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Exercise testing remains a remarkably durable and versa-
tile tool that provides valuable diagnostic and prognostic
information regarding patients with cardiovascular and pul-
monary disease. Exercise testing has been available for more
than a half century and, like many other cardiovascular
procedures, has evolved in its technology and scope. When
combined with exercise testing, adjunctive imaging modali-
ties offer greater diagnostic accuracy, additional information
regarding cardiac structure and function, and additional
prognostic information. Similarly, the addition of ventilatory
gas exchange measurements during exercise testing provides
a wide array of unique and clinically useful incremental
information that heretofore has been poorly understood and
underutilized by the practicing clinician. The reasons for this
are many and include the requirement for additional equip-
ment (cardiopulmonary exercise testing [CPX] systems),
personnel who are proficient in the administration and inter-
pretation of these tests, limited or absence of training of
cardiovascular specialists and limited training by pulmonary
specialists in this technique, and the lack of understanding of
the value of CPX by practicing clinicians.

Modern CPX systems allow for the analysis of gas ex-
change at rest, during exercise, and during recovery and yield

breath-by-breath measures of oxygen uptake (Vo,), carbon
dioxide output (Vco,), and ventilation (VE). These advanced
computerized systems provide both simple and complex
analyses of these data that are easy to retrieve and store,
which makes CPX available for widespread use. These data
can be readily integrated with standard variables measured
during exercise testing, including heart rate, blood pressure,
work rate, electrocardiography findings, and symptoms, to
provide a comprehensive assessment of exercise tolerance
and exercise responses. CPX can even be performed with
adjunctive imaging modalities for additional diagnostic as-
sessment. Hence, CPX offers the clinician the ability to
obtain a wealth of information beyond standard exercise
electrocardiography testing that when appropriately applied
and interpreted can assist in the management of complex
cardiovascular and pulmonary disease.

Although CPX has long been used in the assessment of
athletic performance and in research venues, its burgeoning
value in the clinical setting has prompted the American Heart
Association to convene a writing group of experts in the field
to generate this “Clinician’s Guide to Cardiopulmonary
Exercise Testing in Adults.” The purpose of this document is
to supplement existing exercise testing guidelines with a
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Table 1. Abbreviations

Co, Carbon dioxide

CPX Cardiopulmonary exercise testing
C(a—v)o, Arteriovenous oxygen difference
EOB Exercise oscillatory breathing
Feco, Fraction of carbon dioxide in expired air
Feo, Fraction of oxygen in expired air
FEV, Forced expiratory volume in 1 second
MET Metabolic equivalent

MW Maximum voluntary ventilation

0, Oxygen

OUES Oxygen-uptake efficiency slope
Pe.C0, Partial pressure of end-tidal carbon dioxide
P0, Partial pressure of end-tidal oxygen
RER Respiratory exchange ratio

Veo, Carbon dioxide output

Vb Volume of dead space

Ve Minute ventilation

VENco, Ventilatory equivalent of carbon dioxide
VENo, Ventilatory equivalent of oxygen
Vo, Oxygen uptake

VT Ventilatory threshold

comprehensive overview of CPX. Accordingly, this “Clini-
cian’s Guide” provides a summary and interpretation of the
most relevant literature to address the following broad topic
areas: (1) CPX technology; (2) key CPX variables and their
clinical implications; (3) current clinical and emerging appli-
cations of CPX; and (4) interpretation and reporting of CPX
test data. The recommendations made in the present docu-
ment are based primarily on expert consensus interpretation
of published data when available, because there are essen-
tially no randomized trials to address diagnostic and prog-
nostic applications of CPX. This “Clinician’s Guide” has
been peer-reviewed by outside reviewers nominated by the
American Heart Association and has been approved by the
Science and Advisory Coordinating Committee of the Amer-
ican Heart Association. This “Clinician’s Guide” will be
considered current unless the American Heart Association
revises or withdraws it from distribution.

The abbreviations for selected terms used throughout this
document appear in Table 1.

Gas Exchange Physiology in Health
and Disease

The ability to perform physical exercise is critically related
to the cardiovascular system’s capacity to supply oxygen
(0,) to the muscles and the pulmonary system’s ability to
clear carbon dioxide (CO,) from the blood via the lungs.
The cardiovascular and respiratory systems work together
to provide both a delivery system (of O,) and a removal
system (of CO,) from the tissues. There are 4 processes
that occur to make this happen:

1. Pulmonary ventilation, or the movement of air into and
out of the lungs;

2. Pulmonary diffusion, or the exchange of O, and CO,
between the lungs and the blood;

3. Transport of O, and CO, in the blood;

4. Capillary gas exchange, or the exchange of O, and CO,
between the capillary blood and the working muscle.

The first 2 processes are referred to as external respiration
because they involve the movement of gases from the
ambient air into the lungs and then the blood. The fourth step
is commonly termed internal respiration because it involves
gas exchange between the blood and the tissues. These 2
processes are linked by the circulatory system. CPX is
valuable because taxing the mechanisms responsible for
external and internal respiration by exercise can frequently
reveal abnormalities not apparent at rest. In addition, typical
pulmonary and cardiac function tests performed at rest cannot
reliably determine exercise capacity or the particular mecha-
nisms underlying exercise intolerance among individual sub-
jects with cardiac or pulmonary disease.

The increase in oxygen uptake by the working muscles is
facilitated most importantly by an increase in cardiac output
(heart rateXstroke volume), which may increase to up to 6
times that at rest. Cardiac output is also redistributed away
from nonactive tissues (eg, splanchnic and renal) to the
skeletal muscles, which facilitates greater O, delivery. A
concomitant increase in blood flow to the lungs occurs, both
by the increase in cardiac output and by vasodilation of the
pulmonary vessels. A greater extraction of O, from the blood
also occurs as the blood perfuses the muscles, which results in
a widening of the arteriovenous oxygen (a—Vo,) difference.

In normal subjects, minute ventilation (VE) increases in
proportion to the increase in work rate. During inhalation,
only part of the tidal volume of air reaches the alveoli, where
gas exchange takes place in the lungs. The air that remains in
the respiratory passages that does not participate in gas
exchange is known as the dead space volume (VD). During
exercise, dilation of the respiratory passages causes the VD to
increase, but because tidal volume also increases, adequate
alveolar ventilation, and therefore gas exchange, is main-
tained. This is termed normal ventilation-perfusion matching.
Many disease states can alter the matching of ventilation to
perfusion. For example, in many manifestations of pulmonary
disease, exercise is limited by a higher than normal dead
space, because there are fewer healthy tissues in the lungs
with which gas exchange can take place. The increase in VE
during exercise must be matched by an increase in blood
flow; that is, cardiac output must increase to appropriately
match ventilation so that necessary gas exchange can occur.
One of the hallmarks of chronic heart failure is an impaired
cardiac output response to exercise; this can also lead to a
mismatching of ventilation to perfusion, in which ventilation
must increase disproportionately to the metabolic needs to
compensate for inadequate perfusion. The degree to which
ventilation is abnormally heightened during exercise is
directly related to the severity of disease and is a strong
marker of prognosis. The various expressions of this
response and other causes of inefficient ventilation and
their relation to prognosis are detailed in later sections of
the present document.!
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Procedures for CPX

Calibration of Gas Exchange Systems
Modern CPX systems contain rapidly responding O, and CO,
sensors that allow for the calculation of oxygen uptake and
carbon dioxide output at rest, during exercise, and during
recovery, as frequently as breath by breath. Although manu-
facturers’ recommendations vary considerably regarding cal-
ibration, all CPX systems should be calibrated immediately
before each exercise test. This should include calibration of
airflow, volumes, and both the O, and CO, analyzers. Gas
analyzers and flow meters are prone to drift, which can lead
to serious errors. Today, nearly all commercially available
systems have convenient calibration procedures controlled by
a microprocessor. Validation studies have been performed on
many of the computerized systems.>~* Because ambient
conditions affect the concentration of O, in the inspired air,
temperature, barometric pressure, and humidity should be
taken into account. Many modern CPX systems automatically
quantify these conditions and make appropriate adjustments
to calculate the inspired O, concentration. If this feature is not
available, these atmospheric conditions should be measured
by an external device and input into the CPX system. This
should be done before every calibration of the system. A copy
of the calibration report should be printed before each test and
should be attached to the test report. Valid interpretation of
test results is possible only if calibration values are appropri-
ate. The test should not be performed if the system does not
calibrate.

The following specific calibration procedures should be
performed to ensure that valid data are obtained:

1. Room air (F10,) should read 20.93=0.03% O, at 0%
humidity; however, the precise fraction is dependent
on humidity and should be adjusted accordingly. A
calibration source that contains 100% nitrogen should
read 0% O,. The analyzer should be checked further by
simulating the fraction of expired O, (FEO,) during the
test, that is, approximately 16% O,. Calibration gases
should be used as provided by the system manufac-
turer. The exercise laboratory should be well ventilated
to ensure a representative fraction of inspired O,; a
small fan is helpful for this purpose.

2. The CO, analyzer should read a room air fraction of
0.03%+0.02% and should not change when the 100% N,
or 16% O, fractions are sampled from the calibration
tanks. The CO, analyzer should be checked further by
simulating the fraction of expired CO, (FEC0,) during
exercise, that is, approximately 4% CO,.

3. For breath-by-breath CPX systems in particular, it is
also necessary to check the inherent response times of
the analyzer and to precisely determine the transport
delay between sampling point and analyzers. It is
important that the system meet the specifications out-
lined by the manufacturer; this feature is available in
most systems.

4. Measurement of ventilatory volume can now be easily
achieved with 1 of several devices, including pneumo-
tachometers, mass flow sensors, pitot tube flow meters,
and turbine volume transducers. All can be validated
before testing by ascertaining a stable baseline (0
L/min) and injecting a known volume (usually 3 or 4
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L) from a syringe. It is preferable to perform several
injections at different flow rates to ensure stability; the
average error should be within =3% of the known
volume.’

Software Considerations

The many different CPX systems each have unique software
for processing, analyzing, and displaying data. The software
determines the type and amount of data extracted, the
summary reports, data sampling and averaging, and graphical
reports. Most systems permit the user to define the specific
responses and the way in which they are displayed during the
test and are summarized in test reports. These are important
considerations because they can have a significant effect on
the test results. Reporting of test results will be discussed in
detail below (see Assessing and Reporting CPX Data).
Patient characteristics used in the calculation of normal
predicted values, including age, sex, and body size, are also
generally entered into the CPX software. Equations for
normal standards can vary widely, and population specificity
should thus be considered when a patient’s response is
evaluated as a percentage of normal.

Modern CPX systems provide a wide variety of automated
reports, data averaging and sampling techniques, calibration
methods, and graphics. Although computerization has facili-
tated ease of use, it has also led to some confusion regarding
which variables to consider and how the data should be
expressed and interpreted. One important area in need of
standardization is data sampling. Differences in sampling (eg,
breath by breath, an averaged number of breaths, or time
intervals such as 10, 15, or 30 seconds) can have a profound
effect on test results. There is a need for consistency in this
area that appropriately balances high precision but high
variability (breath-by-breath method) with imprecision but
low variability (long sampling intervals); therefore, for rou-
tine clinical use, if feasible, the averaging of data over 20- to
30-second intervals is generally sufficient to reduce the effect
of random noise in breath-by-breath measurements. It is
recommended that rolling 30-second averages be used that
are printed frequently (eg, 10 seconds).6 It is useful to display
the key data in a time down format with rest, beginning of
exercise, and peak exercise clearly defined. There are also an
unlimited number of graphical choices, and on most systems,
these can be specified by the user. As a minimum, a graphical
display of the V-slope’ and the VE/Vo, and VE/Vco, re-
sponses with time should be printed to verify the ventilatory
threshold (VT). Examples of these are presented in Figure 1
and will be discussed in detail below (see Variables From
CPX and Their Physiological Implications).

Automated interpretation programs that provide diagnoses
based on the CPX test results are common. These can be
useful supplements to the test report but should not be relied
on for making clinical decisions; any automated interpreta-
tion, including determination of VT, should be overread by an
individual experienced in the applications of CPX.

System Maintenance and Quality Control
It is important that validation of the CPX system be per-
formed on a regular basis. Gas exchange measurements are
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Figure 1. V-slope, ventilatory equivalents, and end-tidal methods for the detection of VT. See text for details.

highly reproducible within a given subject if testing methods
are consistent. One method often used to validate a system’s
performance is to test laboratory staff members at a matched
submaximal work rate on a periodic basis (perhaps every 4 to
6 months). It is recommended that several staff members
participate in this process, each using a slightly different
steady state submaximal work rate. As long as a subject is
in a steady state (ie, a constant metabolic rate), Vo, and
other CPX variables should be reproducible. Four to 6
minutes of constant-load, low- to moderate-intensity exer-
cise is required for most individuals to achieve a steady
state. Acceptable limits of variation for Vo,, Vco,, and VE
for a given steady state work rate are shown in Table 2.8
In addition to being reproducible, Vo, should fall within an
acceptable range when compared with estimated Vo, based

on the external work rate. The recommended values for
steady state work are best estimated with American Col-
lege of Sports Medicine equations.!® In this context,
estimated Vo, is only valid during steady state exercise;

Table 2. Limits of Variation in Gas-Exchange Variables
Obtained by Repeated Study of the Same Subject at a Given
Submaximal Work Rate

Variable Variation, %
Oxygen uptake +5.0
Carbon dioxide output +6.0
Minute ventilation +55
RER +3.0

Data from Jones® and Wilmore et al.?
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the inaccuracies of estimating Vo, during progressive
exercise are well documented.!%-!!

Even when appropriate calibration procedures are fol-
lowed, modern automated CPX systems can provide results
that appear to be accurate yet may be erroneous. Respiratory
gas exchange simulators that calibrate CPX systems are
available.’> These systems involve injecting a precise gas
mixture at various specified ventilation rates that can simulate
rest and exercise at known ventilation, Vo,, and Vco, rates.
Although not necessary, simulators provide reference values
for comparison with a CPX system and therefore can be
helpful to ensure precision of a system. However, these
systems do not perfectly simulate exercise conditions in
humans, including variations in breathing patterns, tempera-
ture and humidity corrections, and other factors.

Selection of Exercise Test Protocol
Assessment of exercise capacity typically is performed on a
motorized treadmill or a stationary cycle ergometer. In the
United States, however, treadmill exercise is generally the
preferred modality. Furthermore, untrained subjects will usu-
ally terminate cycle exercise because of quadriceps fatigue at
a Vo, that is on average 10% to 20% below their treadmill
peak V0,.13 Cycle ergometry also requires subject coopera-
tion in maintaining pedal speed at the desired level, usually
~60 rpm, although modern ergometers that are electronically
braked maintain a steady work rate at variable speeds. Several
studies have demonstrated a consistent relationship between
exercise capacity determined with a treadmill and a cycle
ergometer, although the latter mode of exercise tends to
produce a lower peak Vo,.'415 Cycle ergometry may be
preferred in subjects with gait or balance instability, severe
obesity, or orthopedic limitations or when simultaneous
cardiac imaging is planned. Although arm ergometry may be
used to assess the exercise capacity of wheelchair athletes or
other individuals with lower-limb disabilities, most persons
cannot achieve work rates comparable to those obtained with
leg exercise because of the smaller, often deconditioned
muscle mass.'®

The selection of an appropriate exercise test protocol for
assessing exercise capacity is important. Exercise test proto-
cols with large stage-to-stage increments in energy require-
ments generally have a weaker relationship between mea-
sured \702 and work rate. The Balke and Ware,!” Naughton, '8
and individualized ramp protocols, which involve only mod-
est increases in work rate per stage, are recommended for this
reason. Ramp protocols typically involve increments in work
rate at intervals of <10 to 60 seconds.!® Regardless of the
specific protocol chosen, the protocol should be tailored to
the individual to yield a fatigue-limited exercise duration of
~8 to 12 minutes. Even with exercise test protocols that use
modest increases in work rate, results may still indicate a
nonlinear relationship between Vo, and work rate when test
duration is <6 minutes. Conversely, when such protocols
result in exercise durations >12 minutes, subjects may
terminate exercise because of specific muscle fatigue or
orthopedic factors rather than cardiopulmonary end points. In
instances in which there is an expectation of >12 minutes of
exercise, a test protocol that uses a more progressive ap-
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proach to increasing work rate, for example, the Bruce
protocol,?® should be considered. Finally, minimal or no
handrail support should be encouraged when possible during
treadmill exercise testing, because handrail support reduces
the work performed at any given level and alters the relation-
ship between Vo, and work rate.

