmHg at rest and 29mmHg at
maximum exercise, which was also normal. Oxy-
genation was normal throughout the study, as
judged by pulse oximetry.
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Figure 6.1 Case 1. Nine-panel display. The data were obtained for a period of equilibration at rest then 3min of unloaded

pedaling followed by a ramp increase in work rate of 30W ·min−1 to symptom-limited maximum.
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Muscle metabolism

RQmus was normal, as judged by the lower slope of
the V̇co2–V̇o2 relationship. He exhibited a normal
increase in blood lactate.

Symptom perception

His RPE was 10/20, which was inappropriately low
compared with the cardiovascular response. His �−
score was 21/100, which was inappropriately low
compared with the proportion of his ventilatory ca-
pacity utilized.

Interpretation

Increased aerobic capacity and increasedmetabolic
threshold consistent with a physically well-condi-
tioned subject. The cardiovascular response was
also consistent with physical Wtness. There was no
evidence of ventilatory limitation. Gas exchange
mechanisms and muscle metabolism appeared
normal. Symptom perception was inappropriately
reduced, consistent with stoicism.

Addendum

The subject was reassured that he maintained an
excellent level of Wtness and that no physiological
abnormalities existed to account for exercise limita-
tion.

Case 2: A sedentary young female preparing
for exercise (PXT: fitness assessment)

Purpose

This 26-year-old female wished to begin a regular
exercise program for the purposeof weightmanage-
ment and cardiovascular risk reduction. She has a
strong family history of coronary artery disease, dia-
betes, and obesity. Although not diabetic, she was
12kg overweight. She was apparently in good
health, having normal blood pressure and blood
lipids. She was taking no medications and did not
smoke. She had not exercised regularly for 8 years,

but would prefer to walk or jog as her choice of
activities.

Method

After obtaining a Physical Activity Readiness Ques-
tionnaire (PAR-Q) and informed consent, a per-
formance exercise test was conducted in the Weld
using a Rockport 1-mile walk test. The purposes of
the test were to assess her current level of cardiopul-
monary Wtness, to acquire physiological and per-
ceptual responses during the test, and to establish a
baseline for exercise prescription and progress
monitoring. The test was administered on a meas-
uredoutdoor track. A heart ratemonitorwas used to
measure and record fC throughout the test. Ratings
of perceived exertion were acquired every 440 yd.
The subject was instructed to walk as fast as poss-
ible for the entire mile without running. After light
stretching and a short walk to become familiar with
the course, the subject began walking on a verbal
signal to start that coincided with starting the stop-
watch. Ambient air temperature was 24 °C; humid-
ity was 55%. Body weight was measured before the
test at 84 kg. Resting fC was 78min−1. The subject
gave a good eVort, did not exhibit any symptoms,
and reported no ill eVects from the exercise.

Results

Tabular data

See Table 6.2.

Graphical data

See Figure 6.2.

Predicted aerobic capacity

The 26-year-old subject’s endurance time for the
1-mile walk was 18: 59 (min:s). Her heart rate dur-
ing the last 2min of the walk averaged 171min−1,
determined from the heart rate meter. These data,
along with her body weight of 84 kg, were entered
into the Rockport walking test equation for
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Table 6.2. Case 2: tabular data for the Rockport 1-mile walk test

Lap

Time f
C

time Distance V̇o
2

(min) (min−1) (min) (yd) (ml · kg−1 ·min−1) RPE

1 123

2 138

3 150

4 156

5 158 4: 38 440 12.2 11

6 159

7 160

8 162

9 165 9: 06 880 12.3 12

10 166

11 168

12 169

13 168

14 170 13: 38 1320 12.4 13

15 171

16 170

17 171

18 170

19 171 18: 59 1760 11.8 14

Figure 6.2 Case 2. Relationship between f
C
and time for the

Rockport 1-mile walk test.

prediction of V̇o2max, yielding a value of
27.0ml · kg−1 ·min−1. The test was performed at a
relatively even pace with 440-yd lap times of 4: 38,
4: 28, 4: 32, and 5: 21 (min:s). These times suggest
an average walking velocity of 19min ·mile−1

(85m ·min−1) and a corresponding V̇o2 of
12ml · kg−1 ·min−1 at this speed. No adverse symp-
toms were reported.

Cardiovascular response

Her fC was 123min−1 after the Wrst minute and
158min−1 at the end of the Wrst 440 yd. From the end
of the 11thminute of walking through the end of the
test at 18: 59, fC did not vary by more than 3min−1,
reaching a peak value of 171min−1 during the last
minute of the test. This steady-state fC represents
88% of the subject’s maximal heart rate or 79% of
the heart rate reserve (estimated fCmax–fCrest).

Symptom perception

Ratings of perceived exertion (RPE) increased
slightly from 11 to 14 at each quarter-mile interval
throughout the test (Table 6.2). Relative to the car-
diovascular response, RPE was somewhat low.

Interpretation

The predicted V̇o2max of 27ml · kg−1 ·min−1 repre-
sents a below-average level of aerobic Wtness for
women aged 20–29 compared to the reference value
of 36ml · kg−1 ·min−1 for this gender and age group.
Thus, the predicted V̇o2max represents 75% of the
reference value and is suggestive of deconditioning.
The cardiovascular response, as determined by fC
alone, is higher than expected for the work rate
which is also consistentwith deconditioning.Symp-
tom perception is inappropriately low, suggesting
denial or stoicism.

Addendum

After review of the test results and the development
of a progressivewalking,walk/jog program, the sub-
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ject embarked on fulWlling this prescription 5 days
per week. She exercised regularly for the next 9
weeks, averaging 0.36 kg per week weight loss.

Case 3: An apparently healthy male
complaining of exertional breathlessness and
muscle fatigue (CXT: diagnostic)

Purpose

This 44-year-old male complained of exertional
breathlessness and muscle fatigue. He had no
knownmedical problems and took no medications.
He was completely sedentary, having stopped any
regular exercise 8 months previously. He had a 10
pack-year smoking history but quit 1 month before
his exercise evaluation. Resting pulmonary function
tests were normal.

Method

A diagnostic exercise test was chosen utilizing a
ramp work rate protocol on a cycle ergometer.
Based on initial physical assessment and reported
exercise habits, a ramp rate of 15W ·min−1 was
chosen. Ventilation was measured using a bi-direc-
tional Xow transducer. The metabolic measuring
system was set in breath-by-breath mode. Periph-
eral measurements included ECG, systemic arterial
pressure, and pulse oximetry. A cannula was in-
serted in the right radial artery and sequential
samples of arterial blood were obtained for the
measurementof bloodgases, lactate, ammonia, and
creatine kinase.
After a period of equilibration at rest, he per-

formedunloadedpedaling for 3min followed by the
ramp increase in work rate. He gave an excellent
eVort, achieving a maximumwork rate of 197W. He
stopped exercise complaining of breathlessness.
There were no technical problems and no medical
complications during the study.

Results

Tabular data

See Table 6.3.

Graphical data

See Figure 6.3.

Aerobic capacity

V̇o2max was 2.06 l ·min−1 (74% of reference). This was
mildly reduced. V̇o2� was conWdently detected by
gas exchangemeasurements at an oxygen uptake of
1.30 l ·min−1 (47%of reference V̇o2max). This was nor-
mal. Work eYciency was abnormal, as judged by
the relationship between V̇o2 and Ẇ which had a
slope of 8.2ml ·min−1 ·W−1 comparedwith the refer-
ence value of 10.3ml ·min−1 ·W−1. V̇o2 for unloaded
pedaling was within normal limits.

Cardiovascular response

fCmax was 161min−1 (91% of reference). Hence he
exhibited cardiovascular limitation. V̇o2/fCmax was
12.9ml (81% of reference) and �fC/�V̇o2 was normal,
consistent with a normal cardiovascular response
pattern. The ECG showed no dysrhythmia and no
evidence of myocardial ischemia. Systemic arterial
pressures were normal throughout the study.

Ventilatory response

V̇Emax was 83 l ·min−1 (70% of measured MVV).
Hence he did not exhibit ventilatory limitation. �V̇E/
�V̇o2 was normal. fRmax was within the expected
range. VTmax was lower than expected. There was a
deWnite period of hyperventilation at moderate ex-
ercise intensity (see panels 1, 6, 8, and 9 of Figure
6.3).

Gas exchange

Gas exchange mechanisms were normal. VD/VT was
18% at rest and 15% at maximum exercise. P(A–a)o2
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Table 6.3. Case 3: tabular data

IdentiWcation ID no. Age (years) Gender (M/F)

Illustrative case 3 44 M

Anthropometric Technical

Height (in.) 66 Barometer (mmHg) 755

Height (m) 1.68 Ambient temperature (°C) 23

Weight (lb) 143 F
I
o
2
(%) 21%

Weight (kg) 95 Valve dead space (ml) 80

Ẅ (W ·min−1) 15

Body mass index (kg ·m−2) 23 Ẇ
max

(W) 197

Pulmonary function Predicted Observed %Predicted

FVC (l) 4.09 4.73 116%

FEV
1
(l) 3.37 3.85 114%

FEV
1
/FVC (%) 82% 81%

MVV (l ·min−1) 87 119 136%

Aerobic capacity Predicted Observed %predV̇o
2max

V̇o
2max

(l ·min−1) 2.79 2.06 74%

V̇o
2
� (l ·min−1) 1.12 1.30 47%

�V̇o
2
/�W (ml ·min−1 ·W−1) 10.3 8.2

V̇o
2unloaded

(l ·min−1) 0.50

Cardiovascular response Predicted Observed %Predicted

f
Cmax

(min−1) 176 161 91%

Cardiac reserve (min−1) 0 15

V̇o
2
/f

Cmax
(ml) 15.9 12.9 81%

f
Crest

(min−1) 74

Resting ECG SR 76/min, rad +100, LVH by voltage criteria, ST normal

Exercise ECG No dysrhythmia and no evidence of myocardial ischemia

Rest Exercise (max.) Recovery (2 min)

Systolic BP (mmHg) 116 158 132

Diastolic BP (mmHg) 76 86 70

Ventilatory response Predicted Observed %MVV

V̇
Emax

(l ·min−1) 119 83 70%

Ventilatory reserve (l ·min−1) �15 36

V
Tmax

(l) 2.37 2.22

f
Rmax

(min−1) �50 40

T
I
/T

E
at end exercise 0.8 0.9
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Table 6.3. (cont.)

Gas exchange Rest Threshold Maximum

V̇
E
/V̇o

2
25 24 38

V̇
E
/V̇co

2
33 30 31

P
ET

o
2
(mmHg) 105 107 120

P
ET

co
2
(mmHg) 36 36 35

R 0.77 0.82 1.23

Spo
2
(%) 99 100 98

Pao
2
(mmHg) 97 101

Paco
2
(mmHg) 39 34

P
(A–a)

o
2
(mmHg) 1 20

P
(a–ET)

co
2
(mmHg) 3 −1

V
D
/V

T
(%) 18% 15%

Muscle metabolism Rest Exercise (4min) Recovery (2 min)

Lactate (mg · dl−1) 11 12 59

Ammonia (�g · dl−1) 90 70 186

Creatine kinase (U · l−1) 96 96 109

Predicted Observed

RQ
mus

(�V̇co
2
/�V̇o

2
) 0.95 1.00

Symptom perception Rest Exercise (max.)

EVort (observer impression) Excellent

Symptoms (subjective) Dyspnea, leg fatigue

Perceived exertion (Borg scale/20) 18

Breathlessness (VAS scale/100) 77

was 1mmHg at rest and 20mmHg at end exercise,
both of which were normal. Oxygenation was nor-
mal throughout the study, as judged by pulse
oximetry.

Muscle metabolism

RQmus was normal, as judged by the lower slope of
the V̇co2–V̇o2 relationship. He displayed normal in-
creases in lactate and ammonia levels during exer-
cise. Creatine kinase levels were normal.

Symptom perception

His RPE was 18/20, which was appropriate com-
pared with the cardiovascular response. His �−
scorewas 77/100, which was appropriate compared
with the proportion of his ventilatory capacity util-
ized.

Interpretation

Mildly reduced aerobic capacity with a normal
metabolic threshold. He exhibited cardiovascular
limitation with a normal cardiovascular response
pattern. There was a period of hyperventilation but
no evidence of ventilatory limitation. Gas exchange
mechanisms were normal. Muscle metabolism was
normal, although the ammonia increase was exag-
gerated. Symptom perception was appropriate. In
conclusion, he showed minor nonspeciWc abnor-
malities and no evidence of cardiovascular or pul-
monary disease to account for his breathlessness.
The identiWcation of hyperventilation during the
exercise phase suggests a component of anxiety.

Addendum

The subject was reassured that his breathlessness
was normal and that he had no physiological
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Figure 6.3 Case 3. Nine-panel display. The data were obtained for a period of equilibration at rest then 3min of unloaded

pedaling followed by a ramp increase in work rate of 15W ·min−1 to symptom-limited maximum.
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abnormalities.Aerobic exercise trainingwas recom-
mended three times per week, for 30min, with a
target heart rate range of 100–120 beat ·min−1. He
was encouraged to focus on slower, deeper breath-
ing whenever troubled by breathlessness.

Case 4: Initial evaluation for pulmonary
rehabilitation (CXT: diagnostic)

Purpose

This 71-year-old male wished to participate in a
pulmonary rehabilitation program that consisted of
structured exercise training. He was known to have
chronic obstructive pulmonary disease with com-
ponents of asthma and emphysema. Also, he had
had coronary artery bypass surgery. His medica-
tions were diltiazem 180mg daily, quinidine 324mg
daily, isosorbidemononitrate 60mg daily, and sim-
vastatin 10mg daily. He had a 100 pack-year smok-
ing history. He was able to hit golf balls for about
20min three times a week but any greater physical
activity was limited by breathlessness.

Method

A diagnostic exercise test utilizing a ramp work rate
protocol on a cycle ergometer was chosen in order
to deWne his physiological limitations and to enable
a safe and eVective exercise prescription. Based on
the initial physical assessment and reported exer-
cise habits, a ramp rate of 10W ·min−1 was chosen.
Ventilation was measured using a two-way breath-
ing valve and hot wire Xow transducer. Therefore,
Xow–volume loops could not be obtained. The
metabolic measuring system was set in breath-by-
breath mode. Peripheral measurements included
ECG, systemic arterial pressure, andpulse oximetry.
A single arterial blood sample was obtained at rest
for blood gases and a single venous blood sample
was obtained after 2min of recovery for lactate.
After a period of equilibration at rest, he per-

formedunloadedpedaling for 3min followed by the
ramp increase in work rate. He gave an excellent

eVort, achieving a maximumwork rate of 104W. He
stoppedexercise complaining of breathlessness and
leg fatigue. There were no technical problems and
no medical complications during the study.

Results

Tabular data

See Table 6.4.

Graphical data

See Figure 6.4.

Aerobic capacity

V̇o2max was 1.55 l ·min−1 (80% of reference). Hence,
aerobic capacity was low normal. V̇o2� was conW-
dently detected at an oxygen uptake of 0.95 l ·min−1

(49% of reference V̇o2max). This was within the ex-
pected range. Work eYciency was normal, as
judged by the relationship between V̇o2 and Ẇ.
V̇o2 for unloaded pedaling was also normal.

Cardiovascular response

fCmax was 120min−1 (81% of reference). He ap-
proached but did not truly exhibit cardiovascular
limitation. V̇o2/fCmax was 13.0ml (100% of refer-
ence). �fC/�V̇o2 was reduced due to the constraining
eVects of diltiazem on heart rate increase, thus re-
sulting in a spuriously high oxygen pulse but a sub-
maximal heart rate. The ECG showed rare prema-
ture ventricular contractions during the exercise
phase but no ST or repolarization changes sug-
gestive of myocardial ischemia. Systemic arterial
pressures were normal at rest, during exercise, and
during recovery.

Ventilatory response

V̇Emax was 53 l ·min−1 (96% of measured MVV). He
exhibited ventilatory limitation. �V̇E/�V̇o2 was nor-
mal. VTmax and fRmax were both within their expected
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Table 6.4. Case 4: tabular data

IdentiWcation ID no. Age (years) Gender (M/F)

Illustrative case 4 71 M

Anthropometric Technical

Height (in.) 67 Barometer (mmHg) 749

Height (m) 1.70 Ambient temperature (°C) 24

Weight (lb) 145 F
I
o
2
(%) 21%

Weight (kg) 66 Valve dead space (ml) 80

Ẅ (W ·min−1) 10

Body mass index (kg ·m−2) 23 Ẇ
max

(W) 104

Pulmonary function Predicted Observed %Predicted

FVC (l) 3.90 2.36 61%

FEV
1
(l) 2.63 1.19 45%

FEV
1
/FVC (%) 67% 50%

MVV (l ·min−1) 73 55 76%

Aerobic capacity Predicted Observed %predV̇o
2max

V̇o
2max

(l ·min−1) 1.93 1.55 80%

V̇o
2
� (l ·min−1) 0.77 0.95 49%

�V̇o
2
/�W (ml ·min−1 ·W−1) 10.3 10.9

V̇o
2unloaded

(l ·min−1) 0.58

Cardiovascular response Predicted Observed %Predicted

f
Cmax

(min−1) 149 120 81%

Cardiac reserve (min−1) 0 29

V̇o
2
/f

Cmax
(ml) 13.0 13.0 100%

f
Crest

(min−1) 80

Resting ECG SR 70/min, borderline widened QRS, normal ST, T

Exercise ECG Rare PVCs during exercise, normal ST and repolarization

Rest Exercise (max.) Recovery (2 min)

Systolic BP (mmHg) 140 180 170

Diastolic BP (mmHg) 80 90 80

Ventilatory response Predicted Observed %MVV

V̇
Emax

(l ·min−1) 55 53 96%

Ventilatory reserve (l ·min−1) �15 2

V
Tmax

(l) 1.18 1.36

f
Rmax

(min−1) �50 41

T
I
/T

E
at end exercise 0.8 0.6
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Table 6.4. (cont.)

Gas exchange Rest Threshold Maximum

V̇
E
/V̇o

2
41 31 34

V̇
E
/V̇co

2
46 33 33

P
ET

o
2
(mmHg) 106 104 107

P
ET

co
2
(mmHg) 39 43 43

R 0.87 0.97 1.05

Spo
2
(%) 97 97 95

Pao
2
(mmHg) 74

Paco
2
(mmHg) 45

P
(A–a)

o
2
(mmHg) 22

P
(a–ET)

co
2
(mmHg) 6

V
D
/V

T
(%) 46%

Muscle metabolism Rest Exercise (4min) Recovery (2 min)

Lactate (mg · dl−1) 35

Ammonia (�g · dl−1)

Creatine kinase (U · l−1)

Predicted Observed

RQ
mus

(�V̇co
2
/�V̇o

2
) 0.95 1.00

Symptom perception Rest Exercise (max.)

EVort (observer impression) Good

Symptoms (subjective) Dyspnea, leg fatigue

Perceived exertion (Borg scale/20) 19

Breathlessness (VAS scale/100) 84

ranges. However, TI/TE was reduced consistent with
an obstructive response pattern.

Gas exchange

Ventilatory equivalents and end-tidal gas tensions
showednormal response patterns.VD/VTwas 46% at
rest which was marginally increased. P(A–a)o2 was
22mmHg at rest, which is normal. Resting Pao2 was
74mmHg, whereas Paco2 was 45mmHg, indicating
a mild degree of alveolar hypoventilation.Oxygena-
tion was normal throughout the study as judged by
pulse oximetry.

Muscle metabolism

RQmus was normal, as judged by the lower slope of
the relationship between V̇co2 and V̇o2. He ex-
hibited a normal increase in blood lactate.

Symptom perception

His RPE was 19/20, which was inappropriately high
compared with the cardiovascular response. His
�−score was 84/100, which was appropriate com-
paredwith the proportionof his ventilatory capacity
utilized.

Interpretation

Low normal aerobic capacity with normal meta-
bolic threshold. He exhibited ventilatory limitation
with abnormal gas exchange characterized bymild-
ly increased physiological dead space. The car-
diovascular response was inXuenced by diltiazem
butwas not strictly limiting and signiWcant evidence
of myocardial ischemia was not identiWed. Muscle
metabolism appeared normal. His perception of
exertion was probably also inXuenced by diltiazem.
This study indicated that his rehabilitation should
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Figure 6.4 Case 4. Nine-panel display. The data were obtained for a period of equilibration at rest then 3min of unloaded

pedaling followed by a ramp increase in work rate of 10W ·min−1 to symptom-limited maximum.
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focus on optimizing bronchodilator therapy to im-
prove ventilatory mechanics and emphasize slower
breathing to improve ventilatory eYciency. He had
potential for physical reconditioning to reduce his
ventilatory requirement for exercise.

Addendum

The subject participated in a 6-week intensive reha-
bilitationprogram.Threemonths after the intensive
phase he maintained a vigorous exercise program
and was able to walk briskly on the treadmill for
60min at 3m.p.h. and 4% grade.

Case 5: A history of occupational exposure
(CXT: diagnostic)

Purpose

This 58-year-old male complained of exertional
breathlessness and decline in his exercise capacity.
He used to walk 2 miles each day until 12 months
prior to testing but was now sedentary. He gave a
12-year history of exposure to solvents during his
work. He took nifedipine 60mg daily for hyperten-
sion. He smoked in the past but quit 13 years prior
to testing. A CXT was requested to assist with diag-
nosis.

Method

A diagnostic exercise test was chosen utilizing a
ramp work rate protocol on a cycle ergometer.
Based on initial physical assessment and reported
exercise habits, a ramp rate of 15W ·min−1 was
chosen. Ventilation was measured using a bi-direc-
tional Xow transducer. The metabolic measuring
system was set in breath-by-breath mode. Periph-
eral measurements included ECG, systemic arterial
pressure, and pulse oximetry. An arterial sample
was obtained at rest for blood gases and venous
sample obtained after 2min of recovery for lactate.
After a period of equilibration at rest, he per-

formedunloadedpedaling for 3min followed by the

ramp increase in work rate. He gave an excellent
eVort, achieving a maximumwork rate of 131W. He
stopped exercise complaining of breathlessness.
There were no technical problems and no medical
complications during the study.

Results

Tabular data

See Table 6.5.

Graphical data

See Figure 6.5.

