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Abstract

The objective of the study is to assess the role of cardiopulmonary exercise testing (CPX)
variables, including peak oxygen consumption (VO5), which is the most recognized CPX variable,
the minute ventilation/carbon dioxide production (VE/VCO,) slope, the oxygen uptake efficiency
slope (OUES), and exercise oscillatory ventilation (EOV) in a current meta-analysis investigating
the prognostic value of a broader list of CPX-derived variables for major adverse cardiovascular
events in patients with HF. A search for relevant CPX articles was performed using standard meta-
analysis methods. Of the initial 890 articles found, 30 met our inclusion criteria and were included
in the final analysis. The total subject populations included were as follows: peak VO, (7,319),
VE/VCO, slope (5,044), EOV (1,617), and OUES (584). Peak VO, the VE/VVCO; slope and EOV
were all highly significant prognostic markers (diagnostic odds ratios = 4.10). The OUES also
demonstrated promise as a prognostic marker (diagnostic odds ratio = 8.08) but only in a limited
number of studies (7= 2). No other independent variables (including age, ejection fraction, and
beta-blockade) had a significant effect on the meta-analysis results for peak VO, and the VE/
VCOy, slope. CPX is an important component in the prognostic assessment of patients with HF.
The results of this meta-analysis strongly confirm this and support a multivariate approach to the
application of CPX in this patient population.

Keywords
Ventilation; Aerobic capacity; Expired gas; Exercise; Heart disease

Introduction

Cardiopulmonary exercise testing (CPX) has been used to gain insights into exertional
abnormalities in patients with heart failure (HF) for over a quarter of a century [1, 2]. This
premise is supported by numerous investigations demonstrating the ability of key CPX
variables to reflect the pathophysiologic processes unique to HF (diminished cardiac output,
ventilation-perfusion mismatching, elevated neurohormonal markers, etc.) [3]. As a result of
this body of research, CPX has evolved into a highly accurate method for the evaluation of
clinical status and prognosis in patients with HF [3]. Thus, modern CPX technology
currently enjoys broad clinical acceptance for the assessment of symptomatic patients with
HF from the scientific community. Current consensus statements describe the appropriate
use, performance, and interpretation of CPX in this chronic disease population [4-7]. Most
notably, CPX is a considered a key assessment when heart transplantation or other advanced
treatment options are being considered [8, 9]. Despite the current widespread advocacy of
CPX in the international literature in both clinical and research laboratories, a true
appreciation of the robust body of scientific evidence and available standardized algorithms
on its prognostic utility in patients with HF is lacking.

The gap between available scientific evidence and optimally efficacious clinical application
may be in part explained by the wide array of CPX-derived variables being presented in a
less than cohesive manner. The highly significant prognostic value of these CPX variables
has been reported in many studies; however, widely varying outcomes, multivariate
modeling methods, and observational time windows have been used [3]. Simply stated, there
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is a lack of systematic analyses in this area of research. Such investigations are needed to
clarify the most effective use of CPX data in patients with HF based on currently available
evidence. In this context, the most recent CPX expert consensus statement sponsored by the
American Heart Association underscored the need for the continued collection and
assessment of prognostic data in large cohorts of HF patients to more clearly elucidate the
most effective way to clinically utilize CPX data in this chronic disease population [4].

The wealth of original investigations in this area appropriately lends itself to a meta-
analysis, allowing for a comprehensive and scientifically rigorous assessment of the
predictive value of CPX in the HF population and adequately assessing the prognostic
contribution of multiple metabolic variables. Therefore, we undertook a systematic review
and meta-analysis of the available published literature to investigate the prognostic value of
a comprehensive list of CPX-derived variables for major adverse cardiovascular (CV) events
in patients with HF.

A search for articles was performed using the methods outlined in Fig. 1, with the following
search terms used in PubMed in persons with HF: oxygen consumption (VO5), ventilatory
efficiency, minute ventilation/carbon dioxide production (VE/VVCO5) slope, oxygen uptake,
oxygen uptake efficiency slope (OUES), periodic breathing, and exercise oscillatory
ventilation (EQV).

