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OBJECTIVE

Using real-world data (RWD) from three U.S. claims data sets, we aim to predict the
findings of the CARdiovascular Outcome Trial of LINAgliptin Versus Glimepiride in
Type 2 Diabetes (CAROLINA) comparing linagliptin versus glimepiride in patients
with type 2 diabetes (T2D) at increased cardiovascular risk by using a novel
framework that requires passing prespecified validity checks before analyzing the
primary outcome.

RESEARCH DESIGN AND METHODS

Within Medicare and two commercial claims data sets (May 2011–September 2015),
we identified a 1:1 propensity score–matched (PSM) cohort of T2D patients 40–85
years old at increased cardiovascular risk who initiated linagliptin or glimepiride
by adapting eligibility criteria from CAROLINA. PSM was used to balance >120
confounders. Validity checks included the evaluation of expected power, covariate
balance, and two control outcomes for which we expected a positive association
and a null finding. We registered the protocol (NCT03648424, ClinicalTrials.gov)
before evaluating the composite cardiovascular outcome based on CAROLINA’s
primary end point. Hazard ratios (HR) and 95%CIswere estimated in each data source
and pooled with a fixed-effects meta-analysis.

RESULTS

We identified 24,131 PSM pairs of linagliptin and glimepiride initiators with
sufficient power for noninferiority (>98%). Exposure groups achieved excellent
covariate balance, including key laboratory results, and expected associations
between glimepiride and hypoglycemia (HR 2.38 [95% CI 1.79–3.13]) and between
linagliptin and end-stage renal disease (HR 1.08 [0.66–1.79]) were replicated.
Linagliptinwas associatedwith a 9%decreased risk in the composite cardiovascular
outcome with a CI including the null (HR 0.91 [0.79–1.05]), in line with noninferiority.

CONCLUSIONS

In a nonrandomized RWD study, we found that linagliptin has noninferior risk of a
composite cardiovascular outcome compared with glimepiride.
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The 21st Century Cures Act mandates
that the U.S. Food and Drug Administra-
tion (FDA) establish a program to eval-
uate the potential use of real-world
evidence (RWE) to support a new in-
dication for a drug or postapproval study
requirements (1). In the framework for
FDA’s Real World Evidence Program,
real-world data (RWD) includes longitu-
dinal electronic health records, medical
claims and billing data, and patient-
generated data (2). Nonrandomized da-
tabase studies are noninterventional
clinical study designs in which the study
identifies the population and determines
the exposure/treatment from data gen-
erated before the initiation of the study
(2). Health insurance claims data contain
structured diagnosis and procedure in-
formation, capture patient experiences
across the care continuum, and are fre-
quently used by the FDA to evaluate
drug safety (3).
Questions remain on whether RWD

analyses of claims data can be reliably
used for regulatory decision making to
evaluate not only the safety of medica-
tions but also their effectiveness (4).
Frequent criticisms include the lack of
prespecified protocols, avoidable design
and analytic flaws, data quality issues,
and confounding biases that may
threaten the validity of findings. Some
investigators have designed such studies
to match published randomized con-
trolled trials (RCTs) and have successfully
replicated (5) or predicted (6–8) trial
findings, suggesting that principled
methodology can generate accurate in-
formation based on RWD in certain cases.
Several threats to validity can be as-
sessed before registering the protocol
and implementing a nonrandomized da-
tabase study, so that the decision to
move forward with a given study and
the analytic plan are well documented.
Such a process will instill greater confi-
dence in the ability of nonrandomized
database studies to reproduce findings
of a comparable RCT.
The CARdiovascular Outcome Trial of

LINAgliptin Versus Glimepiride in Type 2
Diabetes (CAROLINA) study (9) is an
ongoing RCT designed to assess whether
linagliptin, a dipeptidyl peptidase 4 (DPP-
4) inhibitor, is noninferior and, if so,
superior comparedwith the sulfonylurea
glimepiride with respect to cardiovascu-
lar events in adults with type 2 diabetes
(T2D) at increased risk of cardiovascular

events. Given that medications of both
classes are frequently used as second-line
therapy after metformin, and because
sulfonylureas have been associated
with concerns regarding their cardiovas-
cular safety (10), the results of this trial
could have a significant impact on clinical
practice if practitioners conclude there
is a difference in cardiovascular safety
between the drugs. Trial recruitment
started in 2010, and results are expected
in 2019.

