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Exercise-Induced Myocardial Ischemia Detected by
Cardiopulmonary Exercise Testing

Sundeep Chaudhry, MDa,*, Ross Arena, PhDb,c, Karlman Wasserman, MD, PhDd,
James E. Hansen, MDd, Gregory D. Lewis, MDe, Jonathan Myers, PhDf, Nicolas Chronos, MDg, and

William E. Boden, MDh

Cardiopulmonary exercise testing (CPET) is a well-accepted physiologic evaluation tech-
nique in patients diagnosed with heart failure and in patients presenting with unexplained
dyspnea on exertion. Several variables obtained during CPET, including oxygen consump-
tion relative to heart rate and work rate provide consistent, quantitative patterns of
abnormal physiologic responses to graded exercise when left ventricular dysfunction is
caused by myocardial ischemia. This concept report describes both the methodology and
clinical application of CPET associated with myocardial ischemia. Initial evidence indi-
cates left ventricular dysfunction induced by myocardial ischemia may be accurately
detected by an abnormal CPET response. CPET testing may complement current nonin-
vasive testing modalities that elicit inducible ischemia. It provides a physiologic quantifi-
cation of the work rate, heart rate, and O2 uptake at which myocardial ischemia develops.
In conclusion, adding CPET with gas exchange measurements is likely to be of value in
diagnosing and quantifying both overt and occult myocardial ischemia and its reversibility

with treatment. © 2009 Elsevier Inc. (Am J Cardiol 2009;103:615–619)
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Compared with traditional imaging modalities, cardiopul-
onary exercise testing (CPET) provides a unique approach to

ssess exercise-induced ischemia. Accurate detection of myo-
ardial ischemia by CPET relies on the physiologic principle
hat myocardial contractility depends on the regeneration of
igh energy phosphate compounds, such as adenosine triphos-
hate, in all regions of the myocardium. The adenosine triphos-
hate must be regenerated during myocardial contraction
nd/or relaxation by oxidative metabolism (O2-releasing en-
rgy from energy supplying substrate). The myocardium be-
omes ischemic when the work rate is sufficiently high to
nduce the state of O2 supply - O2 demand imbalance. Mea-
urement of CPET variables in real time, therefore, enables the
otential for detection of ischemia-induced left ventricular
LV) dysfunction in response to increasing work rate.
ence, patients with or without chest pain or dyspnea can
emonstrate physiological responses to exercise character-
stic of abrupt reductions in stroke volume. The purpose of
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his concept report is to illustrate the potential value of
PET in detecting both macro- and microvascular coronary
rtery disease (CAD).

ethods
Key CPET variables and testing protocol: Thorough

escription of the numerous variables that can be derived
rom CPET have been previously described.1–3 The change
n the O2-pulse related to increase in work rate and the
xercise heart rate (HR) as related to increasing oxygen
ptake (VO2) appear to be key CPET responses in the
iagnosis of CAD. The O2-pulse, calculated as O2 uptake
ivided by HR (VO2/HR) equals stroke volume � arterio-
enous O2 difference. The latter is reproducible at the an-
robic threshold and peak VO2 if the hemoglobin and oxy-
emoglobin saturation are taken into account. Therefore, the
troke volume can be estimated at these points of increas-
ng work rate exercise if gas exchange is simultaneously
easured.4,5

Symptom-limited CPET was performed on an electro-
agnetically-braked cycle ergometer (Ergoselect 100P, Er-

oline GmbH, Bitz, Germany) using a customized linear
amp protocol designed to elicit fatigue within 8 to 12
inutes of exercise initiation. Exercise of this duration has

een shown to produce the highest peak VO2 values.6,7 The
rotocol consisted of 3 minutes of rest, 3 minutes of ped-
ling with no load, followed by pedaling against a custom-
zed continuously increasing work rate in a ramp pattern to
olerance.8 The ramp work rate was selected based on the
atient’s predicted peak VO2, recognizing that VO2 nor-
ally increases at a rate of 10 ml/min/watt using previously

alidated methodology.8

During CPET, a 12-lead electrocardiogram (Quark C12,

osmed Srl, Italy) and a pulse oximeter with a finger probe
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Model 100 Pulse Oximeter, Mediaid, Inc., Cerritos, Cali-
ornia) were continuously monitored, and blood pressure
as manually assessed every 2 minutes with a cuff sphyg-
omanometer. A disposable face mask with a 50 to 80 ml

ead space (Clear Comfort Air Cushion Face Mask, Hudson
CI, Durham, North Carolina) was used to collect expired
ir throughout the test. Minute ventilation, carbon dioxide
utput, and oxygen uptake (VO2) were recorded with a
reath-by-breath measurement system (Cosmed Quark PFT
Ergo, Cosmed Srl, Italy). The flow meter and gas analyz-

rs were calibrated before each test according to the man-
facturer’s instructions.