Level of Supervision, Monitoring Issues, and Risk
of Adverse Events
Major complications of exercise testing include death, myo-
cardial infarction, arrhythmia, hemodynamic instability, and
orthopedic injury. Fortunately, adverse events are rare during
properly supervised tests. Among large series of subjects with
and without known disease, serious complications (including
myocardial infarction and other events requiring hospitaliza-
tion) have been reported to occur in <1 to as many as 5 per
10 000 tests, and death has occurred in ~0.5 per 10 000
tests,2!-23 although the incidence of adverse events varies
depending on the study population. The safety of CPX was
evaluated among 2037 subjects who completed 4411 CPX in
the HF-ACTION study (Heart Failure: A Controlled Trial
Investigating Outcomes of exercise traiNing). There were no
deaths, and the rate of nonfatal major cardiovascular events
was <0.5 per 1000 tests.>* Although the event rate is
relatively low regardless of the patient population studied,
complications resulting from exercise testing do occur. Con-
sequently, it is essential that exercise test supervisory person-
nel be familiar with the clinical indications for the use of such
testing, as well as the signs and symptoms of and clinical
responses to adverse events, to minimize patient risk. The
American College of Cardiology/American Heart Associa-
tion clinical competence statement on stress testing outlines a
series of cognitive skills necessary for performance, supervi-
sion, and interpretation of exercise tests.?! A detailed descrip-
tion of medical supervision and risk stratification for exercise
testing is provided elsewhere.¢

General methodological guidelines for exercise testing
laboratories are available.® Electrocardiographic monitoring
of heart rate with multiple-lead electrocardiographic wave-
forms should be continuous throughout exercise and for at
least 6 minutes into recovery for diagnostic testing in patients
with suspected disease. It must be recognized that activity-
compatible torso electrodes may produce significant changes
in electrocardiography morphology compared with standard
limb leads. Consequently, the former cannot be used as a
substitute for, or for comparison with, the standard resting
12-1ead electrocardiogram (ECG).25 Blood pressure should be
measured periodically throughout the test, at least at every 2
to 3 minutes and more frequently in some high-risk patients,
as well as in recovery during electrocardiographic monitoring.
Symptoms, rating of perceived exertion, and dyspnea should
be assessed and quantified during and after exercise. When
testing patients with implantable cardiac defibrillators, the
exercise test personnel should obtain information regarding
the programmed implantable cardiac defibrillator settings
before beginning the test. The peak heart rate during the test
should be kept below the heart rate at which the implantable
cardiac defibrillator is programmed to discharge.
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Reimbursement Coding for CPX

Tests performed in a CPX laboratory are reimbursable by
the Centers for Medicare and Medicaid Services and many
private-pay insurance companies. Reimbursement for CPX
is billed with Current Procedural Terminology (CPT-4)
codes developed by the American Medical Association2®
for specific cardiac and pulmonary testing and any adjunct
procedures (eg, arterial blood gases) that are performed.
All of these tests must be supported with medical necessity
using International Classification of Diseases, Ninth Revi-
sion?’? diagnostic codes. In addition, the Centers for Medi-
care and Medicaid Services monitors coding using the
Correct Coding Initiative?8 to ensure that correct coding is
used to minimize improper billing and payment from
Medicare Part B.

CPX tests are coded as either simple or complex. This is
determined by the equipment used, variables being measured,
and whether additional tests are performed during the proce-
dure. In all cases, specific documentation in the medical
record is necessary to provide support for the test and any
needed adjunct procedures. Simple pulmonary testing (CPT
code 94620) is performed as a telemetry- (3-lead or 12-lead
ECG) and pulse oximetry—monitored treadmill, bicycle er-
gometer, or 6-minute walk test. This test does not require that
a physician be present physically, but they must provide
general supervision and control of the test. Complex pulmo-
nary testing (CPT code 94621) is performed as a simple
pulmonary test with the addition of the metabolic cart to
measure Vo, and Vco,. This test requires direct physician
presence and supervision during the entire test. Testing for
oxygen uptake and expired gas analysis, including CO,
output and O, percentage, may be obtained and is reimburs-
able with CPT code 94681. Additional tests such as arterial
blood gas measurements have their own CPT codes, which
must be included along with the primary test code. These
codes include arterial puncture (36600) or arterial catheter-
ization (36620) and blood gas analyzer for blood processing
(82803).

The CPT code for a cardiac stress test is 93015. If both
diagnostic pulmonary and cardiac measurements are per-
formed during the same test, CPT code 93018 is added to
either the simple or complex pulmonary testing codes as
performed. The Correct Coding Initiative bundles a series
of CPT codes together when procedures are typically
performed together. For example, spirometry codes
(94010, 94060, and 94070) are typically bundled with
pulmonary testing codes 94620 and 94621. During a
simple pulmonary test, spirometry may be performed at
baseline and after exercise, but it is not an essential
requirement, so it cannot be bundled with the CPT code
93015.2° Separate interpretive reports of cardiac and pul-
monary results must be generated, and each code must be
linked to an International Classification of Diseases, Ninth
Revision diagnostic code; there must be specific documen-
tation of need for the test in the medical record. Table 3
lists the common Correct Coding Initiative codes for
procedures commonly performed in the CPX laboratory.

Table 3. Correct Coding Initiative Codes Used in
CPX Laboratories

CCl Code Test or Procedure

94620 Simple stress pulmonary test

94621 Complex stress pulmonary test

94761 Pulse oximetry with multiple determinations
93015 Cardiac stress test

93018 Cardiac measurements during a pulmonary test
94010 Simple spirometry without bronchodilator
94060 Read and interpret a pulmonary function test
94070 Spirometry with postexposure bronchospasm
94681 Oxygen uptake, expired gas analysis (CO, output, % 0,)
36600 Arterial puncture

36620 Arterial catheterization

82803 Blood gas analyzer for blood processing

CCl indicates Common Coding Initiative.

Variables From CPX and Their
Physiological Implications

Standard Measures

Maximal Aerobic Capacity: Vo,max or Peak Vo,
Maximal Vo, (Vo,max) is an important measurement be-
cause it is considered to be the metric that defines the limits
of the cardiopulmonary system. It is defined by the Fick
equation as the product of cardiac output and arteriovenous
oxygen difference [C(a—v)O,] at peak exercise:

Vo,max=(HRXSV)X[C(a—V)O,],

where HR is heart rate and SV is stroke volume. Although
Vo,max is measured in liters of oxygen per minute, it is
usually expressed in milliliters of oxygen per kilogram of
body weight per minute to facilitate intersubject comparisons.
This is important, because a larger person will have a higher
Vo,max based simply on a larger body weight, and the
expression of Vo, in mL - kg ' - min~' normalizes for body
weight. In addition, exercise capacity, particularly when
estimated from the work rate achieved rather than as directly
measured Vo,, is frequently expressed in metabolic equiva-
lents (METsS).

The terms functional capacity, exercise capacity, and
exercise tolerance are generally considered synonymous and
imply that a maximal exercise test has been performed and a
maximal effort has been given by the individual. However,
these terms are also occasionally used to express an individ-
ual’s capacity to perform submaximal activities using 1 of a
variety of tests (eg, 6-minute walk tests), and therefore, to
avoid confusion, the type of exercise evaluation should be
described specifically. A distinction should also be made
between estimated and directly measured Vo,. The latter is
more precise but requires CPX. Reference equations for
normal standards should be specific as to whether Vo, was
measured or estimated, because estimated values require
several assumptions and tend to overpredict Vo,. Reference
equations should also be specific as to whether the test was
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performed on a treadmill or cycle ergometer, because exer-
cise capacity is typically 10% to 20% higher on a treadmill.'?

The measurement of Vo,max implies that an individual’s
physiological limit has been reached (also termed maximal
aerobic capacity). True Vo,max (physiological Vo,max) has
historically been defined by a plateau in Vo, between the
final 2 exercise work rates and requires that maximal effort be
achieved and sustained for a specified period. Because this
determination is subjective, can be difficult to define, and is
rarely observed when patients with cardiovascular or pulmo-
nary disease are tested, the term peak Vo, is more commonly
used clinically to express exercise capacity. Conversely, the
term Vo,max is more often used to describe exercise capacity
in apparently healthy individuals, in whom achievement of a
maximal physiological response is more likely.

Ventilatory Threshold
Because most activities of daily living do not require maxi-

mal effort, a widely used submaximal index of exercise
capacity is the anaerobic or ventilatory threshold (VT). The
term VT indicates this physiological event is assessed by
ventilatory expired gas, defined by the exercise level at which
VE begins to increase exponentially relative to the increase in
Vo,. VT is thought to be a reflection of anaerobic threshold,
the latter of which is based on the concept that at a given work
rate, oxygen supply to the muscle does not meet the oxygen
requirements. This imbalance increases the dependence on
anaerobic glycolysis for energy output, with lactate as a final
metabolic byproduct (lactate threshold).3® An increase in VE
is required to eliminate the excess CO, produced during the
conversion of lactic acid to lactate. Whether muscle hypoxia
is the major stimulus for increased lactate production remains
controversial, and methodologies used to detect anaerobic
threshold are not universally accepted.?' Thus, although the
terms anaerobic, ventilatory, and lactate thresholds are com-
monly used interchangeably, they should be considered
different but related events. Throughout this statement, the
clinical term ventilatory threshold (VT) will be used.
Although VT usually occurs at approximately 45% to 65%
of measured peak or maximal Vo, in healthy untrained
subjects,?? it generally occurs at a higher percentage of
exercise capacity in endurance-trained individuals.3* More-
over, high test-retest reliability has been demonstrated for VT
in both apparently healthy3*and chronic disease3> cohorts.
However, the ability to detect VT may be lower in patients
with heart failure,?> perhaps secondary to ventilatory abnor-
malities®® and a greater likelihood of submaximal effort
during CPX. Additionally, the mode used for CPX, typically
a treadmill or lower-extremity ergometer, potentially impacts
the VT response for a given individual.?” Therefore, when VT
is used to prescribe exercise intensity, the same mode should
be used for both testing and training, as discussed further in
the section on Exercise Prescription. Exercise training has
been shown to increase Vo, at the VT to a degree that is
similar to that for peak or maximal Vo, (typically 10% to
25% for previously sedentary individuals); thus, it is an
important response to document clinically. Several methods
have been proposed for determination of VT; however, no
universal agreement exists regarding which is best. The 3
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most common definitions of the VT are the following: (1)
The departure of Vo, from a line of identity drawn through a
plot of Vco, versus Vo,, often called the V-slope method; (2)
the point at which a systematic increase in the ventilatory
equivalent for oxygen (VE/V0,) occurs without an increase in
the ventilatory equivalent for carbon dioxide (VE/Vc0,); and
(3) the point at which a systematic rise in end-tidal oxygen
pressure (Pgr0,) occurs without a decrease in the end-tidal
carbon dioxide pressure (PpC0,).38

Detection of VT by the V-slope, ventilatory equivalents,
and end-tidal pressure methods is illustrated in Figures 1A
through 1C, respectively. The graphs generated depict aver-
aged data from an actual subject. When determined visually,
these methods on average result in VT values at a similar
percentage of peak or maximal V0,.3° The assessment of all
3 of the aforementioned VT detection techniques in combi-
nation may result in an improved approximation of anaerobic
threshold detected by blood lactate.*® Although modern
equipment that measures metabolic parameters usually quan-
tifies this point automatically by use of 1 of several published
or empirical algorithms, it should be validated visually by an
experienced reviewer. The confidence in determining the VT
may be increased by having 2 or 3 experienced observers
independently calculate this point.>® VT should be reported in
absolute terms (mL - kg~ ' - min~') and may also be reported
as a percentage of peak Vo,.

Peak Respiratory Exchange Ratio

Achievement of at least 85% of age-predicted maximal heart
rate is a well-recognized indicator of sufficient subject effort
during a CPX. The maximal heart rate response to exercise,
however, possesses wide variability (=12 beats per minute)
in the general population, which negatively impacts the
ability to gauge subject effort by their heart rate response
alone. The widespread use of B-blocking agents in the heart
failure population further complicates this issue by signifi-
cantly blunting the maximal heart rate response in a disparate
manner, negating the validity of the age-predicted maximal
heart rate equation (220 minus age). The respiratory exchange
ratio (RER), defined as the ratio between V002 and \702,
obtained exclusively from ventilatory expired gas analysis,
obviates the need to assess heart rate in determining subject
effort. With the progression to higher exercise intensities,
lactic acid buffering contributes to Vco, output, which
increases the numerator at a faster rate than the denominator.
This physiological response to exercise is consistent in
apparently healthy subjects and all patient populations, which
makes peak RER the most accurate and reliable gauge of
subject effort. A peak RER of =1.10 is generally considered
an indication of excellent subject effort during CPX, but it is
not an indication to stop the test. Achievement of a peak RER
<1.00 in a CPX that is terminated by subject request, absent
any electrocardiographic or hemodynamic abnormalities,
generally reflects submaximal cardiovascular effort but may
be seen in those with a pulmonary limitation to exercise.
Previous research indicates caution should be taken in the use
of peak Vo, for prognostic purposes in the presence of a low
peak RER.#! Assessment of peak RER is also of great
importance during interventional trials when an investigator
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attempts to demonstrate comparable subject effort among
serial exercise tests. A significant change in exercise capacity
during follow-up testing with similar peak RER values
provides strong support for the assertion that observed
changes are secondary to the intervention used, given similar
test conditions and protocols. The ability to determine peak
RER, which provides a highly accurate account of variability
in subject effort, is an important reason that the incorporation
of CPX should be strongly considered for interventional trials
with a functional end point. Although most subjects attain VT
at an RER =1.0, VT can occasionally be detected in subjects
who achieve an RER <1.0, given that VT is detected
somewhere in the RER range of 0.8 to 0.99.

