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Background: Heart rate recovery (HRR) has been observed to be a significant prognostic measure in patients
with heart failure (HF). However, the prognostic value of HRR has not been examined in regard to the level of
patient effort during exercise testing. Using the peak respiratory exchange ratio (RER) and a large multicen-
ter HF database we examined the prognostic utility of HRR.
Methods: Cardiopulmonary exercise testing (CPX) was performed in 806 HF patients who then underwent an
active cool-down of at least 1 min. Peak oxygen consumption (VO2), ventilatory efficiency (VE/VCO2 slope),
and peak RER were determined with subjects categorized into subgroups according to peak RER (b1.00, 1.00–
1.09, ≥1.10). HRR was defined as the difference between heart rate at peak exercise and 1 min following test
termination. Patients were followed for major cardiac events for up to four years post-CPX.

Results: There were 163 major cardiac events (115 deaths, 20 left ventricular assist device implantations, and
28 transplantations) during the four year tracking period. Univariate Cox regression analysis results identi-
fied HRR as a significant (pb0.05) univariate predictor of adverse events regardless of the RER achieved. Mul-
tivariate Cox regression analysis in the overall group revealed that the VE/VCO2 slope was the strongest
predictor of adverse events (chi-square: 110.9, pb0.001) with both HRR (residual chi-square: 16.7, pb0.001)
and peak VO2 (residual chi-square: 10.4, pb0.01) adding significant prognostic value.
Conclusions:HRR after symptom-limited exercise testing performed at sub-maximal efforts using RER to catego-
rize level of effort is as predictive as HRR after maximal effort in HF patients.
© 2013 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

The recovery heart rate response after a graded exercise test, tradi-
tionally termed heart rate recovery (HRR), has long been a variable of in-
terest with potential value in the clinical setting [1–11]. Specifically, the
capacity of the heart rate to decelerate in recovery reflects parasympa-
thetic reactivation and provides a unique perspective regarding fitness
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and health. Consistently, a low value for HRR has been applied as amark-
er of increased mortality [1–11].

Two large studies have convincingly identified HRR≤/>12 beats at
1 min post symptom-limited exercise as the demarcation point that pre-
dicts increased mortality [12,13]. Two other large studies employed
sub-maximal exercise testing (terminating exercise at 85–90% of age-
predicted peak heart rate) and found that abnormal HRR retained its ef-
ficacy as a prognostic index, independent of the peak heart rate (HR)
achieved in relation to age-predicted values [14,15].While the sensitivity
of HRR to assess prognostic risk in relation to sub-maximal intensity runs
contrary to the common assumption that high exertion exercise in-
creases diagnostic sensitivity, several recent investigations have raised
questions regarding peak HR to gauge physiologic effort [16,17]. Thus,
the impact of exertion on HRR may be better assessed by other mea-
sures of exercise intensity. Given the common confounding effects of
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Table 1
Differences in patient characteristics and CPX variables according to major cardiac
event status.

Event-free
(n=643)

Major cardiac
event
(n=163)

p-Value

Age (years) 55.5±13.1 56.6±12.7 0.34
Gender (% male) 73.6 76.7 0.48
HF etiology (% ischemic/non-ischemic) 40/60 49/51 0.02
LVEF (%) 29.2±9.8 23.4±9.0 b0.001
Prescribed beta-blocker (%) 78 71 0.06
Prescribed ACE inhibitor (%) 75 67 0.04
Resting HR (beats/min) 74.0±13.0 76.6±15.3 0.04
Peak HR (beats/min) 129.2±23.8 117.5±21.8 b0.001
Percent-predicted maximal HR achieved (%) 78.7±13.9 71.9±12.4 b0.001
HRR 18.9±11.5 12.6±10.2 b0.001
Peak RER 1.11±0.14 1.13±0.16 0.21
Peak VO2 (ml O2·kg−1·min−1) 16.3±5.4 13.1±4.2 b0.001
VE/VCO2 slope 33.6±8.3 40.2±10.2 b0.001

HF=heart failure; LVEF=left ventricular ejection fraction; ACE=angiotensin converting
enzyme; HR=heart rate; HRR=heart rate recovery; RER=respiratory exchange ratio;
VO2=oxygen consumption; VE/VCO2=minute ventilation/carbon dioxide production.
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beta-blockers and chronotropic incompetence in the HF population, a
better understanding andmethodological refinement of exercise inten-
sity on HRR remains important to clarify. Therefore, further work is
needed to confirm whether HRR retains prognostic value irrespective
of exercise effort.

