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ORIGINAL INVESTIGATION

Transposition of cardiovascular outcome trial 
effects to the real‑world population of patients 
with type 2 diabetes
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Abstract 

Background:  Transferring results obtained in cardiovascular outcome trials (CVOTs) to the real-world setting is chal-
lenging. We herein transposed CVOT results to the population of patients with type 2 diabetes (T2D) seen in routine 
clinical practice and who may receive the medications tested in CVOTs.

Methods:  We implemented the post-stratification approach based on aggregate data of CVOTs and individual data 
of a target population of diabetic outpatients. We used stratum-specific estimates available from CVOTs to calculate 
expected effect size for the target population by weighting the average of the stratum-specific treatment effects 
according to proportions of a given characteristic in the target population. Data are presented as hazard ratio (HR) 
and 95% confidence intervals.

Results:  Compared to the target population (n = 139,708), the CVOT population (n = 95,816) was younger and had 
a two to threefold greater prevalence of cardiovascular disease. EMPA-REG was the CVOT with the largest variety of 
details on stratum-specific effects, followed by TECOS, whereas DECLARE and PIONEER-6 had more limited stratum-
specific information. The post-stratification HR estimate for 3 point major adverse cardiovascular event (MACE) based 
on EMPA-REG was 0.88 (0.74–1.03) in the target population, compared to 0.86 (0.74–0.99) in the trial. The HR estimate 
based on LEADER was 0.88 (0.77–0.99) in the target population compared to 0.87 (0.78–0.97) in the trial. Consistent 
results were obtained for SUSTAIN-6, EXSCEL, PIONEER-6 and DECLARE. The effect of DPP-4 inhibitors observed in 
CVOTs remained neutral in the target population.

Conclusions:  Based on CVOT stratum-specific effects, cardiovascular protective actions of glucose lowering medica-
tions tested in CVOTs are transferrable to a much different real-world population of patients with T2D.
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Background
Prevention of cardiovascular disease is a major objec-
tive of diabetes care [1]. In the past decade, cardiovas-
cular outcome trials (CVOTs) have been performed in 
patients with type 2 diabetes (T2D) with the primary 
aim of demonstrating safety of glucose lowering medi-
cations (GLMs) concerning the risk of cardiovascular 

events [2, 3]. Some of these CVOTs were designed to 
test superiority and some eventually found lower rates 
of cardiovascular events among patients randomized 
to active GLM compared to those randomized to pla-
cebo plus standard care [4]. This is the case of CVOTs 
investigating glucagon-like peptide-1 receptor agonists 
(GLP-1RA) and sodium glucose cotransporter-2 inhibi-
tors (SGLT2i) [5–7]. Yet, in order to rapidly collect the 
target number of events to demonstrate safety, CVOTs 
enrolled patients with high or very-high cardiovascu-
lar risk at baseline, such as those with prior cardiovas-
cular events or a history of established cardiovascular 
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disease [4]. More recently, CVOTs included subgroups 
of patients with multiple cardiovascular risk factors 
but without established cardiovascular disease [8–10]. 
Nonetheless, the overall cardiovascular risk of patients 
enrolled in most CVOTs was much higher than in the 
population of patients with T2D who could receive the 
new GLM in routine clinical practice. Other remarkable 
differences have been highlighted between CVOT popu-
lations and the typical outpatients with T2D, including 
age and sex distribution [11]. Indeed, small proportions 
of patients with T2D would satisfy enrolment criteria of 
CVOTs on GLP-1RA or SGLT2i and even smaller pro-
portions actually have CVOT-like characteristics [12, 13]. 
For these reasons, there has been an intense debate on 
whether results of CVOTs can be transferred to the gen-
eral real-world population of patients with T2D, irrespec-
tive of their cardiovascular risk profile [14, 15]. This is a 
clinically-relevant question informing on which and how 
many patients would benefit from GLM with CVOT-
proven cardiovascular protective effect in routine care. 
Though prior studies have addressed the generalizability 
of trial populations, no study so far has explored whether 
CVOT findings, i.e. the drug’s effect on the outcome(s), 
can be transferred to a target population with different 
characteristics from that of the trial.

