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Aims Sodium-glucose cotransporter 2 (SGLT-2) inhibitors have now been evaluated for the treatment of heart failure in sev-
eral placebo-controlled randomized controlled trials (RCTs) across various ejection fraction ranges, but these trials were
powered for composite outcomes rather than individual clinical endpoints. We therefore performed a meta-analysis
to assess their safety and efficacy on all-cause mortality, cardiovascular mortality, and heart failure hospitalizations.
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Methods and
results

We performed a prospectively registered random-effects meta-analysis of all RCTs comparing SGLT-2 inhibitors to
placebo in patients with heart failure. The pre-specified primary endpoint was all-cause mortality. Secondary endpoints
included cardiovascular mortality, heart failure hospitalizations, and the composite of cardiovascular mortality or heart
failure hospitalization. Four trials with 15 684 patients were eligible. The SGLT-2 inhibitor tested was empagliflozin in
two trials, dapagliflozin in one trial, and sotagliflozin in one trial. The weighted-mean follow-up was 20.0 months. The
hazard ratio (HR) for all-cause mortality was 0.91, 95% confidence interval (CI) 0.82–1.01, P = 0.071. There was a
12% reduction in cardiovascular mortality (HR 0.88, 95% CI 0.79 to 0.97, P = 0.012), and a 30% reduction in heart
failure hospitalization (HR 0.70, 95% CI 0.64 to 0.77, P < 0.001).
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Conclusion SGLT-2 inhibitors significantly reduced cardiovascular mortality and heart failure hospitalizations in patients with heart
failure. The effect appears consistent across three drugs studied in four trials. SGLT-2 inhibitors should become standard
care for patients with heart failure.
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Graphical
abstract

Summary of clinical outcomes. SGLT-2 inhibitors are associated with significant reductions in cardiovascular mortality,
heart failure hospitalizations and the composite of cardiovascular death or heart failure hospitalization. Summary of
point estimates of hazard ratios, 95% confidence intervals and P values shown. Random effects model used; all results
also consistent with fixed effect analysis, with the exception of all-cause mortality reduction being significant by fixed
effect (HR 0.91, 95% CI 0.84–1.00, P = 0.040).
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Introduction
Sodium-glucose cotransporter 2 (SGLT-2) inhibitors have now been
evaluated for the treatment of heart failure (HF) in several placebo-
controlled randomized trials across a spectrum of ejection fractions
(EFs),1–4 but these studies were powered for composite outcomes
rather than for individual clinical endpoints. Meta-analysis is a tool
that can combine their results to determine effects on individual
endpoints for which single trials are underpowered.
We therefore performed an updated meta-analysis of all random-

ized controlled trials (RCTs) focusing on individual clinical endpoints,
to assess the safety and efficacy of SGLT-2 inhibitors in patients with
HF. We also looked for a difference in response between reduced
and preserved EF.

Methods
This study was prospectively registered at the International Prospective
Register of Systematic Reviews (PROSPERO; CRD42021231485) and
was performed in accordance with published guidance.5

Search strategy
We performed a systematic search of the MEDLINE, Cochrane Cen-
tral Register of Controlled Trials, and Embase databases from December
2010 through September 2021 for all RCTs comparing SGLT-2 inhibitors
to placebo for the treatment of HF. Our search strings are shown in the
Supplementary material online, Table S1. We manually searched bibli-
ographies of selected studies and meta-analyses to identify any other
eligible trials. Abstracts were reviewed for suitability and full-text ar-
ticles retrieved with conference abstracts also searched for relevant
studies. Two independent authors performed the search and literature
screening (Y.A. and J.H.), with disputes resolved by consensus following
discussion.

Inclusion criteria
We only considered RCTs that reported clinical outcomes after ran-
domization to either SGLT-2 inhibitors or placebo, in patients with HF.
Observational studies were not included, nor were RCTs of patients
with diabetes but no HF. We only considered entire trials focusing on
HF, and not post-hoc reports of HF strata within trials that were not
focusing on HF.

