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Abstract

Aims Recent large randomized controlled trials (RCTs) have demonstrated efficacy of sodium-glucose cotransporter-2
inhibitors (SGLT2i) in both preventing and treating heart failure (HF). SGLT2i-induced reversal of left ventricular remodelling
has been proposed as a mechanism contributing to this effect.

Methods and results We performed a systematic review and meta-analysis of RCTs to compare SGLT2i versus placebo
(treatment duration >3 months) on cardiac remodelling parameters as measured by cardiac magnetic resonance imaging
(cMRI) in patients with HF and/or diabetes. The PubMed and ClinicalTrials.gov databases were searched until 15 June 2021.
Our primary outcome was change in absolute left ventricular mass (LVM) from baseline to study endpoint. Secondary
outcomes included changes in LVM indexed to body surface area, left ventricular end-systolic volume (LVESV), left ventricular
end-diastolic volume (LVEDV), and left ventricular ejection fraction (LVEF) from baseline to study endpoint. The Cochrane
Collaboration’s tool was used to assess risk of bias. Five studies representing 408 patients were included. SGLT2i was
associated with greater LVM regression compared to placebo (MD, —5.76 g; 95% Cl, —10.87 g to —0.64 g, I* = 73%; overall
effect, P < 0.03; four RCTs). Statistical subgroup differences were not observed in our sensitivity analysis focusing on HF with
reduced ejection fraction (P = 0.37) and were observed in our sensitivity analysis focusing on diabetes (P < 0.001). SGLT2i was
not associated with statistical changes in LV mass indexed to body surface area (/> = 75%; P = 0.16; five RCTs), LVESV (/> = 87%;
P =0.07; five RCTs), LVEDV (/> = 81%; P = 0.20; five RCTs), nor LVEF (/> = 85%; P = 0.19; five RCTs) versus placebo. Sixty per cent
of RCTs had low risk of bias.

Conclusions Sodium-glucose cotransporter-2 inhibitors treatment was associated with a reduction in left ventricular mass as
assessed by cMRI.
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Background ejection fraction (HFrEF) in patients with and without

diabetes.’™ While several mechanisms have been suggested
Sodium-glucose cotransporter-2 inhibitors (SGLT2i) have to mediate these benefits,”™ there has been increasing
been shown to prevent incident heart failure in patients with  interest in the effects of these therapies on ventricular
type 2 diabetes and treat heart failure with a reduced reverse remodelling.
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Table 1 Characteristics of included studies

Author

Participants

Intervention and comparator

Cardiovascular magnetic resonance
measurements

Brown 2020

Lee 2021

Santos-Gallego
2021

Singh 2020

Verma 2019

Normotensive adults 18-80 years
with no clinical heart failure nor LV
systolic dysfunction (LVEF < 45%)
with Type 2 diabetes (HbA1c 48-
85 mmol/mol) and evidence of
echocardiographic LV hypertrophy
(LV mass indexed to BSA > 115 ¢/
m? [M] or >95 g/m2 _[F], or LV mass
indexed to heightz'7 > 48 g/m*”’
[M] or >44 g/m*7 [F]).
(Randomized: N = 66)

Adults >18 with Type 2 diabetes
(HbA1c 48-97 mmol/mol,
diet-controlled or stable therapy for
6 weeks prior) or prediabetes
(HbA1c 39-47 mmol/mol) and HF
(NYHA 1I-IV) with LVEF <40% and
stable medical therapy for 4 weeks
prior.

(Randomized: N = 105)

Adults with HF (NYHA [I-ll) with
LVEF <50% and stable HF
symptoms as well as medical
therapy for 3 months prior, with no
history of diabetes.

