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Abstract
Peak oxygen uptake (pVO2) is an important parameter in assessing the functional capacity and
prognosis of patients with heart failure. In heart failure trials, the change in pVO2 is often used to
assess the effectiveness of an intervention. However, the within-patient variability of pVO2 on serial
testing may limit its usefulness. This study was designed to evaluate the within-patient variability of
pVO2 over two baseline cardiopulmonary exercise tests. As a sub study of the HF-ACTION (Heart
Failure and A Controlled Trial Investigating Outcomes of exercise traiNing) trial, 398 subjects (73%
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male, 27% female, mean age 59 years) with HF and left ventricular ejection fraction ≤ 35% underwent
two baseline cardiopulmonary exercise tests within 14 days. Mean pVO2 was unchanged from test
1 to test 2 (15.16 ± 4.97 vs. 15.18 ± 4.97 mL/kg/min; p=0.78). However, the mean within-subject
absolute change was 1.3 mL/kg/min (10th, 90th percentiles = 0.1, 3.0 mL/kg/min), with 46% of
subjects increasing and 48% decreasing on the second test. Other parameters, including the
ventilation-to-carbon dioxide production slope and VO2 at ventilatory threshold, also demonstrated
significant within-subject variation with minimal mean differences between tests. In conclusion, peak
oxygen consumption demonstrates substantial within-subject variability in heart failure subjects and
should be taken into account in clinical applications. However, on repeat baseline cardiopulmonary
exercise tests, there appears to be no familiarization effect for pVO2 in heart failure subjects and,
hence, in multicenter trials there is no need to perform more than one baseline cardiopulmonary
exercise test.

Keywords
heart failure; cardiopulmonary exercise testing; test reproducibility

HF-ACTION (Heart Failure and A Controlled Trial Investigating Outcomes of exercise
traiNing) is a National Heart, Lung, and Blood Institute-funded multi-center randomized
controlled trial designed to study the effects of exercise training on morbidity and mortality in
2,331 subjects with left ventricular dysfunction (ejection fraction ≤ 35%) and NYHA Class II-
IV symptoms.1 As part of the trial, each subject underwent cardiopulmonary exercise testing
at baseline, 3, 12 and 24 months to assess changes in peak oxygen consumption (pVO2) and
other physiologic parameters with exercise training. The protocol also pre-specified that the
first five subjects at each clinical site (as well as the first 100 subjects overall) would perform
two baseline tests within one week of each other to assess the reproducibility of testing at the
sites and the within-subject variability of repeat testing. This paper reports the results of this
reproducibility analysis.

Methods
The enrollment criteria and study design for the HF-ACTION trial have been previously
published.1 Subjects had a left ventricular ejection fraction ≤ 35% (due to ischemic or
nonischemic cardiomyopathy) and were on stable doses (i.e., the same dose for at least six
weeks prior to enrollment) of optimal drug therapy including an angiotensin converting enzyme
inhibitor or angiotensin receptor blocker and a beta-blocker unless a contraindication was
present. Of the subjects enrolled in HF-ACTION, 94% were on an angiotensin converting
enzyme inhibitor or angiotensin receptor blocker and 95% were taking beta-blockers.

