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Abstract
Background—Over three-fourths of heart failure (HF) patients are aged 65 years and older, and
older age is associated with worse symptoms and prognoses than is younger age. Reduced exercise
capacity is a chief HF complaint and indicates poorer prognosis, especially among the elderly, but
the mechanisms underlying functional decline in older HF patients are largely unknown.

Methods—Baseline cardiopulmonary exercise testing data from the HF-ACTION trial were
assessed to clarify age-effects on peak VO2 (peak oxygen consumption) and VE/VCO2 (ventilation-
carbon dioxide production) slope.

Results—Among 2331 NYHA class II–IV HF patients, increased age corresponded to decreased
peak VO2 (−0.14 mL/kg/min per year above 40 years, p<0.0001) and increased VE/VCO2 slope
(0.30 units per year above 70 years, p<0.0001). In a multivariable model with 34 other potential
determinants, age was the strongest independent predictor of peak VO2 (partial R2 0.130; total R2
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0.392; P < 0.001) and a significant but relatively weaker predictor of VE/VCO2 slope (partial R2

0.037; total R2 0.199; P < 0.001). Blunted peak heart rate (HR) was also a strong predictor of peak
VO2. Although peak HR and age were strongly correlated, both were significant independent
predictors of peak VO2 when analyzed simultaneously in a model. Aggregate comorbidity increased
significantly with age, but did not account for age effects on peak VO2.

Conclusions—Age is the strongest predictor of peak VO2 and a significant predictor of VE/
VCO2 slope in the HF-ACTION population. Age-dependent comorbidities do not explain changes
in peak VO2. Age-related changes in cardiovascular physiology, potentially magnified by the HF
disease state, should be considered a contributor to the pathophysiology and target for more effective
therapy for older HF patients.
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INTRODUCTION
Over three-fourths of the population with heart failure (HF) is aged 65 years and older, and the
proportion of older HF patients is projected to increase as more adults are surviving into old
age.(1,2) Aging is associated with both insidious physiological changes and an increased
number of comorbid conditions (3), both of which are associated with increased susceptibility
to developing HF, complexity of its management, and to poor prognosis.(4) Indeed, older HF
patients have greater hospitalization rates, health care expenditures, and mortality (4) as well
as symptoms of exercise intolerance that are often more severe than in younger HF patients.
(5)

Severely decreased exercise capacity is the main contributor to the primary symptoms of
chronic HF, exertional fatigue and dyspnea, and is also an important prognostic indicator and
key therapeutic target. However, even in the absence of cardiovascular disease, exercise
capacity declines substantially with normal aging due to a variety of physiological changes,
including reduced maximal heart rate response.(6–9) In addition, older HF patients have
significantly more comorbidities than younger HF patients, on average four to five per patient.
(10) It has been hypothesized that aging-related increases in comorbidities lead to worse
exercise capacity, symptoms, and quality-of-life in older HF patients.(4,11,12) However, it is
unclear whether age-related changes alone, independent of the concomitant comorbidities,
remain a strong determinant of exercise capacity after the development of heart failure.

Formal assessment of exercise performance with measurement of peak exercise oxygen
consumption (peak VO2) and exercise ventilatory efficiency (VE/VCO2 slope) using
cardiopulmonary exercise testing (CPX), is commonly used to guide management of HF
patients. (13) However, partly due to the above uncertainties, CPX is less often utilized in older
HF patients, and it is unknown to what extent peak VO2 and VE/VCO2 slope provide
information regarding the underlying disease state of older HF patients as opposed to the extent
to which they reflect intrinsic aging physiology and/or comorbidities commonly associated
with aging.