Peak VO was recorded as the highest consecutive 30-

igure 1. AT � Anerobic threshold, determined by the V-slope method; V
xygen pulse, oxygen uptake in ml/min divided by HR in beats/min.
2
econd averaged value during the last minute of exercise or fi
arly recovery. The anerobic threshold was determined
y the V-slope method.9 All responses were monitored
hroughout rest, exercise, and recovery and graphically
isplayed.

esults
Illustration of a normal and abnormal response:
NORMAL CPET RESPONSE: The normal O2-pulse versus

ime, �VO2/�work rate, and HR versus O2 uptake re-
ponses to a progressively increasing work rate during ex-
rcise are illustrated in Figure 1. The test data are from a
9-year-old asymptomatic firefighter who was enrolled in a

xygen uptake in ml/min; HR � Heart rate in beats/ minute; O2-Pulse �
O � O
tness and genetic study of this population. His medical
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istory was only significant for hypothyroidism; however,
he subject was euthyroid at the time of testing. He never
moked, there was no family history of heart disease, and he
xercised 3 to 4 times a week. Physical exam and at rest
lectrocardiogram were normal.

The subject tolerated the test without complications and
ut forth a good effort. He achieved a respiratory exchange
atio (carbon dioxide output/oxygen uptake) of 1.13 at peak
xercise indicating significant lactic acidosis and adequate
ardiovascular stress. The patient terminated exercise be-

igure 2. AT � Anerobic threshold, determined by the V-slope method; V
xygen pulse, oxygen uptake in ml/min divided by HR in beats/min.
ause of leg fatigue. Peak HR was 101% of age-predicted r
aximum. Blood pressures at rest and at peak exercise were
24/80 mm Hg and 220/100 mm Hg, respectively. The
ubject achieved a peak VO2 of 30.3 mlO2 · kg�1 · min�1,
hich is 113% of predicted for age, height, weight, and
ender (predicted peak VO2 �85% is considered to be
ormal exercise capacity).8 The VO2 at the anerobic thresh-
ld of 14.0 mlO2 · kg�1 · min�1 was likewise within normal

imits. O2-pulse increased in a normal linear manner to the
redicted peak value; the VO2 increased in a linear manner
elative to work load to peak predicted value, and HR

xygen uptake in ml/min; HR � Heart rate in beats/ minute; O2-Pulse �
O � O
esponse versus VO2 was also linear from rest to peak
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xercise (Figure 1). The electrocardiogram revealed isolated
remature ventricular beats near peak exercise with no de-
onstrable ST changes.

ABNORMAL CPET RESPONSE: Characteristic CPET find-
ngs related to exercise-induced ischemia were evident in a
8-year-old woman with a 50 pack-year smoking history,
ypertension, and dyslipidemia who was referred for a
PET as part of preoperative evaluation. The patient re-
orted claudication with abnormal noninvasive vascular
tudies and was scheduled for an elective endovascular
eripheral arterial disease procedure. Medications included
alsartan, hydrochlorothiazide, rosuvastatin, ezetimibe, ni-
cin, and venlafaxine. Her at rest electrocardiogram showed
ormal sinus rhythm with no other abnormalities.

The subject tolerated the test without complications and
ut forth a good effort. She achieved a respiratory exchange
atio of 1.4 at peak exercise indicative of development of a
ignificant lactic acidosis. The patient terminated exercise
ecause of leg pain. Peak HR was 88% of her age-predicted
aximum. Blood pressures at rest and at peak exercise were

48/82 mm Hg and 218/96 mm Hg, respectively. She
chieved a peak VO2 of 17.2 mlO2 · kg�1 · min�1, which is
9% of predicted. Her VO2 at the anerobic threshold of 12.3
lO2 · kg�1 · min�1 was likewise within normal limits.
owever, the patient developed gas exchange evidence of
V dysfunction at a HR of 93 beats/min as indicated by a

educed peak O2-pulse that gradually decreased with in-
reasing work rate, an abrupt decrease in �VO2/�work rate
lope, and a steepening of the HR-VO2 uptake slope (Figure 2).
hese concurrent changes are characteristic of exercise-

nduced decreasing stroke volume resulting from myocar-
ial dysfunction caused by ischemia. The electrocardiogram
evealed isolated premature ventricular beats near peak
xercise with no demonstrable ST-segment changes.

