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Aims The aim of this study was to assess the association between resting heart rate (HR), chronotropic index (CI), and
clinical outcomes in optimally treated chronic heart failure (HF) patients on b-blocker therapy.

Methods
and results

We performed a sub-study in 1118 patients with HF and reduced ejection fraction (EF , 35%) included in the HF-
ACTION trial. Patients in sinus rhythm who received a b-blocker and who performed with maximal effort on the
exercise test were included. Chronotropic index was calculated as an index of HR reserve achieved, by using the
equation (220-age) for estimating maximum HR. A sensitivity analysis using an equation developed for HF patients
on b-blockers was also performed. Cox proportional hazards models were fit to assess the association between
CI and clinical outcomes. Median (25th, 75th percentiles) follow-up was 32 (21, 44) months. In a multivariable
model including resting HR and CI as continuous variables, neither was associated with the primary outcome of
all-cause mortality or hospitalization. However, each 0.1 unit decrease in CI ,0.6 was associated with 17% increased
risk of all-cause mortality (hazard ratio 1.17, 95% confidence interval 1.01–1.36; P ¼ 0.036), and 13% increased risk of
cardiovascular mortality or HF hospitalization (hazard ratio 1.13, 1.02–1.26; P ¼ 0.025). Overall, 666 of 1118 (60%)
patients had a CI ,0.6. Chronotropic index did not retain statistical significance when dichotomized at a value of
≤0.62.

Conclusion In HF patients receiving optimal medical therapy, a decrease in CI ,0.6 was associated with adverse clinical out-
comes. Obtaining an optimal HR response to exercise, even in patients receiving optimal b-blocker therapy, may
be a therapeutic target in the HF population.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Keywords Heart rate † Heart rate reserve † Chronotropic incompetence † Chronotropic index † Chronic heart failure

Introduction
An increased resting heart rate (HR) is associated with increased
cardiovascular (CV) risk and mortality in patients with chronic
heart failure (HF).1 Thus, reducing resting HR, usually with

b-blocker therapy and additionally with ivabradine, has become
an important therapeutic goal.2,3

In addition to resting HR, HR reserve during exercise or chron-
otropic index (CI) is used to assess the risk of ischaemia and to
prescribe exercise training intensity. An impaired chronotropic
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response is believed to reflect, in part, an underlying abnormality of
autonomic nervous system function.4 The concept of impaired
chronotropic response was initially developed for apparently
healthy subjects not taking b-blockers, with a lower CI serving
as a predictor of coronary artery disease (CAD) and mortality.5– 7

Chronotropic index is defined as the index of HR reserve used.
The latest studies defined chronotropic incompetence as a value
of ≤0.62 in patients on b-blockers.8 Indeed, in patients with CAD
taking a b-blocker agent, chronotropic incompetence was found
to be a predictor of mortality, independent of resting HR.8

In contrast, in studies of chronic HF patients taking b-blocker
agents, chronotropic incompetence was not found to be a clinical
predictor of mortality, but these studies were of limited size, were
performed in observational settings, and only two-thirds of
patients were on b-blockers.9,10 Thus, the prognostic value of
chronotropic incompetence in optimally treated HF patients on
b-blocker therapy is not clear.

The Heart Failure and A Controlled Trial Investigating Out-
comes of Exercise TraiNing (HF-ACTION) study was a prospect-
ive trial conducted in patients with chronic HF where a
cardiopulmonary exercise (CPX) test was performed.11,12 Patients
were on stable guideline-based pharmacotherapy for at least 6
weeks prior to randomization. In this study, we aimed to assess
the association between resting HR, CI, and clinical outcomes in
patients with chronic HF enrolled in the HF-ACTION trial.

Methods
The design and subject eligibility criteria of the HF-ACTION trial have
been published elsewhere.11,12 HF-ACTION was a prospective multi-
centre, randomized, controlled trial of exercise training vs. usual care
in patients with left ventricular ejection fraction (LVEF) ≤35% and
New York Heart Association (NYHA) class II– IV symptoms.
Overall, 2331 patients from 82 clinical sites were enrolled in the
study. Patients were on stable guideline-based pharmacotherapy for
at least 6 weeks prior to randomization. If patients were not treated
with optimal HF pharmacological treatment as defined by guidelines,
the personnel documented the underlying reason (e.g. drug intoler-
ance or patient preference). Overall, 2329 of 2331 patients performed
a CPX test at baseline.

