Chapter 5. Cardiopulmonary Exercise Testing

Darcy D. Marciniuk, MD, FCCP

Obijectives:

* Provide a brief overview of normal exercise physiology
and responses.

* OQutline the clinical indications, utility, conduct, and
interpretation of cardiopulmonary exercise testing.

e Highlight characteristic responses commonly demon-
strated by patients with various symptoms and disorders
frequently assessed by the pulmonologist.
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Synopsis:

Physical activity in the healthy human involves the active
and effective integration of respiratory, cardiovascular,
neuromuscular, and metabolic functions. Organs involved
in these varied and important roles have sizeable reserve,
with the consequence that clinical manifestations of a
disease state or abnormality may not become readily
apparent until the functional capacity of the organ(s) is
markedly impaired. When this occurs, patients commonly
experience the distressing, and often disabling, symptoms
of shortness of breath with activity and exercise limita-
tion. Cardiopulmonary exercise testing (CPET) allows the
clinician to objectively evaluate these important functions
and symptoms. Objective assessment and measurement of
various parameters during exercise, which strategically
places an increased physiologic demand on the functional
reserve capacity of these organs, can also provide a
sensitive method for the early detection of abnormal
function and response(s). Exercise testing results parallel
functional capacity and quality of life more closely than
measurements obtained only at rest, and accurately
predict important outcomes, such as mortality, in a
variety of patients and clinical circumstances. While
CPET has been previously viewed as being merely
interesting (in the hands of a few individuals), it is now
cemented into mainstream clinical practice. In view of
these meaningful benefits, the conduct and interpretation
of CPET is now an essential competency for practicing
pulmonologists.

Normal Exercise Physiology

Normal exercise physiology must be appreciated
for the appropriate interpretation of exercise
responses in disease. While relevant principles
of normal exercise physiology will be briefly
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summarized, a comprehensive review of this
subject topic is beyond the intent of this course
and syllabus. The reader is encouraged to consult
more detailed appropriate source literature and
documents on this topic (see “References”).

To meet the expected metabolic demands of
exercise, the respiratory and cardiovascular
systems must be able to augment oxygen (O,)
delivery to the working skeletal muscles. Oxygen
transport in the body depends on a series of
linked mechanisms that can be schematically
expressed as follows (and potential factors that
may affect these mechanisms are shown in
brackets, but these are not inclusive):

Inspired O,
(altitude)
!

Respiratory Ventilation
(alveolar ventilation, distribution)
!

Respiratory Gas Exchange
(diffusion, ventilation perfusion)
!

Arterial O,

(oxygen capacity saturation)

!

Cardiac Output
(stroke volume, cardiac frequency)
!

Circulation and Muscle Blood Flow
(peripheral vascular resistance)

!

O, Extraction
(capillary-tissue diffusion)

!

Muscle O, Utilization — O, Stores
(respiratory enzymes)

!

Venous O,

Adapted from Jones."
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Figure 1. Respiratory system responses during exercise.

Similarly, the removal of CO,, which is a
byproduct of metabolism, can be expressed as:

CO; Production (aerobic, anaerobic)
| — CO, Stores
Muscle Blood Flow and Circulation
!
Venous CO,
!
Venous Return
(cardiac output)
!
Respiratory Gas Exchange
(ventilation-perfusion)
l
Respiratory Ventilation
(alveolar ventilation, distribution)

!
Expired CO,

Adapted from Jones."

Understanding the cardiorespiratory and
metabolic responses to exercise is facilitated by
close examination of the direct physiologic
determinants of oxygen uptake (Vo,) and carbon
dioxide output (Vcoy), as depicted in the follow-
ing equations. The cardiovascular responses are
represented by rearrangement of the Fick
equation:
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Figure 2. Cardiovascular system responses during exercise.

VOZ = QT(CaOZ — C\_/Oz) (1)
or
VO, = (HR-SV)(Ca0, — CVO,) (2)

where Qr is cardiac output, the product of stroke
volume (SV) and heart rate (HR), and Cao, —
Cvo, is the oxygen content difference between
systemic arterial and mixed venous blood.

Meanwhile, when the inspired CO, concen-
tration is negligible, the respiratory response to
exercise can be represented by:

k-Vco,
A= ——=- 3
Paco, ( )
or
k-Vco,
=— (1 —-Vbps/V 4
E Paco, ( DS/ VT) (4)

where VE is minute ventilation, the sum of
alveolar ventilation (VA) and dead space ventila-
tion (Vps). Paco, is arterial Pco, and Vps/VT is
the ratio of physiologic dead space to tidal
volume. These relationships are used to under-
stand the ventilatory response during exercise,
because VE and Va are associated more closely to
Vco, than to Vo,.

The normal respiratory and cardiovascular
system responses during exercise are shown in
Figures 1 and 2.
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Vo, Qr Cao,-Cvo, SV HR
L/min L/min ml/L ml min-t
Rest 0.29 5.8 50 77 75

End 3.00 21.6 140 120 180

RER Vco,  Paco, VA Vp/VT VE
L/min mmHg L/min L/min

0.83 0.24 40 5.2 0.34 7.9

1.12 3.36 33 88 0.18 107

Figure 3. Relationship between resting and maximal exercise values in healthy humans. Adapted from Gallager.”

