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BACKGROUND: Sodium-glucose cotransporter 2 inhibitors reduce the risk of 
heart failure hospitalization and cardiovascular death in patients with heart failure 
and reduced ejection fraction (HFrEF). However, their effects on cardiac structure 
and function in HFrEF are uncertain.

METHODS: We designed a multicenter, randomized, double-blind, placebo-
controlled trial (the SUGAR-DM-HF trial [Studies of Empagliflozin and Its 
Cardiovascular, Renal and Metabolic Effects in Patients With Diabetes Mellitus, or 
Prediabetes, and Heart Failure]) to investigate the cardiac effects of empagliflozin in 
patients in New York Heart Association functional class II to IV with a left ventricular 
(LV) ejection fraction ≤40% and type 2 diabetes or prediabetes. Patients were 
randomly assigned 1:1 to empagliflozin 10 mg once daily or placebo, stratified by 
age (<65 and ≥65 years) and glycemic status (diabetes or prediabetes). The coprimary 
outcomes were change from baseline to 36 weeks in LV end-systolic volume 
indexed to body surface area and LV global longitudinal strain both measured using 
cardiovascular magnetic resonance. Secondary efficacy outcomes included other 
cardiovascular magnetic resonance measures (LV end-diastolic volume index, LV 
ejection fraction), diuretic intensification, symptoms (Kansas City Cardiomyopathy 
Questionnaire Total Symptom Score, 6-minute walk distance, B-lines on lung 
ultrasound, and biomarkers (including N-terminal pro-B-type natriuretic peptide).

RESULTS: From April 2018 to August 2019, 105 patients were randomly assigned: 
mean age 68.7 (SD, 11.1) years, 77 (73.3%) male, 82 (78.1%) diabetes and 23 
(21.9%) prediabetes, mean LV ejection fraction 32.5% (9.8%), and 81 (77.1%) New 
York Heart Association II and 24 (22.9%) New York Heart Association III. Patients 
received standard treatment for HFrEF. In comparison with placebo, empagliflozin 
reduced LV end-systolic volume index by 6.0 (95% CI, –10.8 to –1.2) mL/m2 
(P=0.015). There was no difference in LV global longitudinal strain. Empagliflozin 
reduced LV end-diastolic volume index by 8.2 (95% CI, –13.7 to –2.6) mL/m2 
(P=0.0042) and reduced N-terminal pro-B-type natriuretic peptide by 28% (2%–
47%), P=0.038. There were no between-group differences in other cardiovascular 
magnetic resonance measures, diuretic intensification, Kansas City Cardiomyopathy 
Questionnaire Total Symptom Score, 6-minute walk distance, or B-lines.

CONCLUSIONS: The sodium-glucose cotransporter 2 inhibitor empagliflozin 
reduced LV volumes in patients with HFrEF and type 2 diabetes or prediabetes. 
Favorable reverse LV remodeling may be a mechanism by which sodium-glucose 
cotransporter 2 inhibitors reduce heart failure hospitalization and mortality in HFrEF.

REGISTRATION: URL: https://www.clinicaltrials.gov. Unique identifier: NCT03485092.
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Adverse left ventricular remodeling, reflected by 
increased volumes and reduced contractility, 
is at the core of the pathophysiology of heart 

failure with reduced ejection fraction (HFrEF).1,2 Cardiac 
remodeling in HFrEF progresses over time, and larger 
left ventricular volumes are associated with worse non-
fatal and fatal outcomes.3–10 Drug and device therapies 
that slow the progression of, or even reverse, remod-
eling are associated with better clinical outcomes in 
HFrEF. Sodium-glucose cotransporter 2 (SGLT2) inhibi-
tors recently have been shown to reduce the risk of 
heart failure hospitalization and cardiovascular death 
in patients with HFrEF.11,12 The mechanism or mecha-
nisms underlying these benefits are uncertain, includ-
ing whether SGLT2 inhibitors have a favorable effect 
on cardiac remodeling. However, the reduction in NT-
proBNP (N-terminal pro-B-type natriuretic peptide) ob-
served with SGLT2 inhibitors is consistent with such an 
action.11,12 Empagliflozin has been shown to reduce 
left ventricular mass (indexed to body surface area) in 
people with type 2 diabetes and coronary artery dis-
ease, but the participants in this trial (the EMPA-HEART 
CardioLink-6 trial [Effects of Empagliflozin on Cardiac 

Structure in Patients with Type 2 Diabetes]) had normal 
left ventricular volumes and ejection fraction, and the 
decrease in left ventricular mass likely reflected reduc-
tion in weight and blood pressure, effects not associat-
ed with improved outcomes or favorable left ventricular 
remodeling in HFrEF.13 Only 1 prior trial has examined 
the effect of a SGLT2 inhibitor on left ventricular re-
modeling specifically in patients with HFrEF. The partici-
pants had relatively modest left ventricular enlargement 
and the trial was underpowered, with only 28 patients 
per treatment group.14 Consequently, we designed a 
larger, multicenter randomized, double-blind, placebo-
controlled trial powered to investigate the effects of 
SGLT2 inhibition on left ventricular volumes in patients 
with HFrEF and type 2 diabetes or prediabetes.