Minute Ventilation—-Carbon Dioxide Output Relationship
Ventilatory efficiency can be assessed by evaluation of the

rise in minute ventilation (VE) relative to work rate, Voz, or
Vco,. The most widely studied index of ventilatory efficiency
is the VE/Vco, slope. Other indices of ventilatory efficiency
are discussed below (see Appendix 1). The relationship
between VE and Vco, during exercise is tightly coupled,
because the former is modulated by the metabolic and
anaerobic production of the latter. The VE/Vco, relationship
is most often expressed as a slope value, calculated by linear
regression (y=mx+b, b=slope). Moreover, calculation of the
VE/Vco, slope with all exercise data obtained from a pro-
gressive exercise test (initiation to peak effort) appears to
provide additional clinical information compared with sub-
maximal calculations (ie, those that use linear data points
before the steepening associated with ventilatory compensa-
tion for metabolic acidosis).*>*3 Although the former method
affords optimal clinical information, the latter submaximal
calculations have also demonstrated diagnostic/prognostic
value.** Irrespective of the calculation technique used, a
VE/Vco, relationship <30 is considered normal without
modification for age and sex.*> Values observed in certain
patient populations, such as those with heart failure, pulmo-

nary hypertension, and chronic obstructive pulmonary dis-
ease, can far exceed this normal threshold, with values >60
in patients with advanced disease severity.*°—4% Three exam-
ples of the VE/V 0, slope obtained during exercise (1 normal,
2 abnormal) are illustrated in Figure 2. Lastly, it appears the
VE/Vco, relationship demonstrates high test-retest reliabili-
ty,>5#° and unlike exercise capacity, the slope derivation of
this variable appears to be uninfluenced by mode of exer-
cise’® or aggressiveness of the testing protocol.!

Studies of the mechanisms responsible for elevated VE/
Vo, in chronic heart failure suggest that is it multifactorial.
Centrally, an elevated VE/Vco, response has been associated
with increased ventilation-perfusion mismatching (adequate
ventilation and poor perfusion).’>33 It also demonstrates a
significant relationship with abnormally elevated chemore-
ceptor and ergoreceptor sensitivity, both of which contribute
to an exaggerated ventilatory response to exercise. Addition-
ally, an abnormal VE/Vco, response has been significantly
correlated with decreased cardiac output, elevated pulmonary
pressures, decreased alveolar-capillary membrane conduc-
tance, and diminished heart rate variability.#* There are no
investigations that comprehensively quantify the degree to
which each of the aforementioned pathophysiological phe-
nomena independently account for the abnormal VE/Vco,
response observed in heart failure. From a clinical perspec-
tive, healthcare professionals should view an abnormal VE/
Vco, response as a reflection of systemic disease severity in
this patient population. Assessment of the pathophysiological
mechanism for an abnormal VE/Vco, response has also been
performed in patients with pulmonary hypertension, which is
discussed in greater detail in a separate section below (see
Emerging Applications of CPX). Similar to patients with
heart failure, it appears that ventilation-perfusion abnormali-
ties (adequate ventilation and poor perfusion) are a likely
culprit for an elevated VE/Vco, response.654 Moreover, in
patients with pulmonary hypertension, disease severity con-
tinues to increase as VE/VCo, response extends beyond the
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normal threshold (ie, <30), with values >60 being report-
ed.5s In patients with chronic lung diseases, high VE/Vco, is
attributed to the effects of increased physiological dead space
and ventilation-perfusion inequalities that are present at rest
and during exercise.>°

Pulmonary Function Testing and Pulse Oximetry
Tests of lung mechanics performed before exercise provide a
context for assessments of the normalcy of the pattern of
breathing and the likelihood that lung mechanics are limiting
to exercise function. Simple spirometry is performed before
exercise to determine vital capacity, the forced expiratory
volume in 1 second (FEV,), and inspiratory capacity. The
maximum voluntary ventilation (MVV) can be calculated
either directly from a 12- or 15-second maneuver of deep and
rapid breathing as the corresponding minute volume or
indirectly as FEV,X40. Standards for the performance and
interpretation of spirometry are available from the European
Respiratory Society>”-5 and American Thoracic Society.>8-5
The exercise breathing reserve refers to how closely VE
approaches MVV during exercise and has been expressed in
various forms. When calculated as (1—[peak VE/MVV)), it is
typically =0.20 in healthy nonathletes. Tidal volume nor-
mally increases during exercise but remains less than inspira-
tory capacity. When exercise testing is performed to identify
the presence of exercise-induced asthma, spirometry is mea-
sured periodically over the 30 minutes after a 6- to 8-minute
bout of high-intensity exercise. A decrease in FEV, in the
postexercise recovery period of 15% or more compared with
before exercise is the most widely used criterion for identi-
fying exercise-induced bronchoconstriction. Timing and per-
formance of postexercise spirometry, design of the exercise
protocol to provoke airway reactivity, and the relative sensi-
tivity and specificity of exercise and other bronchial provo-
cation procedures are reviewed in detail elsewhere.>*-60
Pulse oximeters rely on differential absorption of varying
wavelengths of light to noninvasively estimate the proportion
of arterial capillary hemoglobin in the oxygenated form. A
large number of pulse oximeters are available with variable
accuracy and bias compared with CO-oximeter analysis of
arterial blood samples.>>-¢1-62 Motion artifact and poor capil-
lary perfusion are recognized sources of error in signals
during exercise and tend to cause small underestimates of true
oxygen saturation, particularly with use of a fingertip probe.
Inaccurate pulse rate readings identify some, but not all,
unreliable oximeter signals. Accuracy rates reported for
individual instruments are often in the range of =2% to 3%,
and wider confidence limits are not unusual, particularly in
the range of O, saturation <85%. These confidence limits for
estimated oxygen saturation represent large ranges for the
corresponding values of partial pressure of O, in arterial
blood (Pao,). Precise measures of oxygenation therefore
require arterial blood sampling for direct measurement of
Pao, and calculation of the alveolar-arterial oxygen gradient
[P(A—a)o,]. Pulse oximeters provide a general estimate of
oxygenation for safety monitoring and are widely used to
identify trends during exercise. A decrease of >5% in the
pulse oximeter estimate of arterial saturation during clinical
CPX protocols is suggestive of abnormal exercise-induced
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hypoxemia,® and if this is an unexpected finding, confirma-
tion by analysis of arterial blood may be indicated. Some
laboratories use oximeter findings of desaturation to less than
80% or 85% as an indication to discontinue exercise tests.
Because of imprecision in exercise pulse oximetry and
differences in the significance of hypoxemia between differ-
ent clinical populations, any such criteria are arbitrary and
require integration with clinical judgment.

Endurance athletes with high cardiovascular capacity can
utilize more of their lung capacity than less fit individuals and
may reach ventilatory limits at peak exercise, as reflected in
a low or absent breathing reserve. True arterial desaturation
of 5% to 10% from baseline can also occur in fit healthy
individuals during sustained heavy-intensity exercise as a
result of diffusion limitation due to rapid pulmonary vascular
transit time associated with very high cardiac output.®® Thus,
although these findings indicate attainment of limits of
capacity of certain aspects of the pulmonary system, they do
not always indicate pathology.

Additional Measures and Related Technologies
Appendix 1 presents a discussion of complex gas exchange
variables and related technologies that provide an advanced
and more detailed assessment of cardiorespiratory status
beyond what is used routinely in clinical practice. These
measures are most often used in the research setting, and their
clinical validity has not yet been fully established. They are
presented to provide the reader with a comprehensive over-
view of CPX, because such measures have the potential to
emerge in the clinical arena in the coming years.

Combined CPX Responses as Part of the
Comprehensive Clinical and
Exercise Evaluation

The present overview of CPX focuses principally on the
unique attributes and challenges of gas exchange assessments
in association with exercise provocation; however, CPX
testing also integrates standard measures of electrocardiogra-
phy exercise stress testing with gas exchange assessment,
which contributes to a more comprehensive evaluation. Elec-
trocardiograhic criteria (heart rate dynamics, arrhythmia, ST
changes, and conduction disease), hemodynamics, and symp-
toms are all important exercise-related measures that comple-
ment and expand on the gas exchange indices. The variables
presented in this section are discussed in greater detail in the
American Heart Association’s scientific statement entitled
“Exercise Standards for Testing and Training.”¢*

Exercise-ECG Data

Heart Rate
The immediate response of the cardiovascular system to

exercise is an increased heart rate due to decreased vagal tone
and increased sympathetic outflow. During dynamic exercise,
heart rate increases linearly with work rate and Vo,, but the
slope and magnitude of heart rate acceleration are influenced
by age, deconditioning, body position, type of exercise, and
various states of health and therapy, including heart trans-
plant. Chronotropic incompetence, defined as either failure to
achieve 85% of the age-predicted maximal heart rate or a low
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chronotropic index (heart rate adjusted to the MET level), is
associated with increased mortality risk in patients with
known cardiovascular disease,® although this assessment is
confounded by the use of B-blockers and other heart rate—
limiting medications.

Heart Rate Recovery
Heart rate recovery refers to the deceleration of the heart rate

in early exercise recovery in association with vagal tone
reactivation. Cole et al®® initially demonstrated the utility of
heart rate recovery to predict mortality in patients with
coronary artery disease (CAD), but subsequent analyses have
demonstrated similar physiological relationships and prog-
nostic risks in patients with heart failure.®’-7° Other literature
demonstrates the prognostic power of heart rate recovery in
heart failure in combination with cardiopulmonary indices.”!
In contrast to chronotropic assessment, heart rate recovery
remains prognostically important even among patients using
B-blockers.

Arrhythmia
Assessment for arrhythmia is important and particularly

helpful in assessing the heart failure population that is
frequently referred for CPX. Heightened catecholamine tone,
hypokalemia, and increased inflammatory cytokines such as
interleukin 6 contribute to the likelihood of ventricular
arrhythmias.”> Furthermore, intrinsic myocardial morpholog-
ical features associated with systolic and diastolic heart
failure (left ventricular dilation, left ventricular hypertrophy,
and scarring) increase susceptibility to ventricular ectopic
activity, especially in the context of diuretics, digoxin, and
other proarrhythmic therapies. Significant ventricular ectopic
activity during exercise and recovery have been associated
with increased mortality.”>7+ Paroxysmal atrial fibrillation
and supraventricular tachycardia with exercise are rare.

Ischemic Electrocardiography Changes
ST-segment depression is the most common manifestation of

exercise-induced myocardial ischemia. The standard criterion
for this abnormal response is horizontal or downsloping
ST-segment depression of =0.10 mV (1 mm) for 80 ms;
however, downsloping ST-segment depressions are more
specific than horizontal or upsloping depressions. In the
presence of marked baseline abnormalities, exercise-induced
ST-segment depression is less specific for myocardial ische-
mia. Other factors related to the probability and severity of
CAD include the degree, time of appearance, duration, and
number of leads with ST-segment depression. Severity of
CAD is also related to the time of appearance of ischemic
ST-segment shifts. The lower the work rate and rate-pressure
product at which it occurs, the worse the prognosis and the
more likely the presence of multivessel disease. The duration
of ST depression in the recovery phase is also related to the
severity of CAD. Exercise-induced elevation may occur in an
infarct territory where Q waves are present or in a noninfarct
territory. The development of =0.10 mV of J-point elevation
that remains persistently elevated 60 ms after the J point in 3
consecutive beats with a stable baseline is considered an
abnormal response. In subjects without prior myocardial
infarction (ie, no Q waves on the resting ECG), ST-segment

elevation during exercise frequently localizes the site of
severe transient ischemia that results from significant proxi-
mal disease or spasm.

Blood Pressure

Hemodynamic responses to exercise also vary depending on
cardiac output and peripheral resistance. Systolic blood pres-
sure usually rises with increasing work rates, particularly due
to arise in cardiac output. In contrast, diastolic blood pressure
usually remains the same or decreases moderately with
exercise. An inadequate rise (<20 to 30 mm Hg) or fall in
systolic blood pressure from resting levels may result from
aortic outflow obstruction, severe left ventricular dysfunc-
tion, myocardial ischemia, and certain types of medication s
(eg, B-blockers). As a general standard, exercise-induced
hypotension is associated with a poor prognosis and should
raise emergent consideration of significant cardiac disease,
including left-main or 3-vessel CAD; however, subjects
without clinically significant heart disease can also exhibit
exercise-induced hypotension due to dehydration, antihyper-
tensive therapy, or even the direct effects of prolonged
high-intensity exercise. In recovery, precipitous drops in
systolic blood pressure may also occur due to a delayed
postexercise increase in systemic vascular resistance to match
the reduced cardiac output.

Symptoms With Exercise

Although assessment of symptoms is of key value in inter-
preting exercise performance, the subjective quality of symp-
toms can detract from objective, reproducible, and sensitive
assessments. Personality, mood, culture, and idiosyncratic
vacillations, as well as cognition, literacy, and socioeconom-
ics, are among the factors that have an impact on these
measures.

Exercise Intensity and Dyspnea
The subjective rating of exercise intensity is generally con-

sidered a reliable indicator of relative fatigue. The 6-to-20
Borg scale of perceived exertion has been demonstrated to be
useful in quantifying these feelings.”> The Borg scale assists
the clinician in quantifying fatigue and intensity as exercise
treadmill time advances. In general, a Borg scale >18
suggests that the patient has performed maximal exercise, and
values >15 to 16 suggest that the VT has been exceeded. The
Borg scale of perceived exertion was modified to a 1-to-10
scale for dyspnea assessment, which has been demonstrated
to correlate with aerobic stress and blood lactate levels.
Recent data demonstrate that among patients with heart
failure, the termination of an exercise test primarily because
of dyspnea is associated with an increased incidence of
cardiac-related events and poorer CPX markers than those
tests that are limited by fatigue.”® Another major instrument
used to quantify symptoms during CPX is the Visual Analog
Scale. Typically, this scale is presented to the patient on a
page, and the patient is asked to mark a point along the line
that correlates to the magnitude of symptoms.””-78

Chest Discomfort
Chest discomfort assessment during exercise testing has been

demonstrated to be a useful criterion for diagnosis and
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prognosis, particularly in combination with other exercise
testing variables. The Duke treadmill score provides an
important example of chest pain assessed in combination with
electrocardiography waveforms and exercise tolerance as a
means to standardize and enhance interpretation of this
exercise-related complaint.”

Clinical Applications of CPX
Heart Failure
Systolic Dysfunction
Reduced exercise capacity is the cardinal symptom of chronic
heart failure. Exercise capacity traditionally has been as-
sessed in heart failure by the New York Heart Association
criteria. Such assessment is both subjective and insensitive.
The 6-minute walk test (ie, the distance walked over a period
of 6 minutes) is less subjective than the New York Heart
Association functional class but still can be heavily influ-
enced by the patient’s and/or tester’s motivation. Addition-
ally, the results of the 6-minute walk test cannot estimate how
close the patient is to his or her maximal capacity. Determi-
nation of peak Vo, during a maximal symptom-limited
treadmill or bicycle CPX is the most objective method to
assess exercise capacity in heart failure patients. By deter-
mining the VT, the physician can assess how close the patient
is to achieving his or her maximal effort. However, among
patients with heart failure, VT is not always identifiable.
Thus, CPX has gained widespread application in the func-
tional assessment of patients with heart failure. It is a useful
test to determine the severity of the disease and to help to
determine whether heart failure is the cause of exercise
limitation (American College of Cardiology/American Heart
Association recommendation Class Ila, Level of Evidence
C),8 provide important prognostic information and identify
candidates for cardiac transplantation or other advanced
treatments (American College of Cardiology/American Heart
Association Recommendation Class Ila, Level of Evidence
B)89; facilitate the exercise prescription (American College of
Cardiology/American Heart Association Recommendation
Class I, Level of Evidence C)3°; and assess the efficacy of
new drugs and devices.

