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OBJECTIVE

The choice of therapy for type 2 diabetes after metformin is guided by overall
estimates of glycemic response and side effects seen in large cohorts. A strati-
fied approach to therapy would aim to improve on this by identifying subgroups
of patients whose glycemic response or risk of side effects differs markedly.
We assessed whether simple clinical characteristics could identify patients
with differing glycemic response and side effects with sulfonylureas and thia-
zolidinediones.

RESEARCH DESIGN AND METHODS

We studied 22,379 patients starting sulfonylurea or thiazolidinedione therapy in the
U.K. Clinical Practice Research Datalink (CPRD) to identify features associated
with increased 1-year HbA1c fall with one therapy class and reduced fall with the
second. We then assessed whether prespecified patient subgroups defined by the
differential clinical factors showed differing 5-year glycemic response and side effects
with sulfonylureas and thiazolidinediones using individual randomized trial data from
ADOPT (A Diabetes Outcome Progression Trial) (first-line therapy, n = 2,725) and
RECORD (Rosiglitazone Evaluated for Cardiovascular Outcomes and Regulation of
Glycemia in Diabetes) (second-line therapy, n = 2,222). Further replication was
conducted using routine clinical data from GoDARTS (Genetics of Diabetes Audit
and Research in Tayside Scotland) (n = 1,977).

RESULTS

In CPRD, male sex and lower BMI were associated with greater glycemic response
with sulfonylureas and a lesser response with thiazolidinediones (both P < 0.001).
In ADOPT and RECORD, nonobese males had a greater overall HbA1c reduction with
sulfonylureas than with thiazolidinediones (P < 0.001); in contrast, obese females
had a greater HbA1c reduction with thiazolidinediones than with sulfonylureas
(P < 0.001). Weight gain and edema risk with thiazolidinediones were greatest in
obese females; however, hypoglycemia risk with sulfonylureas was similar across
all subgroups.

CONCLUSIONS

Patient subgroups defined by sex and BMI have different patterns of benefits and
risks on thiazolidinedione and sulfonylurea therapy. Subgroup-specific estimates
can inform discussion about the choice of therapy after metformin for an individ-
ual patient. Our approach using routine and shared trial data provides a framework
for future stratification research in type 2 diabetes.
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Limited guidance is available in type 2
diabetes to help clinicians and patients
choose between the different glucose-
lowering therapy options recommended
aftermetformin (1–3). Guidelines suggest
a discussion of the benefits, adverse effects,
and costs of therapy to select the most
appropriate medication for a particular
patient (1). Estimates of important clinical
outcomes, such as HbA1c, weight change,
and risk of side effects, are at present
derived from whole trial populations,
and a key question is whether they vary
across patient subgroups defined by sim-
ple characteristics (1). If estimates do
vary by simple characteristics, this may
provide a starting point for a stratified
approach in type 2 diabetes of “targeting
treatment according to the biological or
risk characteristics shared by patients” (4).
Sulfonylureas and thiazolidinediones

are recommended second- and third-
line therapy options in all major type 2 di-
abetes guidelines (1,2). They represented
50% of new second-line prescriptions in
2016 in the U.S. (sulfonylureas, 46%; thia-
zolidinediones, 4%) (5). As the only generic
oral agents, they are more than 10-fold
cheaper than the common alternatives
dipeptidyl peptidase 4 (DPP-4) inhibitors
and sodium–glucose cotransporter 2 (SGLT-
2) inhibitors (1,6). Glycemic response,
weight change, and common side effects
have been well described in whole trial
populations for both therapies (7–11). Dif-
ferences in glycemic response by sex and
BMI with thiazolidinediones and sulfo-
nylureas have been previously suggested
in observational studies (12,13), but
no study has systematically compared
whether the benefits and risks of these
therapies vary across subgroups defined
by simple clinical patient characteristics.
Sulfonylureas and thiazolidinediones