METHODS
The data that support the findings of this study may be avail-
able from the corresponding author on reasonable request.

Fifteen hospitals in Scotland took part in the trial (details in 
the Data Supplement), each of which had ethical committee 
approval, and all participants gave written informed consent.

Patients
Patients ≥18 years of age with HFrEF and type 2 diabetes 
(documented history of diabetes or previously undiagnosed 
diabetes with glycohemoglobin ≥48 mmol/mol [≥6.5%]), 
or prediabetes (glycohemoglobin 39–47 mmol/mol [5.7%–
6.4%]) were potentially eligible. Participants had to be in 
New York Heart Association (NYHA) functional class II to IV 
and have a left ventricular ejection fraction (LVEF) ≤40%. The 
dose of angiotensin-converting enzyme inhibitor, angiotensin 
receptor blocker, or sacubitril/valsartan and β-blocker had to 
be unchanged for at least 4 weeks. Patients with type 2 dia-
betes were required to have a glycohemoglobin ≤97 mmol/
mol (≤11%) and, if they were treated with glucose-lowering 
therapy, the treatment dose had to be unchanged for at least 
6 weeks. The key exclusion criteria were type 1 diabetes, esti-
mated glomerular filtration rate <30 mL/min/1.73m2, and his-
tory of diabetic ketoacidosis (a complete list of inclusion and 
exclusion criteria are provided in the Data Supplement).

Randomization and Stratification
Patients were randomly assigned 1:1 to either empagliflozin 
10 mg once daily or matching placebo by using an interac-
tive web response system. The randomization sequence was 
performed in blocks of 4 and stratified by (1) age (<65 years, 
≥65 years) and (2) diabetes or prediabetes status.

Schedule of Study Visits
Patients attended for 6 visits: screening, baseline, weeks 2, 
12, 36, and 40 (Table I in the Data Supplement).

Outcomes
Coprimary Outcomes 
The coprimary outcomes were (1) left ventricular end-systolic 
volume indexed (LVESVi) to body surface area and (2) left 

Clinical Perspective

What Is New?
• Although sodium-glucose cotransporter 2 inhibi-

tors improve clinical outcomes in patients with 
heart failure with reduced ejection fraction, their 
effects on left ventricular remodeling are uncertain.

• To our knowledge, this is the first adequately 
powered cardiovascular magnetic resonance trial 
using a sodium-glucose cotransporter 2 inhibitor 
in patients with heart failure with reduced ejection 
fraction.

• In a total of 105 patients with heart failure with 
reduced ejection fraction and type 2 diabetes, or 
prediabetes, randomly assigned to empagliflozin 
10 mg once daily or matching placebo and treated 
for 36 weeks, empagliflozin led to significant 
reductions in left ventricular end-systolic and end-
diastolic indexed volumes of 6.0 and 8.2 mL/m2, 
respectively, and reductions in N-terminal pro-
B-type natriuretic peptide by 28% (2%–47%), 
P=0.038.

What Are the Clinical Implications?
• Clinicians should be aware that the sodium-glucose 

cotransporter 2 inhibitor, empagliflozin, causes 
favorable cardiac remodeling in patients with heart 
failure with reduced ejection fraction.

• This may represent a mechanism by which sodium-
glucose cotransporter 2 inhibitors reduce heart fail-
ure hospitalizations and cardiovascular death.
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ventricular global longitudinal strain (LV GLS). Between treat-
ment group differences in the change from baseline to 36 
weeks were calculated for both outcomes.

Secondary Outcomes 
The secondary end points assessed at 36 weeks included 
additional cardiovascular magnetic resonance (CMR) measure-
ments (body surface area–indexed left ventricular end-diastolic 
volume [LVEDVi], LVEF, body surface area–indexed left ventric-
ular [LV] mass index, LV global function index, body surface 
area–indexed left atrial volume, myocardial blood flow, and 
extracellular volume fraction), diuretic intensification, assess-
ment of symptoms using the Kansas City Cardiomyopathy 
Questionnaire Total Symptom Score (KCCQ-TSS), 6-minute 
walk distance, number of B-lines on lung ultrasound (a marker 
of lung congestion), and a range of biomarkers (as described 
in Biomarker Assessments and in the Data Supplement).15–17