Using RWD, we aimed to predict CAR-
OLINA’s findings within a framework
that requires passing prespecified valid-
ity checks before analyzing the primary
end point (11). This is part of a series of
studies aimed to predict the findings of
ongoing trials before their completion.

RESEARCH DESIGN AND METHODS

This study included data from two com-
mercial U.S. health insurance claims data
sets (Optum Clinformatics and IBM
MarketScan) and fee-for-serviceMedicare
claims data. For each insured individual,
the three data sets contain demographic
information, health plan enrollment sta-
tus, longitudinal patient-level informa-
tion on all reimbursed medical services,
inpatient and outpatient diagnoses and
procedures, and pharmacy dispensing
records, including information on med-
ication start and refill, strength, quantity,
and days’ supply. Optum and MarketScan
are both linked to laboratory test results
provided by two national laboratory test
provider chains. Through this linkage,
results for outpatient laboratory tests
are available for a subset of beneficiaries.

Within the three U.S. RWD sources,
we identified a cohort of T2D patients
40–85 years old at increased cardiovas-
cular risk who initiated linagliptin or
glimepiride from May 2011 (in accor-
dance with the approval of linagliptin
in the U.S.) to September 2015, adapting
eligibility criteria from CAROLINA (Fig. 1
and Supplementary Table 1). Cohort
entry date was the day of the first filled
prescription of linagliptin or glimepiride
among patients with at least 6 months
of continuous enrollment before drug
initiation. We used 1:1 propensity score
matching (PSM) to control for .120
potential confounders, which were
measured during the 6 months before
cohort entry and includeddemographics,
calendar time, comorbidities, diabetes-
specific complications, use of diabetes

and other medications, and indicators
of health care utilization as proxy for
overall disease state, care intensity,
and surveillance. Laboratory test re-
sults, which were available in a 7%
subset of the population, were also
measured at baseline, although they
were not included in the claims-based
PS model.

Theprimary outcomewas a composite
cardiovascular outcome of hospitaliza-
tion for myocardial infarction, stroke, or
death (Supplementary Table 2), adapted
from the CAROLINA study’s primary end
point of three-point major adverse car-
diovascular event (3-PMACE) composite,
comprising nonfatal myocardial infarc-
tion, nonfatal stroke, or cardiovascular
death. The availability of mortality in-
formation varied by database. Medicare
fee-for-service included complete infor-
mation on all-cause mortality, Market-
Scan included information on in-hospital
death, and no information was available
in Clinformatics. Individual compo-
nents of the composite cardiovascular
outcome were also analyzed as second-
ary outcomes.

Follow-up started on the day after
cohort entry and continued in an “as-
treated” approach until treatment dis-
continuation or switch to a comparator,
occurrence of an event of interest, nurs-
ing home admission, plan disenrollment,
or end of the study period, whichever
came first. In case of treatment inter-
ruption or discontinuation, we extended
the exposure effect window until 30 days
after the end of the last prescription’s
supply. In line with CAROLINA, we al-
lowed study participants who initiated
linagliptin or glimepiride to be exposed to
nonglimepiride sulfonylureas before co-
hort entry. Because in the trial patients in
both arms could be exposed to non-
glimepiride sulfonylureas, we censored
patients who added a nonlinagliptin DPP-4
inhibitor but did not censor patients who
added a nonglimepiride sulfonylurea.

We purposefully chose an as-treated
analysis rather than an intention-to-treat
analysis to address the high rate of
treatment discontinuation in routine
care. The as-treated analysis avoids
the substantial exposure misclassifica-
tion that often occurs when intention-
to-treat analyses are applied in RWE
studies, which typically bias findings to-
ward the null. Hazard ratios (HR) and
95% CIs were estimated in the PSM
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cohort using unstratified Cox regression
models. Analyses were conducted in
each data source separately and then
pooled across data sources using a fixed-
effects meta-analysis.
Several prospective validity checks

were conducted. First, we calculated
the expected power for noninferiority of
the primary end point at an a level of
0.05, to exclude an upper margin of the
95% CI for the hazard ratio of 1.3, as
specified in CAROLINA (9) and mandated
by the FDA for cardiovascular outcome
trials evaluating new therapies for T2D
(12).
Then, we assessed the postmatching

balance of potential confounders be-
tween exposure groups by calculating
standardized differences, with meaning-
ful imbalances set at values .0.1, and
postmatching C-statistic, which is ex-
pected to be close to 0.5 when balance

is present (13). The potential for re-
sidual confounding by unmeasured fac-
tors not included in the PS model was
evaluated by inspecting the balance in
key baseline laboratory results in the
population subset with this information
available.