Peak Vo, has been shown to predict prognosis in patients
with heart failure in many studies.3'-%3 In a prospective study
of 114 ambulatory patients with heart failure referred for
cardiac transplantation, a Vo, of <14 mL - kg~ ' - min~' was
used as a criterion for acceptance for cardiac transplanta-
tion.34 One-year survival was 94% in patients with a Vo, >14
mL kg ' min~'. Accepted transplant candidates with a
Vo, <14 mL-kg '-min"' had a 1-year survival of 70%,
whereas patients with a significant comorbidity and reduced
Vo, had a 1-year survival of 47%. This approach permitted
the identification of candidates for whom transplantation
could be deferred safely. However, there are several limita-
tions to this approach. First, peak Vo, is a continuous
variable. Use of statistical methods such as stratum-specific
ratios to identify a clear threshold below which the relative
risk of an adverse event will increase precipitously have
yielded a linear relationship of Vo, to outcome without clear
thresholds.5 Second, peak exercise Vo, can be influenced by
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noncardiac factors such as muscle mass and deconditioning,
age, sex, and obesity. Analysis of peak Vo, normalized by a
predicted maximum based on age, obesity, and sex has been
performed to determine whether better prognostication can be
achieved with use of a percent of predicted values. Some
investigators have suggested the superiority of this approach,
although others have shown no clear benefit. This is due in
part to the observation that the cohorts studied are generally
composed of middle-aged men, for whom agreements be-
tween the predictive equations and measured values are
highest.8¢-87 Its predictive value in women, deconditioned
obese individuals, or those at the extreme of age is less
certain.

The use of Vo, in special heart failure populations such as
women and the elderly has been described recently. In a study
by Elmariah et al,®8 peak Vo, identified those women with
the worst prognosis, although the overall survival of women
was significantly better than that of their male counterparts.
These findings were confirmed by Green et al®® and Hsich et
al.?% Exercise testing is used sparingly in geriatric popula-
tions, but several recent studies have also demonstrated the
predictive value of peak Vo, in this population.®!-2

Serial measurements of peak Vo, have also been shown to
effectively identify patients in a low-risk category over
time.?* This is particularly important, because the therapies
for cardiac diseases continue to evolve and improve. Exercise
tolerance as measured with CPX in patients with heart failure
can be divided into 4 classes based on peak V0, and VT+ and
has been used to identify those with the poorest prognosis,
who should be considered for heart transplantation. However,
the latter classification system was proposed more than 20
years ago. Over the past 2 decades, significant advances have
been made in the treatment of heart failure. In particular, the
use of B-blockade has had a significant impact on long-term
survival without significantly improving peak Vo,. Whether
Vo, retained its predictive power in the B-blocker era has
been the subject of several reports.®5-97 Consistent across the
reports was the sustained utility of this parameter in predict-
ing survival. Cohorts dichotomized by threshold values of
above and below 14 mL kg~ '-min~' or above and below
10 mL-kg '+min~ ' in patients taking B-blockers demon-
strated that Vo, retained its predictive value. The survival for
patients taking (-blocking agents shifted up but nevertheless
diverged according to peak Vo,. With the improved survival
conferred by this therapy, a cut point lower than 14
mL kg ' +min~" for referral or listing for cardiac transplanta-
tion appears warranted.”” Recent data also suggest that reporting
peak Vo, as a percentage of that predicted by the Wasserman
equation may have additional prognostic importance.’®

Peak Vo, is typically corrected for total weight and is
reported in mL - kg~ ' - min~'. Body fat, however, can repre-
sent a significant portion of total body weight, but it has little
perfusion and consumes minimal oxygen. Considerable vari-
ability in body composition is present across populations,
including those with heart failure. A few studies have
demonstrated that correction of Vo, for lean body mass may
provide a better estimation of prognosis®®-'°° than uncorrected
values; however, these observations need to be confirmed by
additional studies.
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During CPX, many variables are collected that also confer
prognostic information. The ventilatory response to exercise
most frequently measured by the VE/Vco, slope, as discussed
above (see Minute Ventilation—Carbon Dioxide Output Re-
lationship), has been found by several investigators to be even
more predictive of outcome than peak V0,.191-104 Unlike peak
Vo,, the VE/V 0, relation does not require a maximal effort.
Similar to peak Vo,, it is a continuous variable with no
absolute cut point; however, the most commonly cited dichot-
omous threshold for the VE/Vco, slope is >34.44 Two studies
have evaluated the prognostic characteristics of the VE/Vco,
slope in combination with peak Vo, using a 4-level classifi-
cation.!01.104.105 These studies found that mortality risk in-
creases progressively as the VE/Vco, slope increases from
normal (ie, <30) to >40. On the basis of the available
literature on this topic, heart failure patients with a peak Vo,
<10 mL-kg '+min"' or a VE/Vco, slope >40 should be
considered to be in the highest-risk category, and patients
with both of these characteristics have a particularly poor
prognosis. In patients with a preserved exercise capacity, a
VE/Vco, slope >40 remains a strong indicator of poor
prognosis given the independent prognostic value of ventila-
tory inefficiency.

Although less well studied, several other parameters that
are discussed elsewhere in this “Clinician’s Guide” (blood
pressure response to exercise, heart rate recovery, VT, exer-
cise oscillatory ventilation, and oxygen recovery kinetics
after exercise)!'%107 have been evaluated in patients with
heart failure. Advances in technology now permit measure-
ment of cardiac output with inert gas—rebreathing techniques
(Appendix 1), and recent studies suggest that cardiac power
measurements (eg, peak cardiac outputXmean arterial pres-
sure) may offer enhanced prognostic information beyond
peak Voz, but these results need to be confirmed.!08

Statistical models that include peak Vo, have also been
developed'® but are not yet used clinically and remain a
promising area for future research. One such model, the Heart
Failure Survival Score, is a multivariable predictive index
that was developed from data on 80 clinical characteristics of
268 ambulatory patients with advanced heart failure. The
final model included the smallest number of noninvasive
variables that could predict survival in a derivation sample,
which was later validated in a second cohort of 223 patients.
The final 7 variables included different aspects of heart
failure physiology: Presence or absence of CAD, resting heart
rate, mean arterial blood pressure, left ventricular ejection
fraction, presence or absence of intraventricular conduction
delay, peak Vo,, and serum sodium. The total Heart Failure
Survival Score is the absolute value of the sum of the products
of individual variables with each Cox proportional coefficient. A
Heart Failure Survival Score >8.1 was associated with a 1-year
event-free survival of 93*+2%, whereas lower scores were
associated with a 1-year event-free survival that was signifi-
cantly less than expected with transplantation.!®®

Many studies have demonstrated significant improvement
in peak Vo, after exercise training among patients with heart
failure.!'© Although exercise testing without CPX can provide
information on changes in treadmill time, peak work rate, and
estimated MET levels, CPX can provide more accurate

measures of change (or lack of change) that are not limited by
the inaccuracies posed by handrail support or stride length.
CPX can also provide data on VT, which is an important
submaximal measure of exercise tolerance that is not as
subject to patient effort as peak Vo,, exercise time, or
estimated METs. Whether changes in peak Vo, translate to
improved prognosis among patients with systolic heart failure
is an important question that was addressed by the Heart
Failure-ACTION trial.''! This study was limited because of
high levels of nonadherence to the prescribed exercise, and
hence, only modest changes in peak Vo, were seen. Although
the primary end point of a reduction in all-cause mortality and
heart failure hospitalizations was not reached, after prespeci-
fied adjustment for highly prognostic predictors of the pri-
mary end point, exercise training was associated with modest
significant reductions for both all-cause mortality or hospi-
talization and cardiovascular mortality or heart failure
hospitalization.

Heart Failure With Normal Ejection Fraction
Although the majority of literature supporting the value of

CPX in patients with heart failure has been performed in
cohorts with systolic dysfunction, initial investigations dem-
onstrate that CPX has promise in the evaluation of patients
who have heart failure and normal ejection fraction (diastolic
dysfunction). Patients with heart failure resulting from either
systolic or diastolic dysfunction appear to have the same
degree of impaired aerobic capacity.!!>!13 The oxygen-uptake
efficiency slope (OUES; Appendix 1) likewise appears to be
comparably reduced in systolic and diastolic dysfunction and
is significantly lower than in healthy subjects.!'* Ventilatory
efficiency, expressed as the VE/Vco, slope, appears to be
lower in heart failure patients with diastolic compared with
systolic dysfunction.!!5116 In subjects diagnosed with hyper-
trophic cardiomyopathy, Arena et al''? demonstrated that
peak Vo, and VE/Vco, at peak exercise were both signifi-
cantly correlated with resting pulmonary hemodynamics. An
abnormal response effectively identified subjects with pul-
monary hypertension. Lastly, initial investigations indicate
the VE/Vco, slope, exercise oscillatory breathing (EOB;
Appendix 1), and peak Vo, may be significant predictors of
adverse events in heart failure patients with diastolic dysfunc-
tion, with the 2 former CPX variables providing superior
prognostic value compared with the latter.!!5118 Although
initial findings are promising, additional research is required
before definitive conclusions can be drawn regarding the
clinical value of CPX in patients with diastolic dysfunction.

Unexplained Dyspnea

Dyspnea on exertion is a common clinical complaint, the
cause of which is usually readily determined by history,
physical examination, and basic screening tests performed at
rest, including ECG, spirometry, hemogram, serum chemis-
tries, and chest radiograph. A common use of CPX is the
assessment of patients with dyspnea unexplained by such an
initial evaluation (Figure 3).5:11:120 Although cardiovascular
and pulmonary disorders are found to account for the major-
ity of cases of chronic dyspnea, processes that present with
this symptom are diverse; hence, the patient population



T20Z ‘9z Jequeides uo Aq Bio'seulnofeye//:dny wouy papeojumoq

Balady et al

Directed follow up of
abnormal findings

Graded Evaluation of
Chronic Dyspnea

[ History and Physical ] :>

normal %F‘Qgesm. d Electrocardiogram
iagnosis !
Echocardiogram

I:> Other

Pulmonary function tests
Chest radiograph

Pulmonary function tests
Chest radiograph
Electrocardiogram

Screening blood work
(Chemistry, Hemogram,
Thyroid, BNP)

Guide to Cardiopulmonary Exercise Testing in Adults 203

Figure 3. Use of CPX in the clinical evalua-
tion of chronic dyspnea. Graded evaluation
of the patient with dyspnea begins with a
history and physical examination, which
usually suggests a diagnosis that can be
confirmed with appropriate follow-up tests.
When no diagnosis is suggested by history
and physical, selected noninvasive screen-
ing tests of cardiac and pulmonary function
and laboratory analyses are recommended.
Broncho provocation testing may be part of

normal

Consider
Broncho-provocation
testing

Abnormalities of O,

deliveryfutilization
— Differential
diagnosis Abnormalities of Gas [:>
exchange efiiciency

\ Abnormalities of

No abnormal
findings

undergoing exercise testing for evaluation of dyspnea in-
cludes individuals with a wide range of neuromuscular,
hormonal, myopathic, metabolic, and psychogenic conditions
as well.121-123

Interpretative algorithms have been proposed to identify
patterns of findings typical of the various conditions that
cause dyspnea on standard exercise testing protocols.>7:124.125
Examples of specific diagnoses that can be made by this
approach include exercise-induced arrhythmias, chronotropic
incompetence, myocardial ischemia, and hyperventilation
syndromes. In some additional cases, establishment of spe-
cific diagnoses is possible if the test protocol is modified to
detect particular conditions suspected on clinical grounds.
Examples of this are the identification of exercise-induced
bronchoconstriction by use of a test protocol of brief, high-
intensity exercise with postexercise measurements of FEV >°
and the identification of exercise-induced laryngeal dysfunc-
tion by analysis of exercise flow-volume loops or direct
laryngoscopy. Although unique diagnoses are thus possible
with CPX, test results often serve to distinguish broadly
between normal and abnormal exercise capacity and between
cardiovascular and ventilatory patterns of exercise limita-
tion.!26:127 These distinctions direct the individual workup
toward the limiting organ system or provide a rational basis
for curtailing further diagnostic studies, as shown in Table 4
and Figures 3 and 4. In either case, in addition to informing
the diagnostic plan, the test also provides an objective
measure of exercise capacity that quantifies the severity of
the underlying condition.

Cardiovascular disorders are characterized by findings
related to impaired ability to deliver oxygen at the rate
required of the exercise work rate. Peak Vo, and VT are
typically low, and AVo,/A work rate (Appendix 1, Vo,/
Work-Rate Relationship) during the incremental phase of
exercise may be reduced below the normal slope of 10
mL - min~ '+ W~ '.128 This latter variable is more confidently

Cardiac imaging

Pulmonary imaging
Cardiac catheterization
Tissue biopsy
Laryngoscopy
Therapeutic tnal of Rx
breathing mechanics Other

— Specific

- . this screening in patients with a compatible
diagnosis

history or risk profile. If these evaluations
are nondiagnostic, dyspnea is classified as
“unexplained.” CPX may either identify a
specific diagnosis or restrict the broad dif-
ferential diagnosis for unexplained dyspnea
by categorizing abnormalities as typical of
oxygen delivery (cardiovascular), oxygen
utilization (peripheral nerve/muscle), or ven-
tilatory disorders. Appropriate follow-up
tests can be selected on the basis of these
findings and the clinical context. In some
proportion of cases, no abnormalities are
found. BNP indicates brain natriuretic pep-
tide; Rx, treatment.

assessed by cycle ergometry than by treadmill walking
because of the better precision of the work-rate measure.
During incremental exercise, a shallow slope in this relation-
ship is due to accumulation of an abnormal oxygen deficit
rather than increased efficiency of skeletal muscle metabo-
lism, so an associated finding is a delay in the rate of recovery
of Vo, toward baseline after exercise.!?6 The recovery rate is
not as well standardized as other exercise variables but has
potential to facilitate identification of abnormal Vo, re-
sponses independent of accurate work-rate measures (Appen-
dix 1, Vo, Kinetics During Exercise and Recovery). In
addition to these findings, reduced cardiac stroke volume
results in a steep increase in heart rate relative to Vo,. Peak
values of Vo,/heart rate are thus low and may be reached
early in exercise. The converse is expected in the setting of
isolated chronotropic impairment, which results in a shallow

Table 4. Findings From CPX Characteristic of Typical
Cardiovascular (Chronic Heart Failure) and Pulmonary
(Obstructive Airways Disease) Gauses of Exercise Impairment

Cardiovascular Pulmonary
Peak Vo, Reduced Reduced
Ventilatory threshold Reduced Normal or reduced
AVo,/AWR Often reduced Normal
Peak HR May be reduced May be reduced
Peak VOZ/HR Often reduced May be reduced
Breathing reserve, >20% <15%
1—(peak VE/MWV)

Postexercise FEV, Unchanged from rest May decrease compared

with rest
Pao, or Sao, Normal Often reduced

VD/tidal volume or Often elevated

VeNco,
WR indicates work rate; HR, heart rate; and VD, dead space.

May be elevated
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Figure 4. Abnormal patterns of responses from CPX character-
istic of disorders that cause dyspnea. Profiles are shown of
abnormal findings characteristic of general categories (shaded
boxes) of impairment and typical of selected conditions within
those categories (italicized). Impairment in oxygen delivery due
to circulatory disorders and in oxygen extraction due to muscle
disorders or distributive impairment results in abnormalities of
variables related to Vo,. Exercise limitation due to lung disease
is reflected in variables related to ventilation and gas exchange
efficiency. Gas exchange inefficiency is also characteristic of
some cardiovascular diseases, most notably pulmonary vascular
disorders. HR indicates heart rate; WR, work rate; C.O., cardiac
output; CHF, congestive heart failure; COPD, chronic obstruc-
tive pulmonary disease; and VT, ventilatory threshold.

increase in heart rate relative to Vo, and an above-average
Vo,/heart rate at peak exercise. Arterial oxygenation is
usually normal in cardiovascular disorders, with the excep-
tion of pulmonary vascular diseases or complex congenital
heart diseases.