The recently completed multi-center HF-ACTION trial provides a unique opportunity to
examine these key issues.(14,15) It is the largest study to include CPX testing in HF patients.
CPX testing was performed utilizing a highly standardized protocol and strong attention to
quality control, including formal field site training and real-time raw data review by a CPX
core laboratory. In this study, we analyzed baseline CPX data available on 2229 of the 2331
HF-ACTION enrollees, who were aged 19 to 91 years, including 477 patients aged ≥70. We
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assessed peak VO2 and VE/VCO2 slope in relationship to age, key comorbidities, and other
demographic and clinical characteristics.

METHODS
Details of the HF-ACTION study design have been published previously.(14,15) The trial
adhered to inclusion criteria for systolic HF (ejection fraction ≤35%, median 25%) and New
York Heart Association (NYHA) class II to IV symptoms even when nearly all enrollees were
receiving optimal HF pharmacological therapy with ACE inhibitors and/or angiotensin II
receptor blockers (ACEI/ARB) and beta blockers at stable doses for at least six weeks.
Comprehensive demographic and clinical data were systematically gathered. Enrollment
included substantial representation of racial minorities (38%) and women (28%), and both
ischemic (51%) and non-ischemic etiology of heart failure, all intended to facilitate analyses
and conclusions that can be generalized to broad clinical populations.

CPX Testing and Analysis
Symptom-limited exercise testing was completed with concomitant expired gas analysis using
a commercially available metabolic cart as previously described.(16) In most cases, exercise
was completed using a modified Naughton protocol on a motor driven treadmill. In some cases,
an upright cycle ergometer with a ramping protocol (10 watt/minute) was used. Testing
supervisors encouraged patients toward an exhaustive endpoint, guided by the respiratory
exchange ratio (RER), with a goal of achieving RER >1.10. VE/VCO2 ratios were verified by
the CPX Core Laboratory using standard techniques with quality control measures. (16) Peak
VO2 was determined in the Core Laboratory as the highest relative oxygen consumption
(VO2, mL/kg/min) for a given 15- or 20-second interval within the last 90 seconds of exercise
or the first 30 seconds of recovery.(16) The selected relative peak VO2 was also required to
fall within 10% of the interval values before and after it, provided the physiologic progression
appeared reasonable. Peak RER was defined as the highest recorded value for a 15- or 20-
second averaged sampling interval that occurred during the last 90 seconds of exercise. The
peak RER selected was required to correspond to appropriate VO2 values and progress in a
physiologic fashion from preceding ratios. VE/VCO2 slope was calculated based on VE/
VCO2 data across the entire duration of exercise.(17) The 15- or 20-second averaged data for
VO2 (mL/min), VCO2 (mL/min) and VE (L/min) were entered into a spreadsheet (Excel;
Microsoft). From these data entered, the VE/VCO2 slope was calculated between the resting
and peak exercise values, where peak exercise was determined as for peak VO2.

O2 pulse ([mL/kg]/heart beat) was also calculated as the ratio of peak VO2 and heart rate and
used as a coarse gauge of stroke volume.

Statistical analyses
Continuous variables are presented as medians with the 25th and 75th percentiles. Categorical
data are presented as frequencies and percentages. For descriptive purposes, summary tables
present information within broad age groups (<60, 60–69, and ≥70). However, continuous age
was used in all model-based analyses. Hypotheses regarding the relationship between age and
continuous patient characteristics and outcomes were tested using a normal approximation test
for zero correlation. For categorical variables, age was compared between levels by means of
t-test or ANOVA. Statistical significance was based on an empirical alpha level of 0.05 in all
hypothesis tests. These tests were considered exploratory and no adjustment was made for
multiplicity.
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Modeling Strategy
Based on assumptions about clinical and cardiac factors that may impact on exercise
performance, a comprehensive list of 35 baseline (rest) clinical variables obtained from the
case report forms, baseline study clinical assessments and echocardiography were analyzed as
candidate covariates of both peak VO2 and VE/VCO2 slope (Table 1). Multivariable linear
regression with stepwise variable selection was used to identify key predictors of each of the
CPX functional indices. Of the 35 candidate variables, the one with the highest p-value was
eliminated first and the model was rerun. This process was repeated iteratively until all
remaining covariates had p < 0.05. All variables which remained in the model derived by this
stepwise selection process, but which possessed a partial R2 < 0.01 after eliminating non-
significant predictors, were then removed to further isolate the factors most significant in
determining functional capacity measures.

