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ABSTRACT

OBJECTIVES The purpose of this study was to assess individual mechanisms of effort intolerance in patients with heart
failure with preserved ejection fraction (HFpEF), heart failure with reduced ejection fraction (HFrEF), or normal cardiac
function using combined echocardiography and cardiopulmonary stress testing.

BACKGROUND Combined stress echocardiography and cardiopulmonary tests visualize cardiac chambers in 4 well-
defined activity levels (rest, unloaded, anaerobic threshold, and peak), allowing noninvasive assessment of cardiac
function, hemodynamics, and arterial venous oxygen content difference (AVo,Diff) during all stages.

METHODS Left ventricular volumes, stroke volume (SV), S', E/e’, oxygen consumption (Vo,), and AVo,Diff were measured
in all effort stages using ramp semirecumbent cycle prolonged (=8 min) exercise in 45 consecutive subjects evaluated for
effort intolerance (14 normal cardiac function, 16 HFpEF, and 15 HFrEF patients; age 56.5 + 16 years; 73% male).

RESULTS In HFpEF and HFrEF, the changes in Vo, were attenuated (between group p = 0.003; group by time inter-
action p < 0.0001), as well as peak heart rate (p = 0.0001; p = 0.0001) and SV (p = 0.006; p = 0.0001). End-diastolic
volume to E/e’ ratio (measure of compliance) was superior in HFrEF and normal patients at baseline but worsened in
HFpEF and HFrEF at peak exercise (8.3 + 4 vs. 11.6 £ 5 vs. 19.1 &+ 8; p = 0.004; p = 0.01). Functional mitral regurgitation
worsened even during the unloaded stage, mostly in patients with HFrEF, but also in several patients with HFpEF. In
multivariable analysis, heart rate response (p = 0.007), and AVo,Diff (p < 0.0001) were the most significant indepen-
dent predictors of effort capacity; SV was not.

CONCLUSIONS Combined tests are feasible and allow noninvasive evaluation of effort intolerance. In HFpEF and
HFrEF patients, exercise intolerance is predominantly due to chronotropic incompetence and peripheral factors. Com-
bined stress echocardiography and cardiopulmonary tests may have potential for clinical management and selection of
patients for trials. (J Am Coll Cardiol HF 2015;3:803-14) © 2015 by the American College of Cardiology Foundation.

ultiple mechanisms are held responsible (LV) ejection fraction (EF) (1-8). Studies of exercise
for the limited exercise capacity of pa- limitation in HF have predominantly used stan-
tients with heart failure (HF) with pre- dard exercise tests or radionuclide ventriculography
served (HFpEF) or reduced (HFTEF) left ventricular combined with invasive hemodynamic assessment.
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ABBREVIATIONS
AND ACRONYMS

AVo,Diff = arterial venous
oxygen content difference

CPET = cardiopulmonary
exercise test

EF = ejection fraction

FEV, = forced expiratory
volume first second

HF = heart failure

HFPpEF = heart failure with
preserved ejection fraction

HFrEF = heart failure with
reduced ejection fraction

LV = left ventricle

LVEDV = left ventricular
end-diastolic volume

MR = mitral regurgitation
SE = stress echocardiography
SV = stroke volume

Vco, = carbon dioxide
production

Vo, = oxygen consumption

They have been limited by their invasive na-
ture, resulting in selection bias, and by the
insufficient anatomic data provided with
ventriculography (1,5). Several studies have
used stress echocardiography (SE) to assess
factors limiting maximal exercise capacity
by comparing rest to peak exercise (2,9,10).

SEE PAGE 815

Because HF patients rarely exercise at
maximal intensities, and submaximal exer-
cise capacity is more applicable to everyday
life, it is particularly important to expand
the understanding of cardiac peripheral and
vascular responses to submaximal exercise
in this population. Cardiopulmonary exercise
tests (CPET) are able to recognize and divide
effort into 4 activity levels (rest, unloaded
cycling, anaerobic threshold, and peak),
allowing assessment of cardiac function dur-
ing all exercise levels. Therefore, we have
created a new combined cardiopulmonary

stress test and SE protocol enabling the
noninvasive assessment of multiple cardiac and pe-
ripheral responses to dynamic exercise, in all 4 prede-
fined activity levels.