These relationships and equations also serve
to illustrate and emphasize the integrative
aspects of exercise, which result in the cumula-
tive response being significantly greater than any
individual contribution alone. For instance, oxy-
gen supply in a fit athlete may increase to more
than 20 times the resting oxygen consumption
(ie, from 0.25 L/min at rest to more than 5.0 L/
min at peak exercise). This net increase is not
brought about by a 20-fold increase in any one
mechanism, but rather is shared between mech-
anisms. For example, the increase in Vi during
exercise occurs not only because of the typical
hyperventilation (due to metabolic acidosis) at
end-exercise, but also because of a fall in Vbs/ VT
during exercise.

The fractional changes in various compo-
nents of the cardiovascular and respiratory
systems during exercise are summarized in
Figure 3 (representative data from a population
of healthy middle-aged men?).

These data illustrate the major demands
placed on cardiorespiratory function during
exercise and exemplify the significant reserve
that exists to meet these increased demands of
exercise. The demands are met by increases in
ventilation (breathing frequency and tidal vol-
ume) and cardiac output (heart rate and stroke
volume), as well as by redistribution of blood to
the exercising muscles. In addition, dead space
ventilation decreases as alveolar ventilation
becomes more efficient. The oxygen uptake rises
with increasing exercise, and in some fit and
motivated individuals, reaches a plateau near
end-exercise. Meanwhile, as carbon dioxide
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production continues, further fueled by anaero-
bic respiration and progressive increases in
lactate production later in exercise, the respira-
tory exchange ratio rises in the healthy human.
The peak oxygen uptake is usually determined
by the capacity of the cardiovascular system to
deliver oxygen to the working muscles. Except in
well-trained athletes and perhaps the fit elderly,
gas exchange remains well preserved during
exercise, although the hyperventilation induced
by lactic acid production typically results in a
slight fall in the Paco, and a rise in Pao, near the
end of exercise.

Clinical Indications and Utility of CPET

The indications for CPET depend on the
clinical setting and question(s) to be addressed.
Shortness of breath with exercise and activity
limitation are cardinal and common symptoms of
dysfunction, and are, therefore, some of the most
frequent reasons for testing in the clinical
laboratory. CPET also has significant utility in
distinguishing normal from abnormal responses,
and in establishing cardiovascular from respira-
tory causes for activity limitation, or for symp-
toms.

Our understanding of the clinical utility of
CPET is also increasing as further work is
published demonstrating the prognostic value
of exercise testing in various clinical settings."”™
Results from exercise testing have been shown to
correlate with important clinical outcomes in-
cluding mortality in normal humans, COPD,
interstitial lung disease (ILD), cystic fibrosis,
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Table 1—Clinical Indications for Cardiopulmonary Exercise
Testing

* Objective assessment of symptoms

e Evaluation of severity of impairment

* Appraisal of contributors to exercise limitation

* Early detection of disease or impairment

* Assessment of response to therapy

* Disability assessment

* Assessment/titration of supplemental O, therapy

* Identification of exercise-associated bronchoconstriction
* Preoperative risk and transplantation assessment

Adapted from Palange et al* and Weisman et al.”

pulmonary hypertension, solid organ transplant,
ischemic heart disease, and chronic heart failure
(CHF).

Generally accepted clinical indications for
CPET are listed in Table 1.

CPET has been found to be particularly
useful in the setting of preoperative assessment
for major surgery and/or lung resection. The risk
of death and complications associated with
surgery in these instances tends to be higher in
patients with a lower peak Vo,. For lung cancer
resection, patients with a peak Vo, > 15 mL/kg/
min may undergo surgery with an acceptably
low mortality risk. However, reported operative
mortality for patients with a peak Vo, of 10 to 15
mL/kg/min is approximately 8.3% (range, 0%—
33%), and in patients with a peak Vo, < 10 mL/
kg/min, the operative mortality is approximately
26% (range, 0%-50%).° A suggested algorithm
for the determination of operative suitability and
risk in the setting of lung resection surgery is
shown in Figure 4.

CPET has also recently evolved into one of
the most important tools for evaluating out-
comes in chronic heart failure.”® Compared to
the healthy human, excessive ventilation during
exercise is characteristic of patients with CHF.
These abnormalities can be assessed during
exercise by using various measurements, in-
cluding the VE/Vco, at the anaerobic threshold
or at end-exercise, the slope of VE vs Vco,, and
with other derived variables between VE and
Vco,.” The information garnered from CPET has
been demonstrated to highly correlate with risks
of hospitalization and mortality in this popula-
tion.
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Equipment, Conduct, and
Measurements

A stationary cycle ergometer or a motorized
treadmill is most commonly used for clinical
testing. Both cycle ergometer and treadmill
testing are appropriate, although the cycle
ergometer is more frequently used. The cycle
ergometer allows for a direct measurement of
work rate, has less potential for artifact, and
seems to be better tolerated by patients, partic-
ularly those with significant lower limb joint
problems. Alternatively, the treadmill yields
higher values for the peak Vo, (approximately
8%-12%), and is better accepted by fit normal
subjects.

Specialized equipment is used for CPET.
Similar to pulmonary function testing equip-
ment, exercise testing equipment systems,
whether mixing chamber or breath-by-breath,
require meticulous calibration procedures to
ensure measurements are and remain accurate
and precise. In addition to daily calibration,
routine physiologic calibration should be per-
formed. This is best undertaken by a healthy staff
member who exercises at several constant work
rates for a specified duration while VE, Vo,, and
Vco, are measured. This might entail measure-
ments after 4 to 6 min each at rest, at 50 W, and at
100 W. Values should remain consistent (less than
5% variation) with measurements collected pre-
viously under identical circumstances. If not, the
cause of any discrepancy must be investigated
and corrected.