(Randomized: N = 84)

Adults 18-75 years with Type 2
diabetes and HF (NYHA I-lll) with
LVEF <45% or subjective LV systolic
dysfunction that was mild or worse
along with stable HF symptoms,
medical therapy, and no history of
hospitalization for HF for
>3 months prior. Patients were
required to be on furosemide
80 mg daily (or less), or on an
equivalent loop diuretic.
(Randomized: N = 56)

Adults 40-80 years with type 2
diabetes (HbA1c 6.5-10%) and
established cardiovascular disease
(previous Ml > 6 months ago or

coronary revascularization
>2 months ago), with any
background antihyperglycaemic
therapy that had been stable
>2 months  without  recent

hospitalization for HF, severe HF
symptoms  (NYHA-IV) nor LVEF
<30%.

(Randomized: N = 97)

Dapagliflozin (10 mg) or matching
placebo once daily for 12 months

Empagliflozin (10 mg) or matching
placebo once daily for 36 weeks

Empagliflozin (10 mg) or matching

placebo daily for 6 months

Dapagliflozin (10 mg) or matching
placebo once daily for 1 year

Empagliflozin (10 mg) once daily or
matching placebo for 6 months

Changes to LV mass (raw value and
indexed to BSA, height, height'”,
and height*”), LVEF, LVEDV (raw
value), and LVESV (raw value),
stroke volume, and left atrial area
from baseline to 12 months

Changes to LVESV (raw value and
indexed to BSA), LV global
longitudinal strain, LVEDV (raw
value and indexed to BSA), LVEF, LV
mass (raw value and indexed to
BSA), LV global function index, LA
volume (raw value and indexed to
BSA), myocardial blood flow, and
extracellular volume fraction from
baseline to 36 weeks

Changes to LVEDV (raw value and
indexed to BSA), LVESV (raw value
and indexed to BSA), LVEF, LV mass
(raw value and indexed to BSA),
and sphericity index from baseline
to 6 months

Changes to LVESV (raw value and
indexed to BSA), LVEDV (raw value
and indexed to BSA), LV mass
(indexed to BSA), LVEF, LA volume
(indexed to BSA) and LV stroke
volume from baseline to 1 year

Changes to LV mass (raw value and
indexed to BSA, height, height”,
and height®”), LVEF, LVEDV (raw
value and indexed to BSA), and
LVESV (raw value and indexed to
BSA) from baseline to 6 months

BSA, body surface area; M, male; F, female; HF, heart failure; LV, left ventricular; LVEDV, left ventricular end diastolic volume; LVEF, left
ventricular ejection fraction; LVESV, left ventricular end systolic volume; NYHA, New York Heart Association.

Aims

We performed a meta-analysis of randomized controlled

Methods

trials (RCTs) comparing SGLT2i versus placebo that evaluated

changes in left ventricular mass, volumes, and ejection
fraction as assessed by cardiac magnetic resonance imaging

(cMRI).

Search strategy and selection criteria

We searched the PubMed and ClinicalTrials.gov databases
from inception to 15 June 2021 using groups of keywords

for SGLT2i, diabetes mellitus, heart failure, and cardiac
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morphology and function. The search strategies are provided
in Supporting Information, Appendix S1. A manual search of
the reference lists of all included studies and relevant reviews
was also conducted. Our search was limited to publications in
the English language. The inclusion criteria were: 1) study
design, randomized controlled trial; 2) population, patients
with diabetes or heart failure; 3) intervention, SGTL2i therapy
vs. placebo; 4) outcomes, reporting any of our primary or
secondary outcomes; 5) length of treatment, intervention
duration of at least 3 months. A flowchart outlining the

study selection process is provided in Supporting Informa-
tion, Figure S1.

Outcomes

The primary outcome was change in left ventricular mass
(LVM) from baseline to study endpoint as measured by cMRI.
Secondary outcomes included changes in LVM indexed to
body surface area (LVMi), left ventricular end systolic volume

Figure 1 Cardiac magnetic resonance imaging-assessed changes in left ventricular mass (A) and left ventricular mass indexed to body surface area (B)
from baseline to study endpoint in randomized controlled trials of patients treated with sodium glucose transporter-2 inhibitor therapy versus placebo.