Based on plots of each CPX parameter by age, the assumption that these age-relationships were
linear in the multiple variable models was re-evaluated and found to be violated. A linear spline
was determined to be an appropriate transformation and knots, chosen in order to maximize
the resulting model R-square in each case, were located at 40 years in the model of peak
VO2 and at 70 years in the model of VE/VCO2.

The variables defined as final CPX model predictors by this methodology were then used to
identify age-interaction effects, for both peak VO2 and VE/VCO2 slope. In addition to the
independent covariate predictors identified with this analysis, key covariates that were
considered clinically relevant for our analysis of functionally-based indices were reentered into
the two models. Coronary artery disease (CAD, based on ischemic etiology of HF), chronic
obstructive pulmonary disease (COPD), diabetes mellitus (DM), left ventricular ejection
fraction (LVEF, from the echocardiogram), and resting heart rate (from the CPX test) were
reentered into the models of both peak VO2 and VE/VCO2 slope.

Comorbidity Score
To explore the independent impact of aggregate comorbidity on peak VO2 or VE/VCO2 slope,
a simple comorbidity score was generated by assigning one point to each member of a broad
list of comorbid diagnoses: CAD, DM, COPD, peripheral arterial disease (PAD), hypertension,
atrial fibrillation and/or flutter, and excessively low or high body mass index (<18 or >30).
Results were presented as a percent of possible morbidity (based on the number of comorbid
conditions for each patient relative to the available accounts of comorbidity for each patient in
the denominator).

Impact of peak exercise heart rate on peak VO2 and VE/VCO2 slope
The impact of heart rate at peak exercise (peak HR) was assessed as a key indicator of age-
related physiological changes that may impact on CPX assessments of peak VO2 and VE/
VCO2 slope. Peak HR was determined from the electrocardiogram at peak exercise.

RESULTS
The key demographic and clinical characteristics in the three age groups are shown in Tables
2a and 2b. Weight, body mass index, and resting heart rate were reduced while systolic blood
pressure was increased with increasing age; the proportion of those with ischemic HF etiology
was increased with increasing age. Average age was higher among patients with ischemic
etiology of HF, but lower among users of ACEI/ARB and beta-adrenergic blockers. Exercise
performance results stratified by the three age groups are shown in Table 3. The median peak
VO2 for the entire population was 14.4 mL/kg/min, verifying that as a group the HF-ACTION
subjects had considerable exercise intolerance. Notably, peak respiratory exchange ratio (RER)
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was similar in all three groups (median of 1.09), consistent with the observation that individuals
in all age groups achieved a similar percentage of peak efforts on the exercise test.

Peak VO2 and maximal heart rate were significantly reduced and VE/VCO2 slope was
increased in the older age stratum relative to younger strata. Results of stepwise selection of
independent variables to predict peak VO2 are shown in Table 4. Eleven covariates remained
in the final model and the total model R2 was 0.392. Thus, the total model explained 39% of
the variability in peak VO2. Age was the strongest predictor of peak VO2 (accounting for 13%
of variability in peak VO2, after controlling for other variables in the model). For every seven
year increment in age there was approximately a 1 mL/kg/min lower peak VO2. However, this
relationship existed primarily in patients over 40 years of age only (see below and Figure 1).
Age was followed by body mass index (BMI), sex, race, and NYHA HF classification in
magnitude of predicting peak VO2 (i.e., after controlling for other variables in the model, these
covariates accounted for 7%, 6%, 6% and 6% of the peak VO2 variability, respectively). Men
had a mean adjusted peak VO2 that was approximately two units greater than women. African
Americans had lower peak VO2 than whites. NYHA class II subjects had a higher peak VO2
(by two units, on average) than class III or IV subjects.