A cardiovascular pattern of Vo, responses may alterna-
tively represent impaired oxygen utilization due to defects in
skeletal muscle glycolytic or mitochondrial oxidative func-
tion'?® or due to maldistribution of cardiac output caused by
autonomic failure. These conditions are characterized by
hyperdynamic cardiovascular responses to exercise due to an
inability to normally widen the [C(a—v)O,]. Measurement of
exercise cardiac output is uniquely useful for distinguishing
these from cardiovascular disorders by the demonstration of
high rather than low values of cardiac output relative to Vo,.
Although far less common than cardiovascular disease, mi-
tochondrial myopathies are increasingly recognized among
conditions that cause exercise intolerance, accounting for an
estimated 8% of 1 series of patients referred to a tertiary
center for evaluation of unexplained dyspnea,'3° as discussed
in detail below (see CPX in Patients With Skeletal Muscle
Fiber and Mitochondrial Myopathy).

Ventilatory limitation is most commonly identified in
terms of reduction in the breathing reserve due to peak VE
being a high proportion of MVV. Although usually 20% or
more in nonathletes at the end of an incremental test,
breathing reserve varies widely in healthy persons (see
Pulmonary Function Testing and Pulse Oximetry). A value of
15% approximates the lower 95% confidence limit for normal
populations,> although athletes (because of high exercise
capacity) and the elderly (because of low MVV) may have

values below this in the absence of disease. Advances in the
understanding of exercise breathing mechanics are expanding
the definition of ventilatory limitation to include more indi-
vidualized analysis of the tidal breath volume and flow
patterns. With isolated pulmonary dysfunction, peak Vo, is
low because of ventilatory limitation that occurs before
attainment of cardiovascular limits. Peak heart rate is thus
low. VT may be normal if the patient can exercise to a
sufficiently high level, and the relationships between Vo, and
work rate and between V0, and heart rate are normal up to the
levels of exercise attained. Abnormalities of pulmonary gas
exchange efficiency due to mismatch of pulmonary ventila-
tion and perfusion (V:Q) are typical of both obstructive and
interstitial lung diseases. The presence of high V:Q regions
results in an increased effective dead space fraction of the
breath (Vp/tidal volume) as calculated from the modified
Bohr equation with arterial Pco, and gas exchange data,'>* as
discussed elsewhere (Appendix 1, Ventilatory Dead Space/
Tidal-Volume Ratio). Regions of low V:Q result in arterial
hypoxemia, reflected in low Pao, and an increased
P(A—a)o,. In the absence of arterial blood sampling, high
Vp/tidal volume may be inferred from high VE/Vco, and
hypoxemia from noninvasive pulse oximetry. A decrease in
pulse oximeter saturation by >5% is commonly used as an
indication of pulmonary limitation to exercise. Resting pul-
monary function tests are imprecise in predicting the presence
or severity of gas exchange abnormalities during exercise.>’

These broad distinctions are not invariant and do not
account for all possible patterns of findings. Of particular
note, chronic lung disease of any form can induce changes in
the pulmonary circulation that can constrain hemodynamic
responses to exercise. Conversely, moderate to severe chronic
heart failure and pulmonary vascular diseases both cause
abnormalities of gas efficiency that are normally characteris-
tic of lung diseases. Mixed patterns of responses are thus
common, which reflects the presence of secondary effects of
the underlying disorders or comorbid conditions. Interpreta-
tion of exercise responses must be informed by the clinical
context and other relevant data (Figure 4).

CPX in Patients With Skeletal Muscle Fiber and
Mitochondrial Myopathy

Aerobic functional performance requires integrated cardio-
vascular, pulmonary, and skeletal muscle physiology. Abnor-
mal function in any 1 of these systems diminishes peak Vo,
and increases ventilatory equivalents.'3'-137 Although these
abnormal indices provide important quantifications, they do
not distinguish between underlying physiological compo-
nents. Diagnostic ambiguity is often further exacerbated by
deconditioning. In addition to changes in central cardiac and
pulmonary physiology in heart failure, intrinsic changes in
skeletal muscle fibers and mitochondrial function limit aero-
bic potential. Skeletal muscle typically atrophies, and remain-
ing myocytes tend to be disproportionately anaerobic sub-
types that less efficiently utilize the oxygen they
receive.!33:138.139 A go-called heart failure myopathy often
precedes classic New York Heart Association symptoms and
has been associated with underlying inflammation and related
changes in skeletal muscle molecular signaling patterns.!4©
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Similarly, primary mitochondrial myopathy results from a
wide range of genetic defects and can compromise the
exercise capacity even among those with normal cardiac and
pulmonary capacity.'41-144

CPX can be modified to increase diagnostic resolution of
skeletal muscle abnormalities, particularly mitochondrial my-
opathy. A slope derived from change in cardiac output (AQ;
y-axis) and change in Vo, (AVo0,; x-axis) during progressive
exercise can be calculated.'*?> Patients with primary mito-
chondrial myopathies are unable to adequately utilize oxygen
for oxidative phosphorylation; instead, lactic acid accumu-
lates early in exercise, which leads to exaggerated circulatory
and ventilatory responses. These abnormalities are manifest
in early fatigue and a significantly increased AQ/AVo, slope
with exercise (AQ/AVo, slope ~15 L/min in mitochondrial
myopathy versus 5 L/min patients in healthy control sub-
jects). Thus, a constellation of low peak Vo, in conjunction
with an abnormally elevated VE/V0, ratio and high AQ/AVo,
slope should raise consideration of peripheral myopathy and
consideration of further testing, such as muscle biopsy.

Although heart failure patients and patients with primary
mitochondrial myopathy endure similar functional declines as
a result of peripheral skeletal muscle abnormalities, AQ/AVo,
does not provide the same diagnostic utility in heart failure.
By definition, systolic and diastolic heart failure entail
reduced cardiac output, such that the AQ/AVo, slope more
typically falls with exercise in this population. Although the
AQ/AVo, slope increases in those with mitochondrial myop-
athy, the cardiac limitations of heart failure undercut the
utility of this variable to identify skeletal muscle myopathy
among heart failure patients.

Exercise Prescription

Cardiac Disease
The CPX can be used for derivation of an exercise prescrip-

tion, but this is most often done by use of heart rates from the
standard exercise ECG test. The CPX, however, can provide
additional information in certain individuals, ie, those with
dyspnea out of context with physical activity, psychological/
motivational issues, and certain musculoskeletal disabilities.
By determining the VT, a precise training work rate that
includes Vo, level and specific heart rate range can be
identified. A peak RER =1.10 is an indicator of maximal
effort, and a prescription for exercise can be designated at less
than maximal for the individual patient.'#> However, there are
no data to demonstrate the superiority of the CPX method
over the standard heart rate method of prescribing exercise
training intensity. A rating of perceived exertion can also be used
to further refine the training intensity and assist the patient in
self-monitoring during exercise training and the performance of
other physical activities. Levels of exercise intensity based on
rating of perceived exertion, heart rate reserve (peak heart rate
minus resting heart rate), or Vo, reserve (peak Vo, minus resting
Vo,) are as follows2";

Light intensity: Rating of perceived exertion <12; <40%
of heart rate reserve+resting heart rate; <40% Vo,
reserve+resting Vo,.
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Moderate intensity: Rating of perceived exertion 12 to 13;
40% to <60% of heart rate reserve+resting heart rate;
40% to <60% Vo, reserve+resting Vo,.

Vigorous intensity: Rating of perceived exertion 14 to 16;
=60% of heart rate reserve-+tresting heart rate; =60%
Vo, reserve+resting Vo,.

Moderate-intensity exercise is generally prescribed. Activi-
ties in general can progress over time as tolerance is demon-
strated by the patient. After safe levels are established,
duration may be increased as appropriate, and intensity may
be increased as heart rate response to exercise decreases with
training. In the presence of myocardial ischemia, heart rate
and work rate should be below the threshold of ischemia
(angina or significant ST-segment depression on testing). In
general, this should be 10 beats per minute below the heart
rate at which the abnormality occurs. Special considerations
in prescriptive exercise include the elderly, heart failure, heart
transplantation, after coronary surgery, after percutaneous
coronary intervention, use of pacemakers and defibrillators,
diabetes, hypertension, peripheral artery disease, and other
special medical conditions. These are discussed in detail
elsewhere.**

Stroke
Stroke is a leading cause of disability that may produce

marked cardiovascular deconditioning, which in turn worsens
exercise capacity and cardiometabolic risk factor profiles.
Fitness levels after even mild- to moderate-severity stroke
can be up to half normal, thus compromising ability to meet
the 2-fold elevated oxygen demands of a hemiparetic gait.!4¢
A sedentary lifestyle along with structural-metabolic abnor-
malities in hemiparetic limb muscle, including atrophy, in-
creased intramuscular area fat, elevated tumor necrosis factor
expression, and shift to fast-twitch muscle molecular pheno-
type, propagate insulin resistance. Hence, impaired glucose
tolerance or type 2 diabetes mellitus is reported in =75% of
hemiparetic stroke survivors, which in turn predicts a 2- to
3-fold increased risk of recurrent cerebrovascular events.
Although conventional rehabilitation does not systemati-
cally provide an adequate exercise stimulus to reverse decon-
ditioning, evidence-based exercise models have emerged over
the past decade that offer to improve fitness, health, and
functionality after stroke. Customized exercise stress tests
and submaximal and peak-effort exercise protocols with CPX
are proven reliable in gait-impaired subjects with overground
walking velocities as low as 0.11 m/s.'47 Randomized studies
using these protocols reveal a variety of training modalities,
including modified cycle ergometry, treadmill, structured
exercise classes, and aquatic therapy, that can improve fitness
by a range of 8% to 23% (A%Vo0, peak) in the subacute and
chronic stroke recovery period.'#814% Task-oriented training
models that emphasize repetitive locomotor or mobility
exercises appear more efficacious in improving ambulatory
function, even years after a stroke, by mediating brain
plasticity.'>® Furthermore, treadmill training reduces the
steady state oxygen demands of hemiparetic gait patterning,
which may enable daily-mobility functions to be performed at
a lower percentage of peak exercise capacity. Randomized
studies further show that 6 months of progressive aerobic
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training improves indices of insulin sensitivity and glucose
tolerance to reverse impaired glucose tolerance or type 2
diabetes mellitus classification in 58% of cases.!5! Although
further studies are needed to optimize exercise models to
improve fitness and motor function, medically supervised
aerobic exercise is emerging as a health-promoting option in
long-term care after stroke.

Disability Assessment

Cardiovascular Disease and Stroke
Exercise testing may be useful in the determination of

disability from cardiovascular disease and stroke because it
can provide an objective assessment of exercise capacity;
however, performance of exercise testing to fatigue is subject
to individual effort. CPX can be helpful because it can
provide additional information to gauge whether effort was
maximal (RER >1.10). However, standard treadmill or cycle
exercise tests may not simulate conditions for a given work
task, because many tests involve prolonged submaximal
effort that involves both upper- and lower-body movement.
Although CPX has the potential to provide objective mea-
sures of task-related energy expenditure and associated car-
diopulmonary responses, the data on the use of CPX for this
purpose are scarce.

Pulmonary Disease

Severe impairment in resting pulmonary function measures is
accepted as evidence of disability due to lung disease, but it
is recognized that functional impairment may be poorly
predicted by resting studies. Published guides for determina-
tion of impairment due to lung disease recommend measure-
ment of peak Vo, when symptoms are judged to be dispro-
portionately high relative to the degree of pulmonary function
abnormality. In the American Medical Association’s Guides
to the Evaluation of Permanent Impairment,'>> impairment
due to pulmonary dysfunction is rated either on the basis of
measures of resting pulmonary function or exercise capacity.
Impairment is graded as very severe when vital capacity is
<50% of predicted, FEV, or carbon monoxide diffusing
capacity is <45% of predicted, or peak Vo, is <15
mL - min~ '+ kg~ '. Among patients undergoing exercise test-
ing for evaluation of impairment due to lung disease, high
rates of comorbid cardiovascular disease have been identi-
fied,!53154 5o that attribution of symptoms and impairment is
one of the purposes of exercise testing in this context.

Emerging Applications of CPX
The following section provides a brief overview of emerging
applications of CPX. In each case, the available data are not
adequate to provide a consensus opinion on whether these
applications can or should be used clinically. They are
presented here to provide a comprehensive overview of
potential uses of CPX, but in each case, more data are needed.

Adults With Congenital Heart Disease

A small but growing body of literature has emerged over the
past 2 decades regarding the use and value of CPX in adults
with congenital heart disease (ACHD). Previous reports were
limited to case reports or small case series of patients with a

specific type of ACHD. More recent larger comparative
series of adults with various forms of ACHD demonstrate that
because ACHD is heterogenous, so are the responses to
CPX.155-157 However, a common theme is evident: Patients
with ACHD have reduced exercise capacity as measured by
CPX compared with healthy adults,'>5157 and the spectrum of
exercise impairment is broadly related to the underlying
ACHD condition. These studies demonstrate that exercise
capacity is limited even among asymptomatic patients's” and
that self-estimated physical functioning is a poor predictor of
measured exercise capacity.!>® Moreover, there is an exces-
sive ventilatory response to exercise across the diagnostic
spectrum of ACHD as measured by VE/Vco, slope. Cyanosis
appears to be a strong stimulus for increased VE/Vco, slope
irrespective of the presence of pulmonary hypertension.!>°
Importantly, CPX appears to provide important prognostic
information among patients with ACHD. Peak Vo, is an
important predictor of those at risk for hospitalization or
death.'s” Among patients with noncyanotic ACHD, a VE/
Vco, slope =38 is associated with a 10-fold increased risk of
mortality.'5¢ Additionally, peak circulatory power (peak Vo,
multiplied by peak mean arterial pressure) has been found to
predict mortality among patients with varying diagnoses of
ACHD.'* In summary, these data provide strong evidence
that CPX can provide useful objective information regarding
exercise tolerance and prognosis among patients with ACHD.
Potential additional applications of CPX among these patients
include assessment of exercise tolerance before and after
therapeutic surgical and medical interventions, including
exercise training programs.

Pulmonary Resection

Pulmonary resection is most commonly performed for cura-
tive intent in localized lung cancer. Because of the poor
prognosis of lung cancer that is treated nonoperatively, the
focus of the evaluation is to avoid excluding patients from
potentially curative procedures. Exercise capacity is predic-
tive of perioperative morbidity and mortality related to
resectional surgery and is recommended as part of the
stepwise assessment of patients’ physiological reserve.!o®
Peak Vo, values above 15 mL-min '-kg ' predict no
increase in operative risk for pneumonectomy or lobectomy
compared with the lowest-risk patients, even for patients
whose resting pulmonary function or predicted postoperative
pulmonary function is poor.'s! Lower peak Vo, values,
particularly <10 mL - min~'-kg™ ', are associated with in-
creased operative risk, which can be factored into the overall
risk-benefit assessment in selecting the type and extent of
treatment appropriate for individual patients.'®® Exercise
testing is an integral part of the selection and preparation of
candidates for lung volume reduction surgery as treatment for
severe emphysema.'®> The National Emphysema Treatment
Trial'®® used exercise testing for design of preoperative
rehabilitation of surgical candidates and found peak exercise
work rate to be one of the key variables that identified the
subset of patients who benefitted from the procedure. The
role of other variables from CPX for surgical decision making
in this setting needs further study.
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Pulmonary Hypertension

Pulmonary arterial hypertension occurs commonly in cardio-
pulmonary diseases and is defined by the National Institute of
Health Registry as a mean pulmonary artery pressure of
>25 mm Hg at rest or 30 mm Hg during exercise in the
absence of pulmonary venous hypertension.'®* CPX has been
used safely in patients with advanced respiratory diseases,
including pulmonary arterial hypertension, for the following
indications: Prognostic assessment; evaluation of impairment
and disability; evaluation and monitoring of responses to
various treatment modalities; evaluation for the presence of a
patent foramen ovale and right-to-left shunting; development
of an exercise prescription for pulmonary rehabilitation; and
evaluation of patients for lung or heart-lung transplanta-
tion.>>> However, CPX confers some mortality risk in pa-
tients with pulmonary arterial hypertension and is contrain-
dicated if syncope, serious arrhythmias, or acute right-sided
heart failure is present.’