A Left Ventricular Mass

SGLT2i Placebo Mean Difference Mean Difference
Study or Subgroup Mean[ g] SD[ g] Total Mean[ g] SD[ g] Total Weight IV, 95% CI v, 95% CI
Patients with HFrEF
Lee 2021 -5.1 127 42 -2.5 14.8 50 25.7% -2.60[-8.22, 3.02] —
Santos-Gallego 2021 -17.8 31.9 38 4.1 134 38 13.7% -21.90 [-32.90, -10.90] -
Subtotal (95% CI) 80 88  39.4% -11.65[-30.52,7.23] —a
Heterogeneity: Tau? = 166.38; Chi? = 9.38, df = 1 (P = 0.002); I> = 89%
Test for overall effect: Z = 1.21 (P = 0.23)
Patients without HFrEF
Brown 2020 -3.95 4.85 32 -1.13 4.55 34 347% -2.82[-5.09, -0.55] Ll
Verma 2019 -4.7 15.4 44 -0.39 10.8 46 26.0% -4.31[-9.83, 1.21] -
Subtotal (95% ClI) 76 80 60.6%  -3.04[-5.14, -0.94] ¢
Heterogeneity: Tau? = 0.00; Chi? = 0.24, df = 1 (P = 0.62); I?= 0%
Test for overall effect: Z = 2.83 (P = 0.005)
Total (95% Cl) 156 168 100.0%  -5.76 [-10.87, -0.64] 4
Heterogeneity: Tau? = 18.30; Chiz = 11.27, df = 3 (P = 0.01); I = 73% f f f 1
Test for overall effect: Z = 2.21 (P = 0.03) 50 2 0 25 %0
Favours SGLT2i Favours Placebo
Test for subgroup differences: Chiz = 0.79, df = 1 (P = 0.37), 2= 0%
B Left Ventricular Mass Indexed to Body Surface Area
SGLT2i Placebo Mean Difference Mean Difference
Study or Subgroup Mean [g/m2] SD [g/im2] Total Mean [g/im2] SD [g/im2] Total Weight IV, Random, 95% CI IV, Random, 95% CI
Patients with HFrEF
Lee 2021 27 6.1 42 -1.3 7.3 50 23.0% -1.40 [-4.14, 1.34] T
Santos-Gallego 2021 -8.5 15.9 38 1.6 6.6 38 13.2% -10.10[-15.57, -4.63] - =
Singh 2020 4 1.1 28 0.6 1.7 28 11.9% 3.40[-2.57,9.37] 1
Subtotal (95% Cl) 108 116 48.0%  -2.70[-9.20, 3.80] -
Heterogeneity: Tau? = 26.97; Chiz = 11.71, df = 2 (P = 0.003); I> = 83%
Test for overall effect: Z=0.81 (P = 0.42)
Patients without HFrEF
Brown 2020 -0.58 229 32 -0.38 179 34 294%  -0.20[-1.20,0.80] "
Verma 2019 -2.6 78 44 -0.01 57 46 22.6% -2.59[-5.42,0.24] ]
Subtotal (95% Cl) 76 80 52.0%  -1.01[-3.23,1.21] <&
Heterogeneity: Tau? = 1.68; Chi? = 2.43, df = 1 (P = 0.12); I = 59%
Test for overall effect: Z = 0.89 (P = 0.37)
Total (95% Cl) 184 196 100.0%  -1.89 [-4.52, 0.74] <>
Heterogeneity: Tau? = 5.87; Chit = 16.07, df = 4 (P = 0.003); I* = 75% ‘ f f 1
-20 -10 0 10 20

Test for overall effect: Z = 1.41 (P = 0.16)
Test for subaroup differences: Chi? = 0.23, df = 1 (P = 0.63), 1= 0%

Favours SGLT2i Favours Placebo
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Figure 2 Cardiac magnetic resonance imaging-assessed changes in left ventricular end systolic volume (A), left ventricular end diastolic volume (B),
and left ventricular ejection fraction (C) from baseline to study endpoint in randomized controlled trials of patients treated with sodium glucose
transporter-2 inhibitor therapy versus placebo.