have, in contrast to newer therapies,
been evaluated head-to-head in two
long-term, randomized trials, ADOPT (A
Diabetes Outcome Progression Trial) and
RECORD (Rosiglitazone Evaluated for
Cardiovascular Outcomes and Regulation
of Glycaemia in Diabetes) (7,14). ADOPT
showed there was a greater durability of
response up to 5 years with the thiazo-
lidinedione rosiglitazone compared with
the sulfonylurea glyburide or metfor-
min (7). The full individual participant
data of both trials are now available
through ClinicalStudyDataRequest.com
(15), and how to improve the output of
secondary research projects using such

shared trial data sets is currently being
debated (16). In this study, we present a
practical and cost-effective framework for
stratification research using shared trial
data sets alongside routine clinical data.
We applied this framework to systemat-
ically evaluate whether simple clinical
patient characteristics can be used to
stratify therapy with sulfonylureas and
thiazolidinediones.

RESEARCH DESIGN AND METHODS

Framework for Stratification Research
In discovery analysis, we explored rou-
tine clinical data to identify simple char-
acteristics associated with glycemic
response to sulfonylureas and thiazoli-
dinediones and used the results to define
patient subgroups likely to show differ-
ential response. In validation analysis, we
evaluated differences in response within
subgroups as a prespecified hypothesis
in ADOPT and RECORD, the two largest
head-to-head randomized trials of sul-
fonylureas and thiazolidinediones avail-
able via ClinicalStudyDataRequest.com
(7,9,14,17,18). We also evaluated the
secondary outcomes of weight change
and risk of the common side effects of
hypoglycemia, edema, and fracture
within each subgroup (see Supplemen-
tary Fig. 1 for our framework for strat-
ification research using routine clinical
and shared trial data).

Data Sets
We analyzed four data sets. Due to the
large sample size, discovery analysis was
conducted in routine clinical data from
U.K. Clinical Practice Research Datalink
(CPRD), with validation in trial data sets
(ADOPT and RECORD) and a further rou-
tine clinical data set from GoDARTS (Ge-
netics of Diabetes Audit and Research in
Tayside Scotland). Scientific approval for
the use of CPRD data was granted by the
CPRD Independent Scientific Advisory Com-
mittee (ISAC 13_177R), and permission
to use theGoDARTS datawas granted by
the East of Scotland Regional Ethics Com-
mittee (09/21402/44). Data for the ADOPT
and RECORD trials were accessed through
the Clinical Trial Data Transparency Por-
tal under approval from GlaxoSmithKline
(Proposal 930).

CPRD

CPRD is the world’s largest database
of anonymized primary care electronic
health records (19). Our study protocol
for CPRD data ascertainment has been

previously reported (20). We studied
22,379 noninsulin-treated patients with
type 2 diabetes and prescription records
for a sulfonylurea or thiazolidinedione
from the February 2014 build of CPRD
(see Supplementary Data for CPRD
product codes). We included patients
with a duration of diabetes of more
than 1 year (to minimize effect of life-
style change after diagnosis) and at least
1 year on therapy without change in
coprescribed glucose-lowering therapy
(see Supplementary Fig. 2 for CPRD pa-
tient flow diagram) (20).

ADOPT and RECORD Trials

ADOPT and RECORD were prospective
type 2 diabetes trials over at least 5
years of, respectively, glycemic durabil-
ity and cardiovascular outcomes, in
participants randomized to thiazolidine-
dione, sulfonylurea, or metformin ther-
apy (7,9,14,17,18). InADOPT, we included
participants in the intention-to-treat
population with a valid baseline BMI ran-
domized to sulfonylurea (glibenclamide)
or thiazolidinedione (rosiglitazone) ther-
apy (n = 2,725). In RECORD, we included
participants in the intention-to-treat pop-
ulation on background metformin random-
ized to sulfonylurea (glibenclamide [18%],
gliclazide [30%], or glimepiride [52%],
according to local practice) or thiazolidi-
nedione (rosiglitazone) add-on therapy
(n = 2,222).

GoDARTS

GoDARTS contains information from the
medical records of 18,276 people resi-
dent in eastern Scotland. We examined
1,977 patients with type 2 diabetes and
valid prescription records for a sulfonyl-
urea or thiazolidinedione.

AnalysisdData Extraction and
Definitions

CPRDdDiscovery Analysis

The primary outcome was 1-year glyce-
mic response inpatients starting therapy
with a sulfonylurea (any) or thiazolidi-
nedione (pioglitazone or rosiglitazone)
for the first time.