In chronic pulmonary arterial hypertension, the Vo,max
provides an index of disease severity; it is lower in patients
with a high total pulmonary vascular resistance and lower
cardiac index and is highly correlated with the amount of
functional pulmonary vascular bed.>>'2° One of the leading
causes of pulmonary arterial hypertension is chronic lung
disease, and CPX has been used to separate lung disease
patients with and without pulmonary arterial hypertension; in
those with pulmonary arterial hypertension, a significantly
reduced ventilatory efficiency is noted, along with a lower
rest and exercise arterial oxygen saturation.*® In patients with
primary pulmonary arterial hypertension, the percent of
predicted Vo, achieved correlates significantly with mean
pulmonary artery pressure; the PgC0O, values at rest, at VT,
and at peak Vo, are proportionately reduced as the percent of
predicted peak Vo, decreases and mean pulmonary artery
pressure increases.*® Also in patients with primary pulmonary
arterial hypertension, CPX has been used to determine
right-to-left exercise-induced shunting.'®> In fact, an abrupt
and sustained increase in P10, with a simultaneous decrease
in PgCO,, an abrupt and sustained increase in the RER, and
an associated decline in pulse oximetry saturation each has a
reported sensitivity, specificity, and positive and negative
predictive values in the range of 90% to 96% for predicting
patent foramen ovale and shunting. In patients with severe
primary pulmonary arterial hypertension, the VE/Vco, ratio
correlates significantly with pulmonary vascular resistance
but not with mean pulmonary artery pressure or cardiac
index.'® Finally, CPX has been used to estimate survival in
pulmonary hypertension, although typically, this has been
done by use of the 6-minute walk distance.>>-106:167

Ischemic Heart Disease

Although it provides valuable prognostic assessment in pa-
tients with CAD, CPX can may be helpful in the diagnosis of
exercise-induced myocardial ischemia, albeit the data are
limited.'®8-172 In addition to providing continuous electrocar-
diographic evaluation of ST-segment changes, CPX can
detect subtle changes in stroke volume that accompany
ischemia-induced left ventricular dysfunction. The normal
physiological response to progressive exercise is a continu-
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ously increasing O, pulse, a linear increase in Vo, versus
work rate, and a linear increase in heart rate versus Vo, until
peak values are reached. The development of myocardial
ischemia during exercise can lead to loss of augmentation of
stroke volume, which is demonstrated as flattening of the
O,-pulse response to exercise. With a 2-variable model based
on O,-pulse—flattening duration and AVo,/Awork rate slope,
the diagnostic accuracy of standard electrocardigraphy stress
testing versus CPX was compared in 202 consecutive patients
with documented CAD,'”! with a reported a sensitivity of
46% and specificity of 66% for standard electrocardiography-
based stress testing compared with 87% and 74%, respec-
tively, for CPX. However, it is important to understand that
these abnormal responses not only are seen in patients with
myocardial ischemia but can be seen in many other condi-
tions that might impair cardiac output during exercise.

Evaluation of Cardiac Pacemaker Function
CPX is increasingly being used in the evaluation of pace-
maker technology, particularly rate-responsive pacemakers
and biventricular pacemakers. Rate-responsive pacemakers
use activity and/or metabolic sensors that can monitor QT
interval, right ventricular temperature, respiration, and peak
endocardial acceleration. They can generate heart rates that
are theoretically appropriate, at rest and during effort, for
patients with chronotropic incompetence due to sick sinus
syndrome or advanced atrioventricular block.!73.174

Because the chronotropic control of the working sinus
node is difficult to imitate, cardiologists must evaluate the
rate-response pacing rate adequately, tailoring rate-response
settings for many patients. This is typically performed by use
of protocols based on activities of daily living, followed by an
evaluation of the pacing rate through Holter monitoring.
These simple and empirical measures are generally adequate
for most individuals, particularly older or less active patients
or those without significant hemodynamic compromise.
Those patients, however, who are young or more physically
active, as well as those with hemodynamic compromise, may
require optimization of rate-response settings, including ad-
justment of the atrioventricular delay, by use of more accurate
and reproducible methods such as CPX.!7>-178 In this regard,
investigators have reported the use of several metabolic
parameters derived from CPX as clinical end points in the
assessment of patients with rate-responsive pacemakers. Ad-
justments of the atrioventricular delay and rate-response
settings have been reported to increase peak Vo,, VT, and O,
pulse.!7°-181 Similarly, CPX has been used to verify the
efficacy of cardiac resynchronization therapy via biventricu-
lar pacing in patients with wide-QRS-complex heart failure.8°
The underlying basis of cardiac resynchronization therapy is
to improve cardiac efficiency by synchronizing the timing of
global left ventricular depolarization, thus improving me-
chanical contractility and reducing mitral regurgitation.'s?
Peak Vo,, VT, O, pulse, and VE/VCo0, ratio have all been
reported to improve significantly after cardiac resynchroni-
zation therapy and are standard measures used in clinical
trials to assess the efficacy of this therapy.s0-183
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Arrhythmias

Only limited data are available regarding the role of CPX in
the evaluation of cardiac arrhythmias; this is almost entirely
related to the effect of atrial fibrillation on exercise capacity
in patients with heart failure. In a small study of 111 patients
with heart failure, 18 patients with atrial fibrillation had a
20% lower peak Vo, than those without atrial fibrillation.!s4
In a much larger study of 942 heart failure patients, including
180 with atrial fibrillation, lower values for peak Vo,, O,
pulse, and Vco, were all independent predictors of the
presence of atrial fibrillation.'$S In patients with atrial fibrilla-
tion and heart failure, Vo, was higher at VT but lower at peak
exercise. Likewise, in small studies of patients without heart
failure, atrial fibrillation was associated with worsening of peak
Vo,, endothelial function, exercise ventilatory efficiency, and
muscle ergoreflex contribution to ventilation.!3¢-188 In general,
these parameters improve with cardioversion but not with rate
control alone and worsen again after relapse of atrial
fibrillation.86-18°

Bariatric Surgery

Recently, investigators extended the application of CPX to
evaluate whether there is a relationship between complica-
tions after bariatric surgery and preoperative exercise capac-
ity.'9% These data have clinical relevance because the number
of bariatric surgeries performed in the United States has risen
from 12 775 in 1998 to an estimated 140 000 operations in
2005. Such procedures, however, are not without risk.!!
Although there are no specific recommendations for the
medical preoperative evaluation for morbidly obese patients
undergoing bariatric surgery, current American Heart Asso-
ciation/American College of Cardiology guidelines!®? state
that an assessment of exercise capacity, when possible, can be
useful in the evaluation process for noncardiac surgery.
McCullough and associates'? evaluated directly measured
exercise capacity in 109 patients before laparoscopic Roux-
en-Y gastric bypass surgery. The primary composite compli-
cation rate, defined as death, unstable angina, myocardial
infarction, venous thromboembolism (deep vein thrombosis
or pulmonary embolism), renal failure, or stroke, occurred in
6 (16.2%) of 37 patients and 2 (2.8%) of 72 patients whose
peak Vo, was <15.8 and =15.8 mL - kg ' - min™', respec-
tively. Hospital lengths of stay and 30-day readmission rates
were highest in the lowest tertile of peak Vo,, which averaged
13.7*2.1 mL-kg '+ min~'. Multivariate analysis that ad-
justed for age, body mass index, and sex found that peak Vo,
was a significant predictor of complications. Collectively,
these findings suggest an inverse relationship between exer-
cise capacity and complications after bariatric surgery, which
highlights the potential application of such data in risk
stratification of this growing patient population. However,
further data are needed.

Assessing and Reporting CPX Data
In addition to the 3% to 4% biological variability that is
intrinsic to CPX in most patient groups, a criticism of some
parameters derived from CPX is that peak data can be
influenced by both subject effort and differences in test
conduct. The latter refers, in part, to differences between 1

test supervisor and another relative to the determination of
symptom-limited maximal effort or achievement of prespeci-
fied criteria for test termination. As stated in the section on
Procedures for CPX, parameters to help the test supervisor
identify a true peak effort are well established, and the
uniform application of these criteria over time by test super-
visors should favorably contribute to the acquisition of true
peak data. After ensuring appropriate calibration of CPX
equipment, it remains the responsibility of those conducting
the test and interpreting test results to be sure the data reflect
valid information. Therefore, after the patient has been
connected to the CPX system and while he or she is at seated
rest before testing, the following variables should be assessed
to help ensure that the data appear physiological:

® Ko, (ie, oxygen content in room air) should be 20.93% =
0.5%.

® With the subject sitting comfortably before testing,

e relative Vo, is between 2.5 and 4.5 mL - kg ' - min~';

® RER is 0.8 to 1.0; however, it is not uncommon to see
values for this parameter above 1.0 at rest, which reflects
increased ventilation that is likely due to pretest apprehen-

sion and/or breathing irregularities.

During each test, the CPX data should be assessed continually
to be sure that \702, VE, and RER are increasing in a manner
that is commensurate with the magnitude of the increases in
external exercise work rates. To facilitate determination of
this during real time, the CPX system should be set up in a
manner that displays the data in a rolling breath-average
format as described above (see Procedures for CPX). This
smoothes out the typically sporadic unaveraged data, which
can be difficult to interpret. The supervising staff should be
familiar with the expected oxygen demands and physiological
responses for a given work rate or stage of a protocol and
should watch for sporadic changes (from normal to very low)
in Vo,, VE, RER, or respiratory rate, any and all of which
might suggest an air leak at the mouthpiece/face mask or
through an ineffective seal from nose clips.

A final report should be generated that (1) describes the
reason for the test and what type of type of test was completed
(eg, modality, protocol); (2) summarizes the patient’s demo-
graphic information, the clinical and physiological responses
to exercise (eg, duration, symptoms, reason for stopping), and
whether according to the data available, the patient attained a
maximal effort; and (3) avoids the use of the terms positive or
negative. The report should conclude with a list of final
impressions or recommendations that concisely and specifi-
cally respond to the reason the test was ordered. The final
report should identify normal and abnormal responses, as
well as put into perspective the impact or importance of these
findings. Examples are as follows: For patients with heart
failure, it should identify those with severe functional limi-
tations and poor prognosis (peak Vo, <10 mL - kg~ ' - min~'
and VE/Vco, slope >40); for patients being evaluated for
unexplained dyspnea, the report should specify the likely
cause of the symptom (ie, cardiac, pulmonary, decondition-
ing, or other); for patients being evaluated for disability, the
report should (1) identify peak exercise capacity (eg, peak
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Table 5. Normal/Abnormal Values and GPX
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Vo,
Heart Rate (% of o
Age Predicted) Absolute % of Age Predicted VE/co, Slope
Apparently healthy people
e Normal =85 Within 95% Cl NA 25
e Abnormal <85 NA NA NA
Systolic heart failure
o Severely limited/high risk NA <10 mL- kg~ "+ min~" if treated <50 =34

with B-blockade

<14 mL-kg~"-min~" if not treated

with B-blockade;

Cl indicates confidence interval; NA, not applicable.

Vo, and measured METs), (2) cite references to tables that
provide estimated energy expenditure (in METs) for many
occupational and leisure activities,'*? and (3) perhaps provide
patient-specific examples of occupational and leisure activi-
ties that might be tolerated safely.

A suggested list of the recommended and optional param-
eters to include in a CPX final report is summarized in Table
6 of Appendix 2. Although graphs and figures are often used
by those conducting or supervising a CPX test or interpreting
test results, it is not necessary to include such elements in the
final report. An example of a CPX test final report is shown
in Table 7 in Appendix 2. Information that quantitatively and
qualitatively compares a patient’s test results to normative
databases can be helpful (Table 5). In all cases, when
possible, data should be reported in the context of published
data from the same reference population using the same
exercise modality. Table 8 and Figure 9 in Appendix 2
compare sample reports for 2 women of the same age who
have been evaluated for different reasons (heart failure and
dyspnea on exertion).

Similar considerations as noted above (see Heart Failure:
Systolic Dysfunction) for obese patients apply to the use of
predicting equations for calculation of normal reference
values. Regression analyses of normal subjects usually show
weight to be a positive factor in determining peak Vo,, but
unreasonably high predicted values may result when the same
equations are applied to very obese subjects using their actual
weights. Similarly, equations derived from athletic popula-
tions will predict higher Vo, values than typical of healthy
but sedentary individuals. Predicting equations should be
selected and applied with an appreciation of the reference
group and any systematic differences between those subjects
and the laboratory’s clinical population. Several databases
exist for the comparison of a patient’s test results to existing
normative data, but each is associated with certain strengths
and limitations.!24194-19 For measured peak Vo, and its
expression as a percent of predicted in patients with heart
failure, Arena et al®® evaluated 4 different common equation
sets and showed that the Wasserman/Hansen!?419¢ equation
set was superior to the other equations relative to its prog-
nostic power.

Future Research
This “Clinician’s Guide” presents detailed discussions of the
many variables that can be derived from CPX and how they

may be applied in the diagnostic and prognostic assessment
of patients with heart failure and unexplained dyspnea, as
well as many emerging applications. It remains to be studied
whether data derived from CPX provide sufficient incremen-
tal information over that provided by exercise testing without
gas analysis when used in conjunction with other clinical
variables. That is, does CPX testing reclassify individuals
into different prognostic groups over and above standard
testing? This issue has been raised by a recent study that
demonstrated that treadmill exercise time provided prognos-
tic information in patients with heart failure, even when
accounting for peak measured Vo, during CPX.!97 From
these data, the authors suggest that exercise treadmill testing
may be useful as an initial prognostic screening test when
CPX is not readily available. Whether CPX data beyond peak
Vo, (eg, VT, VE/Vco, slope) provide additional discrimina-
tory prognostic information in this context was not evaluated
and needs to be studied. Finally, further studies are needed to
evaluate the utility of the many CPX variables presented in
Appendix 1 in patients with heart failure, unexplained dys-
pnea, and the growing number of other conditions in which
CPX has been studied (see Emerging Applications of CPX).

Summary of Key Points

® CPX offers the clinician the ability to obtain a wealth of
information beyond standard exercise testing that, when
appropriately applied and interpreted, can assist in the
management of complex cardiovascular and pulmonary
disease.

® The recommendations made in the present document are
based primarily on expert consensus interpretation of
published data when available, because there are essen-
tially no randomized trials to address diagnostic and
prognostic applications of CPX.