A Left Ventricular End Systolic Volume
SGLT2i Placebo

Study or Subgroup

Mean [mI] SD [ml] Total Mean[ml] SD [mI] Total Weight

Mean Difference
IV, Random, 95% CI

Mean Difference
IV, Random, 95% CI

Patients with HFrEF

Lee 2021 -15.1 24 42 -2.8 237 50 19.6% -12.30[-22.09, -2.51] -

Santos-Gallego 2021 -26.6 20.5 38 -0.5 219 38 19.8% -26.10 [-35.64, -16.56] -

Singh 2020 -8.9 327 28 -18.8 51 28  8.8% 9.90 [-12.54, 32.34] - -

Subtotal (95% CI) 108 116  48.2% -12.30 [-28.41, 3.82] "

Heterogeneity: Tau? = 153.13; Chi? = 9.90, df = 2 (P = 0.007); I> = 80%

Test for overall effect: Z = 1.50 (P = 0.13)

Patients without HFrEF

Brown 2020 -1.86 4.83 32 -0.74 4.81 34  26.8% -1.12[-3.45,1.21] L1

Verma 2019 -1.9 10 44 0.3 13 46 25.0% -2.20 [-6.98, 2.58] .

Subtotal (95% Cl) 76 80 51.8% -1.33[-3.42, 0.77] ¢

Heterogeneity: Tau? = 0.00; Chi? = 0.16, df = 1 (P = 0.69); I> = 0%

Test for overall effect: Z = 1.24 (P = 0.21)

Total (95% CI) 184 196 100.0% -7.56 [-15.66, 0.54] ’

Heterogeneity: Tau? = 62.32; Chi? = 29.84, df = 4 (P < 0.00001); I = 87% b f f {
-50 -25 0 25 50

Test for overall effect: Z = 1.83 (P = 0.07) Favours SGLT2i Favours Placebo

Test for subgroup differences: Chi? = 1.75, df = 1 (P = 0.19), 12 = 42.9%

B Left Ventricular End Diastolic Volume
SGLT2i Placebo Mean Difference Mean Difference

Study or Subgroup Mean [ml] SD [ml] Total Mean[ml] SD [mI] Total Weight v, 95% CI v, 95% CI

Patients with HFrEF

Lee 2021 -17.3 24.8 42 -0.6 29.2 50 20.7% -16.70[-27.73, -5.67] -

Santos-Gallego 2021 -25.1 26 38 -1.5 254 38 20.2% -23.60 [-35.16, -12.04] -

Singh 2020 -7.7 40.5 28 -24 55.9 28 10.0% 16.30 [-9.27, 41.87] -1 -

Subtotal (95% CI) 108 116 50.9% -12.00 [-28.59, 4.59] ”

Heterogeneity: Tau? = 151.28; Chi2 = 7.77, df = 2 (P = 0.02); I* = 74%

Test for overall effect: Z = 1.42 (P = 0.16)

Patients without HFrEF

Brown 2020 -0.15 11.59 32 1.44 10.62 34  25.4% -1.59 [-6.96, 3.78] —

Verma 2019 -2.9 17.7 44 -4.3 19.3 46 23.7% 1.40 [-6.25, 9.05] T

Subtotal (95% CI) 76 80 49.1% -0.60 [-5.00, 3.79] 0

Heterogeneity: Tau? = 0.00; Chi? = 0.39, df = 1 (P = 0.53); I? = 0%

Test for overall effect: Z = 0.27 (P = 0.79)