On the basis of the abnormal physiologic findings, the
atient underwent coronary angiography which revealed a
95% critical stenosis of the right coronary artery. This was

reated with intracoronary stent placement.

iscussion

During a progressive, ramped exercise test designed to
licit maximal exertion, cardiac output increases through a
ynergistic augmentation of both stroke volume and HR as
xternal work rate increases. Under normal physiologic
onditions, these cardiovascular adaptations will result in a
rogressively increasing O2-pulse, a linear increase in VO2
ersus work rate with a slope of approximately 10 ml/min/
att and a linear increase in HR versus VO2 to normal peak
alues. If a patient has obstructive CAD and the myocar-
ium does not receive sufficient O2 to maintain normal
yocardial contraction, the myocardial segments that are

endered ischemic will exhibit abnormal contraction pat-
erns or myocardial dyssynergy (hypokinesis, akinesis, or
yskinesis), which can range from mild to severe depending
n the extent and magnitude of ischemia. Thus, when myo-
ardial perfusion is reduced producing an O2 supply - O2
emand imbalance, whether from epicardial coronary dis-
ase or impaired coronary flow reserve involving the arte-
iolar resistance vessels, reversible LV dysfunction will

esult. Thus, CPET quantifies the ischemic work rate thresh- c
ld. Exceeding the ischemic work rate threshold causes
troke volume to decrease while HR increases faster relative
o VO2 in partial, but incomplete, compensation. Paralleling
he failure to maintain a cardiac output increase appropriate
or a given increase in work rate is a characteristic flattening
r reduction of increase in �VO2/�work rate, and a decline
r lack of progressive increase in O2-pulse, with a concom-
tant steepening of the slope of HR-VO2 uptake relation
Figure 2). Because the degree of LV dysfunction detected
y CPET is directly proportional to the extent of underlying
schemic burden, severe CAD, such as triple vessel disease,
s the most likely form of CAD to be detected by CPET.10

Previous research in this area has focused on the utility of
PET in detecting macrovascular CAD.11 It is now recog-
ized that microvascular CAD, particularly in women, is a
ignificant health care concern.12,13 To better detect this
ondition, new methods of evaluation must be implemen-
ed.14 Peix et al15 previously demonstrated that postmeno-
ausal women with normal coronary angiograms but diag-
osed with microvascular CAD frequently developed LV
ysfunction during exercise testing. Subjects with either
acro- or microvascular CAD may demonstrate a similar
PET response, although nuclear imaging and cardiac cath-
terization findings may be different. Given the potential for
PET to accurately detect LV dysfunction in a noninvasive
nd cost-effective manner, implementation of this assess-
ent technique in the evaluation of suspected microvascular

isease may be clinically advantageous, prompting more
ppropriate follow-up tests with a high proclivity for mi-
rovascular CAD detection, such as magnetic resonance
maging16 and perhaps phosphorus-31 nuclear magnetic res-
nance spectroscopy.17

Concomitant gas exchange analysis provides valuable
hysiologic information that precisely demarcates the HR,
O2, and work-rate at which ischemic LV dysfunction
evelops. The characteristic changes in O2-pulse, �VO2/
work rate, and pattern of HR-VO2 response may, there-

ore, also be useful in assessing the response to a given
herapeutic intervention in a serial fashion, particularly as
reatments for myocardial ischemia emerge. Recent evi-
ence that the anatomic definition of angiographic CAD and
ubsequent percutaneous coronary intervention does not in-
vitably lead to improved outcomes reinforces the need for
ore precision in characterizing the functional conse-

uences of myocardial ischemia in patients with macrovas-
ular CAD for whom invasive strategies are being consid-
red.18 Serial CPET testing has been used to demonstrate
ormalization of LV function after revascularization in a
atient with isolated right coronary artery (RCA) disease
imilar to the abnormal response described.19

The use of expired gas analysis is not common practice
n the contemporary clinical exercise laboratory. Future
esearch should continue in this area to more quantifiably
etermine the value of CPET in diagnosing both macro- and
icrovascular CAD, assessing responses to therapy, and

redicting prognosis in CAD. Although initial findings are
ompelling, compilation of additional clinical information
nd physician education are needed to gain widespread

linical acceptance.



1

1

1

1

1

1

1

1

1

1

619Coronary Artery Disease/Cardiopulmonary Exercise Testing for Ischemia
1. Piepoli MF, Corra U, Agostoni PG, Belardinelli R, Cohen-Solal A,
Hambrecht R, Vanhees L. Statement on cardiopulmonary exercise
testing in chronic heart failure due to left ventricular dysfunction:
recommendations for performance and interpretation. II. How to per-
form cardiopulmonary exercise testing in chronic heart failure. Eur
J Cardiovasc Prev Rehabil 2006;13:300–311.

2. Piepoli MF, Corra U, Agostoni PG, Belardinelli R, Cohen-Solal A,
Hambrecht R, Vanhees L. Statement on cardiopulmonary exercise
testing in chronic heart failure due to left ventricular dysfunction:
recommendations for performance and interpretation. I. Definition of
cardiopulmonary exercise testing parameters for appropriate use in
chronic heart failure. Eur J Cardiovasc Prev Rehabil 2006;13:150–
164.