® CPX systems must be properly maintained and calibrated
to ensure that high-quality data are provided.

e CPX test protocol selection is important to optimize the
data that are derived from the test. Protocols that involve
small to modest work-rate increments per stage (eg, ramp,
Naughton, and Balke) maintain a greater relationship
between Vo, and work rate than do those protocols with
larger work-rate increments.
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CPX test supervision, monitoring, and interpretation
should be performed by competent personnel as recom-
mended in established exercise testing guidelines.?!
® Use of correct CPX billing codes coupled with correct
diagnostic codes is important to obtain appropriate reim-
bursement for the services provided.
® Several important variables derived from CPX provide
useful diagnostic and prognostic information. Peak Vo,,
VT, RER, VE/V o0, slope, VE'MVV, and oxygen saturation
are the most commonly used clinically.
® Integration of CPX test data with exercise-ECG test data
provides optimal comprehensive use of CPX. Electrocar-
diographic criteria (heart rate dynamics, arrhythmia, ST-
segment changes, and conduction disease), hemodynamics,
and symptoms are all important exercise-related measures
that complement and expand on the gas exchange indices.
Related technologies used during CPX, such as the nonin-
vasive determination of cardiac output or flow-volume
loops, may provide useful diagnostic and prognostic infor-
mation in selected patients.
CPX in clinical populations has been well studied and
appears most useful in the evaluation of patients with heart
failure and those with unexplained dyspnea. Other uses
include the assessment of patients with mitochondrial
myopathies, development of the exercise prescription in
patients with cardiovascular disease or stroke, and the
assessment of disability in patients with cardiac or pulmo-
nary disease.
® Emerging and less well studied applications of CPX
include the evaluation of patients with adult congenital
heart disease, pulmonary hypertension, cardiac arrhythmias
and pacemakers, and ischemic heart disease and the pre-
operative assessment of patients undergoing pulmonary
resection or bariatric surgery.
® Assessment of CPX data should be done to ensure its
validity before a final report is generated.
® A final report should describe the reason for the test and
what type of type of test was completed (eg, modality,
protocol); summarize the patient’s demographics and clin-
ical and physiological responses to exercise (eg, duration,
symptoms, reason for stopping); and avoid the use of terms
positive or negative. The report should conclude with a list
of final impressions or recommendations that concisely and
specifically respond to the reason the test was ordered.
® Future studies are needed to rigorously evaluate whether
CPX provides additional discriminatory diagnostic and
prognostic value over and above that provided by standard
exercise tests and other clinical variables. More studies are
needed to assess the increasing number of variables that
can be derived from CPX, as well as their utility in many
conditions that affect the cardiovascular and pulmonary
systems.

Appendix 1
Additional Measures and Related Technologies

Oxygen Uptake Efficiency Slope

Without alteration of the data obtained from CPX, the relationship
between VE and Vo, is exponential, which obviates the ability to
derive a slope value by linear regression. Baba et al'*® developed a

technique named the OUES that logarithmically transforms VE data
in liters per minute (plotted on the x-axis), thereby creating a linear
relationship with Vo,, expressed in milliliters per minutes or liters
per minute (plotted on the y-axis, where (VO,=a log,,VE+b). Given
the tight linear relationship the OUES creates between VE and Vo,
throughout a progressive exercise test,'* this calculation has been
advanced as a measurement that requires only submaximal effort and
reflects the integrated function and health of the pulmonary, cardio-
vascular, and skeletal muscle systems.?®® Because previous investi-
gations have used different units to calculate the Vo, portion (liters
versus milliliters per minute),'%-20! there is no universally accepted
expression of the OUES. Slope values are expressed in the thousands
(=1000 to 4000) and single digits (=1 to 4) when Vo, is expressed
in milliliter-per-minute and liter-per-minute units, respectively. In
contrast to the VE/VCo, slope, a higher OUES portends a more
favorable response and improved physiological function. Follow-up
research by Baba et al?°? demonstrated high test-retest reliability for
the OUES in apparently healthy subjects.

Compared with other CPX variables such as peak Vo, and the
VE/Vco, relationship, scientific analysis of the OUES is limited.
Previous investigations have found that the OUES is strongly
correlated with Vo,max,200203 reflects varying degrees of cardiovas-
cular health/disease,'”® and may possess prognostic value.?’! With
respect to the latter, the prognostic value of the OUES over the
VE/V 0, slope or other CPX variables remains unclear.204205 There
do not appear to be any investigations that have attempted to account
for the pathophysiological mechanisms that lead to a diminished
OUES. Although the OUES has now been available for more than 10
years, its incorporation into the software packages that operate CPX
carts is not standard; therefore, data from a CPX must be exported
into other spreadsheet software packages to calculate the OUES.

Partial Pressure of End-Tidal Carbon Dioxide

The P10, is easily derived and commonly reported at rest, VT, and
peak exercise in mm Hg units by the software packages that operate
CPX carts. Normal resting values range between 36 and 44 mm Hg,
increase between 3 and 8 mm Hg from rest to VT, and then decrease
as an individual approaches maximal exertion.!?* The limited avail-
able research on PyCO, reliability demonstrates minimal test-retest
variability for the resting expression of this variable.?°¢ Caution is
required in interpreting values measured from a particular patient,
because they may be confounded by factors such as acute hyperven-
tilation, increased dead space due to emphysema or other lung
diseases, or rapid shallow breathing patterns, all of which will reduce
the Pg1CO, independently of cardiac function.

Numerous investigations have demonstrated a significant relation-
ship between resting PCO, and cardiac output.297-298 The PC0,
obtained during exercise has also been correlated with cardiac output
in patients with heart failure2*® and can reflect disease severity in this
population. Resting and peak exercise P 1C0,, as well as the highest
increase from rest during a progressive CPX, all demonstrate
independent prognostic value in patients with heart failure.205-210.211

In patients with pulmonary hypertension, resting, VT, and peak
exercise PpCO, are significantly correlated with pulmonary pres-
sures and can thus provide a noninvasive reflection of disease
severity. CPX may also aid in the detection of exercise-induced
right-to-left shunting. With the following gas exchange measures and
the resting echocardiogram as the reference, the sensitivity, speci-
ficity, positive and negative predictive values, and accuracy have
been reported to be between 90% and 96%: (1) An abrupt and
sustained increase in P10, with a simultaneous sustained decrease
in PgCO,; (2) an abrupt and sustained increase in the RER; and (3)
an associated decline in pulse oximetry saturation.!®>

Ventilatory Pattern During Exercise

VE progressively increases during exercise. Over time, 2 inflection
points may be identified in the slope of VE relative to Vo, or work
rate. The first change in slope occurs at work rates when the VT is
exceeded. Above this point, Vco, begins to increase more steeply
than Vo, because of an additional amount of CO, generated by
HCO™; buffering of lactic acid. During this period of isocapnic
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Figure 5. Examples of a linear (A) and oscillatory (B) VE increase
over incremental work rate. EOB is a pathological phenomenon
that comprises a regular waxing and waning of ventilation
(hyperpnea and hypopnea) associated with changes in arterial
0, and CO, tension. Abnormal cyclic oscillations during exer-
cise occur with a variable length and amplitude (B) and are
compared with the normal linear pattern (A).

buffering, VE retains a linear relation with Vco,, so the VE/Vco,
ratio remains stable, but the VE/VO2 ratio increases. This discordant
behavior in VE/Vco, versus VE/V0, ratios provides an additional gas
exchange method for the identification of the VT (Figure 1B). After
the isocapnic buffering period, the VE steepness further increases,
which reflects a compensation for the development of exercise-
induced metabolic acidosis. This results in an inflection in the slope
of VE as a function of Vco,, as well as a further increase in VE versus
Vo, or work rate.

In some heart failure patients, the VE response to exercise is
challenged in that a peculiar EOB pattern (Figure 5) may develop.
EOB is a pathological phenomenon that consists of a regular waxing
and waning of ventilation (hyperpnea and hypopnea) associated with
changes in arterial O, and CO, tension.**2!2 Cyclic oscillations
during exercise occur with a variable length and amplitude and may
persist for the entire exercise duration or disappear at intermediate or
higher work rates. Although definitive criteria for EOB definition are
yet to be established, a persistence of EOB pattern for at least 60%
of exercise at an amplitude =15% of the average resting value has
been adopted by most recent studies as indicative of abnormal
oscillatory gas exchange kinetics.!!8213.214

EOB prevalence across heart failure populations is not defined
clearly, but it can range between 12% and 30%,?'> with a similar
prevalence and clinical significance in either systolic or diastolic
heart failure.''® Remarkably, in heart failure patients, an oscillatory
ventilatory pattern may also occur during sleep (central sleep
apnea)?'¢ or during the awake state at rest (Cheyne-Stokes respira-
tion).2!'7 EOB is not characterized by periods of apnea, which is more
typically observed in both central sleep apnea and Cheyne-Stokes
respiration. Nonetheless, ventilatory patterns may share similar
mechanisms, and EOB may reflect a less severe form of central sleep
apnea or Cheyne-Stokes respiration. Most heart failure patients with
EOB also exhibit central sleep apnea, which suggests a tight
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pathogenetic relationship between sleep-disordered breathing and
cardiopulmonary response during exercise.?!>

The true pathophysiological origin of this phenomenon is complex
and intriguing and appears to be the result of the deregulation of
different mechanisms involved in the mechanical and neural feed-
back control of the cardiopulmonary system. A number of pathoge-
netic theories have been formulated.?'8-220 Clinical interest in EOB
is increasing because it may predict mortality either when used
alone36213 or when combined with an increased VE/Vco, slope.2!4 In
a recent evaluation of a series of 156 heart failure patients, EOB
emerged as a strong predictor of sudden death mortality??!; however,
additional prospective studies are needed to confirm its prognostic
utility.

Ventilatory Dead Space/Tidal-Volume Ratio

The dead space (VD)/tidal-volume ratio is a CPX-derived variable
that provides an estimate of ventilation-perfusion ratio homogeneity
both at rest and during exercise. Alveolar ventilation is the theoret-
ical ideal ventilation that participates in pulmonary gas exchange if
alveolar ventilation-perfusion ratios of alveolar/capillary units are
uniform. However, even in physiological conditions, the actual VE
includes the conducting airways and alveolar units that may not be
optimally perfused. The difference between alveolar ventilation and
VE is the physiological dead space, which is normally one third of
the tidal volume. During exercise, recruitment and distension of the
pulmonary vascular bed allows for a decrease in VD/tidal-volume
ratio, with the major decrement occurring at the initial stages of
exercise. In healthy individuals, VD/tidal-volume ratio at rest is
~(.34; it may decrease to 0.10 or less at peak exercise. In patients
with various respiratory disorders'?* and in cardiac patients with
left-sided pulmonary hypertension,?22223 the Vp/tidal-volume ratio
does not decrease appropriately throughout exercise and requires a
disproportionate increase in respiratory rate to overcome the in-
creased dead space ventilation. VD/tidal volume is calculated with
the following formula:

Vp/tidalvolume=[(Paco,—PEco0,)/Paco,]

—(VDapp/tidalvolume)

where Paco, is the arterial CO, pressure, PECO, is the partial
pressure of CO, in expired air, and VDapp is the apparatus dead
space.

Ideally, Vp/tidal-volume calculation requires direct measurement
of arterial Paco, by arterial blood gas analysis; however, for
practical reasons, especially during exertion, Paco, can be estimated
noninvasively by use of PgCO,. Jones et al?>* developed a formula
for calculation of the PJco,, an empirical equivalent of Paco, in
healthy subjects. Both PpC0, and PJco, are incorporated in most
CPX cart software for the noninvasive calculation of Vb/tidal
volume; however, the use of estimated Paco, may be less reliable in
patients with cardiac or pulmonary disease.?23-22

Vo,/Work-Rate Relationship

In physiological conditions, there is a linearity in the increase in Vo,
over the rate of increase in work rate (WR; AVOZ/AWR). The slope
of this relationship is a function of the ability of exercising muscle to
extract O, and to provide aerobically generated adenosine triphos-
phate. In several reports obtained in healthy sedentary subjects, the
slope for a linear ramp protocol test approximates 10 mL
0, min '+ W', without a significant influence of age, sex, or
height.'?* Although there may be many reasons for this slope to be
reduced, a reduction in the AVO,/AWR relationship most often
indicates some failure of O, transport. This may be seen in heart,
peripheral arterial, and lung disease or in mitochondrial myopathy in
which there is alteration in the cellular pathways involved in O,
utilization. In cardiac patients, a shallow exercise AV0O,/AWR may
be associated with the development of myocardial ischemia!”® and an
increased risk of death.>2¢



T20Z ‘9z Jequeides uo Aq Bio'seulnofeye//:dny wouy papeojumoq

212 Circulation July 13, 2010

1.50
Y e e e R i s s
OXYGEN DEFICIT
10 4 ‘\"‘s
E Exercise
= 0754
o
= OXYGEN DEBT
050 4
Baseline Recovery
025 4 AerFt o
e AT -
b Phasel Phasell Phase lif
T T T T T T T

T T
0 60 120 180 240 320 380 420 480 560 620
Time (sec)

Figure 6. Vo, kinetics. Vo, kinetics as a function of time during
a constant work rate, moderate-intensity level of exercise in a
healthy subject, depicting phase | (cardiodynamic), phase Il (cell
respiration), and phase lll (steady state). Black line shows
monoexponential fitting of the entire Vo, on-response. The O,
deficit is the area between steady state Vo, and the entire Vo,
on-response. The O, debt is the area between steady state Vo,
and Vo, recovery to baseline. See text for details.

O, Pulse Response During Exercise

0, pulse is the ratio of Vo, to heart rate and reflects the amount of
0, extracted per heart beat. The O, pulse provides an estimate of left
ventricular stroke-volume changes during exercise, assuming that the
C(a—v)O, is maximal and no anemia is present. During incremental
exercise, the relative contribution of stroke volume to cardiac output
is predominant during the initial and intermediate phases of exercise.
Thus, O, pulse has a typical hyperbolic profile, with a rapid rise
during the initial stages of exercise and a slow approach to an
asymptotic value at the end of exercise. A flattening or downward
displacement of O, pulse kinetics during progressive CPX very
likely reflects a cardiogenic limitation to exercise or a peripheral
vascular perfusion/extraction limitation to exercise performance.
Although O, pulse may be viewed as an attractive and reliable
measure of stroke volume in normal subjects, some caution should
be exercised in interpreting its clinical validity in patients in whom
O, extraction is not ideal or in those for whom the assumption of
linearity between Vo, and an increase in cardiac output during
exercise may not reasonably be made.

Vo, Kinetics During Exercise and Recovery

The Vo, response within the first 60 to 120 seconds of exercise has
been identified as the on-response. This is observed by examining
Vo, during a constant work rate. It is initially dominated by an
increase in pulmonary blood flow (phase I or cardiodynamic phase),
followed by a slower, monoexponential increase (phase II) that
reflects muscle extraction of O,. These are followed by a plateau in
Vo, (steady state) if the exercise level is below the VT (phase III;
Figure 6). The lag in VO, seen before steady state is reached has been
termed the O, deficit. It is during this period that energy require-
ments are supplemented by anaerobic energy sources, such as
high-energy phosphates (eg, phosphocreatine) and anaerobic glyco-
lysis.'?* For this reason, lactic acid accumulation has been directly
related to the duration of the on-response.??’” Thus, a prolonged
on-response may contribute to exertional dyspnea and exercise
intolerance. In healthy subjects, the speed of the on-response
correlates with Vo,max across a wide spectrum of exercise capaci-
ty.228229 In this respect, examination of the submaximal exercise
response provides information that may be more clinically relevant
in that most daily activities are submaximal in nature. The O,
kinetics on-response is calculated as the time constant (7) by use of
the following monoexponential equation:

Vo, ()=Vo,(b)+A(1—e Y7

where VO,(t) is the increase in O, above the baseline at any time t;
Vo,(b) is the baseline VO, at resting steady state; A is the amplitude
of the Vo, response (the difference between the Vo, values at rest
and during steady state exercise); and 7 is the time constant of the
response that corresponds to 63% of the AVo,. A prolonged 7
response has been observed in patients with heart failure.?30-232
Vo, kinetics during the recovery phase of exercise (Figure 6) has
emerged as an interesting variable that may be assessed during
CPX.196 Recovery VO, kinetics correlate with the recovery of energy
stores in the active muscles and reflect the rate of recovery of
phosphocreatine levels, as well as blood and tissue O, stores after
exercise.233 In healthy subjects, VO, declines rapidly after exercise
and is not affected by work rate. In heart failure patients, a delay in
Vo, recovery has been identified clearly. This is explained primarily
by a slower rate of replenishment of energy stores in exercising
skeletal muscles.!?® Moreover, a blunted cardiac output response
during exercise together with a longer circulating transit time
between the exercising muscle and the lungs may further account for
the prolonged O, kinetics.?** Heart failure interventions aimed at
improving endothelial function, peripheral circulation, and cardiac
output have been shown to improve Vo, recovery Kkinetics.235
Finally, in cardiac patients with moderately reduced exercise capac-
ity, Vo, recovery kinetics may provide prognostic information.236
However, prolonged Vo, kinetics are not specific to heart failure
patients and may occur whenever O, transport or O, utilization by
the exercising muscles is impaired, such as in anemia, hypoxia,
peripheral artery disease, muscle deconditioning, and myopathies.