Of 401 subjects performing 2 baseline tests, 350 subjects (87%) used a modified Naughton
treadmill protocol and 48 subjects (12%) used a 10 Watt/minute incremental cycle ergometry
protocol at a total of 83 different clinical sites. Three (1%) subjects performed one of their
baseline tests on the treadmill and the other on the cycle ergometer and were therefore excluded
from the analysis. Ninety two percent of the subjects performed 2 tests within 7 days of each
other; all subjects had both tests within 14 days of each other. Sites were instructed to perform
the testing at the same time of day and at a constant interval from the last dose of beta-blocker.
Subjects were instructed not to exercise between tests and there were no changes in medications
between the tests. All tests were interpreted by the HF-ACTION Cardiopulmonary Exercise
Core Laboratory. All sites performed routine calibrations of gas concentrations and flow prior
to each exercise test. Peak VO2 was defined as the highest VO2 value for a given 15- or 20-
second interval within the last 90 seconds of exercise or the first 30 seconds of recovery. Peak
respiratory exchange ratio (RER) was defined as the highest recorded value for a 15- or 20-
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second interval that occurred during the last 90 seconds of exercise. The selected peak RER
had to correspond to appropriate VO2 values and progress in a physiologic fashion from
preceding ratios. The VO 2 at ventilatory threshold (VT) was independently determined by 2
readers using the V-slope method.2 If the independently selected VO2 at VT values were within
150 mL/min of each other, the values were averaged; if the chosen values differed by > 150
mL/min, then a third reader was employed, and the VO2 at VT was chosen by an average of
the 2 values that were in closest agreement. If the 2 closest readings still differed by > 150 mL/
min or the VT could not be determined by the V slope method, the VO2 at VT was considered
“indeterminate.” The Ve/VCO2 slope was determined by measuring the slope across the entire
course of exercise.3 Prior to being approved for subject enrollment, each site had to have its
cardiopulmonary exercise testing laboratory validated by the HF-ACTION Cardiopulmonary
Exercise Core Laboratory. To be validated, all sites underwent baseline education in the proper
conduct of an exercise test. This included instruction on encouraging the participants to achieve
a maximal effort and how to perform a proper metabolic exercise test. Additionally, each site
exercised 2 normal controls on the protocol used in the HF-ACTION trial. Comparisons of
VO2 at baseline and at the first 3 workloads were made to a group of normal controls. The site
controls’ VO2 had to show a physiologic increase over exercise and be within 2 standard
deviations of the Core Lab controls’ VO2 at each workload in order to be validated. All sites
passed this validation step prior to enrolling any subjects and underwent repeat validation
testing every 3 to 6 months during the trial.

Means are expressed using either ± standard deviation or with 10th and 90th percentiles. For
all of the variables examined, within-subject variability from test 1 to test 2 was quantified by
the within-subject absolute change (i.e., either increase or decrease from test 1 to test 2). The
paired t-test was used to test for a statistical difference between the test 1 and test 2 values.
Bland-Altman plots were used to visually assess whether the magnitude of within-subject
variability in key variables varied with the magnitude of the measurements.4 The unpaired t-
test was used to test whether within-subject pVO2 variability differed with respect to baseline
dichotomous variables. Linear regression and Pearson’s correlation coefficient were used to
correlate baseline continuous variables and within-subject pVO2 variability. In multivariate
linear regression modeling, partial and multiple Pearson’s correlation coefficients were
computed to quantify the explained within-subject pVO2 variability. In the multivariate model,
a variable was included if its p-value in the univariate linear model was less than 0.2; no variable
selection algorithm was performed after this initial selection. For each of the variables, the
coefficient of variation (CV) was defined as the (within-person standard deviation/within-
person mean) × 100%.

To examine whether within-subject variability depended on clinical site experience with
cardiopulmonary exercise testing, sites were prespecified as either “more experienced” or “less
experienced.” An experienced site was defined as one for which: 1) a physician or exercise
physiologist conducted the tests; 2) testing personnel had formal training in cardiopulmonary
exercise testing; 3) the site performed at least 50 tests in the prior year; 4) the site passed all
validation tests on their first attempt; and 5) the site did not have frequent HF-ACTION Core
Laboratory queries regarding its testing.

All statistical hypothesis tests were 2-sided and were performed at a significance level of 0.05.
Analyses were conducted with SAS software, version 8.2 (SAS Institute Inc., Cary, NC) and
Splus software, version 7.0 (Insightful Corp., Seattle, WA).

