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Abstract

Aims Recent trials have evaluated sodium–glucose co-transporter 2 inhibitors in patients with heart failure (HF). We sought
to assess the robustness of findings from these trials using the fragility index (FI).
Methods and results Fragility index is defined as the minimum number of patients that must be moved from the ‘non-event’
to the ‘event’ group to turn a statistically significant result to non-significant. In addition to FI, fragility quotient [(FQ); FI di-
vided by the sample size] was calculated to assess the proportion of events that must be moved to change the significance.
For statistically non-significant outcomes, reverse fragility index (RFI) and reverse fragility quotient (RFQ) were calculated. Ro-
bustness of findings after pooling data from all three trials was also assessed. A robust reduction in first HF hospitalization or
cardiovascular mortality was seen with dapagliflozin (FI = 62 and FQ = 0.013), empagliflozin (FI = 50 and FQ = 0.013), and
sotagliflozin (FI = 60 and FQ = 0.049). Dapagliflozin nominally improved all-cause and cardiovascular mortality, with modest
FI (n = 8 and 5) and FQ (0.002 and 0.001). Empagliflozin and sotagliflozin did not demonstrate statistically significant reductions
in all-cause mortality, with modest RFI (empagliflozin: RFI = 26 and RFQ = 0.007; sotagliflozin: RFI = 6 and RFQ = 0.005). A sim-
ilar trend was seen with cardiovascular mortality (empagliflozin: RFI = 24 and RFQ = 0.006; sotagliflozin: RFI = 7 and
RFQ = 0.006). Upon meta-analysis, the result for first HF hospitalization or cardiovascular mortality was robust (FI = 95 and
FQ = 0.010). The reductions in all-cause (FI = 12 and FQ = 0.001) and cardiovascular mortality (FI = 9 and FQ = 0.001), while
statistically significant, were fragile.
Conclusion Improvement in the composite outcome of first HF hospitalization or cardiovascular death was highly concordant
and robust across sodium–glucose co-transporter 2 inhibitor trials. In contrast, secondary endpoints of all-cause and cardio-
vascular mortality were statistically fragile, underscoring the need to power trials for mortality to fully understand the benefit
of therapies on fatal events.
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Introduction

Recent trials show that sodium–glucose co-transporter 2
(SGLT2) inhibitors improve heart failure (HF) outcomes.1–3

The ‘Dapagliflozin and Prevention of Adverse-Outcomes in
HF’ (DAPA-HF)1 showed that dapagliflozin reduced the com-
posite endpoint of first HF hospitalization, urgent HF visit,
or cardiovascular mortality among patients with HF with re-
duced ejection fraction (HFrEF). The ‘Empagliflozin Outcome
Trial in Patients With Chronic HFrEF’ (EMPEROR-Reduced) en-
rolled higher risk HFrEF patients and demonstrated a similar
benefit.2 Recently, the ‘Effect of Sotagliflozin on Cardiovascu-
lar Events in Patients With Type 2 Diabetes Post Worsening
HF’ (SOLOIST-WHF) trial evaluated the effects of sotagliflozin
in HF patients with diabetes and recent hospitalization for
worsening HF3 and included patients with HFrEF as well as
HF with preserved ejection fraction (HFpEF). While this trial
was terminated early, SOLOIST-WHF also showed a reduction
in first HF hospitalization or cardiovascular mortality.

While the magnitude of benefit for the primary endpoint
was consistent in all trials, the observed effects on the sec-
ondary endpoint of mortality varied. Mortality benefit was
nominally significant with dapagliflozin but not with empagli-
flozin or sotagliflozin, raising questions regarding differences
in baseline risk profiles or play of chance. None of these trials
however were designed to assess mortality impact by itself.
Robustness of statistically significant and non-significant di-
chotomous outcomes can be evaluated using fragility index
(FI) and reverse fragility index (RFI).4,5 FI can help evaluate
trial results in addition to P-values and effect size estimates.
In this study, we sought to assess the robustness of the re-
sults across the SGLT2 inhibitors trials in HF by assessing
the FI and RFI for clinical outcomes.