Figure 1a demonstrates the inverse association between peak VO2 and age. Although the
relationship between peak VO2 and age is strong, there is also clearly a non-linear aspect to it.
Adjusting for this departure from linearity was determined to have only a minor impact on the
overall fit of the final model of peak VO2 (R2=0.392 in Table 4 vs. R2=0.388 with age a simple
linear predictor).

Figure 1b demonstrates that there was a significant age-related decline in peak HR. Table 3
similarly demonstrates that peak heart rates were significantly lower in the higher age strata.
Investigating the relative importance of peak HR to the prediction of peak VO2, we observed
that, by adding peak heart rate to the model from Table 4, the total R2 of the peak VO2 model
was increased from 0.392 to 0.494. For the purpose of investigating the interaction of peak HR
with age in the final model, an F-test with two degrees of freedom showed a statistically
significant interaction between age overall and peak HR (p<0.0001). The linear spline
corresponding to age >40 interacted significantly with peak HR (p<0.0001), whereas the
interaction of peak HR with the linear spline for age ≤40 was non-significant (p=0.925).

The importance of the age-related decline in peak HR to the age-related decline in peak VO2
was further evaluated by examining the relation between age and peak O2 pulse. O2 pulse
correlated inversely with age in a small but statistically significant relationship.(Figure 1c).

In contrast to the strong age-interaction of peak HR on peak VO2 (p<0.0001), the analysis of
other age interactions in relation to peak VO2 were more modest. PAD, diabetes, and BMI had
such modest but significant age interactions. For both PAD (p=0.004) and diabetes (0.030),
significant age interactions were only evident beyond age 40 years. In HF patients with PAD
and diabetes aged over 40, average peak VO2 was lower than in age-matched HF patients
without each of those comorbidities. The interaction manifests itself as follows: the relative
reductions with age in average peak VO2 among patients with PAD and diabetes were less
pronounced than among those without the comorbidities. The age by BMI interaction
(p=0.0004) was evidenced by a more pronounced age-related reduction in average peak VO2
among the set of patients with lower BMI values than among patients with higher BMI values.

Results of a similar analysis as for peak VO2, using stepwise selection of independent
covariates to predict VE/VCO2 slope are shown in Table 5 and Figure 1d. Six covariates
remained in a final model, but the total model R2 was only 0.199. While age was a significant
predictor for VE/VCO2 slope, it had relatively less impact than was demonstrated for peak
VO2; age only accounted for 3.7% of the variability in VE/VCO2 slope, after accounting for
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the other variables in the model. Age did not interact significantly with any of the other
covariates in the model of VE/VCO2 slope.

While peak heart rate added to the predictive value of the VE/VCO2 model, the effects were
relatively modest compared to the impact of peak HR on the model to predict peak VO2. Adding
peak heart rate to the VE/VCO2 slope model increased the R2 from 0.199 to 0.210, and peak
HR interacted significantly with both linear age-related splines. Up to age 70, higher peak HR
corresponded to lower VE/VCO2 slope; however, this relationship between HR and VE/VCO2
slope was relatively less marked for patients aged over 70.

The aggregate comorbidity score was significantly higher with greater age (Table 2a). After
adjusting for the final model clinical and demographic covariates, when adding the comorbidity
score into the multivariable regression model, peak VO2 was inversely related to increasing
aggregate comorbidity (p<0.0001). R2 increased from 0.392 to 0.399 when the comorbidity
score was added to the model, but there was no age-interaction between the comorbidity score
and peak VO2. Examining the other endpoint, the comorbidity score was positively related to
VE/VCO2 in the multivariable model (p<0.0001). For the VE/VCO2 slope model, the R2

increased from 0.199 to 0.208 when the comorbidity score was added, but the interaction
between age and the comorbidity score in relation to VE/VCO2 slope was not significant.