Finally, we evaluated two control out-
comes with the aim to replicate known
associations. Specifically, we assessed
the risk of severe hypoglycemia, defined
as an emergency department visit or a
hospitalization for hypoglycemia, for
which we expected an increased risk
associated with the initiation of gli-
mepiride (14), and the risk of incident
end-stage renal disease (ESRD), for
which we expected a null finding (15)
(see Supplementary Table 2 for out-
come definitions). ESRD was specifically
chosen as a control outcome because of
the known preferential prescribing of

linagliptin toward patients with chronic
kidney disease (16), which may lead to
an apparent elevation in ESRD risk as-
sociated with the use of linagliptin.

All analyses were performed using
Aetion platform version 3.11 with R
version 3.4.2, which has previously
been scientifically validated by accu-
rately repeating a range of previously
published studies (17) and by replicating
(18) or predicting clinical trial findings (6).
After all validity checks were met and
confidence for accurately predicting re-
sults from CAROLINA was achieved, the
protocol was registered (NCT03648424,
ClinicalTrials.gov), and the primary end
point analysis conducted. All individual
data were deidentified, the study was
approved by the Brigham and Women’s
Hospital Institutional Review Board, and
signed data license agreements were in
place for all data sources.

Figure 1—Cohort formation. DPP-4i, DPP-4 inhibitor; GLP-1, glucagon-like peptide 1; PCI/CABG, percutaneous coronary intervention/coronary artery bypass
grafting; SGLT-2, sodium–glucose cotransporter 2; TIA, transient ischemic attack; TZD, thiazolidinediones.

2206 Using Real-World Data to Predict Trial Findings Diabetes Care Volume 42, December 2019

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/42/12/2204/528507/dc190069.pdf by guest on 10 April 2024

http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc19-0069/-/DC1


RESULTS
The final eligible study cohort included
164,176 patients with T2D, of whom
24,842 initiated linagliptin and 139,334
initiated glimepiride. Before PSM, linaglip-
tin initiators tended to be younger but
had a greater burden of comorbidities such

as hypertension, hyperlipidemia, and
chronic kidney disease (Table 1 and
Supplementary Table 3). After PSM,
we identified 24,131 patient pairs of
linagliptin versus glimepiride initiators,
and exposure groups achieved excellent
covariate balance, with standardized

differences for all covariates of ,0.1
(Table 1 and Supplementary Table 4).
Compared with the CAROLINA partici-
pants, the patients included in our study
population were older (mean age 70 vs.
64 years) and more frequently women;
however, they had a similar burden of

Table 1—Baseline characteristics of study participants before and after PSM

Before PSM After PSM

Linagliptin Glimepiride Linagliptin Glimepiride
n = 24,842 n = 139,334 St. Diff. n = 24,131 n = 24,131 St. Diff.

Baseline characteristics
Age, mean (SD), years 70.32 (7.76) 71.18 (7.72) 20.11 70.40 (7.76) 70.42 (7.71) 0.00
Male, n (%) 11,872 (47.8) 68,926 (49.5) 20.03 11,519 (47.7) 11,512 (47.7) 0.00
White race, n (%)1 11,554 (71.0) 71,226 (79.8) 20.21 11,396 (71.8) 11,485 (72.3) 20.01

Burden of comorbidities
Combined comorbidity score, mean (SD)2 1.49 (1.27) 1.21 (1.21) 0.23 1.48 (1.26) 1.47 (1.26) 0.01
Frailty score, mean (SD)3 0.16 (0.05) 0.16 (0.05) 0.00 0.16 (0.05) 0.16 (0.05) 0.00