Methods

Study populations, definitions, and outcomes of
interest

Publicly available data were utilized, and thus, institutional
review board approval was not applicable. All placebo-
controlled trials designed to evaluate outcomes in HF pa-
tients using SGLT2 inhibitors were included. Three random-
ized controlled trials met these criteria. DAPA-HF and
EMPEROR-Reduced included HFrEF outpatients with or with-
out diabetes.1,2 EMPEROR-Reduced enrolled a higher risk
population with lower ejection fraction (EF) and estimated
glomerular filtration rate, and higher natriuretic peptides.
SOLOIST-WHF enrolled patients with diabetes hospitalized
for worsening HF, regardless of EF.3 Sotagliflozin, studied in
SOLOIST-WHF, differs from other SGLT2 inhibitors as it also
has SGLT1-inhibiting activity.3

The primary outcome varied in all three trials. In EM-
PEROR-Reduced, it was a composite of first HF hospitalization
or cardiovascular mortality. DAPA-HF had a similar primary
composite but included urgent outpatient visits for intrave-
nous HF therapy. The number of urgent visits was few, and
excluding them resulted in no meaningful change in the ef-
fect size. The primary outcome in SOLOIST-WHF was a com-
posite of total (first and recurrent) HF hospitalizations,
urgent HF visits, and cardiovascular mortality. We could not
evaluate the FI/RFI for this outcome without patient-level
data access, but SOLOIST-WHF also reported the composite
of first HF hospitalization or cardiovascular mortality.

Fragility index and RFI were assessed for the (i) composite
of first HF hospitalization or cardiovascular mortality, (ii) first
HF hospitalization, (iii) cardiovascular mortality, and (iv)
all-cause mortality. FI for subgroup of the primary outcome
was also assessed, but this was not possible for the
SOLOIST-WHF trial because the primary outcome included re-
current events.

Statistical analysis

For significant outcomes, FI was calculated in the manner de-
scribed by Walsh et al.6 In the treatment arm with a lower
event rate, patients were added to the event group while
subtracting patients from the non-event group. Fisher’s exact
test was used to recalculate the two-sided P-value, while iter-
atively adding events until the P-value became ≥0.05. For
non-significant outcomes, RFI was calculated. The total num-
ber of events in each group over the entire follow-up was
considered. Lower FI/RFI indicates less statistical robustness;
however, there is no standardized cut-off defined for accept-
able fragility. Loss of follow-up was compared with FI/RFI for
each trial as it affects both the number of participants at risk
and the number of events. When loss to follow-up exceeds
the FI or RFI, results should be cautiously interpreted as
events of interest may occur in patients lost to follow-up
and factoring these may shift the results.

Fragility quotient (FQ),7,8 which is the FI divided by the
sample size, was also calculated to assess what proportion
of patients must change status to change the significance of
results. For instance, trial X has an FI of 2 and sample size
of 500 while trial Y has an FI of 2 and sample size of 1000. Al-
though both trials have the same FI, FQ can gauge which trial
is ‘relatively’more fragile. Trial X has an FQ of 0.004, meaning
that four events per 1000 patients will be needed to change
the results significance; while trial Y has an FQ of 0.002, indi-
cating that the non-significance of trial Y is contingent on ~2
events per 1000 patients, suggesting trial Y as more fragile.
For statistically non-significant outcomes, RFQ was calculated
by dividing the RFI by the sample size. FI, RFI, FQ, and RFQ
were calculated using the R Version 3.51 (R Project for
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Statistical Computing) and Excel, Version 14.1.3 (Microsoft
160 Corp).

The FI was also calculated after pooling data from all three
trials. The previous meta-analysis utilized HRs for which FI or
RFI cannot be calculated.9 For this study, (logarithm of the)
risk ratios (RRs) were pooled from each study, which were
calculated from dichotomous endpoints, ignoring the event
times. A random-effects model was used for meta-analysis.
Weights were assigned using the Mantel–Haenszel method.
Fragility of meta-analysis results was assessed using the tech-
nique described by Atal et al.10 Review Manager (V.5.3) was
used to conduct the meta-analysis, and the calculator avail-
able at http://clinicalepidemio.fr/fragility_ma/ was used to
calculate FI of meta-analysis.

Results

Patient population

The baseline characteristics of patients are shown in Table 1.
The three studies included a total of 9696 patients (DAPA-HF,
n = 4744; EMPEROR-Reduced, n = 3730; and SOLOIST-WHF,
n = 1222). The median follow-up time was 18 months in
DAPA-HF, 16 months in EMPEROR-Reduced, and 9 months
in SOLOIST-WHF. The number of patient’s lost to follow-up
in DAPA-HF, EMPEROR-Reduced, and SOLOIST-WHF was 36,
42, and 43, respectively.

