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Aims Empagliflozin reduces cardiovascular death (CVD) or heart failure hospitalization (HHF) in patients with heart failure
and preserved ejection fraction (HFpEF). Treatment effects and safety in relation to resting heart rate (RHR) have
not been studied.
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Methods
and results

The interplay of RHR and empagliflozin effects in EMPEROR-Preserved was evaluated. We grouped patients (n= 5988)
according to their baseline RHR (<70 bpm [n = 2650], 70–75 bpm [n = 967], >75 bpm [n =1736]) and explored the
influence of RHR on CVD or HHF (primary outcome) and its components in sinus rhythm or atrial fibrillation/flutter
(AF) and adverse events. We studied the efficacy of empagliflozin across the RHR spectrum. Compared to placebo,
empagliflozin did not change heart rate over time. The primary outcome (p for trend = 0.0004) and its components
CVD (p trend = 0.0002), first HHF (p for trend = 0.0099) and all-cause death (p < 0.0001) increased with RHR only
in sinus rhythm but not AF. The risk increase with RHR was similar in patients with heart failure and mildly reduced
ejection fraction (left ventricular ejection fraction [LVEF] 40–49%) and HFpEF (LVEF ≥50%). Baseline RHR had no
influence on the effect of empagliflozin on the primary outcomes (p for trend = 0.20), first HHF (p for trend = 0.49).
There were no clinically relevant differences in adverse events between empagliflozin and placebo across the RHR
groups.
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Conclusion Resting heart rate associates with outcomes only in sinus rhythm but not in AF. Empagliflozin reduced outcomes over
the entire RHR spectrum without increase of adverse events.
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Graphical Abstract

Effect of resting heart rate on outcomes and effect of empagliflozin across the resting heart rate spectrum. CI, confidence interval; SE, standard
error.
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Introduction
Sodium–glucose cotransporter 2 (SGLT-2) inhibitors are recom-
mended in recent guidelines with a class IA evidence for treatment
of heart failure with reduced ejection fraction (HFrEF)1,2 as
they reduced cardiovascular death (CVD) and hospitalization
for heart failure (HHF) in patients with HFrEF.3,4 Resting heart
rate (RHR) associates with increased HHF and CVD from a
RHR rate of 70 bpm upwards,5 and selective RHR reduction with
ivabradine results in reduction of CVD and HHF in HFrEF.6 Also
beta-blockers might meaningfully mediate their effects in HFrEF
in part by reducing RHR.7 In patients with heart failure with
preserved ejection fraction (HFpEF), empagliflozin reduced the
composite of CVD and HHF8 but the interplay of these effects
with RHR is unknown. Data on the RHR risk association in HFpEF
are limited and coming from the CHARM trial9 and the I-Preserve
trial10 showing a risk to RHR association in sinus rhythm but not
in atrial fibrillation/flutter (AF).9,10 As the data on interplay of
HR with outcomes in AF are sparse and the interaction with the
treatment effects of empagliflozin in HFpEF are unknown, we have
conducted a post-hoc analysis on RHR–risk relationship, effects
of empagliflozin on RHR and the treatment effect of empagliflozin
according to RHR in patients with sinus rhythm or AF from
EMPEROR-Preserved. ..
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Study design
The design, baseline characteristics11 and results8 of the
EMPEROR-Preserved trial have been published previously. The
ethics committees of each of the 622 participating institutions in
23 countries approved the protocol and all patients gave written
informed consent. The registration identifier at ClinicalTrials.gov is
NCT03057951.

Studied patients and procedures
Patients with heart failure and an ejection fraction of >40% were
screened and those fulfilling eligibility criteria were randomized
double-blind in a 1:1 fashion to receive placebo or empagliflozin
10 mg daily in addition to their usual therapy. EMPEROR-Preserved
randomized 5988 patients with New York Heart Association
class II–IV heart failure. Patients were required to have elevated
N-terminal pro-hormone B-type natriuretic peptide (NT-proBNP)
levels (>900 pg/ml or> 300 pg/ml in patients with or without AF,
respectively) and have evidence of structural heart disease (left ven-
tricular hypertrophy or left atrial enlargement) or a documented
HHF within the 12 months prior to enrolment. Patients with or
without diabetes were enrolled. During follow-up, all accompa-
nying treatments could be altered or initiated according to the

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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changes in the clinical status of the patients at the discretion of the
investigator.