Endpoints
The pre-specified primary endpoint was all-cause mortality. Secondary
pre-specified endpoints included cardiovascular mortality, all HF hos-
pitalizations (i.e. recurrent events, and not time to first event), and the
composite of cardiovascular mortality or HF hospitalization (assessed as
time-to-event data). This composite was only assessed if it was specifi-
cally reported in the individual trials, i.e. summing of individual compo-
nent outcomes was not performed. For HF hospitalizations, data for Da-
pagliflozin and Prevention of Adverse Outcomes in Heart Failure (DAPA-
HF) excluding urgent visits were utilized from a subsequent publication.6

These data were not available for Effect of Sotagliflozin on Cardiovascu-
lar Events in Patients with Type 2 Diabetes PostWorsening Heart Failure
(SOLOIST-WHF), so for that trial urgent visits were also counted.

.....................................................................................................................................................................

Data extraction
Independent abstraction of data was performed in duplicate by two in-
dividual authors (Y.A. and J.H.). Included trials were assessed using the
Cochrane risk of bias tool.7

Data analysis
Random-effects meta-analyses were performed using the restricted
maximum likelihood (REML) estimator. All analyses were performed
based on the intention-to-treat principle. Hazard ratios (HRs) were used
as the measure of effect due to the fact the included trials used time-
to-event survival data and also to allow for variable follow-up duration
across trials. We extracted the HRs with their associated 95% confi-
dence intervals (95% CIs) and P-values. A random-effects meta-analysis
was performed of the natural logarithm of the HRs and their associated
standard errors using the REML estimator. The standard error was cal-
culated by dividing the difference between the natural logarithms of the
upper and lower 95% CIs by two times the appropriate normal score
(1.96). Where the lower 95% CI approached zero, the standard error
was calculated using only the difference between the natural logarithm of
the upper 95% CI and the natural logarithm of the point estimate. Sensi-
tivity analyses were performed using a fixed-effect model. The I2 statistic
was used to assess heterogeneity.8 We also performed a jackknife sensi-
tivity analysis excluding each trial in turn for all endpoints. Sensitivity anal-
yses were performed for only patients with reduced EF and only patients
with preserved EF, and interaction tests were performed to test for a
significant interaction on the effects of SGLT-2 inhibitors. Pre-specified
subgroup analyses for the composite of cardiovascular mortality and HF
hospitalization were performed according to age (≥65 years), sex, body
mass index (BMI) ≥ 30 kg/m2, renal dysfunction (estimated glomerular
filtration rate (GFR) <60 mL/min), ethnicity, and baseline use of an-
giotensin receptor neprilysin inhibitors (ARNIs). Interactions between
subgroups were assessed using a mixed effects meta-analytical model,
with the subgroup characteristic in question as a moderator and the
individual trial as a random effect.

Tests for publication bias would only be performed in the event of
more than 10 trials being identified for inclusion.9 Mean values are ex-
pressed as mean ± SD unless otherwise stated. Statistical significance
was set at P < 0.05. P-values are two-tailed and were not adjusted
for multiplicity. The statistical programming environment R10 with the
metafor package11 was used for all statistical analyses.

Results
Four trials randomizing a total of 15 684 patients were eligible, with
7841 randomized to SGLT-2 inhibitors and 7843 randomized to
placebo.1–4 The search strategy and source of studies are shown in
the Supplementary material online, Figure S1. The weighted-mean
follow-up duration was 20.0 months. In DAPA-HF, 67.5% of pa-
tients were in New York Heart Association (NYHA) NYHA class
II at baseline and 31.6% of patients were in NYHA class III. In Em-
pagliflozin Outcome Trial in Patients with Chronic Heart Failure and
a Reduced Ejection Fraction (EMPEROR-REDUCED), 75% of pa-
tients were in NYHA class II and 24.4% were in NYHA class III.
In EMPEROR-Preserved, 81.5% of patients were in NYHA class II
and 18.1% were in NYHA class III. In SOLOIST-WHF, there were
no data regarding NYHA class at baseline presented. DAPA-HF and
EMPEROR-Reduced included ambulatory patients with EF of 40%
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Figure 1 Hazard of all-cause mortality. REML, restricted maximum likelihood. Q = Cochran’s Q level of heterogeneity; df = degrees of freedom.