Aerobic capacity

V̇o2max was 1.61 l ·min−1 (69% of reference). V̇o2�was
conWdently detected at an oxygen uptake of
0.95 l ·min−1 (41% of reference V̇o2max). Both of these
values were reduced. Work eYciency was normal,
as judged by the relationship between V̇o2 and Ẇ.
V̇o2 for unloadedpedalingwasmarginally increased
commensurate with increased body weight.

Cardiovascular response

fCmax was 166min−1 (102% of reference). He ex-
hibited cardiovascular limitation. V̇o2/fCmax was
9.7ml (67% of reference) and �fC/�V̇o2 was in-
creased, consistent with attainment of maximum
heart rate at low maximum oxygen uptake. The
ECG showed no dysrhythmia and no evidence of
myocardial ischemia. Systemic arterial pressures
were marginally high at rest and at maximum
exercise.

Ventilatory response

V̇Emax was 68 l ·min−1 (59% of measured MVV). He
did not exhibit ventilatory limitation. �V̇E/�V̇o2 was
normal. VTmax and fRmax were both within their ex-
pected ranges. TI/TE was normal, indicating a nor-
mal ventilatory response pattern.
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Table 6.5. Case 5: tabular data

IdentiWcation ID no. Age (years) Gender (M/F)

Illustrative case 5 58 M

Anthropometric Technical

Height (in.) 71 Barometer (mmHg) 749

Height (m) 1.80 Ambient temperature (°C) 23

Weight (lb) 257 F
I
o
2
(%) 21%

Weight (kg) 117 Valve dead space (ml) 80

Ẅ (W ·min−1) 15

Body mass index (kg ·m−2) 36 Ẇ
max

(W) 131

Pulmonary function Predicted Observed %Predicted

FVC (l) 4.52 4.43 98%

FEV
1
(l) 3.42 3.04 89%

FEV
1
/FVC (%) 76% 69%

MVV (l ·min−1) 88 115 130%

Aerobic capacity Predicted Observed %predV̇o
2max

V̇o
2max

(l ·min−1) 2.34 1.61 69%

V̇o
2
� (l ·min−1) 0.94 0.95 41%

�V̇o
2
/�W (ml ·min−1 ·W−1) 10.3 9.8

V̇o
2unloaded

(l ·min−1) 0.62

Cardiovascular response Predicted Observed %Predicted

f
Cmax

(min−1) 162 166 102%

Cardiac reserve (min−1) 0 −4

V̇o
2
/f

Cmax
(ml) 14.4 9.7 67%

f
Crest

(min−1) 105

Resting ECG SR 103/min, axis +60, P-QRS-T conWguration normal

Exercise ECG No dysrhythmia and no evidence of myocardial ischemia

Rest Exercise (max.) Recovery (2 min)

Systolic BP (mmHg) 128 192 160

Diastolic BP (mmHg) 100 99 86

Ventilatory response Predicted Observed %MVV

V̇
Emax

(l ·min−1) 115 68 59%

Ventilatory reserve (l ·min−1) �15 47

V
Tmax

(l) 2.22 1.95

f
Rmax

(min−1) �50 34

T
I
/T

E
at end exercise 0.8 0.9
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Table 6.5. (cont.)

Gas exchange Rest Threshold Maximum

V̇
E
/V̇o

2
35 34 41

V̇
E
/V̇co

2
36 32 31

P
ET

o
2
(mmHg) 109 108 116

P
ET

co
2
(mmHg) 35 37 34

R 0.98 1.06 1.33

Spo
2
(%) 97 98 98

Pao
2
(mmHg) 88

Paco
2
(mmHg) 40

P
(A–a)

o
2
(mmHg) 19

P
(a–ET)

co
2
(mmHg) 5

V
D
/V

T
(%) 30%

Muscle metabolism Rest Exercise (4min) Recovery (2 min)

Lactate (mg · dl−1) 42

Ammonia (�g · dl−1)

Creatine kinase (U · l−1)

Predicted Observed

RQ
mus

(�V̇co
2
/�V̇o

2
) 0.95 1.00

Symptom perception Rest Exercise (max.)

EVort (observer impression) Excellent

Symptoms (subjective) Dyspnea

Perceived exertion (Borg scale/20) 13

Breathlessness (VAS scale/100) 71

Gas exchange

Ventilatory equivalents and end-tidal gas tensions
showednormal response patterns.VD/VTwas 30% at
rest, which was normal. P(A–a)o2 was 19mmHg at
rest, which was also normal. Oxygenation was nor-
mal throughout the study, as judged by pulse
oximetry.

Muscle metabolism

RQmus was normal, as judged by the lower slope of
the relationship between V̇co2 and V̇o2. He ex-
hibited a normal increase in blood lactate.

Symptom perception

His RPE was 13/20, which was inappropriately low
compared with the cardiovascular response. His �−
scorewas 71/100, which was appropriate compared
with the proportion of his ventilatory capacity util-
ized.

Interpretation

Moderately reduced aerobic capacity and reduced
metabolic threshold. He exhibited cardiovascular
limitation at an abnormally low oxygen uptake. This
could represent severe physical deconditioning or
early cardiovascular disease. His mildly hyperten-
sive response suggests a poorly compliant periph-
eral vascular system. However, he showed no
evidence of dysrhythmia and no evidence of
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Figure 6.5 Case 5. Nine-panel display. The data were obtained for a period of equilibration at rest then 3min of unloaded

pedaling followed by a ramp increase in work rate of 15W ·min−1 to symptom-limited maximum.

198 Illustrative cases and reports



myocardial ischemia during this study. He did dis-
play resting tachycardia and mild hyperventilation
consistent with anxiety with the beginning of test-
ing. The ventilatory responsewas otherwisenormal.
Gas exchange mechanisms andmuscle metabolism
appeared normal. Symptom perception was essen-
tially normal, except for stoicism with respect to
perceived exertion.

Addendum

An echocardiogram was recommended to rule out
cardiomyopathy or valvular heart disease. An exer-
cise prescription was also given to the patient with
the expectation of reversing any component of
physical deconditioning.

Case 6: Muscle fatigue and breathlessness
(CXT: diagnostic)

Purpose

This 65-year-old man was referred with severe
muscle fatigue and unexplained breathlessness on
exertion. He was overweight and had a restrictive
abnormality on pulmonary function testing. He was
taking no regular medications. He gave a 28 pack-
year smoking history but quit 23 years prior to test-
ing. He attempted walking about 30min twice
weekly.

Method

A diagnostic exercise test was chosen utilizing a
ramp work rate protocol on a cycle ergometer.
Based on initial physical assessment and reported
exercise habits, a ramp rate of 15W ·min−1 was
chosen. Ventilation was measured using a bi-direc-
tional Xow transducer. The metabolic measuring
system was set in breath-by-breath mode. Periph-
eral measurements included ECG, systemic arterial
pressure, and pulse oximetry. A cannula was in-
serted in the right radial artery and sequential
samples of arterial blood were obtained for the

measurement of lactate, ammonia, and creatine
kinase.
After a period of equilibration at rest, he per-

formedunloadedpedaling for 3min followed by the
ramp increase in work rate. He gave an excellent
eVort, achieving a maximumwork rate of 112W. He
stopped exercise complaining of leg fatigue and
breathlessness. There were no technical problems
and no medical complications during the study.

Results

Tabular data

See Table 6.6.

Graphical data

See Figure 6.6.

Aerobic capacity

V̇o2max was 1.10 l ·min−1 (52% of reference). This was
moderately reduced. V̇o2� was detected with fair
conWdenceat an oxygen uptakeof 0.50 l ·min−1 (24%
of reference V̇o2max). This was severely reduced.
Work eYciency was abnormal, as judged by the
relationship between V̇o2 and Ẇ, which had a slope
of 5.9ml ·min−1 ·W−1 compared with the normal
value of 10.3ml ·min−1 ·W−1. V̇o2 for unloaded
pedaling was lower than expected.

Cardiovascular response

fCmax was 121min−1 (78% of reference). He did not
exhibit cardiovascular limitation. V̇o2/fCmax was
9.1ml (67% of reference); however, �fC/�V̇o2 was
normal, consistent with a normal cardiovascular re-
sponse pattern for the duration of the study. The
ECG showed no dysrhythmia and no evidence of
myocardial ischemia. Systemic arterial pressures
were normal.
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Table 6.6. Case 6: tabular data

IdentiWcation ID no. Age (years) Gender (M/F)

Illustrative case 6 65 M

Anthropometric Technical

Height (in.) 72 Barometer (mmHg) 762

Height (m) 1.83 Ambient temperature (°C) 23

Weight (lb) 251 F
I
o
2
(%) 21%

Weight (kg) 114 Valve dead space (ml) 80

Ẅ (W ·min−1) 15

Body mass index (kg ·m−2) 34 Ẇ
max

(W) 112

Pulmonary function Predicted Observed %Predicted

FVC (l) 4.67 2.76 59%

FEV
1
(l) 3.28 2.03 62%

FEV
1
/FVC (%) 70% 74%

MVV (l ·min−1) 86 74 86%

Aerobic capacity Predicted Observed %predV̇o
2max

V̇o
2max

(l ·min−1) 2.12 1.10 52%

V̇o
2
� (l ·min−1) 0.85 0.50 24%

�V̇o
2
/�W (ml ·min−1 ·W−1) 10.3 5.9

V̇o
2unloaded

(l ·min−1) 0.44

Cardiovascular response Predicted Observed %Predicted

f
Cmax

(min−1) 155 121 78%

Cardiac reserve (min−1) 0 34

V̇o
2
/f

Cmax
(ml) 13.7 9.1 67%

f
Crest

(min−1) 80

Resting ECG SR 80/min, axis +60, P-QRS-T conWguration normal

Exercise ECG No dysrhythmia and no evidence of myocardial ischemia

Rest Exercise (max.) Recovery (2 min)

Systolic BP (mmHg) 130 190

Diastolic BP (mmHg) 80 90

Ventilatory response Predicted Observed %MVV

V̇
Emax

(l ·min−1) 74 61 82%

Ventilatory reserve (l ·min−1) �15 13

V
Tmax

(l) 1.38 1.50

f
Rmax

(min−1) �50 47

T
I
/T

E
at end exercise 0.8 0.9
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Table 6.6. (cont.)

Gas exchange Rest Threshold Maximum

V̇
E
/V̇o

2
55 36 57

V̇
E
/V̇co

2
48 32 33

P
ET

o
2
(mmHg) 106 110 122

P
ET

co
2
(mmHg) 36 37 33

R 0.98 1.11 1.68

Spo
2
(%) 96 96 99

Pao
2
(mmHg) 64 75

Paco
2
(mmHg) 40 38

P
(A–a)

o
2
(mmHg) 45 53

P
(a–ET)

co
2
(mmHg) 4 5

V
D
/V

T
(%) 37% 26%

Muscle metabolism Rest Exercise (4min) Recovery (2 min)

Lactate (mg · dl−1) 3 21 62

Ammonia (�g · dl−1) 70 79 161

Creatine kinase (U · l−1) 153 154 161

Predicted Observed

RQ
mus

(�V̇co
2
/�V̇o

2
) 0.95 1.00

Symptom perception Rest Exercise (max.)

EVort (observer impression) Good

Symptoms (subjective) Dyspnea, fatigue

Perceived exertion (Borg scale/20) 20

Breathlessness (VAS scale/100) 90

Ventilatory response

V̇Emax was 61 l ·min−1 (82% of measured MVV). He
approached ventilatory limitation. �V̇E/�V̇o2 was
increased, suggesting an exaggerated ventilatory
response. He displayed a relatively high fRmax com-
paredwith his aerobic capacity but VTmax was within
the expected range.

Gas exchange

Ventilatory equivalents and end-tidal gas tensions
suggestedmildly abnormal gas exchange. VD/VTwas
37% at rest, which was normal and 26% at maxi-
mum exercise, which was also normal in relation to
his V̇o2max and his age. P(A–a)o2 was 40mmHg at rest,
which was abnormally high, and 53mmHg at end
exercise, which was also abnormally high. These

Wndings suggest low V̇/Q̇ mismatch or increased
physiological shunt. Despite these features, oxygen-
ation was normal throughout the study, as judged
by pulse oximetry.

Muscle metabolism

RQmus was normal, as judged by the lower slope of
the V̇co2–V̇o2 relationship. He displayed premature
and exaggerated increases in lactate and ammonia
levels during exercise of relatively low work rate.
Creatine kinase levels were normal.

Symptom perception

His RPE was 20/20, which was inappropriately high
compared with the cardiovascular response. His
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Figure 6.6 Case 6. Nine-panel display. The data were obtained for a period of equilibration at rest then 3min of unloaded

pedaling followed by a ramp increase in work rate of 30W ·min−1 to symptom-limited maximum.
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�-score was 90/100, which was appropriate com-
paredwith the proportionof his ventilatory capacity
utilized.

Interpretation

Moderately reduced aerobic capacity with severely
reducedmetabolic threshold. Therewas evidence of
premature increases in lactate and ammonia at low
exercise work rate. In the absence of signiWcant
abnormalities in the cardiovascular response, these
Wndings suggest a derangement of peripheral
muscle metabolism such as one might see with

mitochondrial or othermyopathies. The increase in
lactate is also reXected in the exaggerated ventila-
tory response and relative tachypnea at end exer-
cise. The increased physiological shunt could be
explained by basal atelectasis related to his obesity.
His symptom perception reXects the physiological
abnormalities described above.

Addendum

He went on to have a quadriceps muscle biopsy
which showed chronic inXammatory myopathy
with some denervation changes.
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Appendix A Glossary (terms, symbols, definitions)

Table A1. Exercise test (XT) classification

Symbol or

Term abbreviation DeWnition

Performance exercise

test

PXT The PXT is typically performed on the apparently healthy population, often

as part of preventive strategies, for health promotion, and to provide

guidance for Wtness improvement or as a basis for training athletes. Fitness

assessment, progress monitoring, and exercise-training prescription are

some of the uses of the PXT

Clinical exercise

test

CXT The CXT is usually reserved for individuals presenting with signs or

symptoms of illness or disease. Exercise texts conducted in this discipline are

generally for diagnostic purposes, for progress monitoring, or for

rehabilitative exercise prescription

Field exercise

test

FXT The FXT is used when availability of more sophisticated instrumentation or

practicality precludes the use of laboratory tests. Field tests are appropriate

when testing individuals or groups of people and can provide quantitative

and objective measures of exercise performance within the performance or

clinical disciplines

Laboratory exercise

test

LXT The LXT is conducted in a controlled environment with sophisticated

instruments enabling greater precision and accuracy in the measurement of

a large number of physiological response variables. For these reasons, the

LXT is preferred whenever feasible
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Table A2. Physiological response variables

Symbol Term Units DeWnition

 Solubility coeYcient ml ·mmHg−1

ml · kPa−1
The amount of a speciWc gas that will dissolve in a

speciWc liquid at a given partial pressure

�− Breathlessness A measure of dyspnea usually administered with a

visual analog scale (VAS) during and/or at the end of

an incremental exercise test

C
(a–v̄)

o
2

Arterial–venous diVerence

in oxygen content

ml ·ml−1

ml ·dl−1

l · l−1

The diVerence in the oxygen content of the arterial

and mixed venous blood, the latter typically sampled

from the pulmonary artery

�f
C
/�V̇o

2
Slope of the

cardiovascular response

l−1 The linear increase of heart rate with increasing

oxygen uptake. The slope is deWned by the Fick

equation and thus is related to the cardiac stroke

volume and arterial–venous diVerence in oxygen

content

�V̇
E
/�V̇o

2
Slope of the ventilatory

response

The nonlinear increase of minute ventilation with

increasing oxygen uptake. The slope is determined by

the Bohr equation and thus is related to the

respiratory exchange ratio, the level at which the

arterial partial pressure of CO
2
is controlled, and the

ratio of dead space to tidal volume

�V̇o
2
/�Ẇ (�−1) Slope of the metabolic

response

ml ·min−1 ·W−1 The robustly linear increase in V̇o
2
with increases in

work rate observed in the normal response to

incremental exercise. The slope has a normal value of

about 10.3ml ·min−1 ·W−1

d
R

Running distance m

yd

mile

Distance completed in running tests

d
W

Walking distance m

yd

mile

Distance completed in walking tests

d
W6

Six-minute walking

distance

m

yd

The distance covered in 6 min by an individual

walking at his or her own chosen pace. The distance is

recorded without regard to the number and duration

of stops to rest

ECG Electrocardiogram mV and mm The summation of uncancelled electrical vectors

occurring during the cardiac cycle as measured at the

body surface by certain conWgurations of skin

electrodes

EELV End-expiratory lung

volume

ml

l

The volume of gas remaining in the lung at the end of

expiration. At rest this volume equates to the

functional residual capacity

EILV End-inspiratory lung

volume

ml

l

The volume of gas in the lung at the end of inspiration

f
C

Heart rate min−1 The frequency of cardiac cycles (beats) expressed per

minute

f
Cmax

Maximum heart rate min−1 The highest heart rate achieved with an exhausting

eVort in an incremental exercise test
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Table A2. (cont.)

Symbol Term Units DeWnition

f
Cres

Heart rate reserve min−1 The diVerence between resting and maximum heart

rate

FEV
1

Forced expiratory volume

in 1 s

l The volume of air expelled from the lungs during the

Wrst second of a forced expiration from total lung

capacity

FEF
25–75

Forced expiratory Xow l · s−1 The mean expiratory Xow measured between 75% and

25% of the vital capacity during a forced expiration

F
A
co

2
Fractional concentration

of alveolar carbon dioxide

% The fractional concentration of carbon dioxide in

alveolar gas

F
Ē
co

2
Fractional concentration

of mixed expired carbon

dioxide

% The fractional concentration of carbon dioxide in

mixed expired gas

F
Ē
n
2

Fractional concentration

of mixed expired nitrogen

% The fractional concentration of nitrogen in mixed

expired gas

F
Ē
o
2

Fractional concentration

of mixed expired oxygen

% The fractional concentration of oxygen in mixed

expired gas

F
I
co

2
Fractional concentration

of inspired carbon dioxide

% The fractional concentration of carbon dioxide in the

inspired gas

F
I
n
2

Fractional concentration

of inspired nitrogen

% The fractional concentration of nitrogen in the

inspired gas

F
I
o
2

Fractional concentration

of inspired oxygen

% The fractional concentration of oxygen in the inspired

gas

f
R

Respiratory rate min−1 The frequency of ventilatory cycles (breaths)

expressed per minute

HCO
3
− Bicarbonate The bicarbonate anion

La Lactate The lactate anion

MVV Maximum voluntary

ventilation

l ·min−1 A highly eVort-dependent maneuver requiring

subjects to exert a maximal ventilatory eVort by

forcibly increasing tidal volume and respiratory rate

for 12 or 15 s. The MVV is one method for estimating

ventilatory capacity

� Work eYciency W ·ml−1 ·min A measure of the external work obtained for a given

metabolic cost

�−1 Work eYciency ml ·min−1 ·W−1 A measure of the metabolic cost of performing

external work

NH
3

Ammonia The ammonia molecule

~P High-energy phosphate

bond

High-energy phosphate bonds such as are found in

ATP and ADP

Pa Systemic arterial pressure mmHg (Torr)

kPa

Systemic systolic blood pressure (Pa
sys
) coincides with

left ventricular contraction. Systemic diastolic blood

pressure (Pa
dia
) coincides with left ventricular

relaxation immediately before systole

P
(A–a)

o
2

Alveolar–arterial oxygen

partial pressure diVerence

mmHg (Torr)

kPa

The diVerence in partial pressure (or tension) of

oxygen between the arterial blood and the alveolar

compartment of the lung, representing the

completeness or eVectiveness of oxygen exchange in

the lung
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Table A2. (cont.)

Symbol Term Units DeWnition

Paco
2

Arterial carbon dioxide

partial pressure

mmHg (Torr)

kPa

The partial pressure (or tension) of carbon dioxide in

the systemic arterial blood

P
A
co

2
Alveolar carbon dioxide

partial pressure

mmHg (Torr)

kPa

The partial pressure (or tension) of carbon dioxide in

the alveolar gas

P
(a–ET)

co
2

Arterial–end-tidal carbon

dioxide partial pressure

diVerence

mmHg (Torr)

kPa

The diVerence in carbon dioxide partial pressure (or

tension) between the arterial blood and the end-tidal

gas, representing the extent to which ideal alveolar gas

has been diluted with gas from the physiological dead

space

Pao
2

Arterial oxygen partial

pressure

mmHg (Torr)

kPa

The partial pressure (or tension) of oxygen in the

systemic arterial blood

P
A
o
2

Alveolar oxygen partial

pressure

mmHg (Torr)

kPa

The partial pressure (or tension) of oxygen in the

alveolar gas

P
B

Barometric pressure mmHg (Torr)

kPa

Pressure of the ambient air at a particular time and

place

P
ET

co
2

End-tidal carbon dioxide

partial pressure

mmHg (Torr)

kPa

The partial pressure (or tension) of carbon dioxide in

gas exhaled at the end of a breath

P
ET

o
2

End-tidal oxygen partial

pressure

mmHg (Torr)

kPa

The partial pressure (or tension) of oxygen in gas

exhaled at the end of a breath

Ppa Pulmonary arterial

pressure

mmHg (Torr)

kPa

The pressure in the pulmonary outXow tract and the

main pulmonary arteries

P
v̄
o
2

Mixed venous oxygen

partial pressure

mmHg (Torr)

kPa

The partial pressure of oxygen in mixed venous blood

entering the right atrium and then Xowing through the

pulmonary arteries

Q̇
C

Cardiac output ml ·min−1

l ·min−1

The volume of blood ejected by either the left or right

ventricle each minute. Cardiac output is the product

of heart rate and cardiac stroke volume

Q̇o
2mus

Muscle oxygen

consumption

l ·min−1

ml ·min−1

Quantity of oxygen consumed by muscle per minute

R Respiratory exchange

ratio

The ratio of carbon dioxide output to oxygen uptake

measured at the mouth in the non-steady state,

representing whole-body carbon dioxide output and

oxygen uptake

RPE Rating of perceived

exertion

A subjective evaluation of an applied stimulus, e.g.,

exercise intensity

RQ Respiratory quotient The ratio of carbon dioxide output to oxygen uptake

measured at the mouth in the steady state or

measured across an isolated organ or tissue

RQ
mus

Muscle respiratory

quotient

The ratio of the increase in muscle CO
2
production to

the concomitant increase in muscle oxygen

consumption

Sao
2

Oxyhemoglobin

saturation

% Arterial oxyhemoglobin saturation measured by

co-oximeter or calculated from Pao
2
using a standard

dissociation curve

Spo
2

Oxyhemoglobin

saturation

% Oxyhemoglobin saturation measured by pulse

oximeter
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Table A2. (cont.)