Fragility index, reverse fragility index, and
fragility quotient

Table 2 summarizes the findings from each trial and meta-
analysis and displays the FI/RFI and FQ. Figures 1 and 2 visu-
ally represent the FI/RFI and FQ for each outcome of interest.

Composite of first heart failure hospitalization or cardiovas-
cular mortality
SGLT-2 inhibitors reduced the risk of the composite
endpoint of first HF hospitalization or cardiovascular mortal-
ity in DAPA-HF (hazard ratio [HR] 0.74 [0.65–0.85]),
EMPEROR-Reduced (HR: 0.75 [0.65–0.86]), and
SOLOIST-WHF (HR: 0.71 [0.56–0.89]) trials. The results were
robust (dapagliflozin: FI = 62 and FQ = 0.013; empagliflozin:
FI = 50 and FQ = 0.013; and sotagliflozin: FI = 60 and
FQ = 0.049), and FI was greater than patients lost to follow-
up. Table 3 shows the FI/RFI of the primary outcomes of
DAPA-HF and EMPEROR-Reduced stratified according to dif-
ferent subgroups. Meta-analysis demonstrated significant
(RR: 0.75 [0.69–0.81]; P < 0.001; I2 = 20%) and robust
(FI = 95 and FQ = 0.010) benefit.

First heart failure hospitalization
Both DAPA-HF (HR: 0.70 [0.59–0.83]) and EMPEROR-Reduced
(HR: 0.69 [0.59–0.81]) showed a significant reduction in HF
hospitalization. The FI was high in DAPA-HF (n = 43;
FQ = 0.009) and EMPEROR-Reduced (n = 50; FQ = 0.013),
and FI was higher than the number of patients lost to fol-
low-up. This outcome was not reported in SOLOIST-WHF.
Meta-analysis demonstrated a significant reduction in HF
hospitalization with SGLT2 inhibitors (RR: 0.72 [0.65–0.81];
P < 0.001; I2 = 0%) with an FI of 61, and the FQ was 0.007.

Mortality
In DAPA-HF, nominally significant reduction in all-cause (HR:
0.83 [0.71–0.97]) and cardiovascular mortality (HR: 0.82
[0.69–0.98]) was observed. The FI was 8 for all-cause and 5
for cardiovascular mortality, with FQs of 0.002 and 0.001, re-
spectively. In EMPEROR-Reduced, no statistically significant
reduction in all-cause (HR 0.92 [0.77–1.10]) or cardiovascular
mortality (HR 0.92 [0.75–1.12]) was seen (RFI and RFQ were
26 and 0.007 for all-cause and 24 and 0.006 for cardiovascu-
lar mortality). In SOLOIST-WHF trial, no statistically significant
difference in all-cause (HR: 0.82 [0.59–1.14]) and cardiovas-
cular mortality (0.84 [0.58–1.22]) was seen; results were frag-
ile for in both cases (RFI = 6 and RFQ = 0.005 for all-cause
mortality; RFI = 7 and RFQ = 0.006 for cardiovascular mortal-
ity). Meta-analysis demonstrated a significant, but fragile, re-
duction in all-cause (RR: 0.88 [0.79–0.98]; P = 0.02; I2 = 0%;
FI = 12 and FQ = 0.001) and cardiovascular mortality (RR:
0.87 [0.78–0.98]; P = 0.02; I2 = 0%; FI = 9 and FQ = 0.001).

Discussion

The DAPA-HF, EMPEROR-Reduced and SOLOIST-WHF trials all
reported highly concordant and statistically robust results for
the primary endpoint of time to first HF hospitalization or car-
diovascular death.1–3 The FI for this endpoint was higher than
the FI for outcomes in trials of other drugs, for example, ther-
apies referenced in diabetes treatment guidelines (FI = 16)
and anti-thrombotic therapy (FI = 5) in venous thromboem-
bolism guidelines.11,12 The FI and RFIs of outcomes in land-
mark HF trials are displayed in Table 4.