Figure 2 Hazard of cardiovascular mortality. REML, restricted maximum likelihood. Q = Cochran’s Q level of heterogeneity; df = degrees of
freedom.

or less, whereas SOLOIST-WHF studied patients with type 2 di-
abetes admitted with worsening HF requiring intravenous diuretics
and encompassed patients with a range of EFs; EMPEROR-Preserved
studied patients with chronic HF and an EF greater than 40%.
Other baseline characteristics of the included trials are shown in

the Supplementary material online, Table S2, and the risk of bias is
shown in the Supplementary material online, Table S3. The SGLT-2
inhibitor tested was empagliflozin in two trials, dapagliflozin in one
trial, and sotagliflozin in one trial.
For all-cause mortality, the HR with SGLT-2 was 0.91, 95% CI

0.82–1.01, and P = 0.071 (see Figure 1). There was mild hetero-
geneity (I2 = 25.6%). The source of the heterogeneity was the

...................................

EMPEROR-Preserved trial: when this trial was removed, the effect
of SGLT-2 inhibitors on the hazard of all-cause mortality was HR
0.86, 95% CI 0.77–0.96, P = 0.009, and I2 = 0.0%.
Cardiovascular mortality was significantly reduced: HR 0.88, 95%

CI 0.79–0.97, and P = 0.012 (see Figure 2). There was no hetero-
geneity (I2 = 0.0%).
HF hospitalizations were also significantly reduced: HR 0.70, 95%

CI 0.64–0.77, and P < 0.001 (see Figure 3), with no heterogeneity
observed (I2 = 0.0%).
The composite of cardiovascular death or first HF hospitalization

was significantly reduced: HR 0.76, 95% CI 0.71–0.81, and P < 0.001
(see Figure 4). There was no heterogeneity (I2 = 0.0%).
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Figure 3 Hazard of heart failure hospitalization. REML, restricted maximum likelihood. Q = Cochran’s Q level of heterogeneity; df = degrees
of freedom.

Figure 4 Hazard of composite of cardiovascular mortality or heart failure hospitalization. REML, restricted maximum likelihood. Q = Cochran’s
Q level of heterogeneity; df = degrees of freedom.

Impact of ejection fraction
There was no significant difference in hazard ratio (HR) for SGLT-2
inhibitors between the trial subgroups with reduced EF and those
with preserved EF for the endpoint of cardiovascular death or first
HF hospitalization (Pinteraction = 0.304, Figure 5). Within the individ-
ual subgroups, the HR was 0.74 (95% CI 0.68–0.80, P < 0.0001)
for reduced EF, and 0.83 (95% CI 0.67–1.04, P = 0.1005) for
preserved EF.

Sensitivity analyses
When assessed by fixed effect analysis instead, the hazard ratio
for all-cause mortality with SGLT-2 inhibitors met the criteria for
statistical significance (HR 0.91, 95% CI 0.84–1.00, P = 0.040)
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and the HRs for the other endpoints remained broadly consistent
(Supplementary material online, Figures S2–S5).
The results of the jackknife sensitivity analyses excluding each trial

in turn are shown in Supplementary material online, Figures S6–S21.
There was no significant interaction between any of the sub-

groups tested and the hazard of the composite of cardiovascular
mortality or all HF hospitalizations (P = NS for all, Supplementary
materials online, Table S4).

Serious adverse events
Adverse events, including hypotension and hypoglycaemia, were in-
frequent. They were no more common with SGLT-2 inhibitors than
placebo (Table 1).
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Figure 5 Hazard of composite of cardiovascular mortality or heart failure hospitalization stratified by reduced and preserved ejection fraction.
REML, restricted maximum likelihood. Q = Cochran’s Q level of heterogeneity; df = degrees of freedom.

Discussion
This meta-analysis finds that in RCTs of HF, across a range of
EFs, SGLT-2 inhibitors significantly reduce cardiovascular mortality,
recurrent HF hospitalizations, and the composite of cardiovascu-
lar mortality or first HF hospitalization at a mean follow-up time
of 20.0 months. There was no indication of a significant differ-
ence in effect between patients with reduced and preserved EF
(Pinteraction = 0.304).

Consistency
The point estimates for the outcomes of cardiovascular mortality,
recurrent HF hospitalizations, and the composite of cardiovascu-
lar mortality or first HF hospitalization are remarkably consistent
across the four trials of three drugs. This manifests as the absence
of heterogeneity for these endpoints. Subgroup analyses show con-
sistent effects across all tested subgroups.
SGLT-2 inhibitors may therefore have a class effect of benefit

in patients with HF. In support of this possibility, the randomized
trials of ertugliflozin12 and canagliflozin,13 in patients with diabetes
but no HF, have shown reduction in HF and cardiovascular death.
Our analysis extends previous meta-analytic work14 by including the
SOLOIST-WHF and EMPEROR-Preserved trials.