Ventilatory measurements unique to CPET, as
well as other commonly performed measure-
ments, assessments, and derived variables are
illustrated in Figure 5.

As evident in Figure 5, Pao, (arterial sam-
pling) or arterial oxygen saturation (Sao,) (pulse
oximetry), work rate (cycle ergometer), blood
pressure (cuff sphygmomanometer), heart rate/
rhythm (electrocardiogram), and symptoms of
shortness of breath and leg fatigue (modified
Borg scale or visual analogue scale) are also
measured. The reason(s) for stopping exercise
should always be noted. Together these measure-
ments allow for a comprehensive evaluation of
behaviors during exercise, and for the determi-

Chapter 5. Cardiopulmonary Exercise Testing (Marciniuk)

Downloaded From: http://books.publications.chestnet.org/ by a Henry Ford Hospital User on 04/08/2014



Perform Spirometry

v L J
FEV, > 1.5 L lobectomy
FEV, > 2 L pneumonectomy
FEV, > 80% predicted

FEV, < 1.5 L lobectomy
FEV, <2 L pneumonectomy
FEV, < 80% predicted

Unexplained dyspnea
or diffuse parenchymal
disease on CXR/CT?

No Yes
Clommnen > :
Estimate %ppo
DLCO > 80% DLS.O‘ <d80% FEV) and %ppo
predicted precice DLCO
%ppo FEV; and %ppoFEV; or %ppoFEV) <30 or
%ppo DLCO > %ppo DLCO < %ppoFEV; x
40 40 YappoDI.CO <
1650
Perform CPET
VOsmax > VOamax 10- VOamax <
15 ml/kg/min 15 ml/kg/min 10 mlkg/min
Average Risk Increased Increased
Risk Risk

Figure 4. Preoperative assessment of perioperative risk for lung resection surgery.®

nation of various derived variables that provide
additional information in the interpretation
process.

The patient should wear comfortable clothes
and shoes, and refrain from heavy activity or
meals for 2 h before testing. All testing proce-
dures should be explained, and informed consent
obtained. A brief review of the clinical history
and a physical examination should be per-
formed. Baseline spirometry is measured, and
the patient should be familiarized with the
equipment before testing. If a cycle will be used,
the seat and handlebars should be adjusted for
comfort. In the case of a treadmill, the patient
should be shown how to get on and off the
moving belt comfortably and safely.
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The choice of which test to perform largely
depends on the clinical question being ad-
dressed. Maximal symptom-limited incremental
protocols are most commonly performed. Endur-
ance exercise protocols are often carried out in
research trials to determine a treatment effect and
may have clinical utility in the individual patient
in assessing a response to an intervention. They
are often completed at a constant work rate
(typically approximately 75% of the maximal
work rate) and continued until the patient is no
longer able to exercise. Exercise challenge testing
is frequently done to objectively assess for the
presence of exercise-induced bronchoconstric-
tion. The test is performed to illicit approximate-
ly 6 min of very intense exercise associated with
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Figure 5. Measurements, assessments, and derived variables from CPET. Measured variables are denoted by solid lines,
derived variables by dashed lines. Adapted with permission from photograph by Marco Quezada.

high levels of VE. Spirometry is then performed
after exercise at frequent intervals (1, 5, 10, 15, 20,
30 min), with a drop in the FEV; of 10% to 12%
indicating possible, and 15% probable, exercise-
induced bronchoconstriction.” Readers are asked
to consult referenced guideline statements for
further information and detail regarding the
conduct of this specialized testing.””

When assessing activity, the clinician has a
number of varied options, including self-report-
ed questionnaires, activity motion sensors, stair
climbing or step-testing, timed walk tests, shuttle
walk tests beyond CPET. The results obtained
from pedometers and accelerometers correlate
with disease severity.'” The performance and
conduct of the six-minute walk distance test will
not be addressed in this chapter, but is discussed
in more detail elsewhere.!' However, timed walk

tests (typically 6 or 12 min) are the standard
“simple” test for assessing activity limitation.
They are safe and practical, and tend to mimic
activities of daily living. Their utility has been
confirmed to improve with standardization,
although they are susceptible to a training effect
(similar to other tests). Their major limitation is
that they provide restricted information regard-
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ing physiologic contributors and mechanisms of
exercise limitation, and may demonstrate a
ceiling effect because of a smaller magnitude of
change in the healthy. Nonetheless, they have
become embedded in our field because of the
meaningful information they yield."*"

Shuttle walk tests are emerging as another
option in this setting, and recent reports'*'® have
validated their usefulness in detecting a treat-
ment effect. The exercise intensity during testing
is comparable to maximal tests on a cycle
ergometer or treadmill, and the results correlate
well with peak Vo,. The obstacle to more
widespread use at this time relates to a lack of
familiarity. However, as further reports validat-

ing their utility are published, our understanding
of the role of both incremental and endurance
shuttle walk test protocols will mature.

