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Abstract
Aims/hypothesis Limited evidence exists on the comparative safety and effectiveness of empagliflozin against alterna-
tive glucose-lowering medications in individuals with type 2 diabetes with the broad spectrum of cardiovascular risk. The 
EMPagliflozin compaRative effectIveness and SafEty (EMPRISE) cohort study was designed to monitor the safety and 
effectiveness of empagliflozin periodically for a period of 5 years with data collection from electronic healthcare databases.
Methods We identified individuals ≥18 years old with type 2 diabetes who initiated empagliflozin or dipeptidyl peptidase-4 
inhibitors (DPP-4i) from 2014 to 2019 using US Medicare and commercial claims databases. After 1:1 propensity score 
matching using 143 baseline characteristics, we identified four a priori-defined effectiveness outcomes: (1) myocardial 
infarction (MI) or stroke; (2) hospitalisation for heart failure (HHF); (3) major adverse cardiovascular events (MACE); and 
(4) cardiovascular mortality or HHF. Safety outcomes included lower-limb amputations, non-vertebral fractures, diabetic 
ketoacidosis (DKA), acute kidney injury (AKI), severe hypoglycaemia, retinopathy progression, and short-term kidney and 
bladder cancers. We estimated HRs and rate differences (RDs) per 1000 person-years, overall and stratified by age, sex, 
baseline atherosclerotic cardiovascular disease (ASCVD) and heart failure.
Results We identified 115,116 matched pairs. Compared with DPP-4i, empagliflozin was associated with lower risks of MI/
stroke (HR 0.88 [95% CI 0.81, 0.96]; RD −2.08 [95% CI (−3.26, −0.90]), HHF (HR 0.50 [0.44, 0.56]; RD −5.35 [−6.22, 
−4.49]), MACE (HR 0.73 [0.62, 0.86]; RD −6.37 [−8.98, −3.77]) and cardiovascular mortality/HHF (HR 0.57 [0.47, 0.69]; 
RD −10.36 [−12.63, −8.12]). Absolute benefits were larger in older individuals and in those with ASCVD/heart failure. 
Empagliflozin was associated with an increased risk of DKA (HR 1.78 [1.44, 2.19]; RD 1.59 [1.08, 2.09]); decreased risks 
of AKI (HR 0.62 [0.54, 0.72]; RD −2.39 [−3.08, −1.71]), hypoglycaemia (HR 0.75 [0.67, 0.84]; RD −2.46 [−3.32, −1.60]) 
and retinopathy progression (HR 0.78 [0.63, 0.96)]; RD −9.49 [−16.97, −2.10]); and similar risks of other safety events.
Conclusions/interpretation Empagliflozin relative to DPP-4i was associated with risk reductions of MI or stroke, HHF, 
MACE and the composite of cardiovascular mortality or HHF. Absolute risk reductions were larger in older individuals 
and in those who had history of ASCVD or heart failure. Regarding the safety outcomes, empagliflozin was associated with 
an increased risk of DKA and lower risks of AKI, hypoglycaemia and progression to proliferative retinopathy, with no dif-
ference in the short-term risks of lower-extremity amputation, non-vertebral fractures, kidney and renal pelvis cancer, and 
bladder cancer.
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HHF  Hospitalisation for heart failure
MACE  Major adverse cardiovascular events
MI  Myocardial infarction
NNH  Number needed to harm
NNT  Number needed to treat
PPV  Positive predictive value
PS  Propensity score
PY  Person-years
RD  Rate difference
SGLT2i  Sodium–glucose cotransporter 2 inhibitor

Introduction

Atherosclerotic cardiovascular disease (ASCVD) and 
heart failure (HF) are the leading causes of morbidity 
and mortality in individuals with type 2 diabetes [1]. 
Placebo-controlled trials have demonstrated the cardio-
vascular benefits of empagliflozin, a sodium–glucose 
cotransporter 2 inhibitor (SGLT2i), in individuals with 
established ASCVD or HF. However, questions remain 
on how its benefits and safety compare against alterna-
tive glucose-lowering medications in individuals with type 
2 diabetes with more diverse patient characteristics than 
those individuals enrolled in RCTs [2–4].

To date, no RCTs have directly compared the effective-
ness and safety of empagliflozin with alternative glucose-
lowering medications [5, 6]. Previous studies reporting the 
benefits of SGLT2i in routine care included only a small 
number of empagliflozin users, reported limited data on 
safety events or were restricted to individuals with specific 
conditions [7–14]. Comparative evidence on the safety and 
effectiveness of empagliflozin vs alternative medications 
could help balance their benefits against the potential 
adverse effects.

EMPagliflozin compaRative effectIveness and SafEty 
(EMPRISE) is a sequential cohort study designed to 
monitor the safety and effectiveness of empaglif lo-
zin periodically using three US electronic healthcare 
databases for 5 years (1 August 2014 to 30 September 
2019) [9–12, 15]. In this final-year report, we provided 
a final, comprehensive assessment of all cardiorenal 
effectiveness and safety outcomes specified in the 
EMPRISE monitoring programme (EnCEPP registra-
tion no. EUPAS20677 and ClinicalTrials.gov registra-
tion no. NCT03363464) [15], including the outcomes 
that have never been reported in prior interim analyses: 
cardiovascular mortality, progression to end-stage kid-
ney disease (ESKD) and several safety outcomes, with 
the analyses further stratified by age, sex, history of 
ASCVD and HF.
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Methods

We emulated a comparative safety and effectiveness trial 
of alternative glucose-lowering medications (electronic 
supplementary material [ESM] Table 1) using nationwide 
Medicare data, Optum’s de-identified Clinformatics Data 
Mart Database and IBM Marketscan. These electronic 
databases contain longitudinal patient-level data on demo-
graphics, insurance enrolment, diagnoses and procedures 
for reimbursed medical services, and pharmacy drug dis-
pensing records for eligible beneficiaries. The Mass Gen-
eral Brigham Institutional Review Board has approved the 
study protocol. Data use agreements were in place.