Inclusion and exclusion of articles was performed using the four steps outlined in Fig. 1.
First, after obtaining the studies from our initial search (n7=890), 2 authors (PC and SP)
reviewed the titles and abstracts to determine whether the primary or secondary aim of the
study was to determine the prognostic value of the index variable and whether the study
included patients with systolic HF only [left ventricular ejection fraction (LVEF) < 50 %] or
a confirmed congenital heart defect. Other meta-analyses and review articles were screened
out during this title and abstract screen. The remaining 535 studies (including studies that
were missing information in the abstract that would determine inclusion/exclusion) were
further scrutinized and excluded for: (1) inclusion of patients with chronic obstructive
pulmonary disease; (2) evaluation of the index variable as a continuous variable rather than
with a dichotomous “cut-off”; and (3) end-points of only hospitalization. Eighty-one studies
were evaluated in the third step of the screening process which was performed by one author
(PC) and was done to exclude older studies performed by the same group or laboratory
(reducing the possibility of analyzing the same data more than once). Finally, one author
(PC) extracted the data necessary (i.e., sensitivity/specificity, sample size, number of events,
etc.) to determine the number of cases that were true positive (TP), true negative (TN), false
positive (FP) and false negative (FN) in each of the remaining 58 studies. There were 28
studies in which the TP, TN, FN and FP could not be determined, which left 30 studies to be
analyzed. Though the authors listed at each step of the screening process was primarily
responsible for that step, all authors were involved in the final determination of whether an
article was included or excluded.
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Acrticles were independently reviewed by 2 authors (SP and LPC) using QUADAS. If
needed, it was decided a priori that disagreement between the two reviewing authors would
prompt a re-review by each author and review by a third author (MG) who made a final
decision regarding study quality if the re-review could not be agreed upon. All reviewers
were familiarized with the QUADAS tool and instructions on scoring of studies [10]. Study
quality was quantified as a percentage using the 14 QUADAS items, and the number of
items receiving an affirmative response with a perfect study accounting for 14/14 items (100
%). Agreement regarding scoring for each QUADAS item was evaluated via weighted kappa
statistic. Study quality was included as an independent variable in the meta-regression
analysis.

Data analyses were performed using MetaDiSk 1.4 software (available at www.hrc.es/
investigacion/metadisc_en.htm). The Moses-Shapiro-Littenberg model was applied across
studies to account for potential use of different thresholds to define positive and negative test
results. The potential for greater heterogeneity using different thresholds to define positive
and negative test results was also examined via sub-analyses of studies with identical/near
identical thresholds. Meta-analysis endpoints consisted of one or more of the following:
death, heart transplantation/HT, implantation of a ventricular assist device, and myoplasty.
Statistical analyses included calculation of the diagnostic odds ratio (DOR), 95 % Cl,
sensitivity, specificity, and summary receiver operating characteristic (SROC) curves (both
symmetric and asymmetric) to determine the area under the curve (AUC) as well as the @
between studies (the point on the curve where sensitivity equals specificity) for peak VOo,
the VE/VCO5 slope, the OUES, and EQV using a random effects model. Heterogeneity was
examined using the Chi-square test of heterogeneity, /2 statistic, the Cochran-Q test, and
estimate of between-study variance (tau-squared). The level of significance for statistical
analyses was set at 0.05. Sub-study analyses using all of the above statistical tests were also
performed by grouping studies with identical or near-identical thresholds for peak VO, and
the VE/VCO, slope and comparing the analytical results. Peak VO, sub-study analyses were
performed using studies with thresholds <14 ml kg™ min~1 (V= 4), equal to 14 ml kg1
min~1 (N = 10), and >14 ml kg1 min~! (&= 5). The VE/VCO; slope sub-study analyses
were performed using studies with thresholds =34 but <40 (/= 10) and =40 (N =5). Sub-
study analyses of peak VO, and the VE/VVCO, slope were also performed by grouping
studies with an identical or near identical mean LVEF and grouping those in which beta-
blockade was reported (/= 12) compared with studies not reporting beta-blockade (V= 7).
Studies with a mean LVEF < 25 % (N = 6), >25 % but <30 % (M= 7), and >30 % (N =4)
underwent all of the above statistical analyses and results were compared. Meta-analysis
results for peak VO, and the VE/VVCO, slope were also compared by omitting studies
demonstrating extreme DOR (>3 times the pooled DOR) in either direction. A comparison
of meta-analysis results between peak VO, the VE/VCO> slope, and EOV was also
performed using studies in which each of these variables were examined and compared.
Meta-regression analyses were also performed to examine the effect of potential prognostic
independent variables (mean LVEF, New York Heart Association or NYHA classification,
age, study sample size, gender, ischemic cardiomyopathy, beta-blockade, and study quality)
on the meta-analysis results. Publication bias was examined using funnel plots and the Egger
test. The presentation of the results follows current recommendations for meta-analyses [11].
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Only symmetric SROC curve analyses are reported since asymmetric SROC curve analyses
revealed similar results.