We extracted HbA1c at therapy start
and at 1 year to calculate initial HbA1c
response (1-year HbA1c – baseline HbA1c)
(see Supplementary Data for CRPD HbA1c
codes) and baseline clinical character-
istics of sex, BMI, age at diagnosis,
duration of diabetes, and estimated glo-
merular filtration rate (eGFR) (20). Base-
line HbA1c was defined as the closest
HbA1c to the drug start date in the 91 days
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before the drug start date, and 1-year
HbA1c was defined as the closest HbA1c
to1yearafterdrugstartdate(63months).
HbA1c response was only valid if there
were no changes to diabetes medica-
tions between 60 days before the base-
line HbA1c and the date of the 1-year
HbA1c (20). No adjustment was made
for dose. To evaluate the secondary out-
comes of long-term response and side
effects, we extracted measures of body
weight, HbA1c, and records of fracture
and edema (see Supplementary Data for
CPRD fracture and edema codes) over 5
years from the start of therapy. Patients
with a fracture or edema record in the
2 years before the drug start date were
excluded from fracture and edema anal-
yses. We defined adherence as a medi-
cation possession ratio (the number of
days of available medication divided by
the number of days between the first
and last prescription dates, multiplied
by 100). Due to the association between
adherence and response (21), only pa-
tients issued sufficient prescriptions
(medical possession ratio of between 80%
and 120%) were included in analysis.

ADOPT and RECORD TrialsdValidation

Analysis

Weused individual participant data from
the trials to validate initial findings in
CPRD. Based on the CPRD results, we
prespecified four subgroups defined by
sex and obesity (BMI $30 kg/m2).
For each subgroup we compared av-
erage glycemic response by therapy
over 5 years as the difference in area
under the HbA1c response curve. This is
equivalent to the time-updated HbA1c
measure used in the UK Prospective
Diabetes Study outcomes model (22).
At years 1, 3, and 5, we also estimated
the difference between therapies in av-
erage glycemic response. We assessed
annual weight change (percentage
change from baseline) using the same
approach. We also compared durability
of response by therapy as measured by
time to therapy failure. Failure was de-
fined as in the original trials (ADOPT:
confirmed fasting plasma glucose $180
mg/dL;RECORD:confirmedHbA1c$8.5%).
To evaluate side effects over 5 years,
we estimated the on-therapy risk of
fracture (any), clinically determined
peripheral edema (all events, moderate/
severe events [as defined in the original
trials as sufficient to, respectively, interfere

with or prevent normal everyday activi-
ties]), and clinically determined hypogly-
cemia (all, moderate/severe as defined
in the original trials) (9,17). In ADOPT we
excluded patients with a history of edema
from edema analysis; in RECORD history
of edema was not available.

GoDARTS

We evaluated average glycemic response
by therapy over 5 years using the same
approach used for CPRD.

Statistical Analysis

Short-Term Response: CPRD

We assessed associations between base-
line clinical characteristics (BMI, sex, age
at diagnosis, duration of diabetes, eGFR)
and 1-year glycemic response in linear
regression models. A series of baseline
HbA1c-adjusted models examined each
clinical characteristic in turn, separately
for each therapy (23). We conducted a
complete case analysis for each variable
of interest, including all patients with
valid data even if they had missing data
for other clinical characteristics. Diagnos-
tic plots of residuals were examined to
check that model assumptions were
met. Based on the initial analysis, we de-
fined four subgroups by sex and obesity
(BMI .30 vs. BMI #30 kg/m2) and for
each therapy calculated baseline HbA1c-
adjusted least square mean estimates of
1-year response for each subgroup. To
test for an overall effect of heteroge-
neity by sex and obesity subgroup, we
used a likelihood ratio test to compare a
model with a drug-subgroup interaction
with a nested model without an inter-
action term.