We herein used an innovative approach to trans-
pose the effects of GLP-1RA or SGLT2i observed in the 
respective CVOTs to a large unselected target popula-
tion of patients who were followed under routine spe-
cialist care and could potentially be prescribed such 
medications.

Methods
Selection of CVOTs
Since the method for transposing trial effects to the target 
population relies on the availability of stratum-specific 
information of effect [16], we selected CVOTs report-
ing the hazard ratio for the primary outcome in various 
subgroups of patients based on clinical characteristics 
of the trial population. CVOTs were identified based on 
literature search and then selected based on whether key 
information were available. The search string was: (“car-
diovascular” AND “outcome” AND “randomized” AND 
“trial” AND “type 2 diabetes”). As the primary outcome 
of interest, we elected the 3-point major adverse cardio-
vascular events (3P-MACE), a composite of non-fatal 
myocardial infarction, non-fatal stroke, or cardiovas-
cular death. Eventual co-primary outcome(s) were also 
considered [10]. For comparison, we also performed the 
same analysis on typical CVOTs that have shown neu-
tral effects of the drugs under investigation with respect 
to the rate of cardiovascular events, such as those per-
formed with dipeptidyl peptidse-4 inhibitors (DPP-4i).

Target population
In Italy, GLP-1RA and SGLT2i can be prescribed only by 
diabetes specialists. Therefore, as a target population of 
individuals with T2D who could receive such medica-
tions in real-life, we used the DARWIN-T2D (data from 
the real-world in type 2 diabetes) database [17]. DAR-
WIN-T2D was a retrospective multicentre study collect-
ing data from 46 diabetes specialist outpatient clinics in 
Italy. While DARWIN-T2D included longitudinal assess-
ment of patients initiating a few selected glucose lower-
ing medications [18], it also recorded cross-sectional data 
on all patients with T2D at their last available visit each 
participating Centre [19]. All patients aged 18 years or 
older and with a diagnosis of T2D were included, yield-
ing a population of about 281,000 patients, evaluated 
between 2015 and 2016. Therefore, this was an unse-
lected population of adults with T2D attending diabetes 
clinics, which is estimated to represent about 20% of the 
entire population of individuals with T2D attending dia-
betes clinics in Italy [20, 21]. Study design and methods 
for data collection, including definition of variables, have 
been described previously in detail [17]. Briefly, we col-
lected data on demographics, anthropometrics, risk fac-
tors, laboratory values, complications, and medications 
at the last available visit up to December 31st, 2016. The 
study was conducted according to the principles of the 
Declaration of Helsinki and approved by ethics commit-
tees at all participating centres. Based on national regu-
lations on retrospective studies with anonymous data, 
patients’ informed consent was waived.

Transposition and statistical analysis
The method for transposition is escribed as a flow-
chart in Fig.  1. The most diffused setting in which 
transposition of trial effect is performed is when indi-
vidual-level data for both the trial and the target pop-
ulation are available. In this case, patients in the trials 
are weighted by their probability to meet the inclu-
sion criteria. Then, an outcome analysis is performed 
within the weighted trial data [22]. Contrariwise, in our 
study we disposed of individual-level data for the target 
population and aggregated data for CVOTs. As a con-
sequence, we could not perform outcome analyses (i.e. 
weighting using simulated individual data or weighting 
using the method of moments, which require individ-
ual-level data for the trial), but we could use stratum-
specific trial estimates to transpose the trial effect to 
the target population [23]. More in detail, we imple-
mented a post-stratification approach based on aggre-
gate data of CVOTs and individual data of the target 
population in DARWIN-T2D, with an inverse approach 
compared to that described previously [16, 23]. We 
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retained only patients from the target populations for 
whom all variables were available for each specific trial 
transposition. We excluded patients with missing data 
because no method has been validated to pool results 
of the transposition approach from multiple imputed 
datasets. For each CVOT transposition, we have used 
definitions of cardiovascular disease based on the real-
world data closer to those of the CVOT, with some 
adjustments done as previously described [12]. Heart 
failure was defined using ICD-9 codes reported in the 
DARWIN-T2D database, which may differ from the 
definition used in CVOTs [24]. Continuous variables 
in DARWIN-T2D were categorized according to the 
CVOT stratum-specific estimates. Then, the subgroup-
specific estimates of treatment effect in the CVOT 
and proportions of the categorized characteristics in 