A total of 30 articles were used for this meta-analysis with 19 separate articles examining
peak VO, 15 articles examining the VE/VCO5 slope, 5 articles examining EQV, and 2
articles examining the OUES. Peak VO, was defined as the highest level of VO, or averaged
level (10-15 or 20-30 s) using breath-by-breath methods in the majority of the articles. The
VE/VCO, slope was calculated using the breath-by-breath VE and VCO, response
throughout exercise and least squares linear regression ()= mx+ b, m = slope) in the
majority of the articles. Exercise oscillatory ventilation was defined as cyclic fluctuation in
ventilation lasting for more than 60 % of the exercise test with an amplitude >15 % of the
average amplitude of cyclic fluctuation at rest in the majority of the articles [12]. The OUES
was defined as the gradient of the linear relationship of logyg VE to VO, [VO, = m
(log1gVE) + b, where m = slope] using both 50 and 100 % of the exercise data in the two
OUES articles. The quality of the included studies was relatively good with the majority of
studies being retrospective, having adequate enrollment periods, and meeting QUADAS
criteria for diagnostic studies (15). The mean + SD and median QUADAS quality score for
all of the studies included was 72.7 + 8 % and 71 % (range 57-86 %) with the median
QUADAS scores for the peak VO, the VE/VCO, slope, EQV, and OUES meta-analyses
being 71, 71, 78.6, and 71.3 %, respectively. Agreement between the two reviewers of the
studies was high (weighted Kappa statistic for inter-observer agreement varied from 0.74 to
1.0; median = 0.88) and did not require a decision to be made by a third reviewer.
Publication bias was not evident based on funnel plot and Egger test analysis results.