DISCUSSION
We used the detailed demographic, clinical, and CPX testing data available from the large HF-
ACTION cohort of NYHA class II–IV HF patients at baseline to examine the relationships
between age and two key physiologically and prognostically independent exercise performance
measures, peak VO2 and VE/VCO2 slope. We observed strong age-associated effects on these
outcomes even when age competed in models with 34 other demographic and clinical
covariates. Age was the strongest independent predictor of peak VO2 and was also one of the
strongest predictors for VE/VCO2 slope. Thus, even in the presence of established HF and
severely reduced LV systolic function and after accounting for multiple comorbidities that are
common in older patients, age remains a strong, independent determinant of exercise capacity
and ventilatory efficiency in an optimally medicated HF population.

Age-related decline in peak exercise heart rate was also a strong contributor to diminished
exercise capacity with age-related decline in peak VO2 after age 40 but was not a contributor
to age-related changes in VE/VCO2 slope. It has been well established that the normal, expected
age-related decline in maximal heart rate during exercise is the primary contributor to the age-
related decline in peak exercise VO2.(8,9) It is remarkable that even after the development of
HF due to severe LV systolic dysfunction, the aging-heart rate effect remains a powerful
determinant of exercise capacity even in optimally medically treated patients on significant
doses of beta-adrenergic blocking agents. We believe this seemingly simple but strong effect
on the important outcome of exercise capacity has not been fully appreciated, and has obvious
clinical implications. It may, for instance, help explain why older persons with heart failure
have more severe symptoms, lower exercise capacity, and overall poorer prognosis, when all
other variables appear equal.

Blunted exercise heart rate response has been a frequent observation in patients with HF, though
its impact on exercise capacity and outcomes has not been fully appreciated.(18–21) The
present study suggests that aging effects on HR should also be taken into account. It is
noteworthy that the mechanism that has been hypothesized for the blunted heart rate response
to exercise in HF is the same as that independently hypothesized to account for the age-related
decline in maximal heart rate: blunted beta-adrenergic responsiveness despite increased
circulating catecholamines (22–26). Recent observations by Borlaug et al (27) suggest that the
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blunted heart rate response in heart failure patients extends to those with HF and preserved
ejection fraction and also negatively impacts exercise capacity in these patients, suggesting
that it may be a universal phenomenon of HF. Brubaker et al. reported that nearly 30% of older
patients with heart failure due to LV systolic dysfunction meet formal criteria for chronotropic
incompetence (28). In addition, by including a healthy, age-matched control group, the
Brubaker et al. data indicate that the blunted heart rate response in older heart failure patients
was not due to normal aging alone. Our present data confirm that the blunted heart rate response
to exercise in systolic HF is aggravated in older patients and indicate that the relationship is
non-linear with a significant inflection point at about 40 years of age. The finding of non-
linearity with age is consistent with the body of aging-exercise physiology literature. Fleg et
al. reported a non-linear relationship between age and peak VO2 in healthy men and women.
(6) Similarly, heart rate, vascular stiffness and cardiac function have been demonstrated to
undergo non-linear age-related changes, particularly during an exercise stimulus.(29–31)

The present study significantly expands upon prior literature by demonstrating the relationship
between age and VE/VCO2 slope in HF. While VE/VCO2 slope does not change significantly
as function of age per se among healthy adults (32), it becomes relatively steeper in association
with diastolic and systolic heart failure.(33,34) In our study of systolic HF patients, age was a
significant predictor of VE/VCO2 slope, but only explained 3.7% of the variance, after
accounting for the other model covariates, i.e., approximately equal to the effects of BMI and
NYHA functional class in the model.

We observed that, while peak heart rate also predicted VE/VCO2 slope (increasing R2 from
0.197 to 0.207), there were no age interactions. This is expected; while peak VO2 depends
primarily on variables pertaining to the underlying Fick formula physiology (heart rate, stroke
volume, and arteriovenous O2 difference), VE/VCO2 slope depends on different physiology
properties, including ventilatory physiology including metabolism, skeletal muscle, lung
function, and autonomic regulation (35) to which HR is not related.