Results
Table 1 gives the baseline demographics and peak VO2 for the 398 subjects in the study. On
the first cardiopulmonary exercise test, the mean pVO2 was 15.2±5.0 mL/kg/min.
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As shown in Table 2, mean exercise time increased significantly from test 1 to test 2. In contrast,
mean pVO2 was virtually identical on the two tests. Peak VO2 was nearly as likely to increase
from test 1 to test 2 (46% of the subjects) as it was to decrease (48% of the subjects). Moreover,
pVO2 had substantial within-subject variability, averaging 1.3 mL/kg/min over the two tests
with a 90th percentile change of 3.0 mL/kg/min. As shown in Figure 1A, within-subject
pVO2 variability was quite similar for subjects with lower versus higher pVO2.

The VO2 at VT also showed nearly identical mean values on test 1 and 2, but also a substantial
amount of within-subject variability. Sixty-seven subjects (17%) had an indeterminate VT on
at least one test. Figure 1B shows the within-subject variability of VO2 at VT to be similar for
subjects with lower versus higher values. In contrast, for the Ve/VCO2 slope, there appears to
be more variability for subjects with higher slopes, although there are fewer of these subjects
(Figure 1C).

There was a very small, but statistically significant, difference in the peak RER between the
two tests. As shown in Figure 1D and similar to pVO2, the range of within-subject variability
was quite similar for subjects with lower versus higher peak values. Although the change in
the peak RER correlated positively with the change in pVO2 between the two tests (Figure 2),
changes in peak RER and pVO2 between the two tests trended in opposite directions in 37%
of subjects.

Within-patient variability in cardiopulmonary exercise parameters was similar across
demographic subgroups (Table 3). Subjects at the more experienced sites had higher mean
pVO2 on the first test than subjects at the less experienced sites. This was largely because the
Class II subjects at the more experienced sites had a higher mean pVO2 on test 1 than those at
the less experienced sites (17.1 ± 4.7 vs. 15.5 ± 5.0, p=0.016). Subject demographics did not
differ significantly between the less- and more-experienced sites.

Univariate and multivariate analyses were performed to study the relationship between
demographic and test 1 variables (since in clinical practice, a patient will typically undergo
only one cardiopulmonary exercise test) with the change in pVO2 from test 1 to test 2. As
shown in Table 4a for categorical variables and Table 4b for continuous variables, pVO2 on
test 1 was the most significant predictor of the change in pVO2 from test 1 to test 2, consistent
with a regression to the mean effect. Additionally, VO2 at VT on test 1 was statistically
significant in univariate analyses due to its high correlation with pVO2 on test 1 (r = 0.83).
Other clinical and test variables including gender, NYHA class, race, and the Ve/VCO2 slope
on test 1 did not correlate with pVO2 change from test 1 to test 2. Heart failure etiology was
marginally statistically significant, with nonischemics more likely to increase their pVO2 on
test 2 and ischemics more likely to decrease pVO2 on test 2. In the multivariate model (Table
5) for predictors of change in pVO2 from test 1 to test 2, pVO2 on test 1 was the most significant
predictor. VO2 at VT was not included in the multivariate model due to its high correlation
with pVO2.

Discussion
As a prespecified sub study of the HF-ACTION trial, we evaluated the reproducibility of
pVO2 and other important cardiopulmonary exercise parameters in 398 HF subjects who
underwent two tests within 14 days of each other to assess the need for repeat baseline testing
in all subjects. The major findings are as follows: 1) there was significant within-subject
variability in pVO2 between the two tests (average CV 6.6%) but the mean is the same between
the two tests; 2) similar variability was seen in other important cardiopulmonary exercise
variables, including parameters that are considered to be effort-independent such as Ve/
VCO2 slope (average CV 5.0%) and the VO2 at VT (average CV 7.8%); 3) pVO2 was as likely
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to decline on the second of two baseline tests as it was to increase, suggesting there was no
familiarity effect as is commonly seen with exercise time; and 4) the within-subject variability
in pVO2 was not well-explained by baseline ejection fraction, subject demographics, heart
failure class or site experience with cardiopulmonary exercise testing. Thus, the within-subject
variability appeared to be due primarily to intrinsic biological factors including, but not limited
to, daily fluctuations in the subject’s hemodynamic and heart failure status.

