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Abstract

Objectives—The purpose of this analysis was to evaluate the prognostic characteristics of peak
oxygen consumption (Vo,) and the minute ventilation/carbon dioxide (VE/VCO,) slope of
different peak respiratory exchange ratios (RERs) obtained from cardiopulmonary exercise testing
in patients with heart failure (HF).

Background—¥For patients with HF, peak VO, and the VE/VVCO; slope are used for assessing
prognosis. Peak VO, is assessed in association with peak RER =1.10, indicating maximal effort
and prognostic sensitivity. Conversely, the VE/\V/co, slope provides effort-independent prognostic
discrimination.
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Methods—~Patients with HF scheduled to undergo cardiopulmonary exercise testing were
enrolled. Patients were subclassified by peak RER (RER <1.00, RER 1.00 to 1.04, RER 1.05 to
1.09, RER 21.10) and followed for up to 3 years for major cardiac-related events (death, left
ventricular assist device implantation, or cardiac transplantation).

Results—Included were 1,728 patients with HF (75% males; 40% ischemic etiology; age: 55 +
14 years; left ventricular ejection fraction: 28 £ 10%). Two hundred seventy major events
occurred, with no proportional differences across the RER subgroups. Multivariate Cox regression
analysis indicated that the VE/VCO5 slope and peak VO, remained prognostic within each
subgroup; the VE/VCO?2 slope remained the strongest predictor. Receiver-operating characteristic
analysis demonstrated equitable prognostic cutoffs for the VE/VCO> slope (range: 34.9 to 35.7;
area under the curve [AUC] range: 0.69 to 0.75) and peak Vo, (range: 13.8 to 14.0 ml-kg~1-min~1;
AUC range: 0.68 to 0.75).

Conclusions—Peak VO, provided a sensitive assessment of prognosis in patients with HF in all
RER subgroups. The VE/VVCO, slope provided greater prognostic discrimination in all RER
subgroups. Clinical consideration may be warranted for patients with low RER, low peak Vo, and
an elevated VE/Vco, slope.

Keywords
cardiopulmonary exercise test; heart failure; respiratory exchange ratio

Peak oxygen consumption (VO5) is a primary cardiopulmonary exercise testing (CPX)
parameter for assessing prognosis in patients with heart failure (HF). Peak VO, cutoffs
ranging from 10 to 14 ml - kg™1 - min~1 have been reported as appropriate for cardiac
transplant candidacy (1-4). Major criticisms of peak VO, are that it is effort dependent and
highly influenced by patient motivation (5,6). While several criteria exist for assessing
maximal exercise effort, the peak respiratory exchange ratio (RER) is used as an objective
criterion of effort (7,8). Based on current guidelines, peak RER >1.10 is accepted to be
indicative of maximal effort (9-11). Unfortunately, findings from the large cohort
undergoing CPX in the HF-ACTION (Heart Failure: A Controlled Trial Investigating
Outcome of Exercise Training) study (12) suggest that as many as 50% of patients with HF
are unable to achieve a peak RER =1.10. Considering these limitations, effort-independent
parameters, such as the minute ventilation/carbon dioxide production (VE/Vco,) slope, have
emerged. The VE/Vco;, slope is an independent predictive index of prognosis in patients
with HF (13,14) and appears to provide a higher level of prognostic resolution compared
with peak Vo, (13-15). The VE/Vco, slope has demonstrated high reproducibility, is less
affected by irregular breathing, and is less dependent on patient motivation (16).