Mechanism remains unknown
Our analysis cannot shine any light on the mechanism by which
SGLT-2 inhibitors benefit patients with HF. Some proposed mech-
anisms relate to the direct cardiac action of SGLT-2 inhibitors,

..................................................................................

including improved myocardial ionic homeostasis15 and improved
myocardial energetics,16 thereby improving cardiac efficiency.17 An-
other postulated mechanism relates osmotic diuresis and natri-
uresis.18,19 Elevations in serum hematocrit levels in patients tak-
ing SGLT-2 inhibitors were interpreted as supportive evidence for
a predominantly diuretic effect underlying their clinical benefit.20

However, in this study neither volume depletion nor hypotension
was more common in patients treated with SGLT-2 inhibitors com-
pared with placebo. A recent detailed analysis from the EMPEROR-
Reduced trial did not support diuresis as the prevalent factor for
the clinical benefits seen with empagliflozin.21 Further studies are
required to determine the mechanism of the salutary benefits seen
with SGLT-2 inhibitors in HF. Nonetheless, given the present data
demonstrating both a reduction in cardiovascular mortality and re-
duced HF hospitalizations, their adoption in the guidelines and rou-
tine use in patients with HF should not be delayed. The 2021 Euro-
pean Society of Cardiology guidelines now recommend the use of
either empagliflozin or dapagliflozin as a class I recommendation for
all patients with HF and reduced EF.22

New trial data
Despite its early termination, the SOLOIST-WHF trial provides sev-
eral important innovations.23 First, it showed that an SGLT-2 in-
hibitor can be safely and beneficially initiated while a patient is
hospitalized for worsening HF. Second, it provided the first evi-
dence of improved outcomes in patients with HF and preserved EF,
although as a result of the early termination of this study only
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Table 1 Serious adverse events in the randomized trials of sodium-glucose cotransporter 2 inhibitors vs.
placebo in patients with heart failure

DAPA HF EMPEROR-Reduced SOLOIST-WHF EMPEROR-Preserved
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

SGLT-2-
inhibitor
(2373)

Placebo
(2371)

SGLT-2-
inhibitor
(1863)

Placebo
(1867)

SGLT-2-
inhibitor
(605)

Placebo
(611)

SGLT-2-
inhibitor
(2996)

Placebo
(2989)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Severe hypoglycaemia 4 (0.2%) 4 (0.2%) 27 (1.4%) 28 (1.5%) 9 (1.5%) 2 (0.3%) 73 (2.4%) 78 (2.6%)
Amputation 13 (0.5%) 12 (0.5%) 13 (0.7%) 10 (0.5%) 4 (0.7%) 1 (0.2%) 16 (0.5%) 23 (0.8%)
Any renal adverse event 141 (6.0%) 158 (6.7%) 175 (9.4%) 192 (10.3%) 70 (11.6%) 75 (12.3%) NR NR
Hypotension 7 (0.3%) 11 (0.5%) 176 (9.4%) 163 (8.7%) 36 (6.0%) 28 (4.6%) 311 (10.4%) 257 (8.6%)
Volume depletion 170 (7.2%) 153 (6.5%) 197 (10.6%) 184 (9.9%) 57 (9.4%) 54 (8.8%) NR NR
Bone fractures 48 (2.0%) 47 (2.0%) 45 (2.4%) 42 (2.3%) 12 (2.0%) 9 (1.5%) 134 (4.5%) 126 (4.2%)
Diabetic ketoacidosis 3 (0.1%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 2 (0.3%) 9 (1.5%) 4 (0.1%) 5 (0.2%)

NR, not reported.

