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Abstract

Objective: Heart rate increase early after the initiation of exercise has not been characterized nor related to
exercise capacity, heart rate recovery, and gas exchange analyses in patients with advanced heart failure. One
hundred and forty-one patients including 121 patients randomized in the GREATER-EARTH trial were investigated.

Methods: Exercise capacity was assessed using a treadmill ramp exercise protocol with gas exchange analyses,
a fix-load endurance exercise protocol, and a 6-minute walk test. Heart rate increase was computed at 1-, 2-
minutes, and 1/3 of exercise time while heart rate recovery was measured at 1- and 2-minutes following maximal
exercise.

Results: Heart rate increase early after the initiation of exercise test was not related to exercise capacity. In
contrast, heart rate recovery was significantly related to maximal and submaximal exercise capacity. Among gas
exchange responses, only the VE/VCO2 slope and PetCO2 at peak exercise were significantly associated with
maximal but not submaximal exercise capacity.

Conclusions: Heart rate increase early after the initiation of exercise yields no relationship with maximal and
submaximal exercise capacity in patients with advanced heart failure. Among gas exchange parameters, only some
markers of ventilatory inefficiency have significant associations with maximal exercise capacity in patients with heart
failure.

Keywords: Exercise test; Gas exchange analyses; Heart failure; Heart
rate

Introduction
Heart rate increase at the onset of exercise testing has been

associated with adverse outcomes in patients with or without
documented coronary artery disease (CAD) [1,2]. However, the
prognostic value of an increase vs. an attenuation of heart rate increase
early after the initiation of exercise has been a matter of debate. Leeper
et al. [1] reported that a rapid initial heart rate increase was associated
with an improved survival in a large cohort of subjects referred for
clinical exercise testing while Falcone et al. [2] reported that a rapid
increase in heart rate at 1-minute following the initiation of exercise
testing was associated with adverse outcomes in patients with
documented CAD. The characterization of heart rate increase at the
onset of exercise testing and its association with exercise capacity
assessed concomitantly with gas exchange analyses and submaximal
exercise duration have not been reported in a large cohort of patients
with symptomatic heart failure.

Similar to heart rate increase, heart rate recovery within the first
minutes following maximal exercise is regulated by sympathetic and
parasympathetic balance [3]. Attenuation of heart rate recovery within
the first 2-minutes of exercise testing has been related to adverse
outcomes in high-risk patients without heart failure [4-7]. In addition,
heart rate recovery has been related to adverse events both
independently and when assessed multivariately as part of heart failure
scores in patients with symptomatic heart failure [8-13]. The
relationships between heart rate increase, heart rate recovery, and
functional capacity assessed both by maximal and submaximal
exercise tests have not been investigated in a large cohort of patients
with advanced heart failure with a wide QRS complex referred to CRT
(cardiac resynchronization therapy) [14]. Accordingly, the primary
objective of this study was to characterize the changes in heart rate
increase at the onset of exercise testing in patients with advanced heart
failure. The secondary objective was to assess the relationship between
maximal and submaximal exercise capacity and parameters with both
heart rate increase and recovery in this study population.
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Subjects and Methods
The GREATER-EARTH study was a randomized, double-blind,

crossover study involving 141 patients in 11 sites across Canada
[14,15]. Patients with a clinical indication for an implantable
cardioverter defibrillator (ICD), left ventricular ejection fraction
(LVEF) <35% and a QRS duration >120 msec, symptoms of heart
failure, and a 6-minute walk test (6MWT) <400 meters were eligible
for this study. Patients in permanent atrial fibrillation, those who were
limited to exercise by non-cardiac conditions or who had a recent (<6
weeks) myocardial infarction and/or cardiac intervention were
excluded. Other exclusion criteria included left ventricular (LV)
dysfunction associated with reversible causes such as post-partum
cardiomyopathy, active cancer and end-stage renal failure. All patients
were required to receive optimal treatment for heart failure including a
maximally tolerated dose of ACE inhibitors or angiotensin-receptor
blockade for at least 4 weeks. The design and rationale for the EARTH
study have been previously reported [15]. For the purpose of this study
only data collected at baseline (prerandomizations resynchronization
turned-OFF) were analysed in the 141 patients who completed the
initial exercise evaluation. All patients have given their consent and the
Montreal Heart Institute Research Center Ethics Committee has
approved the study protocol.