Symbol Term Units DeWnition

SV Cardiac stroke volume ml The volume of blood ejected by either the left or right

ventricle with each systolic contraction

t Endurance time min

s

The total time of exercise, excluding the warm-up

period, for constant and incremental work rate

protocols or for variable work rates such as walking

and running tests

T
E

Expiratory time s The time taken for expiration

T
I

Inspiratory time s The time taken for inspiration

T
I
/T

E
Ratio of inspiratory to

expiratory time

Also called the I/E ratio, this variable indicates what

proportion of the time taken for each breath is

devoted to inspiration versus expiration. Hence, T
I
/T

E

is a measure of breathing pattern

t
pc

Pulmonary capillary

transit time

s Average time taken for blood to traverse the

pulmonary capillary bed

T
TOT

Total breath time s The time taken for a whole breath cycle, including

inspiration and expiration

�V̇o
2

Time constant for oxygen

uptake

s Time constant for the kinetic response of oxygen

uptake with a step change in external work rate

VAS Visual analog scale A 100-mm line used to score breathlessness

V̇co
2

Carbon dioxide output l ·min−1

ml ·min−1

The volume of carbon dioxide output per minute

measured from the exhaled air

V̇co
2alv

Alveolar carbon dioxide

output

l ·min−1

ml ·min−1

Volume of carbon dioxide released per minute into the

alveolar compartment of the lung

V
D

Dead space volume ml

l

The volume of the physiological dead space (V
Dphysiol

)

comprises the anatomical dead space (V
Danat

) plus the

alveolar dead space (V
Dalv
). V

Danat
represents the upper

airway, trachea, and conducting bronchi and V
Dalv

represents nonperfused or underperfused areas of

lung

Vds Valve dead space ml

l

Correction factor applied in the calculation of V
D
/V

T

representing the additional dead-space volume due to

the valve assembly and mouthpiece

V
D
/V

T
Dead space–tidal volume

ratio

The ratio between the dead-space volume and tidal

volume where dead space is correctly represented by

the physiological dead space (V
Dphysiol

). This ratio

indicates the eYciency of ventilation

V̇
E

Minute ventilation l ·min−1 The total volume of air expired per minute from the

lungs

V̇
Ecap

Ventilatory capacity l ·min−1 The theoretical upper limit for minute ventilation. It

may be estimated by the MVV maneuver or

alternatively, with FEV
1
or the maximal inspiratory and

expiratory Xow–volume relationship

V̇
Emax

Maximum minute

ventilation

l ·min−1 The highest value of minute ventilation attained and

measured during incremental exercise
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Table A2. (cont.)

Symbol Term Units DeWnition

V̇
E
� Ventilatory threshold l ·min−1

ml ·min−1

ml · kg−1 ·min−1

Level of exercise above which there is acidemia and

carotid body stimulation of ventilation with

predictable consequences on gas exchange

V̇
E
:V Expiratory Xow:volume

relationship

l · s−1 The maximal expiratory Xow proWle over the range of

lung volumes from residual volume to total lung

capacity. Also known as the Xow–volume loop

V̇
E
/V̇co

2
Ventilatory equivalent for

carbon dioxide

A measure of breathing eYciency derived by dividing

the instantaneous minute ventilation by the carbon

dioxide output

V̇
E
/V̇o

2
Ventilatory equivalent for

oxygen

A measure of breathing eYciency derived by dividing

the instantaneous minute ventilation by the oxygen

uptake

V̇
I
:V Inspiratory Xow:volume

relationship

l · s−1 The maximal inspiratory Xow proWle over the range of

lung volumes from total lung capacity to residual

volume. Also known as the Xow–volume loop

V̇o
2

Oxygen uptake l ·min−1

ml ·min−1

ml · kg−1 ·min−1

Volume of oxygen taken up per minute measured from

the exhaled air

V̇o
2alv

Alveolar oxygen uptake l ·min−1

ml ·min−1

ml · kg−1 ·min−1

Volume of oxygen taken up per minute from the

alveolar compartment of the lung

V̇o
2deb

Oxygen debt ml

l

Excess volume of oxygen taken up after switching to a

lower work rate

V̇o
2def

Oxygen deWcit ml

l

Shortfall of oxygen taken up after switching to a higher

work rate

V̇o
2
/f

C
Oxygen pulse ml A measure of cardiovascular eYciency indicating the

metabolic value that derives from every heart beat.

The oxygen pulse is derived by dividing the

instantaneous oxygen uptake by heart rate

V̇o
2
/f

R
Oxygen breath ml A measure of breathing eYciency indicating the

metabolic value that derives from each breath. The

oxygen breath is derived by dividing the instantaneous

oxygen uptake by respiratory rate

V̇o
2max

Aerobic capacity l ·min−1

ml ·min−1

ml · kg−1 ·min−1

The highest oxygen uptake measured during an

incremental exercise test for a speciWc mode of

exercise. Aerobic capacity is another term for

maximum oxygen uptake

V̇o
2max

Maximal oxygen uptake l ·min−1

ml ·min−1

ml · kg−1 ·min−1

The highest oxygen uptake achievable for a given

individual based on age, gender, body size, and

exercise mode

V̇o
2max

Maximum oxygen uptake l ·min−1

ml ·min−1

ml · kg−1 ·min−1

The highest oxygen uptake measured during an

incremental exercise test for a speciWc mode of

exercise. Maximum oxygen uptake is distinctly

diVerent from maximal oxygen uptake

209Glossary (terms, symbols, definitions)



Table A2. (cont.)

Symbol Term Units DeWnition

V̇o
2peak

Peak oxygen uptake l ·min−1

ml ·min−1

ml · kg−1 ·min−1

A term sometimes used synonymously with V̇o
2max

,

indicating the highest oxygen uptake achieved in a

task-speciWc exercise test. The term is superXuous, in

accordance with the deWnition of V̇o
2max

noted above

V̇o
2res

Oxygen uptake reserve l ·min−1

ml ·min−1

ml · kg−1 ·min−1

The diVerence between resting and maximum oxygen

uptake

V̇/Q̇ Ventilation–perfusion

ratio

The ratio of ventilation to perfusion usually described

for a particular region of the lung. When considering

the respiratory system as a whole this ratio is the

minute ventilation (V̇
E
) divided by cardiac output (Q̇

C
)

V̇o
2
� Metabolic threshold l ·min−1

ml ·min−1

ml · kg−1 ·min−1

Level of exercise above which a sustained increase in

blood lactate occurs with predictable consequences

on gas exchange

V
T

Tidal volume ml

l

The volume of a single breath. By convention, V
T
is

expressed as the expired volume. The expired volume

is typically larger than the inspired volume due to the

eVects of temperature, humidity, and the altered

composition of expired gas that result from exchange

of oxygen and carbon dioxide in the lungs

Ẇ Work rate W

J · s−1

kg ·m ·min−1

Power: the rate of performing work

Ẅ Work rate increment W ·min−1 The rate at which a work rate is increased, e.g.,

25W ·min−1 is a work rate increment

Ẇ
ext

External work rate W

J · s−1

kg ·m ·min−1

Rate of performing external physical work such as can

be measured using an ergometer

Ẇ
mus

Muscle work rate W

J · s−1

kg ·m ·min−1

Rate of performing muscular work
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Appendix B Calculations and conversions

Oxygen cost of exercise

Leg cycling

Two equations are often used to determine the O2

cost of exercise. Whilst they diVer conceptually, the
prediction of O2 cost is similar. In Equation B1, the
coeYcient 10.3 represents the empirically derived
V̇o2 to work rate slope (ml ·min−1 ·W−1). The 5.8 co-
eYcient with body weight (BW) accounts for the
oxygen cost of cycling at 0W (ml ·min−1). This oxy-
gen cost of lifting the legs, along with the constant
151 (ml ·min−1), includes the resting V̇o2.

V̇o2 = (10.3 · Ẇ) + (5.8 · BW)+151 (B1)

where V̇o2 is in ml ·min−1, Ẇ is work rate in watts,
and BW is body weight in kg.
Alternatively, Equation B2 uses the empirically

derived oxygen cost of performing 1 kg ·m of work
(1.8ml ·min−1) plus 0.2ml ·min−1 for the added cost
of moving the legs to obtain the coeYcient 2 used
with the work rate value in kg ·m ·min−1. An esti-
mate of the resting V̇o2 is the y-intercept value cal-
culated by multiplying the V̇o2 estimate of the rest-
ing metabolic rate (3.5ml · kg−1 ·min−1) multiplied
by the body weight.

V̇o2 = (2 · Ẇ) + (3.5 · BW) (B2)

where V̇o2 is in ml ·min−1, Ẇ is work rate in
kg ·m ·min−1, and BW is body weight in kg.

Example: What is the expected O2 cost of cycling
at 100W (612 kg ·m ·min−1) for a 70-kg subject?

Using Equation B1: V̇o2 = (10.3 · 100)+(5.8 · 70)+1
51

V̇o2 = 1587ml ·min−1

Using Equation B2: V̇o2 = (2 · 612) + (3.5 · 70)
V̇o2 = 1469ml ·min−1

Note: Some practitioners may be inclined to use
one of the above equations to estimate V̇o2max. This
is an inappropriate use of these equations, since
they were designed to estimate the V̇o2 of steady-
state exercise. Consequently, V̇o2max would be
overestimated by these equations.

Treadmill walking

The oxygen cost for treadmill walking (speeds
ranging between 50 and 100m ·min−1 (1.9–
3.7m.p.h.) can be conveniently broken down into
three additive components – the horizontal (H)
component, the vertical (V) component, and the
resting (R) component – as follows.

V̇o2 = V̇o2H+ V̇o2V + V̇o2R (B3)

where all V̇o2 units are ml · kg−1 ·min−1.

V̇o2H= speed · 0.1 (B4)

where speed is expressed in m ·min−1.

Note: To convert m.p.h. to m·min−1, multiply
m.p.h. by 26.8.

V̇o2V = speed · 1.8 · grade (B5)
where speed is expressed in m ·min−1 and grade is
percentage grade divided by 100.

V̇o2R = 3.5 (B6)
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Example: What is the oxygen cost of walking
3.1m.p.h. at 6% grade?

Using Equations B3–B6:
V̇o2 = V̇o2H+ V̇o2V + V̇o2R

V̇o2H= (3.1 · 26.8 · 0.1) = 8.3
V̇o2V = (3.1 · 26.8 · 1.8 · 0.06)=9.0
V̇o2R = 3.5

V̇o2 = 8.3 + 9.0 + 3.5
V̇o2 = 20.8ml · kg−1 ·min−1

Note: As noted above for leg cycling, some practi-
tioners may be inclined to estimate V̇o2max from
Equation B3. This will overestimate V̇o2max, since
Equation B3 was designed to estimate the V̇o2 of
steady-state exercise.

Treadmill running

The oxygen cost for treadmill running, deWned as
speeds greater than 134m ·min−1 (5m.p.h.) or when
subjects are jogging at speeds between 80 and
134m ·min−1, may be broken down into three addi-
tive componentsas with treadmill walking: the hori-
zontal (H) component, the vertical (V) component,
and the resting (R) component. However, two dif-
ferences exist between the walking and the running
equations. TheWrst is the coeYcient for speed in the
horizontal component which increases from 0.1 to
0.2ml · kg−1 ·min−1 per m ·min−1. The second is for
the vertical component in which the oxygen cost is
reduced by half, i.e., multiplied by 0.5.

V̇o2 = V̇o2H+ V̇o2V + V̇o2R (B7)

where all V̇o2 units are ml · kg−1 ·min−1.

V̇o2H = speed · 0.2 (B8)

where speed is expressed in m ·min−1.

Note: to convert m.p.h. to m ·min−1, multiply
m.p.h. by 26.8.

V̇o2V = speed · 1.8 · grade · 0.5 (B9)

where speed is expressed by m ·min−1 and grade is
percentage grade divided by 100.

V̇o2R = 3.5

Example: What is the oxygen cost of running
7.5m.p.h. at 8% grade?

Using Equations B7–B9
V̇o2H= (7.5 · 26.8 · 0.2) = 40.2
V̇o2V = (7.5 · 26.8 · 1.8 · 0.08 · 0.5) = 14.5
V̇o2R = 3.5

V̇o2 = 40.2+ 14.5+ 3.5
V̇o2 = 58.2ml · kg−1 ·min−1

Note: The same caution regarding estimation of
V̇o2max indicted above applies to equations used to
estimate the oxygen cost of treadmill running.

Arm cycling

The equation for estimating the oxygen cost of arm
cycling is similar to that for leg cycling. However,
since the oxygen cost for arm cycling is higher than
for leg cycling at comparable work rates, the coeY-
cient for work rate is correspondingly higher, as
shown in Equation B10 (compared with Equation
B2).

V̇o2 = (3 · Ẇ) + (3.5 · BW) B10

where V̇o2 is in ml ·min−1, Ẇ is work rate in
kg ·m ·min−1, and BW is body weight in kg.

Example: What is the expected O2 cost of arm
cranking at 100W (612 kg ·m ·min−1) for a 70-kg
subject?

Using Equation B10:
V̇o2 = (3 · 612) + (3.5 · 70)
V̇o2 = 2081ml ·min−1

Stepping

The oxygen cost of stepping may be calculated in a
manner similar to that shown for treadmill walking.

V̇o2 = V̇o2H+ V̇o2V + V̇o2R (B11)

where all V̇o2 units are ml · kg−1 ·min−1.
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In this case, however, the resting component is zero
as it is included in the V̇o2H and V̇o2V components.

V̇o2H= (0.35 · stepping frequency) (B12)

where V̇o2 is in ml · kg−1 ·min−1 and stepping fre-
quency is steps ·min−1. The 0.35 coeYcient converts
stepping frequency into ml · kg−1 ·min−1.

V̇o2V = step height · stepping frequency · 1.33 · 1.8
(B13)

where V̇o2 is in ml · kg−1 ·min−1, step height is in m,
1.33 represents the O2 cost of stepping up and down
(1.0 for stepping up and 0.33 for stepping down),
while 1.8 represents the O2 cost of performing
1kg ·m of work.

Example 1: What is the oxygen cost of stepping at
24 steps min−1 on a bench 41.3 cm high?

Using Equations B11–B13:
V̇o2 = V̇o2H+ V̇o2V + V̇o2R

V̇o2H= (0.35 · 24) = 8.4
V̇o2V = (0.413 · 24 · 1.33 · 1.8) = 23.7
V̇o2R = 0

V̇o2 = 8.4 + 23.7 + 0
V̇o2 = 32.1ml · kg−1 ·min−1

Example 2: What is the oxygen cost of climbing a
Xight of 15 stairs in 40 s for a 75-kg subject? The
rise of each stair is 7 in. (17.8 cm).

Using Equations B11–B13:
V̇o2 = V̇o2H+ V̇o2V + V̇o2R

V̇o2H= (0.35 · 15 · (40/60)) = 7.8
Modifying Equation B13 for stepping up only:
V̇o2V = (0.178 · 22.5 · 1.0 · 1.8) = 7.2
V̇o2R = 0

V̇o2 = 7.8 + 7.2 + 0
V̇o2 = 15.0ml · kg−1 ·min−1

Estimation of V̇O2max from predictive tests

This section of Appendix B contains equations for
predicting V̇o2max from various Weld and laboratory
tests designed for that purpose.

Cooper 12-minute run test

V̇o2max = (0.02233 ·dR) − 11.3 (B14a)

where V̇o2max is in ml · kg−1 ·min−1 and dR is the dis-
tance run in 12 min expressed in m.

Example: a subject runs 2400m in the 12-min
time period. What is the predicted V̇o2max?

Using Equation B14a:
V̇o2max = (0.02233 · 2400) − 11.3
V̇o2max = 42.3ml · kg−1 ·min−1

(Cooper, K. (1968). A means of assessing maximal
oxygen intake correlation between Weld and tread-
mill testing. J. Am. Med. A., 203, 201–4.)

Cooper 1.5-minute run test

V̇o2max = 483/t+ 3.5 (B14b)

where V̇o2max is inml · kg−1 ·min−1 and t is time to run
1.5 miles.

Example: a person runs 1.5 miles in 12 min. What
is the predicted V̇o2max?

Using Equation B14b:
V̇o2max = 483/12+3.5
V̇o2max = 43.8ml · kg−1 ·min−1

Rockport walking test

V̇o2max = 132.853− (0.1696 · BW)− (0.3877 · age)
+ (6.315 · gender)− (3.2649 · time) − (0.1565 · fC) (B15)

where V̇o2 is in ml · kg−1 ·min−1; BW is body weight
in kg; age is in years; gender has a coeYcient of 0
for females and 1 for males; time is in min for the
time to complete the 1-mile walk; fC is heart rate in
min−1.
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Example: A 45-year-old, 90-kg female walks 1
mile in 19min 40 s with an ending heart rate of
156 min−1. What is the predicted V̇o2max?

Using Equation B15:
V̇o2max = 132.853− (0.0769 · 90) − (0.3877 · 45)
+ (6.315 · 0) − (3.2649 · 19.67) − (0.1565 · 156)

V̇o2max = 19.9ml · kg−1 ·min−1

(Kline, G. M., Porcari, J. P., Hintermeister, R. et al.
(1987). Estimation of V̇o2max from a one-mile track
walk, gender, age, and body weight.Med. Sci. Sports
Exerc., 19, 253–9.)

Storer maximal cycle test

Females:
V̇o2max = (9.39 · Ẇ) + (7.7 · BW)− (5.88 · age) + 136.7

(B16)

Males:
V̇o2max = (10.51 · Ẇ) + (6.35 · BW) − (10.49 · age)
+ 519.3 (B17)

In both equations, V̇o2max is in ml ·min−1, Ẇ is maxi-
mal work rate in watts, BW is bodyweight in kg, and
age is in years.

Example: For an 80-kg male subject aged 35 years
who has a maximal work rate of 220W:

Using Equation B17:
V̇o2max = (10.51 · 220) + (6.35 · 80) − (10.49 · 35) + 519
.3
V̇o2max = 2972ml ·min−1

(Storer, T. W., Davis, J. A. & Caiozzo, V. J. (1990).
Accurate prediction of V̇o2max in cycle ergometry.
Med. Sci. Sports Exerc., 22, 704–12.)

Queen’s College step test

Males:
V̇o2max = 111.33 − (0.42 · fCrec) (B18)

Females:
V̇o2max = 65.81 − (0.1847 · fCrec) (B19)

where V̇o2max is expressed in ml · kg ·min−1 and fCrec

is heart rate recorded between 5 and 20 s of recov-
ery.

(McArdle,W. D., Katch, F. I., Pechar, G. S., Jacobson,
L., & Ruck, S. (1972). Reliability and interrelation-
ships between maximal oxygen uptake, physical
work capacity, and step test scores in college
women. Med. Sci. Sports Exerc., 4, 182–6.)

Siconolfi step test

V̇o2max = (0.302 · nomogramV̇o2max) − (0.019 · age)
+ 1.593 (B20)

where V̇o2max is expressed in l ·min−1, nomogram
V̇o2max refers to the Åstrand–Ryhming nomogram
(see Figure C5, Appendix C), and age is in years.

(SiconolW, S. F., Garber, C. E., Laster, T. M. & Car-
leton, R. A. (1985). A simple, valid step test for esti-
mating maximal oxygen uptake in epidemiological
studies. Am. J. Epidemiol., 121, 382–90.)

Balke treadmill test

V̇o2 = speed · (0.073+ grade/100) · 1.8 (B21)

where V̇o2 is expressed in ml · kg−1 ·min−1; speed is
Wxed at 90m ·min−1; grade is grade divided by 100
percent at the end of the test; and 1.8 is the oxygen
requirement in ml ·min−1 of 1 kg ·m of work.
It must be noted that this equation is exclusively

for usewith the original protocol publishedby Balke
&Ware using a Wxed 3.3m.p.h. treadmill speed with
a grade increment of 1% ·min−1 up to a heart rate of
180min−1. Readers are cautioned to apply the above
equation only with the original protocol. It is not
appropriate with any of the many modiWcations in
common practice today.
(Balke, B. & Ware, R. (1959). An experimental study
of Air Force personnel.US Armed Forces Med. J., 10,
675–88.)

Bruce treadmill test

The Bruce treadmill protocol is one of the most
often used treadmill protocols used today. Equa-
tions for predicting V̇o2max are available for seden-
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tary and active men; there is also a generalized
equation for healthymen and womenwith a gender
coeYcient, and an equation for cardiac patients, as
given in Equations B22a–d below.

Sedentary men:
V̇o2max = (3.298 · t) + 4.07 (B22a)

Active men:
V̇o2max = (3.778 · t) + 0.19 (B22b)

Generalized:
V̇o2max = (3 · 36 · t) − (2.82 · gender)
+ 6.70 (B22c)

Cardiac patients:
V̇o2max = (2.327 · time) + 9.48 (B22d)

where V̇o2max is in ml · kg−1 ·min−1; t is time in min
and for Equation B22c, gender is 1 for males and 2
for females.

Calculation of standardized gas volumes

General gas law

V2 =V1 ·
P 1
P 2

·
T 2
T 1

(B23)

Conversion from ATPS to BTPS

VBTPS=VATPS ·�
PB−PH2O
PB − 47 � ·�

310
273+TE� (B24)

where VBTPS is a volume (l) corrected to body tem-
perature and pressure, saturated with water vapor;
VATPS is a volume (l) collected under conditions of
ambient temperature and pressure, saturated with
water vapor; PB is the barometric pressure (mmHg);
PH2O is the water vapor pressure (mmHg) at the
speciWed temperature; TE is the temperature of the
exhaled air in °C; 47 is the water vapor pressure
(mmHg) at body temperature (37 °C), and 310 is
body temperature in degrees Kelvin (°K)=°C + 273.