3. Piepoli MF, Corra U, Agostoni PG, Belardinelli R, Cohen-Solal A,
Hambrecht R, Vanhees L. Statement on cardiopulmonary exercise
testing in chronic heart failure due to left ventricular dysfunction:
recommendations for performance and interpretation. III. Interpreta-
tion of cardiopulmonary exercise testing in chronic heart failure and
future applications. Eur J Cardiovasc Prev Rehabil 2006;13:485–494.

4. Whipp BJ, Higgenbotham MB, Cobb FC. Estimating exercise stroke
volume from asymptotic oxygen pulse in humans. J Appl Physiol
1996;81:2674–2679.

5. Crisafulli A, Piras F, Chiappori P, Vitelli S, Caria MA, Lobina A,
Milia R, Tocco F, Concu A, Melis F. Estimating stroke volume from
oxygen pulse during exercise. Physiol Meas 2007;28:1201–1212.

6. Buchfuhrer MJ, Hansen JE, Robinson TE, Sue DY, Wasserman K,
Whipp BJ. Optimizing the exercise protocol for cardiopulmonary
assessment. J Appl Physiol 1983;55:1558–1564.

7. Yoon BK, Kravitz L, Robergs R. VO2max, protocol duration, and the
VO2 plateau. Med Sci Sports Exerc 2007;39:1186–1192.

8. Wasserman K, Hansen JE, Sue DY, Stringer W, Whipp B. Clinical
Exercise Testing. In: Weinberg A, ed. Principles of Exercise Testing
and Interpretation, 4th edition. Philadelphia: Lippincott, Williams and
Wilkins, 2005:133–159.

9. Beaver WL, Wasserman K, Whipp BJ. A new method for detecting
anaerobic threshold by gas exchange. J Appl Physiol 1986;60:2020–

2027.
0. Munhoz EC, Hollanda R, Vargas JP, Silveira CW, Lemos AL, Hol-
landa RM, Ribeiro JP. Flattening of oxygen pulse during exercise may
detect extensive myocardial ischemia. Med Sci Sports Exerc 2007;
39:1221–1226.

1. Belardinelli R, Lacalaprice F, Carle F, Minnucci A, Cianci G, Perna G,
D’Eusanio G. Exercise-induced myocardial ischaemia detected by
cardiopulmonary exercise testing. Eur Heart J 2003;24:1304–1313.

2. Lerman A, Sopko G. Women and cardiovascular heart disease: clinical
implications from the Women’s Ischemia Syndrome Evaluation
(WISE) study: are we smarter? J Am Coll Cardiol 2006;47:S59–S62.

3. Humphries KH, Pu A, Gao M, Carere RG, Pilote L. Angina with
“normal” coronary arteries: gender differences in outcomes. Am
Heart J 2008;155:375–381.

4. Pries AR, Habazettl H, Ambrosio G, Hansen PR, Kaski JC, Schach-
inger V, Tillmanns H, Vassalli G, Tritto I, Weis M, de Wit C,
Bugiardini R. A review of methods for assessment of coronary micro-
vascular disease in both clinical and experimental settings. Cardiovasc
Res 2008;80:165–174.

5. Peix A, Garcia EJ, Valiente J, Tornes F, Cabrera LO, Cabale B,
Carrillo R, Garcia-Barreto D. Ischemia in women with angina and
normal coronary angiograms. Coron Artery Dis 2007;18:361–366.

6. Taylor AJ, Al-Saadi N, Abdel-Aty H, Schulz-Menger J, Messroghli
DR, Friedrich MG. Detection of acutely impaired microvascular reper-
fusion after infarct angioplasty with magnetic resonance imaging.
Circulation 2004;109:2080–2085.

7. Buchthal SD, den Hollander JA, Merz CN, Rogers WJ, Pepine CJ,
Reichek N, Sharaf BL, Reis S, Kelsey SF, Pohost GM. Abnormal
myocardial phosphorus-31 nuclear magnetic resonance spectroscopy
in women with chest pain but normal coronary angiograms. N Engl
J Med 2000;342:829–835.

8. Boden WE, O’Rourke RA, Teo KK, Hartigan PM, Maron DJ, Kostuk
WJ, Knudtson M, Dada M, Casperson P, Harris CL, et al. Optimal
medical therapy with or without PCI for stable coronary disease.
N Engl J Med 2007;356:1503–1516.

9. Contini M, Andreini D, Agostoni P. Cardiopulmonary exercise test
evidence of isolated right coronary artery disease. Int J Cardiol 2006;

113:281–282.


	Exercise-Induced Myocardial Ischemia Detected by Cardiopulmonary Exercise Testing
	Methods
	Key CPET variables and testing protocol

	Results
	Illustration of a normal and abnormal response
	NORMAL CPET RESPONSE
	ABNORMAL CPET RESPONSE


	Discussion
	References