Long-term Response,Weight Gain, and Side

Effects: Trial Data

We compared how each outcome was
altered by therapy in each subgroup
separately. We conducted response
and weight change analysis in each trial
separately but pooled the data for side
effects to increase study power. To es-
timate glycemic response over time,
we fitted baseline-adjusted repeated
measures mixed-effect models using
on-therapy HbA1c values at each study
visit (n = 22 ADOPT, n = 19 RECORD) up to
5 years, including fixed effects for study
visit, baseline HbA1c, therapy, visit by
therapy interaction, and visit by baseline
HbA1c interaction, and patient-level ran-
dom effects with an unstructured co-
variance matrix. Missing on-therapy
HbA1c records were assumed to be

missing at random. We calculated point
estimates and 95% CIs for the difference
in average glycemic response by therapy
at years 1, 3, and 5 through contrasts
of least squares mean HbA1c change.
We tested for an overall effect of het-
erogeneity by subgroup using the same
interaction test as in CPRD. Weight
change was modeled using the same
approach.

To measure the net difference in HbA1c
response between therapies, we calcu-
lated the cumulative area under the
HbA1c response curve (AUC) for each par-
ticipant at every study visit using the
trapezoidal rule. Participant AUC was
then used as the outcome in repeated
measures mixed-effects models of the
same structure as for glycemic response.
A least squares mean point estimate (95%
CI) was calculated at year 5 to contrast
overall response by therapy.

Time to therapy failure and side effects
were estimated using the Kaplan-Meier
method and Cox proportional hazards re-
gression. Proportional hazards assump-
tions were evaluated using Schoenfeld
residuals and were satisfied for all anal-
yses. For each side effect, the hazard ratio
contrasting thiazolidinedione therapy with
sulfonylurea therapy was estimated for
each subgroup using an individual partic-
ipantmeta-analysisofdata frombothtrials.

Long-term Response,Weight Gain, and Side

Effects: CPRD

We replicated analyses in CPRD using the
same models as described above for all
outcomes except hypoglycemia, which is
poorly captured in primary care records.
For analysis of long-term HbA1c response,
we extracted all HbA1c records between
60 days before the drug start date up to
5 years after the drug start date while on
unchanged therapy. HbA1c records were
categorized to 3-month intervals (near-
est HbA1c record61.5months) to enable
comparison with the trials. Where data
points were missing, results were inter-
polated to ensure each time point re-
flected the same population of patients.
The same approach was used for weight
change, but with weights extracted at
6-month intervals (63 months). For
time-to-failure analysis, therapy failure
was defined as two consecutive HbA1c
measures $8.5% or one HbA1c $8.5%,
followed by the addition of another
therapy (the same definition of glyce-
mic failure used in RECORD). Data were
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censored if prescription records ended
before a change in therapy.We excluded
patients with changes to diabetes ther-
apy without a prior HbA1c$8.5% because
these changes were unlikely to relate to
glycemic failure.
CPRD data extraction was conducted

using Stata 13.0 software. All other anal-
yses were conducted using R software.

RESULTS

Routine Clinical Data: Sex and Obesity
Are Associated With Differential
GlycemicResponseWithSulfonylureas
and Thiazolidinediones
In CPRD, we examined clinical factors as-
sociated with 1-year glycemic response
among 22,379 eligible patients (10,960
with thiazolidinedione, 11,419 with sul-
fonylurea) (see Supplementary Table
1 for baseline characteristics). Sex and
BMI showed the greatest differential re-
sponse to therapy (Supplementary Fig.
3). Compared with males, females had
a greater response with thiazolidinediones
but a lesser response with sulfonylureas
(both P , 0.001). Higher BMI was asso-
ciated with greater response with thia-
zolidinediones but a lesser response with
sulfonylureas (bothP,0.001).Older age
at diagnosis and lower eGFR were asso-
ciated with a greater response to both
therapies, and there was greater re-
sponse to thiazolidinediones with shorter
diabetes duration and greater response
to sulfonylureas with longer diabetes

duration andhigherHDL (Supplementary
Fig. 3).