CMR Acquisition and Analysis
ECG-gated CMR was performed at 1 center (Queen Elizabeth 
University Hospital) at baseline prerandomization and week 
36 using a 3.0 Tesla scanner (MAGNETOM Prisma, Siemens 
Healthcare). A week 40 scan after withdrawal of treatment 
was also planned but could not be performed in many patients 
because of the coronavirus disease 2019 (COVID-19) pan-
demic. The imaging protocol (Table II in the Data Supplement) 
included cine imaging, native T1 mapping (modified Look-
Locker inversion-recovery), and delayed enhancement 
sequences. All scan acquisitions were spatially coregistered. 
CMR analysis methods are detailed in the Data Supplement.

Biomarker Assessments
Glycohemoglobin, estimated glomerular filtration rate, 
uric acid, high-sensitivity cardiac troponin I, and galectin-3 
(i1000SR, Abbott Laboratories, Abbott Diagnostics) were 
measured, along with NT-proBNP and growth differentiation 
factor-15 (e411, Roche Diagnostics) at baseline, 12 weeks, 
and 36 weeks. All of these assays were performed by using 
the manufacturers’ calibrators and quality controls.

Statistical Analysis
Statistical analyses were conducted at the study data center 
(Robertson Center for Biostatistics, University of Glasgow) 
according to a prespecified Statistical Analysis Plan. All analyses 
were performed according to the intention-to-treat principle, 
including all randomly assigned participants with postrandom-
ization data available for the outcome of interest at any given 
time point, irrespective of their subsequent participation in the 
study and their adherence to randomized treatment.

For all outcomes, analysis of covariance, with adjustment 
for randomized group, baseline value, and the stratification 
variables (age and diabetes/prediabetes status) were used to 
determine the between-group differences in the outcomes at 
36 weeks. For the coprimary end points of LVESVi and LV GLS, 
the α was split so that a P value of 0.025 was considered 
statistically significant. No interim analyses were performed. 
For all secondary outcomes, a P value of 0.05 was considered 
statistically significant. All analyses were conducted using SAS 
version 9.4 (SAS Inc).

RESULTS
Recruitment took place between April 2018 and August 
2019; follow-up visits were completed in May 2020. 
Of 166 patients screened, 105 were randomly assigned 
(52 to empagliflozin and 53 to placebo). Of these, 82 
patients (78.1%) had diabetes and 23 (21.9%) had pre-
diabetes.

Baseline Characteristics
The mean (SD) age of participants was 68.7 (11.1) years, 
77 patients (73.3%) were male, and 81 (77.1%) pa-
tients were in NYHA functional class II and 24 (22.9%) 
in NYHA class III. The median (interquartile range) du-
ration of heart failure was 2.1 (1.0–4.8) years, and 52 
patients (49.5%) had a history of heart failure hospital-
ization. Most patients had coronary artery disease (74 
patients, 70.5%) and received standard heart failure 
therapy (Table 1). The mean (SD) CMR LVEF was 32.5% 
(9.8%), and median (interquartile range) NT-proBNP 
was 466 (177–1120) pg/mL.

Diabetes treatments and other medical history are 
shown in Table 1.

Completeness of Follow-Up and 
Adherence
Of the 52 patients randomly assigned to empagliflozin, 
42 remained on randomized therapy and had complete 
coprimary end point data at baseline and week 36 (Fig-
ure I in the Data Supplement). Of the 53 patients ran-
domly assigned to placebo, 50 remained on randomized 
therapy and had complete coprimary end point data at 
baseline and week 36. There were 2 deaths in the em-
pagliflozin group, one attributable to newly diagnosed 
pancreatic cancer and one attributable to cardiogenic 
shock. There were no deaths in the placebo group.

Coprimary Outcomes
LVESVi decreased by 7.9 mL/m2 between baseline and 
36 weeks in the empagliflozin group in comparison with 
a reduction of 1.5 mL/m2 in the placebo group: adjust-
ed between-group difference –6.0 (95% CI, –10.8 to 
–1.2) mL/m2; P=0.015 (Table 2 and Figure 1). There was 
no difference in LV GLS between the empagliflozin and 
placebo groups: adjusted between-group difference 
0.35% (95% CI, –0.25% to 0.95%); P=0.25. In view 
of potential imbalances in sex, NYHA class, and history 
of heart failure hospitalization at baseline, we did an 
additional post hoc adjustment for these variables that 
did not change our findings: adjusted between-group 
difference in LVESVi –5.9 (95% CI –11.0 to –0.9) mL/
m2; P=0.023 and adjusted between-group difference in 
LV GLS 0.45% (95% CI, –0.17% to 1.08%); P=0.15.
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Table 1. Baseline Characteristics of Randomized Patients