PAD and BMI were also significant predictors of peak VO2 and had significant statistical
interactions with age. Notably, higher BMI had a significant age-related impact on predictions
of peak VO2 (lower peak VO2 values in young HF patients with high BMI, with less relative
declines in older adults with high BMI). Increased BMI has been associated with a possible
survival advantage in older adults (37) and to some extent this seems consistent with CPX data
showing less marked decreases in peak VO2 in relation to age (38). Still, these age interactions
are primarily related to the fact that peak VO2 was relatively reduced among younger HF
patients with high BMIs, properties that do not seem consistent with any likely health benefit.
However, the main effect of decreased VE/VCO2 slope as BMI increases (see Table 5) seems
somewhat consistent with a health benefit. Our data also indicate that the effect of BMI on
exercise performance is at least partly independent of the effect of advancing age.

We observed that the number of comorbidities, as assessed by the aggregate comorbidity score,
increased substantially with age and was inversely related to peak VO2. However, given its
negligible effect on variance in our model, peak VO2 appeared to be relatively independent of
the aggregate comorbidity. Aggregate comorbidity score was positively related to VE/VCO2
slope in the multivariable model (p<0.0001) but again had little effect on the overall R2, and
there was no age-interaction.

VE/VCO2 slope is regarded as a useful prognostic index partly because it is less dependent on
maximal exertion than is peak VO2. It is notable that in our cross-sectional assessment of the
HF-ACTION study population, respiratory exchange ratios were equally high in all age strata,
supporting the validity of the test results and feasibility of reasonably exhaustive exercise
functional assessment in all age patients with properly trained staff, equipment, and quality
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control. HF-ACTION utilized a low-intensity (modified Naughton) treadmill exercise
modality that was both safe (see accompanying manuscript in this supplement) and effective
for achieving a peak or near-maximal endpoint in older HF patients. These data significantly
extend the prior observation by Marburger et al., which was a single site study that studied 10
patients to show safety, feasibility, and reliability of cardiopulmonary exercise testing in an
older HF population. (39)

We acknowledge that age explained only 12% of the variance in peak VO2. In addition, even
though we had a wide range of other clinical and demographic variables to consider in the
model, when all significant covariates were added to the model, less than 40% of the variation
in peak VO2 was explained. This suggests that unmeasured factors are important in explaining
exercise performance in heart failure patients. Indeed, it is relatively well-accepted that
peripheral factors – such as muscle mass, mitochondrial energetics, blood flow, and blood
hemoglobin – are likely important contributors.(5,40) Differences in patient motivation and
intrinsic test within-patient variability may also impact on the peak VO2 assessments.(16)

The strengths of the present study include the very large sample size, multiple performance
sites, standardized CPX protocol, extensive quality control via a core laboratory, and
prospective capture of detailed data, including key data on comorbidities, medications, and
demographics that contributed to the modeling described in this manuscript.

There are several limitations. Some clinical parameters that might be related to exercise
functional capacity were not included in the modeling due to the proportion of missing data
that would have substantially reduced the sample size for this study and limited power to detect
significant effects, in addition to possibly introducing bias. The most notable of these are
hematocrit and serum creatinine. Since this is a cross-sectional study, we can only draw
inferences about relationships and hypothesize regarding mechanisms. Even though HF-
ACTION was successful in enrolling many older HF patients with substantial comorbidity,
there is a possibility of selection bias. Patients who volunteered for a multi-year exercise
training study may have had exercise performance, clinical, and/or personal characteristics that
could differ from HF patients who would not enroll in such a trial.