A readily obtainable variable during cardiopulmonary exercise testing
(CPX), the peak respiratory exchange ratio (RER), is amore precisemeth-
od for gauging subject effort during exercise [18–22]. A peak RER≥1.10 is
widely accepted as a true indication of maximal effort [18–22]. Thus, a
peak RERb1.10 has been associated with a sub-maximal exercise effort
in both healthy persons and persons with HF [18–22]. Using data from
a large multicenter HF CPX database, we examined the prognostic utility
of HRR according to peak RER achieved in order to better determine the
influence of exertional effort on this prognostic marker.

2. Methods

This study was a multi-center analysis including HF patients from the exercise testing
laboratories at San Paolo Hospital, Milan, Italy; LeBauer Cardiovascular Research Founda-
tion, Greensboro, North Carolina, USA; Stanford University, Palo Alto, CA, USA; VA Palo
Alto Health Care System, Palo Alto, California, USA; Brigham andWomen's Hospital, Boston,
MA, USA and Virginia Commonwealth University, Richmond, Virginia, USA. A total of 806
patients with systolic HF were included in the analysis. The inclusion criteria consisted of
a diagnosis of HF and evidence of left ventricular systolic dysfunction by two-dimensional
echocardiography obtained within one month of data collection. All subjects completed a
written informed consent and institutional review board approval was obtained at each in-
stitution. The authors of thismanuscript have certified that they complywith the Principles
of Ethical Publishing in the International Journal of Cardiology.

2.1. Cardiopulmonary exercise testing (CPX) procedures

Symptom-limited CPXwas performed on all subjects and pharmacologic therapywas
maintained during exercise testing. Progressive exercise testing protocols on bicycles and/
or treadmills were employed at all centers and ventilatory expired gas analysis was
performed using a metabolic cart (Medgraphics CPX-D and Ultima, Minneapolis, MN,
Sensormedics Vmax29, Yorba Linda, CA or Parvomedics TrueOne 2400, Sandy, UT). Before
each test, the equipment was calibrated in standard fashion using reference gases. Heart
rate was determined at rest, peak exercise and at one minute recovery. The percent-
predicted maximal HR achieved was determined by the following equation: [peak
HR/(220−age)]×100. Heart rate recovery was defined as the difference between
peak HR and HR 1 min following test termination. All centers followed an active
cool-down protocol of at least 1 min. In addition, minute ventilation (VE), oxygen uptake
(VO2), and carbon dioxide output (VCO2) were acquired breath-by-breath, and averaged
over 10-second intervals. Peak VO2 and peak respiratory exchange ratio (RER) were
expressed as the highest 10-second averaged sample obtained during the last 20 s of test-
ing. VE and VCO2 values, acquired from the initiation of exercise to peak, were input into
spreadsheet software (Microsoft Excel, Microsoft Corp., Bellevue, WA) to calculate the
VE/VCO2 slope via least squares linear regression (y=mx+b, m=slope). Subjects were
categorized into subgroups according to peak RER: b1.00, 1.00–1.09, ≥1.10.

2.2. Endpoints

In the overall cohort, subjects were followed for major cardiac events (mortality,
LVAD implantation, urgent heart transplantation) via medical chart review for up to
four years post CPX. Subjects were followed by the HF programs at their respective in-
stitution providing a high likelihood that all events were captured. External means of
tracking events, such as the Social Security Death Index, were not utilized in the present
study. Any death with a cardiac-related discharge diagnosis was considered an event.