Characteristic

All Empagliflozin Placebo

(n=105) (n=52) (n=53)

Age, mean (SD), y 68.7 (11.1) 68.2 (11.7) 69.2 (10.6)

Male, n (%) 77 (73.3) 34 (65.4) 43 (81.1)

Body mass index, mean (SD), kg/m2 30.7 (5.5) 30.9 (5.9) 30.4 (5.1)

Systolic blood pressure, mean (SD), mm Hg 128.0 (20.0) 125.8 (18.2) 130.3 (21.6)

Heart rate, mean (SD), beats/min 66.4 (11.5) 68.0 (12.9) 64.8 (9.8)

Glycemic status

 Type 2 diabetes,* n (%) 82 (78.1) 40 (76.9) 42 (79.2)

 Prediabetes, n (%) 23 (21.9) 12 (23.1) 11 (20.8)

 Glycohemoglobin, mean (SD), % 7.2 (1.5) 7.5 (1.6) 7.0 (1.4)

Heart failure status

  Cardiovascular magnetic resonance left ventricular ejection frac-
tion, mean (SD), %

32.5 (9.8) 32.1 (10.3) 32.9 (9.3)

 Duration of heart failure, median (IQR), y 2.1 (1.0–4.8) 2.3 (1.0–5.3) 2.0 (1.0–4.1)

 Prior heart failure hospitalization, n (%) 52 (49.5) 21 (40.4) 31 (58.5)

 N-terminal pro-B-type natriuretic peptide, median (IQR), pg/mL 466 (177–1120) 475 (198–1117) 466 (156–1148)

 New York Heart Association Class II, n (%) 81 (77.1) 37 (71.2) 44 (83.0)

 New York Heart Association Class III, n (%) 24 (22.9) 15 (28.8) 9 (17.0)

 New York Heart Association Class IV, n (%) 0 (0.0) 0 (0.0) 0 (0.0)

Other medical history

 Coronary artery disease, n (%) 74 (70.5) 36 (69.2) 38 (71.7)

  Prior myocardial infarction,† n (%) 62 (83.8) 27 (75.0) 35 (92.1)

  Percutaneous coronary intervention,† n (%) 42 (56.8) 17 (47.2) 25 (65.8)

  Coronary artery bypass graft,† n (%) 18 (24.3) 10 (27.8) 8 (21.1)

 Hypertension, n (%) 74 (70.5) 39 (75.0) 35 (66.0)

 Stroke, n (%) 11 (10.5) 3 (5.8) 8 (15.1)

 Creatinine, mean (SD), µmol/L 100.2 (31.8) 96.4 (33.4) 104.0 (30.1)

  Estimated glomerular filtration rate–Chronic Kidney Disease Epi-
demiology Collaboration, mean (SD), mL/min/1.73m2

67.3 (22.0) 69.5 (22.3) 65.1 (21.8)

 Hemoglobin, mean (SD), g/L 131.8 (13.5) 131.0 (12.3) 132.7 (14.7)

Heart failure therapy

  Angiotensin-converting enzyme inhibitor/angiotensin receptor 
blocker/angiotensin-receptor neprilysin inhibitor, n (%)

100 (95.2) 49 (94.2) 51 (96.2)

 Angiotensin-converting enzyme inhibitor, n (%) 49 (46.7) 25 (48.1) 24 (45.3)

 Angiotensin receptor blocker, n (%) 15 (14.3) 3 (5.8) 12 (22.6)

 Angiotensin-receptor neprilysin inhibitor, n (%) 36 (34.3) 21 (40.4) 15 (28.3)

 β-Blocker, n (%) 96 (91.4) 46 (88.5) 50 (94.3)

 Mineralocorticoid receptor antagonist, n (%) 63 (60.0) 32 (61.5) 31 (58.5)

 Loop diuretic, n (%) 60 (57.1) 31 (59.6) 29 (54.7)

 Digoxin, n (%) 5 (4.8) 4 (7.7) 1 (1.9)

 Ivabradine, n (%) 11 (10.5) 8 (15.4) 3 (5.7)

Type 2 diabetes 

 Duration of diabetes, median (IQR), y 9.0 (3.2–14.8) 8.2 (3.6–13.6) 10.0 (3.2–15.6)

 Diabetes therapy, n (%) 61 (74.4) 31 (77.5) 30 (71.4)

  Biguanide (metformin), n (%) 46 (75.4) 25 (80.6) 21 (70.0)

  Sulfonylurea, n (%) 25 (41.0) 8 (25.8) 17 (56.7)

  Insulin, n (%) 9 (14.8) 6 (19.4) 3 (10.0)