Maximal and submaximal exercise testing
As part of the baseline evaluation, 2 exercise tests were performed

(minimum of 2 hours between sub-max and the 6MWT and 24 hours
between max and the others). The maximal cardiopulmonary exercise
test consisted of a continuous and incremental exercise test performed
on a treadmill using an individualized ramp protocol as originally
reported by Myers [16]. Oxygen uptake was determined continuously
on a breath by breath basis by an automated cardiopulmonary exercise
system. Cardiopulmonary data were recorded at rest, during graded
exercise and during a 2-minute recovery period. The maximal
cardiopulmonary exercise test lasted until the attainment on the
primary maximal criteria: respiratory exchange ratio (RER)>1.01, or 1
of 2 secondary maximal criteria: 1) inability to maintain exercise, and
2) patients’ exhaustion due to fatigue, or cessation due to other clinical
symptoms.

The submaximal constant load exercise test was performed on a
treadmill using a fixed load protocol at an intensity corresponding to
75% of VO2 peak measured during the maximal exercise test
[15,17,18]. After a 2-minutes warm-up at 30% of the maximal load, the
slope and speed observed at 75% of the VO2 peak as measured during
the ramp protocol was applied. The test was terminated for exhaustion
or at 30 minutes of exercise. The 6MWT was completed as previously
published by Guyatt et al. [19]. Heart rates were computed in the
standing position state and at 1- 2- 3-minutes, at 1/3 of exercise time,
and at peak exercise during the maximal exercise test [1,2]. The
absolute change in heart rate at these specific time-points was defined
as the observed heart rate minus standing/resting heart rate. Heart rate
recovery was computed as the difference from peak exercise to heart
rate measured at 1- and 2-minutes following peak exercise.

Statistical analyses
Characteristics of the study population (Table 1) and hemodynamic

and gas exchange parameters (Table 2) are expressed as mean ± SD or
median (Q1, Q3) for continuous variables and as frequency (%) for
categorical variables. The normality of the continuous variables was

assessed using Shapiro-Wilk and Kolmogorov-Smirnov tests. Stem-
and-leaf and normal probability plots were also used to support tests
for normality. Spearman correlations were used to investigate the
relations between selected hemodynamic and gas exchange
parameters, and the technique of locally weighted scatterplot
smoothing (LOWESS) was used for further graphic representation. All
analyses were done with SAS 9.2 or higher (SAS Institute, Cary, North
Carolina) and conducted at the 0.05 significance level.

Age (years) 61.8 ± 8.9

BMI (units) 28.8 ± 5.5

Diabetes, n (%) 48 (34%)

NYHA class III-IV, n (%) 46 (32.6%)

LVEF, (%) 23.6 ± 5.7

6-minute walk test, (meters) 360 ± 69

Ischemic etiology, n (%) 76 (53.9%)

QRS duration, (ms) 155 ± 23

IV delay ECHO, (ms) 42.7 ± 27.2

Intra LV delay (basal) – ECHO, (ms) 16.4 ± 69.2

β-blocker therapy, n (%) 137 (97.2%)

ACE inhibitors / ARBs, n (%) 137 (97.2%)

Digoxin, n (%) 63 (44.7%)

Loop diuretic, n (%) 117 (83.0%)

Spironolactone, n (%) 67 (47.5%)

Table 1: Characteristics of the study population. BMI: Body Mass
Index; NYHA: New York Heart Association; n: Number; LVEF: left
Ventricular Ejection Fraction; ms: minutes; IV: Interventricular; LV:
left Ventricle; ACE: Angiotensin Converting Enzyme; ARBs:
Angiotensin Receptor Antagonists.

Results
The clinical characteristics of the study population are presented

in Table 1. One hundred and forty-one patients with advanced heart
failure were included in the present subanalysis. About 33% of patients
experienced NYHA class III symptoms and most patients had heart
failure caused by ischemic heart disease. Echocardiographic findings
were consistent with advanced heart failure, with reduced LVEF and
LV dyssynchrony. More than 95% received a β-blocker and an
angiotensin modulating agent, while 47.5% received an aldosterone
antagonist.

The parameters of interest analysed for the ramp exercise test and
the constant load exercise duration are presented in Table 2. In
response to the ramp exercise test, heart rate reserve achieved was 41.2
bpm corresponding to only 69% of maximal heart rate predicted for
age. Heart rates increase at 1-minute and at 1/3 of exercise times were
lower when compared with report from Leeper et al. Peak heart rate
achieved during the submaximal exercise test was 101 bpm, equivalent
to 87% of peak heart rate measured at peak exercise during the ramp
exercise test. Mean peak VO2 was below 15 ml per kg per minute.
Heart rate recovery at 1minute was 15.4 bpm and 24.9 bpm at 2-
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minutes. Submaximal exercise time was 679 seconds (median=526
seconds) excluding warm-up time.