While these tests do evaluate activity, CPET is
the current gold standard for assessing exercise
performance. It allows determination of mecha-
nistic insights, recognition of coexistent and
multiple exercise-limiting factors, and provides
a thorough evaluation of respiratory responses
and constraint. Both incremental and endurance
protocols may be used, and the results from
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Table 2—Contraindications to Cardiopulmonary Exercise
Testing

Table 3—Indications for Terminating CPET in the Clinical
Laboratory

* Unstable angina or recent acute coronary syndrome

* Uncontrolled arrhythmias causing symptoms or
hemodynamic compromise

* Active endocarditis, myocarditis, or pericarditis

* Symptomatic, severe aortic stenosis

e Poorly or uncontrolled heart failure

* Acute pulmonary embolism or infarction

* Thrombosis of the lower limbs

* Suspected dissecting aortic aneurysm

* Uncontrolled asthma

* Pulmonary edema

e Significant hypoxemia

* Unstable angina or chest pain suggestive of myocardial
ischemia

* ECG changes suggestive of ischemia, complex ectopy, or
2°/3° heart block

* Systolic blood pressure fall >20 mm Hg from highest
value

* Systolic blood pressure >250 mm Hg, diastolic >120
mm Hg

* Desaturation to below 80%

* Sudden pallor or dizziness

* Mental confusion

* Signs of respiratory failure

endurance exercise testing have been found to be
more responsive to a treatment effect than either
incremental exercise or six-minute walk testing.
If a thorough evaluation of exercise performance
is required, particularly in patients with multiple
comorbidities, CPET remains the testing method
of choice.

CPET is safe, with the risk of death for
patients approximating 2 to 5 per 100,000
exercise tests performed.” These risks can be
minimized by a number of practical and common
sense precautions:

1. Direct physician supervision (the importance
cannot be overemphasized), and a thorough
understanding of the contraindications to
testing, as well as the indications for termi-
nating exercise testing.

2. Appropriate cardiac and blood pressure mon-
itoring.

3. Resuscitation equipment and expertise.

4. Accurate Sao, monitoring and availability of
supplemental O..

Specific contraindications for testing are
listed in Table 2. Indications for prematurely
terminating CPET are listed in Table 3.

Variables Assessed During Exercise

While a discussion of individual measure-
ments is presented, it is important to recognize
that CPET involves their collective integration for
interpretation. In many instances, specific indi-
vidual measurements are of lesser importance—
this is dictated by the clinical question being
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Adapted from Weisman et al®

addressed and in part, by responses demonstrat-
ed by the patient during testing.

VO >

Oxygen uptake is determined by cellular O,
demand and maximal O, transport (see “Normal
Exercise Physiology”). It is typically presented
together with work rate and increases nearly
linearly as external work increases. The slope of
this relationship reflects the efficiency of meta-
bolic conversion of energy to work, and the
mechanical efficiency of the musculoskeletal
system. Values of 8.5 to 11.0 mL/min/W are
normal for the AVo,/Awork rate relationship,
and are unaffected by age, height, or sex. While
obese individuals may have an elevated ratio, the
slope of that relationship remains normal.

As exercise progresses, VO, increases until
one or more of its determinants approach
limitation (HR, SV, or tissue extraction), and the
Vo,/work rate may begin to plateau. This
plateau has been used as the best evidence of
Vo,max, which is the gold standard used for
assessing cardiorespiratory fitness. However, in
the clinical setting, a plateau may not be reached,
and the peak Vo, is often used for this purpose.
The peak Vo, is often normalized for body size
by dividing it by weight in kilograms. Unfortu-
nately, normalization by body weight in obese
individuals may provide a falsely low value.
While using the lean body mass or height may be
more desirable, there is no consensus on how
best to account for body size.
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Figure 6. Noninvasive estimations of the anaerobic threshold.

A reduced peak Vo, is the starting point for
interpretation, and underlying causes responsi-
ble for reduced exercise capacity are determined
by inspecting the pattern of responses in other
variables. The peak Vo, should be expressed as
both an absolute value and also as a percentage
of the predicted value.

Vco,

CO; output is determined by factors similar
to Vo,, but because CO, is more soluble, CO,
output is more closely related to VE than to Vo,.
Importantly, the body uses CO, to compensate
for acute metabolic acidosis, which contributes to
the Vco, vs work intensity relationship above the
point of anaerobic metabolism.

Accurate measurement of the CO, output is
important, as it serves in the calculation of
several meaningful derived variables. Moreover,
because VE is so closely related to Vco,, it is
helpful to analyze VE in relation to Vco,.
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Respiratory Exchange Ratio (RER)

The RER is the ratio of Vco,/Vo,, which,
under steady state conditions, approximates the
respiratory quotient. An RER of 1.0 indicates
metabolism by primarily carbohydrates; 0.7, by
primarily fat; and 0.8, by primarily protein.
Values above 1.0 may indicate carbohydrate
metabolism, but also CO, derived from lactic
acidosis or importantly, hyperventilation. The
RER should be reported as a function of the Vo,.

Anaerobic Threshold (AT)

The AT (often referred to as the lactate
threshold, lactate anaerobic threshold, or gas
exchange threshold) is considered an indicator of
the onset of metabolic acidosis caused predom-
inantly by increased arterial lactate during
exercise. The AT should be expressed as a
percentage of the peak Vo, In healthy individ-
uals, the AT occurs at 50% to 60% peak Vo,, with
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the range of normal being 40% to 80%. The AT is
affected by the type of exercise (lower for arm vs
leg exercise) and method of testing (lower for
cycle vs treadmill testing). From a practical point
of view, the AT denotes the upper limit of
exercise intensity that can be accomplished
aerobically, and exercise above the AT is associ-
ated with a progressive decrease in exercise
tolerance.

Invasive methods for measuring the AT
include arterial blood sampling of lactate or
bicarbonate. There are various methods for
estimating the AT noninvasively (Fig 6), includ-
ing the ventilatory equivalents method (VE/Vo,,
VE/Vco,, PETO,, PEtC0,), and the V-slope method
(Vco, vs Vo). Confirmatory evidence is provid-
ed by noting the change in slope of the VE vs Vo,
relationship, and when the RER approximates 1.