  Dipeptidyl dipeptidase-4 inhibitors, n (%) 22 (36.1) 13 (41.9) 9 (30.0)

  Glucagon-like peptide-1 receptor agonist, n (%) 5 (8.2) 3 (9.7) 2 (6.7)

*One patient had newly diagnosed diabetes at screening.
†Values are n (%) for prior myocardial infarction, percutaneous coronary intervention, and coronary artery bypass graft are for subset of 

those who have coronary artery disease.
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Secondary Outcomes
Cardiovascular Magnetic Resonance 
LVEDVi decreased by 9.0 mL/m2 between baseline and 
36 weeks in the empagliflozin group in comparison 
with a reduction of 0.4 mL/m2 in the placebo group: ad-
justed between-group difference –8.2 (–13.7 to –2.6) 
mL/m2; P=0.004. There were no significant changes in 
the other CMR variables (LVEF, LV mass index, LV global 
function index, indexed left atrial volume, myocardial 
blood flow, or extracellular volume fraction) after 36 
weeks of treatment with empagliflozin, in comparison 
with placebo (Table 2 and Figure 2).

Diuretic Intensification, KCCQ-TSS, 6-Minute 
Walk Distance, and B Lines
There were no between-group differences in the in-
tensification of diuretic therapy, change in KCCQ-TSS, 

6-minute walk distance, or total number of B lines, be-
tween baseline and 36 weeks (Table 3).

Biomarkers
In comparison with placebo, empagliflozin reduced 
serum uric acid (P<0.0001) and NT-proBNP (P=0.038), 
and increased galectin-3 (P=0.013) and hematocrit 
(P<0.0001). There were no between-group differences 
in other biomarkers (Table 3).

Safety and Exploratory Outcomes

There were no between-group differences in safety out-
comes (Table III in the Data Supplement). Exploratory out-
comes (blood pressure, heart rate, body weight, and blood 
ketones) are presented in Table IV in the Data Supplement.

Table 2. Change in CMR Parameters with Empagliflozin 10 mg/d or Placebo From Baseline to Week 36

Variable*

Empagliflozin Placebo Between-group 
difference  
(95% CI)† P valuen Baseline Week 36 Change n Baseline Week 36 Change

Coprimary CMR outcomes

  LV end-systolic vol-
ume index,‡ mL/m2

42 80.8 (37.2) 72.9 (37.0) –7.9 (11.8) 50 76.6 (29.3) 75.2 (29.2) –1.5 (11.3) –6.0  
(–10.8 to –1.2)

0.015

  LV global longitudi-
nal strain,§ %

42 –7.04 (2.11) –7.09 (2.11) –0.05 (1.57) 50 –7.79 (2.54) –7.97 (2.31) -0.18 (1.49) 0.35 
(–0.25 to 0.95)

0.25

Secondary CMR outcomes

  LV end-diastolic vol-
ume index,‡ mL/m2

42 114.7 (37.0) 105.7 (37.6) –9.0 (12.4) 50 111.4 (29.2) 110.9 (28.3) –0.4 (14.1) –8.2 
(–13.7 to –2.6)

0.004

  LV ejection frac-
tion, %

42 31.7 (9.9) 33.5 (10.3) 1.8 (5.7) 50 33.0 (9.5) 34.2 (9.7) 1.2 (3.8) 0.3 
(–1.7 to 2.3)

0.75

 LV mass index,‡ g/m2 42 61.2 (16.1) 58.6 (16.2) –2.7 (6.1) 50 65.4 (19.6) 64.1 (18.3) –1.3 (7.3) –1.9 
(–4.7 to 0.8)

0.17

  LV global function 
index, %

42 23.4 (7.7) 24.4 (7.9) 1.0 (3.8) 50 23.6 (7.4) 24.8 (7.5) 1.1 (3.3) –0.2 
(–1.7 to 1.2)

0.76

  Left atrial volume 
index,‡ mL/m2

42 40.5 (13.3) 38.6 (13.5) –1.9 (8.5) 50 43.7 (12.5) 43.0 (11.9) –0.7 (12.1) –2.4 
(–6.5 to 1.8)

0.26

  Myocardial blood 
flow,∥ mL/g/min

32 0.80 (0.18) 0.81 (0.24) 0.01 (0.22) 37 0.85 (0.24) 0.93 (0.30) 0.08 (0.27) –0.08 
(–0.20 to 0.04)

0.17

  Extracellular volume 
fraction, %

32 31.8 (4.5) 31.0 (4.7) –0.8 (3.5) 36 31.6 (4.8) 31.0 (5.1) –0.7 (3.5) 0.004 
(–1.7 to 1.7)