METHODS

STUDY POPULATION. Between January 1, 2013 and
September 30, 2013, we performed 72 combined
CPET and SE examinations using our new protocol.
All patients were clinically stable and ambulatory,
and referred for evaluation of effort intolerance or
dyspnea. Patients presenting with primary valvular
disease (aortic valve replacement, n = 2; aortic ste-
nosis, n = 2; rheumatic mitral stenosis, n = 4; organic
mitral regurgitation [MR], n = 1), hypertrophic car-
diomyopathy (n = 6), sinoatrial block (n = 1), active
ischemia (n = 2), atrial septal defect (n = 1), primary
pulmonary hypertension (n = 1), mitochondrial
myopathy (n = 1), unable to complete exercise on
semirecumbent bicycle (respiratory exchange
ratio <1.0; n = 4), or with inadequate acoustic win-
dows (n = 2) were excluded from the study. The
remaining patients were divided into 3 groups (con-
trols, HFpEF, and HFrEF). Control patients were
clinical patients referred to the test for dyspnea of
unknown origin. Eight patients were concluded to
have effort dyspnea related to peripheral factors
based on normal LV, right ventricle systolic and dia-
stolic function, and impaired oxygen extraction in
peripheral muscles. The remaining 7 patients had
normal exercise capacity. Diagnosis of HFpEF and
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HFrEF was made clinically before the test based on
clinical signs and symptoms of HF as defined by the
criteria of Rich et al. (11). Patients were defined to
have HFpEF when they had a normal resting EF
(=50%), or HFTEF when they had a low resting EF
(<50%) (Table 1).

EXERCISE PROTOCOL. A symptom-limited graded
ramp bicycle exercise test was performed in the
semisupine position on a tilting, dedicated,
microprocessor-controlled eddy current brake stress
echocardiography cycle ergo meter (Ergoselect
1000 L, CareFusion, San Diego, California). We esti-
mated the expected peak oxygen consumption (Vo,)
based on patient age, height, and weight after
considering the patient’s history. We then calculated
the work rate increment necessary to reach the pa-
tient’s estimated peak Vo, in 8 to 12 min. The pro-
tocol included 3 min of unloaded pedaling,
a symptom-limited ramp-graded exercise, and 2 min
of recovery. Breath-by-breath minute ventilation,
carbon dioxide production (Vco,), and oxygen
consumption (Vo,) were measured using a Medical
Graphics metabolic cart (ZAN, nSpire Health Inc.,
Longmont, Colorado). Peak Vo, was the highest aver-
aged 30-s Vo, during exercise (12). Ventilation/Vco,
was defined as the lowest immediately after anaerobic
threshold, and was expressed as absolute nadir
ventilation/Vco, (12,13). Anaerobic threshold was
determined manually using the modified V-slope
method (13). A 12-lead electrocardiograph and non-
invasive arterial saturation were monitored continu-
ously; heart rate and blood pressure were measured at
rest and every minute during exercise. f-Blockers and
calcium blockers were left unchanged. The metabolic-
chronotropic relationship was calculated from the
ratio of the HR reserve to the metabolic reserve during
submaximal exercise. A metabolic-chronotropic rela-
tionship slope of <0.80 was considered indicative of
chronotropic incompetence (14,15). In patients on
B-blocker or calcium blocker therapy, chronotropic
incompetence was defined whenever <62% of heart
rate reserve was used (16).

EXERCISE ECHOCARDIOGRAPHY TESTING. Echo-
cardiographic images were obtained concurrently
with breath-by-breath gas exchange measurements,
at rest, during the 3-min period of unloaded exercise,
immediately after reaching the anaerobic threshold,
and at maximal exercise capacity, defined as
immediately after reaching a respiratory exchange
ratio of >1.05. Data collected at each time period
included left ventricular end-diastolic volume
(LVEDV), end-systolic volume, EF, stroke volume
(SV), peak E-wave and A-wave velocities, E-wave
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