Tables 1, 2, 3, 4, 5, and 6 provide the characteristics of the studies and patients included in
the analyses of peak VOo, the VE/VCO> slope, and EQV as well as the OUES, respectively.
The total study populations for peak VO, and the VE/VCO, slope were 7,319 and 5,044
subjects, respectively. The total study populations for EOV and the OUES were 1,617 and
584 subjects, respectively. The median follow-up duration was 24, 25.3, 45.6, and 72 months
for peak VVO,, the VE/VCO5 slope, EOV, and the OUES, respectively. The percentage event
rate corresponding to death or combined end-points was 25.6, 27.5, 25, and 35.4 % for peak
VO,, the VE/VCO, slope, EQV, and the OUES meta-analyses, respectively. The median age
of the population for peak VVO,, the VE/VCO5 slope, EOV, and the OUES meta-analyses
was 55, 55, 58, and 57.65 years, respectively. The median percentage of male subjects in the
meta-analysis for peak VO,, the VE/VCO, slope, EQV, and the OUES was 74, 78.4, 73, and
85.1 %, respectively. The median percentage of subjects with a diagnosis of ischemic
cardiomyopathy for peak VO,, the VE/VCO; slope, EQV, and the OUES meta-analyses was
39, 45.6, 38, and 55.25 %, respectively. The median NYHA class for the peak VO, the
VE/VCOs slope, EOV, and the OUES meta-analyses was 2.5, 2.5, 2.2, and 2.15,
respectively. The median LVEF for peak VO,, the VE/VCO, slope, EOV, and the OUES
meta-analyses was 26, 28.7, 29, and 32.05 %, respectively. The median threshold values for
peak VO, and the VE/VCO, slope meta-analyses were 14 ml kg~! min~1 and 35.6,
respectively.
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The meta-analysis results for peak VO, are shown in Fig. 2a. The pooled DOR was 4.10
(3.16-5.33) with a high level of heterogeneity (Cochran-Q statistic and /2 values of 60.57
and 70.3 %, respectively). The sensitivity and specificity of peak VO, in predicting study
endpoints was 0.64 (0.61-0.66) and 0.67 (0.65-0.68), respectively. The SROC AUC for peak
VO, was 0.7284 as shown in Fig. 2b. Removal of studies with extreme DOR (Sarullo et al.,
Shakar et al., and MacGowan et al.) yielded a pooled DOR of 3.83 and less heterogeneity
(Cochran-Q statistic and # values of 38.81 and 61.3 %, respectively). Sub-study analyses of
several different threshold levels revealed mostly less heterogeneity with varying pooled
DOR (Table 7). The peak VO, threshold demonstrating the highest pooled DOR (5.58) and
level of heterogeneity (/2 = 81.8 %) was <14 ml kg1 min~L. The peak VO, threshold
demonstrating the lowest level of heterogeneity (/2 = 66.1 %) was a peak VO, >14 ml kg1
min~1 which was associated with a pooled DOR of 5.34. The pooled DOR and £ associated
with a peak VO, threshold = 14 ml kg~ min~1 was 3.43 and 67.5 %, respectively. Sub-study
analyses of different threshold levels revealed varying levels of sensitivity and specificity
(0.68-0.71). Sub-study analyses of peak VO, and LVEF revealed that studies in which the
mean LVEF was>25 and <30 % (N = 7) yielded the highest DOR and lowest level of
heterogeneity (5.79 and 57.2 %, respectively) (Table 7). Sub-study analyses of peak VO,
and beta-blockade found that studies not reporting beta-blockade (A= 7) yielded a greater
DOR and lower level of heterogeneity than studies reporting of beta-blockade (V= 12) (4.48
vs. 3.90 and 66.7 vs. 73.4 %, respectively).

The VE/VCO; slope

The meta-analysis results for the VE/VVCO, slope are shown in Fig. 3a. The pooled DOR
was 5.40 (4.17-6.99) with a modest level of heterogeneity (Cochran-Q statistic and /2 values
of 26.22 and 46.6 %, respectively). The sensitivity and specificity of the VE/VCO, slope in
predicting study endpoints was 0.66 (0.63-0.69) and 0.72 (0.71-0.73), respectively. The
SROC AUC for the VE/VCO> slope was 0.77 as shown in Fig. 3b. Removal of studies with
extreme DOR (Pascual et al. and Sarullo et al.) yielded a pooled DOR of 4.87 and less
heterogeneity (Cochran-Q statistic and /2 values of 11.07 and 36.7 %, respectively). Sub-
study analyses of several different threshold levels revealed varying heterogeneity and
pooled DOR (Table 7). The VE/VCO, slope threshold demonstrating the highest pooled
DOR (12.46) and level of heterogeneity (/2 = 66.2 %) was a VE/VCO, slope >34 and <40.
However, this analysis was limited to four studies. The VE/VCO5 slope threshold
demonstrating the lowest level of heterogeneity (2 = 0.0 %) was =40, which was associated
with a pooled DOR of 4.83 (V= 5 studies). The pooled DOR and £ for the 10 studies in
which the VE/VCO slope was =34 and <40 were 6.22 and 63.9 %, respectively. Sub-study
analyses of different threshold levels revealed varying levels of sensitivity and specificity
(0.66-0.74). Sub-study analyses of the VE/VCO5 slope and LVEF revealed that studies in
which the mean LVEF was <30 % (/= 8) yielded a similar pooled DOR to the meta-
analysis results that included all studies (5.37 vs. 5.40), but without heterogeneity (/2 = 0.0
%) (Table 7). Sub-study analyses of the VE/VCO, slope and beta-blockade found that
studies not reporting beta-blockade (V= 5) yielded a similar DOR to the DOR that included
all studies (5.25 vs. 5.40), but without heterogeneity (/2 = 0.0 %) (Table 7).
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The meta-analysis results for EOV are shown in Fig. 4a. The pooled DOR was 5.48 (3.82—
7.86) with no heterogeneity (Cochran-Q statistic and /2 values of 1.73 and 0.0 %,
respectively). The sensitivity and specificity of EQV in predicting study endpoints was 0.47
(0.40-0.54) and 0.75 (0.73-0.78), respectively. The SROC AUC for the VE/VCO?2 slope
was 0.74 as shown in Fig. 4b.