As sex and BMI showed the greatest
differential response, we specified four
subgroups defined by sex and obesity
(BMI.30 vs. BMI#30 kg/m2) for use in
subsequent analysis. We found evidence
ofheterogeneity of response by subgroup
(P , 0.001). Figure 1 shows 1-year gly-
cemic response by therapy for the four
subgroups. Nonobesemales had a greater
1-year response with sulfonylureas than
with thiazolidinediones (baseline ad-
justed change in HbA1c 213.2 vs. 29.7
mmol/mol, P , 0.001), whereas obese
females had a greater 1-year response
with thiazolidinediones than with sulfo-
nylureas (213.8 vs.29.4 mmol/mol, P,
0.001). Obese males and nonobese fe-
males showed similar responses with
both therapies (both P = 0.6). Results
were consistent for pioglitazone and rosi-
glitazone when analyzed separately and
for gliclazide and non-gliclazide sulfonyl-
ureas (Supplementary Fig. 4).

Trial Data: Nonobese Males Have
Greater Glycemic Response With
Sulfonylureas, Obese Females With
Thiazolidinediones
We went on to assess whether the
sex- and obesity-defined subgroups also
showed differential response when ran-
domly allocated to therapy in the ADOPT
(n = 2,725) and RECORD (n = 2,222) trials.
Randomization resulted in well-matched
patients for each therapy within each

subgroup (see Supplementary Tables 2
and 3 for baseline characteristics). There
were marked differences in response
with both therapies in the four sub-
groups, with a clear similarity between
the two trials (test for heterogeneity in
ADOPT and RECORD both P , 0.001)
(Fig. 2A and B). Over 5 years there was
a greater overall glycemic response for
nonobese males with sulfonylureas
(both trials P , 0.001), relating to the
greater earlier benefit with sulfonylureas
over thiazolidinediones that persisted
beyond 2 years in both trials. In contrast,
there was a greater overall glycemic re-
sponse for obese females with thiazoli-
dinediones over sulfonylureas (both trials
P , 0.001), and there was little early
benefit with sulfonylureas.

Trial Data: Absolute Risk of Therapy
Failure Differs Markedly by Subgroup
We assessed the risk of monotherapy
failure in ADOPT and dual-therapy failure
in RECORD. In both trials, there was no
difference in the 5-year risk of failure
on the two therapies for nonobese males,
but all other subgroups were less likely to
fail with thiazolidinediones than with sul-
fonylureas (hazard ratios 0.23–0.72, test
for heterogeneity ADOPT P , 0.001 and
RECORD P = 0.01) (Table 1 and Supple-
mentary Figs. 5 and 6). In ADOPT, risk
of monotherapy failure at 5 years with
thiazolidinediones was lower for obese
females (11%) than for nonobese males
(22%), whereas with sulfonylureas failure
risk was lower for nonobese males (22%)
than for obese females (42%) (Table 1).

Trial Data: Increased Risk of Weight
Gain and Edema With
Thiazolidinediones for All Subgroups
Weight was increased for all subgroups
with thiazolidinediones compared with
sulfonylureas, but this was much more
marked in obese females (Fig. 2C and Sup-
plementary Fig. 7). Edemawasmore com-
mon with thiazolidinediones than with
sulfonylureas for all subgroups. This re-
sulted in the largest difference in absolute
risk for obese females, whoaremost likely
to develop edema regardless of therapy
(Table 2 and Supplementary Fig. 8).

Trial Data: Increased Risk of Fracture
With Thiazolidinediones Only for
Females
Fracture was more common with thiazo-
lidinediones compared with sulfonylureas
but only for females. Absolute risk was

Figure 1—CPRD: 1-year glycemic response (baseline adjusted change in HbA1c) with thiazoli-
dinediones (TZD) and sulfonylureas (SU)by sex- andobesity-defined subgroup.Data arepresented
as least squaremeans adjusted for baseline HbA1c6 95% CI. A reduction (improvement) in HbA1c
is represented as a negative value.
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similar for obese and nonobese females
(Table 2 and Supplementary Fig. 9).

Trial Data: Increased Risk of
Hypoglycemia With Sulfonylureas for
All Subgroups
Sulfonylureas, compared with thiazoli-
dinediones, increased the risk of moderate/
severe hypoglycemia for all subgroups
(Table 2 and Supplementary Fig. 10). Haz-
ard ratios for hypoglycemia of any severity
were consistent with those for moderate/
severe events (Supplementary Tables 4
and 5). The differences between therapies
for all side effects when the trials were
analyzed separately were similar (Sup-
plementary Tables 4 and 5).