2.3. Statistical analysis

A statistical software package (SPSS 19.0, Chicago, IL) was used to perform all anal-
yses. Continuous and categorical data are reported as mean±standard deviation and
percentages, respectively. One-way analysis of variance (ANOVA) assessed differences
in baseline and CPX variables between subgroups of subjects according to peak RER level.
The Tukey's Honestly Significant Difference test was used for post-ANOVA pairwise com-
parisons. Differences in categorical data were assessed by chi-square analysis. Univariate
Cox regression analysis was used to assess the prognostic value of HRR in the overall
group and within each peak RER subgroup. Hazard ratios were also determined for the
overall group and each subgroup according to the established dichotomous classification
of HRR (≤/>12 beats) [11–13]. Kaplan–Meier analysis was used to assess the differences
in survival among subjects according to dichotomous classification of HRR. The log-rank
test determined statistical significance among the HRR categories for the Kaplan–Meier
analyses. Multivariate (forward stepwise method; entry and removal values of 0.05 and
0.10, respectively) Cox regression analysis was used to assess the prognostic value of
HRR in addition to other key CPX variables in the overall group. A p-value b0.05 was con-
sidered statistically significant for all tests.
3. Results

Therewere 163major cardiac events (115 deaths, 20 left ventricular
assist device implantations and 28 transplantations) during the four
year tracking period in the entire group. The average yearly event rate
was 9.4%. The number of events for subjects with a peak RER of b1.00,
1.00–1.09 and ≥1.10 was 29, 46 and 88, respectively. As shown in
Table 1 the mean LVEF, peak VO2, peak HR, percentage of the age-
predicted maximal HR achieved, and HRR were significantly lower in
subjects experiencing a major cardiac event. Subjects experiencing a
major cardiac event were also observed to have a significantly greater
resting HR and VE/VCO2 slope.

Table 2 lists the key baseline and CPX characteristics in the overall
group and peak RER subgroups. Several differences were apparent
according to RER grouping, including age, HF etiology, beta-blocker
use, resting HR, HRR, peak VO2 and, as expected, peak RER.

Univariate Cox regression analysis results for HRR are listed in
Table 3. In the overall group and all peak RER subgroups, HRR was a
significant univariate predictor of adverse events. Moreover, the most
frequently cited threshold value for HRR at 1 min (≤/>12 beats) was
prognostically significant in all scenarios. Furthermore, HRR remained
a significant predictor of adverse events with similar predictive power
when adjusted for key patient characteristics in the overall group and
all peak RER subgroups except for the peak RER ≥1.10 subgroup with
HRR dichotomized. Kaplan–Meier analysis for the HRR threshold of
≤/>12 beats in the overall group is illustrated in Fig. 1.

Multivariate Cox regression analysis in the overall group revealed
that the VE/VCO2 slope was the strongest predictor of adverse events
(chi-square: 109.5, pb0.001) (Table 4). Additional significant predic-
tors of adverse events in the overall group included LVEF, HRR, peak
VO2, and beta-blocker treatment. HRR was a significant predictor of ad-
verse events in all peak RER subgroups as shown in Table 4.

4. Discussion

HRR after maximal and sub-maximal exercise efforts has been
found to be an important predictor of survival in apparently healthy
persons [12–15,23] as well as in patients with heart disease regard-
less of age, gender, exercise capacity, left ventricular systolic function,
and presence or absence of myocardial ischemia [24]. Furthermore,
HRR has been found to be an important predictor of survival in patients
with HF irrespective of beta-blockade [25–29]. The current study is the
first to our knowledge to identify that the prognostic significance of
HRR is not dependent on a common, objective indicator of maximal ef-
fort in patients with HF. We have shown that HRR after sub-maximal



Table 2
Differences in key baseline and CPX variables in the overall group and peak RER subgroups.