Like the peak Vo,, a reduced AT is nonspe-
cific and requires inspection of other variables to
determine the underlying etiology of the reduc-
tion. Values below 40% may be witnessed with a
wide variety of cardiovascular, respiratory, and
musculoskeletal conditions. In some patients
with severe respiratory limitation (for example,
severe COPD), the AT cannot be determined
noninvasively.

HR and HR-Vo,

In healthy individuals, HR increases linearly
with increasing exercise and Vo,. Predicted
maximal HR is often estimated by 220 — age,
but this equation may underestimate maximal
heart rate in the elderly. The difference between
predicted maximal HR and the observed maxi-
mal HR is called the heart rate reserve. In healthy
individuals, there is little or no heart rate reserve
at end-exercise, and this suggests a maximal or
near-maximal patient effort. Peak HR may be
reduced in a variety of cardiovascular conditions
(including with pharmacologic agents) or in a
submaximal study, but if a patient achieves
predicted maximal HR, it suggests that cardio-
vascular function contributed to exercise limita-
tion. In this instance, examination of other
variables (ie, Vo,, AT) will assist in the determi-
nation of whether this observation was normal or
abnormal.

ACCP Pulmonary Medicine Board Review: 26th Edition

] HRmax predicted
--------------- Y R 2
. E /
Heart ./ Normal v/
Disease / /
. . /:
/ /7
: VA
= |
£ 'o
€ - €
m [
I e
I @©
- | E
. 1 &
J :>
/ :
/7 '

Vo, (L/min)

Figure 7. Cardiovascular responses during exercise in
different clinical situations.

The slope of the HR-Vo, relationship is a
function of SV, with the higher the SV, the lower
the HR (Figs 2, 7). In patients with significant
lung disease, the opposite may be seen, often
reflecting deconditioning, mechanical ventilatory
limitation, or potentially the hemodynamic con-
sequences of dynamic hyperinflation.

Oxygen Pulse

The ratio of Voz to HR is referred to as the O,
pulse, and is often used as a correlate of stroke
volume during exercise. While under ideal
conditions this relationship generally holds true
(Equations 1 and 2), in many settings the variable
must be used with caution. The assumptions in
the equations are not valid in the presence of
significant desaturation, or with impaired skele-
tal muscle O, extraction. A low O, pulse may
therefore not only reflect cardiovascular disease,
but also deconditioning, early exercise termina-
tion due to respiratory factors, symptoms or
submaximal effort, and/or the presence of
arterial O, desaturation.

Blood Pressure

Systolic blood pressure typically rises pro-
gressively during exercise as Vo, increases, while
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Figure 8. Respiratory responses during exercise in different
clinical situations.

diastolic blood pressure typically increases only
slightly or remains relatively unchanged. Abnor-
mal patterns of response during exercise include
an exaggerated rise, a reduced rise, or a fall.
Exaggerated increases are seen with resting
hypertension, but in those without a known
diagnosis, may also predict the future onset of
resting hypertension. A reduced rise may suggest
underlying cardiovascular or sympathetic con-
trol abnormalities. A falling blood pressure
during exercise is very serious, and an indication
for immediate termination of the test. If this
occurs, serious efforts to exclude heart failure,
ischemia, or outflow tract obstruction should be
undertaken.

Breathing Pattern and Ventilatory Responses
During Exercise

The increase in VE with exercise is accompa-
nied by increases in both the depth and frequen-
cy of breathing (Fig 1). Increases in VT are
primarily responsible for the increase in VE at
low levels of exercise, but as exercise progresses,
both VT and respiratory rate increase. At 70% to
80% of peak exercise, increases in VE are
achieved primarily by increases in respiratory
rate.
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There are various methods used to estimate
peak VE, including actual measurement of the
maximal voluntary ventilation. Predicted maxi-
mal VE may also be estimated with various
equations, most commonly the FEV; X 37-40.
Unfortunately, none of these methods are perfect
and there is a pressing need for enhancements in
this area. The use of the maximal voluntary
ventilation is limited by concerns about patient
effort and repeatability, and with the unique
breathing strategy adopted during the maneuver
that does not parallel the strategy used during
exercise. Equations are therefore most commonly
used, but may be less suited for patients with
neuromuscular disorders or respiratory muscle
weakness. Despite these limitations and regard-
less of the method used, estimating the peak VE
has significant clinical utility and has withstood
the test of time.

The terms breathing or ventilatory reserve are
used to denote the relationship between predict-
ed peak VE and the actual measured peak VE,
displayed both as an absolute value (in L) and as
a percentage of the predicted peak VE. Patients
with respiratory disease characteristically have
reduced ventilatory capacity and increased ven-
tilatory demand, resulting in reduced ventilatory
reserve. Ventilatory demand is usually increased
both at rest and during exercise in patients with
COPD, ILD, and pulmonary vascular disease, for
example due to ventilation-perfusion inequality
and increased dead space ventilation, hypox-
emia, and/or increased stimulation of lung
receptors (which serves to increase ventilation).
It is also dependent on other factors such as
metabolic requirements, lactic acidosis, behavior-
al factors, deconditioning, body weight, and
mode of testing. In most healthy adults, peak
VE at end-exercise approaches 70% of the
maximal VE, although this percentage may be
higher with increased fitness and with aging (Fig
8). In patients with significant respiratory disease
and mechanical abnormalities, the patient’s end-
exercise VE may reach or even exceed the
predicted maximal peak VE. A plot of VE vs
either Vco, or Vo, (see below) is acceptable for
the graphical representation of ventilatory data.