Routine Clinical Data: Results for
Long-term Glycemic Response, Time
to Failure, and Side Effects
Were Consistent With Trial Data
In CPRD and GoDARTS (see Supple-
mentary Table 6 for GoDARTS baseline

characteristics), 5-year glycemic response
results were consistent with the trials
(Supplementary Figs. 11 and 16). In CPRD,
differences by therapy in time to failure
were similar to the trials, although ab-
solute failure rates were higher (Supple-
mentaryFig.12).Weight gain, edema,and
fracture results in CPRDwere comparable
to trial data (Supplementary Figs. 13–15).

Summary of Results
Subgroup data summaries of glycemic
response, weight change, and risk of side
effectsestimates specific toeachsex- and
obesity-defined subgroup are provided
in the Supplementary Data.

CONCLUSIONS

Stratification of Therapy With
Sulfonylureas and Thiazolidinediones
Is Possible Using Sex and BMI
We have robustly demonstrated across
four data sets that sex and BMI alter the

benefits and risks of type 2 diabetes
therapy with sulfonylureas and thiazoli-
dinediones. We show in nonobesemales
the glycemic response with sulfonylureas
is better on average in the first 5 years
than on thiazolidinediones, without ex-
cess weight gain but with an increased
risk of hypoglycemia. For obese females,
there is a clear glycemic benefit over the
first 5 years with thiazolidinediones com-
pared with sulfonylureas, but there is
increased weight gain and susceptibility
to edema and fracture. Our findings will
allow for much more informed discus-
sion of the benefits and risks of these
therapies than the present “one size fits
all” approach (see the Subgroup Data
Summary in the Supplementary Data
for estimates specific to each sex- and
obesity-defined subgroup).

Our results provide the first exam-
ple of stratification of therapy in type
2 diabetes based on simple patient

Figure 2—Five-yearglycemic response (change frombaseline inHbA1c) andweight change (percentagechange frombaseline)with thiazolidinediones (TZD)and
sulfonylureas (SU) by sex- and obesity-defined subgroup. Data are presented as means 6 SE at each study visit from mixed-effects models. A reduction
(improvement) inHbA1c is represented as anegative value. ForAUCand treatment difference estimates, positive values favor SUandnegative values favor TZD.
ForRECORDweight changedata, seeSupplementaryFig.7.A:ADOPTtrial: absoluteglycemic response (mmol/mol).B: RECORDtrial: absoluteglycemic response
(mmol/mol). C: ADOPT trial: weight change from baseline (%).
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characteristics (24). A recent data-driven
cluster analysis proposed five subgroups
of diabetes with differing disease pro-
gression and risk of complications but
did not evaluate whether subgroups dif-
fered in their response to therapy (25).
To date, successful stratification in other
conditions has involved expensive genetic
testing, as applied in cancer and single-
gene diseases such as monogenic diabe-
tes (26,27). Expensive testing is unlikely
to become practical or justified in type
2 diabetes, a highly prevalent condition
treated with relatively inexpensive ther-
apy. Type 2 diabetes genetic studies have
identified polymorphisms associated with
drug response, but the impact of these,
at present, is too small to guide clinical
management, in contrast to our results
(28–32).

A Framework for Stratification
Research Using Shared Trial Data
Alongside Routine Clinical Data
This study is an early and important dem-
onstration of how shared trial data can
be harnessed to meaningfully benefit

patients (16). We propose a novel and
cost-effective framework to use shared
trial data in stratification research. Our
framework can be applied to study other
type 2 diabetes therapies and to study
stratification inother chronic conditions. It
has great potential to improve the out-
put of future studies using shared trial
data.

Comparison With Previous Studies
Although no existing studies have sys-
tematically assessed whether both the
benefits and risks of these two therapies
are altered by clinical characteristics,
previous analyses have suggested sex
and BMI are associated with glycemic
response to both therapies. In ADOPT,
the risk of therapy failure was lower for
obese and female subgroups with thia-
zolidinediones compared with sulfonyl-
ureas, but an interaction was not tested
for and the difference in glycemic tra-
jectory was not examined (7). Observa-
tional studies have found increased
glycemic response for obese female pa-
tients with thiazolidinediones and for

male patients with sulfonylureas (12,13),
but the effect of this in terms of strati-
fication has not been assessed. We pre-
viously showed that markers of insulin
resistance, including BMI, are associated
with reduced glycemic response to DPP-4
inhibitors but not glucagon-like peptide
1 (GLP-1) receptor agonists (33,34), but ev-
idence for other agents is limited (35,36).