The influence of patients’ effort on the clinical utility of CPX variables has been previously
assessed (1,8,16), but analyses have lacked the sample size necessary to address the
influence of a broad range of patient effort with appropriate statistical power. Thus, the
purpose of this analysis was to evaluate the prognostic characteristics of peak VO, and the
VE/Vco;, slope of different peak RERSs obtained from CPX in a large, multicenter HF cohort.
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This analysis was performed as a part of an HF consortium, a multicenter analysis that
included patients with HF scheduled to undergo routine CPX (http://www.cardiology.org/
projects_heart.html). The participating CPX laboratories include San Paolo Hospital, Milan,
Italy; LeBauer Cardiovascular Research Foundation, Greensboro, North Carolina; Stanford
University, Palo Alto, California; VA Palo Alto Health Care System, Palo Alto, California;
Brigham and Women’s Hospital, Boston, Massachusetts; and Virginia Commonwealth
University, Richmond, Virginia. Of 2,661 patients in the registry, 1,728 patients were
included in this analysis. Inclusion criteria consisted of a diagnosis of HF (17) and evidence
of left ventricular systolic dysfunction on 2-dimensional echocardiography obtained within 1
month of CPX (patients in the registry with a left ventricular ejection fraction =245% were
excluded from analysis). Patients with a diagnosis of significant pulmonary disease
(maintained on home oxygen therapy for lung disease and/or inhaled corticosteroids) are
excluded from the registry. All patients completed a written informed consent form, and
institutional review board approval was obtained at each institution.

Symptom-limited CPX was performed in all subjects utilizing progressive CPX protocols at
all centers. Ventilatory expired gas analysis was performed using a metabolic cart
(Medgraphics CPX-D and Ultima, Minneapolis, Minnesota; Vmax29, Sensormedics, Yorba
Linda, California; or TrueOne 2400, Parvomedics, Sandy, Utah), as reported previously
(18,19). Before each test, the equipment was calibrated in standard fashion. VE, Vo,, and
Vco, were acquired breath by breath and averaged over 10-s intervals. Peak Vo, and peak
RER were expressed as the highest 10-s averaged sample obtained during the last 20
seconds of testing. VE and Vco, values, acquired from the initiation of exercise to peak
(shown to be the optimal prognostic method [15]), were entered into spreadsheet software
(Microsoft Excel, Microsoft Corporation, Bellevue, Washington) to calculate the VE/Vco,
slope via least-squares linear regression ()= mx+ b; m= slope).

Patients were followed up for major cardiac-related events (death, left ventricular assist
device implantation, urgent heart transplantation) via medical chart review for up to 3 years
or to first event. Follow-up was conducted by the HF program at each institution, which
provided a high likelihood that all events were captured. All CPX and follow-up data were
collected and reported by the individual centers.

Statistical analysis

Initially, patients were stratified into peak RER subgroups based on the =1.10 cutoff.
Patients with a peak RER <1.10 were then subclassified based on the following peak RER
cutoffs: 1.05 to 1.09, 1.00 to 1.04, and <1.00. These cutoffs were pre-determined on the
basis of the existing literature. That is, several large-scale, multicenter studies involving
patients with HF consider an acceptable “maximal” cutoff to be a RER =1.05 (20-22). The
third subgroup was derived from recommendations suggesting that a peak RER =1.00 is
likely acceptable (10,11). Lastly, all of the literature considered a peak RER <1.00 to be
unacceptably submaximal, and this cutoff was used to define the fourth subgroup.
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Log-rank testing was performed to determine the distribution of major cardiac-related events
across the peak RER subgroups. Chi-square analysis was performed for all other categorical
data. All data for continuous variables are presented as mean values + SD, and categorical
variables, as number (%). One-way analysis of variance (ANOVA) was performed for
continuous data on key baseline and exercise variables across the peak RER subgroups. The
Tukey honestly significant difference test was performed when findings on ANOVA were
significant. Univariate and multivariate Cox regression analyses were performed on data
from the entire cohort and from each peak RER subgroup. For the entire cohort and each
subgroup, when peak Vo, or the VE/Vco, slope was found to be a univariate predictor on
Cox regression analysis, receiver-operating characteristic (ROC) curve analysis was
performed to determine an optimal prognostic cutoff. The ideal cutoff was determined on the
basis of the value with the most even balance between sensitivity and specificity. A
statistical software package (SPSS version 19.0, IBM SPSS Statistics, IBM Corporation,
Armonk, New York) was used to perform all of the aforementioned analyses. A p value
<0.05 was considered significant for all analyses.