Study population The study population included individu-
als with type 2 diabetes (aged over 65 years for Medicare; 
over 18 years for other databases) who initiated empagli-
flozin or dipeptidyl peptidase-4 inhibitors (DPP-4i) (sit-
agliptin, saxagliptin, linagliptin, alogliptin) between 1 
August 2014 (date of the first approval of empagliflozin 
in the USA) and 30 September 2019. Since the Medicare 
fee-for-service database covers all older adults 65 years 
or above in the USA, and Clinformatics and Marketscan 
databases cover >70 million geographically diverse com-
mercial insurance beneficiaries in the USA, our study 
population is expected to be representative of the source 
population of individuals with type 2 diabetes diagnosis, 
including all older adults over 65 years and adults over 
18 years with commercial insurance plans. Participants 
entered the cohort on the date of the first filled prescrip-
tion of either study drug after a 12 month baseline period 
with no prescription fills for any SGLT2i or DPP-4i. We 
required eligible participants to have continuous coverage 
in insurance plans during this 12 month baseline period: 
Part A (inpatient services), B (outpatient and physician 
services) and D (prescription medications) plans for Medi-
care, and respective commercial plans for other databases. 
Individuals with both SGLT2i and DPP-4i prescriptions 
and individuals with >1 DPP-4i agents on the cohort entry 
date were excluded. We restricted the cohort to individu-
als with a recorded diagnosis of type 2 diabetes prior to or 
upon cohort entry and excluded individuals with recorded 
diagnoses of type 1 or secondary diabetes, malignancy, 
ESKD or kidney replacement therapy, human immunode-
ficiency virus, solid organ transplant or a nursing home 
admission at baseline (ESM Table 2, ESM Fig. 1).

Study follow-up began from 1 day after cohort entry until 
the earliest occurrence of: discontinuation of the index drug, 
switching to the comparator drug, switching from the initial 
drug to another agent within the same class, disenrollment, 
death, end of the study (30 September 2019) or a study out-
come. Participants were considered exposed to the index 

drug until 60 days after the end of the days-supply of the 
last prescription.

Outcomes Primary effectiveness outcomes included: (1) a 
composite of myocardial infarction (MI) or stroke; (2) hospi-
talisation for heart failure (HHF) (defined as an HF diagnosis 
in the primary discharge position); (3) major adverse car-
diovascular events (MACE), defined as a composite of MI, 
stroke or cardiovascular mortality; and (4) a composite out-
come of cardiovascular death or HHF. Secondary outcomes 
included HHF more broadly defined as an HF diagnosis in 
all discharge positions, the individual components of the 
MACE outcome, all-cause mortality, unstable angina hospi-
talisation, coronary artery revascularisation and progression 
to ESKD (among individuals with chronic kidney disease 
[CKD] stages 3–4). Safety outcomes were a lower-limb 
amputation procedure, acute kidney injury (AKI) hospitali-
sation, diabetic ketoacidosis (DKA) hospitalisation, a non-
vertebral fracture, severe hypoglycaemia requiring inpatient 
or emergency care, progression to proliferative retinopathy 
(including its complications or treatments), kidney and renal 
pelvis cancer and bladder cancer [16–21]. To assess pro-
gression to the proliferative retinopathy outcome, we lim-
ited analyses to individuals with history of non-proliferative 
retinopathy at baseline to allow sufficient time to develop 
the outcomes.

We report detailed outcome definitions in ESM Table 3. 
Primary outcomes were defined according to validated 
claims-based definitions, with high specificity (93–98%) 
and positive predictive value (PPV) (>98%) [22–24]. Date 
of death was ascertained from the Vital Status and the Social 
Security Administration (SSA) data, which have been vali-
dated against death certificate data and capture >95% of 
deaths in older adults aged >65 years in the USA [25, 26]. 
Cause of death was ascertained from the National Death 
Index considering only diagnoses in the primary position 
[27], and was reported only by Medicare data.

Potential confounders and baseline subgroups We identi-
fied 143 covariates a priori based on literature review and 
clinical knowledge: participant demographics (age, sex, 
race, census region), calendar time of cohort entry, modi-
fied Charlson/Elixhauser combined comorbidity score [28], 
indicators of frailty and validated claims-based frailty index 
[29], diabetes complications, glucose-lowering medica-
tion use on cohort entry and during baseline, CVDs, other 
comorbidities, medications for chronic diseases and meas-
ures of healthcare utilisation in various healthcare settings 
as a proxy for the intensity of care and surveillance. These 
potential confounders were identified using administra-
tive enrolment data (sex and race), diagnosis or procedure 
codes, and National Drug Codes during the baseline period. 
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Laboratory results data were available in a subset (~20%) of 
the population (ESM Table 4).

We stratified analyses by the following subgroups: age 
(≥65 vs <65 years), sex (male vs female), history of ASCVD 
at baseline (defined as a diagnosis for any of the condi-
tions: MI, angina, coronary atherosclerosis or other forms 
of chronic ischaemic heart disease, coronary procedure, 
ischaemic stroke, peripheral arterial disease or surgery, or 
lower-extremity amputation) and history of HF at baseline.

Statistical analyses Within each database, we matched ini-
tiators of empagliflozin and DPP-4i 1:1 using the propensity 
score (PS), which is the predicted probability of initiating 
empagliflozin relative to DPP-4i based on the measured 
covariates using multivariable logistic regression [30]. Labo-
ratory results, available in a subset of the data, were not used 
in PS matching but were used to assess post-matching covari-
ate balance. We performed PS matching separately within 
each database using the nearest neighbour matching algo-
rithm without replacement [31], with the maximum allowed 
difference (calliper) of 0.01 in PS between treatments [31].

To allow more extensive control of baseline cardiovascu-
lar risk factors and evolving treatment indications over time, 
within each database, we estimated and matched PS sepa-
rately in individuals with and without baseline CVD condi-
tions (ASCVD and/or HF) and within each calendar time 
block (before and after October 2017, when the change in 
treatment guidelines occurred) [32]. Post-matching covariate 
balance was assessed using absolute standardised mean dif-
ferences (ASD) [33] and the post-matching C statistic of the 
model predicting the exposure based on baseline covariates 
(0.5 indicating satisfactory balance) [34].