Exercise testing
Subjects were scheduled to complete a symptom-limited
maximum exercise test, in accordance with American College of
Cardiology and the American Heart Association guidelines. Sub-
jects were instructed to take their medications as prescribed on
the day of testing, with a specific request that they take their
b-blocker agent between 3 and 10 h before the test.

The primary mode of testing was a treadmill. However, a sta-
tionary cycle ergometer was used for 108 patients unable to
walk on the treadmill or tested at sites that routinely used this mo-
dality for exercise testing. Site testing personnel were instructed to
exercise patients to symptom-limited maximum. Resting HR was
measured prior to testing, after 2 min of seated rest. Peak HR
represented the highest HR achieved during the last minute of ex-
ercise. To help control for the potentially different effects of
various b-blocker agents on peak HR, b-blocker doses were

converted to equivalent doses of carvedilol based on dosing
from clinical trial data and published studies evaluating the conver-
sion of b-blocker agents.13,14

For this study, we included patients in sinus rhythm who
received a b-blocker and who demonstrated maximal effort on
the CPX test. Patients with a history of pacemaker or bi-ventricular
pacemaker were excluded.

Chronotropic index
Chronotropic index (CI) was defined as an index of maximal pre-
dicted HR reserve achieved. Heart rate reserve is the difference
between maximum age-predicted HR and HR at rest. We used
two different formulas for the maximum age-predicted HR. We
used the traditional maximum HR formula defined for healthy
populations by Astrand et al.,15 i.e. (220 2 age). The CI was ac-
cordingly defined as: CI ¼ (HR at peak exercise 2 resting HR)/
[(220 2 age) 2 resting HR)]. A sensitivity analysis was also per-
formed using a new equation developed by Keteyian et al.16, one
that predicts maximum HR in patients with HF taking b-blockers,
i.e. [119 + (resting HR/2) 2 (age/2) 2 (5 × bike)]. In this equation,
the ‘bike’ variable would have value ‘0’ if a treadmill test was per-
formed and ‘1’ if a bicycle was used, i.e. the predicted maximum
HR is 5 b.p.m. less on the bicycle test. Based on this, we defined
CI using the equation from Keteyian et al., as (HR at peak
exercise 2 resting HR)/[119 + (resting HR/2) 2 (age/2) 2 (5 ×
bike) 2 resting HR]. Previous studies have shown that measures
of CI are better in predicting outcomes than the simple measures
of percentage of maximum HR achieved.7,8

Outcomes
Consistent with the main HF-ACTION trial, the primary outcome
in this analysis was a composite of all-cause mortality or all-cause
hospitalization. We also assessed the association between CI and
the secondary outcomes of all-cause mortality, CV mortality or
CV hospitalization, and CV mortality or HF hospitalization.

Overall, 1118 patients fit the revised inclusion criteria. Models
including only baseline variables used the entire sample of 1118
patients and the sample size was reduced for multivariable model-
ling due to missing values in covariates.

Statistical analysis
Clinical characteristics are summarized using median (25th, 75th
percentile) for continuous variables and number of patients for cat-
egorical variables. The relationships between baseline resting HR,
CI, and continuous variables are displayed using Spearman correl-
ation coefficients.

Cox proportional hazards models were fit to assess the associ-
ation between baseline resting HR, CI, and clinical outcomes. The
linearity assumption of a Cox model was checked for baseline
resting HR and the two CI measures, for each of the four end-
points of interest. When deviations were found, linear splines or
variable truncations were used. Hazard ratios correspond to a
0.1 unit change in the CI.
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Multivariable analyses used adjustment models that were previ-
ously developed based on HF-ACTION baseline data.17 The
models used in this paper were developed with the same method-
ology as the originally published predictive models by O’Connor
et al.17 The slight difference between the models in the original
article and the ones used here is due to the distinction between
models for the purpose of prediction and models for the
purpose of adjustment. Medication dosing variables and variables
like region are appropriate in adjustment models but not in pre-
dictive models. Thus the list of potential variables for the adjust-
ment model used in this study was slightly larger than the list of
potential variables for the model published by O’Connor et al.
The final adjustment models were derived using backward selec-
tion of 61 potential covariates in 200 bootstrap samples for each
of 5 imputed datasets (variables that were candidates for inclusion
are presented in the Appendix). Treatment (exercise) was a candi-
date for entry in all models, but it was not used in the final adjust-
ment models because it was not a strong predictor of any of the
outcomes. Also, b-blocker dose was a candidate for entry in all
models, but it remained significant only in the all-cause death
model. The same methodology was followed for each endpoint.
To confirm that the models are appropriate for the subset of
patients used in this paper, we fit the models in our subset of
patients and saw that C-indices were about the same as those
reported in the entire HF-ACTION population.