Numerous studies have shown that pVO2 is a key factor in assessing the prognosis of heart
failure subjects and gauging their suitability for advanced therapies such as heart
transplantation.5–8 Peak VO2 has also been commonly used as a clinical endpoint in heart
failure therapeutic trials. However, prior work has shown that pVO2 can vary significantly over
serial tests5, 9–11 and some have suggested that more than one test should be performed at
baseline for clinical trial purposes.11 Previously, Elborn et al. performed three consecutive
treadmill tests separated by two weeks on 30 subjects with systolic heart failure due to ischemic
cardiomyopathy.11 The mean pVO2 improved significantly from the first to the second test
(14.1 vs. 14.9 mL/kg/min, p<0.005) with no difference in pVO2 between the second and the
third test (14.9 vs. 14.8 mL/kg/min, p=NS). The average within-subject CV for the three tests
was 6%. The authors concluded that a single baseline test was not sufficient for measuring the
cardiopulmonary response to an intervention and suggested the performance of at least two
tests for clinical research applications. In contrast, Russell et al. performed a series of five
baseline maximal treadmill tests (three with gas exchange; 1st, 3rd, 4th) on 81 men and women
with symptomatic HF and found that while there was a significant improvement in exercise
time between test 1 and test 3 (419±140 vs. 470±131 seconds; p<0.05), there was no significant
change in pVO2 (1119±376 vs. 1105±346 vs. 1123±400 mL/min; p = NS).12 The authors
concluded that a single baseline test was sufficient to measure pVO2 for the evaluation of
therapy or assessment of prognosis. Similarly, Marburger et al. in an older population of 9
patients found a change in pVO2 of 63 ml/min over serial tests and concluded that only one
test was necessary.13 Finally, Meyer et al. exercised 11 patients with severe heart failure and
found a difference of 57 ml/min between the two studies.14

In the present study, the overall group means for pVO2 on test 1 and test 2 were essentially
identical as were the percentage of subjects whose pVO2 decreased or increased on test 2. As
seen previously, the mean exercise time increased from test 1 to test 2 with 63% of subjects
increasing on test 2 and only 33% decreasing.10–12, 15 However, despite the similar pVO2
means, there was significant within-subject pVO2 variability from test 1 to test 2. The average
coefficient of variation was 6.6% and this within-subject variability was largely effort-
independent. Although the change in the peak RER, an objective measure of subject effort,
correlated positively with the change in pVO2 between the two tests, in 37% of the subjects,
the test 1-to-test 2 change in peak RER and pVO2, respectively, trended in opposite directions.
Somewhat surprisingly, effort-independent variables including Ve/VCO2 slope (average
coefficient of variability = 5.0%) and VO2 at VT (average coefficient of variability = 7.8%)
also showed substantial within-subject variability. This suggests that the majority of the
variation is related to intrinsic subject factors such as daily hemodynamic and volume status
fluctuations.

Our study had several limitations. First, although sites were instructed to perform both baseline
tests at the same time of day, we did not exclude subjects from analysis who had different
testing times. Likewise, although sites were instructed to conduct the test between three and
ten hours after subjects took their dose of beta blocker, we did not control for the timing between
the medications and the test. Third, most studies were done on a treadmill and these findings
may not apply to cycle ergometry testing. Finally, although sites were instructed on how to
encourage subjects during the test, we were unable to assure that subjects received the same
level of encouragement on both baseline tests. However, the similar RER and Borg rates of
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perceived exertion scores on tests 1 and 2 suggest that encouragement did not change between
tests.
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Figure 1.
Figure 1A. Bland-Altman Plot: Change in pVO2 vs. mean pVO2 for Test 1 and Test 2
Figure 1B. Bland-Altman Plot: Change in VO2 at ventilatory threshold vs. mean VO2 at
ventilatory threshold for Test 1 and Test 2
Figure 1C. Bland-Altman Plot: Change in Ve/VCO2 slope vs. mean Ve/VCO2 slope for Test
1 and Test 2
Figure 1D. Bland-Altman Plot: Change in peak respiratory exchange ratio vs. mean peak
respiratory exchange ratio for Test 1 and Test 2
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Figure 2.
Change in peak VO2 as a function of change in peak respiratory exchange ratio
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Table 1
Baseline demographics and peak oxygen consumption (n = 398)