Previous studies have also found sex
and BMI alter the risk of side effects. The
increase in fracture risk with thiazoli-
dinediones applies mainly to postmen-
opausal females and is consistent within
trials (10,11,14,37). We found hypogly-
cemia riskwith sulfonylureaswas similar
across subgroups even though glyce-
mic response differed, and this needs
further investigation. Although our study
shows the absolute risk of edema with
thiazolidinediones was highest in the
obese female subgroup that had the
greatest response, further study is re-
quired to fully evaluate the association be-
tween glycemic response and the risk of
common side effects for these therapies.

Figure 2—Continued.
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Limitations
Our study has limitations. The results do
not allow prediction at an individual
level; however, we present subgroup
estimates that will better reflect the
likely outcome for an individual patient
within that subgroup than outcome
estimates derived from whole trial pop-
ulations. Rosiglitazone, the thiazolidine-
dione used in both trials analyzed in our
study, has been withdrawn in many
countries because of concerns over car-
diovascular safety (38). Routine clinical
data support a thiazolidinedione class
effect of differential response by sex
and obesity, but trial data were not
made available to repeat our analysis
for pioglitazone. Previous meta-analyses
suggest that the risks of edema and
fracture are similar with both drugs,
further supporting the generalizability
of our findings to pioglitazone (37,39).
For sulfonylureas, a similar pattern of
results was observed in ADOPT (gliben-
clamide), RECORD (52% glimepiride,
30% gliclazide, and 18% glibenclamide),

and routine clinical data (including a
gliclazide-only analysis), supporting a
sulfonylurea class effect. For the 1-year
glycemic response analysis in CPRD,
we excluded nonadherent patients and
those whose antihyperglycemic ther-
apy was altered (potentially due to
poor response, a very good response,
or poor tolerance) within the first year,
and this could have accounted for the
differences we observed when compar-
ing sulfonylurea and thiazolidinedione
therapy. However, we saw a similar pat-
tern of glycemic response differences
using time-to-failure and mixed-effect
models, both of which included all pa-
tients with at least one on-therapy HbA1c
measure for up to 5 years. The CPRD
time-to-failure analysis was also limited
because patients whose treatment was
intensified below the HbA1c failure
threshold of 8.5% were censored rather
than defined as experiencing therapy
failure.

A strength of the CPRD analysis is
the demonstration of consistent results

with all three analytical approaches, each
with its own strengths and weaknesses.
Measured or unmeasured baseline dif-
ferences between patients could have
explained findings in the routine data but
are very unlikely to explain the differ-
ences we observed in the randomized
clinical trials, further highlighting the
strength of our study design. More
than 90% of patients in the data sets
studied were white Caucasian, limiting
the applicability of our findings to other
racial groups, a common problem with
trials in type 2 diabetes. Additional data
would be required to answer whether
there are differences in patients of South
Asian, Hispanic, or black origin, where fat
distribution can be markedly different
and a different obesity cutoff may be
appropriate (40).

The ideal stratified approach would be
based on cardiovascular end points rather
than the intermediary measure of glyce-
mic response. In this analysis, we were
underpowered to detect differences for
cardiovascular outcomes in RECORD (the

Figure 2—Continued.
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primary trial analysis showed no differ-
ence between rosiglitazone and sulfonyl-
ureas or metformin) or rarer adverse
effects such as heart failure (14). Given
that the two recent trials demonstrating
cardiovascular benefits with SGLT2 in-
hibitors and GLP-1 receptors agonists
each required more than 7,000 high-risk
participants (41,42), it may be that im-
practically large trials are required for
stratification of cardiovascular end points.