The meta-analysis results for OUES are shown in Fig. 5. The pooled DOR was 8.08 (4.19—
15.58) with a modest level of heterogeneity (Cochran-Q statistic and /2 values of 1.99 and
49.7 %, respectively). The sensitivity and specificity of the OUES in predicting study
endpoints was 0.72 (0.65-0.78) and 0.70 (0.65-0.75), respectively. Because of limited
studies, no OUES sub-study analysis was performed and the SROC AUC for the OUES
could not be calculated.

Meta-regression analyses

The results of meta-regression analyses are shown in Table 8. None of the potential
prognostic independent variables had a significant effect on the meta-analysis results for
peak VO, and the VE/VCO5 slope. A near significant effect of beta-blockade and study
thresholds on the meta-analysis results of peak VO, was observed. The coefficient and SE of
the effect of beta-blockade were —0.012 and 0.006, respectively (p= 0.06), and the
coefficient and SE of the effect of study thresholds were 0.308 and 0.144, respectively (p=
0.06). Univariate meta-regression could not be performed on the OUES and EOV due to
limited studies and model saturation, respectively.

Comparison of peak VO,, the VE/NVCO, slope, and EOV

The meta-analysis results of the 9 studies used to compare peak VO, and the VE/VCO»
slope are shown in Fig. 6. Two of these 9 studies examined EOV and the meta-analysis
results for these two studies are shown in Fig. 6¢. The EOV meta-analysis results revealed a
pooled DOR of 6.42 and no heterogeneity (Cochran-Q statistic and Z values of 0.17 and 0.0
%, respectively). The peak VO, meta-analysis results revealed a pooled DOR of 4.47 and
high level of heterogeneity (Cochran-Q statistic and /2 values of 27.82 and 71.2 %,
respectively) (Fig. 6a). The SROC AUC for peak VO, was 0.7490 (Fig. 7a). The VE/VCO,
slope meta-analysis results revealed a pooled DOR of 4.78 and modest level of heterogeneity
(Cochran-Q statistic and # values of 19.47 and 58.9 %, respectively) (Fig. 6b). The SROC
AUC for the VE/VCO, slope was 0.76 (Fig. 7b).

Discussion

To our knowledge, this is the largest CPX meta-analysis of prognosis in patients with HF
which has examined the largest number of CPX variables and presents results that strongly
support the role of CPX in patients with HF. The key findings from this meta-analysis
include the robust prognostic value of peak VO, the VE/VCO, slope, the OUES, and EOV
in patients with HF. Although each of these variables demonstrated significant prognostic
power, EQV appears to be a very important measure to include in CPX since the meta-
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analysis results observed no heterogeneity and a relatively large DOR (5.48) from the 5
studies meeting our inclusion criteria which comprised 1,617 patients. Further examination
of EOV in patients with HF is warranted. Further examination of the prognostic value of the
OUES in patients with HF is also needed.