Conversion from ATPS to STPD

VSTPD=VATPS ·�
PB−PH2O

PB � ·�
273

273 +TE� (B25)

where VSTPD is a volume (l) corrected to standard
temperature and pressure, dry; VATPS is a volume (l)
collected under conditions of ambient temperature
and pressure saturated with water vapor; PB is the
barometric pressure (mmHg); PH2O is the water va-
por pressure (mmHg) at the speciWed temperature;
273 is zero °C expressed in degrees Kelvin (°K), and
TE is the temperature of the exhaled air in °C.

Conversion from BTPS to STPD

VSTPD=VBTPS ·�
PB −47
PB � ·�

273
310� (B26)

where symbols and values are the same as described
above.

Calculation of oxygen uptake (V̇O2)

Oxygen uptake is equal to the oxygen breathed in
minus the oxygen breathed out. Therefore:

V̇o2 = (V̇I ·FIo2) − (V̇E ·FĒo2) (B27)

where V̇o2 is oxygen uptake in l ·min−1; V̇I is the
inspired minute volume (l ·min−1), V̇E is the expired
minute volume (l ·min−1), FĒo2 is the mixed expired
oxygen fraction, andFIo2 is the inspiredoxygen frac-
tion.
Expired air contains more CO2, less O2, and a

slightly diVerent concentration of nitrogen (N2)
than the inspired air due to gas exchange in the
lung. Since nitrogen is neither produced nor taken
up metabolically, the change in its concentration is
due to changing proportions of CO2 and O2. The
diVerences in CO2 and O2 concentrations in the
expired versus inspired air result in the volumes of
the expired and inspired air being unequal. This
diVerence is in direct proportion to the diVerence in
the fractional concentration of nitrogen in the in-
spired versus the expired air. Since N2 is inert,

V̇I ·FIn2 = V̇E ·FĒn2 (B28)

where FIN2 is the inspired nitrogen fraction and
FĒN2 is the expired nitrogen fraction. Thus:

V̇I= V̇E ·�
FĒN2

FIN2� (B29)
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This calculation, used to calculate inspired volume,
V̇I, when only V̇E is measured, has been attributed to
Haldane and referred to as the Haldane transform-
ation.
Substituting for V̇I in Equation B27,

V̇o2 =��V̇E ·�
FĒN2

FIN2� ·FIo2��− (V̇E ·FĒo2) (B30)

Since the composition of inspired air remains rela-
tively constant, with FIo2 = 0.2093 and FIn2 = 0.7904,
and since FĒn2 = (1 − FĒo2 −FĒco2), substituting in
Equation B30:

V̇o2 =�V̇E ·
(1 − FĒo2 −FĒco2)

0.7904
· 0.2093�− (V̇E ·FĒo2)

(B31)

Reducing:

V̇o2 = V̇E · [(1 −FĒo2 − FĒco2) · 0.265) −FĒo2] (B32)

By convention V̇co2 is expressed under standard
conditions (STPD).

Calculation of carbon dioxide output (V̇CO2)

V̇co2 = V̇E ·FĒco2 (B33)

By convention V̇co2 is expressed under standard
conditions (STPD).

Calculation of the respiratory exchange ratio (R)

R=
V̇co2

V̇o2

(B34)
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Table B1. Conversion constants for selected measurement units useful in an exercise-testing laboratory. The SIa base units (le Système

International d’Unités) are in italics

Measurement To convert Into Multiply by

Energy kilocalories foot-pound 3087

kilocalories kilogram-meters per second 426.85

Force newtons kilogram-meter per second per second 1.0

Length kilometers feet 3281

kilometers inches 3.937 · 104

kilometers miles 0.6214

kilometers yards 1094

meters feet 3.281

meters inches 39.37

meters miles (stat) 6.214 · 10−4

meters yards 1.094

miles (statute) feet 5280

miles (statute) inches 6.336 · 104

miles (statute) kilometers 1.609

miles (statute) meters 1609

miles (statute) yards 1760

millimeters feet 3.281 · 10−3

millimeters inches 0.03937

millimeters miles 6.214 · 10−7

millimeters yards 1.094 · 10−3

yards centimeters 91.44

yards kilometers 9.144 · 10−4

yards meters 0.9144

yards miles (stat) 5.682 · 10−4

yards millimeters 914.4

Power watts foot-pound per minute 44.27

watts foot-pound per second 0.7378

watts horsepower 1.341 · 10−3

watts joules per second 1

watts kilocalories per minute 0.01433

watts kilogram-meter per minute 6.12

Pressure millimeters of mercury pascals 133.32

millimeters of mercury kilopascals 0.13332

millimeters of mercury torr 1.0

Revolutions number of revolutions degrees 360

revolutions per minute degrees per second 6

revolutions per minute revolutions per second 0.01667
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Table B1. (cont.)

Measurement To convert Into Multiply by

Speed kilometers per hour centimeters per second 27.78

kilometers per hour feet per minute 54.68

kilometers per hour feet per second 0.9113

kilometers per hour meters per minute 16.67

kilometers per hour meters per second 0.2778

kilometers per hour miles per hour 0.6214

meters per second feet per minute 196.8

meters per second feet per second 3.281

meters per second kilometers per hour 3.6

meters per second kilometers per minute 0.06

meters per second miles per hour 2.237

meters per second miles per minute 0.03728

meters per minute centimeters per second 1.667

meters per minute feet per minute 3.281

meters per minute feet per second 0.05468

meters per minute kilometers per hour 0.06

meters per minute miles per hour 0.03728

miles per hour centimeters per second 44.70

miles per hour feet per minute 88

miles per hour feet per second 1.467

miles per hour kilometers per hour 1.609

miles per hour kilometers per minute 0.02682

miles per hour meters per minute 26.82

miles per hour miles per minute 0.1667

miles per minute kilometers per minute 1.609

miles per minute miles per hour 60

Temperature temperature (°C) temperature (°F) (°C�1.8) + 32

temperature (°F) temperature (°C) (°F − 32) · 0.5556

Volume liters cubic centimeters 1000

liters cubic feet 0.03531

liters cubic inches 61.02

liters cubic meters 0.001

liters American gallons 0.2642

liters American pints 2.113

liters American quarts 1.057

Weightb grams milligrams 1000

grams ounces (avdp) 0.03527

grams pounds 2.205 · 10−3

kilograms grams 1000

kilograms joules per meter (newtons) 9.807
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Table B1. (cont.)

Measurement To convert Into Multiply by

kilograms pounds 2.205

pounds joules per meter (newtons) 4.448

pounds kilograms 0.4536

pounds ounces 16

Work joules foot-pounds 0.7376

joules kilocalories 2.389 · 10−4

joules kilogram-meters 0.1020

joules newton-meters 1.0

kilogram-meters joules 9.804

kilogram-meters kilocalories 2.342 · 10−3

aSI Units: a system of reporting units of measurement that is uniform in concept and style and accepted internationally. The base

units italicized above are preferred units of measurement.
bWeight is more strictly deWned as mass accelerated by gravity. Grams and kilograms are units of mass whereas pounds and

ounces are usually considered as weights.
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Appendix C Reference values

Maximum oxygen uptake (V̇O2max)

There have been many reports of reference values
for V̇o2max. Most have been conducted using males
and females from the USA, Canada, and European
countries. The ethnicity and activity levels of the
subjects are often not well deWned. All prediction
equations include an age factor. Some include
height, others body weight or lean bodymass. Some
derive V̇o2max in l ·min−1 while others derive V̇o2max

in ml · kg−1 ·min−1.
Interestingly, if certain studies are compared,

there is remarkable agreement in the prediction of
V̇o2max in ml · kg−1 ·min−1 based on age and gender.
Figure C1 illustrates reference values for V̇o2max in
ml · kg−1 ·min−1 in relation to age and gender based
on Wve such studies. Table C1 shows experimental
details from theseWve studies, includingnumbers of
subjects and the mode of exercise testing. The data
from these studies have been combined by averag-
ing the intercepts and slopes to derive equations for
men and women, as shown in Table C1 and Figure
C1. Once a reference value for V̇o2max has been ob-
tained in ml · kg−1 ·min−1, then an absolute value in
l ·min−1 can be derived assuming ideal body weight
based on height (see below). Thereafter the height-
adjusted V̇o2max can be adjusted for actual body
weight. Obesity increases V̇o2max in l ·min−1 while
negatively impacting physical Wtness. This can be
illustrated by again expressing the weight-adjusted
reference value for V̇o2max in ml · kg−1 ·min−1 (see
below).
The exercise practitioner can use any of these

individual prediction equations or consider using

the composite equations that represent all of the
summated data. Whichever approach is adopted,
the reader is reminded that the reference value of
V̇o2max used should be derived from a study popula-
tion which matches as closely as possible the sub-
ject or subjects currently being assessed.

Calculation

If the composite equations illustrated in Table C1
and Figure C1 are used, the following approach is
recommended:
1. Use the age and gender of the subject to derive

V̇o2max in ml · kg−1 ·min−1 using Equations C1 or
C2, and Figure C1.
Males:

V̇o2max = 50.02− (0.394 · age) (C1)

Females:

V̇o2max = 42.83− (0.371 · age) (C2)

where V̇o2max is maximal oxygen uptake ex-
pressed inml · kg−1 ·min−1 and age is expressed in
years.

2. Use the reference equations C3 and C4 derived
from Metropolitan Life Tables to calculate ideal
body weight (IBW) from height in meters.
Males:

IBW= (71.6 ·Ht) − 51.8 (C3)

Females:

IBW= (62.6 ·Ht) − 45.5 (C4)

where IBW is ideal body weight in kg and Ht is
height in meters.
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3. Multiply the reference value for V̇o2max derived in
step 1 by the IBW derived in step 2 to derive a
reference value for V̇o2max in l ·min−1 that as-
sumes an ideal body weight. Figure C2 shows
these height-adjusted reference values for males
and females respectively.

4. Adjust the height-adjusted reference value for
V̇o2max derived in step 3 for actual body weight
(ABW) using Equation C5. Figure C3 shows
weight-adjusted reference values for males and
females respectively.

(wt-adj)V̇o2max = (ht-adj)V̇o2max + ((ABW
− IBW) · 0.0058) (C5)

where (wt-adj)V̇o2max is weight-adjusted V̇o2max,
(ht-adj)V̇o2max is height-adjusted V̇o2max, ABW is
actual bodyweight, and IBW is ideal body weight
in kg.
Alternatively, the weight-adjusted V̇o2max for

any individual can be derived directly by com-
bining steps 1, 2, 3, and 4, as shown in Equations
C6 and C7.
Males:

(wt-adj)V̇o2max = ((0.0716 ·Ht) − 0.0518) · (44.22
− (0.394 · age)) + (0.0058 · ABW)

(C6)

Females:

(wt-adj)V̇o2max = ((0.0626 ·Ht) − 0.0455) · (37.03
− (0.371 · age)) + (0.0058 · ABW)

(C7)

where (wt-adj)V̇o2max is weight-adjusted V̇o2max,
Ht is height in meters, age is expressed in years,
and ABW is actual body weight in kg.

5. If desired, the reference value for V̇o2max derived
in step 4 can be converted from l ·min−1 to
ml · kg ·min−1 by dividing by actual body weight
(ABW). Figure C4 shows these reference values
for males and females respectively.
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Lower 95% confidence interval for V̇O2max

Four gender-speciWc equations for predicting refer-
ence values for V̇o2max using nonexercise variables
are given below. These are based on healthy, non-
smoking, sedentary males (n= 103) and females
(n=101), aged 20–70 years, who performed a maxi-
mal cycle exercise test (Davis et al., unpublished
data). Since the sample population was homogene-
ous with respect to health and activity level, the
standard error of estimate (see) derived from each
equation allows calculation of the lower 95% conW-
dence interval (95% CI). Thus, subtracting the 95%
CI from the predicted V̇o2max identiWes the lower
limit for V̇o2max expected for any given subject. A
measured V̇o2max falling below this lower limit is
potentially due to disease, not a sedentary lifestyle.
The equations given here are unique in that they

are the only ones currently available that can cor-
rectly estimate the lower limit of normal for a given
subject.While these prediction equations are speci-
Wc to cycle ergometer exercise, a practitioner may
consider increasing the calculated V̇o2max values
from these equations by 10–15% in order to com-
pare V̇o2max values obtained from treadmill exercise
testing.
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Figure C1 Reference values for maximum oxygen uptake based on gender and age. Maximum oxygen uptake is expressed in

ml · kg−1 ·min−1. The sources of these data are described in Table C1. The data have been combined by averaging the intercepts

and slopes to give the composite Equations C1 and C2.
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Figure C2 Reference values for maximum oxygen uptake based on gender, age, and height. Maximum oxygen uptake is

expressed in l ·min−1. These data assume that a subject is of ideal body weight, as calculated using Equations C3 and C4.
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Figure C3 Reference values for maximum oxygen uptake based on gender, age, and body weight. Maximum oxygen uptake is

expressed in l ·min−1. These data assume average heights of 1.78m (70 in.) for men and 1.65m (65 in.) for women.
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Figure C4 Reference values for maximum oxygen uptake based on gender, age, and body weight. Maximum oxygen uptake is

expressed in ml · kg−1 ·min−1. These data assume average heights of 1.78m (70 in.) for men and 1.65m (65 in.) for women. Note

that when Vo
2max

is expressed in ml · kg−1 ·min−1, excess body weight results in spuriously low reference values whereas

underweight subjects may have spuriously high reference values.
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Table C1. Sources of reference values for V̇O
2max

(ml · kg−1 ·min−1)

Number of Country of Age Activity Exercise Subject

Study Year Equation subjects origin range level mode characteristics

Males

Pollock et al. 1980 43.20− (0.255 · age)

Hansen et al. 1984 50.75− (0.372 · age) 77 USA 34–74 Cycle Included smokers,

obese,

hypertensives

Jones et al. 1985 60.00− (0.550 · age) 50 15–71 54% active Cycle 13% smokers

Shvartz &

Reibold

1990 44.54− (0.420 · age) 98 samples USA, Canada,

Europe

6–75 Sedentary or

mildly active

Cycle (32 samples)

Treadmill (25

samples)

Stepping (5

samples)

Analyzed 62

studies conducted

in USA, Canada

and seven

European

countries

Davis et al. 2000 51.63− (0.375 · age) 103 USA 20–70 Sedentary Cycle Sedentary,

nonsmokers

Composite equation 50.02 − (0.394 · age)

Number Country of Age Activity Exercise

Study Year Equation of subjects origin range level mode Comments

Females

Pollock et al. 1980 42.30− (0.330 · age)

Jones et al. 1985 48.00− (0.370 · age) 50 15–71 54% active 13% smokers

Shvartz &

Reibold

1990 40.31− (0.410 · age) 43 samples USA, Canada,

Europe

6–75 Sedentary or

mildly active

Cycle (32 samples)

Treadmill (25

samples)

Stepping (5

samples)

Analyzed 62

studies conducted

in USA, Canada

and seven

European

countries

Davis et al. 2000 40.69− (0.373 · age) 101 USA 20–70 Sedentary Cycle Sedentary,

nonsmokers

Composite equation 42.83 − (0.371 · age)

Refer to text for references.



Åstrand–Ryhming nomogram

Figure C5 Åstrand–Ryhming nomogram for the calculation of

aerobic capacity (V̇o
2max

) from values of heart rate (f
C
) and

oxygen uptake (Vo
2
) at a submaximal work rate during a cycle,

treadmill, or step test. In exercise tests where oxygen uptake is

not determined, it can be estimated by reading horizontally

from the ‘body weight’ scale (step test) or work rate (Ẇ) scale

(cycle test) to the oxygen uptake (V̇o
2
) scale.

Subsequent to the development of the original

Åstrand–Rhyming nomogram, factors for correcting the

nomogram-determinedVo
2max

were computed for age and

maximal heart rate (when known). These correction factors

appear in the box in the lower left corner of the nomogram.

The value for Vo
2max

obtained from the nomogram is

multiplied by either the factor for age or the factor for

maximal heart rate, if known. This takes into account the

reduction of maximal heart rate with age. ModiWed with

permission from: Åstrand, P.-O. & Rhyming, I. (1954). A

nomogram for calculation of aerobic capacity (physical

Wtness) from pulse rate during submaximal work. J. Appl.

Physiol., 7, 218–21.
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Nomogram for Spirometric Indices of Lung
Function (Males of European descent)

Figure C6 Nomogram relating vital capacity (VC), forced

expired volume in one second (FEV
1
) and FEV

1
/FVC (%) to age

(years) and height (m) for healthy adult males of European

descent. FEV
1
/FVC% is related only to age. ModiWed with

permission from Cotes, J. E. (1979). Lung function. Assessment

and application in medicine.Oxford: Blackwell ScientiWc

Publications.

Nomogram for Spirometric Indices of Lung
Function (Females of European descent)

Figure C7 Nomogram relating vital capacity (VC), forced

expired volume in one second (FEV
1
) and FEV

1
/FVC (%) to age

(years) and height (m) for healthy adult females of European

descent. FEV
1
/FVC% is related only to age. ModiWed with

permission from Cotes, J. E. (1979). Lung function. Assessment

and application in medicine.Oxford: Blackwell ScientiWc

Publications.
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Nomogram for Spirometric Indices of Lung
Function (Males of African descent)

Figure C8 Nomogram relating vital capacity (VC), forced

expired volume in one second (FEV
1
) and FEV

1
/FVC (%) to age

(years) and height (m) for healthy adult males of African

descent. FEV
1
/FVC% is related only to age. ModiWed with

permission from Cotes, J. E. (1979). Lung function. Assessment

and application in medicine.Oxford: Blackwell ScientiWc

Publications. The data are fromMiller, G. J., Cotes, J. E., Hall,

A. M., Salvosa, C. B. & Ashworth, M. T. (1972). Lung function

and exercise performance in healthy men and women of

African ethnic origin. Quart. J. Exp. Physiol., 57, 325–41.

Nomogram for Spirometric Indices of Lung
Function (Females of African descent)

Figure C9 Nomogram relating vital capacity (VC), forced

expired volume in one second (FEV
1
) and FEV

1
/FVC (%) to age

(years) and height (m) for healthy adult females of African

descent. FEV
1
/FVC% is related only to age. ModiWed with

permission from Cotes, J. E. (1979). Lung function. Assessment

and application in medicine.Oxford: Blackwell ScientiWc

Publications. The data are from Miller, G. J., Cotes, J. E., Hall,

A. M., Salvosa, C. B. & Ashworth, M. T. (1972). Lung function

and exercise performance in healthy men and women of

African ethnic origin. Quart. J. Exp. Physiol., 57, 325–41.
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Males

V̇o2max = (0.0186 · ht) − (0.0283 · age) + 0.5947

R=0.79; see=0.363; 95% CI = 0.601

where V̇o2max is in l ·min−1, ht is standing height in
cm, age is in years, R is the multiple correlation
coeYcient, see is the standard error of the estimate
and CI is the conWdence interval.
Alternatively, better prediction of V̇o2max is ob-

tained when values for fat-free mass are available
and used in the following equation:

V̇o2max = (0.0234 · FFM) − (0.0272 · age) + 2.3245

R=0.82; see= 0.335; 95% CI =0.556

where V̇o2max is in l ·min−1, FFM is the fat-free mass
in kg and age is in years.

Females

V̇o2max = (0.0085 · ht) − (0.02166 · age) + 0.9536

R=0.76; see=0.227; 95% CI = 0.377

where V̇o2max is in l ·min−1, ht is standing height in
cm and age is in years.
Alternatively, better prediction of V̇o2max is ob-

tained when values for fat-free mass are available
and used in the following equation:

V̇o2max = (0.0157 · FFM) − (0.0172 · age) + 1.6394

R=0.79; see=0.215; 95% CI = 0.357

where V̇o2max is in l ·min−1, FFM is the fat-free mass
in kg and age is in years.

Classification of cardiorespiratory fitness
based on maximum oxygen uptake

Tables C2 for males and C3 for females indicate
Wtness categories in quintiles based on V̇o2max ex-
pressed in ml · kg−1 ·min−1. The American Heart As-
sociation and Cooper data are based on treadmill
exercise. The Åstrand data are based on cycle er-
gometer exercise and Wt subjects in the younger age

groups. It is important to use mode-speciWc refer-
ence values when attempting to classify perform-
ance basedon V̇o2max obtained from an exercise test.
This suggests use of American Heart Association or
Cooper data for classifying V̇o2max obtained from
treadmill tests and the Åstrand data when classify-
ing V̇o2max obtained from cycle ergometer tests.

Metabolic threshold (V̇O2�)

The following equations predict reference values
and the lower 95% conWdence limit for V̇o2�. These
equations were developed from maximal cycle er-
gometer exercise tests on 103 male and 101 female
subjects aged 20–70 years who were healthy, non-
smoking, and sedentary (Davis et al., 1997). The
equations were cross-validated on an independent
sample, demonstrating high multiple correlation
coeYcients and low standard errors of estimate
suggesting generalizability. These equations are the
only ones currently available that allow correct cal-
culation of the lower limit of normal since they were
developed on sedentary, healthy, nonsmoking sub-
jects. It must be noted that the V̇co2–V̇o2 relation-
ship was used to identify V̇o2� (see Chapter 4). The
lower limit of normal is determinedby Wrst calculat-
ing V̇o2� using the appropriate equation below, and
then subtracting the corresponding 95% CI.

Males

V̇o2� = (0.0093 · height) − (0.0136 · age) + 0.4121

R=0.70; see=0.228; 95% CI = 0.378

where V̇o2max is in l ·min−1, height is standing height
in cm, age is in years, R is the multiple correlation
coeYcient, see is the standard error of the estimate
and CI is the conWdence interval.

Females

V̇o2� = (0.0064 · height) − (0.0053 · age) + 0.1092

R=0.59; see=0.131; 95% CI = 0.217
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where V̇o2max is in l ·min−1, height is standing height
in cm and age is in years.
(Davis, J. A., Storer, T. W. & Caiozzo, V. J. (1997).
Prediction of normal values for lactate threshold
estimated by gas exchange in men and women. Eur.
J. Appl. Physiol., 76, 157–64.)