Overall group
(n=806)

HRR: peak RERb1.00
(n=149)

HRR: peak RER 1.00–1.09
(n=214)

HRR: peak RER≥1.10
(n=443)

Age (years)a 55.7±13.0 58.6±11.4 56.8±14.2 54.2±12.8
Gender (% male) 74 72 75 74
HF etiology (% ischemic/non-ischemic)b 42/58 48/52 46/54 37/63
LVEF (%) 28.0±9.9 28.9±10.4 28.0±9.7 27.3±9.7
Prescribed beta-blocker (%)c 76 65 72 82
Prescribed ACE inhibitor (%) 73 72 72 74
Resting HR (beats/min)d 74.6±13.6 74.3±12.8 76.7±14.1 73.6±13.4
Peak HR (beats/min) 126.9±23.8 124.3±21.6 126.7±22.0 127.8±25.3
Percent-predicted maximal HR achieved (%) 77.3±13.9 77.2±13.6 77.8±12.9 77.1±14.6
HRRe 17.6±11.5 16.1±7.1 16.0±9.5 18.9±13.3
Peak RERf 1.11±0.14 0.92±0.05 1.05±0.03 1.21±0.10
Peak VO2 (ml O2·kg−1·min−1)g 15.6±5.4 14.7±4.6 15.5±5.6 16.0±5.4
VE/VCO2 slope 35.0±9.1 35.9±9.6 35.8±9.5 34.3±8.8

HRR=heart rate recovery; RER=respiratory exchange ratio; HF=heart failure; ACE=angiotensin converting enzyme; HR=heart rate; VO2=oxygen consumption; VE/VCO2=
minute ventilation/carbon dioxide production.

a Peak RER≥1.10 subgroup significantly lower than the other two subgroups, pb0.05.
b Peak RER≥1.10 subgroup significantly different from the other two subgroups, pb0.01.
c All three subgroups significantly different, pb0.05.
d Peak RER 1.00–1.09 subgroup significantly higher than the peak RER≥1.10 subgroup, pb0.05.
e Peak RER≥1.10 subgroup significantly higher than the other two subgroups, pb0.05.
f All three subgroups significantly different, pb0.001.
g Peak RER≥1.10 subgroup significantly higher than the peak RERb1.00 subgroup, pb0.05.
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efforts, defined by peak RER, is as predictive as HRR aftermaximal effort
in patients withHF. Consistently, our analysis corroborates prior studies
that showed prognostic utility of HRR irrespective of peak HR [14,15].

PeakRERhas long been accepted as an objectivemarker to distinguish
maximal from sub-maximal effort [18–22] and in the current study itwas
used to categorize two levels of sub-maximal exercise (RERb1.00 and
1.00–1.09); outcomes in these two groups were compared with those
among patients achieving maximal exercise (RER≥1.10). Although the
exercise tests employed in the current study were symptom-limited,
the peak RER achieved during testing provides a valid reflection of true
physiologic exertion [18–22]. The RER achieved from sub-maximal exer-
cise tests previously performed in apparently healthy subjects was not
reported, but it is likely that they were in the range of 0.90–1.05 in
view of other reported exercise test studies [14,15,19–22]. The mean
metabolic equivalents (METS) achieved in the sub-maximal exercise
tests reported by Cole et al. was approximately 10METS with an average
exercise test duration of 10 min during the Bruce or modified Bruce pro-
tocol [14]. The exercise characteristics reported by Morshedi-Meibodi et
al. for men and women included a mean exercise duration of 10.5 and
Table 3
Univariate and multivariate Cox regression analyses for HRR in the overall group and peak

HRR as continuous variable

Chi-square Haza
(95%

Overall group (163 events) 35.9 0.95
0.97

Peak RERb1.00 subgroup (29 events) 12.8 0.93
0.92

Peak RER 1.00–1.09 subgroup (46 events) 9.1 0.95
0.95

Peak RER≥1.10 subgroup (88 events) 19.0 0.96
0.98

Multivariate Cox regression was performed to obtain the adjusted hazard ratio to examine H
variables included in each model was different because the number of events in each RER sub
etiology, beta-blocker use, LVEF, resting heart rate, peak VO2, VE/VCO2 slope, and HRR), peak
VCO2 slope, and HRR), peak RER≥1.10 (age, heart failure etiology, beta-blocker use, LVEF,

⁎ pb0.05.
⁎⁎ pb0.01.