1.00

Exploratory CMR outcomes

  LV end-systolic  
volume, mL

42 157.5 (68.1) 142.3 (70.9) –15.1 (24.0) 50 152.9 (58.4) 150.1 (57.7) –2.8 (23.7) –11.9 
(–21.9 to –1.9)

0.021

  LV end-diastolic  
volume, mL

42 224.8 (72.2) 207.5 (75.3) –17.3 (24.8) 50 222.7 (60.1) 222.1 (59.3) –0.6 (29.2) –16.4 
(–27.8 to –5.0)

0.005

 LV mass, g 42 121.2 (36.5) 116.1 (37.1) –5.1 (12.7) 50 131.9 (44.9) 129.5 (42.9) –2.5 (14.8) –3.8 
(–9.6 to 1.9)

0.19

  Left atrial volume, 
mL

42 79.0 (24.3) 75.5 (26.3) –3.5 (17.2) 50 87.9 (27.5) 86.3 (25.6) –1.5 (24.1) –5.1 
(–13.4 to 3.2)

0.22

CMR indicates cardiovascular magnetic resonance; and LV, left ventricular.
*Mean (SD).
†Treatment effect calculated using an analysis of covariance model adjusted for the treatment group, age at baseline, diabetes status, and baseline value of the 

outcome. 
‡Indexed to baseline body surface area.
§Feature tracking.
∥Myocardial blood flow corrected for rate-pressure product.
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DISCUSSION
We found that treatment of patients with HFrEF for 36 
weeks with the SGLT2 inhibitor empagliflozin led to a 

significant reduction in LV volumes (LVESVi and LVEDVi) 
in comparison with placebo, but no improvement in 
LV GLS. Empagliflozin also reduced NT-proBNP. These 
favorable changes with empagliflozin were observed 

Figure 2. Change in secondary cardiovascular magnetic resonance outcomes from baseline to week 36.
*Treatment effect calculated using an analysis of covariance model adjusted for treatment group, age at baseline, diabetes status, and baseline value. LAVi indi-
cates left atrial volume index; LVEDVi, left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction; LVGFI, left ventricular global function index; 
and LVMi, left ventricular mass index.

Figure 1. Change in coprimary cardiovascular magnetic resonance outcomes from baseline to week 36.
Mean (95% CI). *Treatment effect calculated using an analysis of covariance model adjusted for treatment group, age at baseline, diabetes status, and baseline 
value. LVESVi indicates left ventricular end-systolic volume index; and LV GLS, left ventricular global longitudinal strain.
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despite excellent conventional heart failure therapy, 
including sacubitril/valsartan in more than one-third of 
patients, and may explain, at least in part, the improve-
ment in clinical outcomes observed with SGLT2 inhibi-
tors in HFrEF. We did not observe an improvement in 
symptoms (using the KCCQ-TSS) or functional capac-
ity (6-minute walk distance), although we had limited 
power to show a change in either of these measures. B-
line number on lung ultrasound did not differ between 
treatment groups, and there was no difference in di-
uretic use, suggesting no major difference in surrogates 
of congestion between treatment groups.

Deleterious LV remodeling, including increases in 
end-diastolic and end-systolic volume and reduction 
in LVEF, is pathognomonic of HFrEF, and the extent of 
adverse remodeling correlates with risk of hospitaliza-
tion and death.1,2,18 LV volumes and contractility worsen 
progressively over time, and slowing of this progression, 

or even reversal of adverse remodeling, is believed to 
be a key mechanism through which several pharmaco-
logical therapies improve clinical outcomes in HFrEF, as 
does cardiac resynchronization therapy. The magnitude 
of change in LV volumes observed at 36 weeks with 
empagliflozin compares favorably with the effects of 
other beneficial therapies in HFrEF and was incremen-
tal to those effects as our patients were comprehen-
sively treated with renin-angiotensin system blockers 
and β-blockers. The more recently introduced therapies 
ivabradine and sacubitril/valsartan also reduced LV vol-
umes when added to renin-angiotensin system blockers 
and β-blockers. In comparison with placebo, ivabradine 
reduced LVESVi by 5.8 mL/m2 and LVEDVi by 5.5 mL/
m2 over 8 months in a substudy of SHIFT (Systolic Heart 
Failure Treatment With the If Inhibitor Ivabradine Trial).5 
There have been 2 randomized trials of sacubitril/val-
sartan and remodeling. In the EVALUATE-HF trial (Effect 

Table 3. Change in Secondary Outcomes with Empagliflozin 10 mg/d or Placebo from Baseline to Week 36

Secondary outcome 
variables

Empagliflozin Placebo Between-group 
difference  
(95% CI)* P valuen Baseline Week 36 Change n Baseline Week 36 Change