To conduct pooled analyses, we concatenated the three 
databases after PS matching and estimated HRs and rate 
differences (RDs) in the final stacked database using the 
stratified likelihood. We did not use the random effects meta-
analysis since it could produce biased results due to the small 
number of databases we were pooling [35]. We estimated 
HRs using the Fine and Gray sub-distribution hazards regres-
sion and RDs using the Mantel–Haenszel method [36]. The 
absolute and relative heterogeneity of treatment effect across 
subgroups was detected by the Wald test for homogeneity 
[36]. We presented the Aalen Johansen cumulative risks of 
outcome over the follow-up using cumulative incidence func-
tion (CIF) plots [36]. The 1 year numbers needed to treat 
(NNT) or harm (NNH) were estimated from these plots.

We presented time-updated plots of HRs for the primary 
outcomes over the duration of the EMPRISE study.

Sensitivity analyses To reduce unmeasured confounding 
and informative censoring, we conducted the following 

sensitivity analyses. First, we rematched empagliflo-
zin and DPP-4i initiators using laboratory results data: 
 HbA1c and eGFR in addition to claims-based vari-
ables among individuals for whom laboratory results 
data were available (~20% of the cohort). Second, to 
reduce unmeasured confounding by kidney function, we 
restricted the study cohort to those having a baseline 
metformin prescription, which is the recommended first 
line therapy for those without severely compromised kid-
ney function [37]. Third, we excluded individuals with 
baseline insulin prescriptions to reduce unmeasured con-
founding due to uncontrolled blood glucose level and 
diabetes severity. Fourth, we performed 1:1 high-dimen-
sional PS matching, which enriched the original PS with 
200 additional empirically identified covariates, based on 
thousands of candidate covariates in different care set-
tings [38]. The algorithm automatically selects covariates 
based on their confounding potential and has been shown 
to improve adjustment for unmeasured confounding [38]. 
Fifth, to quantify the impact of unmeasured confounding 
on the estimates, we conducted bias analyses evaluat-
ing the estimates adjusted for  HbA1c or eGFR, assuming 
strong residual associations between change in  HbA1c 
or eGFR and the risk of cardiovascular outcomes [39]. 
Sixth, to address potential exposure misclassification, 
we varied the exposure assessment window from 60 to 
30 days before censoring for treatment discontinuation 
or switching. Seventh, to account for potential informa-
tive censoring, we conducted intent-to-treat (ITT) anal-
yses without censoring for treatment discontinuation 
or switching, following individuals until 2 years after 
cohort entry. Eighth, to adjust for informative censor-
ing, we performed censoring-weighted analyses which 
created pseudo-populations in which censoring due to 
treatment discontinuation/switching was independent of 
baseline covariates, allowing up to 1 year of follow-up. 
Ninth, we repeated the analyses using sitagliptin (a fre-
quently used DPP-4i) as the comparator since it has been 
consistently demonstrated to be cardiovascular neutral 
across trials [40]. Tenth, to allow longer follow-up, we 
repeated the analyses among individuals who had at least 
1 and 2 years of follow-up. In these analyses, follow-up 
started from 1 and 2 years post index until the end of 
available follow-up.

All analyses were performed using the Aetion Evi-
dence Platform (2023), Aetion Substantiate software for 
real-world data analysis validated for a range of studies 
(Aetion, USA, https:// www. aetion. com) [41], with R ver-
sion 4.2 (R Foundation for Statistical Analysis, Vienna, 
Austria) and SAS 9.4 Statistical Software (SAS Institute, 
Cary, NC, USA).

https://www.aetion.com
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Results

Cohort characteristics The overall study population included 
136,937 empagliflozin and 599,537 DPP-4i initiators who 
fulfilled the eligibility criteria. After 1:1 PS matching, the 
population included 115,116 individuals in each treatment 
group (ESM Fig. 2).

Before PS matching, participants initiating empagliflo-
zin were younger (62 vs 67 years) and were less likely to 
be female (44% vs 52%) compared with those initiating 
DPP-4i. Although the proportion of individuals on met-
formin at baseline was similar between empagliflozin and 
DPP-4i initiators (66% vs 63%), empagliflozin initiators 
were more likely to have used insulin (16% vs 10%) and 
glucagon-like peptide-1 receptor agonists (GLP-1RA) (16% 
vs 2%) on cohort entry. The prevalence of CKD was lower 
in participants initiating empagliflozin (9% vs 18%), while 
the prevalence of baseline CVD was approximately similar 
between empagliflozin and DPP-4i (35% vs 38% ASCVD/
HF). After PS matching, all these differences were balanced. 
Approximately 33% of the matched individuals had history 
of ASCVD or HF at baseline. Older adults over the age of 65 
years constitute approximately 52% of the matched popula-
tion. Laboratory results were also balanced (Table 1, ESM 
Table 4).

After PS matching, the median follow-up time was 
approximately 5 months (interquartile range: 3–10 months) 
in both empagliflozin and DPP-4i initiators. The most com-
mon reason for censoring was treatment discontinuation 
or end of study across different outcomes (ESM Table 5). 
Approximately 20% of the cohort (24,772 empagliflozin and 
23,331 DPP-4i initiators) had follow-up time greater than 
1 year.