DARWIN-T2D were used to calculate the treatment 
effect for the target population by weighting the aver-
age of the stratum-specific treatment effects according 
to proportions of a given characteristic in the target 
population.

As a simple example, let us consider the “gender” vari-
able in the REWIND trial, where 46% of participants were 
women. In the target population, 44% of subjects were 
women. In REWIND, the stratum-specific HR estimates 
were 0.85 (95% C.I. 0.71–1.02) for females and 0.90 (95% 
C.I. 0.79–1.04) for males. Then, the weighted HR estimate 
for the variable “gender” is computed by the formula:

Transposed HR = exp

(∑

ln (HRi) ∗ pi
∑

pi

)

, i = 1.2

Step 1
Data acquisi�on

and
pre-processing

Target popula�on:
individual data

Cardiovascular outcome trial (CVOT): 
aggregated data

Con�nuous variables categorized according to 
the CVOT sub-group es�mates  (HRi)

Collect data about CVOT sub-group es�mates (HRi)

Propor�ons (pi ) computed for each category 
i for each variable j

Transposed  HRj = exp( )

Step 2
For each variable j, compute the transposed 

HRj for the target popula�on by weigh�ng the 
average of the stratum-specific HRi according to 

propor�ons pi

Final HR  =  
J = # variables

Step 3
Compute the final transposed HR taking the 

unweighted average of the es�mated 
transposed treatment effects of each 
characteris�cs to summarize the post-

stra�fica�on es�mates of treatment effect 

)  = exp (-0.13) = 0,88

Sex Target CVOT

Female P1 = 44% 46%

Male P2 = 56% 54%

Example from REWIND

Example from REWIND

Example from REWIND

j = 1,…,
n = # variables’ levels
J = # variables

Fig. 1  A flow-chart of the transposition method. The figure illustrates the three-step procedure used to transpose a cardiovascular outcome trial 
(CVOT) result to the target population. An example from the REWIND study is described in the text
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where pi states for proportion in DARWIN-T2D in the 
level i of the variable. In our example, the transposed 
HR was obtained as ln(0.85)∗0.44+ln(0.90)∗0.56

0.44+0.56 = −0.13 , that 
exponentiated leads to a HR = 0.88 (Additional file  1: 
Table S1).

The standard deviations across strata were pooled to 
obtain the 95% confidence interval. The calculation was 
performed for one characteristic at a time. Then, the 
unweighted average of the estimated transposed treat-
ment effect of each characteristic was used to summarize 
the post-stratification estimates of treatment effect. Anal-
yses were performed using R version 3.5.2 [25].

Results
The analysis was conducted only for CVOTs having usa-
ble data for transposition. For example, transposition 
could not be performed for the CANVAS study because 
reporting of stratum-specific effects was not accompa-
nied by numbers of patients in each stratum [26]. The 
analysis was not performed for HARMONY [27] because 
albiglutide has never become clinically available. Only 
the primary endpoint was considered, because stratum-
specific effects were most of the times not available for 
individual components of the 3P-MACE and other sec-
ondary outcomes. For the DECLARE study, transposition 
was performed for both co-primary outcomes [10].

The number of variables that defined stratum-specific 
effects ranged from a maximum of 28 for EMPA-REG 
[28] to a minimum of 6 for DECLARE [10]. Therefore, as 
shown in Table 1, different number and types of variables 
were used to perform transposition for different CVOT. 
This indicates that results of the transposition analysis 
cannot be compared across CVOTs.