The final covariates used for adjustment are presented for each
endpoint within the results section (Tables 1–6). Since different
covariates were used for final adjustment, when Cox models
were fit with the inclusion of the adjustment model covariates,
the number of patients with complete data for all covariates
ranged from 813 to 933.

Data were analysed using SAS version 9.2.

Sensitivity analysis
The final adjustment models developed in the HF-ACTION data
included among the covariates WEBER class (as a categorized
version of peak VO2), creatinine, and b-blocker dose (for the all-
cause mortality or hospitalization model). However, as a previous
study found (continuous) peak VO2 and not CI as a predictor of
outcomes,10 and given the fact that not all the patients used the
same exercise test in our study, as well as given the importance
of b-blocker dose, we performed a sensitivity analysis in which
models were adjusted for peak VO2 instead of Weber class or
CPX duration, all models were adjusted for b-blocker dose, and
for eGFR instead of creatinine.

Results

Characteristics of patients
The baseline characteristics and correlations with baseline resting
HR and CI are presented in Tables 1 and 2. The median age of
patients was 57 (49, 65) years, and most patients (69%) were in
NYHA II. The median carvedilol equivalent dose of b-blocker
was 50 (25, 50) mg/day. Chronotropic index was positively corre-
lated with peak VO2 (r ¼ 0.45) and with the duration of CPX test
(r ¼ 0.46), and negatively correlated with Ve/VCO2 slope
(r ¼ 20.17). Chronotropic index was lower in patients with
angina class II– IV when compared with patients with no angina.
The median of CI was 0.56 (0.42, 0.71). The median CI using the
formula from Keteyian et al. was 0.93 (0.71, 1.19), and the two
indexes were highly correlated (r ¼ 0.99).
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Table 1 Baseline characteristics of patients, and correlations with baseline heart rate and chronotropic index

Characteristic n Median (25th, 75th) Spearman correlation with
baseline resting heart rate

Spearman correlation with
baseline chronotropic index

Age, years 1118 57 (49–65) 20.22 0.01

BMI, kg/m2 1117 31 (26–36) 0.15 20.08

LVEF, % 1115 25 (21–31) 20.13 0.06

BUN, mg/dL 952 19 (14–25) 20.13 20.14

Creatinine, mg/dL 984 1.1 (0.9–1.4) 20.14 20.16

ACE-I dose, mg/day 1094 20 (4–40) 20.01 20.01

Beta-Blocker dose, mg/day 1109 50 (25–50) 20.05 20.16

Loop diuretic dose, mg/day 1101 40 (0–80) 0.11 20.22

Peak VO2, mL/kg/min 1090 15.0 (11.8–18.3) 20.06 0.45

Peak respiratory exchange ratio 1083 1.09 (1.02–1.15) 20.07 0.23

Ve/VCO2 slope 1082 31.6 (27.6–36.3) 0.04 20.13

CPX duration, min 1104 10.0 (7.4–12.7) 20.11 0.48

Six-minute walk distance, m 1093 377 (305–440) 20.08 0.30

Resting heart rate (b.p.m.), CPX test 1118 70 (62–79) – 0.09

Chronotropic index 1118 0.56 (0.42–0.71) 0.09 –

Keteyian chronotropic index 1112 0.93 (0.71–1.19) 0.05 0.99

BMI, body max index; LVEF, left ventricular ejection fraction; BUN, blood urea nitrogen; ACE-I, angiotensin-converting enzyme-inhibitors.
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Table 2 Baseline characteristics of patients

Characteristic n Median (25th, 75th) of
baseline resting heart rate

Median (25th, 75th) of
baseline chronotropic index

Sex

Male 720 70 (61–78) 54 (41–69)

Female 398 71 (63–79) 59 (45–74)

Race

Black or African American 437 72 (63–79) 55 (42–71)

White 598 70 (62–78) 56 (43–70)

Other 83 68 (61–77) 56 (38–72)

Region

USA 971 71 (63–79) 56 (42–72)