An oscillatory breathing response during
exercise may be seen in patients with CHF, and
appears to be predictive of a poor outcome.'®"”
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Figure 9. Behavior of operational lung volumes during exercise.

This pattern of cyclical fluctuations in VE of more
than 30%, lasting between 40 and 140 s, is noted
in as many as 50% of patients with significant
CHF. Invasive hemodynamic monitoring has
revealed that exercise oscillatory ventilation is
related to reduced cardiac index and elevated
filling pressures during exercise, and appears to
reflect exercise-associated hemodynamic impair-
ment in patients with CHE.'®

Ventilatory Equivalents for Vo, and Vco,

The ratio of VE to Vo, is called the ventilatory
equivalent for O,, and the ratio of VE to Vco, is
called ventilatory equivalent for CO,. They are
both related to Vps/ VT, and are higher as Vbs/Vt
increases. They also both increase with hyper-
ventilation. Normal responses for these variables
are shown in Figure 6 (bottom left). The initial
increase in the VE/Vo, (while the VE/Vco, has
still not increased) that typically occurs in concert
with metabolic acidosis is different from the
pattern demonstrated with hyperventilation (at-
tributable to anxiety, pain, or hypoxemia),
whereby both the Ve/Vo, and the VE&/Vco,
increase together. The subsequent increase in
the VE/Vco, represents the respiratory compen-
sation associated with a fall in the Paco, and the
PETCO,.

The VE/Vco, is usually <34 at the AT, and
usually <37-40 at end-exercise. Similarly, a peak
VE/Vco, slope greater than 34 is also considered
abnormal. Elevated values reflect either an
increased Vps/VT or a low Paco, from varied
causes. A lack of an increase with exercise
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potentially reflects insensitivity to the stimulus
of metabolic acidosis, an inability of the respira-
tory system to respond to that stimulus (ie,
significant COPD), or physiologically submaxi-
mal exercise.

End-Tidal Po, (Peto,) and Pco, (Petco,)

The characteristic response of these variables
during exercise is shown in Figure 6 (bottom
right). The period of increasing Pero, with
relatively stable Perco, has been termed isocapnic
buffering. A high VE/Vco, without a correspond-
ing fall in PETCO, suggests increased dead space
ventilation, whereas a fall in Perco, when the
VE/Vco, is high suggests hyperventilation.

Flow-Volume Curves

While first reported in 1961, flow-volume
curves during exercise were not adopted nor well
studied until the 1990s. Since that time, our
insight of their usefulness to better understand
respiratory responses and symptoms during
exercise has grown.' This greater understand-
ing, coupled with advances in technology, has
led to the routine analysis of flow-volume curves
during exercise. The added value garnered from
their use relates to their ability to provide
information about the overall breathing strategy
adopted by patients during exercise. They also
enable an appreciation of the behavior of
operational lung volumes, including the end-
expiratory lung volume (derived from total lung
capacity and the inspiratory capacity) and the
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Figure 10. Maximal and tidal flow-volume curves at rest and during exercise.

end-inspiratory lung volume. Additionally, anal-
ysis of flow-volume curves provides an objective
assessment of the presence and degree of flow
limitation during exercise.

In patients with significant disease, there are
a number of characteristic patterns of response in
lung volumes that differ from healthy individu-
als (Fig 9, volume vs VE; Fig 10, flow vs volume).
In addition to COPD and ILD, patients with
significant obesity (see Fig 11 below) and central
airway obstruction also demonstrate distinguish-
ing responses.”’ Analysis of flow-volume curves
during exercise is also useful in helping to assess
a therapeutic response.n’22

In these examples, the end-expiratory lung
volume, the inspiratory reserve volume, and the
presence/absence of flow limitation serve to
distinguish the various disease states from
normal—these changes being unique and char-
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Figure 11. Operational lung volumes during exercise in
obese and normal-weight patients with COPD. Adapted
from Ora et al.*’
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acteristic. The value of flow-volume curves
during exercise is being further studied, and it
is likely that additional indications and applica-
tions, such as using them to better estimate
maximal ventilatory capacity, may be adopted.

Pao,, Sao,, and Pao, — Pao,

Normal exercise responses are enabled by
efficient gas exchange. Arterial hypoxemia is
uncommon during exercise in healthy humans,
but may occur in some elite or aging athletes during
high-intensity exercise. Inefficient gas exchange is
demonstrated by the alveolar-arterial Po, (Pao, —
Pao,) gradient and by the Pao,. A significant
widening of the gradient and fall in the Pao, are
abnormal, and most characteristic of ILD and
significant right-to-left shunts, and in some patients
with COPD and pulmonary vascular disease. A
reduced Pao, with a normal Pao, — Pao, may be
seen in processes associated with abnormal respi-
ratory control and in a hypoxic environment (e,
altitude), although the latter is rarely reproduced in
the clinical laboratory. A reduced Pao, with an
abnormally widened Pao, — Pao, would suggest
worsening V/Q inequalities, right-to-left shunt,
and/or diffusion limitation, potentially accompa-
nied by a fall in the mixed venous Pos,.

The Pao, —Pao, is normally <10 mm Hg at rest,
but may normally increase to >20 mm Hg during
exercise. Values >35 mm Hg are abnormal and
indicate possible gas-exchange abnormalities.
While occasionally a less-than-optimal substitute,
oxygen saturation (Sao,) determined by pulse
oximetry is frequently used as an alternative to
arterial blood gas sampling. In the healthy individ-
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ual, both the Pao, and the Sao, are not appreciably
different during exercise when compared to rest.