All randomized individuals were followed up for the occurrence of
pre-specified outcomes for the entire duration of the trial regardless
of whether the study participants had taken the study medication
or were adherent with the study procedures according to the
intention-to-treat principle. RHR and blood pressure were taken after
resting for 3 min in a sitting position in the presence of the study nurse
or investigator. Pulse rate was taken electronically or by palpation
for 1 min to reduce variability, in particular in the care of AF. Only
patients with complete data on RHR and blood pressure entered the
analysis. Patients with paced rhythms or unknown baseline rhythm
were excluded from this analysis.

Outcome analyses
Patients were grouped according to RHR at baseline (<70 bpm,
70–75 bpm, >75 bpm) and the groups were studied further by subdi-
viding them into groups with sinus rhythm or AF and HFpEF (ejection
fraction ≥50%) or heart failure with mildly reduced ejection fraction
(HFmrEF; ejection fraction 40–49%). The cut-offs for RHR were
chosen according to previous literature in patients with HFrEF.5,6,9,10,12

RHR >70 bpm is the cut-off from where risk for HHF is increased,5,9,10

while the risk is increased for CVD at >75 bpm.5,12 Consistently,
the treatment effect for HHF after RHR reduction with ivabradine
is positive at >70 bpm,5,6 while the death endpoints become signifi-
cantly reduced by heart rate reduction with ivabradine at >75 bpm.
While these interventional data are obtained in patients with HFrEF,
similar findings were observed in HFpEF.9,10 Therefore, the cut-offs
<70 bpm (no increase of risk), 70–75 bpm (increase of HHF with
positive effects of heart rate reduction) and >75 bpm (positive asso-
ciation with CVD with treatment effects on death endpoints) were
chosen.

We evaluated the risk of HF events, CVD and all-cause death
treated with placebo and empagliflozin according to RHR. Finally,
we compared the effects of empagliflozin versus placebo on the
primary composite outcome and its components and all-cause mor-
tality in the overall population and in patients separated by HFmrEF
(ejection fraction 40–49%) or HFpEF (ejection fraction ≥50%). In
order to understand the influence of post-randomization changes
of RHR on empagliflozin’s effects, we studied the treatment effects
of empagliflozin using RHR at baseline, week 4 and time-updated
RHR as covariates (landmark analysis), only considering events after
week 4 as the change in RHR from baseline to week 4 was incor-
porated in the model. Finally, we explored adverse events according
to RHR.

Clinical outcomes
The primary endpoint of the composite of adjudicated CVD or HHF
was analysed as time-to-first event. The first secondary endpoint was
the occurrence of all adjudicated HHF.

Statistical analyses
The effect of empagliflozin compared with placebo on the time-to-first
event analyses was examined across the RHR groups using Cox pro-
portional hazard regression models with pre-specified covariates of
sex, geographical region, diabetes status at baseline, left ventricu-
lar ejection fraction, age and estimated glomerular filtration rate at ..
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.. baseline. The interaction between the RHR subgroups and treat-
ment group on the occurrence of the pre-specified outcomes was
tested using a treatment-by-RHR interaction trend test. The first sec-
ondary outcome of total (first and recurrent) HHF was evaluated
with the use of the joint frailty model that accounted for informa-
tive censoring because of CVD. Changes in heart rate over time
were analysed in a mixed model with repeated measures. The fre-
quencies of the pre-specified safety outcomes were investigated in a
logistic regression model adjusted with the same covariates as the
Cox model.

The association between hazard and RHR as continuous variable
was analysed non-parametrically using restricted cubic splines allowing
for non-linear relationships. Four knots (5th, 35th, 65th, and 95th
percentile of baseline RHR) were chosen for the analysis. Hazard ratios
(HR) and 95% confidence bands depending on RHR are evaluated using
60 bpm as reference (HR = 1).

All analyses were performed by the sponsor, after agreeing
on a statistical analysis plan with the executive committee of
EMPEROR-Preserved using SAS version 9.4 (SAS Institute, Cary,
NC, USA). All p-values reported are 2-sided and p < 0.05 was
considered as statistically significant in all cases. No adjustments for
multiple testing were made due to the exploratory nature of the
study.