After excluding patients with missing data of key vari-
ables, the target population of the DARWIN-T2D study 
was composed of a total of 139,726 patients, but not all 
information was available for all patients. Table 2 shows 
clinical characteristics of patients in the target popula-
tion compared to those of patients enrolled in CVOTs 
(n = 95,816). The CVOT population was younger, with 
a shorter diabetes duration, was more often obese, and 
had a two to threefold greater prevalence of cardiovas-
cular disease, reflected by more frequent use of cardio-
vascular medications. Yet, median albumin excretion rate 
was lower than in the target population, likely because 
patients with advanced renal disease were excluded from 
CVOTs. Among glucose lowering medications, patients 
enrolled in CVOTs had more frequent use of sulphonylu-
rea and insulin. On average, only 41.9% patients enrolled 
in the selected trials were recruited in Europe and 75.0% 
were white. The substantial difference between the 
CVOT and the target population was expected and forms 
the rationale for performing the transposition analysis.

After transposition to the target population, the esti-
mated HR was significantly lower than 1.0 for LEADER 
[29], SUSTAIN-6 [30], REWIND [9] and DECLARE [10] 
(co-primary endpoint of cardiovascular death or hos-
pitalization for heart failure). The HR for 3P-MACE in 
patients randomized to empagliflozin in EMPA-REG 
was 0.86 (95% C.I. 0.74–0.99) and changed to 0.88 (95% 
C.I. 0.74–1.03) when transposed to the target popula-
tion. Figure  2 compares the HR (95% C.I.) of the effect 
observed in CVOT with the corresponding HR (95% C.I.) 
obtained after transposition to the target population. For 
each CVOT, subgroup-weighted mean of stratum-spe-
cific estimates from CVOTs are given in Additional file 1: 
Table S1–S10.

The effect on 3p-MACE observed in EXSCEL [31], 
PIONEER-6 [32] and DECLARE [10] was not signifi-
cant in the trial and remained so after transposition. As 
expected, the transposed estimate of DPP-4i effects using 
stratum-specific data from TECOS [33] or SAVOR-TIMI 
[34] yielded neutral results also in the target population.

Discussion
Despite major differences between patients with T2D 
enrolled in CVOTs and patients with T2D seen in rou-
tine clinical practice [12–14], our transposition analysis 
shows that most significant results of CVOTs apply to the 
target real world population.

Due to the specific population of patients enrolled in 
CVOTs, doubts have been cast on whether significant 
protective effects observed for some of the active drugs 
being tested could be transferred to the entire popula-
tion of patients who could receive such medications in 
clinical practice [12]. In most CVOTs, subgroup analy-
ses performed for most, but not all, stratification vari-
ables showed no substantial heterogeneity in the effect, 
claiming for a direct clinical transferability of the find-
ings. Nonetheless, several trends of interaction and a few 
nominally significant interactions between the assigned 
treatment and stratification variables may yield overall 
significant effects when transposed to a much different 
target population.

To the best of our knowledge, there is no prior attempt 
to transpose effects of diabetes medications observed in 
CVOTs to a real-world population, with quantitative esti-
mates. Thus, our new findings can help reducing inertia 
in the use of GLM for which solid cardiorenal protective 
data exist [35].

The post-stratification method described by Hong 
et  al. can be used to generalize trial results without 
accessing individual-level data [16]. The gold stand-
ard approach would require individual data from both 
CVOTs and the target population to predict probabili-
ties of being sampled in the trial and to reweight trial 
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participants to reflect the target population of patient 
characteristics. However, accessing individual data of 
multiple CVOTs sponsored by different companies 
can be harnessed by compliance issues and conflicts of 
interest. Alternative methods, as the one we used, are 
subjected to biases and based on some critical assump-
tions. Specifically, this approach requires only categori-
cal variables and is effective only when a small number 
of variables are taken into account [22]. In addition, 
it can be used only for one variable at a time, making 
the assumption of no correlation between them, which 

does not necessarily hold true. Further, results of trans-
position is strictly dependent on which and how many 
strata are available for the trial, such that the effects of 
important variables not considered for stratification 
are disregarded. Moreover, this approach is generally 
used when individual data are available for CVOT and 
aggregate data are available for the target population 
[16]. In our case, we applied the method with individual 
data for the target population and aggregate data for 
the CVOTs. Another limitation is the need to know the 
proportion of the target population in each strata [16] 