Canada 94 68 (62–77) 48 (39–61)

France 53 70 (59–80) 55 (47–66)

Baseline NYHA class

II 771 70 (61–78) 59 (47–73)

III/IV 347 72 (64–80) 48 (34–63)

CCS angina class

No angina 941 70 (62–79) 56 (43–71)

I 92 71 (62–77) 60 (47–73)

II– IV 85 71 (62–77) 46 (36–60)

Aetiology

Ischaemic 512 68 (61–76) 53 (39–66)

Non-ischaemic 606 72 (64–81) 57 (46–73)

Diabetes

No 749 69 (61–78) 58 (45–73)

Yes 369 72 (64–80) 51 (37–65)

Mitral regurgitation

Non-severe/nonea 918 70 (62–78) 56 (44–71)

Severeb 116 72 (61–80) 54 (37–72)

Ventricular conduction prior to CPX

Normal 661 71 (62–79) 56 (42–71)

LBBB 233 69 (62–77) 58 (48–72)

RBBB 44 73 (64–79) 57 (36–70)

IVCD 152 70 (63–78) 53 (39–68)

ACE inhibitor

No 254 71 (63–78) 56 (42–70)

Yes 864 70 (62–79) 56 (42–71)

Angiotensin II receptor blocker

No 863 70 (62–79) 55 (41–71)

Yes 255 71 (63–78) 57 (44–71)

Aldosterone antagonist

No 635 70 (62–78) 56 (42–71)

Yes 483 71 (63–79) 55 (42–71)

Digoxin

No 670 70 (62–78) 57 (43–72)

Yes 448 70 (63–79) 53 (40–68)

Loop diuretic

No 278 69 (61–77) 60 (47–75)

Yes 840 71 (63–79) 54 (41–69)

Continued

D. Dobre et al.2274



Cox univariable and multivariable
analysis
All-cause mortality or hospitalization (primary outcome)
The patients were followed up for the primary outcome for a
median of 32 (21, 44) months. Overall, 692 (62%) of patients
reached the primary endpoint. Both resting HR and CI were linear-
ly related to the primary outcome in the univariable analysis (data
not shown).

In the univariable model including resting HR, a 5 b.p.m. increase
in resting HR was associated with an increase in the hazard for
death or hospitalization of 4% (hazard ratio 1.04; 1.01–1.08; P ¼
0.007). In the univariable model including CI, a 0.1 decrease in
the CI was associated with an increase in the hazard for all-cause
death or hospitalization (hazard ratio 1.09; 1.05–1.13; P , 0.001).
Similarly, when CI was dichotomized at the previously defined
cut-off of 0.62, a CI of ≤0.62 was associated with a 26% increase
in the hazard for all-cause mortality or hospitalization (hazard ratio
1.26; 1.08–1.47; P ¼ 0.004).

When only resting HR and CI were included in the model, both
were significantly associated with the outcomes. However, when
the adjustment model covariates were included in the model,
resting HR and CI were not significantly associated with the
primary outcome. Results were similar for each definition of CI
with resting HR showing a trend towards significance (all P ,

0.08) and CI being non-significant (all P . 0.72) in each model
(Table 3).

All-cause mortality
During follow-up, 151 (14%) patients died (all-cause mortality). As
opposed to the primary outcome, a non-linear relationship was
found between CI and the risk of all-cause mortality (Figure 1).
Figure 1 shows that when CI was modelled as a linear variable,
the risk of event decreased as the CI increased but only until CI
reached �0.6. Above 0.6, the risk was roughly constant. As
such, the variable was modelled as linear ,0.6 and constant
.0.6. Overall, 666 of 1118 (60%) patients had a CI of ,0.6.
From the patients with a CI of ,0.6, 427 patients (64%) had a
CI of 0.4–0.59, 214 patients (32%) had a CI of 0.2–0.39, and 25
patients (4%) had a CI of ,0.2. The linearity assumption was pre-
served for resting HR and for CI when computed using the equa-
tion from Keteyian et al. (data not shown).