Effectiveness and safety outcomes After matching, we 
identified 13.2 and 15.3 events per 1000 person-years (PY) 
for the composite of MI or stroke among empagliflozin and 
DPP-4i initiators, with a corresponding HR (95% CI) of 0.88 
(0.81, 0.96) and RD per 1000 PY (95% CI) of −2.08 (−3.26, 
−0.90). For the HHF outcome, we identified 5.0 and 10.3 
events per 1000 PY with an HR of 0.50 (0.44, 0.56) and an 
RD of −5.35 (−6.22, −4.49). The rates of MACE outcome 
in Medicare were lower in empagliflozin vs DPP-4i initia-
tors (22.4 vs 28.7 events/1000 PY; HR 0.73 [0.62, 0.86]; RD 
−6.37 [−8.98, −3.77]). The risk of a composite of cardiovas-
cular death or HHF in Medicare was also lower in empagli-
flozin vs DPP-4i initiators (14.1 vs 24.4 events/1000 PY; HR 
0.57 [0.47, 0.69]; RD −10.36 [−12.63, −8.12]). Secondary 
outcomes showed similar patterns (Table 2). Empagliflozin 
lowered rates of cardiovascular mortality (HR 0.61 [0.45, 
0.83]; RD −3.10 [−4.40, −1.82]), all-cause mortality (HR 
0.62 [0.56, 0.70]; RD −3.90 [−4.78, −3.01]) and ESKD 

(HR 0.45 [0.35, 0.58)]; RD −20.82 [−27.39, −14.42)]). The 
estimated NNTs at 1 year ranged from 102 for the compos-
ite of cardiovascular death or HHF outcome to 510 for the 
composite of MI or stroke.

Regarding the safety outcomes, the risks of lower-limb 
amputation (HR 1.07 [0.89, 1.28]; RD 0.17 [−0.37,0.72]) 
and non-vertebral fractures (HR 1.08 [0.92, 1.26]; RD 0.25 
[−0.37, 0.88]) were similar between empagliflozin and DPP-
4i initiators. Empagliflozin was associated with a higher risk 
of DKA (HR 1.78 [1.44, 2.19]; RD 1.59 [1.08, 2.09]) and 
lower risks of AKI (HR 0.62 [0.54, 0.72]; RD −2.39 [−3.08, 
−1.71]) and severe hypoglycaemia (HR 0.75 [0.67, 0.84]; 
RD −2.46 [−3.32, −1.60]) than DPP-4i. There was no dif-
ference in the risk of kidney and bladder cancers between 
treatments. In participants with baseline non-proliferative 
retinopathy, the risk of progression to proliferative retin-
opathy was lower in empagliflozin vs DPP-4i initiators (HR 
0.78 [0.63, 0.96]; RD −9.49 [−16.97, −2.10]). For DKA, the 
estimated NNH at 1 year was 693, while for the AKI, the 1 
year NNT was 421 (Table 2). Database-specific estimates 
were overall consistent across databases (ESM Table 6).

Time-updated plots of HRs showed that the estimates 
were relatively consistent throughout 5 years after market-
ing, with fewer events and less precise CIs in the earlier 
years of the EMPRISE study. The estimates for rare out-
comes like fractures and DKA fluctuated throughout the 
early years of the study due to the small number of events 
(Fig. 1).

Consistent with HR and RD estimates, CIF curves showed 
lower risks of the composite outcome of MI or stroke and 
MACE among individuals initiating empagliflozin relative to 
DPP-4i. The risks of HHF, the composite outcome of cardio-
vascular death or HHF, and ESKD were lower in individuals 
initiating empagliflozin relative to those initiating DPP-4i 
(Fig. 2, ESM Fig. 3).

Subgroup analyses Overall, across all outcomes, the abso-
lute risk reductions were larger in participants with baseline 
history of ASCVD or HF than in those without these condi-
tions, with p values for homogeneity varying from <0.0001 
to 0.08. Relative and absolute risk reductions in HHF and 
the composite of HHF and cardiovascular death were con-
sistently seen independently of baseline ASCVD and HF 
(Fig. 3).

Stratified analyses by age showed that the relative risk 
reduction of the composite outcome of MI or stroke was 
slightly larger in older than younger individuals (p value 
for homogeneity 0.54). Across all outcomes, absolute RDs 
were larger in individuals 65 years and older. Relative and 
absolute risk reductions were similar between male and 
female participants, with p values for homogeneity ranging 
from 0.45 to 0.96 (ESM Fig.  4). Secondary outcomes 
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Table 1  Participant characteristics for 1:1 PS-matched initiators of empagliflozin vs DPP-4i pooled across three databases

Characteristic Before matching After matching

Empagliflozin
N=136,937

DPP-4i
N=599,537

SMD Empagliflozin
N=115,116

DPP-4i
N=115,116

SMD

Demographics
 Age 62.0±8.7 67.5±9.1 0.62 62.5±8.6 62.5±8.7 <−0.001
 Sex, female 60,000 (43.8) 312,601 (52.1) 0.17 51,729 (44.9) 51,661 (44.9) <0.0001
 Race  categoriesa