Results
Patient characteristics
A total of 5988 patients were randomly assigned to receive
either empagliflozin (n = 2997, 10 mg once daily) or placebo
(n = 2991). The flow is summarized in online supplementary
Figure S1. Online supplementary Table S1 shows the baseline
characteristics of patients according to baseline RHR. Patients
with a high RHR tended to be more frequently female and
have higher NT-pro-BNP levels. There was no difference in the
treatment intensity of beta-blockers. A total of 498 patients
had paced rhythm and were excluded from the analysis (online
supplementary Figure S1). Patients in sinus rhythm tended to
have a lower RHR than patients in AF (online supplementary
Figure S2). RHR over time was not different between placebo
and empagliflozin treated patients but was higher in AF com-
pared to sinus rhythm (online supplementary Figure S3). RHR
tended to increase over time from baseline to week 172 in
patients with RHR in sinus rhythm and AF (online supplementary
Figure S3).

Association of resting heart rate
with outcomes
The relationship of RHR with outcomes was studied by calculat-
ing the incidence rates for major endpoints in the overall pop-
ulation as there was no significant difference in RHR between
the empagliflozin and placebo groups at baseline and over time
in AF or sinus rhythm (online supplementary Figure S2). The
cumulative incidence function of the primary endpoint (CVD or
HHF), first HHF, CVD and all-cause death according to RHR is
shown in Figure 1. The incidence rate of the primary outcome
was 6.78 at RHR <70 bpm, 7.47 (70–75 bpm) and 8.70 events/100

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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patient-years (>75 bpm) (p for trend = 0.0004). Increased event
rates were also observed for time to first adjudicated HHF (p for
trend = 0.0099), first and recurrent HHF (p for trend = 0.012),
CVD (p for trend = 0.0002) and all-cause death (p < 0.0001). For-
est plots (Figure 2) summarize these data.

The population was separated by HFmrEF (ejection fraction
40–49%) (primary outcome: p for trend across RHR = 0.01) and
HFpEF (ejection fraction ≥50%) (p for trend = 0.01) (Figure 3A).
The data for the primary outcome were similar in HFmrEF and
HFpEF. The data are summarized in Figure 3. Interestingly, there
was no association of RHR with outcomes in AF (primary out-
come: p for trend = 0.55) but for patients in sinus rhythm (p
for trend = 0.005). Similar findings were observed for first HHF
(Figure 3B), CVD (Figure 3C) and all-cause death (Figure 3D). To
account for the non-linear relationship of the RHR–risk associ-
ation, the HRs for patients in sinus rhythm and AF are given in
Figure 4. For the primary outcome and first HHF, the reference was
taken at 60 bpm as it was shown that the optimal RHR for patients
in sinus rhythm on treatment occurred between 50–60 bpm.3 The
cubic spline regression showed an increase of risk up to approxi-
mately at >75 bpm in sinus rhythm, while the risk in AF was ele-
vated over the whole spectrum of RHR compared to the nadir in ..
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of RHR. Similar results were observed for CVD and all-cause death
(online supplementary Figure S4).

Effect of empagliflozin on efficacy
outcomes
The relative risk reduction of the primary outcome by empagliflozin
was similar over the entire RHR spectrum (primary endpoint: p
for trend = 0.20). Similar results were observed for first HHF (p
for trend = 0.49) as well as for CVD (p for trend = 0.64) and
all-cause death (p for trend = 0.18). There was no overall effect
of empagliflozin on mortality across all RHR groups (Figure 5C,D).
Furthermore, we evaluated in a landmark analysis the treatment
effect of empagliflozin on the primary endpoint analysing events
occurring after week 4 by including baseline RHR, baseline RHR
plus RHR at week 4, plus time-updated mean RHR with and
without treatment interaction to the factors of the standard model.
With all models, the HR was between 0.84 and 0.85 for the
primary outcome (online supplementary Figure S5). Finally, the
treatment effect of empagliflozin was not different between AF and
sinus rhythm at each level of RHR (primary outcome, <70 bpm:
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Figure 1 Incidence of heart failure outcomes by resting heart rate. Cumulative incidence function of the primary outcome (composite of
first heart failure hospitalization or cardiovascular death) (A), first hospitalization for heart failure (B), cardiovascular death (C) and all-cause
death (D) according to resting heart rate. Data were adjusted for competing risk by death types, which were not part of the endpoint under
investigation (e.g. all-cause death for heart failure hospitalization).
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Figure 2 Outcomes according to resting heart rate. Hazard ratio for the primary endpoint (A), first hospitalization for heart failure (B), first
and recurrent hospitalization for heart failure (C), cardiovascular death (D) and all-cause death (E) according to resting heart rate. <70 bpm is
given as a reference. CI, confidence interval.

interaction p = 0.87, 70–75 bpm: interaction p = 0.57, >75 bpm:
interaction p = 0.96).