Diuretic intensification† 28 – 3 (10.7) 3 (10.7) 29 – 4 (13.8) 4 (13.8) – 1.00

Kansas City Cardiomy-
opathy Questionnaire Total 
Symptom Score‡

44 73.4 (22.0) 74.1 (22.9) 0.7 (17.5) 51 74.7 (19.5) 78.9 (21.6) 4.2 (13.8) –4.0 
(–10.2 to 2.1)

0.19

6-minute walk distance,‡ 
meters

35 360.2 (105.8) 385.7 (86.9) 25.4 (60.5) 42 353.5 (93.8) 387.1 (109.9) 33.6 (50.7) –9.9 
(–34.4 to 14.7)

0.43

Total B lines‡§ 44 5.86 (5.00) 7.14 (5.81) 1.27 (4.06) 49 6.55 (6.32) 7.71 (5.13) 1.16 (4.42) –0.14 
(–1.70 to 1.43)

0.86

Glycohemoglobin,‡ % 44 7.37 (1.55) 7.14 (1.29) –0.23 (1.08) 50 6.99 (1.39) 7.29 (1.66) 0.30 (1.21) –0.36 
(–0.80 to 0.09)

0.11

Estimated glomerular 
filtration rate–Chronic 
Kidney Disease Epide-
miology Collaboration,‡ 
mL/min/1.73 m2

44 68.3 (22.4) 67.7 (23.0) –0.54 (9.0) 50 64.1 (22.0) 62.4 (23.9) –1.7 (8.8) 1.4 
(–2.2 to 5.0)

0.44

Uric acid,‡ µmol/L 44 391.6 (132.5) 323.9 (113.9) –67.7 (81.9) 50 405.8 (106.3) 402.8 (109.0) –3.08 (56.0) –66.2 
(–91.9 to –40.5)

<0.0001

N-terminal pro-B-type na-
triuretic peptide,‡ pg/mL

44 1236 (2342) 970 (1918) –266 (955) 50 1148 (1905) 1373 (3317) 224 (2247) –28% 
(–47% to  –2%)∥

0.038

High-sensitivity cardiac 
troponin I,‡ pg/mL

44 11.4 (19.9) 10.6 (14.8) –0.8 (9.6) 50 11.0 (20.6) 10.2 (12.0) –0.7 (12.4) –1% 
(–19% to 21%)∥

0.94

Growth differentiation fac-
tor-15,‡ pg/mL

44 2819 (2002) 2908 (2116) 89 (1295) 50 2949 (2046) 2899 (2017) –50 (1173) 1% 
(–10% to 15%)∥

0.82

Galectin-3,‡ ng/mL 44 17.8 (6.2) 19.1 (6.3) 1.3 (3.6) 50 16.6 (5.9) 16.4 (6.1) –0.2 (4.3) 1.94 
(0.41 to 3.47)

0.013

Hematocrit,‡ L/L 44 0.39 (0.04) 0.43 (0.04) 0.03 (0.03) 50 0.40 (0.04) 0.40 (0.04) 0.01 (0.03) 0.027 
(0.015 to 0.038)

<0.0001

*Treatment effect calculated using an analysis of covariance model adjusted for the treatment group, age at baseline, diabetes status, and baseline value of the 
outcome. Between-group differences are reported as mean change (95% CI) for glycohemoglobin, estimated glomerular filtration rate Chronic Kidney Disease Epi-
demiology Collaboration, uric acid, galectin-3, and hematocrit. Between-group differences are reported as % change (95% CI) for N-terminal pro-B-type natriuretic 
peptide, high-sensitivity cardiac troponin I, and growth differentiation factor-15.

†Values are n (%). Total N is of those that provided a diuretic dose. Diuretic intensification was defined as either an increase in diuretic dose, or initiation of diuretic 
therapy. Bumetanide 1 mg was considered equivalent to furosemide 80 mg orally. 

‡Mean (SD). 
§Eight-zone lung ultrasound. One subject is withdrawn from lung ultrasound analyses because of having known pulmonary fibrosis.
∥The follow-up and baseline values of the outcome that are used in the analysis model have been log-transformed and the treatment effect estimate is reported 

as the relative difference (% difference) with 95% CI and P value.
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of Sacubitril-Valsartan versus Enalapril on Aortic Stiff-
ness in Patients With Heart Failure and Reduced Ejec-
tion Fraction), sacubitril/valsartan, in comparison with 
enalapril, reduced LVESVi by 1.6 mL/m2 and LVEDVi by 
2.0 mL/m2 over 12 weeks.6 In the PRIME trial (Phar-
macological Reduction of Functional, Ischemic Mitral 
Regurgitation), patients with an ejection fraction be-
tween 25% and <50% and mitral regurgitation were 
randomly assigned to sacubitril/valsartan or valsartan.19 
The addition of neprilysin inhibition did not result in a 
reduction in LVESVi, but a reduction in LVEDVi (7 mL/
m2) was observed. In SHIFT, EVALUATE-HF, and PRIME, 
LV remodeling was evaluated by using transthoracic 
echocardiography, but in the present study, we used 
the gold standard method of assessing cardiac structure 
and function with CMR.