  White 65,083 (72.6) 306,365 (69.8) −0.06 54,476 (71.7) 54,652 (72.0) 0.01
  Black 8863 (9.9) 51,736 (11.8) 0.06 7763 (10.2) 7669 (10.1) <−0.001
  Asian 3245 (3.6) 23,061 (5.3) 0.08 2966 (3.9) 2983 (3.9) <0.0001
  Hispanic 8168 (9.1) 37,214 (8.5) −0.02 7090 (9.3) 6962 (9.2) −0.001
  Other or unknown 4268 (4.8) 20,845 (4.7) −0.00 3657 (4.8) 3686 (4.9) <0.01
Burden of comorbidities
 Combined comorbidity  scoreb 1.2±1.7 1.4±1.9 0.10 1.2±1.7 1.2±1.6 0.01
 Frailty score 0.2±0.0 0.2±0.1 0.22 0.2±0.0 0.2±0.0 <0.0001
Lifestyle-related factors
 Overweight 12,998 (9.5) 49,660 (8.3) −0.04 11,112 (9.7) 11,167 (9.7) <0.0001
 Obesity 58,131 (42.5) 174,670 (29.1) −0.28 45,585 (39.6) 45,465 (39.5) <−0.001
 Smoking 25,956 (19.0) 108,641 (18.1) −0.02 21,572 (18.7) 21,611 (18.8) <0.01
Diabetes-related conditions
 Diabetic nephropathy 18,184 (13.3) 90,387 (15.1) 0.05 14,776 (12.8) 14,996 (13.0) 0.01
 Diabetic retinopathy 14,752 (10.8) 60,462 (10.1) −0.02 11,579 (10.1) 11,599 (10.1) <0.0001
 Diabetic neuropathy 30,559 (22.3) 124,768 (20.8) −0.04 24,172 (21.0) 24,260 (21.1) <0.01
 Diabetic foot 3304 (2.4) 15,752 (2.6) 0.01 2626 (2.3) 2632 (2.3) <0.0001
 Hypoglycaemia 15,755 (11.5) 55,562 (9.3) −0.07 12,448 (10.8) 12,426 (10.8) <0.0001
 Hyperglycaemia 71,161 (52.0) 213,042 (35.5) −0.34 56,140 (48.8) 56,361 (49.0) <0.01
 DKA 464 (0.3) 2537 (0.4) 0.02 393 (0.3) 418 (0.4) 0.02
 Hyperosmolar hyperglycaemic nonketosis 1256 (0.9) 4917 (0.8) −0.01 1017 (0.9) 1022 (0.9) <0.0001
Diabetes treatment
 Number of diabetes medications on cohort  entryc 1.4±0.9 1.2±0.8 −0.26 1.2±0.9 1.2±0.8 <0.0001
 Initiation of empagliflozin or comparator monotherapy 6257 (4.6) 43,797 (7.3) 0.11 6112 (5.3) 6083 (5.3) <0.0001
 Metformin (concurrent use)d 89,861 (65.6) 378,717 (63.2) −0.05 75,744 (65.8) 75,787 (65.8) <0.0001
 Sulfonylureas, second generation (concurrent use)d 36,516 (26.7) 194,303 (32.4) 0.13 32,062 (27.9) 32,141 (27.9) <0.0001
 Thiazolidinediones (concurrent use)d 8381 (6.1) 30,639 (5.1) −0.04 6703 (5.8) 6817 (5.9) <0.01
 GLP-1RA (concurrent use)d 22,060 (16.1) 11,208 (1.9) −0.51 8468 (7.4) 8380 (7.3) <−0.001
 Insulins (concurrent use)d 21,281 (15.5) 56,808 (9.5) −0.18 14,682 (12.8) 14,637 (12.7) <−0.001
Other comorbidities
 Acute MI 3482 (2.5) 13,461 (2.2) −0.02 2538 (2.2) 2520 (2.2) <0.0001
 MI sequelae/old MI 6429 (4.7) 25,593 (4.3) −0.02 4978 (4.3) 4941 (4.3) <0.0001
 Unstable angina 4261 (3.1) 15,444 (2.6) −0.03 3159 (2.7) 3147 (2.7) <0.0001
 Coronary atherosclerosis 33,272 (24.3) 144,072 (24.0) −0.01 26,450 (23.0) 26,320 (22.9) <−0.001
 Coronary procedure 3969 (2.9) 11,537 (1.9) −0.07 2749 (2.4) 2733 (2.4) <0.0001
 HF 11,913 (8.7) 67,900 (11.3) 0.09 9706 (8.4) 9727 (8.4) <0.0001
 Cardiomyopathy 4730 (3.5) 22,809 (3.8) 0.02 3803 (3.3) 3803 (3.3) <0.0001
 Atrial fibrillation 11,029 (8.1) 61,062 (10.2) 0.07 9247 (8.0) 9109 (7.9) <−0.001
 Ischaemic stroke 10,403 (7.6) 58,687 (9.8) 0.08 8784 (7.6) 8764 (7.6) <0.0001
 Peripheral arterial disease 11,111 (8.1) 67,335 (11.2) 0.11 9405 (8.2) 9336 (8.1) <−0.001
 CKD stage 3–4 9124 (6.7) 84,348 (14.1) 0.24 8225 (7.1) 8373 (7.3) 0.01
 Proteinuria 7183 (5.2) 31,510 (5.3) <0.01 5609 (4.9) 5574 (4.8) <−0.001
 COPD 11,016 (8.0) 67,181 (11.2) 0.11 9546 (8.3) 9822 (8.5) 0.01
 Obstructive sleep apnoea 27,328 (20.0) 81,427 (13.6) −0.17 21,122 (18.3) 21,142 (18.4) <0.01
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stratified by subgroups showed similar patterns (ESM 
Table 7).

Sensitivity analyses Sensitivity analyses and quantitative 
bias analyses produced consistent results with the primary 
findings (ESM Tables 8–10, ESM Figs 5–7). Rematching 

Data are n (%) or mean±SD
Baseline characteristics were measured during 12 months prior to and including the index date (cohort entry date) unless otherwise stated. For 
ASD, <0.1 was suggested as a measure of satisfactory balance as in Austin, 2009 [33]
a Race information is available only in Medicare and Clinformatics administrative enrolment data, i.e. beneficiary summary data files, and not 
reported in Marketscan
b Calculated using the weights in Gagne et al, 2011 [28]
c Number of diabetes medications calculated here did not include the index medications
d Concurrent use on the index date was defined as the overlap of days-supply of baseline medication with the cohort entry date
e Available for a subset (~20%) of participants, thus not included in in the PS model
ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blocker; COPD, chronic obstructive pulmonary disease; PCSK9, 
proprotein convertase subtilisin/kexin type 9 serine protease; SMD, standardised mean differences

Table 1  (continued)