In the SOLOIST-WHF trial, the initial primary endpoint
was the composite of first HF hospitalization or cardiovas-
cular mortality; however, this was later changed to a com-
posite of first and recurrent HF hospitalization, urgent HF
visits, and cardiovascular mortality. Despite enrolling only
1222 patients, this trial showed a significant and robust
(FI = 60) reduction in first HF hospitalization or cardiovascu-
lar mortality, reinforcing the benefit of SGLT2 inhibitors in
HF. These effects remained consistent across a range of
subgroups including patients with reduced and preserved
EF, in-hospital vs. post-discharge initiation, and use of
sacubitril/valsartan.3,13

Outcomes in trials evaluating SGLT2 inhibitors 887
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The risk of all-cause and cardiovascular mortality was nom-
inally reduced in DAPA-HF but not in EMPEROR-Reduced or
SOLOIST-WHF. Mortality outcomes were secondary endpoints
and statistically fragile, with significance dependent on
less than 10 events per 1000 patients. Meta-analysis
showed a robust FI for the composite endpoint of first HF hos-
pitalization or cardiovascular mortality was 95 (FQ = 0.010)
but did not result in higher FI for cardiovascular (FI = 9) or

all-cause mortality (FI = 12). These findings highlight that al-
though combining studies via random-effects meta-analysis
can help detect a statistically significant treatment effect by
increasing power, this does not necessarily result in an in-
creased FI and that the FI and RFI are not strictly linked to sta-
tistical significance, confidence intervals, and power. While
the aforementioned are related concepts, FI offers additional
value in interpretation of clinical trials and meta-analyses.

Figure 1 Fragility index and reverse fragility index of outcomes in heart failure (HF)-specific sodium–glucose co-transporter 2 inhibitor trials. CV, car-
diovascular. *Reverse fragility index.

Figure 2 Fragility and reverse fragility quotients of outcomes in heart failure (HF)-specific sodium–glucose co-transporter 2 inhibitor trials. CV, cardio-
vascular. *Reverse fragility quotient.
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The fact that a few events could change the statistical
significance of the all-cause and cardiovascular mortality
underscores the importance of powering trials for mortality
outcomes. When the primary outcome is a composite including
non-fatal events, neither the total number of fatal events nor
the duration of trial follow-up supports deriving definitive
conclusions regarding mortality. While it is not possible to
power trials for all secondary endpoints, considering the risk
for mortality in HF, strong consideration should be given to
designing trials for confirming mortality results independently
by either larger sample size or longer follow-up or both.

Background therapy can potentially influence the FI
and RFI of clinical trials. Similar to most contemporary
HF trials, patients in EMPEROR-Reduced, DAPA-HF, and
SOLOIST-WHF were well treated with guideline-directed
medical therapy at baseline (Table 1). In all three trials,
over 90% of the participants were using beta-blockers
and renin–angiotensin–aldosterone inhibitors, and over
two-thirds were using mineralocorticoid receptor
antagonists. There was some variation in the proportion
of patients using a neprilysin inhibitor in addition to a
renin–angiotensin–aldosterone inhibitor, with the highest
rate of use in EMPEROR-Reduced (20%), followed by
SOLOIST-WHF (17%) and then DAPA-HF (11%). Overall, the
background therapies across trials were similar and unlikely
to influence the FI or RFI.

There are several limitations of this study. FI does not ac-
count for the difference in time to event and can give fragile
results when the number of events in each group is the same
but have a difference in the timing of these events. However,
studies have shown no difference when FI was applied to
time-to-event vs. frequency data.4–6 Because trials are
powered to detect the effect on primary outcome, interpret-
ability of FI for secondary outcomes and subgroup analyses is
limited. The use of Fisher’s exact test in calculation of FI and
RFI may be limited as DAPA-HF and EMPEROR-Reduced trials
analysed data in models with covariates and time-to-event
techniques in which the original data if analysed with
Fisher’s exact test may not yield the same P-value as the
published trial. While FI may perpetuate the dichotomous
P-value-oriented data interpretation, it provides a more cir-
cumspect view of assessing results than based solely on P.
Bayesian approaches may provide an alternate option, but
the majority of trials currently are based on frequentist
approaches.

In conclusion, findings for the composite endpoint of
first HF hospitalization or cardiovascular death were highly
consistent and robust across trials with dapagliflozin, empa-
gliflozin, and sotagliflozin. In contrast, findings for the
all-cause and cardiovascular mortality were overall signifi-
cant but fragile when meta-analytically assessed,
underscoring the need to design trials with adequate
power and follow-up to definitely assess the impact of
novel interventions on mortality.Ta
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