CONCLUSION
Among patients with systolic HF, age seems to be the strongest clinical or demographic
correlate of peak VO2 and one of the strongest correlates of ventilatory efficiency (VE/
VCO2). Age-related effects are nonlinear and show splines at age 40 for peak VO2 and age 70
for VE/VCO2. These effects do not appear to be mediated via the increased comorbidities that
are usually present in older HF patients. In contrast, the age-dependent decline in peak VO2 is
significantly related to the age-related decline in peak HR at ages over 40 years. Thus, age is
a key consideration in understanding the pathophysiology and the clinical management of
reduced exercise performance in older HF patients.
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Figure 1. Peak VO2, peak heart rate (HR), O2 pulse and ventilatory efficiency (VE/VCO2) in
relation to age in the HF-ACTION subject population
In each plot individual data points represent actual data and regression lines of best fit are
shown for some variables.
a) Peak VO2 (mL/kg/min) is displayed as a function of age. The regression line of best fit
demonstrates a spline at approximately age 40 where the individual best fit regression lines
have characteristics: <40 years: coefficient +0.03, partial r2 = 0.00, p=0.494; >40 years:
coefficient −0.14, partial r2 = 0.12; p<0.0001 (Table 4).
b) Peak exercise HR (beats per minute) is displayed as a function of age. The best fit regression
line is shown and displays an inverse relationship to age across the age distribution.
c) Peak O2 pulse (mL/kg/heart beat) is displayed as a function of age. There is a statistically
significant but small correlation (r = −0.04, p = 0.03) between the two variables.
d) VE/VCO2 slope is displayed as a function of age. The regression line of best fit demonstrates
a spline at approximately age 70 where the individual best fit regression lines have
characteristics: <70 years: coefficient +0.11, partial r2 = 0.014, p<0.0001; >70 years:
coefficient +0.30, partial r2 = 0.011; p<0.0001 (Table 5).
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Table 1
Candidate variables used to predict peak VO2 and VE/VCO2 slope

1 sex

2 diabetes (history of)

3 stroke (history of)

4 hypertension (history of)

5 prior CABG

6 prior valve surgery

7 prior PCI

8 prior MI

9 PAD (history of)

10 COPD (history of)

11 depression (history of)

12 atrial fibrillation or atrial flutter (history of)

13 bi-ventricular pacemaker

14 other pacemaker

15 on an ACE inhibitor at baseline

16 on a beta blocker at baseline

17 etiology of heart failure (ischemic vs. non-ischemic)

18 CPX mode: treadmill or bicycle ergometer

19 heart failure hospitalizations in the last 6 months: 0, 1, 2, or 3+

20 region: 4 regions of US, Canada, or France

21 race: African American, White, or Other

22 NYHA class (II vs. III/IV) at baseline

23 CCS angina class at baseline

24 rest ECG ventricular conduction (baseline CPX test): normal, LBBB, RBBB, IVCD, or paced

25 rest ECG rhythm (baseline CPX test): sinus rhythm, atrial fib, or other

26 smoking status: never, current, or past

27 diastolic BP

28 systolic BP

29 height

30 weight

31 BMI

32 resting HR: at clinic visit

33 resting HR: at baseline CPX test

34 LVEF (as assessed by the core lab unless not measurable, in which case by site)

35 age

CABG, coronary artery bypass graft surgery; PCI, percutaneous coronary intervention; MI, myocardial infarction; PAD, peripheral arterial disease;
COPD, chronic obstructive pulmonary disease; ACE, angiotensin-converting enzyme; CPX, cardiopulmonary exercise testing; NYHA, New York Heart
Association; CCS, Canadian Cardiovascular Society; ECG, electrocardiogram; LBBB, left bundle branch block; RBBB, right bundle branch block;
IVCD, intraventricular conduction delay; BP, blood pressure; BMI, body mass index; HR, heart rate; LVEF, left ventricular ejection fraction
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Table 4
Covariates predicting baseline Peak VO2 in the model

Variable Coefficient 95% CI P-value Partial R2

Age -------- -------- <0.0001
(overall)

0.13
(overall)

 <=40 years 0.03 (−0.05, 0.10)