Characteristic Before matching After matching

Empagliflozin
N=136,937

DPP-4i
N=599,537

SMD Empagliflozin
N=115,116

DPP-4i
N=115,116

SMD

 Non-alcoholic steatohepatitis/fatty liver 9053 (6.6) 28,455 (4.7) −0.08 7192 (6.2) 7225 (6.3) <0.01
 Dementia 2822 (2.1) 32,050 (5.3) 0.17 2584 (2.2) 2565 (2.2) <0.0001
Other medications
 ACEI and ARBs 101,778 (74.3) 441,932 (73.7) −0.01 84,579 (73.5) 84,728 (73.6) <0.01
 β-blockers 52,067 (38.0) 243,203 (40.6) 0.05 42,828 (37.2) 42,778 (37.2) <0.0001
 Calcium channel blockers 37,182 (27.2) 191,394 (31.9) 0.10 31,550 (27.4) 31,429 (27.3) <−0.001
 Nitrates and other antianginal agents 9928 (7.3) 44,991 (7.5) 0.01 7814 (6.8) 7891 (6.9) <0.01
 Thiazides 18,768 (13.7) 87,117 (14.5) 0.02 15,658 (13.6) 15,564 (13.5) <−0.001
 Loop diuretics 16,818 (12.3) 97,642 (16.3) 0.11 13,796 (12.0) 13,840 (12.0) <0.0001
 Mineralocorticoid receptor antagonists 6019 (4.4) 25,168 (4.2) −0.01 4688 (4.1) 4670 (4.1) <0.0001
 Digoxin 1841 (1.3) 12,927 (2.2) 0.07 1553 (1.3) 1530 (1.3) <0.0001
 Antiarrhythmics 2335 (1.7) 12,650 (2.1) 0.03 1933 (1.7) 1907 (1.7) <0.0001
 Anticoagulants 9759 (7.1) 51,161 (8.5) 0.05 8157 (7.1) 8079 (7.0) <−0.001
 Antiplatelets 16,738 (12.2) 70,380 (11.7) −0.02 13,165 (11.4) 13,214 (11.5) <0.01
 Statins 102,030 (74.5) 429,097 (71.6) −0.07 84,323 (73.3) 84,310 (73.2) <−0.001
 PCSK9 inhibitors and other lipid-lowering agents 21,500 (15.7) 88,928 (14.8) −0.03 17,206 (14.9) 17,190 (14.9) <0.0001
 Corticosteroids (oral) 24,323 (17.8) 103,588 (17.3) −0.01 20,509 (17.8) 20,580 (17.9) <0.01
 Opioids 41,543 (30.3) 194,860 (32.5) 0.05 34,766 (30.2) 34,754 (30.2) <0.0001
Measures of healthcare utilisation
 Visit to an internist (−30 days to cohort entry) 86,673 (63.3) 407,677 (68.0) 0.10 75,659 (65.7) 76,013 (66.0) <0.01
 Visit to a cardiologist (−30 days to cohort entry) 16,093 (11.8) 71,271 (11.9) <0.01 12,799 (11.1) 12,709 (11.0) <0.01
  HbA1c test order (number of tests) 2.6±1.4 2.4±1.4 −0.16 2.5±1.4 2.5±1.4 <0.0001
 Glucose test and monitoring (number of tests) 0.9±2.3 0.8±3.6 −0.02 0.8±2.4 0.8±1.9 <−0.001
 Microalbuminuria/proteinuria test order (number of tests) 1.0±1.0 0.9±1.0 −0.10 1.0±1.0 1.0±1.0 <0.0001
 Hospitalisations (number) 0.1±0.5 0.2±0.6 0.13 0.1±0.4 0.1±0.4 <0.0001
 Length of stay (−30 days to cohort entry) 0.1±0.9 0.4±2.1 0.16 0.1±0.9 0.1±0.8 0.01
 Emergency visits (number) 0.5±1.3 0.6±1.3 0.08 0.5±1.3 0.5±1.2 0.00
 Distinct brand-name medications (number) 2.8±1.8 2.6±1.7 −0.16 2.6±1.7 2.6±1.7 0.00
Laboratory results
  HbA1c, mmol/mol 75.0±2.0 73.0±2.0 0.09 75.0±2.0 74.0±2.0 0.04
  HbA1c, %e 9.0±2.3 8.8±2.3 0.09 9.0±2.3 8.9±2.3 0.04
 eGFR, ml/min per 1.73  m2 e 85.2±22.0 78.5±24.7 0.29 85.1±22.0 83.7±23.0 0.06
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treatments using laboratory results also provided similar 
findings (ESM Fig. 7).

Discussion

In this comparative effectiveness and safety study of 
230,232 individuals with type 2 diabetes, empagliflo-
zin relative to DPP-4i was associated with large risk 

reductions of HHF, MACE and the composite outcome of 
cardiovascular death or HHF, and a small risk reduction 
of the composite of MI or stroke, with absolute NNTs at 
1 year ranging from 102 to 510. Absolute risk reductions 
were larger in older individuals and in those who had his-
tory of ASCVD or HF. Regarding the safety outcomes, 
empagliflozin was associated with an increased risk of 
DKA (with 1 year NNH of 693) and lower risks of AKI, 
severe hypoglycaemia and progression to proliferative 

Table 2  Incidence rates and treatment effect estimates for PS-matched initiators of empagliflozin vs DPP-4i

Empagliflozin vs DPP-4i, N matched pairs=115,116 (43,244 in Medicare data)
a MACE outcome includes hospitalisation for MI, or ischaemic or haemorrhagic stroke, and cardiovascular-specific mortality; cardiovascular-
specific mortality data were available only in the Medicare database, the only database where linkage with the National Death Index was pos-
sible
b Restricted to individuals with CKD stage 3 and above. No. of matched pairs 8072
c Defined using diagnosis codes in inpatient setting, with any diagnosis fields on hospital discharge, following a validated algorithm shown to 
have high specificity and PPV
d Defined using diagnosis codes in inpatient setting, with primary diagnosis field on hospital discharge, following a validated algorithm shown to 
have high specificity and PPV
e The outcome was defined as a composite of proliferative diabetic retinopathy, onset of vitreous haemorrhage and initiation of intravitreal anti-
vascular endothelial growth factor injection or panretinal photocoagulation. Analyses were restricted to individuals with diagnoses of non-prolif-
erative retinopathy and without the baseline history of the conditions included in the outcome definition. No. of matched individuals eligible for 
this analysis was 7839
IR, incidence rate

Primary and secondary outcomes Empagliflozin 
N events
(IR/1000 PY)

DPP-4i 
N events
(IR/1000 PY)

Empagliflozin vs DPP-4i NNT or 
NNH at 1 
yearHR

(95% CI)
RD/1000 PY
(95% CI)

Primary outcomes
 Composite of MI or stroke 1051 (13.2) 1188 (15.3) 0.88 (0.81, 0.96) −2.08 (−3.26, −0.90) 510
 Hospitalisation for HF 397 (5.0) 804 (10.3) 0.50 (0.44, 0.56) −5.35 (−6.22, −4.49) 199
 MACE  outcomea 638 (22.4) 842 (28.7) 0.73 (0.62, 0.86) −6.37 (−8.98, −3.77) 162
 Composite of cardiovascular death 

or hospitalisation for  HFa
403 (14.1) 718 (24.4) 0.57 (0.47, 0.69) −10.36 (−12.63, −8.12) 102