Ratio of Vps/VT

The ratio of physiologic dead space to tidal
volume is another index of gas exchange effi-
ciency. An increase in VDs/VT represents an
increased inefficiency of ventilation, which re-
quires an increase in VE to maintain Paco,. Vps/
VT is highly dependent on the breathing pattern,
as a rapid shallow breathing pattern increases
Vps/VT without any other abnormalities.

The Vps/ VT is calculated from the Paco, and
the Peco, by using the following equation:

(Paco, — PECO,)

VDS/VT =
/ Paco,

(5)

where the Peco; is the mixed expired CO, value
of alveolar and dead space gas. It is obtained
directly by collecting expired gas and measuring
the CO, concentration. This can easily be done
from a mixing chamber, or for breath-by-breath
systems after determining the VE/Vco, ratio.
Approaches that substitute end-tidal Pco, for
Paco, yield unreliable results, particularly in
disease, because pulmonary gas-exchange abnor-
malities in themselves affect the difference
between Paco, and PETco,.

At rest, the VDs/VT may normally be approx-
imately 0.30, and fall to approximately 0.10 to
0.15 at end-exercise. Patients with respiratory
disease may have at rest either normal or
elevated values that fail to decrease normally
during exercise. In some instances, the Vps/VT
will increase during exercise in patients with
significant disease. However, the VDs/VT is
neither sensitive nor specific for lung disease,
and thus an isolated abnormality should be
interpreted with caution. This also emphasizes
the importance of evaluating the patterns of
response from a collection of variables rather
than reacting to just a single measurement.

Symptoms During Exercise

Patients often report that breathlessness and/
or leg fatigue limits their exercise, although other
reasons such as musculoskeletal complaints and
exhaustion are also reported. Objective evaluation
of these endpoints is valuable, and the use of either
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a visual analogue scale® or a modified Borg scale*
is recommended. These have shown to be repeat-
able and responsive, and are commonly used in
clinical laboratories. The reproducibility of results
obtained from these scales can be enhanced by
providing a consistent set of written instructions to
the patient before testing. As noted, the reason(s)
for discontinuing exercise should be recorded. The
value of these ratings is further enhanced when
relationships such as Vi or work rate vs dyspnea
or leg fatigue are examined, particularly in serial
studies or after interventions.

Reference Values

The selection of appropriate reference values
for use in interpreting CPET is essential. The
reader is advised to consult source references'”?*
for guidance in selecting which reference values
may be most appropriate for his or her specific
clinical laboratory.

Reproducibility of CPET Results

Whenever serial testing is undertaken, for
example to assess the response to therapy, the
variability of the measurements during cardio-
pulmonary exercise testing must be considered
before a beneficial, detrimental, or no effect can
be concluded. The coefficient of variation (ratio
of the standard deviation to the mean, expressed
as a %) reported for serial measurements during
maximal testing in the same subject are as
follows (range of reported values listed):

Vo, 3.0%-8.4% Vco, 5.0%-9.6%

HR 14%-8.6% VE 5.0%-12.3%
AT 9.2%-13.0% Systolic BP 2.2%—6.7%
Sao, 2.5% Duration (work rate) 3.6%-13.8%

It should be understood that the variability
depends on a number of factors, such as the
population studied, the type of testing per-
formed, and the specific variable examined.
However, it appears reasonable to assume that
differences in most measurements obtained
during cardiopulmonary exercise testing should
exceed approximately 12% to 20% in order to be
considered clinically significant (ie, twice the
coefficient of variation), and not due to inherent
variability alone.
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Table 4—Suggested Normal Values for Selected CPET
Variables

Variable Normal Value

Peak Vo, >85% predicted )
AT >40% predicted peak Vo,

Peak HR >90% predicted peak HR

HR reserve <15 beats/min

BP <200/90 mm Hg

O, pulse (Voz /HR)  >80% predicted

Peak VE <85% (peak VE/predicted peak VE)

>11 L (predicted peak VE — peak VE)
<60/min

Ventilatory reserve
Respiratory rate

VE/Vco, <34 at AT, <37-40 at end-exercise

Vbs/VT <0.30

Pao, >80 mm Hg

Sao, desaturation <5%

Pao, - Pao, <35 mm Hg

Exercise-induced <10% fall in FEV,
bronchoconstriction

Adapted from Weisman et al’®

Interpretation and Reporting of CPET

Interpretation of CPET begins with the
requisition form. Requisition forms should be
designed to encourage the requesting physician
to provide as much clinical information as is
reasonable to enable the interpretation to be
valuable. This will enhance the ability of the
reporting physician to provide the most mean-
ingful interpretation possible from the available
measured data.

There are a number of important fundamen-
tal questions that the reporting physician must
address when interpreting cardiopulmonary ex-
ercise testing.”® These include the following:

1. Are the results normal or abnormal?

2. How limited is the patient?

3. What factors are responsible for the limita-
tion?

4. What abnormal patterns of response are
demonstrated?

5. What clinical disorders may result in these
patterns of response?

Determining whether a test is physiologically
maximal is necessary in excluding potential
underlying diseases or abnormalities. Useful
indicators may include the following:

1. Plateau of peak Vo,, or peak Vo, is achieved
2. Maximum work rate is achieved
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3. HR or VE reaches predicted maximum
4. Respiratory exchange ratio >1.15

5. Blood lactate concentration >4 mM

6. Patient exhaustion

The clinician must also decide upon contrib-
utors to exercise limitation, and whether they are
normal (ie, appropriate) or abnormal. Potential
factors that may contribute to limit exercise
include the following:

. Cardiovascular function

Respiratory mechanics (and/or respiratory
muscle function)

Arterial hypoxemia

Dyspnea

Unfitness/deconditioning

Musculoskeletal disorders, peripheral vascu-
lar disease

7. Other factors, for example, motivation, sec-
ondary gain, technical factors

!\)r—\

o G W

While responses during exercise may vary in
healthy individuals and the range of normal is
quite broad, an understanding of “normalcy”
and normal exercise physiology is essential for
the recognition of disease. This understanding is
essential for the appropriate interpretation of
CPET. Suggested normal values for various
measurements obtained during CPET are listed
in Table 4.