In the univariable model including CI as a linear variable, each 0.1
unit decrease in CI ,0.6 was significantly associated with an
increased risk of all-cause mortality (hazard ratio 1.48; 1.33–
1.65; P , 0.001). In the multivariable model including resting HR,
CI, and the adjustment model covariates, each 0.1 unit decrease
in CI ,0.6 was associated with an increased risk of all-cause
mortality (hazard ratio 1.17; 1.01–1.36; P ¼ 0.036) (Table 4).
In contrast, when CI was modelled as a dichotomous variable, a
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Table 3 The multivariable Cox association between resting heart rate, chronotropic index and the risk of all-cause
mortality or hospitalization

Model Variable Adjusted (N 5 834)

Hazard ratio
(95% confidence Interval)

Chi-square P-value

1 Resting heart rate, hazard ratio for 5 bpm increase 1.03 (1.00, 1.07) 3.2 0.073

CI, hazard ratio for 0.1 decrease 1.01 (0.96, 1.06) 0.1 0.73

2 Resting heart rate, hazard ratio for 5 bpm increase 1.03 (1.00, 1.07) 3.1 0.076

CI, hazard ratio for CI ≤ 0.62 1.01 (0.83, 1.23) ,0.1 0.93

3 Resting heart rate, hazard ratio for 5 bpm increase 1.04 (1.00, 1.08) 3.5 0.063

Keteyian CI, hazard ratio for 0.1 decrease
a

1.00 (0.98, 1.03) 0.1 0.76

Each model was adjusted for the following covariates: Weber Class, sex, region (USA vs. non-USA), mitral regurgitation (MR) grade, ventricular conduction prior to CPX test,
BUN, LVEF, b-blocker dose, and Kansas City Cardiomyopathy Questionnaire (KCCQ) Symptom Stability Score.
aModels including the Keteyian CI include 829 patients, because 5 patients were missing whether the CPX was a bike or treadmill test.
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Table 2 Continued

Characteristic n Median (25th, 75th) of
baseline resting heart rate

Median (25th, 75th) of
baseline chronotropic index

Non-loop diuretic

No 1013 70 (62–78) 56 (43–71)

Yes 105 72 (62–79) 53 (39–70)

CCS, Canadian Cardiovascular Society; LBBB, left bundle branch block; RBBB, right bundle branch block; IVCD, intraventricular conduction delay.
aA combination of these original categories: none, trivial, mild, mild to moderate, and moderate.
bA combination of the original categories: severe and moderate to severe.
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CI of ≤0.62 was not significantly associated with the outcome
(P ¼ 0.6). However, as shown in Figure 1 and as expected in a
linear relationship, the risk of all-cause mortality increased propor-
tionally in patients with a CI of ,0.6, and it was particularly ele-
vated in patients with a CI of ,0.4.

A decrease in CI Keteyian was not associated with the outcome
(P ¼ 0.085).

Cardiovascular mortality or cardiovascular hospitalization
Results for the CV mortality or CV hospitalization endpoint are
similar to the results for the primary end-point. The linearity as-
sumption was not rejected for resting HR and for the CI variables.
In the multivariable models, none of the CI variables or resting HR
were associated with the outcome (Table 5).

Cardiovascular mortality or heart failure hospitalization
In this model, a non-linear relationship was also observed between
the CI and the outcome, also in the sense that a decrease in CI
,0.6 was associated with a worse outcome. In addition, a similar
non-linear relationship was observed for the CI Keteyian, i.e. a de-
crease in CI ,1.1 was associated with a worse outcome (data not
shown). Overall, 753 of 1112 (68%) of patients had a CI ,1.1.

In adjusted models (Table 6), measures of CI remained signifi-
cantly associated with the outcome, e.g. for each 0.1 decrease
,0.6 in CI, hazard ratio 1.13; 1.02–1.26, P ¼ 0.025. For
CI Keteyian, for each 0.1 decrease , 1.1, hazard ratio 1.07;
1.01–1.13; P ¼ 0.033. Similar to previous outcomes, when CI
was modelled as a binary variable, a CI of ≤0.62 was not signifi-
cantly associated with the outcomes.