⁎⁎⁎ pb0.001.
8.3 min, respectively, and a mean peak heart rate of 166 beats/min for
both men and women (with 80% of men and 77% of women achieving
85% of the age- and gender-predicted maximal heart rates) during stan-
dard Bruce treadmill testing [15]. In our study, 45% of the patients
performed sub-maximal exercise efforts (RERb1.10) during treadmill
or cycle ergometry testing with a peak heart rate of approximately
125 beats/min (achieving 77% of the age- and gender-predicted maxi-
mal heart rates).

The recovery procedures employed in studies that have exam-
ined HRR in apparently healthy individuals or persons with heart
disease vary, with some studies using an active recovery for approx-
imately 1 min after exercise and others stopping exercise immedi-
ately [12–15,23–30]. The body position in which patients were placed
after exercise has also varied among studies, with some placing patients
supine and others having patients sit during recovery [12–15,23–30]. In
the current study, subjects underwent an active recovery at a workload
equivalent to the initial exercise stage (≈2 METs) for at least 1 min.
This approach to the recovery period is consistent with current practice
patterns inmost exercise testing laboratoriesmaking our findings highly
RER subgroups.

HRR as dichotomous variable
(≤/>12 beats)

rd ratio & adjusted hazard ratio
confidence interval)

Hazard ratio & adjusted hazard ratio
(95% confidence interval)

(0.94–0.97)⁎⁎⁎ 2.4 (1.7–3.4)⁎⁎⁎

(0.95–0.98)⁎⁎ 1.6 (1.2–2.2)⁎⁎

(0.89–0.97)⁎⁎⁎ 4.1 (2.0–8.6)⁎⁎⁎

(0.88–0.96)⁎⁎ 4.2 (2.0–8.8)⁎⁎⁎

(0.91–0.98)⁎⁎ 2.3 (1.3–4.0)⁎⁎

(0.91–0.98)⁎⁎ 2.1 (1.1–3.7)⁎

(0.94–0.98)⁎⁎ 2.0 (1.3–3.1)⁎⁎

(0.96–1.00)⁎ –

RR in relation to other patient characteristics and CPX results. The number of predictor
group was different. Variables in each model included: overall group (age, heart failure
RERb1.0 (peak VO2, VE/VCO2 slope, and HRR), peak RER 1.0–1.09 (LVEF, peak VO2, VE/

resting heart rate, peak VO2, VE/VCO2 slope, and HRR).



Table 4
Multivariate Cox regression analysis for key patient characteristics and CPX variables in
the overall group and peak RER subgroups.

Overall group

Chi-square p-Value
VE/VCO2 slope 109.50 b0.001

Residual chi-square
LVEF 24.03 b0.001
HRR** 12.49 0.001
Peak VO2 9.17 b0.01
Beta-blockade 5.09 0.02

Peak RERb1.00

Chi-square
HRR** 12.82 b0.001

Residual chi-square
VE/VCO2 slope 9.43 0.001

Peak RER 1.00–1.09

Chi-square
VE/VCO2 slope 13.20 b0.001

Residual chi-square
HRR** 9.31 b0.01

Peak RER≥1.10

Chi-square
VE/VCO2 slope 98.88 b0.001

Residual chi-square
LVEF 12.42 0.001
Peak VO2 4.74 0.03
Beta-blockade 6.24 b0.01
HRR** 4.35 0.04

CPX=cardiopulmonary exercise testing; VE/VCO2=minute ventilation/carbon dioxide
production; LVEF=left ventricular ejection fraction; HRR**=heart rate recovery as a
continuous variable; VO2=oxygen consumption.
Only variables retained inmodels are presented; the number of variables included in each
model was different due to the number of events in each RER subgroup. Variables in each
model included: overall group (age, heart failure etiology, beta-blocker use, LVEF, resting
heart rate, peak VO2, VE/VCO2 slope, and HRR), peak RERb1.0 (peak VO2, VE/VCO2 slope,
and HRR), peak RER 1.0–1.09 (LVEF, peak VO2, VE/VCO2 slope, and HRR), and peak
RER≥1.10 (age, heart failure etiology, beta-blocker use, LVEF, resting heart rate, peak
VO2, VE/VCO2 slope, and HRR).