Included were 1,728 patients with HF (75% males; 40% ischemic etiology;age: 55 + 14
years; left ventricular ejection fraction: 28 + 10%) scheduled to undergo CPX. Two hundred
seventy major cardiac-related events occurred during the follow-up period (163 deaths, 39
left ventricular assist device implantations, and 68 transplantations). The overall group and
subgroup baseline and CPX information are presented in Table 1. The mean peak RERs of
the subgroups were significantly different from one another, suggesting an appropriate
differentiation of groups. The peak RER <1.00 subgroup had a greater mean age than did the
subgroups with the 2 highest peak RERs, and had a lower rate of prescribed beta-blocker
and diuretic agents than did the peak RER >1.10 subgroup. Peak Vo, and peak heart rate
achieved were significantly lower in the peak RER <1.00 subgroup compared with those in
the highest 2 peak RER subgroups. However, the percentage of the age-predicted maximum
heart rate was significantly different only between the lowest and highest peak RER
subgroups. Table 1 demonstrates an even distribution of major cardiac-related events across
the peak RER subgroups.

Table 2 demonstrates that both the VE/Vco, slope and peak Vo, remained strong univariate
prognostic markers across all peak RER subgroups. Furthermore, across all peak RER
subgroups, the VE/Vco, slope remained the strongest univariate marker. Table 3
demonstrates that both the VE/Vco, slope and peak Vo, were retained in the multivariate
analysis for all peak RER subgroups. Except in the peak RER 1.05 to 1.09 subgroup, left
ventricular ejection fraction was retained in the multivariate analysis.

Areas under the ROC curves (AUCs) of both peak Vo, and VE/Vco, slope were significant
in all peak RER subgroups (peak Vo, range: 13.4 to 14.0 ml - kg™t - min~! [AUC range: 0.68
to 0.75]; VE/Vco, range: 34.9 to 35.7 [AUC range: 0.69 to 0.75]) (Table 4). Between all
subgroups, there did not appear to be significant variation in optimal prognostic threshold
for either the VE/Vco, slope or peak Vo,. Likewise, the sensitivity and specificity of these
cutoff levels were consistent.
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Discussion

CPX is considered the gold standard functional assessment due to its ability to accurately
quantify patient effort. It has been a long-held notion, although not strongly supported by
research, that a low peak RER invalidates the prognostic strength of key CPX variables.
Similar to large-cohort studies such as HF-ACTION, which suggested that ~50% of patients
with HF were unable to achieve a peak RER =1.10 (11,12), ~46% of patients in the current
analysis were unable to achieve a peak RER >1.10. These results suggest that peak Vo, and
VE/Vco, slope remain strong prognostic variables irrespective of peak RER. Specifically,
peak Vo, and the VE/Vcos slope were significant univariate indicators of major cardiac-
related events across all peak RER subgroups. When coupled with age and left ventricular
ejection fraction in multivariate analysis, both peak Vo, and the VE/Vco, slope remained
important prognostic variables.

These results conflict with those from previously published research. Mancini et al. (1)
observed a lower survival rate in patients with a low peak Vo, who performed a “maximal”
CPX, but peak RER was not reported. Mezzani et al. (8), who employed a peak Vo, cutoff of
10 ml - kg™ - min~1, demonstrated that patients with a peak Vo, <10 ml - kg™ - min~l and a
peak RER =1.15 had significantly worse survival than did patients with peak Vo, <10 ml -
kg™! - min~! and a peak RER <1.15. Furthermore, the latter group’s survival rate was similar
to that of patients with a peak Vo, between 10 and 14 10 ml - kg~ - min~1, which led to the
conclusion that patients should be encouraged to exercise until peak RER approaches 1.15
(8). However, in the peak Vo, <10 ml - kg1 - min~1 group, there were 41 patients with a
peak RER =1.15 and 39 patients with peak RER =1.15 (8). This small sample size may have
limited these results. Moreover, 42% of the low peak RER subgroup were prescribed beta-
blockers versus only 21% in the high peak RER subgroup. Because this study was done
prior to the widespread use of beta-blockade in the management of HF, the survival benefit
attributable to the use of beta-blockade may also have limited these results. Our cohort had a
higher mean peak Vo, than did that from Mezzani et al., and this higher Vo, may have
influenced our findings. However, when we isolated those with peak Vo, <10 ml - kg™ - min
~1 (n = 229), we found no differences in event rates across the peak RER groups (results not
reported). Furthermore, in our analysis, 69% to 78% of patients were prescribed beta-
blockade (Table 1), reflecting more widespread use of this pharmacologic class.