Figure 1 The relationship between chronotropic index and probability of all-cause mortality at 2-year follow-up. The figure shows a signifi-
cantly non-linear relationship between chronotropic index and all-cause mortality. The risk of event decreases as the chronotropic index goes
up, but only until chronotropic index reaches �0.6. Above 0.6, the risk is roughly constant, so we assumed a constant hazard above 0.6.
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Table 4 The multivariable Cox association between resting heart rate, chronotropic index, and the risk of all-cause
mortality

Model Variable Adjusted (n 5 933)

Hazard ratio
(95% confidence interval)

Chi-square P-value

1 Resting HR, hazard ratio for 5 b.p.m. increase 1.03 (0.96, 1.12) 0.7 0.42
CI, hazard ratio for 0.1 decrease below 0.6 1.17 (1.01, 1.36) 4.4 0.036

2 Resting HR, hazard ratio for 5 b.p.m. increase 1.02 (0.94, 1.10) 0.3 0.61
CI, hazard ratio for CI ≤ 0.62 1.12 (0.72, 1.76) 0.3 0.62

3 Resting HR, hazard ratio for 5 b.p.m. increase 1.03 (0.95, 1.11) 0.4 0.53
Keteyian CI, hazard ratio for 0.1 decreasea 1.06 (0.99, 1.13) 3.0 0.085

Each model was adjusted for the following covariates: CPX test duration, BMI, creatinine, sex, loop diuretic dose, LVEF, the CCS Angina Class, and ventricular conduction prior to
the CPX test.
aModels including the Keteyian CI include 928 patients, because 5 patients were missing whether the CPX was a bike or treadmill test.
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Sensitivity analysis
Results were similar when the models were adjusted for continu-
ous peak VO2 instead of Weber class or CPX duration, when each
model was adjusted for the b-blocker dose, and when all-cause
death model was adjusted for eGFR instead of creatinine (data
not shown).

Discussion
In this study, we assessed the association between resting HR, CI,
and clinical outcomes in patients with systolic HF (LVEF , 35%)
receiving optimal b-blocker treatment. In multivariable Cox
model including resting HR and CI as continuous variables,
neither was associated with the primary outcome of all-cause
mortality or hospitalization. In contrast, a lower CI over the
range 0–0.6 was associated with a higher risk of all-cause mortality
and a higher risk of CV mortality or HF hospitalization. Similar
results were shown when CI was determined using the formula
by Keteyian et al. When CI was modelled as a dichotomous

variable, a CI of ≤0.62 was not significantly associated with clinical
outcomes.

An impaired HR response to exercise or so-called chronotropic
incompetence in healthy subjects is predictive of CAD and mortal-
ity.6,7 In men without a history of myocardial infarction or revascu-
larization, of whom only 24% were taking b-blockers, angiographic
CAD was substantially more common in the presence of chrono-
tropic incompetence regardless of whether or not b-blockers
were taken.18 In patients with established CAD or at risk for CV
disease not taking b-blockers, chronotropic incompetence was
also an important predictor of cardiac death and all-cause mortal-
ity.7,19,20 In these studies, chronotropic incompetence was defined
as either (i) low percentage (,85%) of the age-adjusted maximum
HR, e.g. (220 2 age) or (ii) low (,80%) CI, a measure that
accounts for both peak and resting HR as well as age, e.g. (peak
HR 2 resting HR/(220 2 age) 2 resting HR). However, when
using the formula of (220 2 age) that was originally developed in
apparently healthy populations, it has been pointed-out that the
cut-off of impaired chronotropic response may differ according
to both the population included and the use of b-blocker agents.
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Table 5 The multivariable Cox association between resting heart rate, chronotropic index, and the risk of
cardiovascular mortality or cardiovascular hospitalization

Model Variable Adjusted (n 5 830)

Hazard ratio
(95% confidence Interval)

Chi-square P-value

1 Resting HR, hazard ratio for 5 b.p.m. increase 1.03 (0.99, 1.08) 2.7 0.098
CI, hazard ratio for 0.1 decrease 0.99 (0.94, 1.04) 0.1 0.70

2 Resting HR, hazard ratio for 5 b.p.m. increase 1.04 (0.99, 1.08) 2.9 0.088
CI, hazard ratio for CI ≤ 0.62 0.90 (0.73, 1.12) 0.9 0.34

3 Resting HR, hazard ratio for 5 b.p.m. increase 1.04 (1.00, 1.08) 3.0 0.084
Keteyian CI, hazard ratio for 0.1 decreasea 0.99 (0.96, 1.03) 0.2 0.65

Each model was adjusted for the following covariates: LVEF, MR grade, ventricular conduction prior to the CPX test, KCCQ Symptom Stability Score, BUN, race, sex, nitrate use,
Weber class, and KCCQ Total Symptom Score.
aModels including the Keteyian CI include 825 patients, because 5 patients were missing whether the CPX was a bike or treadmill test.
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Table 6 The multivariable Cox association between resting heart rate, chronotropic index, and the risk of
cardiovascular mortality or heart failure hospitalization