Baseline HR (bpm) 70.3 ± 13.8

Peak exercise HR (bpm) 110 ± 21

Δ Exercise HR (bpm) 40.4 ± 16.6

Δ HR – 1 min (bpm) 10.1 ± 8.6

Δ HR – 2 min (bpm) 18.2 ± 10.1

Δ HR – 1/3 exercise (bpm) 18.5 ± 10.5

Peak VO2 (m/kg/min) 14.7 ± 4.5

VE/VCO2 slope (units) 35.6 ± 13.6
(32.3; 27.5-39.8)

HR recovery – 1 min (bpm) 15.4 ± 15.8

HR recovery – 2 min (bpm) 24.9 ± 13.3

CL exercise duration (seconds) 679 ± 532
(526; 269-923)

Table 2: Hemodynamic and gas exchange parameters. HR: Heart Rate;
CL: Constant Load. Δ Exercise HR: increase exercise HR during the
RAMP exercise test; Δ HR: increase in heart rate at 1-minute (Δ HR –
1 min), 2-minutes (Δ HR – 2 min) and at 1/3 of exercise time (Δ HR –
1/3 exercise). Values in parentheses are median, Q1-Q3 for parameters
not distributed normally.

Peak VO2 CL duration 6-minute
walk

test

PetCO2

(rest)

PetCO2

(peak)

HR Peak 0.29

(0.0005)

0.21

(0.014)

0.25

(0.003)

0.03

(0.82)

0.16

(0.14)

HR
Increase

0.39

(<0.0001)

0.38

(<0.0001)

0.31

(0.0003)

0.03

(0.77)

0.17

(0.14)

Δ HR 1-min 0.15

(0.12)

0.14

(0.13)

0.02

(0.84)

-0.17

(0.17)

-0.10

(0.39)

Δ HR 2-min -0.03

(0.77)

0.14

(0.14)

0.02

(0.85)

-0.24

(0.05)

-0.22

(0.07)

Δ HR 1/3
Ex

0.21

(0.03)

0.32

(0.0007)

0.15

(0.13)

0.03

(0.79)

0.02

(0.9)

HRR 1-min 0.42

(<0.0001)

0.21

(0.02)

0.16

(0.09)

0.27

(0.02)

0.30

(0.01)

HRR 2-min 0.46

(<0.0001)

0.29

(0.004)

0.32

(0.001)

0.30

(0.02)

0.40

(0.001)

Table 3: Spearman correlation coefficients between selected
hemodynamic and gas exchange parameters. HRR: Heart Rate
Recovery.

The relationships between gas exchange parameters, hemodynamics
and maximal and submaximal exercise capacity are presented in Table
3 and Figures 1 and 2. There was a significant relationship between

peak VO2 and constant load exercise time (r=0.37; p<0.0001) and
between peak VO2 and 6MWT (r=0.40; p<0.0001). Peak VO2 was
significantly associated with the minute ventilation-carbon dioxide
production relationship (VE/VCO2) slope and heart rate recovery at 2-
minutes (Figure 1). Constant load exercise time and 6MWT were
weakly yet significantly related to the VE/VCO2 slope (r=0.26,
p=0.002; and r=0.26, p=0.003 respectively).

Figure 1: Relationships between peak VO2 and VE/VCO2 slope [left
panel], and between peak VO2 with heart rate recovery at 2-
minutes following maximal exercise [right panel].

Spearman correlation coefficients between selected hemodynamics
and gas exchange parameters are presented in Table 3. Peak heart rate
achieved was significantly associated with both maximal and
submaximal exercise performance assessed by the constant load
exercise test and the 6MWT. Heart rate increase at 1- and 2-minutes
yielded no relationship with neither exercise performance nor partial
pressure of end-tidal carbon dioxide (PetCO2). Heart rate recovery at
2-minutes was significantly associated with maximal and submaximal
exercise performance and with PetCO2 measured at rest and at peak
exercise. The relationship between PetCO2 measured at peak exercise
and some selected gas exchange, hemodynamic and exercise
parameters are presented in Figures 2 and 3. PetCO2 yielded a
significant inverse relationship with VE/VCO2 slope (r=-0.65, p ≤
0.0001) and with heart rate recovery at 2-minutes (r=0.40, p=0.001)
(Figure 2). Similarly, a significant relationship was observed between
PetCO2 and peak exercise oxygen consumption (r=0.47, p<0.001).
There was no significant relationships between PetCO2 and exercise
duration measured with the constant load exercise test (r=0.08,
p=0.47) (Figure 3).