6-Min walking test

The following equations may be used to compare
patient performance on the 6-min walk test with
reference values and the lower 95% conWdence limit
for healthy adults aged 40–80 years.
(Enright, P. L. & Sherrill, D. L. (1998). Reference
equations for the six-minute walk in healthy adults.
Am. J. Respir. Crit. Care Med., 158, 1384–7.)

Males

dW6 = (7.57 · height) − (5.02 · age) − (1.76 ·weight)
− 309

wheredW6 is the 6-minwalking distance inm; height
is standing height in cm measured in stocking feet;
age is in years; and weight is body weight in kg.
Alternatively, bodymass index (BMI)may be used

in place of height and weight, yielding the following
equation:

dW6 = 1140− (5.61 · BMI) − (6.94 · age)

wheredW6 is the 6-minwalking distance inm; BMI is
the body mass index (kg ·m−2) and age is in years.
The lower 95% conWdence limit may be cal-

culated by subtracting 153m from the result of
either equation.

Females

dW6 = (2.11 · height) − (2.29 · age) − (5.78 ·weight)
+ 667

wheredW6 is the 6-minwalking distance inm; height
is standing height in cm measured in stocking feet;
age is in years; and weight is body weight in kg.
Alternatively, BMI may be used in place of height

and weight, yielding the following equation:

dW6 = 1017− (6.24 · BMI) − (5.83 · age)

wheredW6 is the 6-minwalking distance inm; BMI is
the body mass index (kg ·m−2) and age is in years.
The lower 95% conWdence limit may be cal-

culated by subtracting 139m from the result of
either equation.
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Table C2. Fitness categories for males, based on V̇O
2max

expressed in ml · kg−1 ·min−1

Age Low Fair Average Good High

20–29 years

AHAa �24 25–33 34–42 43–52 	53

Cooper et al.b �32 33–35 36–43 44–47 	48

Åstrandc �38 39–43 44–51 52–56 	57

30–39 years

AHA �22 23–30 31–38 39–48 	49

Cooper et al. �30 31–35 36–40 41–45 	46

Åstrand �34 35–39 40–47 48–51 	52

40–49 years

AHA �19 20–26 27–35 36–44 	45

Cooper et al. �29 30–33 34–39 40–44 	45

Åstrand �30 31–35 36–43 44–47 	48

50–59 years

AHA �17 18–24 25–33 34–42 	43

Cooper et al. �25 26–30 31–35 36–43 	44

Åstrand �25 26–31 32–39 40–43 	44

60–69 years

AHA �15 16–22 23–30 31–40 	41

Cooper et al. �19 20–25 26–32 33–40 	41

Åstrand �21 22–26 27–35 36–39 	40

aAmerican Heart Association (1972). Exercise Testing and Training of Apparently Healthy Individuals: A Handbook for Physicians.

Dallas, TX: American Heart Association.
bCooper, K. H., Pollock, M. L., Wilmore, J. H. & Fox, S. M. (1978). Health and Fitness through Physical Activity, New York, NY: John

Wiley, pp. 266–85. Original data have been rounded for consistency with the other Wtness classiWcation sources.
cÅstrand, I. (1960). Aerobic work capacity in men and women with special reference to age. Acta Physiol. Scand., 49 (Suppl. 169).

For purposes of comparison, the Åstrand data, originally published in units of l ·min−1, have been converted to ml · kg−1 ·min−1 by

assuming body weights of 72 kg for males and 58kg for females.
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Table C3. Fitness categories for females, based on V̇O
2max

expressed in ml · kg−1 ·min−1

Age Low Fair Average Good High

20–29 years

AHAa �13 24–30 31–37 38–48 	49

Cooper et al.b �23 24–28 29–33 34–37 	38

Åstrandc �28 29–34 35–43 44–48 	49

30–39 years

AHA �19 20–27 28–33 34–44 	45

Cooper et al. �22 23–26 27–32 33–36 	37

Åstrand �27 28–33 34–41 42–47 	48

40–49 years

AHA �16 17–23 24–30 31–41 	42

Cooper et al. �20 21–24 25–30 31–34 	35

Åstrand �25 26–31 32–40 41–45 	46

50–59 years

AHA �14 15–20 21–27 28–37 	38

Cooper et al. �19 20–22 23–28 29–32 	33

Åstrand �21 22–28 29–36 37–41 	42

60–69 years

AHA �12 13–17 18–23 24–34 	35

Cooper et al. �17 18–20 21–24 25–29 	30

aAmerican Heart Association (1972). Exercise Testing and Training of Apparently Healthy Individuals: A Handbook for Physicians.

Dallas, TX: American Heart Association.
bCooper, K. H., Pollock, M. L., Wilmore, J. H. & Fox, S. M. (1978). Health and Fitness through Physical Activity, New York, NY: John

Wiley, pp. 266–85. Original data have been rounded for consistency with the other Wtness classiWcation sources.
cÅstrand, I. (1960). Aerobic work capacity in men and women with special reference to age. Acta Physiol. Scand., 49 (Suppl. 169).

For purposes of comparison, the Åstrand data, originally published in units of l ·min−1, have been converted to ml · kg−1 ·min−1 by

assuming body weights of 72 kg for males and 58kg for females.
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Table C4. Classification of cardiorespiratory fitness based on Cooper 12-minute run test. Values represent distance (miles) run in 12min

Age/gender Very poor Poor Fair Good Excellent Superior

13–19 years

Males �1.29 1.30–1.37 1.38–1.56 1.57–1.72 1.73–1.86 	1.87

Females �0.99 1.00–1.18 1.19–1.29 1.30–1.43 1.44–1.51 	1.52

20–29 years

Males �1.21 1.22–1.31 1.32–1.49 1.50–1.64 1.65–1.76 	1.77

Females �0.95 0.96–1.11 1.12–1.22 1.23–1.34 1.35–1.45 	1.46

30–39 years

Males �1.17 1.18–1.30 1.31–1.45 1.46–1.56 1.57–1.69 	1.70

Females �0.93 0.95–1.05 1.06–1.18 1.19–1.29 1.30–1.39 	1.40

40–49 years

Males �1.13 1.14–1.24 1.25–1.39 1.40–1.53 1.54–1.65 	1.66

Females �0.87 0.88–0.98 0.99–1.11 1.12–1.24 1.25–1.34 	1.35

50–59 years

Males �1.02 1.03–1.16 1.17–1.30 1.31–1.44 1.45–1.58 	1.59

Females �0.83 0.84–0.93 0.94–1.05 1.06–1.18 1.19–1.30 	1.31

60 years/over

Males �0.86 0.87–1.02 1.03–1.20 1.21–1.32 1.33–1.55 	1.56

Females �0.77 0.78–0.86 0.87–0.98 0.99–1.09 1.10–1.18 	1.19

Source: Cooper, K. H. (1982). The Aerobics Program for Total Well-Being. New York: Bantam Books/M. Evans.
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Table C5. Classification of cardiorespiratory fitness based on Cooper 12-minute cycle test (three-speed or less). Values represent distance

(miles) cycled in 12min

Age/gender Very poor Poor Fair Good Excellent

13–19 years

Males �2.74 2.75–3.74 3.75–4.74 4.75–5.74 	5.75

Females �1.74 1.75–2.74 2.75–3.74 3.75–4.74 	4.75

20–29 years

Males �2.49 2.50–3.49 3.50–4.49 4.50–5.49 	5.50

Females �1.49 1.50–2.49 2.50–3.49 3.50–4.49 	4.50

30–39 years

Males �2.24 2.25–3.24 3.25–4.24 4.25–5.24 	5.25

Females �1.24 1.25–2.24 2.25–3.24 3.25–4.24 	4.25

40–49 years

Males �1.99 2.00–2.99 3.00–3.99 4.00–4.99 	5.00

Females �0.99 1.00–1.99 2.00–2.99 3.00–3.99 	4.00

50–59 years

Males �1.74 1.75–1.49 2.50–3.49 3.50–4.49 	4.50

Females �0.74 0.75–1.49 1.50–2.49 2.50–3.49 	3.50

60 years/over

Males �1.74 1.75–2.24 2.25–2.99 3.00–3.99 	4.00

Females �0.74 0.75–1.24 1.25–1.99 2.00–2.99 	3.00

Cycle as far as you can in 12min in an area where traYc is not a problem. Try to cycle on a hard, Xat surface, with the wind (less

than 10m.p.h.), and use a bike with no more than three gears. If the wind is blowing harder than 10m.p.h., take the test another

day. Measure the distance you cycle in 12min by either the speedometer/odometer on the bike (which may not be accurate) or by

another means, such as a car odometer or an engineering wheel.

Source: Cooper, K. H. (1982). The Aerobics Program for Total Well-Being. New York: Bantam Books/M. Evans.
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Table C6. Classification of cardiorespiratory fitness based on Cooper 12-minute swimming test. Values represent distance (yards) swum in

12min

Age/gender Very poor Poor Fair Good Excellent

13–19 years

Males �499 500–599 600–699 700–799 	800

Females �399 400–499 500–599 600–699 	700

20–29 years

Males �399 400–499 500–599 600–699 	700

Females �299 300–399 400–499 500–599 	600

30–39 years

Males �349 350–449 450–549 550–649 	650

Females �249 250–349 350–449 450–549 	550

40–49 years

Males �299 300–399 400–499 500–599 	600

Females �199 200–299 300–399 400–499 	500

50–59 years

Males �249 250–349 350–449 450–549 	550

Females �149 150–249 250–349 350–449 	450

60 years/over

Males �249 250–299 300–399 400–499 	500

Females �149 150–199 200–299 300–399 	400

The swimming test requires you to swim as far as you can in 12min using whatever stroke you prefer and resting as necessary but

trying for a maximum eVort. The easiest way to take the test is in a pool with known dimensions and it helps to have another

person record the laps and time. Be sure to use a watch with a sweep second hand.

Source: Cooper, K. H. (1982). The Aerobics Program for Total Well-Being. New York: Bantam Books/M. Evans.
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Table C7. Classification of cardiorespiratory fitness based on Cooper 1.5-mile run test. Values represent time (min:s) elapsed in completing

1.5 miles

Age/gender Very poor Poor Fair Good Excellent Superior

13–19 years

Males 	15:31 15:30–12:11 12:10–10:49 10:48–9:41 9:40–8:37 �8:36

Females 	18:31 18:30–16:55 16:54–14:31 14:30–12:30 12:29–11:50 �11:49

20–29 years

Males 	16:01 16:00–14:01 14:00–12:01 12:00–10:46 10:45–9:45 �9:44

Females 	19:01 18:31–19:00 15:55–18:30 13:31–15:54 12:30–13:30 �12:29

30–39 years

Males 	16:31 16:30–14:44 14:45–12:31 12:30–11:01 11:00–10:00 �9:59

Females 	19:31 19:01–10:30 16:31–19:00 14:31–16:30 13:00–14:30 �12:59

40–49 years

Males 	17:31 17:30–15:36 15:35–13:01 13:00–11:31 11:30–10:30 �10:29

Females 	20:01 20:00–19:31 19:30–17:31 17:30–15:56 15:55–13:45 �13:44

50–59 years

Males 	19:01 19:00–17:01 17:00–14:31 14:30–12:31 12:30–11:00 �10:59

Females 	20:31 20:30–20:01 20:00–19:01 19:00–16:31 16:30–14:30 �14:29

60 years/over

Males 	20:01 20:00–19:01 19:00–16:16 16:15–14:00 13:59–11:15 �11:14

Females 	21:01 21:31–21:00 20:30–19:31 19:30–17:30 17:30–16:30 �16:29

Source: Cooper, K. H. (1982). The Aerobics Program for Total Well-Being. New York: Bantam Books/M. Evans.
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Table C8. Classification of cardiorespiratory fitness based on Cooper 3-mile walk test. Values represent time (min:s) to complete 3-mile walk

Age/gender Very poor Poor Fair Good Excellent

13–19 years

Males 	45:01 45:00–41:01 41:00–37:31 37:30–33:00 �32:59

Females 	47:01 47:00–43:01 43:00–39:31 39:30–35:00 �34:59

20–29 years

Males 	46:01 46:00–42:01 42:00–38:31 38:30–34:00 �33:59

Females 	48:01 48:00–44:01 44:00–40:31 40:30–36:00 �35:59

30–39 years

Males 	49:01 49:00–44:31 44:30–40:01 40:00–35:00 �34:59

Females 	51:01 51:00–46:31 46:30–42:01 42:00–37:30 �37:29

40–49 years

Males 	52:01 52:00–47:01 47:00–42:01 42:00–36:30 �36:29

Females 	54:01 54:00–49:01 49:00–44:01 44:00–39:00 �38:59

50–59 years

Males 	55:01 55:00–50:01 50:00–45:01 45:00–39:00 �38:59

Females 	57:01 57:00–52:01 52:00–47:01 47:00–42:00 �41:59

60 years/over

Males 	60:01 60:00–54:01 54:00–48:01 48:00–41:00 �40:59

Females 	63:01 63:00–57:01 57:00–51:01 51:00–45:00 �44: 59

The walking test requires participants to cover 3 miles in the fastest time possible without running.

Source: Cooper, K. H. (1982). The Aerobics Program for Total Well-Being. New York: Bantam Books/M. Evans.
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Table C9. Predicted V̇O
2max

(ml · kg−1 ·min−1) based on the Cooper’s qualitative categories

Age/gender Very poor Poor Fair Good Excellent Superior

13–19 years

Males �34.9 35.0–38.3 38.4–45.1 45.2–50.9 51.0–55.9 	56.0

Females �24.9 25.0–30.9 31.0–34.9 35.0–38.9 39.0–41.9 	42.0

20–29 years

Males �32.9 33.0–36.4 36.5–42.4 42.5–46.4 46.5–52.4 	52.5

Females �23.5 23.6–28.9 29.0–32.9 33.0–36.9 37.0–40.9 	41.0

30–39 years

Males �31.4 31.5–35.4 35.5–40.9 41.0–44.9 45.0–49.4 	49.5

Females �22.7 22.8–26.9 27.0–31.4 31.5–35.6 35.7–40.0 	40.1

40–49 years

Males �30.1 30.2–33.5 33.6–38.9 39.0–43.7 43.8–48.0 	48.1

Females �20.9 21.0–24.4 24.5–28.9 29.0–32.8 32.9–36.9 	37.0

50–59 years

Males �26.0 26.1–30.9 31.0–35.7 35.8–40.9 41.0–45.3 	45.4

Females �20.1 20.2–22.7 22.8–26.9 27.0–31.4 31.5–35.7 	35.8

60 years/over

Males �20.4 20.5–26.0 26.1–32.2 32.2–36.4 36.5–44.2 	44.3

Females �17.4 17.5–20.1 20.2–24.4 24.5–30.2 30.3–31.4 	31.5

Source: Cooper, K. H. (1982). The Aerobics Program for Total Well-Being. New York: Bantam Books/M. Evans.
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Table C10. Assessment of operative risk for thoracic surgery by exercise testing

Low Intermediate High Very high

V̇o
2max

(l ·min−1) 	1.50 1.49–1.00 �0.99

C 0%a C 70%a

V̇o
2max

(ml · kg−1 ·min−1) 	20 19–15 14–10d �9

C 10%b Mt 0%; Mb 0%c Mt 0%; Mb 11%c; C 100%b Mt 29%; Mb 43%c

V̇o
2
� (ml · kg−1 ·min−1) 	15 14–10 �9

Mt 1%e Mt 18%e

V̇o
2
/f

Cmax
(ml) 	10.0 �9.9

C 0%d C 100%d

where Mt is mortality, Mb is morbidity, C is a complication.
aEugene, J., Brown, S. E., Light, R. W., Milne, N. E. & Stemmer, E. A. (1982). Maximum oxygen consumption: a physiologic guide to

pulmonary resection. Surg. Forum, 33, 260–2.
b Smith, T. P., Kinasewitz, G. T., Tucker, W. Y., Spillers, W. P. & George, R. B. (1984). Exercise capacity as a predictor of

post-thoracotomy morbidity. Am. Rev. Respir. Dis., 129, 730–4.
cBechard, D. & Westein, L. (1987). Assessment of exercise oxygen consumption as preoperative criterion for lung resection. Ann.

Thorac. Surg., 44, 344–9.
dEpstein, S. K., Faling, L. J., Daly, B. D. T. & Celli, B. R. (1993). Predicting complications after pulmonary surgery. Chest, 104,

694–700.
eOlder, P., Smith, R., Courtney, P. & Hone, R. (1993). Preoperative evaluation of cardiac failure and ischemia in elderly patients by

cardiopulmonary exercise texting.

Table C11. Effect of cadence (r.p.m.) errors on work rate (Ẇ ) and the oxygen uptake (V̇O
2
) that may be predicted from those work rates

r.p.m. Work rate (Ẇ)

Assumed Actual Flywheel Assumed Actual

Load value value circumference value value Error

(kp) (min−1) (min−1) (m) (W) (W) (%)

2 60 59 6 117.6 115.7 −2

2 60 58 6 117.6 113.7 −3

2 60 57 6 117.6 111.8 −5

2 60 56 6 117.6 109.8 −7

2 60 55 6 117.6 107.8 −8

2 60 54 6 117.6 105.9 −10

Thus, a counting error of 6 r.p.m. will result in over- or underestimating the actual work rate by 10%. This error may obscure any

real gain in V̇o
2max

as determined from tests predicting that value from work rate and heart rate.
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Appendix D Protocols and supplemental materials

Table D1. Balke treadmill protocol

Time Speed Grade V̇o
2

Change in

Stage (min) (m.p.h.) (%) (ml · kg−1 ·min−1) METs V̇o
2
(ml · kg−1 ·min−1)

1 1 3.3 1 13.9 4 0

2 1 3.3 2 15.5 4.4 1.6

3 1 3.3 3 17.1 4.9 1.6

4 1 3.3 4 18.7 5.3 1.6

5 1 3.3 5 20.3 5.8 1.6

6 1 3.3 6 21.9 6.3 1.6

7 1 3.3 7 23.5 6.7 1.6

8 1 3.3 8 25.1 7.2 1.6

9 1 3.3 9 26.7 7.6 1.6

10 1 3.3 10 28.3 8.1 1.6

11 1 3.3 11 29.9 8.5 1.6

12 1 3.3 12 31.4 9.0 1.6

13 1 3.3 13 33.0 9.4 1.6

14 1 3.3 14 34.6 9.9 1.6

15 1 3.3 15 36.2 10.3 1.6

16 1 3.3 16 37.8 10.8 1.6

17 1 3.3 17 39.4 11.3 1.6

18 1 3.3 18 41.0 11.7 1.6

19 1 3.3 19 42.6 12.2 1.6

20 1 3.3 20 44.2 12.6 1.6

This table indicates 20 possible stages for the original Balke protocol. The treadmill speed is kept constant, at 3.3 m.p.h. (88.4

m ·min−1). Note that the increments in expected Vo
2
are equal and relatively small (1.6ml · kg−1 ·min−1), entirely due to the change

in grade. While this protocol may be appropriate for older, deconditioned, or patient groups, it is too long for more Wt populations.

As suggested in Chapter 3, an exercise test protocol should be chosen so that it terminates in 8–12 min for each subject. Many

modiWcations of this 1-min incremental protocol have been developed in which the speed and/or grade is changed to achieve the

8–12-min termination time. Figure D4 illustrates how to develop a spreadsheet that will calculate an appropriate grade increment

based on treadmill speed, desired protocol duration, and a reference value for Vo
2max

.
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Figure D1 The Balke, standard Bruce, and modiWed Bruce treadmill protocols.

Table D2. Bruce treadmill protocol

Speed
Time Grade V̇o

2
Change in

Stage (min) (m.p.h.) (m ·min−1) (%) (ml · kg−1 ·min−1) METs V̇o
2
(ml · kg−1 ·min−1)

Ia 3 1.7 45.6 0 8.1 2.3 0

Ib 3 1.7 45.6 5 12.2 3.5 4.1

Ic 3 1.7 45.6 10 16.3 4.6 4.1

II 3 2.5 67.0 12 24.7 7.0 8.4

III 3 3.4 91.1 14 35.6 10.2 10.9

IV 3 4.2 112.6 16 47.2 13.5 11.6

V 3 5.0 134.0 18 52.0 14.9 4.8

VI 3 5.5 147.4 20 59.5 17.0 7.5

The Bruce treadmill protocol is the most frequently used treadmill protocol in clinical exercise testing. This table contains both

the standard Bruce protocol (stages I–VI) and a modiWed version designed for patient groups (stages Ia–Ic and beyond). The

protocol may be continued with additional 3-min stages in which speed is increased 0.5 m.p.h. (13.4 m ·min−1) and 2% grade for

each stage. The protocol has unequal increments in V̇o
2
and may produce uncomfortable walking/running conditions due to

awkward speeds (4.2m.p.h.) and steep grades, the latter possibly causing calf or low back pain. The 3-min stages may obscure

detection of the metabolic threshold as compared to protocols with 1-min stages.
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Standard instructions for the 6-minute walk
test

The following or similar narrative should be used
prior to the administration of each 6-minute walk
test so that every patient receives the same instruc-
tions each time the test is administered. The narra-
tive is best recorded on audiotape and played to the
subject immediately before every test.

This is a 6-minute walking test. Before you start, please listen

carefully to the following instructions. During this test you

should try to walk as far as you possibly can in 6 minutes. You

can choose your walking pace according to how you feel but try

to achieve a steady pace throughout the test. Do not be con-

cerned if you have to slow down or stop to rest. If you do stop to

rest, try to start walking again as soon as possible. Remember

that the goal of this test is to cover as much distance as possible

in 6 minutes. I will start timing your walk as soon as you begin.

Please start walking now.
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Blood pressure measurement procedures

Subjects should have been allowed to rest (seated,
with feet Xat on the Xoor) for at least 5min before
blood pressure measurements are obtained.
1. Obtain measurements with the subject in a re-

laxed, comfortable position with the arm bare
(do not apply the cuV or stethoscope head over
clothing).

2. Choose the correct cuV size for the size of the
subject’s arm.

3. The bladder width should encircle 40% of the
circumference of the arm. Table D3 will assist
the user in choosing the correct cuV size based
on measurement of the subject’s arm circum-
ference.