Safety assessments
The number of patients with any adverse events leading to dis-
continuation of study medication was not different between RHR
groups and was not meaningfully different between empagliflozin ..
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.. and placebo across RHR. Specifically, there was no difference
between acute renal failure, hypotension, urinary tract infection
and hypoglycaemic events (online supplementary Table S2).

Discussion
Resting heart rate significantly associates with the primary compos-
ite outcome of CVD and HHF, its components as well as all-cause
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Figure 3 Outcomes according to ejection fraction, rhythm and heart rate. Hazard ratio and incidence per 100 patient-years for the primary
endpoint (A), first hospitalization for heart failure (B), cardiovascular death (C) and all-cause death (D) in patients with atrial fibrillation/flutter
(AF), sinus rhythm, left ventricular ejection fraction (LVEF) 40–49% and LVEF ≥50%. <70 bpm is given as reference. CI, confidence interval.

death. This association was present in patients with sinus rhythm
and not observed in AF. There was no difference between patients
with an ejection fraction of 40–49% (HFmrEF) or ≥50% (HFpEF).
The treatment effects of empagliflozin were not modified by RHR.
Serious adverse events were not related to RHR and not different
between placebo and empagliflozin (Graphical Abstract).

Resting heart rate is a significant predictor for poor outcomes
in chronic heart failure with HFrEF with sinus rhythm >70 bpm.5,12

In patients after myocardial infarction, stroke or proven vascular
disease, RHR predicts incident HHF13,14 and is associated with out-
comes in patients with specific cardiac conditions like Takotsubo
syndrome15 and peripartum cardiomyopathy.16 In turn, specific
RHR reduction with ivabradine in HFrEF reduced CVD and HHF.6

High RHR is also associated with increased vascular stiffness and
left ventricular systolic and diastolic function in a mouse model
with HFpEF.17 As stiffness and impaired relaxation18,19 are clini-
cally important features of HFpEF and RHR reduction improves
arterial–ventricular coupling,20 RHR reduction was tested in
patients with HFpEF without effects on ventricular stiffness and
relaxation as well as quality of life and 6-min walking distance.21 In
patients from EMPEROR-Preserved, we observed an association of
RHR with the primary composite of CVD and HHF as well as first ..
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.. and recurrent HHF, CVD and all-cause death. These data are con-

sistent with secondary analyses from CHARM9 and I-Preserve.10

The lowest risk was observed at a RHR between 50–60 bpm
in sinus rhythm, which is in line with the on-treatment optimal
achieved RHR in patients with HFrEF.5 Mechanistically, a high RHR
shortens the length of diastole22 and worsens vascular elastance
and ventricular loading.23,24 On exercise, high heart rate increases
energy expenditure without contributing to cardiovascular output
and associated was the poorer contractility.24–26 Nevertheless, it
has not been proven that length of diastole is related to symptoms
or outcomes in HFpEF, as an outcome study on selective RHR
reduction in HFpEF has never been performed.

Interestingly, no association between RHR and outcomes was
observed in patients with AF. In a small number of patients, this
was also seen in CHARM-Preserved9 and in I-Preserve.10 The
irregularity of the heartbeat has recently shown to importantly
affect ventricular remodelling in human myocardium.27 In ventricu-
lar myocytes from patients with AF, Ca2+ transients were reduced,
which was reproduced in irregularly paced stem cell-derived car-
diomyocytes.27 Furthermore, irregularly paced cardiomyocytes
secreted factors propagating myocardial fibrosis, among them
transforming growth factor-β and connective tissue growth fac-
tor.28 Therefore, one might suggest that the irregularity of the
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Figure 4 Outcomes according to resting heart rate as a continuous variable. Hazard ratio for the primary endpoint (A), first hospitalization
for heart failure (B) in all patients and the primary endpoint (C) and first hospitalization for heart failure (D), by presence of sinus rhythm or
atrial fibrillation/flutter according to resting heart rate as a continuous variable. CI, confidence interval.