Age (years) 59 (44, 74)*

Men/Women 73%/27%

White/AA/Other 68%/27%/5%

Weight (kg) 93 (67, 119)

Body mass index (kg/m2) 31 (23, 39)

Etiology: Ischemic/Nonischemic 53%/47%

Ejection fraction (%) 26 (16, 36)

New York Heart Association II/III/IV 65%/34%/1%

Peak oxygen consumption, test 1 (mL/kg/min): 15.2 (9.3, 21.1)

*
Continuous variables presented as mean (10th percentile, 90th percentile)
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Table 4

Table 4a. Univariate relationship of categorical variables to change in peak oxygen consumption (mL/kg/min) from Test 1 to Test 2

Variable Mean change in Peak VO2
from test 1 to test 2 (10th

percentile, 90th percentile)

Within-variable difference p-value*

Site experience

  Lower 0.05 (−2.1, 2.3) 0.07 0.74

  Higher −0.02 (−1.6, 1.5)

Gender

  Female −0.01 (−2.0, 1.8) −0.05 0.82

  Male 0.04 (−2.1, 2.3)

NYHA Class

  Class II 0.07 (−2.2, 2.3) 0.12 0.51

  Class III −0.05 (−1.9, 1.7)

Etiology

  Ischemic −0.13 (−2.1, 1.8) −0.33 0.09

  Non-ischemic 0.20 (−2.0, 2.7)

Race

  African-American −0.04 (−2.2, 2.2) −0.03 0.88

  White −0.01 (−2.1, 2.3)

Table 4b. Univariate relationship of continuous variables to change in peak VO2 from Test 1 to Test 2

Variable mean (10th, 90th) Slope Estimate (95% conf.
interval)

Correlation
coefficient with
change in peak

VO2

p-value

Age at baseline 59 (44, 74) −0.008* (−0.09, 0.07) −0.01 0.84

BMI at baseline 31 (23, 39) 0.01 (−0.02, 0.04) 0.04 0.43

Weight (kg) at baseline 93 (67, 119) 0.01† (−0.03, 0.06) 0.03 0.55

Ejection Fraction (echo
core lab)

26 (16, 36) 0.02 (−0.01, 0.04) 0.07 0.19

Peak VO2 (mL/kg/min) on
first test

15.2 (9.3, 21.1) −0.07 (−0.11, −0.04) −0.19 0.0002

Peak RER on first test 1.11 (0.96, 1.25) −1.62 (−3.27, 0.03) −0.10 0.054

Ve/VCO2 slope on first
test

34.5 (25.3, 45.0) 0.01 (−0.01, 0.03) 0.04 0.38

VO2 at VT (mL/kg/min)
on first test

10.5 (7.4, 13.8) −0.12 (−0.20, −0.04) −0.15 0.004

*
unpaired t-test of the null hypothesis that the mean change of group 1 – mean change of group 2 is 0

BMI = body mass index, VO2 = oxygen consumption, RER = respiratory exchange ratio, VeVCO2 = ventilation to carbon dioxide produced, VT =
ventilatory threshold.

*
slope estimate corresponds to 5 year increments

†
slope estimate corresponds to 5 kg increments
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Table 5
Multivariate predictors of change in peak VO2 from Test 1 to Test 2

Variable Slope Estimate (95% conf. interval) Partial R2 p-value

Peak VO2 on first test −0.08 (−0.12, −0.04) 0.04 < 0.0001

Peak RER on first test −1.00 (−2.70, 0.69) 0.004 0.24

Ejection Fraction 0.025 (0.001, 0.049) 0.01 0.04

Etiology −0.41* (−0.80, −0.03) 0.01 0.04

RER = respiratory exchange ratio

*
Nonischemics have more of an increase in peak VO2, on average, than ischemics do from test 1 to test 2.
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