4. Palpate and, if necessary, mark the brachial
artery in the antecubital fossa.

5. Apply the correct-size cuV to the arm with the
bladder centered over the brachial artery. Leave
about 2 cm (1 in.) between the bottom of the
cuV and the brachial artery. Do not apply over
clothing. If sleeves are rolled up, be sure that
they are not too tight as thiswill yield inaccurate
readings.

6. Estimate the systolic pressure by palpating the
radial or brachial pulse as you inXate the cuV.
Note the pressure on the manometer when the
palpated pulse disappears. Record and wait
30 s.

7. Insert stethoscopeearpieces.Remember to turn
earpieces slightly forward to facilitate Wt in the
outer ear canals.

8. Place the bell head of the stethoscope over the
brachial artery with light pressure.

9. Elevate the arm to heart level.
10. After the 30-s pause, inXate the cuV again to a

level 30mmHg above the pressure at which the
palpated pulse disappeared.

11. DeXate the cuV slowly at a rate of 2mmHg · s−1,
allowing the mercury column to fall completely
to zero. Do not reinXate during the course of a
measurement.

12. Record the pressure at which you hear the Wrst
blood pressure sounds for two consecutive

Table D3. Guide to assist in choosing correct

sphygmomanometer cuff size

CuV width (cm) 12 15 18

Ideal arm 30.0 37.5 45.0

circumference (cm)

Arm circumference 26–33 33–41 �41

range (cm)

Table D4. Desirable upper limits for systemic arterial systolic

and blood pressures

Desirable limits for

Age range (years) blood pressure (mmHg)

Adults �140/90

Ages 14–18 �135/90

Ages 10–14 �125/85

Ages 6–10 �120/80

Less than age 6 �110/75

beats. This ‘‘onset of sounds’’ (K1) represents
the systolic blood pressure.

13. Record the pressure at which the sounds
disappear (K5) as the diastolic blood pressure.

14. Wait 1–2min, then repeat steps 8–13 in the
same arm.

15. Repeat steps 4–13 in the opposite arm.
16. If you have diYculty hearing a blood pressure,

deXate the cuV to zero and wait 30 s. ReinXate
the cuV with the participant’s arm raised above
her/his head. Lower the arm to heart level,
apply stethoscope and proceed from step 10.

17. Record both blood pressure measurements for
each arm on the data sheet.

18. Inform the subject of the results. Use Table D4
to indicate whether the blood pressure is
within desirable limits on this particular day.
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Figure D2 Calibration of a mechanically braked cycle

ergometer.

Calibration of Monark cycle ergometer

Table D5. Cycle ergometer calibration data sheet

Sector reading
Calibration

weight (kg) Date Date Date

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

6.0

6.5

7.0

Among the most common mechanically braked er-
gometers used in laboratory settings today is the
Monark ergometer. Developed by von Döbeln near-
ly 50 years ago, this ergometer uses gravity and a
known mass to indicate the workload. Calibration
procedures for this common ergometer are pres-
ented here and require only about 5min to com-
plete. The following will be needed:
1. Set of calibrationweights of at least the following

conWguration:
(a) one 500-g weight (0.5 kg).
(b) several (four would be ideal) 1-kg weights.
(c) one 5-kg weight.

2. A thin cord, wire, or a piece of a clothes hanger
from which to hang the calibration weights.

3. A data sheet to record your measurements.

Procedures

Refer to Figure D2.

1. Remove the lower end of the friction belt from
the spring by loosening the tension knob.

2. Ensure that the pendulum hangs freely.
3. Adjust the marked sector so that the red index

line on the pendulum lines up exactly with the
‘‘0’’ mark on the sector.

4. Hang one of the calibrationweights from the belt
hanging over the pulley wheel.

5. The pendulum will now move away from gravity
and should line up with the mark on the sector
corresponding to the weight. For example, a 3-kg
weight should line up with the ‘‘3’’ mark on the
sector.

6. Repeat these procedures for weights ranging be-
tween 0.5 kg and 7kg, recording results on the
data sheet (Table D5).

7. Before making any adjustment, make sure that
the weight is hanging freely, the pendulum is
hanging freely, and the initial position of the
index line on the pendulum is actually at ‘‘0’’ on
the sector.

8. If necessary, the center of gravity of the pendu-
lum weight may be moved up or down (move
down if the index line on the pendulum is above
the sector mark corresponding to the calibration
weight).

Note: The above procedures are known as static
calibration and do not take into account friction
resistance oVered by the cycle’s drive train, i.e., the
chain, sprocket, bearings, and bottom bracket.
Performing regular maintenance and lubrication
of these moving parts can minimize these sources
of error. Dynamic calibration may also be per-
formed using a dynamic torquemeter (see Chapter
2).
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Figure D3 Regression of water vapor pressures at diVerent

temperatures between 18°C and 30°C. Data points were Wtted

with a second-order polynomial to yield the equation shown.

Water vapor pressure

The plot of PH2O versus gas temperature, shown in
FigureD3, is well Wt with a second-orderpolynomial
with the equation

y=0.0353x2 − 0.3399x+ 10.192 (D1)

This equationmay be conveniently used in calcula-
tors or spreadsheets for calculating BTPS and STPD
gas correction factors with no loss in precision
(Table D6).

Table D6. Water vapor pressure (P
H2O
) of saturated gas at various

temperatures (°C)

Gas Gas

temperature P
H2O

temperature P
H2O

(°C) (mmHg) (°C) (mmHg)

18.0 15.48 24.5 23.06

18.5 15.97 25.0 23.76

19.0 16.48 25.5 24.47

19.5 17.00 26.0 25.21

20.0 17.54 26.5 25.96

20.5 18.08 27.0 26.74

21.0 18.65 27.5 27.54

21.5 19.23 28.0 28.35

22.0 19.83 28.5 29.18

22.5 20.44 29.0 30.04

23.0 21.07 29.5 30.92

23.5 21.71 30.0 31.82

24.0 22.38 37.0 47.00
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Detailed crash cart contents

Although the arrangement of supplies can be varied
to suit the practitioners’ particular needs and pref-
erences, the following contains a workable and
complete list of crash cart contents suitable formost
exercise-testing applications.

Top of cart

Contaminated needle box
DeWbrillator with two rolls of extra paper
Electrolyte gel for deWbrillator
1 package deWbrillation/pacing pads
1 small package ECG electrodes
Gloves, mask, eye shield
Intubation tray
Electrical suction pump (or connection to wall
suction)
Suction canister
Suction connecting tubing

Left side of cart

Ambu bag with trach adapter
IV pole (attached to cart)
O2 mask with tubing
E-size oxygen cylinder (or connection to wall-piped
oxygen)
Two-stage regulator for oxygen tank
O2 Xow meter
Tank wrench

Back of cart

CPR board
Clipboard with 1 arrest form
Crash cart supply list

First Drawer

This drawer contains crash cart medications. One
way to arrange these contents is by purpose, i.e.,
drugs to correct dysrhythmias, drugs to increase
blood pressure and cardiac output, drugs to in-
crease heart rate, etc. (Table D7).

Second drawer

Alcohol and iodine (Betadine) swabs
3 blood gas kits
5 green IV labels
10 gummed labels, plain
Needles:
10 18-gauge by 1.5 in.
4 22-gauge by 4 in. spinal needles
15 20-gauge by 1 in.
10 22-gauge by 1 in.

5 iodine (povidone) ointment packs
5 sterile H2O, 30ml
5 sterile saline, 30ml
Syringes, 3ml (2); 10ml (10); 20ml (2); TB (5)
5 heplock
5 multidose adapters
5 interlink syringe cannula
5 Leuer-lock cannula

Third drawer

5 each 2� 2 and 4� 4 gauze sponges
Blood sample tubes, 3 each
red top: 10 and 15ml
green top: 7ml
blue top: 4.5ml
lavender top: 7ml
corvac: 7ml

ButterXy/scalp vein needles 2 each – 19 and 21
gauge
4 ECG monitoring electrodes
2 irrigating syringes (60ml)
IV catheters, 3 each; 16 gauge, 18 gauge and 20
gauge
3 IV start kits
1 tube lidocaine jelly
1 bottle Betadine
4 suction kits 14–16 Fr.
1 Yankauer suction tip
3 tourniquets
Tape: 2 rolls each 1 and 2 in. size
Paper, plastic, and adhesive

3 liquid adhesive, single dose

Fourth drawer

Sterile gloves sizes 6.5 through 8.5
2 Kelly clamps (disposable)
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Table D7. Drugs recommended for a crash cart listed alphabetically by proprietary name

Drug Quantity Amount Strength

Aminophylline 250mg 1 10ml vial 25mg ·ml−1

Atropine 1mg 4 10ml syringe 0.1mg ·ml−1

Calcium chloride 1 g 2 10ml syringe 100mg ·ml−1

Dextrose 50% 2 50ml 25g · 50ml−1

Diazepam 10mg/2ml 1 2ml vial 5mg ·ml−1

Diphenhydramine 50mgml−1 1 1ml vial 50mg ·ml−1

Dopamine (premixed bag) 1 400mg/250ml D5W 16mg ·ml−1

Epinephrine 1: 1000 1 1ml amp 1mg ·ml−1

Epinephrine 1: 1000 1 30ml vial 1mg ·ml−1

Epinephrine 1: 10 000 (1mg) 5 10ml 112 in. short needle 1mg/10ml

Flumazenil 0.5mg 1 5ml vial 0.1mg ·ml−1

Furosemide 100mg 1 10ml vial 10mg ·ml−1

Isoproterenol 1mg 1 5ml amp 1mg/5ml

Lidocaine (premixed bag) 1 2 g/250ml D5W 8mg ·ml−1

Lidocaine 100mg 3 5ml syringe 20mg ·ml−1

Magnesium sulfate 50% (5 g) (must be diluted) 1 10ml vial 5 g/10ml

Methylprednisolone 1 g 1 8ml vial 1 g/8ml

Midazolam 2mg/2ml 2 2ml vial 1mg ·ml−1

Naloxone 0.4mg 2 1ml vial 0.4mg ·ml−1

Norepinephrine 4mg 2 4ml amp 1mg ·ml−1

Procainamide 1 g 2 10ml vial 100mg ·ml−1

Sodium bicarbonate 8.4% 2 50ml syringe 1mmol · l−1 ·ml−1

Sodium chloride 4 10ml vial 0.9% (normal)

Verapamil 5mg/2ml 2 2ml vial 5mg/2ml

1 suture scissors (disposable)
2 5-in-1 connectors
1 razor
Silk suture, 2 each; 2-0, 3-0, 4-0
1 Salem sump tube, no. 16
5 surgical lubricant
Scalpels no. 11 and no. 15 (disposable)
1 chest tube clamp
Oral airways (small, medium, large)
1 nasal airway (no. 7)
2 sterile towels

Fifth drawer

IV solutions
2 50 cc 5% dextrose in water (D5W)
2 500 cc 5% dextrose in water (D5W)
1 1000 cc % dextrose in water (D5W)
3 500 cc 0.9% (normal) saline
2 250 cc % dextrose in water (D5W)

2 3-way stopcocks
2 dual injection sets
4 macro tubing sets
3 mini drip sets
2 ‘‘Y’’ blood recipient sets and 80 �m blood sets
4 long extension sets
1 blood set with pump
1 pressure bag
1 Xashlight with 2 extra batteries (date all batteries)
1 Long armboard

Bottom shelf

1 thorocotomy tray
1 trach tray
1 cut-down tray
1 Foley tray with cath no. 14
Manual blood pressure cuV

Extension cord
Pacemaker box
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Figure D4 Simple computer spreadsheet for the calculation of grade increments for a treadmill protocol using Wxed walking

speeds of 50–100m ·min−1 (1.9–3.7m.p.h.). Create the spreadsheet as shown in this Wgure then calculate the optimal grade

increment by the following steps: (a) Enter the desired treadmill speed (m.p.h.) in cell C1. (b) Enter the desired protocol duration

(usually 10 min) in cell C2. (c) Enter a reference value for V̇o
2max

(ml · kg−1 ·min−1) in cell C3. (d) Enter the following equation in cell

C4 to show the optimal grade increment:=(C3−(C1*26.8*0.1)−3.5)/(C1*26.8*1.8)*100)/C2.

Table D8. Potential errors in the principal derived variables with given errors in the primary or measured variables

Error in derived variables

Primary variable Measurement error V̇
E,BTPS

V̇o
2,STPD

V̇co
2,STPD

R

V̇
E,ATPS

+5% +5.0% +5.0% +5.0% 0.0%

F
Ē
o
2

+0.01 0.0% −1.3%a 0.0%a +1.3%

F
Ē
co

2
+0.01 0.0% −0.3%a +1.0%a +1.3%

T +1°C −0.5% −0.5% −0.5% 0.0%

P
B

+5mmHg 0.0% +0.67% +0.67% 0.0%

aThese percentage errors must be multiplied by V
E,ATPS

to obtain absolute errors in V̇o
2
and V̇co

2
.

This table illustrates an error analysis for the calculation of V̇
E
, V̇o

2
, V̇co

2
, and R from the primary or measured variables required

for these calculations. Note that for the purposes of this analysis V̇
E,ATPS

is considered as a primary variable although actually it is

derived from measurements of V
T
and f

R
. The combined eVects of simultaneous errors in more than one measurement are not

shown.

Important points

1. Errors in the measurement of V̇
E,ATPS

produce proportional errors in V̇
E,BTPS

, V̇o
2
and V̇co

2
.

2. The greatest potential for errors lies in the eVect of measurement of F
Ē
o
2
and F

Ē
co

2
on V̇o

2
and V̇co

2
respectively. Furthermore,

these errors increase in proportion to minute ventilation.

3. Modest errors in the measurement of T and P
B
produce only small errors in the derived variables.

Example: At a minute ventilation (V̇
E,ATPS

) of 60 l ·min−1 an error of +0.01 (absolute error of +1%) in the measurement of F
Ē
o
2
will

result in a 0.78 l ·min−1 underestimate of Vo
2
(error=1.3%multiplied by 60). If the true value of V̇o

2
in this example is 2.23 l ·min−1

then the measured value will be 1.45 l ·min−1 which represents an absolute error of 35%. Similarly, an error of +0.01 (absolute

error of +1%) in the measurement of F
Ē
co

2
will result in a 0.60 l ·min−1 overestimate of V̇co

2
(error=1% multiplied by 60). If the

true value of V̇co
2
in this example is 2.50 l ·min−1, then the measured value will be 3.10 l ·min−1, which represents an absolute

error of 24%.
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Informed consent

The informed consent is an important part of the
preliminary testing procedures. This document is
designed to provide subjects or patients with ad-
equate information about the testing procedures so
that their consent to participate is informed. It is
recommended that all subjects or patients read,
understand,agree to, and sign the informed consent
before testing. The informed consent should be
documented and preserved. Since laws vary from
state to state, individualized legal advice should be
sought before adopting any form.
The basic elements of the informed consent in-

clude:
1. The content of the explanation of the test ad-

equately and fairly describes its nature, includ-
ing an identiWcation of those procedures which
are experimental.

2. A description of the procedures with an expla-
nation of the potential risks and discomforts.

3. A description of the beneWts to be expected
either to the individual or to society.

4. When applicable, appropriate alternatives to
having an exercise test that would be advan-
tageous to the individual should be disclosed.

5. The explanation should be terms that a lay per-
son can fully understand.

6. An oVer should be provided to answer any in-
quiries concerning the procedures.

7. It must be made clear that participation is vol-
untary and that an individual may withdraw
consent and discontinue participation any time
without prejudice.

8. Compensation for participation should not
constitute an undue inducement to participate
in a procedure.

9. Consent should not include any exculpatory
language through which the subject is made to
waive, or appear to waive, any legal rights or to
release the institution or its agents from liability
or negligence.

10. Statements on privacy and conWdentiality in-
dicating that no information provided by the
subject will be disclosed to others without the

subject’s written permission. Exceptions to
privacy and conWdentiality may be required if
necessary to protect subjects’ rights and/or
safety (e.g., if injured) or if required by law.

11. A statement of emergency care and compensa-
tion that will be provided if the procedure re-
sults in an injury.

12. A statement indicating that the practitioner
may abort the test if best judgment so indicates.
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Visual analog scale (VAS) for breathlessness

This scale represents varying degrees of breathlessness. Make a short pencil mark on the line at
the point that indicates how breathless you feel at the time the scale is presented to you.

NOT AT ALL
BREATHLESS

EXTREMELY
BREATHLESS
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Appendix E Frequently asked questions

1. What is the best protocol for patients with
chronic disease?

Regardless of subject characteristics with re-
spect to health or disease, the ideal exercise test
protocol includes the following:
(a) a work rate increment that will allow the

test to terminate in 8–12min (see Chapter
3).

(b) selection of a mode of exercise, e.g., cycle,
treadmill, or arm ergometer that is speciWc
to the goals of the test (see Chapter 2).

2. What will cause resting R to differ from 0.80?

It is appropriate for resting R to range between
0.70 and 1.00 and an R of 0.80 is not atypical for
rest. If its measurement truly represents resting
conditions with appropriate prior fasting and
avoidance of activity, an R value of 0.8 suggests
a substrate mix that is approximately 33%
carbohydrate and 67% fat. Protein contributes
little to resting energy production. Not un-
usually, an R value of �1.00 may be observed
during the resting period prior to an exercise
test. This is often due to hyperventilationwhich
itself may be conWrmedby examiningPETo2 and
PETco2. Under more unusual circumstances,
such as alcoholism or chronic starvation,Rmay
be lower than 0.70. Improper calibration of the
gas analyzer(s) may also provide an explana-
tion for R outside the expected range.

3. What does MET stand for?

The MET is an abbreviation for resting meta-
bolic rate. One MET is deWned as a V̇o2 of
3.5ml · kg−1 ·min−1. This value is considered by
many to represent the average resting oxygen
uptake rate per kilogram body weight for most
people.

4. What is the best way to determine the
metabolic threshold?

The most direct approach is to obtain serial
arterial lactate samples in at least 1-min inter-
vals throughout the exercise test. This invasive,
time-consuming, and technically demanding
method is not necessary when the integrative
XT is performed. In this case, Wrst examine the
V̇E versus V̇co2 plot in order to identify the
ventilatory threshold and remove that point
from consideration as the metabolic threshold
(V̇o2�). Next, examine the V̇co2 vs V̇co2 plot
following the guidelines provided in Chapter 4.
Assign a conWdence value (e.g., using a 1–3
scale for low, medium, or high conWdence, re-
spectively). Next, examine the plots of V̇E/V̇o2

vs time and V̇E/V̇co2 vs time utilizing the ‘‘dual
criteria’’ explained in Chapter 4. When the
metabolic threshold is identiWed, assign a con-
Wdence value as described above. For added
conWrmation PETo2 versus time and PETco2 ver-
sus time may be used to detect V̇o2� in a way
similar to that employed for the V̇E/V̇o2 and
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V̇E/V̇co2 ‘‘dual criteria’’ as described in Chap-
ter 4. Ideally, a second member of the lab staV

should perform independent assessments. A
meeting and discussion should resolve dis-
crepancies.

5. How accurate are the autodetection
methods of the metabolic threshold
provided in some metabolic measurement
systems?

Depending on the algorithms used to detect
the metabolic threshold, automated or semi-
automated detection schemes can have rea-
sonable accuracy. However, the prudent indi-
vidual will always overread the automated de-
tection, even if the semiautomated scheme
required some human input. This may be like-
ned to the cardiologist overreading automated
interpretation of the ECG.

6. How do some automated measurement
systems calculate VD/VT?

One should interpret these estimations of
VD/VT cautiously. Calculation of VD/VT requires
use of the Bohr equation and measurement of
arterial carbon dioxide partial pressure (Paco2)
by arterial blood gas analysis. Unless these
measurements are made, use of equations that
approximate Paco2 from PETco2 can lead to
erroneous VD/VT estimations, particularly in
patients with lung disease.

7. What might explain the discrepancy in
results between V̇O2 calculated using the
Douglas bag technique versus values obtained
from an automated metabolic measurement
system?

First, there is a need to establish what consti-
tutes a meaningful discrepancy. Under ideal
conditions with excellent technique, diVeren-
ces in V̇o2 of ±2–3% may be expected. Some
believe that diVerences of up to 5% are accept-

able. Second, diVerencesmay not be due to the
automated system, but rather to poor Douglas
bag technique. If the Douglas bag technique is
good, one must then look to the individual
elements responsible for the calculation of
V̇o2. These include V̇E, FĒo2, FĒco2, FIo2, FIco2,
PB, and TE. As shown in Appendix D (Table D8),
small errors in some variables (i.e., V̇E and
FĒo2) can result in large errors in V̇o2. It would
be disconcerting to observe a reasonably ‘‘ac-
curate’’ V̇o2 with oVsetting errors in V̇E and
FĒo2. That is, a V̇E error that is 8% high and an
FĒo2 error that is 8% low.

8. What are the advantages of performing
exercise testing using breath-by-breath
technology versus the mixing chamber
method? Is one method better?

Bothmethods should yield identical data when
averaged over comparable time periods. The
advantage of breath-by-breath measurements
is chieXy seen in increased data density. This
provides the opportunity to observe rapid
changes in gas transients such as �V̇o2 occur-
ring during the onset of exercise. Breath-by-
breath sampling might provide 20 data points
in the Wrst minute of exercise (assuming fR of
20min−1) to characterize the V̇o2 response
curve, whereas even 10-s averaging from a
mixing chamber system would yield only 6
data points.

9. What causes the variation seen in
breath-by-breath V̇O2 data? How do you deal
with this variability in choosing V̇O2max?

Assuming that the digital algorithms used to
calculate V̇o2 are accurate from the integra-
tion of Xow and gas concentration measure-
ments, the correct accounting for water vapor,
and corrections for barometric pressure and
temperature, some breath-to-breath Xuctu-
ations are normal, but may be exaggerated by
coughing or swallowing. Many automated
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breath-by-breath systems employ criteria to
reject grossly aberrant breaths. The chief com-
ponent aVecting V̇o2 is ventilation. Changes in
pedal frequency, becoming startled during an
XT, pain, or sudden excess movements may all
result in increasing ventilation, even if only for
one breath. This is seen as breath-to-breath
Xuctuation.
Choosing V̇o2max must be standardized at

least within a given laboratory. Use of a single
highest breath is not recommended. Rather,
use of an averaging scheme is more appropri-
ate (see Chapter 4).