The clinical value of CPX in patients with HF is clearly established in the literature. The
groundbreaking work by Mancini et al. in 1991 [13], demonstrating the prognostic value of
peak VO, paved the way for CPX to be supported as an integral component in the
assessment of heart transplant candidacy. Numerous investigations since 1991 have
confirmed the prognostic value of peak VO, [14-16], which are used to support the
continued recommendation that aerobic capacity be used as a listing criterion for HT [8, 9,
17]. However, there is a growing wealth of literature demonstrating that other CPX
variables, including the VE/VVCO, slope [18, 19], EOV [12, 20] and the OUES [21], are also
strong prognostic markers in patients with HF. Numerous investigations demonstrate that
these indices of ventilatory inefficiency prognostically outperform peak VO, and are readily
obtained from standard CPX testing [3]. It is now broadly recognized that a multivariate
CPX approach in patients with HF provides optimal estimates of prognosis [4]. Therefore,
the current meta-analysis on the value of CPX in patients with HF is timely and novel in that
the prognostic strength of four variables was examined in a rigorous manner.

Recently, a meta-analysis by Poggio et al. [22] reported on the diagnostic accuracy and
prognostic value of CPX. While this systematic analysis was an important step forward,
additional issues remain in this area of research. For example, while it is increasingly
recognized that a host of CPX variables provide clinically valuable information in HF, this
prior analysis was limited to only 2 CPX variables, peak VO, and the VE/VVCO, slope [22].
Moreover, the meta-analysis by Poggio et al. [22] evaluated 2,171 and 2,628 subjects for
peak VO, and the VE/VCO> slope, respectively. Our meta-analysis totaled 5,044 subjects
for the VE/VVCO, slope, 7,319 for peak VO,, 1,617 for EOV, and 584 for the OUES.
Therefore, both the number of subjects and number of CPX variables assessed in this meta-
analysis were greater compared with the only other meta-analysis currently published in this
area.

Our findings are generally consistent with those of Poggio et al. [22] except that the previous
group found no heterogeneity in their meta-analysis of the VE/VCO5 slope while the current
study observed moderate heterogeneity (/2 of 46.6 %). Despite the meta-analysis results of
the VE/VCO; slope in the current study revealing moderate heterogeneity (2 = 46.6 %), the
Cochran-Q statistic was relatively low (26.22) although statistically significant (p = .02).
These findings suggest that the VE/VVCO, slope results may be a bit more robust than
implied by the £ statistic. Our DOR for the analysis of the VE/VCO, slope was 5.40
compared with 5.02 in the study by Poggio et al. Also, Poggio et al. found a DOR of 4.07 in
their meta-analysis of peak VO, while the current analysis found a DOR of 4.10, but with
greater heterogeneity in our analysis (/2 of 70.3 vs. 51.1 %). It appears that our inclusion of
more subjects with different thresholds produced more heterogeneity. Regardless, the results
from both these meta-analyses: (1) confirm the robust prognostic value of both peak VO,
and the VE/VVCO, slope and (2) support the widely held view that the VE/VCO, slope
possesses greater prognostic strength in comparison with peak VO,. Even so, there is ample

Heart Fail Rev. Author manuscript; available in PMC 2020 May 24.



1duosnue Joyiny vA 1duosnue Joyiny vA

1duosnuen JIoyiny vA

Cahalin et al.

Page 9

evidence justifying the combined analysis of peak VO, and the VE/VCO, slope when
determining prognosis in patients with HF since these responses provide independent and
complementary information [3]. For example, systolic HF patients with a combined peak
VO, <10 ml kg~ min~1 and a VE/VCO, slope >40 are considered to be at very high risk of
major adverse events [4].

The OUES was proposed as an alternate approach to assessing ventilatory efficiency by
Baba et al. [23] in 1996. While this variable has been available for approximately 15 years,
assessment of its prognostic value in HF is relatively new. Currently there are a limited
number of studies assessing the prognostic value of the OUES (only two studies met
inclusion criteria for the current meta-analysis). Accordingly, the Cochrane-Q statistic was
comparatively low and was not significant in our analysis (Q-stat = 1.99; p=.158) despite
an A statistic of 49.7 %. However, given the high DOR (8.08) for the OUES, further study of
this index is warranted to determine its prognostic value relative to other CPX responses.