Model Variable Adjusted (n 5 813)

Hazard Ratio
(95% Confidence Interval)

Chi-square P-value

1 Resting HR, hazard ratio for 5 b.p.m. increase 1.04 (0.98, 1.11) 1.9 0.17
CI, hazard ratio for 0.1 decrease below 0.6 1.13 (1.02, 1.26) 5.0 0.025

2 Resting HR, hazard ratio for 5 b.p.m. increase 1.04 (0.98, 1.10) 1.4 0.23
CI, hazard ratio for CI ≤ 0.62 1.04 (0.76, 1.43) 0.1 0.80

3 Resting HR, hazard ratio for 5 bpm increase 1.04 (0.98, 1.11) 1.9 0.17
Keteyian CI, hazard ratio for 0.1 decrease below 1.1a 1.07 (1.01, 1.13) 4.5 0.033

Each model was adjusted for the following covariates: loop diuretic dose, LVEF, MR grade, ventricular conduction prior to the CPX test, KCCQ Symptom Stability Score, BUN,
race, sex, age, Weber class, and Ve/VCO2.
aModels including the Keteyian CI include 808 patients, because 5 patients were missing whether the CPX was a bike or treadmill test.
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Indeed, in patients with CAD taking b-blocker agents, Kahn et al.8

found a non-linear relationship between CI and the risk of all-cause
mortality, but with an apparent threshold present �70% in con-
tinuous analysis. In our continuous analysis, an apparent threshold
was present �60%, and the risk was substantially increased at a CI
of ,40%. Our data support the notion that the presence of HF
causes a left-shift of the relationship, which would be understand-
able given the disease characteristics.

In patients with HF receiving optimized b-blocker treatment,
Carvalho et al.21 pointed out that a peak HR over 65% of the
maximum age-adjusted value could be considered an effort near
the maximum. Indeed, in the HF population, HR reserve may
depend on chronotropic incompetence, but also on the degree of
b- blockade, on patient motivation, as well as on another unidenti-
fied factor related to the disease itself. However, in previous studies
of chronic HF patients, chronotropic incompetence was not found
to be a clinical predictor all-cause mortality, but these studies
were limited in size, were performed in observational settings, and
not all the patients in these studies were on b-blocker therapy.9,10

Chronotropic incompetence is believed to reflect, at least in
part, a desensitization of the b-adrenergic receptors in the failing
heart. This may lead to a decrease in b-agonist-stimulated
muscle contractility.6,22 Sinus or atrioventricular node dysfunction,
probably also a consequence of diminished sympathetic respon-
siveness and sinus node remodelling, was also mentioned as a pos-
sible cause.23,24 However, as the association between chronotropic
incompetence and mortality is independent of exercise-induced
myocardial perfusion defects and cardiac death, it has been
pointed out that autonomous nervous system dysfunction could
be the underlying cause of chronotropic incompetence and may
lead to adverse outcomes via multiple pathways.16–18 This may
also explain why in our study we particularly found an association
between impaired chronotropic response and all-cause mortality.

In patients with HF, high sympathetic drive at rest is associated
with adverse outcomes and b-blocker therapy has been shown
to improve outcomes, coincident with a decrease in resting HR.2

Whether HR reserve would provide additional information
about prognosis independent of resting HR in this specific popula-
tion is therefore clinically relevant. Importantly, our results suggest
that, in optimally treated HF patients, a CI decreasing below 0.6 is
associated with adverse clinical outcomes, independent of resting
HR. This finding is also relevant because a large proportion
(60%) of patients in our cohort had a CI of ,0.6.

Our results are in contrast with the two published studies on
the topic,9,10 but the advantage of our study is the higher sample
size and the optimized b-blocker therapy. The b-blocker dose
was not specified in the previous HF studies.9,10 The median
equivalent dose of b-blocker used in this study was 50 (25–50)
mg (carvedilol equivalents). This dose is relatively high and reflects
diligent attention to medical therapy. Interestingly, however,
resting HR and not CI showed a trend towards a significant

association with the primary outcome of all-cause mortality or
hospitalization, and with CV mortality or hospitalization.
Whether indeed resting HR and chronotropic response at exercise
may impact clinical outcomes differently warrants further
exploration.