10. How should we handle physically weak
patients?

The Wrst consideration is choosing the appro-
priate protocol, as indicated in the answer to
question 1 above. The cycle ergometer may be
a better choice for this patient group because
of its lower initial work rate, extrinsic work rate
control, and improved stability with decreased
risk of falling. If the mouthpiece and noseclip
present an uncomfortable patient interface,
the mask may be considered provided that it

has been previously evaluated for loss of accu-
racy in measuring V̇E due to leaks. When cycle
exercise is not possible, the treadmill test must
be carefully conducted at very low speeds and
grades, again providing the likelihood that the
XT will continue for 8–12 min. Although hand-
rail holding is generally to be discouraged,
some handrail use may be necessary in the
very weak for balance and conWdence.

11. How do you diagnose the difference
between a disease versus poor
conditioning, especially if the patient has
stopped because of leg fatigue?

Poor conditioning may be viewed as mild dis-
ease on the health–disease continuum. In the
global case of ‘‘cardiovascular diseases,’’ a de-
conditioned person will have a low V̇o2max and
metabolic threshold (but not below the lower
95% conWdence limit: see Appendix C, Refer-
ence Values for V̇o2max and V̇o2�). The fC–V̇o2

slope will be somewhat steeper than expected,
but not as steep as in a person with heart
disease.
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Note: an asterisk marks a parameter whose deWnition may be found in the glossary pages 204–210

acetyl-CoA, formation 3

acidosis, chronic metabolic, ventilatory threshold, respiratory
compensation point reduction 127–128

adenosine triphosphate (ATP) regeneration

aerobic metabolic pathways 6
cellular energy deprivation 5
NH

3
derivation 144

aerobic capacity, submaximal testing 51
aerobic metabolism, exercise physiology 5–6
aerobic performance

data analysis 154
four-panel displays 159

African males/females, nomograms of lung function 229

AIDS, XT relative contraindication 88
Allen test, modiWed, arterial blood sampling 49
alveolar air equation 138

alveolar slope, P
ET

o
2
, and P

ET
co

2
137, 138, 140

alveolar–arterial oxygen partial pressure diVerence (P
(A-a)

o
2
)

138–139

deWnition, derivation, equation, and measurement units
138, 205

normal/abnormal response 138–139

American Heart Association, ECG speciWcations 46
American Heart Association/American College of Sports

Medicine (ACSM)

Exercise Specialist certiWcation 83
pro forma, preparticipation screening for XT 253
XT supervision 83

ammonia (NH
3
) 144

arterial blood sampling 48
deWnition, derivation, and measurement units 144

myopathy evaluation 73
normal/abnormal response 144

anaerobic metabolism, exercise physiology 5–6

anaerobic threshold see metabolic threshold
anemia, impaired oxygen delivery 168
aneurysms, XT relative contraindication 87–88

angina
CXT 73
XT termination 88–89, 89

anxiety

cardiovascular response pattern abnormalities 165, 167
diagnosis 11, 12
exercise prescription 12

rapid shallow breathing association 173
sinus tachycardia 113
symptom perception abnormalities 178

aortic aneurysm, XT contraindication 87
appendices 204–263
arm ergometers 31–32

calibration, accuracy, and precision 31
maintenance 32
maximal incremental work rate 82

oxygen cost 212
settings 78
submaximal incremental work rate 64–65

arterial blood gas tensions (Pao
2
, and Paco

2
) 135–137

oxygen tension, deWned 207
arterial blood sampling 48–50

arterial catheter 49, 71
calibration, accuracy, and precision 49–50
description, and operational principles 48–49

double arterial puncture 49
laboratory tests 71
maintenance 50

modiWed Allen test 49
oxygen saturation (Spo

2
), pulse oximetry 47

Paco
2
determination, hyperventilation, and dead space

increase 135
arterial pressure see blood pressure
arterial–end-tidal carbon dioxide partial pressure diVerence

(P
(a-ET)

co
2
) 139–141

deWned 207
deWnition, derivation, and measurement units 139–140

normal/abnormal responses 140–141
arteriovenous diVerence in oxygen content*
deWnition, derivation, and measurement units 115–116,

205
normal/abnormal response 116

arthritis, symptom perception abnormalities 178
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assessment
case studies
for exercise program 185–7

for pulmonary rehabilitation 191–195
asthma
case study 181–5

exercise-induced (EIA), CXT 71–73
ventilatory Xow limitation 134
ventilatory limitation 169

see also pulmonary disease
Åstrand–Ryhming cycling test 65
Åstrand–Ryhming nomogram of lung function 227

ataxia, XT termination 88–89, 89
ATP see adenosine triphosphate
atrial contractions see premature atrial contractions

atrial Wbrillation
cardiovascular response pattern abnormalities 167
ECG 113, 114

XT termination 89

Balke treadmill protocol 64, 78–79, 214, 241–242

basic life support (BLS), training, and certiWcation 89
beta-sympathomimetic antagonists
cardiovascular response pattern abnormalities 167

f
Cmax

reduction 109
biological variability, means 140, 150
biomechanical eYciency, physical training 151

blood doping, oxygen delivery increase 168
blood pressure (BP)
diastolic, XT termination 88–89

mean, equation 119
measurement
intraarterial 47

procedures 244
resting 76
sphygmomanometry 44–47

monitor 84
systemic arterial pressure 119–121
deWned 206

deWnition, derivation, and measurement units 119–120
normal/abnormal response 120–121
oxygen uptake relationship 120

systolic, XT termination 88–89
BLS see basic life support
‘‘blue bloaters’’, lung disease 125–126

Bohr equation 2, 124
V
D
/V

T
141

Borg scale for perceived exertion (psychometric scale) 256

bradycardia, sinus, ECG 113
breath-by-breath systems 45–46
averaging method 97–98

calibration, accuracy, and precision 45
description, and operational principles 45
maintenance 45–46

breathing, rapid shallow, ventilatory control abnormalities
173

breathlessness* 146–147

deWnition, derivation, and measurement units 146, 205
exertional, case study 187–191
normal/abnormal response 146–147

visual analog scale 146, 258
bronchitis, chronic
ventilatory Xow limitation 134, 169

see also pulmonary disease
bronchoconstriction test 71–73
bronchospasm, exercise-induced (EIB), CXT 71–73

Bruce treadmill protocol 78–79, 214–215, 242
cardiac exercise testing 73
data table 64

CABG (coronary artery bypass grafting) 11, 13
calcium channel antagonists

cardiovascular response pattern abnormalities 167
f
Cmax

reduction 109
calculations 211–219

calibration, measurement concepts 16
calibration curve, mathematical adjustments 16
calibration data 16

carbohydrate
respiratory quotient 7
RQ value 106

slope of ventilatory response increase 125
ventilatory response pattern abnormalities 171

carbon dioxide

analyzers 42
calibration, accuracy, and precision 42
maintenance 42

production, deWned 96–97
tension, arterial, regulation 2
see also arterial blood gas tensions; end-tidal gas tensions;

pulmonary gas exchange
carbon dioxide output*
calculation 216

deWned 96–97, 208
ventilatory coupling 2

carboxyhemoglobinemia, impaired oxygen delivery 168

cardiac failure
oscillating ventilation 173
see also congestive heart failure

cardiac glycosides, cardiovascular response pattern
abnormalities 167

cardiac output* 116–118

cardiovascular coupling 2
deWnition, derivation, and measurement units

116–117

instantaneous oxygen uptake equation 117
normal/abnormal response 117–118

cardiac rhythm
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ECG abnormalities 114
XT termination 88–89

cardiac stroke volume (SV) 118–119

calculation 118
cardiac output, and f

C
association 2

deWned 208

deWnition, derivation, and measurement units 118
estimation
incremental exercise 111

maximal exercise 112
normal/abnormal response 118–119

cardiac XT 73

cardiomyopathy
diVerential diagnosis 11
impaired oxygen delivery 169

SV reduction 118
cardiopulmonary coupling, external work rate 2
cardiopulmonary XT, supervision 83

cardiorespiratory Wtness
classiWcation 230–238
see also oxygen uptake, maximum

cardiovascular disease
cardiovascular limitation 164
cardiovascular response pattern abnormalities 164–166

diVerential diagnosis 9–10
disease progression/regression assessment 151–152
exercise prescription 12

impaired oxygen delivery 168–169
NYHA classiWcation 99–100, 112
oxygen pulse response patterns 112

oxygen uptake, prolonged 105
shunt abnormalities
arterial blood gas tension abnormalities 136

gas exchange abnormalities 175
valvular
slope of cardiovascular response 111

SV reduction 118
XT relative contraindication 88

Weber classiWcation 99–100

SV values 119
cardiovascular eYciency
oxygen pulse 111–112

slope of cardiovascular response 110–111
cardiovascular limitation 8, 10
data analysis 154

four-panel displays 159–161
nine-panel displays 159

diagnostic response patterns 162–167

cardiovascular response
abnormalities, diagnostic response patterns 164–167
four-panel display 159, 161

slope 110–111
carnitine palmitoyl transferase (CPT) deWciency, muscle

metabolism abnormalities 176

case studies
assessment in preparation for exercise program 185–187
assessment for pulmonary rehabilitation 191–195

asthma 181–5
muscle fatigue, and exertional breathlessness 187–191,

199–203

occupational exposure to solvents 195–199
catheter, arterial, arterial blood sampling 49, 71
cellular energy generation

equations 3
metabolic substrates 7

cellular respiration coupling, external work rate 1–2

central nervous system symptoms, XT termination 89
chest wall compliance, reduced, ventilatory capacity

reduction 124

chronic fatigue syndrome, muscle metabolism abnormalities
176–177

chronic obstructive pulmonary disease

6-minute walking test 95
abnormal symptom perception 177–178
case study 191–195

diagnostic XT 58
stair-climb 70

chronometers 19–20

chronotropic incompetence
cardiovascular response pattern abnormalities 165, 167
f
Cmax

reduction 109–110

citric acid cycle see Krebs cycle
clammy skin, XT termination 88–89
clinical exercise testing (CXT) 6–8, 67–74

deWned 204
Weld tests 68–70
laboratory tests 70–74

physician supervision 83
purposes, setting, and protocols 51, 52
submaximal testing 51

ventilatory capacity determination 76
see also diagnostic XT

clinical medical history questionnaire 253

clocks see chronometers
cold skin, XT termination 88–89
collection bags see gas collection bags

conWdence interval, standard deviation of the mean 150
confusion, XT termination 88–89, 89
congenital heart disease, SV reduction 9–10

congestive heart failure
slope of cardiovascular response 111
XT contraindication 87

consent, informed 74–75, 250
contractile coupling 2
contraindications to XT 87–91

absolute 88
relative absolute 88

conversion constants 217–219
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Cooper distance measurements
walking and running tests 237–238
1.5-mile run 237

3-mile walk 238
Cooper tests 56, 57, 60
estimation of maximum oxygen uptake 213, 239

Wtness categories 230, 232–233
coronary artery bypass grafting (CABG) 11, 13
coronary artery disease

impaired oxygen delivery 169
screening 11
slope of cardiovascular response 111

SV reduction 118
see also cardiovascular disease

counters 20

CPT see carnitine palmitoyl transferase
CR10 scale 145
crash cart, detailed contents 247–248

CWR see work rate tests, constant
CXT see clinical exercise testing
cyanosis, XT termination 88–89

cycle ergometers 21–27
calibration, pre-XT 78
concerns 23–25

description and operational principles 21–25
electrically braked 23
calibration, accuracy, and precision 27

maintenance 27
PWC170 test 23

Weld exercise testing (FXT) 60, 234–235

friction-braked 23
leg, advantages and disadvantages 25
maximal tests, work rate increments 79–80

mechanically braked 21–23
calibration, accuracy, and precision 25–27
counters 20

maintenance 27
r.p.m. error eVects 22–23

Monark, calibration 245

oxygen cost 211
protocol pro forma 254
settings 77–78

Storer cycle test, estimation of maximum oxygen uptake
214

submaximal constant work rate tests, Åstrand–Ryhming

test 65
submaximal incremental work rate tests 61–63
branching protocol 61

f
C
, blood pressure, and RPE timing 61, 63

YMCA multistage 61, 63
Wingate test 25

data integration and interpretation 85–87, 149–179
data displays 152–162

graphical
four-panel 159–161
nine-panel 158, 168

recommended 78, 79
sequential, trending phenomena 161–162, 165
tabular 155–157, 168

multiple data
diagnostic response patterns 162–179
reduction and display 152–162

single variables
reference value comparison 149–150
serial measurements 151–152

technical factors 152–154
dead space
calculation, CXT 71

gas exchange abnormalities 173
P
(a–ET)

co
2
increases 140

P
ET

o
2
and P

ET
co

2
inXuence 137–138

ventilatory equivalents 135
dead space–tidal volume ratio (V

D
/V

T
) 2, 141–142

age eVects 142

Bohr equation 141
deWned 208
deWnition, derivation, and measurement units 141–142

normal/abnormal response 142
ventilatory requirement 126

deWnitions, glossary 205–210

denial, symptom perception abnormalities 178
diabetes mellitus, XT relative contraindication 88
diagnostic exercise test (CXT: diagnostic) 8, 68

case studies
asthma 181–185
breathlesness and fatigue 187–191, 199–203

chronic obstructive pulmonary disease 58, 191–195
progress monitoring 68
termination 89

dietary recommendations, lung disease 126
diVerential diagnosis 9–11
diVusion impairment, P

(A-a)
o
2
139

digoxin
cardiovascular response pattern abnormalities 167
f
Cmax

reduction 109

diltiazem, f
Cmax

reduction 109
disability evaluation 9, 11, 12
Douglas bag technique, gas collection 32–35, 43

d
W6
see walking and running tests (6-minute walking distance)

dynamic hyperinXation, tidal Xow–volume loop 134
dyspnea see breathlessness

dysrhythmias
cardiovascular response pattern abnormalities 165–167
CXT risk assessment 68

ECG 114, 115
exercise prescription 12
XT termination 89
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ECG see electrocardiography
eVort
suboptimal

conscious/subconscious 179
data analysis, nine-panel display 156–157, 179
deWnition and identiWcation 178–179

EIA see asthma, exercise-induced
EIB see bronchospasm, exercise-induced
EILV see end-inspiratory lung volume

electrocardiogram (ECG) 46
American Heart Association speciWcations 46
calibration, accuracy and precision 46

deWnition, derivation, and measurement units 112–113, 205
dysrhythmias 114–115
maintenance 46

monitoring failure, XT termination 89
normal response 113–114
resting 12-lead 75

electrode placement 75, 76
skin preparation 75

technician 84

electrochemical or fuel cell analyzers, oxygen analyzers 39
electron transport chain see mitochondrial pathway
Ellestad protocol, cardiac exercise testing 73

Embden–Meyerhof pathway 3–4
emergency procedures 89–91
crash cart

detailed contents 247–248
drugs 248

emergency response board 90

resuscitation equipment 90–91
emphysema 13
cardiovascular response pattern abnormalities 166

gas exchange abnormalities 173–174
see also pulmonary disease

end-inspiratory lung volume (EILV), V
T
relationship 133

end-tidal gas tensions (P
ET

o
2
and P

ET
co

2
) 137–138

alveolar slope 137, 138, 140
data analysis 154–155

dead space inXuence 137–138
deWnition, derivation, and measurement units 137
normal/abnormal responses 137–138

endurance time (t)
abnormal response 94
deWnition, derivation, units of measurement 93, 208

normal response 93–94
energetics and substrate utilization, exercise physiology 7
energy, conversion constants 217

equipment failure, XT termination 88–89
ergogenic drugs 11, 13
ergometers 21–32

familiarization pretest 77
recommendations 23
settings 77–78

see also arm; cycle; treadmill ergometers
errors, random and systematic 17–18
errors in measurement of primary variables 249

exercise endurance, CWR tests 65
exercise physiology 1–7
aerobic and anaerobic metabolism 5–6

cardiopulmonary coupling, external work 2
cellular respiration coupling, external work 1–2
data acquisition 85–86

energetics and substrate utilization 7
metabolic pathways 3–5
threshold concepts 6–7

exercise prescription 11, 12
cardiopulmonary rehabilitation 12
CWR 74

PXT 8, 53–55
exercise response variables 93–148
6-minute walking distance 94–95

arteriovenous diVerence in oxygen content 115–116
cardiac output 116–118
cardiac stroke volume 118–119

ECG 112–115
endurance time 93–94
evaluation 8–9

heart rate, maximum (f
Cmax

) 109–110
maximum minute ventilation 122–124
metabolic, gas exchange, or lactic acid threshold 101–103

muscle respiratory quotient 107–109
oxygen pulse 111–112
oxygen uptake

maximum 96–100
time constant 103–105

pulmonary arterial pressure 121–122

respiratory exchange ratio (R) 105–107
respiratory rate 129–130
shuttle test speed 95–96

slope of cardiovascular response 110–111
slope of the ventilatory response 124–126
systemic arterial pressure 119–121

tidal volume 128–129
ventilatory threshold, respiratory compensation point

126–128

walking and running distance 94
work eYciency 100–101

Exercise Specialist certiWcation, American College of Sports

Medicine (ACSM) 83
exercise testing (XT)
classiWcation 7–8, 204

contraindications 87–90
diVerential diagnosis of disease 9–13
emergency procedures 89–91

equipment failure, XT termination 88–89
equipment preparation 77–78
explanation pretest 76–77

269Index



exercise testing (XT) (cont.)
methods 51–92
maximal vs submaximal 51–54

nomenclature 7–8
optimal protocol selection 78–83
personnel recommendations 83–85

physical Wtness assessment 8–9
preparation, pro forma 254
preparticipation screening 253

purpose 1–14
report generation 86
response variables 93–148

safety considerations 87–91
sequence, Xow chart 84
subject preparation 74–77

termination indications 88
see also clinical exercise testing (CXT); performance

exercise testing (PXT)

exercise tolerance, evaluation 9
exertional breathlessness, case studies 187–191, 199–203
expiratory Xow–volume relationships*

deWned 206
see also inspiratory/expiratory Xow

external work* 1–2

fat, RQ value 7, 106
fatigue

XT termination 88–89
see also chronic fatigue syndrome

f
C
see heart rate

f
Cmax

see heart rate, maximum
Fick equation 2, 110, 111
Weld exercise testing (FXT)

CXT 68–70
cycle test 60, 235
deWned 4

PXT 55–60
run tests 56–58
step tests 58–60

swim test 60, 236
walking tests 55–56

Wtness assessment

categories, AHA, Åstrand and Cooper tests 232–235,
238–239

CWR tests 65

Weld tests 55–60
laboratory tests 62
see also performance exercise testing (PXT)

Xow and volume transducers 36–38
calibration, accuracy and precision 38
description and operational principles 36–38

hot-wire anemometer 38
maintenance 38
Pitot tube 37–38

pneumotachograph 37
turbine transducer 38

force, conversion constants 217

forced expired volume in 1 second (FEV
1
) 35

nomograms 228–229
ventilatory capacity estimation 123, 124

f
R
see respiratory rate

gait problems, XT termination 89

gas analyzers 39–43
blood sampling 49–50
carbon dioxide analyzers 42

mass spectrometry 42–43
oxygen analyzers 39–42
water vapor pressure 41

gas collection bags 32–35
Douglas bag technique 32–35
maintenance 34–35

meteorological balloons 32, 34
gas exchange
data analysis 154–155, 159

four-panel displays 160–161, 163
nine-panel displays 158, 173

disorders, diVerential diagnosis 117

impaired
data analysis, nine-panel display 156–157, 173
diagnostic response patterns 173–175

mechanisms, P
(A-a)

o
2
139

gas exchange threshold see metabolic threshold
gas volumes, standardized, calculation 215–216

gasometers see spirometers and gasometers
general gas law 215
glossary

exercise testing 204
physiological variables 205–210

glycolysis, anaerobic 3–4

Haldane equation 128
Harbor–UCLA Medical Center, nine-panel graphical displays

157–158
heart block, ECG 114
heart rate (f

C
)

age-related decline 109
cardiovascular response 2
deWned 205

medication 166–167
oxygen uptake relationship 110
RPE relationship 145

treadmill and cycle exercise comparisons 24
heart rate, maximum (f

Cmax
) 109–110

deWnition, derivation, and measurement units 109

equation 109
normal/abnormal response 109–110
standard deviation 150
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heart transplantation 11, 13
Henderson–Hasselbalch equation, bicarbonate calculation

135

hepatitis, XT relative contraindication 88
high-energy phosphates 2
hot-wire anemometer, Xow and volume transducers 38

hypertension
arterial systolic pressure increase relationship 120
cardiovascular response pattern abnormalities 164–166

CXT risk assessment 68
exercise prescription 12
pulmonary

gas exchange abnormalities 174–175
Ppa increase 121

hyperthyroidism, cardiovascular response pattern

abnormalities 167
hyperventilation
acute, ventilatory control abnormalities 172

diagnosis 11, 12
extreme, ventilatory limitation 170
f
R
increase 130

R adverse factor 107
ventilatory equivalents 135
V
T
abnormal responses 129

hyperventilation syndrome 11
ventilatory control abnormalities 172

hypokalemia, XT relative contraindication 88

hypomagnesemia, XT relative contraindication 88
hypotension, exercise prescription 12
hypoventilation, ventilatory control abnormalities 172–173

hypoxemia
CXT risk assessment 68
exercise prescription 12

oxygen uptake kinetics, cardiovascular and pulmonary
disease 105

Ppa increase 121–122

I/E ratio see ratio of inspiratory to expiratory time (T
I
/T

E
)

ILD see interstitial lung disease

illustrative cases and reports 181–203
incremental exercise protocols 66–67
indoor courses 18

infection
acute, XT contraindication 87
chronic, XT relative contraindication 88

informed consent 240
pretest subject preparation 74–75

inspiratory/expiratory Xow–volume relationships* 133–134

deWned 206
deWnition, derivation, and measurement units 133
normal/abnormal response 133–134

inspiratory/expiratory time ratio (T
I
/T

E
) 131–133

deWnition, derivation, and measurement units 131, 207
normal/abnormal response 131–133

instrumentation 15–50
interstitial lung disease (ILD), gas exchange abnormalities