Diabetes-related complications, n (%)
Diabetic nephropathy 1,771 (7.1) 6,350 (4.6) 0.11 1,655 (6.9) 1,646 (6.8) 0.00
Diabetic retinopathy 1,172 (4.7) 5,754 (4.1) 0.03 1,132 (4.7) 1,103 (4.6) 0.00
Diabetes with ophthalmic conditions or procedures 656 (2.6) 3,363 (2.4) 0.01 632 (2.6) 625 (2.6) 0.00
Diabetic neuropathy 2,765 (11.1) 14,093 (10.1) 0.03 2,663 (11.0) 2,656 (11.0) 0.00
Diabetes with peripheral circulatory disorders 1,099 (4.4) 5,309 (3.8) 0.03 1,050 (4.4) 1,039 (4.3) 0.00
Hypoglycemia 708 (2.9) 3,212 (2.3) 0.04 684 (2.8) 695 (2.9) 20.01
Hyperglycemia 997 (4.0) 3,856 (2.8) 0.07 961 (4.0) 968 (4.0) 0.00
Disorders of fluid electrolyte and acid-base balance 1,114 (4.5) 5,333 (3.8) 0.04 1,083 (4.5) 1,097 (4.5) 0.00

Baseline diabetes therapy
No. of antidiabetic drugs at cohort entry, mean (SD) 0.81 (0.70) 0.63 (0.59) 0.28 0.80 (0.70) 0.79 (0.69) 0.01
Any use of metformin, n (%) 16,477 (66.3) 88,730 (63.7) 0.05 16,009 (66.3) 16,136 (66.9) 20.01
Any use of sulfonylureas, n (%) 8,043 (32.4) 21,751 (15.6) 0.40 7,458 (30.9) 7,341 (30.4) 0.01
Any use of meglitinides, n (%) 358 (1.4) 774 (0.6) 0.08 341 (1.4) 293 (1.2) 0.02
Any use of a-glucosidase inhibitors, n (%) 84 (0.3) 240 (0.2) 0.02 74 (0.3) 92 (0.4) 20.02

Other comorbidities at baseline, n (%)
Ischemic heart disease 6,194 (24.9) 33,882 (24.3) 0.01 6,016 (24.9) 6,042 (25.0) 0.00
Previous coronary revascularization 1,109 (4.5) 6,428 (4.6) 0.00 1,088 (4.5) 1,096 (4.5) 0.00
Ischemic or hemorrhagic stroke 1,849 (7.4) 9,475 (6.8) 0.02 1,799 (7.5) 1,816 (7.5) 0.00
Heart failure 915 (3.7) 5,144 (3.7) 0.00 896 (3.7) 865 (3.6) 0.01
Peripheral arterial disease or surgery 2,101 (8.5) 9,331 (6.7) 0.07 2,028 (8.4) 2,048 (8.5) 0.00
Hypertension 21,592 (86.9) 114,186 (82.0) 0.14 20,940 (86.8) 20,985 (87.0) 20.01
Hyperlipidemia 19,154 (77.1) 100,099 (71.8) 0.12 18,581 (77.0) 18,583 (77.0) 0.00
Nondiabetic renal dysfunction 4,668 (18.8) 14,874 (10.7) 0.23 4,385 (18.2) 4,164 (17.3) 0.02

Other medications, n (%)
ACE inhibitors 10,911 (43.9) 66,820 (48.0) 20.08 10,670 (44.2) 10,603 (43.9) 0.01
Angiotensin II receptor blockers 8,526 (34.3) 36,352 (26.1) 0.18 8,143 (33.7) 8,284 (34.3) 20.01
b-Blockers 10,171 (40.9) 55,175 (39.6) 0.03 9,860 (40.9) 10,124 (42.0) 20.02
Loop diuretics 3,276 (13.2) 16,993 (12.2) 0.03 3,188 (13.2) 3,111 (12.9) 0.01
Statins 18,362 (73.9) 96,296 (69.1) 0.11 17,782 (73.7) 17,772 (73.6) 0.00
Other lipid-lowering drugs 4,110 (16.5) 18,095 (13.0) 0.10 3,959 (16.4) 3,942 (16.3) 0.00
Antiplatelet agents 3,902 (15.7) 18,521 (13.3) 0.07 3,761 (15.6) 3,779 (15.7) 0.00
Oral anticoagulants 1,645 (6.6) 9,700 (7.0) 20.02 1,615 (6.7) 1,621 (6.7) 0.00