Perhaps one of the most compelling findings of the current analysis was the prognostic
strength of EOV. This unique ventilatory pattern demonstrated no heterogeneity and a
relatively large DOR (5.48) from the meta-analysis results of the 5 studies (comprising 1,617
patients) meeting our inclusion criteria). To put these results into perspective, Poggio et al.
[22] included 6 articles in their meta-analysis of peak VO,, which comprised approximately
500 more subjects compared with the EOV analysis in the current investigation. A challenge
in clinically utilizing EQV for prognostic purposes in patients with HF is the fact that it is
not automatically calculated by current software packages operating ventilatory expired gas
units. EQV is most commonly defined as an oscillatory pattern at rest that persists for 260 %
of the EST at an amplitude of =15 % of the average resting value [12]. This criteria has to be
manually determined by a health professional with CPX expertise. The results of the current
meta-analysis clearly demonstrate the strong prognostic value of determining EOV,
warranting continued efforts to standardize and automate assessment of the ventilatory
pattern in patients with HF. Such efforts would certainly help to improve clinical acceptance
and utilization of EOV.

While peak VO, has remained the most commonly assessed variable in clinical practice,
predominantly in a univariate manner, the results of this meta-analysis as well as the
majority of other recent publications support expanding the list of CPX variables assessed
for prognostic purposes. Our findings indicate a multivariate prognostic approach should be
used with the consideration of peak VO, the VE/VCO, slope and the presence or absence of
EOV. Patients who demonstrate a higher number of abnormal responses (i.e., low peak VO,
high VE/VCO, slope and EQV) are likely to have a progressively higher risk of adverse CV
events. Given the strong prognostic value of these CPX variables observed in the current
meta-analysis, these variables should be used to guide clinical management strategies
(pharmacologic, lifestyle, surgical) with the hope of reducing the risk of future adverse CV
events [4, 24]. As additional evidence on the prognostic utility of CPX becomes available,
inclusion of the OUES may be added to peak VO,, the VE/VCO, slope and EQV as a core
variable. Future investigations are needed to insure the expanding list of CPX variables
provide independent prognostic value when assessed in a multivariate fashion. Educating
clinicians responsible for ordering and interpreting CPX in patients with HF on the
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expanding list of variables that provide clinically valuable information should be considered
a priority that would greatly enhance the quality of information gained from this exercise
assessment.

As with any investigation, there are several notable limitations. First, CPX-HF investigations
included in this meta-analysis have consistently assessed cohorts that were primarily male.
Thus, while there is initial evidence to indicate CPX is equally prognostic in female patients
with HF [25], additional research is needed. Heart failure management strategies continue to
evolve and the possibility that some of the studies included in the current meta-analysis may
be less applicable to current therapeutic approaches. However, a number of more current
investigations were used in this meta-analysis and the potential for this bias was examined
via the sub-study analysis of beta-blockade with the results being relatively similar or better
using more current literature with more current medical therapy. Also, over 75 % of the
studies used in our meta-analysis received an affirmative score for the QUADAS question
examining “current clinical data and practice when the study results were reported”. The use
of different threshold levels for peak VO, and the VE/VCO5 slope as well as the presence of
markedly different patient characteristics in the studies used for this meta-analysis could be
possible limitations to this study, but we accounted for such differences by performing sub-
study analyses which consistently demonstrated the prognostic value of these variables.
Recently published results from the HF-ACTION study indicate variables more readily
obtainable from exercise testing, specifically exercise test duration, was a very robust
prognostic marker in their cohort, stronger than both peak VO, and the VE/VCO> slope
[26]. While there were some similarities in subject characteristics between subjects from
studies included in the current meta-analysis and subjects from HF-ACTION (i.e., age, sex
distribution, ejection fraction, NYHA class distribution), others differed. For example,
subjects enrolled in the HF-ACTION trial were well screened for participation in the study
while subjects included in this meta-analysis were largely referred to CPX for refinement of
clinical decision making, specifically decisions regarding transplant listing/device
implantation. Moreover, approximately half of the patients included in the HF-ACTION
analysis received an exercise intervention following CPX while subjects from studies
included in the current meta-analysis did not. Lastly, a substantially higher percentage of
patients in HF-ACTION were prescribed a beta-blocking agent compared with the studies
included in the current meta-analysis (95 vs. 46 %), indicating a greater percentage of the
patients included in HF-ACTION were managed under current standards of care, at least
from the perspective of beta-blockade. Given the discordance in findings from this meta-
analysis and the recently published prognostic investigation from HF-ACTION [26], the
choice of optimal prognostic variables from exercise testing in the current clinical setting
continues to require further investigation. Perhaps prognostic weighting of CPX variables is
dependent upon the circumstances of testing; that is, performance of CPX in a broader HF
population who may or may not receive and exercise intervention versus CPX in a more
narrow HF population, clinically screened and being considered for transplantation or device
implantation. However, we can say with great confidence that exercise testing, either
performed in standard fashion or with the addition of ventilatory expired gas analysis,
provides substantial prognostic insight and should continue to be a standard clinical
assessment in this patient population. Also, other patient characteristics such as depression