Total (95% CI) 184 196 100.0%  -6.66 [-16.82, 3.49] -

Heterogeneity: Tau? = 98.04; Chiz = 21.14, df = 4 (P = 0.0003); I = 81% ‘ f f 1
-50 -25 0 25 50

Test for overall effect: Z = 1.29 (P = 0.20) Favours SGLT2i Favours Placebo

Test for subaroup differences: Chi? = 1.69, df = 1 (P = 0.19), 12 = 41.0%

C Left Ventricular Ejection Fraction
SGLT2i Placebo Mean Difference Mean Difference

Study or Subgroup Mean[%] SD[%] Total Mean[%] SD[%] Total Weight IV, Random, 95% CI v, 95% CI

Patients with HFrEF

Lee 2021 1.8 57 42 12 3.8 50 21.4% 0.60 [-1.42, 2.62] -

Santos-Gallego 2021 6 42 38 0.1 39 38 21.9% 6.101[4.28,7.92] -

Singh 2020 26 6.7 28 1.4 9.6 28 14.7% 1.20 [-3.14, 5.54] - 1

Subtotal (95% CI) 108 116 58.0% 2.78 [-1.35, 6.90] <‘

Heterogeneity: Tau? = 11.23; Chi? = 16.80, df = 2 (P = 0.0002); I = 88%

Test for overall effect: Z = 1.32 (P = 0.19)

Patients without HFrEF

Brown 2020 1.45 4.08 32 0.66 3.76 34 21.7% 0.79[-1.11, 2.69] T

Verma 2019 0.72 5.1 44 1 6.5 46 20.3% -0.28 [-2.69, 2.13] -1

Subtotal (95% CI) 76 80 42.0%  0.38[-1.11,1.87] <

Heterogeneity: Tau? = 0.00; Chiz = 0.47, df = 1 (P = 0.49); I = 0%

Test for overall effect: Z = 0.50 (P = 0.62)

Total (95% CI) 184 196 100.0%  1.76 [-0.86, 4.37] -

Heterogeneity: Tau? = 7.27; Chi? = 26.38, df = 4 (P < 0.0001); I = 85% f f f {

-10 -5 0 5 10

Test for overall effect: Z = 1.32 (P = 0.19)
Test for subgroup differences: Chi? = 1.15, df = 1 (P = 0.28), I? = 12.9%

Favours Placebo Favours SGLT2i
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(LVESV), left ventricular end diastolic volume (LVEDV), and
left ventricular ejection fraction (LVEF) from baseline to study
endpoint as measured by cMRI.

Data extraction and quality assessment

Citations were independently screened by two reviewers
(N. K. D. and N. M.) to select studies that met eligibility
criteria and abstract data using a structured form which in-
cluded study design, population characteristics, duration
and dose of treatment, and outcomes. Discrepancies were re-
solved by a third author (C. D. M.). Two reviewers (N. M. and
R. V.) assessed quality and risk of bias across the domains of
sequence generation, allocation concealment, blinding, in-
complete outcome data, and selective reporting as per the
methods outlined in the Cochrane Handbook for Systematic
Reviews of Interventions. Risk of bias was graded as either
being low, high, or unclear for each respective domain within
each study.

Data synthesis

Data from all studies were combined to estimate the mean
difference (MD) and 95% confidence interval (Cl) for each out-
come using an inverse variance approach and DerSimonian
and Laird’s random effects-model. Missing data were not im-
puted. Statistical heterogeneity was tested using an inverse
weighted y? test and was quantified by /%, with values >50%
being considered substantial heterogeneity. P < 0.05 was con-
sidered statistically significant. Publication bias was intended
to be assessed by inspection of the funnel plot of the primary
outcome; however, this was unable to be done due to too few
studies meeting eligibility criteria. We planned a priori sensi-
tivity analyses to evaluate potential differences in treatment
effect amongst trials exclusively recruiting patients with HFrEF
and trials exclusively recruiting patients with diabetes or pre-
diabetes. All analyses were performed with Review Manager
software (version 5.3). The protocol for this systematic review
was not registered. This systematic review and meta-analysis
adheres to PRISMA guidelines.