Noninvasive Determination of Cardiac Output

Although peak Vo, is a powerful independent prognostic indicator
and an indirect measure of cardiac output, it can be influenced by
numerous confounding variables (eg, age, sex, motivation, obesity,
deconditioning, and localized muscle fatigue).2” This may explain
why some candidates for cardiac transplantation have favorable
prognoses despite low peak V0,.238 Because somatic Vo, is the
product of heart rate, stroke volume, and arteriovenous oxygen
difference (C[a—V]O,), several studies now suggest that the nonin-
vasive determination of cardiac output may enhance the prognostic
power of peak V0,.238239 Accordingly, 2 patients could in principle
have identical, low peak Vo, values but different peak cardiac
output.?40

A given patient with severe left ventricular dysfunction may have
a reduced cardiac output and a high C(a—v)O, at peak exercise;
conversely, a severely deconditioned patient may have a relatively
normal peak cardiac output and a low C(a—v)O because of periph-
eral limitations. Reduced oxygen extraction by skeletal muscle may
be attributed to a variety of factors, including anemia; decreased
muscle mass; decreases in muscle capillary density, myoglobin
content, mitochondrial mass, or oxidative enzymes; or combinations
thereof.

Another potential advantage of the use of concomitant cardiac
output data is that it may be of prognostic value at submaximal
exercise, including work rates below the anaerobic threshold.?*! A
review of 9 previous studies that included nearly 1200 patients with
congestive heart failure found that directly measured peak Vo, was
a significantly weaker prognostic variable than the associated hemo-
dynamic correlates (eg, stroke work index and cardiac output).24* In
several of the studies, patient subsets with good hemodynamic
responsiveness and  reduced  exercise  capacity (<14
mL - kg ' - min ") fared better than their peak VO,-matched coun-
terparts with a poor hemodynamic response. Other recent reports
have demonstrated that peak cardiac output can be measured
noninvasively and provides an independent predictor of outcome that
can enhance the prognostic utility of peak V0,.108242 Other potential
applications of exercise cardiac output measures include the identi-
fication of hyperdynamic states due to impaired peripheral oxygen
extraction. The finding of abnormally high cardiac output relative to
Vo, in certain myopathic and autonomic abnormalities provides a
rationale for the use of exercise cardiac output measures in the
identification of these conditions (see CPX in Patients With Skeletal
Muscle Fiber and Mitochondrial Myopathy). Although the Fick and
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thermodilution methods remain the gold standards for the measure-
ment of cardiac output,?*? several rebreathing methods that use CPX
are available.

CO, Rebreathing Methods

The term indirect Fick is used to describe the method in which blood
concentrations of CO, in mixed venous and arterial blood are
estimated indirectly from their partial pressure in the gas phase, with
CO, as the indicator gas, to determine cardiac output:

somatic CO, output

Cardiac output = - -
P veno-arterial CO, difference

With the lungs acting as a tonometer, 2 approaches have been
used for the measurement of mixed venous Pco, during exercise:
Rebreathing from a rubber bag that contains a low concentration
of CO,, and the equilibration method, which uses a bag that
contains a high concentration of CO, in oxygen. The mixed
venous CO, content is determined from the CO, tension, which
can be estimated from the CO, tension curve as it gradually
increases toward a limit during rebreathing of a known gas
mixture (eg, 5% CO, and 95% O,). End-tidal CO, is taken as a
measure of CO, partial pressure in alveolar gas and is represen-
tative of arterial blood CO,. Carbon dioxide output is determined
from the expired air sample.

The difficulty with CO, rebreathing methods during exercise is
that they require subject cooperation, which may be difficult to
achieve in some patients.2*© Moreover, high concentrations of
inhaled CO, may cause lightheadedness, feelings of suffocation,
or both. Others emphasize that the accuracy of the CO, rebreath-
ing technique may be compromised by numerous potential
confounding variables and underlying assumptions?#* and that
large errors can occur in patients with advanced pulmonary
disease.?40

Foreign Gas Rebreathing Methods
Foreign gas methods that use a soluble inspired gas such as
acetylene or nitrous oxide have been shown to be a reliable and
safe method for the noninvasive assessment of cardiac output
during CPX. With this methodology, the mixed venous content of
the gas is zero, and arterial partial pressure is assumed to be the
same as in end-tidal air.>4© A new device that uses the inert gas
rebreathing technique during exercise was described recently in
patients with heart failure.242245 Although the measurement of
foreign gases in low concentration has traditionally relied on the
respiratory mass spectrometer, recent studies suggest that newer
technology (ie, a portable infrared absorption spectrometer)
may facilitate noninvasive cardiac output monitoring with the
foreign gas uptake method in clinical, field, and point-of-care
settings.?4¢

The reproducibility of rebreathing methods for determination of
cardiac output during exercise testing in patients with and without
heart failure has been reported previously (coefficient of variation
7% to 11%).240-241.245 Collectively, these data suggest that the
prognostic value of CPX may be enhanced by the noninvasive
determination of cardiac output in patients with heart failure.
However, additional research is needed before it can be recom-
mended that noninvasive cardiac output become standard practice in
clinical CPX.

Flow-Volume Loops

Many commercially available instruments provide the capability to
record inspiratory and expiratory volumes and flow rates of individ-
ual breaths during exercise in the form of flow-volume loops to
supplement the basic breathing mechanics information represented
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Figure 7. Flow-volume loops. Spontaneous tidal flow-volume
loops at rest (inner solid lines) and exercise (dotted lines) and
maximal flow-volume loops measured before exercise (outer
solid lines) for a normal subject (left) and a patient with chronic
obstructive pulmonary disease (right). Tidal flow-volume loops
are positioned within the maximal loops by periodic measure-
ment of inspiratory capacity (<) during exercise. On the left, the
normal subject increases tidal volume (x-axis) without reaching
maximal flow rates and with stable or increased inspiratory
capacity (arrows). In contrast, on the right, the patient with
chronic obstructive pulmonary disease attains maximal expira-
tory flow rates during spontaneous breaths and needs to
increase end-expiratory lung volume, as inferred from a
decrease in inspiratory capacity.

by tidal volume and breathing frequency. Analyses of these measures
focus on the identification of expiratory airflow limitation and
changes in operational lung volumes that occur during exercise
(Figure 7). Expiratory flow limitation refers to the attainment of the
patient’s maximal flow rates during spontaneous breathing and is
identified by comparison of tidal flow-volume loops with the
patient’s maximal loop measured before exercise. Accurate align-
ment of the loops on the volume axis requires knowledge of any
changes that occur in end-expiratory lung volume during exercise
relative to rest, which are inferred from changes in inspiratory
capacity (volume of full inspiration from the end-expiratory volume)
determined periodically during the exercise test. An increase in
end-expiratory lung volume relative to the resting volume is referred
to as dynamic hyperinflation; the proportion of a breath that
corresponds to the patient’s maximal flow rates has been proposed as
an index of ventilatory limitation. Details of the performance and
analysis of these measures are reviewed elsewhere.?*”

Flow limitation and dynamic hyperinflation have been studied
most extensively in patients with chronic obstructive pulmonary
disease. In this group, dynamic hyperinflation can result in patients
breathing at lung volumes that approach total lung capacity (Figure
7), and this has been demonstrated to be a key determinant of
dyspnea and exercise intolerance.?*® The associated changes in
breathing mechanics can constitute ventilatory limitation to exercise
in a subset of chronic obstructive pulmonary disease patients who, by
conventional measures based on maximal voluntary ventilation,
might appear to have an adequate breathing reserve. Although flow
limitation and changes in lung volumes occur in a number of other
clinical populations, including patients with chronic heart failure,?+°
athletes,* and the elderly,>>° their significance and influence on
exercise performance in these groups are not as well characterized.
These analyses are therefore not routine in the testing of unselected
patients.
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Table 6. Variables to Include in CPX Test Report

Appendix 2

Variable

Indication for Testing

Normal, Apparently
Healthy

Chronic Heart
Failure

Unexplained
Dyspnea

Exercise

Prescription

Disability Assessment

CVD

Stroke

Cardiac

Pulmonary

Stroke

Heart rate (per min)
Rest (seated)
Peak
Peak expressed as % of predicted
At ischemic or angina threshold
At 1 minute of recovery
Blood pressure (mm Hg)
Rest (seated)
Peak
Test protocol
Test duration (min)

Work rate at peak (W or
kg-m~"-min~" for cycle or
speed/grade for treadmill)

Reason for test termination
Peak (RPE)
Peak Vo, (L/min)

Peak \'/'o2 expressed as % of
predicted

Peak Vo, (ML - kg™ -min~")
Measured METs
VT (mL 0,-kg™" - min~")

VT at _\'/'02 expressed as a percent of
peak Vo,

Peak RER

Peak ventilation (L/min)

Peak respiratory rate (per min)
VeNVco, slope

Breathing reserve (%)

Oxygen pulse (mL/beat)
Oxygen saturation (%)

T X WV WV I T X XWX W/ I

T W O I

o

T W O T T W O I T X WV W/ I T O /W W I

O O W O o =3

T XV WV I T O WV I

T X O

X VW O

O ™ VW XXV I

T XV WV I I o ™ VW /W I

o W O X

o O ™ T

T VW WV W/ I

o W O

o O o T

o

T W O I T X XV W/ I o X W /W

o O W T

=]

T W O I T X WV W/ I

o O W T

=]

T W O I T X XWX W/ I

o O W T

=]

CVD indicates cardiovascular disease; R, recommended measure; O, optional measure; and RPE, rating of perceived exertion.
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Table 7. Expanded CPX Sample Report

Aerobic Capacity

Peak Vo, (mL 0,-kg~"-min~") ___ (%predicted___ )
Peak measured METs __

Vo, @ ventilatory threshold ___ (% of peak V'o,)

Peak RER ____

Ventilatory efficiency Pulmonary function

VeNco, slope FVC:Pre __ Post

VeNco, nadir FEV,:Pre ___ Post____
(Yopredicted___) FEV,/FVC: Pre ____ Post

VeNco, @ VT FEF,s 5t Pre _ Post

Oscillatory ventilation: Yes____ No ____ PEF: Pre ____ Post

OUES (U/min) VEIMW____
(Yopredicted____) (Note: Document maximal postexercise change)

PerCo,

Resting Pgrco, mmHg)

Highest Pgco, during exercise (mnm Hg) __ (change from rest___ )

PerC0, at peak exercise (mmHg)
Oxygen pulse

Resting 0, pulse (mL/beat)

0, pulse at peak exercise (mL/beat) __

Pre indicates before CPX; Post, after CPX; FEF,5_;5, forced midexpiratory flow rate; FVC, forced vital capacity; and PEF, peak
expiratory flow rate.

O;Pulse VO-: : Normal response
(ml/beat) Normal responge ~ (1l/min)

Dislinear Decline
Plateau

Decline

Time Workload Time
Figure 8. Graphical responses (circle one).
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Table 8. Heart Failure and Dyspnea on Exertion: Case Comparison

Reason for Test

Heart Failure

Dyspnea on Exertion

Baseline characteristics
Relevant past medical history
Aerobic capacity

Peak RER

Submaximal exercise tolerance

Ventilatory efficiency
Additional pulmonary function testing

Breathing reserve
Electrocardiography

Hemodynamics

Subjective symptoms

Interpretation

35-year-old female
Normal body weight
3-year history of idiopathic heart failure
Resting left ventricular ejection fraction 15%
Peak V'0,: 13.7 mL 0, kg~ " - min~"
45% of predicted for age/sex
1.14

Vo, at VT: 8.5 mL 0, kg~ ' -min ™"
Abnormally elevated Ve/Vco, slope

No change in PEF after exercise compared with
baseline

(1—VE/MW) >20% and within normal limits
Occasional ventricular ectopy

Maximal heart rate=122 bpm (66% of predicted) on
a B-blocker

Blood pressure at rest: 110/60 mm Hg
Blood pressure at maximal exercise: 140/68 mm Hg
Maximal perceived exertion: 16/20
Maximal dyspnea: 3/4
Reason for stopping: dyspnea

Severely diminished aerobic capacity and abnormal
ventilatory efficiency; consistent with moderate to
severe heart failure pathophysiology

35-year-old female
Normal body weight
2-year history of unexplained dyspnea on exertion
Normal cardiac and pulmonary function
Peak V'0,: 25.1 mL 0, kg~ " - min~"
83% of predicted for age/sex
1.18
Vo, at VT: 14.0 mL 0, kg~ ' - min ™"
Normal VeNco, slope

30% reduction in PEF after exercise compared with
baseline

(1—VE/MWV) <20% and abnormally reduced
No abnormalities detected
Maximal heart rate=176 bpm (95% of predicted)

Blood pressure at rest: 118/72 mm Hg
Blood pressure at maximal exercise: 180/66 mm Hg
Maximal perceived exertion: 16/20
Maximal dyspnea: 4/4
Reason for stopping: dyspnea

Mildly diminished aerobic capacity; changes in
pulmonary function after exercise and abnormally
reduced breathing reserve are consistent with
exercise-induced bronchospasm

PEF indicates peak expiratory flow rate; bpm, beats per minute.



T20Z ‘9z Jequeides uo Aq Bio'seulnofeye//:dny wouy papeojumoq

Balady et al Guide to Cardiopulmonary Exercise Testing in Adults 217

A 15
Dvspnea on Exertion
25.1 mlO;ekglemin!
20
T 15 Heart Failure
g 13.7 mlQ; okg lemin-!
T
=
2
E 10
~
=4
-
F
5 4
4
0
Exercise Time
B o0
VENO,
Ventilatory
80 Threshold H
Heart Failure :
\ !
M Ny 1
AR Y 1
=)
&)
2
£
= 60
=
S
E- ‘.' "
= 50 enfilatory
- Threshold
VENVO,
40 ’
- ot
-~ o
|‘ ‘.~}\"‘-_f\l\f—\l
P
[ —e
\ -~ e e - = .
30 "_,“,\,—"'—-“"\" ok P -~ - \!"' \‘-".‘
VENCO,
Dyspnea on Exertion
0
10
0

Exercise Time
Figure 9. A through C, Heart failure and dyspnea on exertion: case comparison. Comparison of graphical responses that would
accompany the sample reports for a woman with heart failure and a woman with dyspnea on exertion as presented in Table 8. A, Vo,
during CPX; B, determination of ventilatory threshold with VE/Vco, and VE/Vo, during CPX; and C (next page), VE/Vco, slope during
CPX.
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