Figure 2: Relationships between PetCO2 measured at peak exercise
(peak PetCO2) with VE/VCO2 slope [left panel], and with heart
rate recovery at 2-minutes [right panel].
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Figure 3: Relationships between PetCO2 measured at peak exercise
with peak VO2 [left panel], and with constant load exercise
duration [right panel].

Discussion
In this investigation, we reported the characteristics of heart rate

increase and heart rate recovery concomitantly with maximal exercise
capacity with gas exchange analyses, and submaximal exercise
performance assessed by a fixed load protocol and a 6MWT in a large
cohort of patients with advanced heart failure with a wide QRS
complex. Compared with previous investigations in high risk patients,
the current sample of patients with heart failure exhibited a significant
attenuation in heart rate increase at the onset of exercise. There were
no significant relationships between the increase in heart rate during
the first 2-minutes of exercise or with any of the other exercise
parameters. In contrast, heart rate recovery at 1- and 2-minutes was
significantly associated with both maximal and submaximal exercise
capacity. Among gas exchange parameters, only the VE/VCO2 slope
and PetCO2 both at rest and stress were correlated with maximal
exercise capacity. There was a significant relationship between
maximal and submaximal exercise performance measured with a fixed
load exercise protocol and the 6MWT. Thus, in contrast to patients
with CAD and normal LV function, heart rate attenuation provides
little additional information in comparison with heart rate recovery. In
addition, there is a significant relationship between peak VO2 and
exercise time in these patients. Finally these results confirmed the
value of selected parameters of ventilator inefficiency for both
maximal and sub-maximal exercise performance in patients with heart
failure.

The significance and prognostic value of heart rate increase at the
onset of exercise testing has not been extensively studied and has
recently been debated in patients with CAD. Leeper et al. [1] reported
that a rapid increase in heart rate at the initiation of exercise testing
was associated with improved survival in patients referred for clinical
treadmill testing. In contrast, Falcone et al. [2] reported that a faster
increase in heart rate at the onset of exercise testing (≥12 bpm at 1-
minute) predicted both adverse outcome and cardiac death in patients
with documented coronary heart rate disease. In the Leeper study,
20.7% of patients were taking a β-blocker at the time of enrolment
while 31% of subjects performed the exercise test while on a β-blocker
or a calcium-channel blocker in the Falcone study. The
characterization and the relationship between heart rate increases with
functional capacity in patients with advanced heart failure chronically
treated with β-blockers have not been previously reported.

In this study, we report values for heart rate increase at the onset
and peak exercise in a large population of heart failure patients. Our

observations at 1-minute, 2-minutes, and at 1/3 of the exercise time
are in general agreement with the values reported by Leeper et al. [1]
and Falcone [2]. In fact, the values reported herein are similar to those
observed in the high risk group (e.g. patients who experienced
cardiovascular (CV) death) in the cohort studied by Leeper et al. [1].
The mechanisms related to an impaired heart rate increase in early
exercise in patients with heart failure are likely multifactorial. The use
of β-blockers in the current study was >97%, which contrasts with the
much lower use of β-blockers in the studies of both Leeper et al. [1]
and Falcone et al. [2]. In addition, patients with heart failure are
known to exhibit β-1 receptor down-regulation [20]. The magnitude
of beta receptor down-regulation is proportional to the severity of
heart failure [21] and likely underlies the low heart rate values during
exercise in this specific population. Similar to that reported by Leeper
et al. [1], we found minimal associations between heart rate increases
in the first 2-minutes of exercise and both maximal and submaximal
exercise performance. The reasons for this are likely explained in part
by the slow increase in heart rate related to β-blockade and β-1
receptor down-regulation. Nevertheless, heart rate increase from
baseline to peak exercise was significantly related to both maximal and
submaximal exercise performance confirming the importance of heart
rate reserve in increasing cardiac output in these patients with poor
left ventricular function.