Results
Study characteristics and study population

A total of five studies, representing 408 patients, met the eli-
gibility criteria and were included in the meta-analysis
(Supporting Information, Figure $1).2°7** Table 1 summarizes
the characteristics of included studies. The included studies
assessed a dose of 10 mg of dapagliflozin or empagliflozin
daily, and treatment durations ranged from 36 weeks to 1 year.

Three RCTs exclusively enrolled patients with HFrEF, and four
RCTs exclusively enrolled patients with diabetes or prediabe-
tes. Sixty per cent of the studies had a low risk of bias in at
least five out of the six domains (Supporting Information,
Figure S2; justifications are summarized in Supporting
Information, Table SI). An overview of relevant baseline pa-
tient characteristics and cMRI parameters according to treat-
ment group is provided for each included study in Table 2.

Primary outcome

SGLT2i was associated with a greater regression in LVM rela-
tive to placebo (MD, —5.76 g; 95% Cl, —10.87 g to —0.64 g,
> = 73%; overall effect, P < 0.03; four trials; Figure 1A).
The test for subgroup differences in our sensitivity analysis
focusing on HFrEF did not reveal any differences (P = 0.37).
We observed subgroup differences in our sensitivity analysis
focusing on diabetes, where LVM regression by SGLT2i was
larger in magnitude amongst patients without diabetes
(P < 0.001; Supporting Information, Figure S3A).

Secondary outcomes

There were no significant differences between groups for all
secondary outcomes of LVMi (MD, —1.89 g/m?% 95% Cl,
—4.52 to 0.74 g/m?, I*> = 75%; overall effect, P = 0.16; five tri-
als; Figure 1B), LVESV (MD, —7.56 mL; 95% CI, —15.66 to
0.54 mL, > = 87%; overall effect, P = 0.07; five trials;
Figure 2A), LVEDV (MD, —6.66 mL; 95% Cl, —16.82 to
3.49 mL, 1> = 81%; overall effect, P = 0.20; five trials; Figure
2B), or LVEF (MD, 1.76%; 95% CI, —0.86% to 4.37%, I* = 85%;
overall effect, P = 0.19; five trials; Figure 2C). We observed
no subgroup differences for each respective secondary
outcome in our sensitivity analyses focusing on HFrEF. The
results of our sensitivity analysis focusing on diabetes are
presented in Supporting Information, Figures S3 and S4.

Conclusions

In this meta-analysis of double-blind placebo controlled RCTs
evaluating left ventricular remodelling by cMRI, we observed
that SGLT2i were associated with a significant reduction in
left ventricular mass with a consistent benefit observed in
people with and without diabetes or HFrEF. Other indices of
left ventricular remodelling were not statistically significant,
but there was a trend towards reduction in LVESV. The anal-
yses are to be interpreted in the context of limitations includ-
ing (i) substantial heterogeneity between studies, (ii)
relatively small sample sizes amongst included studies, (iii)
differing treatment durations across studies, and (iv) inconsis-
tencies in the exact calculations for LVM indexed to body
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surface area. Notwithstanding these caveats, the data point
towards an early effect of SGLT2i on ventricular remodelling
which may help explain the clinical benefits observed in pa-
tients with diabetes and heart failure. Several potential direct
and indirect mechanisms have been proposed to explain the
effects of SGLT2i on myocardial remodelling. These include
effects on myocardial ion channels, alterations in
mitophagy/autophagy, increased cardiac bioenergetics,
erythropoietin production, and changes in reno-cardiac
signalling.”*° Further studies evaluating remodelling in pa-
tients with heart failure with a preserved ejection fraction
(HFpEF) would be of interest, particularly in the context of
the ongoing clinical studies in these patients.*®*’
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