173–174

isowork analysis, physical training 151

Joint Commission for the Accreditation of Hospital

Organizations (JCAHO), clinical standards 87

KorotkoV sounds, tonal quality and interpretation 119

Krebs cycle 3–4

LA see lactate

laboratory exercise testing (LXT) 60–67
CXT 70–74
with/without arterial blood sampling 70–71

deWned 204
Wtness assessment 62
PXT 60–67

work rate tests
maximal incremental 66–67
submaximal constant 65–66

submaximal incremental 61–65
lactate (La) 142–144
arterial blood gas tensions 136

blood concentrations, treadmill and cycle exercise
comparisons 24

deWnition, derivation, and measurement units 142–143

metabolic threshold 143
metabolism
arterial blood sampling 48

exercise prescription 12
myopathy evaluation 73

normal/abnormal response 143–144

ventilatory control abnormalities 128
laser diode absorption spectroscopy (LDAS), oxygen analyzers 40
LED see light-emitting diode

leg cycle ergometers see cycle ergometers, leg
leg cycling, oxygen cost 211
lifestyle modiWcations 12, 13

PXT 8
light-emitting diode (LED), pulse oximetry 47
lightheadedness, XT termination 88–89

lung function, nomograms 123, 150, 228–229
lung volume reduction surgery (LVRS) 11, 13
LVRS see lung volume reduction surgery

McArdle’s syndrome
La levels 143

metabolic threshold, abnormal response 103
muscle metabolism abnormalities 175–176
R values 107

malingering
diagnosis 11, 12
symptom perception abnormalities 178
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mass spectrometry 42–43
calibration, accuracy and precision 42
description and operational principles 42

maintenance 43
maximum minute ventilation (MMV)* 122–124
deWnition, derivation, and measurement units 122–123

f
C
changes 2

normal/abnormal response 123–124
maximum oxygen uptake see oxygen uptake, maximum*

maximum voluntary ventilation (MVV)*
deWned 206
measurement 35, 123

measured courses 18–19
indoor 18
outdoor 19

measurement concepts 15–18
accuracy 16
calibration 16

error 17–18
precision 16
validation 16

mechanical coupling 2
medical history
multiple data analysis 152–153

questionnaire, pretest preparation 74
medication
cardiovascular limitation eVects 164

cardiovascular response pattern abnormalities 165–167
ergogenic drugs 11, 13

metabolic cart operator 85

metabolic disease, XT relative contraindication 88
metabolic measurement systems 43–46
breath-by-breath method 45–46

mixing chamber method 43–45
metabolic pathways 3–4
ATP regeneration 6

exercise physiology 3–5
metabolic substrates, energetic properties 7
metabolic threshold*

data analysis 159
deWnition, derivation, measurement units 101–102
equations 230–231

lactate accumulation 143
normal response 102–103
interpretation 102–103

oxygen and carbon dioxide uptake relationship 103
physical Wtness assessment 8–9
terminology 102

ventilatory equivalents and end-tidal gas tension
relationships 103–104

metabolism

aerobic and anaerobic 5–6
muscle, data analysis 155

meteorological balloons

gas collection 32
calibration 34

metoprolol, f
Cmax

reduction 109

metronomes 20–21
mitochondrial myopathy, NH

3
increase 144

mitochondrial pathway

oxidative phosphorylation 3–5
schematic representation 5

mixing chambers

calibration, accuracy and precision 44
maintenance 45
metabolic measurement 43–45

Monark cycle ergometer, calibration 245
mononucleosis, XT relative contraindication 88
muscle diseases, diVerential diagnosis 11

muscle fatigue and exertional breathlessness, case studies
187–191, 199–203

muscle metabolism

abnormalities, diagnostic response patterns 175–177
data analysis 155
deWnition and identiWcation 175

nine-panel display 156–157
muscle oxygen consumption*, oxygen delivery eVectiveness

1–2

muscle respiratory quotient (RQ
mus
) 107–109

calculation 108
deWnition, derivation, and measurement units 107–108, 207

normal/abnormal response 108–109
oxygen–carbon dioxide uptake relationship 108

muscle work*, conversion, external work 2

musculoskeletal disease, symptom perception abnormalities
178

musculoskeletal disorders, XT relative contraindication 88

musculoskeletal limitations 8, 10
MVV see maximum voluntary ventilation
myalgia, diVerential diagnosis 11

myoadenylate deaminase deWciency
muscle metabolism abnormalities 176
NH

3
levels 144

myocardial dysfunction, slope of cardiovascular response
111

myocardial infarction

XT contraindication 87
XT termination 89

myocardial ischemia

CXT 73
CXT risk assessment 68
ECG 114–115, 116

exercise prescription 12
treadmill protocols 9

myocarditis, XT contraindication 87

myopathy 203
cardiac output 117–118
CXT evaluation 73
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diVerential diagnosis 11
mitochondrial, muscle metabolism abnormalities 176
NH

3
increase 144

slope of cardiovascular response 111
myophosphorylase deWciency
metabolic threshold, abnormal response 103

R values 107
myxedema, XT relative contraindication 88

Naughton protocol, cardiac exercise testing 73
nausea, XT termination 88–89
neurological symptoms, XT termination 89

neuromuscular disorders, XT relative contraindication 88
New York Heart Association (NYHA)
cardiovascular disease classiWcation 99–100

SV values 119
NH

3
see ammonia

nitrogen concentration, expired, equation 128

noise, random errors 17
nomograms
FEV

1
estimation 123

lung function 228–229
prediction values 150

nutrition

modiWcations 11, 13
see also carbohydrate

obesity, maximum oxygen uptake complications 99–100
occupational exposure to solvents, case study 195–199
Ohio spirometer 36

operative risk, assessment by exercise testing 240
outdoor courses 19
oxygen, see also arterial blood gas tensions; end-tidal gas

tensions; gas exchange; pulmonary gas exchange
oxygen analyzers 39–42
calibration, accuracy and precision 40–41

Scholander procedure 40
water vapor 41

description and operational principle 39–40

electrochemical or fuel cell 39
laser diode absorption spectroscopy (LDAS) 40
maintenance 41–42

paramagnetic 39
zirconium oxide 39–40

oxygen breath* 130–131

deWnition, derivation, and measurement units 130, 209
equation 130
normal/abnormal responses 130–131

oxygen consumption
deWned 96–97
muscle* 1–2

oxygen content see arteriovenous diVerence in oxygen content
oxygen cost of exercise 211–213
oxygen delivery

impaired
data analysis, nine-panel display 156–157, 168
deWnition and identiWcation 167–168

diagnostic patterns 167–169
oxygen partial pressure
alveolar, increase 138

mixed venous, reduction 138
reference values, arterial blood and alveolar–arterial

diVerence 139

oxygen pulse* 111–112
deWnition, derivation, and measurement units 111–112, 209
equation 111

normal/abnormal response 112
oxygen therapy 11, 13
oxygen uptake

alveolar, measurement 1–2
calculation 215–216
CWR tests 66

eVect of errors in r.p.m. (cadence) 240
external work rate coupling 1–2
maximum*, cardiorespiratory Wtness 230–233

peak 210
respiratory exchange ratio 2
r.p.m. error eVects 22, 240

systemic arterial pressure relationship 120
time constant* 103–105
calculation 104

CWR tests 65–66
deWnition, derivation, and measurement units 103–104
normal/abnormal response 104–105, 106

treadmill and cycle exercise comparisons 24
see also breath-by-breath systems

oxygen uptake kinetics*, time constant, physical Wtness

assessment 8–9
oxygen uptake, maximum*
abnormal responses 99–100

cardiovascular disease classiWcation 99–100
measured values 99
obesity complications 99–100

athletes 98
categories, AHA, Åstrand and Cooper tests 232–235,

238–239

deWnition, derivation, and measurement units 96–98, 209
estimation from predictive tests 211–215
incremental XT relationship 99

normal responses 98–99
physical Wtness assessment 8–9
reference values 220–240

terminology 96–98
oxygenation, arterial, pulse oximetry 47–48

pacemaker, Wxed-rate, XT relative contraindication 88
pallor, XT termination 88–89, 89
Pao

2
and Paco

2
see arterial blood gas tensions
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paramagnetic analyzers, oxygen analyzers 39
paresthesia, XT termination 89
patient interface 78

pedal revolution counters see counters
performance exercise testing (PXT: Wtness assessment) 6–9,

53–67

case study 185–191
deWned 204
exercise prescription 53–54

Weld tests 55–60
Wtness assessment 53
laboratory tests 60–67

maximal testing 66–67
progress monitoring 54–55, 54–55
purposes, setting and protocols 51, 52

submaximal testing 51, 52
pericarditis, XT contraindication 87
peripheral measuring devices 46–50

electrocardiography 46
pulse oximetry 47–50
sphygmomanometry 46–47

peripheral vascular disease 168
personnel
assignment 83–84

BP monitor 84
ECG technician 84
experience and qualiWcations 83

metabolic cart operator 85
supervision level 83
test administrator 84

pharmacological interventions 11, 13
pharmacotherapy, CXT progress monitoring 68
phosphate compounds, high-energy, production 2

phosphorylation coupling 2
physical activity readiness, protocol pro forma 252
physical deconditioning, cardiovascular response pattern

abnormalities 165–166
physical training
assessment/preparation, case study 185–7

biomechanical eYciency 151
blood doping 168
cardiovascular limitation 163–164

data analysis, sequential graphing 162, 165
exercise prescription 11, 12
isowork analysis 151

oxygen pulse response patterns 112
response, PXT 8
response measurements 151

running economy 151
sinus bradycardia 113

physiological variables, glossary 205–210

‘‘pink puVers’’, lung disease 125
Pitot tube, Xow and volume transducers 37–38
pneumotachograph, Xow and volume transducers 37

power, conversion constants 217
power output, cycle ergometers 22
Ppa see pulmonary arterial pressure

predicted normal values see reference values
prediction equations, reference values 150
pregnancy

XT guidelines 82–83
XT relative contraindication 88

premature atrial contractions (PACs), ECG 113

preoperative risk assessment, CXT 73
preparation for exercise program, case study 185–187
pressure, conversion constants 217

progress monitoring
CXT 68
PXT 54–55

propranolol, f
Cmax

reduction 109
protein, respiratory quotient 7
protocol pro forma

cycle ergometers 254
physical activity readiness 252
preparation for exercise testing 251

preparticipation screening for exercise testing 253
treadmill ergometers 255

protocols and supplemental materials 241–260

psychological disorders
diVerential diagnosis 11
symptom perception abnormalities 178

XT contraindication 87
psychometric scales
Borg scale for perceived exertion 256

CXT 71
symptomatic evaluation, data analysis 155

P
(a-ET)

co
2
see arterial–end-tidal carbon dioxide partial pressure

diVerence
P
ET

o
2
and P

ET
co

2
see end-tidal gas tensions

pulmonary arterial pressure (Ppa) 121–122

deWnition, derivation, equation, and measurement units
121, 207

normal/abnormal response 121–122

pulmonary capillary transit time (Tpc), oxygen diVusion,
alveolar–capillary membrane 138

pulmonary disease 11

arterial blood gas tension abnormalities 136
‘‘blue bloaters’’/‘‘pink puVers’’ 125–126
breathlessness scores 147

cardiovascular response abnormalities 165–166
chronic, oxygen uptake, prolonged 105
dietary recommendations 126

diVerential diagnosis 11
exercise prescription 12
f
R
values 130

interstitial 11
oxygen breath decrease 131
Pao

2
and Paco

2
increases 140
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progression/regression assessment 151–152
P
(A-a)

o
2
widening 139

restrictive, ventilatory capacity reduction 124

symptom perception abnormalities 127–128, 177–178
T
I
/T

E
131, 133

vascular disease 11

ventilatory control abnormalities 173
ventilatory equivalents 135
ventilatory limitation 169

ventilatory response pattern abnormalities 170–171
V
T
values 128–129

see also chronic obstructive pulmonary disease; speciWc

diseases
pulmonary embolism, XT contraindication 87
pulmonary rehabilitation

initial assessment, case study 191–195
response 151

pulse oximetry

arterial blood sampling 48–50
calibration, accuracy and precision 48
confounding factors 48

description and operational principles 47–48
maintenance 48

PWC170 test, electrically braked ergometers 23

PXT see performance exercise testing

Queen’s College single-stage step test 58–59, 214

questions, frequent 261–263

R see respiratory exchange ratio

ramp test 67
rating of perceived exertion (RPE) 144–146
Borg (psychometric) scale 144–146

deWnition, derivation, and measurement units 144–145, 207
f
C
relationship 145

interpretations 146

normal/abnormal response 145–146
recovery phase, data acquisition 86
reference values 220–240

reference values
deWned 149
prediction equations 150

single variable comparison 149–152
regression equation 16
rehabilitation

CXT progress monitoring 68
response measurements 151

respiratory chain see mitochondrial pathway

respiratory compensation point* 126–128
respiratory exchange ratio (R) 2, 105–107
calculation 216

carbon dioxide output and oxygen uptake relationship 2
measurement 105

deWnition, derivation, and measurement units 105–106, 207

normal/abnormal responses 106–107
time relationship 107

terminology 105–106

respiratory muscle weakness, ventilatory limitation 124,
169–171

respiratory quotient (RQ)

deWned 106
substrates 7

respiratory rate (f
R
) 129–130

deWnition, derivation, and measurement units 129, 206
normal/abnormal response 129–130

resting phase, data acquisition 85

resuscitation equipment 90–91
crash cart 90–91

rheumatoid disorders, XT relative contraindication 88

risk assessment
CXT 8, 68
preoperative 11, 13

Rockport walking test 55–56
estimation of maximum oxygen uptake 213–214

RPE see rating of perceived exertion

r.p.m. (cadence)
conversion constants 217
eVect of errors on mechanically braked, cycle ergometers

22–23
eVect of errors on work rate and oxygen uptake 240
indicators see counters

RQ see respiratory quotient
RQ

mus
see muscle respiratory quotient

running tests see walking and running tests

safety considerations 87–91
contraindications 87–90

JCAHO standards 87
Scholander procedure, calibration gas accuracy 40
shunt

intracardiac, gas exchange abnormalities 175
physiological
gas exchange abnormalities 173

P
(A-a)

o
2
increase 139

shuttle test
10-meter 69–70

20-meter 57–58
course 19
speed

deWnition, derivation, and measurement units 95–96
normal/abnormal responses 96
time intervals and estimated oxygen uptake

10-meter 69–70
20-meter 59

SiconolW multistage step test 59–60, 212

sinus arrhythmias, ECG 113
sinus bradycardia 113
sinus tachycardia 113
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six-minute walking distance (d
W6
) see walking and running

tests
skin symptoms, XT termination 88–89

slope, alveolar 137, 138, 140
slope of cardiovascular response*
deWnition, derivation, and measurement units 110–111,

205
Fick equation 110
normal/abnormal response 111

slope of ventilatory response* 123, 124–126
deWnition, derivation, and measurement units 124, 205
equation 124

normal/abnormal response 125–126
smoking cessation 11, 13
solvents, occupational exposure, case study 195–199

speed, conversion constants 218
sphygmomanometry 46–47
description and operational principles 46–47

intraarterial blood pressure measurement 47
KorotkoV sounds, tonal quality and interpretation 119

spirometers and gasometers 35–36

calibration, accuracy and precision 36
description and operational principles 35–36
dry gasometers 36

dry rolling-seal 36
maintenance 36
Ohio spirometer 36

Tissot spirometer 32
leak tests 34

water-sealed 35–36

sports medicine, ergometers 21
Spo

2
see arterial oxygen saturation

stair-climb, chronic obstructive pulmonary disease 70

stair-step incremental work rate tests 67, 80–82
Bruce and Balke treadmill protocols 64, 73, 78–79,

214–215

standard deviation of the mean
conWdence interval 150
variability degree 140, 150

standardized gas volumes 215–216
step tests 58–60
oxygen cost 211–213

Queen’s College single-stage step test 58–59, 214
SiconolW multistage step test 59–60, 214
stair-step incremental work rate tests 67, 80–82

stoicism, symptom perception abnormalities 178
stopwatches see chronometers
Storer cycle test, estimation of maximum oxygen uptake 214

suboptimal eVort 156–7, 178–9
supplemental materials 241–260
surgery 11, 13

CXT progress monitoring 68
SV see cardiac stroke volume
swim test 60, 236

symptom perception
abnormalities 127–128, 177–178
deWnition and identiWcation 177

data analysis 155
rating of perceived exertion (RPE) 144–146, 207, 256

systemic arterial pressure 206

t see endurance time
tachometer 20

see also counters
tachycardia
sinus, ECG 113

supraventricular
cardiovascular response pattern abnormalities 167
ECG 113

ventricular, ECG dysrhythmias 115
XT termination 89

TCA see Krebs cycle

testing methods see exercise testing (XT)
therapeutic interventions, evaluation 11, 13
thoracotomy, preoperative risk assessment, CXT 73

thromboembolic disease
cardiovascular response pattern abnormalities 166
XT contraindication 87

see also pulmonary disease
thrombus, intracardiac, XT contraindication 87
thyrotoxicosis

cardiovascular response pattern abnormalities 165
XT relative contraindication 88

tidal volume (V
T
) 128–129

deWnition, derivation, and measurement units 128, 210
equation 128
normal/abnormal response 128–129

V
E
relationship 128, 129

timing devices 19–21
chronometers 19–20

counters 20
metronomes 20–21

Tissot spirometer 32, 34

total lung capacity (TLC), inspiratory and expiratory
Xow–volume relationships 133–134

Tpc see pulmonary capillary transit time

transplantation, heart 11, 13
treadmill ergometers
advantages and disadvantages 25

calculation of grade increment 249
calibration
accuracy and precision 28–30

pre-XT 78
description and operational principles 27–28
grading 28–29

speed 29–30
grading, angle relationship 29–30
maintenance 30
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maximal incremental work rate 80–82
oxygen cost
running 212

walking 211–212
walking and running tests 211–212

protocol pro forma 255

safety 30–31
settings 78
submaximal constant work rate 65

submaximal incremental work rate 63–64
Balke protocol 64, 214
Bruce protocol, data table 64, 214–215

tricarboxylic acid (TCA) cycle see Krebs cycle
T
I
/T

E
see inspiratory/expiratory time

turbine transducer, Xow and volume transducers 38

vascular disease
peripheral, impaired oxygen delivery 168

pulmonary 11
ventilation
oscillating, ventilatory control abnormalities 173

treadmill and cycle exercise comparisons 24
see also hyperventilation; maximum minute ventilation;

maximum voluntary ventilation

ventilation disorders, diVerential diagnosis 10–11
ventilatory capacity
deWned 208

determination pretest 76
spirometry 35

ventilatory capacity measurement, MVV 123

ventilatory control abnormalities
data analysis, nine-panel display 156–157, 172
deWnition and identiWcation 171–172

diagnostic patterns 171–173
ventilatory equivalents* 134–135
deWnition, derivation, and measurement units 134, 208

equations 134
normal/abnormal response 134–135

ventilatory failure, ventilatory control abnormalities

172–173
ventilatory limitation 8, 10
data analysis 154, 159, 169–170

four-panel displays 160, 162
nine-panel display 156–157, 158, 169

deWnition and identiWcation 124, 169

diagnostic patterns 169–170
ventilatory response pattern abnormalities
data analysis, nine-panel display 156–157, 170

diagnostic patterns 159, 170–171
ventilatory threshold
physical Wtness assessment 9

respiratory compensation point*
deWnition, derivation, and measurement units 126–127
normal/abnormal response 127–128

terminology 126–127
ventricular aneurysm, XT relative contraindication 88
ventricular contractions

ECG dysrhythmias 115
premature (PVCs), ECG 113
XT termination 89

ventricular Wbrillation, ECG dysrhythmias 115
verapamil, f

Cmax
reduction 109

vertigo, XT termination 89

visual analog scale for breathlessness 146, 258
visual disturbance, XT termination 89
vital capacity (VC), nomograms 228–229

volume, conversion constants 218
volume transducers see Xow and volume transducers
volume-measuring devices 32–43

desirable qualities 32
Xow and volume transducers 36–35
gas collection bags 32–36

spirometers and gasometers 35–38
V
T
see tidal volume

V
D
/V

T
see dead space–tidal volume ratio

walking and running tests
6- and 12-minute 69

6-minute walking test
deWnition, derivation, measurement units 94
equations 231

normal/abnormal responses 95
protocol 243

Cooper distance measurements 56–57, 237–239

1.5-mile run 237
3-mile walk 238

data analysis, sequential graphing 161–162

distance
deWnition, derivation, measurement units 94, 205
normal/abnormal responses 94

endurance time, normal/abnormal 93–94
oxygen cost, treadmill ergometers 211–212
Rockport 55–56

Shuttle 2-meter 57–58
timed 55–58
physical Wtness assessment 9

see also treadmill ergometers
warm-up phase, data acquisition 85
water vapor pressure

gas analyzers 41
oxygen analyzers, calibration 41

water vapor pressure (P
H20
) 246

Weber classiWcation, cardiovascular disease 99–100
weight, conversion constants 218–219
Wingate test, cycle ergometers 25

work, conversion constants 219
work eYciency*
calculation 100
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work eYciency (cont.)
deWnition, derivation, measurement units 100, 206
incremental exercise, oxygen uptake and work rate

relationship calculation 100
muscle work conversion 2
normal/abnormal response 100–101

physical Wtness assessment 8–9
XT response variables 100–101

work rate increment 210

work rate and oxygen uptake, eVect of errors in r.p.m.
(cadence) 240

work rate tests

constant (CWR)
CXT 73–74
oxygen uptake time constant 65–66

t, normal/abnormal responses 93, 94
f
Cmax

and f
C
/work rate relationship 51, 52

incremental

arterial blood gas tensions 135, 136
cardiac output 117–118

f
R
responses 129–130

maximal 66–67
maximum oxygen uptake relationship 99

minute ventilation and oxygen uptake relationship 123
P
(A-a)

o
2
changes 139, 140

t, normal/abnormal responses 93, 94

ventilatory equivalents 134–135
laboratory tests 66–67
oxygen uptake coupling 1–2

variable, t, normal/abnormal responses 93–94
see also arm ergometers; cycle ergometers; treadmill

ergometers; walking and running tests

work rate (W), deWned 210

XT see exercise testing

YMCA cycle ergometer test 61

zirconium oxide analyzers, oxygen analyzers 39–40
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