We also investigated the changes in heart rate recovery at 1- and
2-minutes following maximal exercise testing. Heart rate recovery has
been extensively studied in high-risk patients with coronary disease,
but to a lesser extent in patients with heart failure. The heart rate
recovery data reported in the present study are in agreement with the
observations published previously by our group [8] but slightly lower
compared to data reported by others [22,23] in patients with heart
failure. No study to our knowledge has investigated the relationship
between heart rate recovery at 1- and 2-minutes following maximal
exercise along with hemodynamic responses, both maximal and
submaximal exercise performance and gas exchange parameters. In
heart failure, heart rate recovery has demonstrated significant
prognostic value when analysed alone [11,12] or when included in a
heart failure score [9,10,22,23]. We observed a significant relationship
between both maximal and submaximal exercise performance and
heart rate recovery at 1- and 2-minutes. However, the correlation was
greater with maximal exercise capacity. Heart rate recovery is
mediated by an increase in parasympathetic tone coupled with
sympathetic withdrawal following exercise [3]. The significant
relationships between heart rate recovery at 1- and particularly at 2-
minutes following exercise with maximal and submaximal exercise
capacity and gas exchange parameters have not been previously
reported. These observations suggest that heart rate recovery and thus
autonomic regulation following exercise is more closely related to
functional capacity than the chronotropic response early after the
initiation of exercise in patients with advanced heart failure.

Here, we also studied the relationships between selected gas
exchange parameters, maximal and submaximal exercise performance,
and exercise hemodynamics. The relationships between peak of VO2,
constant load exercise duration and 6MWT was significant but weak
(r=0.40; p<0.001). Similar level of relationship (unadjusted r=0.54;
adjusted r=0.33) was recently reported by Forman et al in the HF-
ACTION Trial [24] Among gas exchange parameters, only the
VE/VCO2 slope and PetCO2 measured at peak exercise exhibited
significant relationships with most of the exercise hemodynamic
parameters. Patients with advanced heart failure exhibit an increased
ventilatory response to exercise [25,26], and the magnitude of
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ventilatory inefficiency has been related to the severity of heart failure
[27-30]. A decrease in cardiac output during exercise causes a decrease
in peripheral muscular flow, acidemia, and thus an exaggerated
ventilatory response to exercise [31-33]. Similarly, pulmonary
congestion and ventilation/perfusion mismatching lead to an increase
in the ratio of physiologic dead space to tidal volume [26]. The most
widely studied indicator of ventilator inefficiency has been the minute-
ventilation/carbon dioxide production slope (VE/VCO2 slope)
[27-29]. This parameter has been repeatedly associated with adverse
outcomes when analysed solely [27] or when integrated as a part of
multivariate exercise scores [9,34]. Similarly, PetCO2 is frequently
reduced in heart failure [30,35]. Rest and exercise PetCO2 has been
related to ventilation/perfusion mismatching and to a reduction in
cardiac output [30]. In addition, PetCO2 measured at peak exercise has
been correlated with maximal exercise capacity and a decrease in
cardiac output during exercise [30]. We extended these previous
observations by showing that these indices of ventilatory inefficiency
are related to both maximal but not submaximal exercise capacity in
patients with heart failure. The reasons for this remain unclear.
However, this suggests that submaximal exercise capacity relies also on
the peripheral arterial and muscular functions as opposed to mostly
cardiopulmonary reserve for maximal exercise performance. Finally,
the significant relationships between ventilatory inefficiency and heart
rate recovery suggest that these ventilatory abnormalities may be
associated with autonomic dysregulation in patients with advanced
heart failure.

Study Limitations
This investigation was a retrospective study analysis from the

GREATER-EARTH study. As such, these were not a priori analyses.
Nevertheless, the patients recruited were fairly homogenous and
presented with advanced heart failure with a wide QRS complex. In
addition, treatment of heart failure was optimal with more than 97% of
patients treated with a β-blocker. The study was also performed at
multiple sites and consequently the degree of encouragement and
support given to the patients during the endurance tests were likely
variable. Nevertheless, this was minimized by the use of a standard
protocol in all participating centers.

Conclusions
We have characterized the limited value of heart rate increase at

the onset of exercise testing in patients with advanced heart rate failure
chronically treated with a β-blocker. In contrast, heart rate recovery at
1- and more so at 2-minutes was significantly associated with maximal
and submaximal exercise capacity. Among gas exchange parameters,
markers of ventilatory inefficiency (the VE/VCO2 slope and PetCO2)
were significantly associated with both maximal and submaximal
exercise capacity. These parameters warrant further investigation
among responders vs. non responders to cardiac resynchronization
therapy.
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