 >40 years −0.14 (−0.16, −0.13)

BMI −0.16 (−0.18, −0.13) <0.0001 0.07

Sex −2.08 (−2.43, −1.72) <0.0001 0.06

Race -White -------- -------- <0.0001 0.06

  Black or African American −2.16 (−2.53, −1.80)

  Other −1.10 (−1.81, −0.39)

NYHA Class (III/IV vs. II) −2.02 (−2.35, −1.69) <0.0001 0.06

Vent. Conduction Abnormality -------- -------- <0.0001
(overall)

0.028
(overall)

 -Normal

 LBBB −0.56 (−1.03, −0.10)

 RBBB −1.62 (−2.50, −0.77)

 IVCD −1.25 (−1.75, −0.75)

 Paced −1.52 (−1.95, −1.10)

Geographic Region -------- -------- <0.0001
(overall)

0.026
(overall)

 -South USA

 Northeast USA −0.75 (−1.29, −0.21)

 Midwest USA 0.49 (0.11, 0.87)

 West USA 0.70 (0.15, 1.24)

 Canada −1.13 (−1.76, −0.50)

 France 2.01 (0.81, 3.38)

CPX mode (bike vs. TM) −2.45 (−3.13, −1.78) <0.0001 0.023

Diabetes −1.21 (−1.56, −0.87) <0.0001 0.022

LVEF 0.07 (0.05, 0.09) <0.0001 0.021

PAD −1.96 (−2.59, −1.33) <0.0001 0.017

Multiple R-Square = 0.392

Reference categories: sex = male, diabetes = non-diabetics, PAD = non-PAD, region = South USA, race = White, NYHA Class = Class II, CPX mode
= treadmill, vent. conduction abnormality = normal. Abbreviations: BMI, body mass index; NYHA, New York Heart Association; Vent. conduction
abnormality, ventricular conduction abnormalities; LBBB, Left bundle branch block; RBBB, Right bundle branch block; IVCD, intraventricular conduction
delay; Paced, pacemaker; CPX mode (bike vs. TM), cardiopulmonary exercise testing mode (bike ergometer vs. treadmill); LVEF, left ventricular ejection
fraction; PAD, peripheral arterial disease
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Table 5
Covariates predicting baseline VE/VCO2 slope in the model

Variable Coefficient 95% Confidence Interval P-value Partial R2

Age -------- -------- <0.0001
(overall)

0.037
(overall)

 ≤70 years 0.11 (0.07, 0.14)

 >70 years 0.30 (0.18, 0.42)

NYHA Class (II vs. III/IV) 3.44 (2.72, 4.79) <0.0001 0.039

BMI −0.22 (−0.27, −0.17) <0.0001 0.030

LVEF −0.15 (−0.20, −0.11) <0.0001 0.019

Vent. Conduction Abnormality -------- -------- <0.0001
(overall)

0.016
(overall)

 -Normal

 LBBB 1.35 (0.35, 2.35)

 RBBB 3.41 (1.58, 5.24)

 IVCD 2.43 (1.36, 3.52)

 Paced 1.94 (1.03, 2.85)

Geographic Region --- --- 0.0004
(overall)

0.010
(overall)

 -South USA

 Northeast USA 0.49 (−0.67, 1.65)

 Midwest USA −0.40 (−1.22, 0.42)

 West USA −0.49 (−1.64, 0.65)

 Canada 2.72 (1.39, 4.05)

 France −0.65 (−3.08, 1.78)

Multiple R-Square = 0.199

Reference categories: NYHA Class = Class II; vent. Conduction abnormality = normal; region = south USA

Abbreviations: BMI, body mass index; NYHA, New York Heart Association; LVEF, left ventricular ejection fraction; Vent. conduction abnormality,
ventricular conduction abnormalities; LBBB, Left bundle branch block; RBBB, Right bundle branch block; IVCD, intraventricular conduction delay;
Paced, pacemaker
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