256 such patients were enrolled. The SCORED trial (Effect of So-
tagliflozin on Cardiovascular and Renal Events in Patients with Type 2
Diabetes and Moderate Renal ImpairmentWho Are at Cardiovascu-
lar Risk)24 also provides some supportive evidence for a consistent
benefit in patients with preserved EF. Interestingly, in the SCORED
trial a post-hoc analysis suggested sotagliflozin was associated with
a reduced risk of both myocardial infarction and stroke, although
this must be interpreted with caution as the CIs for these post-hoc
analyses were not adjusted for multiplicity.
EMPEROR-Preserved exclusively enrolled patients with an EF

above 40%. It found a reduction in the composite of cardiovascular
mortality and HF hospitalization, although there was no significant
effect on all-cause mortality. The magnitude of benefit for the reduc-
tion in the primary endpoint appeared to be greatest in patients with
an EF between 40 and 50%, creating suspicion that the positive re-
sults were driven by patients who in fact had reduced EF. Ultimately,
the role of SGLT-2 inhibitors in patients with HF and preserved EF
will further be evaluated in additional ongoing dedicated trials of this
patient cohort (i.e. Dapagliflozin Evaluation to Improve the LIVEs of
PatientsWith PReserved Ejection Fraction Heart Failure (DELIVER),
a trial randomizing 6236 patients with HF and preserved EF to da-
pagliflozin or placebo; ClinicalTrials.gov identifier NCT03619213).
The event rate for first HF hospitalization in the placebo arm

was greatest in SOLOIST-WHF, indicating that either the pres-
ence of diabetes or the recent hospitalization was associated with
an increased risk of HF hospitalization (48.4% in SOLOIST-WHF;
18.1% in EMPEROR-Preserved; 29.6% in EMPEROR-Reduced; and
19.8% in DAPA-HF). This increased event rate was not seen for all-
cause mortality in the placebo arm of SOLOIST-WHF compared
with the other trials, however (12.4% in SOLOIST-WHF; 14.2% in
EMPEROR-Preserved; 14.2% in EMPEROR-Reduced; and 13.9% in
DAPA-HF).

Limitations
This analysis used only published trial results, and not individual pa-
tient data that are held by the various trial teams and their commer-
cial sponsors.
Although our analysis found consistent treatment effects across

the three drugs with little evidence of statistical heterogeneity, the

.....................................................................................................................

results cannot automatically be extended to other SGLT-2 inhibitors.
The trial populations were different. DAPA-HF and EMPEROR-

Reduced primarily studied ambulatory patients with reduced EF,
whereas SOLOIST-WHF studied patients with type 2 diabetes ad-
mitted with worsening HF requiring intravenous diuretics and en-
compassed patients with a range of EFs; and EMPEROR-Preserved
studied patients with chronic HF and an EF of greater than 40%.
Strictly speaking, this could be considered a strength of this analy-
sis because despite the variation in patient population, there was a
consistent observed effect on the endpoints.
For the HF hospitalization endpoint, the SOLOIST-WHF trial also

included urgent visits for HF. However, these events occurred in a
minority of patients. Moreover, the SOLOIST-WHF primary end-
point analysis was similar regardless of whether the urgent visits for
HF were included.2

Sotagliflozin (the agent studied in SOLOIST-WHF) inhibits the
SGLT-1 receptor in addition to SGLT-2. Nonetheless, the results
with this agent were consistent with empagliflozin and dapagliflozin,
suggesting that the effect from inhibiting the SGLT-2 receptor is the
predominant mechanism in improving outcomes in patients with HF.
Our ejection fraction stratified analysis could only use the

categories reported by the trials, which were not uniform. In the
SOLOIST-WHF trial, patients with an EF ≥ 50% were classified
as preserved EF in this analysis and those with EF < 40% were
classified as reduced EF in this analysis. In the EMPEROR-Preserved
trial, patients with an EF ≥ 60% were classified as preserved EF
in this analysis, whereas those with an EF < 50% were classified
as reduced EF. EMPEROR-Reduced and DAPA-HF only included
patients with EF ≤ 40%.
Finally, our analysis includes only randomized trials that can only

study the fraction of patients who meet strict eligibility criteria.
While such an approach can be criticized as limiting applicability, it
is the only reliable method of accounting for measured and unmea-
sured confounders and provide a true estimate of effect of therapy.

Conclusions
The RCT evidence shows that SGLT-2 inhibitors significantly
reduced cardiovascular mortality, HF hospitalizations, and the
composite of cardiovascular mortality or HF hospitalization in
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patients with HF. The results seem to be consistent regardless of
EF across four trials of three drugs. SGLT-2 inhibitors should thus
become standard care for patients with HF.

Supplementary material
Supplementary material is available at European Heart
Journal—Quality of Care and Clinical Outcomes online.
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