In interpreting CPET, it is important to focus
on what is most important, on patterns of
responses during exercise, and the reason(s) for
testing. This focus will ensure that a correct and
meaningful interpretation will result. Current
systems almost robotically produce a multitude
of both graphical and numerical results. This
abundance of “results,” and an overreliance and
overdependence on complicated algorithms,
have contributed to confusion. They undermine
the cardinal measurements and relationships, the
fundamental importance of patient’s symptoms
during exercise, and the basic physiologic prin-
ciples that help us to better understand and
appreciate the role and benefit (as well as the
limitations) of exercise testing in clinical practice.
They also detract from the practical reality that,
unlike in textbooks, guideline statements and/or
the lecture hall, CPET is never ordered nor
interpreted in isolation. It should be requested,

Chapter 5. Cardiopulmonary Exercise Testing (Marciniuk)

Downloaded From: http://books.publications.chestnet.org/ by a Henry Ford Hospital User on 04/08/2014



Table 5—Characteristic Patterns of Response During Exercise in Various Settings

Variable CHF COPD ILD PVD Deconditioned
Peak Vo, ! | ! l l

AT 1 V or indeterminate ! l —or |

Peak HR \Y —or | i} —or | —or |

O, Pulse i} —or | —or | l l

Peak VE/MVV —or | ) —or — —

VE/Vco, 1 T ) 1 o

Vps/VT 7 T T T =

Pao, > \% 1 l >

Pao, - Pao, — \% ) T —

MVYV = maximal voluntary ventilation; PVD = pulmonary vascular disease; V = variable; | = decreased; < = unchanged from

normal; T = increased. Adapted from Palange et al,* Weisman et al,> Wasserman et al,”> and Marciniuk and Gallagher.

and its results translated within the context of all
available clinical information from the patient,
with the specific goal of addressing the ques-
tion(s) being asked. CPET does not replace
common sense—starting with the clinical assess-
ment of the patient. For example, there are more
appropriate methods than CPET to differentiate
COPD from ILD. To aid in achieving this goal,
the characteristic patterns of response during
exercise, demonstrated in various disease states,
are noted in Table 5. These values highlight the
importance of understanding that no single
measurement is diagnostic of any specific disease
entity.

Some special clinical circumstances require
comment. While obese individuals have well-
documented impairments in respiratory func-
tion, obese patients with COPD may paradoxi-
cally have similar or better dyspnea scores
during exercise and comparatively preserved
(or improved) exercise capacity and peak Vo,.
These observations may be attributable to the
finding that obese patients with COPD have
lower operating lung volumes at rest and during
exercise (Fig 11)* although further study is
required to better understand these observations.
Another unique setting becoming increasingly
realized is when multiple comorbid conditions
coexist, which may together act to further impair
exercise capacity. For example, subjects with
heart failure and coexistent COPD demonstrated
a significantly lower maximal Vo,, and a signif-
icantly higher VE/Vco, slope, as compared to
otherwise comparable patients with heart fail-
ure.’® Comorbidities in COPD are common and
include osteoporosis and arthritis (50%-70%),
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27,28

depression (25%), ischemic heart disease (10%—
23%), anemia (17%), diabetes (12%-13%), cere-
brovascular disease (10%-14%), chronic renal
failure (6%-11%), and chronic heart failure (5%-—
7%).>! In these instances, interpretation should be
partnered closely with the clinical setting and
recognition of all potential comorbid conditions
that could either alone or collectively affect
exercise performance.

Summary

CPET typically involves the measurement of
respiratory gas exchange (oxygen uptake [Voy],
carbon dioxide output [Vco,], minute ventilation
[VE], and other variables) while monitoring the
ECG, blood pressure, pulse oximetry (Sao,), and
perceived exertion (Borg Scale) during a maximal
symptom-limited incremental exercise test on a
cycle ergometer or on a treadmill. In some
circumstances, a constant workload exercise test
(based on maximal test results) may be per-
formed. Measurement of arterial blood gases
provides more detailed information on pulmo-
nary gas exchange. Resting and exercise tidal
flow-volume loops should also be monitored to
accurately assess/understand the degree of
ventilatory constraint.

CPET provides a global assessment of the
integrative exercise responses, which are not
adequately reflected by measurement of individ-
ual organ system function at rest—resting values
cannot reliably predict exercise performance and
functional capacity. CPET is safe, and comorbid-
ities can be identified, while enhanced under-
standing and insight into various responses,
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including exercise limiting factors, is possible.
Importantly, CPET promotes an integrative ap-
proach to assessing metabolic, ventilatory, and
cardiac function and reserve. While technically
more demanding than simpler tests, CPET
provides measurement of the peak Vo, (and
relationships involving the peak Vo), which
remains the gold standard for assessing aerobic
exercise capacity.
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