Table 1  Post-stratification variables

For each cardiovascular outcome trial, we report which variables were used for post-stratification transposition to the target population

BMI body mass index, CVD cardiovascular disease, PAD peripheral arterial disease, MI myocardial infarction, eGFR estimated glomerular filtration rate, DPP-4 dipeptidyl 
peptidase-4, RAS renin angiotensin system

EMPA-REG TECOS SAVOR-TIMI SUSTAIN-6 LEADER EXSCEL REWIND PIONEER-6 DECLARE

Duration of diabetes X X X X X X X

Age X X X X X X X X X

Sex X X X X X X X X

HbA1c X X X X X X X X

BMI X X X X X X X X

Body weight X

Systolic blood pressure X X

Diastolic blood pressure X X

Established CVD X X X X X X

Prior MI or Stroke X X X X

PAD X

Previous MI X X

Heart failure X X X X X X

CVD risk factors X X X X X

Only cerebrovascular disease X

eGFR X X X X X X X

Urinary albumin/creatinine ratio X X

Anti-diabetic therapy X

Insulin X X X X X

Metfromin X X X

Sulphonylurea X X X

Thiazolidinediones X X X

DPP-4i X X

Anti-hypertive therapy X X

RAS blockers X X

Calcium channel blockers X X

Beta blockers X X

Diuretics X X X

Aspirin X

Statin X X X

Europe X X X X X X X

Ethnicity X X X

White X X X X X X X X

Number of variables 28 20 18 14 13 12 9 9 6
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and the proportion of missing data in DARWIN-T2D 
could lead to biased results.

It is important to note that most CVOTs reporting 
superiority of active drugs versus placebo for cardiovas-
cular protection was confirmed after transposition to 
the real-world population. This is the case for LEADER, 
SUSTAIN-6, REWIND, and DECLARE (second co-pri-
mary endpoint), while it was not for EMPA-REG Out-
come. The reasons why the significantly lower rate of 
3P-MACE among patients randomized to empagliflozin 
in the EMPA-REG Outcome trial was not significant 
after transposition to the target population can be mani-
fold. These include the presence of nominally significant 
heterogeneity observed in subgroups of patients divided 
by age and baseline HbA1c [28], the 2:1 ratio between 

patients on empagliflozin and those on placebo yielding 
small numbers of patients in some strata, and the large 
number of variables (n = 28) that composed strata used 
for transposition. With regards to the latter point, when 
we transposed EMPA-REG Outcome with the 6 strata 
used to transpose DECLARE, we obtained an estimated 
HR of 0.85 (95% C.I. 0.70–0.99) for the target population. 
To gather further insight into this point, we repeated the 
analysis to evaluate which stratifications made the HR 
transposed from EMPA-REG Outcome not significant, 
by backward elimination ordered by standard devia-
tion of the estimate (from larger to smaller): the HR was 
still significant (0.85; 95% C.I. 0.71–0.99) with 11 of the 
initial 28 strata. However, this approach has not been 
validated. Therefore, to rule out that this finding was 

Table 2  Clinical characteristics

Data are presented as mean (SD) for continuous variables or as percentage for categorical variables. The number of patients with available information for each 
variable is shown for both populations

Variable Target population CVOTs

Number Value Number Value

Duration of diabetes, years 139,700 12.1 (9.4) 71,636 11.7

Age, years 139,708 68.8 (11.2) 95,816 64.4

Sex male, % 139,726 57.1 95,816 66.4

HbA1c, %
mmol/mol

132,717 7.3 (1.3)
56 (9)