Heart Fail Rev. Author manuscript; available in PMC 2020 May 24.



1duosnue Joyiny vA 1duosnue Joyiny vA

1duosnuen JIoyiny vA

Cahalin et al.

Page 11

and renal function were not included as covariates in our meta-regression analysis and are
limitations to this meta-analysis and an area in need of further investigation. Lastly, although
not necessarily a limitation of our meta-analysis, the median age of the patients in all of our
analyses was <60 years of age (median range of 55-58 years) which highlights the need to
more thoroughly examine the role of CPX in older persons with HF.

In conclusion, CPX is clearly an important component in the clinical assessment of patients
with HF. The results of this meta-analysis strongly confirm this view and support a
multivariate approach to CPX assessment. Specifically, the combined quantification of
aerobic capacity (peak VO,) and ventilatory efficiency (the VE/VCO, slope and EOV)
appear to provide a more comprehensive insight into path-ophysiology, disease severity, and
prognosis.

Acknowledgments

Partial support provided by Cosmed, Rome, Italy.

Abbreviations

AUC Area under curve

CPX Cardiopulmonary exercise testing

Ccv Cardiovascular

DOR Diagnostic odds ratio

EOV Exercise oscillatory ventilation

EST Exercise stress testing

FN False negative

FP False positive

HF Heart failure

HT Heart transplantation

LVEF Left ventricular ejection fraction

NYHA New York heart association

OUES Oxygen uptake efficiency slope

SROC Summary receiver operating characteristic
TN True negative

TP True positive

VE/NCO, Minute ventilation/carbon dioxide production
VO, Oxygen consumption
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a Summary statistics for meta-analysis of peak VO,. b Summary receiver operating
characteristic curve results for 19 studies of peak VO,. VO,, oxygen consumption
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a Summary statistics for meta-analysis of the VE/VCO, slope. b Summary receiver
operating characteristic curve results for 15 studies of the VE/VCO, slope. VE/V/CO,,
minute ventilation/carbon dioxide production
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Fig. 7.

Summary receiver operating characteristic curve results comparing peak oxygen
consumption and the VE/VCO5 slope for 9 studies. a Summary receiver operating
characteristic curve results of peak VO,. VO, oxygen consumption. b Summary receiver
operating characteristic curve results of the VE/VCO5 slope. VE/VVCO,, minute ventilation/
carbon dioxide production
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Table 8

Univariate meta-regression results for peak VO, and VE/VCO5 slope

Variables Peak VO, pvalue VE/VCO, slope p value
Mean LVEF (%) 79 64
Mean NYHA (I-1V) 53 75
Mean age (years) .50 72
Male (%) 38 71
Ischemic cardiomyopathy (%) .84 71
Beta-blockers (%) .06 .65
Study sample size 40 21
Study quality 42 97
Threshold .06 .20

Univariate meta-regression could not be performed on OUES and EOB due to limited studies and model saturation, respectively VO2oxygen
consumption, VE/VCO2minute ventilation/carbon dioxide production, LVEF left ventricular ejection fraction, NYHA New York Heart
Association
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