Secondary outcomes
 Hospitalisation for HF (broad) 1871 (23.6) 2651 (34.5) 0.71 (0.67, 0.75) −10.83 (−12.52, −9.13) 99
 MI 657 (8.3) 755 (9.7) 0.86 (0.78, 0.96) −1.45 (−2.39, −0.52) 715
 Stroke 400 (5.0) 435 (5.6) 0.92 (0.80, 1.05) −0.56 (−1.28, 0.15) 1964
 Cardiovascular  mortalitya 138 (4.8) 234 (7.9) 0.61 (0.45, 0.83) −3.10 (−4.40, −1.82) 341
 All-cause mortality 485 (6.1) 779 (10.0) 0.62 (0.56, 0.70) −3.90 (−4.78, −3.01) 256
 Unstable angina 207 (2.6) 236 (3.0) 0.88 (0.73, 1.06) −0.43 (−0.95, 0.09) 2315
 Coronary revascularisation 853 (10.7) 830 (10.7) 1.02 (0.93, 1.13) 0.05 (−0.97, 1.07) 9553
  ESKDb 81 (16.8) 192 (37.6) 0.45 (0.35, 0.58) −20.82 (−27.39, −14.42) 53
Safety outcomes
 Lower-limb amputations 252 (3.2) 233 (3.0) 1.07 (0.89, 1.28) 0.17 (−0.37, 0.72) 5595
 Non-vertebral fractures 330 (4.1) 303 (3.9) 1.08 (0.92, 1.26) 0.25 (−0.37, 0.88) 3866
  DKAc 273 (3.4) 143 (1.8) 1.78 (1.44, 2.19) 1.59 (1.08, 2.09) 693
  AKId 284 (3.6) 464 (6.0) 0.62 (0.54, 0.72) −2.39 (−3.08, −1.71) 421
 Hypoglycaemia 500 (6.3) 680 (8.7) 0.75 (0.67, 0.84) −2.46 (−3.32, −1.60) 432
 Kidney and renal pelvis cancer 69 (0.9) 69 (0.9) 1.00 (0.70, 1.43) −0.02 (−0.31, 0.27) 61,133
 Bladder cancer 75 (0.9) 67 (0.9) 1.03 (0.72, 1.49) 0.08 (−0.21, 0.38) 12,525
 Retinopathy  progressione 154 (30.6) 195 (40.1) 0.78 (0.63, 0.96) −9.49 (−16.97, −2.10) 122
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retinopathy (with 1 year NNTs of 421, 432 and 122, 
respectively) when compared with DPP-4i. There was 
no difference in the short-term risks of lower-extremity 
amputation, non-vertebral fractures, kidney and renal pel-
vis cancer and bladder cancer.

Our study adds to the accumulating evidence on the 
cardiovascular effectiveness and safety of empagliflozin, 
complementing the evidence from RCTs [2–4]. Our find-
ings were consistent with previous studies [7–13], and with 
estimates from the interim reports of the EMPRISE study, 

with greater precision for both cardiovascular and safety out-
comes (Fig. 1) [9–13].

The effects of SGLT2i on MI and stroke outcomes are not 
well established across RCTs. The EMPA-REG OUTCOME 
trial reported a numerical 13% risk reduction of MI, while 
the estimates for other SGLT2i agents varied across trials 
depending on the population and examined subgroups [2, 
6]. A meta-analysis of placebo-controlled RCTs reported 
an 11% risk reduction of MI in participants randomised to 
SGLT2i vs those randomised to placebo (HR 0.89 [0.80, 
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Fig. 1  Time-updated plots of HRs from the EMPRISE study (2014–2019). (a) Composite MI or stroke. (b) Hospitalisation for HF. (c) Lower-
limb amputations. (d) Non-vertebral fractures. (e) DKA. (f) AKI
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0.98]), which is close to the 12% risk reduction reported 
in this study [6]. The same meta-analysis reported a 15% 
risk reduction (HR 0.85 [0.76, 0.95]) in a subgroup of par-
ticipants with a history of ASCVD, which is also consistent 
with our findings [6]. In our study, the absolute risk reduc-
tion of the composite of MI or stroke was larger in partici-
pants with history of ASCVD or HF compared with partici-
pants without these conditions, which supports the current 
Standards of Care recommending SGLT2i in individuals 
with history of ASCVD or HF [37].

The evidence on the effect of SGLT2i on cardiovascular 
mortality is also conflicting across different agents. Data 
from cardiovascular outcome trials suggest that empagliflo-
zin may offer the largest risk reduction for cardiovascular 
mortality within the SGLT2i class, with a risk reduction 
of 38% reported in the EMPA-REG OUTCOME trial [2]. 
Consistent with these previous findings, we observed rela-
tive risk reductions in cardiovascular mortality of 39% in the 
overall population and 40% in participants with history of 
ASCVD (ESM Table 7).

Regarding HHF outcomes, our study adds to the current 
evidence base that empagliflozin offers consistent risk reduc-
tions across broad subgroups of individuals, including those 
without history of HF [9–12, 42]. For the composite out-
come of HHF or cardiovascular death, we observed a relative 
risk reduction of 43% in the overall population, and 41% in 
participants with history of ASCVD in older Medicare indi-
viduals, which was consistent with the 44% risk reduction 
reported in the EMPA-REG OUTCOME trial. In terms of 
absolute benefit, such reduction in risk corresponded to the 
NNT of 102, which is the number of individuals needed to 
be on empagliflozin for 1 year to reduce one additional case 
of HHF or cardiovascular death.

Empagliflozin was also found to reduce the risk of pro-
gression to ESKD in individuals with CKD stages 3–4, in 
line with evidence from RCTs [6]. Most individuals who 
developed ESKD outcomes were older than 65 years, and 
had follow-up longer than 90 days.