We know of only 1 other trial examining the ef-
fect of a SGLT2 inhibitor on LV remodeling in patients 
with HFrEF. That trial, REFORM (Research Into the Ef-
fect of SGLT2 Inhibition on Left Ventricular Remodeling 
in Patients With Heart Failure and Diabetes Mellitus), 
did not show any improvement in LV remodeling with 
dapagliflozin.14 The likely explanations for the differ-
ence between the trials are that patients in REFORM 
had a higher LVEF (45.5% versus 32.5%), better NYHA 
class distribution (45% versus 0% NYHA class I), less LV 
enlargement (LVESVi 52 versus 77 mL/m2), and, espe-
cially, the much smaller number of randomly assigned 
(56 versus 105 patients), resulted in limited power to 
detect a difference between treatments.

A key remaining question is how does SGLT2 inhi-
bition lead to favorable reverse remodeling? Empa-
gliflozin may have reduced LV afterload, although the 
decreases in systolic and diastolic blood pressure were 
small and there was no significant reduction in LV mass, 
which might have been anticipated if there was an im-
portant and sustained reduction in afterload. Alterna-
tively, SGLT2 inhibitors may cause a reduction in pre-
load by inducing a diuresis; the consequent reduction 
in LV stretch may lead to a reduction in LV volumes. In 
the present study and in others, SGLT2 inhibitors have 
been shown to reduce levels of NT-proBNP, which is 
a surrogate marker for the degree of LV wall stress.20 
The extent to which SGLT2 inhibitors exert a diuretic 
effect is debated, however, and we found no evidence 
of change in markers of pulmonary decongestion on 
lung ultrasound, no difference in conventional diuretic 
therapy, and no significant reduction in indexed left 
atrial volume. Alternatively, several additional mecha-
nistic benefits of SGLT2 inhibitors on the myocardium 
have been proposed and these might also explain re-
duced LV volumes. A switch in myocardial energetics 
has been proposed but not proven in patients with 
HFrEF. SGLT2 inhibitors have also been proposed to re-
duce cardiac oxidative stress and inflammation through 
promotion of the actions of sirtuin-1 and upregulation 

of hypoxia-inducible factors signaling, but such hy-
potheses require confirmation.21 SGLT2 inhibitors do 
not appear to exert their actions by altering myocardial 
blood flow or extracellular volume, because neither was 
changed in the present trial.

We did not observe improvements in LV GLS with 
SGLT2 inhibition. Our patients had LV GLS values con-
siderably below normal and consistent with those de-
scribed in other studies in patients with HFrEF.6,22 As a 
relatively new measure of myocardial systolic function, 
the only other trial of LV remodeling in HFrEF to inves-
tigate LV GLS was the EVALUATE-HF trial.6 In compari-
son with enalapril, sacubitril/valsartan had no effect 
on LV GLS in that trial. Strain has not been reported 
in the older trials of LV remodeling, so it is unclear 
whether LV GLS is expected to change in parallel with 
LV volumes. We did not observe an increase in LVEF 
with empagliflozin treatment. In general, increases in 
LVEF have paralleled reductions in LV volumes in prior 
trials with β-blockers and ivabradine.3–5 It is unclear 
why we did not see an increase in LVEF, although this 
was not observed in the trials with sacubitril/valsartan 
mentioned earlier.6,19

Limitations
We did not include patients with atrial fibrillation or pa-
tients with cardiac devices to avoid image degradation. 
We did not recruit any patients with NYHA functional 
class IV, although such patients were eligible. Treatment 
was given for only 36 weeks, and favorable remodeling 
in response to pharmacological therapy may continue 
over a longer period.1 Finally, in any modest-sized study 
such as this, imbalances in baseline characteristics can 
occur and potentially influence interpretation of the ef-
fects of randomized trials. To address this, we prespeci-
fied that we would adjust for the baseline value of the 
variable of interest, and factors used to stratify the ran-
domization (age and diabetes status), as recommended 
in most guidelines for the analysis of clinical trials.

Conclusion
In summary, treatment with the SGLT2 inhibitor empa-
gliflozin led to favorable reverse LV remodeling in pa-
tients with HFrEF and type 2 diabetes or prediabetes. 
This finding may, at least in part, explain the beneficial 
effect of SGLT2 inhibitors on clinical outcomes in HFrEF.
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