Our results have several clinical and methodological implica-
tions. First, the study shows that the assessment of CI is important
for risk stratification and possibly a different management strategy
in HF patients who present an impaired CI despite optimal therapy.
Endurance exercise training may improve chronotropic function in
patients with chronic HF, probably by increasing baroreflex sensi-
tivity and reducing sympathetic outflow and plasma levels of neu-
rohormones.25 Rate-adaptive pacing, in conjunction to cardiac
resynchronization therapy, has also been shown to increase
peak HR and exercise time, particularly in patients with severe
chronotropic incompetence, but this therapy requires further in-
vesitigation.26 Secondly, we found that a decrease in CI ,0.6 is
associated with adverse clinical outcomes in this specific HF popu-
lation, but this association was not observed when the CI was
dichotomized (CI ≤ 0.62). This may be explained by the loss of
information when transforming a variable from continuous to
categorical. Finally, we presented another formula, one that in-
corporates work previously published by Keteyian et al. that may
be used for assessing CI in patients with HF treated with a
b-blocker.

There are several strengths and limitations for our study. The
major strength is the use of a database of HF patients on optimized
b-blocker therapy who performed a maximal CPX test. To our
knowledge, this is among the few studies that explore the prognos-
tic value of chronotropic response in this population, using several
clinical outcomes. Both the CPX test and functional assessments
were performed within a carefully defined trial protocol. A limita-
tion is that we used post hoc, observational data and, as a result,
unmeasured confounding variables may account for some or all
of the observed relationships. Another limitation of our study
may be the use of a stationary cycle ergometer instead of treadmill
in 108 patients unable to walk on the treadmill or tested at sites
that use this modality for exercise testing.

In conclusion, we observed that a decrease in CI , 0.6 was
associated with all-cause mortality and with CV mortality or HF
hospitalization but not with the primary outcome of all-cause mor-
tality or hospitalization in optimally treated HF patients. Obtaining
a better HR response to exercise, even in patients receiving opti-
mized b-blocker therapy, may be a therapeutic target in the HF
population.
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Appendix
Variables that were candidates for inclusion in the HF-ACTION
adjustment models for each outcome.

Variable

1 Region (USA vs. non-USA)

2 Age

3 Sex

4 Race

5 History of MI

6 Previous revascularization

7 Diabetes

8 History of PVD

9 Smoking status

10 History of chronic obstructive pulmonary disease

11 HF hospitalizations in the last 6 months

12 Hospitalizations in the last 6 months

13 Aetiology of HF

14 NYHA Class (II vs. III/IV)

15 Canadian Angina Class

16 On a b-blocker at baseline

17 b-Blocker baseline daily dose

18 On a angiotensin-converting enzyme (ACE) inhibitor at baseline

19 ACE inhibitor baseline daily dose

20 On a loop diuretic at baseline

21 Loop diuretic baseline daily dose

22 On other diuretic

23 On a nitrate

24 On insulin

25 On a HMG-CoA reductase inhibitor

26 Baseline AICD

27 Baseline bi-ventricular pacemaker

28 On two or more diuretics at baseline

29 On spiro/eplerenone

30 On a pacer at baseline

31 Atrial fibrillation/flutter

32 Mitral regurgitation grade by echo

33 Systolic blood pressure

34 Diastolic blood pressure

35 Baseline heart rate

36 Body mass index

37 Left ventricular EF

38 KCCQ: Total symptom score

39 KCCQ: Quality-of-life score

40 KCCQ: Self-efficacy score

41 KCCQ: Symptom stability score

42 KCCQ: Physical limitation score

43 KCCQ: Social limitation score

44 Beck depression index II

45 Heart rate reserve on the baseline CPX test

46 Heart rate at peak exercise (baseline CPX test)

47 HR at the end of the 2nd stage of the baseline CPX test

Continued

(Continued)

Variable

48 Exercise duration on the baseline CPX test

49 Rest ECG rhythm (baseline CPX test)

50 Peak VO2 (baseline CPX test)

51 Weber class (baseline CPX test)

52 Peak oxygen pulse on the baseline CPX test

53 Ventricular conduction prior to the baseline CPX test

54 Peak RER on the baseline CPX test

55 Ve/VCO2 slope (baseline CPX test)

56 Six-minute walk distance

57 Serum creatinine

58 Sodium

59 BUN

60 Haemoglobin

61 Treatment group (exercise vs. usual care)
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