95,816 8.0
64

BMI, kg/m2 126,994 29.6 (5.5) 95,816 31.6

Body weight, kg 128,431 80.8 (17.1) 39,332 89.1

Systolic blood pressure, mm Hg 104,305 137.2 (18.4) 64,572 135.6

Diastolic blood pressure, mm Hg 104,226 77.5 (9.5) 47,412 77.3

Established CVD, % 139,726 28.9 95,816 67.5

PAD, % 139,726 6.0 53,603 14.4

Previous MI, % 97,074 11.7 50,820 38.8

Heart failure, % 139,726 1.4 92,633 13.5

eGFR, ml/min/1.73 m2 113,593 75.7 (24.5) 83,179 76.7

Albumin creatinine ratio, mg/g (median) 113,775 22.6 41,064 1.4

Glucose-lowering therapy, % 139,726 93.3 95,816 95.0

 Insulin, % 130,380 33.5 95,816 39.5

 Metformin, % 130,380 71.3 95,816 77.3

 Sulphonylurea, % 130,380 27.5 95,816 42.5

 Thiazolidinediones, % 130,380 5.0 78,656 4.1

 DPP-4 inhibitors, % 130,080 23.3 95,816 16.3

 SGLT-2 inhibitors, % 130,080 4.4 95,816 13.8

 GLP-1 receptor agonists, % 130,080 5.1 95,816 21.1

Anti-hypertensive therapy, % 117,632 80.1 37,592 92.3

 RAS blockers, % 117,632 67.0 92,633 79.2

 Calcium channel blockers, % 117,632 25.1 49,080 32.8

 Beta blockers, % 117,632 31.5 92,633 56.7

 Diuretics, % 117,632 19.2 52,263 41.9

 Statin, % 117,632 61.1 95,816 75.3

 Aspirin, % 117,632 50.6 95,816 68.3
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biased by assumptions of the method used, transposi-
tion for EMPA-REG should be repeated using individ-
ual-level patients’ data. In any case, the simple fact that 
fully transposed HR for EMPA-REG had an upper limit 
crossing unity does not imply that EMPA-REG results 
are less generalizable to the target population than other 
CVOT’s, because the observed and transposed HR were 
quite similar.

It is important to note that only 30% to 50% of patients 
enrolled in CVOTs were recruited in Europe, questioning 
generalizability of the findings to European populations. 
We also would like to note that the target population 
addressed in this study might not be representative of 
patients with T2D in other countries. We included only 
patients followed at specialist outpatient clinics because, 
in Italy, only diabetes specialists but not general practi-
tioners, can prescribe GLP-1RA, SGLT2i and DPP-4i 
[20]. Therefore, further transferability of our findings to 
the general population of patients with T2D, including 
those not attending diabetes clinics, needs confirmation. 
Finally, we transposed the CVOT drug’s effect as if all 
patients of the target population could and would receive 
that drug. We did not apply CVOT inclusion/exclusion 

criteria because we aimed to estimate the effect in an 
unselected target population. However, not all real-world 
patients with T2D are candidate for a therapy with GLP-
1RA or SGLT2i, because of possible contraindications 
(e.g. advanced kidney disease) and eventual regulatory 
restrictions. With regards to the latter, we argue that, if 
significant benefits of GLP-1RA and SGLT2i on unse-
lected patients with T2D hold true, regulatory limitations 
might be relieved in order to improve access to the best 
available care.

Conclusions
Notwithstanding the above-described limitations, we 
herein provide the first estimate that cardiovascular pro-
tection by diabetes drugs investigated in CVOTs could 
apply to a very different and highly heterogeneous popu-
lation of patients with T2D seen in routine care.
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Fig. 2  Comparison between observed and transposed effects. 
The forest plot reports hazard ratios and 95% confidence intervals 
(C.I.) for 3-point major adverse cardiovascular events (3P-MACE) 
and the second co-primary endpoint in DECLARE in the original 
cardiovascular outcome trial (CVOTs, black) and after transposition to 
the target population (red). HHF hospitalization for heat failure, CVD 
cardiovascular death
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