Measures of health care utilization
Hospitalization within prior 30 days, n (%) 260 (1.0) 1,774 (1.3) 20.03 255 (1.1) 284 (1.2) 20.01
Hospitalization during prior 31–180 days, n (%) 1,221 (4.9) 7,346 (5.3) 20.02 1,174 (4.9) 1,268 (5.3) 20.02
No. of hospital days, mean (SD) 0.23 (1.64) 0.25 (1.65) 20.01 0.24 (1.66) 0.25 (1.73) 20.01
No. of emergency department visits, mean (SD) 0.25 (0.88) 0.25 (0.88) 0.00 0.24 (0.88) 0.25 (0.84) 20.01
No. of office visits, mean (SD) 4.83 (3.62) 4.09 (3.34) 0.21 4.77 (3.56) 4.81 (3.78) 20.01
No. of distinct medication prescriptions, mean (SD) 9.06 (3.98) 8.19 (3.68) 0.23 9.01 (3.96) 9.02 (3.89) 0.00

St. Diff., standardized differences (i.e., the difference in means or proportions divided by the pooled SD). 1Only available in Medicare fee-for-service
database. 2See Gagne et al. (26). 3See Kim et al. (27).
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comorbidities, such as prior cardiovas-
cular events and renal dysfunction, and
patterns of medication use (Table 1).
The estimated power exceeded 98%
for noninferiority, and the postmatching
C-statistic was 0.53 (Table 2). Key base-
line laboratory results (HbA1c, lipid lev-
els, estimated glomerular filtration rate,
and urinary albumin-to-creatinine ratio
[UACR]), which were available in a subset
of the population and therefore were
not included in the PS adjustment, were
equally well balanced (Table 2 and
Supplementary Table 4).

The mean (SD) and median (interquar-
tile range) follow-up were 222 (221) and
131 (62, 294) days, respectively. The
known association between glimepiride
and hypoglycemia (HR 2.38 [95% CI 1.79–
3.13]) and the null association between
linagliptin and ESRD (HR 1.08 [0.66–1.79])
were correctly estimated, confirming the
study’s ability to replicate known findings
for control outcomes (Table 2 and Sup-
plementary Table 5). Linagliptin was as-
sociated with a nonsignificant decrease
in the risk of the primary cardiovascular
outcome (HR 0.91 [0.79–1.05]) compared

with glimepiride (Table 3), in line with the
noninferiority hypothesis of the CAROLINA
trial. Within the individual databases, the
cardiovascular effect varied from HR 0.96
(95% CI 0.83–1.12) in Medicare (mean age
73 years) to HR 0.76 (95% CI 0.47–1.22) in
MarketScan (mean age 66 years) and HR
0.44 (95% CI 0.23–0.87) in Clinformatics
(mean age 63 years) (Supplementary Table
6). Analysis of the individual components
of the composite cardiovascular outcome
produced results consistent with a nonsig-
nificant decreased risk for myocardial in-
farction (HR 0.87 [95% CI 0.68–1.12]) and

Table 2—Statistical power, patient characteristics, select diagnostics, and control outcomes

Noninferiority power analysis in health care database study

No. patients after 1:1 PSM 48,262
Risk of primary end point per 1,000 patients 20.8
Relative risk assumed by RCT based on equipoise 1
a (two-sided) 0.05
Noninferiority margin 1.3
Statistical power, % 98.6

Selected patient characteristics from CAROLINA trial and from 1:1 PSM health care database study and balance statistics

CAROLINA trial (N = 6,041)

Health care database study (N = 48,262)

Linagliptin (n = 24,131) Glimepiride (n = 24,131) aSt. Diff.*

Patient characteristics
Age, mean (SD), years 64.0 (9.5) 70.40 (7.76) 70.42 (7.71) 0.00
Male sex, n (%) 3,622 (60.0) 11,519 (47.7) 11,512 (47.7) 0.00
White race, n (%)1 4,408 (73.0) 11,396 (71.8) 11,485 (72.3) 20.01
Previous cardiovascular event, n (%) 2,084 (34.5) 8,468 (35.1) 8,537 (35.4) 0.00
Renal dysfunction, n (%) 1,099 (18.2) 4,385 (18.2) 4,164 (17.3) 0.00
Metformin use, n (%) 4,982 (82.5) 16,009 (66.3) 16,136 (66.9) 0.00
Statin use, n (%) 3,866 (64.1) 17,782 (73.7) 17,772 (73.6) 0.00
ACE inhibitors/ARBs, n (%) 4,543 (75.2) 18,381 (76.2) 18,470 (76.5) 0.00
b-Blockers, n (%) 2,296 (38.8) 9,860 (40.9) 10,124 (42.0) 0.00
Baseline glucose-lowering therapy, n (%)
None 557 (9.2) 8,736 (36.2) 8,836 (36.6) 0.00
1 glucose-lowering agent 3,988 (66.0) 11,574 (48.0) 11,437 (47.4) 0.00
$2 glucose-lowering agents 1,496 (24.8) 3,821 (15.8) 3,858 (16.0) 0.00