Although empagliflozin demonstrated an overall favoura-
ble safety profile across cardiovascular outcome trials, these 
trials were not powered to evaluate safety events. In this 
study, due to a large number of individuals using empagliflo-
zin in routine clinical practice, we were able to estimate the 
relative risk of most safety events with reasonable precision.

Since SGLT2i affects multiple bone and mineral metabo-
lism hormones, including fibroblast growth factor-23 and 

vitamin D, there has been concern that the drug class could 
increase the risk of fractures [2, 43]. There have also been 
concerns about the potential increased risk of lower-extrem-
ity amputations with SGLT2i; however, in this study, we did 
not find evidence of an increased risk of fractures or lower-
extremity amputations in individuals initiating empagliflo-
zin, which is in line with the current evidence base [2, 44, 
45]. We found an increased risk of hospitalisation for DKA 
in individuals initiating empagliflozin compared with those 
initiating DPP-4i, in line with an established class effect for 
SGLT2i as shown in both randomised and non-randomised 
studies [2, 46]. However, the estimated number of individu-
als required to receive empagliflozin for 1 year to increase 
one additional case of DKA was large (n=693). Regarding 
AKI, there was initial concern that SGLT2i could increase 
risk of AKI, since SGLT2i can cause acute changes in eGFR 
after treatment initiation [47]. However, evidence from later 
RCTs suggested that empagliflozin reduced AKI risk [2]. We 
found a risk reduction of AKI with empagliflozin, which is 
in line with evidence from the RCTs and other population-
based observational studies of SGLT2i [2, 48]. Finally, our 
findings with respect to severe hypoglycaemic events, short-
term cancer outcomes and retinopathy progression were con-
sistent with prior literature [2, 49]. A post hoc analysis of the 
EMPA-REG OUTCOME trial reported that empagliflozin 
reduced the risk of diabetic retinopathy relative to placebo, 
though CIs were wide (HR 0.78 [0.54, 1.12]) [49]. To assess 
retinopathy progression, we limited analyses to participants 
with history of retinopathy to allow assessment of the out-
come within a short follow-up time and to limit confounding 
by indication.

Our study has limitations. We cannot entirely exclude 
residual confounding. A previous study reported that a new-
user, active-comparator design paired with the adjustment 
for a large number of claims-based confounder proxies using 
PS matching could balance the variables not available in the 
claims data [50]. Indeed, we achieved balance in the labora-
tory results and biomarkers, which are available in a subset 
of the populations, and rematching the treatment groups 
using laboratory results did not meaningfully change the pri-
mary analytical findings in these databases. Additionally, our 
bias analyses suggest that, after adjusting for 143 baseline 
characteristics through 1:1 PS matching [30], and further 
incorporating 200 additional prognostic covariates through 
high-dimensional PS matching [38], residual confounding 
due to  HbA1c or eGFR appears unlikely to materially change 
our estimates. We additionally addressed confounding due 
to evolving treatment indications over time. For example, 
during the time frame of this study, individuals with a his-
tory of CVD could have become more likely to be prescribed 
with empagliflozin as opposed to DPP-4i due to the change 
in guideline recommendations over time, and this could have 
led to biased findings. We therefore matched empagliflozin 

Fig. 2  Cumulative risk of primary cardiovascular and safety out-
comes. (a) Composite MI or stroke. (b) Hospitalisation for HF. (c) 
MACE. (d) Composite of cardiovascular death or hospitalisation 
for HF. (e) Lower-limb amputations. (f) Non-vertebral fractures. (g) 
DKA. (h) AKI. Cardiovascular death data were only available in the 
Medicare database. MACE includes hospitalisation for MI, or ischae-
mic or haemorrhagic stroke, or cardiovascular-specific mortality

◂
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and DPP-4i initiators separately during each calendar time 
block and within each baseline CVD subgroup. Time-
updated plots of HRs showed the relatively stable estimates 
for the outcomes over time, which supports the strength of 
our confounding control approach. Our outcome definitions 
were based on claims-based algorithms validated to have 
high specificity but low sensitivity. Highly specific outcome 
definitions have been shown to have reduced bias in the rela-
tive risk estimates due to outcome misclassification [36]. 
Although our cardiovascular death outcome definition is 
highly accurate [25, 27], the cause of death data were avail-
able only in Medicare enrolees aged >65 years.

The follow-up duration in our study reflected the persis-
tence on treatment typically observed in clinical practice 
and may be too short to observe risk reductions for the MI 
or stroke outcomes, which may require individuals to be on 
medications for longer periods of time. However, our analy-
ses showed that a substantial number of individuals (24,772 
empagliflozin and 23,331 DPP-4i initiators) remained on 
medications at 1 year of follow-up (ESM Table 10).

Conclusions In this comparative safety and effectiveness 
study, after extensive confounding control, participants 
initiating empagliflozin were associated with reductions in 
the risk of HHF, cardiovascular mortality and MACE out-
comes (NNTs ranging from 102 to 199), when compared 

with participants initiating DPP-4i. Absolute risk reductions 
were larger in individuals with ASCVD or HF history and 
in older individuals, while they were similar between male 
and female individuals. Safety findings showed an increased 
risk for DKA relative to DPP-4i, corresponding to a 1 year 
NNH of 693, and reduced risks of AKI, severe hypoglycae-
mia and retinopathy progression, with similar risks of other 
safety events.

Supplementary Information The online version of this article (https:// 
doi. org/ 10. 1007/ s00125- 024- 06126-3) contains peer-reviewed but 
unedited supplementary material.
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Fig. 3  Subgroup analyses by history of ASCVD or HF. History of 
ASCVD was defined as history of MI, angina, coronary atherosclero-
sis and other forms of chronic ischaemic heart disease, coronary pro-
cedure, HF, ischaemic stroke, peripheral arterial disease or surgery, or 

lower-extremity amputation. MACE refers to hospitalisation for MI, 
stroke, or cardiovascular-specific mortality. +, history of; −, no his-
tory of; CV, cardiovascular; Empa, empagliflozin; IR, incidence rates 
per 1000 person-years
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