Fig. 1. Kaplan–Meier analysis for HRR.
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applicable to HF patients undergoing CPX in the clinical setting. Specifi-
cally, HRR should be considered a key CPX variable for prognostic pur-
poses irrespective of peak RER.

A variety of different definitions of HRR have been used in many of
the aforementioned studies which likely accounts for some of the ob-
served differences in study results [12–15,23–30]. However, although
two previous sub-maximal exercise testing studies defined an abnor-
mal HRR as a change from the peak heart rate to minute two of recov-
ery of 42 beats or less [14,15], Morshedi-Meibodi et al. also examined
an abnormal HRR at minute one of recovery which was defined as a
change from the peak heart rate of 12 beats or less [15]. In the latter
study, an abnormal HRR at minute one of recovery was also found
to be predictive of cardiovascular event risk in univariate models [15].
Based on the available literature, Huang et al. have suggested that a
one minute HRR value of 12 beats is likely to improve the specificity
and positive predictive value for mortality and cardiovascular events
[10,11]. While the majority of studies have focused on patients with
coronary artery disease, Driss et al. also suggested that the optimal
oneminute HRR threshold is 12 beats in patientswithHF [27]. Although
a variety of optimal one minute HRR threshold values have been
reported (from 6.5 to 17 beats) [25–29], we chose to use a one minute
cutoff HRR of 12 beats in order to be consistent with the above studies.

The results of the current study are similar to previous studies in ap-
parently healthy individuals and in persons with HF [12–15,23–29]. In
particular, our analysis of HRR as a dichotomous variable for the overall
group produced a hazard ratio of 2.4, which is similar to those reported
in previous studies. The hazard ratiowas significant at all levels of effort,
but was greatest for patients with the lowest RER (4.1; CI=2.0–8.6)
and least for patients with the highest RER (2.0; CI=1.3–3.1). The haz-
ard ratio for patientswith anRER between 1.0 and 1.9was 2.3 (CI=1.3–
4.0). The reasons for these differences between groups are unclear, but
may be related to patients in the RERb1.0 subgroup being significantly
older, having a lower peak VO2, having a greater percentage of patients
with ischemic HF, and having a smaller percentage of patients pre-
scribed a beta-blocker than the RER≥1.10 subgroup. However, there
were no significant differences in patient characteristics between the
RERb1.0 and RER 1.0–1.09 subgroups. In addition, there was no signif-
icant difference in peak HR among the RER subgroups with the
percent-predicted maximal HR achieved being identical (77%) in all
three RER subgroups.

Despite ourfinding that theVE/VCO2 slopewas the strongest predic-
tor of adverse events in the multivariate model in the overall group,
HRR along with peak VO2 added significant prognostic value. These re-
sults are important and highlight the manner by which HRR represents
a unique facet (i.e. autonomic tone) of fitness and health [1–11]. Fur-
thermore, recent findings among patients with heart disease partic-
ipating in cardiac rehabilitation revealed that HRR improved after
12 weeks of rehabilitation and was associated with improved sur-
vival [31]. In fact, 41% of patients with an abnormal baseline HRR
(defined as b12 beats/min at minute one of recovery) normalized
HRR following training (increasing significantly from a mean of
6.5±4.1 at baseline to 11.5±6.8 beats/min) [31]. In a multivariate
model, failure to normalize HRR was significantly associated with older
age, lack of improvement in exercise capacity, peripheral arterial dis-
ease, and prior HF. Finally, failure to normalize HRR after cardiac reha-
bilitation predicted a higher mortality [31].