HbA1c, mean (SD), %2 7.2 (0.6) 8.11 (1.61) 8.15 (1.85) 0.02
HbA1c, mean (SD), mmol/mol2 55 (6.6) 65 (17.6) 66 (20.2) 0.02
Total cholesterol, mean (SD), mg/dL2 177 (44) 175.21 (45.85) 176.79 (48.86) 0.03
LDL-cholesterol, mean (SD), mg/dL2 95 (36) 88.63 (40.20) 87.49 (42.68) 0.03
eGFR, mean (SD), mL/min/1.73 m22 77 (20) 81.89 (23.92) 83.91 (23.00) 0.09
UACR .30–300 mg/mg, n (%)2 1,281 (21.2) 120 (24.9) 123 (27.9) 0.00
UACR .300 mg/mg, n (%)2 260 (4.3) 48 (10.0) 26 (5.9) 0.03

Post-PSM C-statistic N.A. 0.53**

Follow-up, mean (SD) and median (IQR), days 222 (221); 131 (62, 294)

Control outcomes N events (IR/1,000 PY) N events (IR/1,000 PY) HR (95% CI)

Control end point 1–Severe hypoglycemia
(expected positive association with glimepiride) 60 (4.3) 160 (10.4) 2.38 (1.79–3.13) Ref. = linagliptin

Control end point 2–ESRD (expected null
association with linagliptin) 30 (2.1) 32 (2.1) 1.08 (0.66–1.79) Ref. = glimepiride

ARB, angiotensin receptor blocker; aSt. Diff., absolute standardized difference; eGFR, estimated glomerular filtration rate; IQR, interquartile range;
IR, incidence rate; N.A., not applicable; PY, person-years; Ref., reference. 1Only available in Medicare. 2Only available in commercial data sets for
a 7% subset. *Values,0.1 are considered unlikely to cause anymeaningful confounding. **A postmatching C-statistic of 0.5 indicates perfect balance
across all covariates.
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stroke (HR 0.84 [0.64–1.11]) associated
with the use of linagliptin and with a null
association with all-cause mortality (HR
0.96 [0.79–1.17]), although the availabil-
ity of mortality information varied by
data source (Supplementary Table 5).
Results were largely consistent across
individual databases and in a sensitivity
analysis based on random effects pooling
(HR 0.76 [0.51–1.13]).

CONCLUSIONS

In this cohort study using electronic claims
data, we found evidence of adequate
statistical power, solid confounding con-
trol, and the ability to replicate known
associations for two control outcomes,
which suggests high confidence for ac-
curately predicting results from the
CAROLINA trial before the release of
its findings. Linagliptin was noninferior
to glimepiride and was associated with a
nonsignificant 9% decrease in the risk of
the primary cardiovascular end point.
The results are consistent with a prior

small trial (19) and with noninterven-
tional studies (20,21) that showed a de-
creased risk of cardiovascular events
associated with DPP-4 inhibitors com-
pared with sulfonylureas in younger pa-
tients with lower cardiovascular risk, but
not in patients with higher risk (20).
Because participants in the CAROLINA
trial were on average younger compared
with our pooled study population (64 vs.
70 years), it is possible that an age-
dependent cardiovascular benefit of
linagliptin may be slightly larger in the
trial. This article was submitted to this
journal on 10 January 2019. On 14 Feb-
ruary 2019, Boehringer Ingelheim and Eli
Lilly announced CAROLINA met its pri-
mary end point for 3P-MACE, defined as
noninferiority for linagliptin versus gli-
mepiride in adults with T2D with cardio-
vascular risk (22). Although this press

release points toward an alignment with
our findings, full results of CAROLINA,
expected to be presented in June at the
American Diabetes Association’s 79th
Scientific Sessions, will reveal whether
and to what extent our RWD analysis
succeeded in reproducing the CAROLINA
findings.