Although the actual mechanisms behind the findings of the current study were not
investigated, there are plausible explanations. During exercise, central cardiovascular
function may acutely decline in patients with HF. That is, these patients are near the plateau
of the Frank-Starling curve, which leaves them unable to completely utilize the Frank-
Starling mechanism and fully augment stroke volume during exercise (23), and which may
contribute to increased dyspnea beyond a patient’s tolerance and lead to test termination
before the exercising muscles are sufficiently stressed, thus producing a low peak RER.
Therefore, low peak Vo, values still imply compromised central cardiovascular function and
provide prognostic insight. Another possibility may be related to the prevalence of
depression in patients with HF. A meta-analysis of data from 36 studies demonstrated a
prevalence of depression of ~21% in patients with HF, and the presence of depression was
associated with 2-fold increase in the relative risk of mortality (24). The presence of
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depression is associated with lower functional capacity (25,26) and increased dyspnea with
exertion (26). Unfortunately, the study reporting CPX results did not include peak RER data
(25). Though speculative, it is possible that patients with significant depressive symptoms
may experience early dyspnea, providing prognostic value to peak Vo,.

It is not surprising that the VE/Vco, slope remains prognostic regardless of the peak RER
achieved. It has been shown that the VE/Vco, slope values obtained are more resistant to
influences of patient effort than is peak Vo,, and that VE/Vco, slope is a valid marker of risk
even when the test result is submaximal (13,14,16,27). Furthermore, we have also previously
shown that an elevated VE/Vco, slope is associated with test termination due to dyspnea,
and that patients with an elevated VE/V/ci, slope tend to exhibit lower peak RER values
compared with those who stop due to fatigue (18). Thus, these results add to the robust body
of evidence supporting the prognostic power of the VE/Vco, slope.

Study limitations

First, we did not have invasive hemodynamic or exercise echocardiography data to test the
hypothesis that declining central function was the reason that peak Vo, remained prognostic.
However, the fact that CPX variables remained prognostic, in a large HF cohort sufficiently
powered to address this issue, is compelling. Future research should be directed toward the
physiologic response pattern in patients with a low versus a high peak RER. Second, using
only CPX data, we were unable to distinguish patients who gave truly a submaximal effort
from those who gave a maximal effort within each of the subgroups. The differentiation
between maximal and submaximal effort can be difficult, and it is not always clear when
patients reach a physiologic maximum. However, a technician’s impression of a patient’s
effort may help to identify truly submaximal test results. We do not have this subjective
information from each test to evaluate this possibility further. Last, New York Heart
Association classification was inconsistently recorded into the database (and thus not
reported); these data would have provided insight into how the patients in each subgroup
perceived their functional capabilities.

Conclusions

Peak Vo, and the VE/Vco, slope appear to retain significant prognostic value irrespective of
peak RER. These findings potentially validate CPX assessments clinically performed for
prognostic purposes, even if a patient does not achieve or surpass previously recommended
peak RER thresholds. Therefore, greater clinical consideration may be warranted in patients
with RER <1.10, low peak Vo,, and an elevated VE/Vco, slope.

Abbreviations and Acronyms

CPX cardiopulmonary exercise testing
HF heart failure

RER respiratory exchange ratio

ROC receiver-operating characteristic
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VE/Vco, minute ventilation/carbon dioxide production
Vo, 0xygen consumption
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