The above results and other studies of HRR in patients with HF have
utilized symptom limited exercise tests; no previous study to our knowl-
edgehas examined the effects of exercise efforton the prognostic value of
HRR [24–31]. We have observed that the prognostic significance of HRR
is not dependent on maximal effort in patients with HF. In view of this,
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the recommendation by Mezzani et al. to exercise patients with HF as
close as possible to a RER of 1.15 may be unnecessary when examining
HRR for prognostic purposes [32]. Mezzani et al. found that patients
with HF who had a peak VO2≤10 ml O2·kg−1·min−1 and a peak
RER≥1.15 had a poorer 2-year survival rate than patients with a peak
VO2≤10 ml O2·kg−1·min−1 and a peak RERb1.15 [32]. Although the
relatively small number of patients studied by Mezzani et al. were older
and had poorer exercise tolerance, there was no significant difference in
peak RER between patients with a peak VO2≤10 ml O2·kg−1·min−1

and peak VO2>10, but≤14 ml O2·kg−1·min−1 [32]. Clearly, the exam-
ination of HRR combinedwith peak VO2 and the VE/VCO2 slope has prog-
nostic relevance as demonstrated in our data. Continued prognostic
modeling in patients with HF is warranted to optimize utilization of CPX
data for clinical assessment.

The finding that HRR during sub-maximal exercise is predictive of
survival in patients with HF is important and highlights the ease by
which this simple measure may be employed in future studies and clin-
ical practice if similar prognostic information is observed. In fact, it seems
plausible that HRR could be examined after not only sub-maximal exer-
cise testing, but possibly after a 6-minute walk test (6MWT). Although
the 6MWT is recommended as a functional performance measure in pa-
tientswithHF and is commonly administered [18,33], only one study has
examinedHRR following this procedure [34]. In a small group of patients
with HF who were awaiting cardiac transplantation, HRR at minute-two
of recovery was observed to be significantly lower in patients who died
or underwent cardiac transplantation compared to patients surviving
and not receiving cardiac transplantation [34]. One additional study of
HRR using the 6MWT in patients with idiopathic pulmonary fibrosis
found that abnormal HRR (defined as b13 beats at minute one and 22
beats at minute two of recovery) was associated with poorer survival
[35]. In the latter study, abnormal HRR at 1 min of recovery was the
most significant predictor of mortality with a hazard ratio of 5.2
(CI=1.8–15.2) [35]. In addition, a significant relationship (r=0.44;
pb0.0001) was observed between the 6MWT distance ambulated and
HRR at 1 min of recovery [35]. In view of these findings and the findings
from the current study, future investigation of HRR after the 6MWT is
needed.

In viewof the overall prognostic value ofHRR and thepotential for im-
proved HRR from cardiac rehabilitation and sildenafil therapy in patients
with heart disease and HF, respectively [31,36], routine assessment of
HRR during submaximal andmaximal exercise assessments iswarranted.
Although no consensus has been reached on the bestmethods and defini-
tions for HRR, themethods bywhich HRRmay be best employed and un-
derstood have been presented with the suggestion that HRR become a
routine supplement to CPX since it compares similarly in prognostic
power to age and metabolic equivalents [37]. Future investigation of
HRR in patients with HF undergoing therapeutic interventions is needed
as is the investigation of optimal methods and definitions to measure
HRR.

Several potential limitations to this study exist and include the ret-
rospective nature of the study aswell as the acquisition of data from sev-
eral different centers. Although the current study is retrospective, the
majority of large studies examining HRR after exercise have also been
retrospective [12–15]. The acquisition of data from several different cen-
ters is a potential limitation, but standardized CPXmethods employed at
each of the centers decreased such potential and included the use of pro-
gressive exercise testing protocols and active cool-down protocols for at
least 1 min. The use of both bicycle CPX and treadmill CPX may be a po-
tential limitation, but other studies have examined HRR after bicycle ex-
ercise and have found results similar to studies in which treadmill CPX
was employed [1,4]. Furthermore, rather than a limitation, the findings
in the current study expand the use of different modes of exercise to ex-
amine HRR. However, investigation of potential confounding issues that
may limit the clinical utility of HRR is worthy of further investigation.

In summary, HRR after symptom-limited CPX performed at
sub-maximal efforts as defined by peak RER is as predictive as HRR
after maximal effort in patients with HF. Further examination of HRR
after sub-maximal exercise assessments is warranted.
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