Although many questions on the ef-
fectiveness of medications can only be
reliably assessed in the setting of an RCT,
some questions could potentially be re-
liably answered using RWE generated
from nonrandomized database studies,
even in the absence of traditional RCT
evidence (23). Developing a process for
prospectively identifying such settings
and generating RWE that instills high
confidence in its validity is essential if
there will be a role for nonrandomized
studies using RWD in regulatory decision
making (2,11).

This study has limitations. First, re-
sidual confounding by someunmeasured
characteristic(s) cannot be entirely ruled
out, although it is likely to be minor.
Prespecified validity checks confirmed
that the new user–active comparator
design combined with the information-
rich propensity-score adjustment by.120
variables reduced the potential for con-
founding by unmeasured covariates sub-
stantially. This is shown by the balance in
selected laboratory test results, despite
them not having been included in the PS
model (because they were not recorded
in most patients). This multipronged ap-
proach to confounding minimization has
previously shown success in achieving
balance of unmeasured characteristics
when studying oral antidiabetic medi-
cations, including socioeconomic status
(24,25). Prespecified validity checks also
confirmed the study’s ability to replicate
known causal associations for two con-
trol outcomes.

Second, information on mortality var-
ied by database, with complete informa-
tion only in the Medicare fee-for-service
database.

Third, because our study reflected the
use of linagliptin or glimepiride in routine
care, the median follow-up was shorter
compared with most cardiovascular
outcome trials, which have substan-
tial adherence-improvement measures
built-in. Trials generally require long
follow-up to accumulate sufficient events
for powered analyses. The size of our study
population (;50,000 patients) allowed us
to achieve powered analyses even with a
shorter duration of follow-up. Assuming no
time-varying hazards, our shorter-term
findings will be generalizable to longer-
term trial findings.

Fourth, heterogeneity was observed
in the point estimates across the three
databases. This is expected, because
the databases include different popula-
tions with different baseline risks for the
primary outcome, similar to the hetero-
geneity that is observed in the context of
RCTs reporting stratified analyses by
baseline risk. The small number of events
observed in the commercial databases,
particularly in Optum, and the resulting
imprecise point estimates also contrib-
uted to the observed heterogeneity
across databases.

Fifth, this is only the first of a series of
studies aimed to predict the findings of
ongoing trials before their completion,
and thus it does not intend to provide
conclusive evidence regarding the capac-
ity of RWD analyses to succeed or not in
replicating ongoing RCTs.

In conclusion, this large cohort study
specifically designed to predict the find-
ings of the ongoing CAROLINA trial
before its completion found that linaglip-
tin was noninferior to glimepiride regard-
ing combined cardiovascular events. The

Table 3—Primary and secondary outcomes

Linagliptin, n = 24,131 Glimepiride, n = 24,131
N events (IR/1,000 PY) N events (IR/1,000 PY) HR (95% CI) Ref. = glimepiride

Primary composite cardiovascular outcome 373 (26.7) 458 (29.7) 0.91 (0.79–1.05)

Secondary outcomes:
Myocardial infarction 111 (7.9) 142 (9.2) 0.87 (0.68–1.12)
Stroke 90 (6.4) 120 (7.8) 0.84 (0.64–1.11)
All-cause mortality* 186 (15.5) 219 (16.6) 0.96 (0.79–1.17)
All-cause mortality in Medicare fee-for-service 180 (19.5) 211 (20.3) 0.97 (0.79–1.18)

IR, incidence rate; PY, patient-years; Ref., reference. *The availability of mortality information varied by database. Medicare fee-for-service included
complete informationonall-causemortality,MarketScanonly included informationon in-hospital death, andno informationonmortalitywas available
in Clinformatics.
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observed treatment effect, a 9% decrease in
the primary cardiovascular end point asso-
ciated with the initiation of linagliptin, was
compatible with a null finding in a pop-
ulation slightly older than CAROLINA.
Although a press release from CAROLINA
pointed toward an alignment with our
study findings, full results from the trial,
expected in a few months, will reveal
whether and to what extent our RWD
analysis succeeded in predicting the
CAROLINA findings.
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