heartbeat could overcome the RHR–risk association since irregu-
larity as such appears to be involved in myocytic27 and interstitial28

remodelling. In patients with AF and HFrEF, also the beneficial
effects of beta-blockers were not detected29 and the RHR–risk
association disappeared.30 Finally, strict versus lenient rate control
did not change outcomes in patients with AF and HF.31 Therefore,
AF appears to be a condition where the RHR–risk association, but
also the efficacy of interventions primarily acting through heart rate
reduction, such as beta-blockers,7 are abolished.29,30

Empagliflozin reduced the composite of CVD and HHF as well
as first and recurrent HHF.8 Among the patients included in the
EMPEROR-Preserved trial were patients with HFmrEF (ejection
fraction 40–49%) and HFpEF (ejection fraction ≥50%).7,10 In
these two groups, there was no different RHR–risk association.
In agreement with previous studies, modification of RHR with
beta-blockers produced similar effects on outcomes in HFrEF
and HFmrEF.32 Furthermore, no different treatment effects of
empagliflozin were observed across the RHR spectrum. The
empagliflozin effects were maintained and were not different com-
pared to the overall population across the RHR groups. Therefore,
RHR is not an effect modifier of empagliflozin’s treatment effects
and indicates that even in patients at high risk with higher RHR,
the risk–RHR association does not overplay the treatment effects ..
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. of empagliflozin. Accordingly, there were no safety issues at high

or low RHR with adverse events of empagliflozin compared to
placebo, indicating that a particular RHR is not a reason to withhold
empagliflozin treatment from HFpEF patients.

Limitations
Treatment was not randomized to RHR groups and may be subject
to invisible confounding. Furthermore, separating this population
by sinus rhythm or AF and HFmrEF or HFpEF rendered numbers
lower with the consequence of a limited power to detect changes.
However, this is the largest population in HFpEF patients to study
the RHR–risk association and treatment effects of empagliflozin in
HFpEF patients in sinus rhythm.

Conclusion
Empagliflozin reduces the risk of HF events across all RHR groups.
The risk indicator RHR does not limit empagliflozin effects and
tolerability, but might serve as a risk marker also for HFpEF in sinus
rhythm.

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.



1890 M. Böhm et al.

>75 bpm

70−75 bpm

<70 bpm

D All−cause death

0.0 0.5 1.0 1.5 2.0

Hazard ratio (95% CI)

8.56

7.30

6.13

6.53

5.41

5.97

n=158 (18.2%)

n=134 (15.5%)

n=63 (13.1%)

n=69 (14.2%)

n=153 (11.5%)

n=169 (12.8%)

Incidence / 100 patient years

0 2 4 6 8 10

>75 bpm

70−75 bpm

<70 bpm

C Cardiovascular death

0.0 0.5 1.0 1.5 2.0

Hazard ratio (95% CI)

4.28

4.47

3.60

3.22

2.79

3.32

n=79 (9.1%)

n=82 (9.5%)

n=37 (7.7%)

n=34 (7.0%)

n=79 (6.0%)

n=94 (7.1%)

Incidence / 100 patient years

0 2 4 6 8 10

>75 bpm

70−75 bpm

<70 bpm

B First hospitalization for heart failure

0.0 0.5 1.0 1.5 2.0

Hazard ratio (95% CI)

5.15

5.83

4.11

6.02

3.65

5.07

n=89 (10.2%)

n=99 (11.4%)

n=40 ( 8.3%)

n=59 (12.1%)

n=98 ( 7.4%)

n=133 (10.0%)

Incidence / 100 patient years

0 2 4 6 8 10

>75 bpm

70−75 bpm

<70 bpm

A Primary endpoint

0.0 0.5 1.0 1.5 2.0

Hazard ratio (95% CI)

8.50

8.90

6.89

8.06

5.81

7.78

n=147 (16.9%)

n=151 (17.4%)

n=67 (14.0%)

n=79 (16.2%)

n=156 (11.8%)

n=204 (15.4%)

Incidence / 100 patient years

0 2 4 6 8 10

Placebo

p for interaction trend test = 0.65

p for interaction trend test = 0.20 

p for interaction trend test = 0.18

p for interaction trend test = 0.49

Figure 5 Empagliflozin effects across resting heart rate. Hazard ratio (left) and incidence rate per 100 patient-years (right) for empagliflozin
compared to placebo according to resting heart rate for the primary endpoint (A), first hospitalization for heart failure (B), cardiovascular death
(C) and all-cause death (D). CI, confidence interval.
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