Future Research
Evaluation of the risks and benefits of
newer therapies, such as DPP-4 in-
hibitors, SGLT2 inhibitors, and GLP-1
receptor agonists, will require routine
clinical data from large numbers of pa-
tients alongside shared head-to-head
drug trial data and will be possible in
the near future. Given the greater expense

of newer therapies, cost-effectiveness
evaluation will be necessary in this work.
The ongoing Glycemia Reduction Ap-
proaches in Diabetes: A Comparative
Effectiveness Study (GRADE) will give
important long-termhead-to-head com-
parativeeffectivenessdataon second-line
treatment with insulin, DPP-4 inhibitor,
GLP-1 receptor agonist, and sulfonylurea
therapy (43).

Further mechanistic studies are re-
quired to interrogate the mechanisms
underlying differential response to
sulfonylureas and thiazolidinediones.
Thiazolidinediones act through the
adipocyte, and so any increase in the
number of adipocytes is likely to improve
glycemic response. This provides a po-
tential explanation for our findings, be-
cause females, compared with males,

have a higher whole-body percentage
fat mass and thus have more adipocytes,
and obese subjects have more adipo-
cytes than nonobese subjects (44). The
reduced insulin sensitivity seen in obe-
sity is likely to explain the reduced
response to sulfonylureas that predomi-
nantly stimulate insulin secretion by the
b-cell. The consistently better response
seen in males to sulfonylureas was un-
expected, and further studies are re-
quired to define the mechanism of this
observation.

Clinical Implications
The sex and obesity subgroup–specific
estimates presented in this study will
allow a much more informed discus-
sion between clinicians and patients of
the benefits and risks of sulfonylureas
and thiazolidinediones, at no cost. We

Table 2—Risk of side effects over 5 years with thiazolidinediones and sulfonylureas in ADOPT and RECORD combined by
sex- and obesity-defined subgroup

Side effect

Patients (n) Events (n) Absolute 5-year risk (%)
Hazard ratio (95% CI)

P valueTZD SU TZD SU TZD SU (TZD vs. SU)

Nonobese males
Edema (moderate/severe) 607 620 13 4 3 1 3.57 (1.16–10.94) 0.03
Fracture (all) 613 623 26 18 7 4 1.59 (0.87–2.89) 0.16
Hypoglycemia (moderate/severe) 613 623 14 90 3 16 0.15 (0.09–0.27) ,0.001

Obese males
Edema (moderate/severe) 740 719 37 16 7 3 2.45 (1.34–4.47) ,0.01
Fracture (all) 763 743 30 28 6 5 1.02 (0.61–1.71) 0.94
Hypoglycemia (moderate/severe) 763 743 13 70 2 11 0.17 (0.09–0.31) ,0.001

Nonobese females
Edema (moderate/severe) 340 293 13 5 5 2 2.10 (0.75–5.89) 0.16
Fracture (all) 345 301 31 8 14 3 3.15 (1.45–6.87) ,0.01
Hypoglycemia (moderate/severe) 345 301 10 44 4 17 0.17 (0.09–0.35) ,0.001

Obese females
Edema (moderate/severe) 749 746 60 25 10 5 2.16 (1.35–3.45) ,0.01
Fracture (all) 786 773 77 33 14 6 2.14 (1.42–3.23) ,0.001
Hypoglycemia (moderate/severe) 786 773 18 83 3 13 0.19 (0.11–0.31) ,0.001

SU, sulfonylureas; TZD, thiazolidinediones.

Table 1—Risk of glycemic failure with thiazolidinediones and sulfonylureas in ADOPT and RECORD by sex- and obesity-defined
subgroup

Patients (n) Events (n) Absolute 5-year risk (%)
Hazard ratio (95% CI)

P valueTZD SU TZD SU TZD SU (TZD vs. SU)

ADOPT monotherapy failure
Nonobese males 373 395 47 63 21.7 21.9 0.78 (0.54–1.14) 0.21
Obese males 402 387 44 108 15.0 43.8 0.32 (0.23–0.46) ,0.001
Nonobese females 208 174 16 34 10.9 31.5 0.34 (0.19–0.62) ,0.001
Obese females 407 379 31 93 11.6 42.2 0.23 (0.16–0.35) ,0.001

RECORD dual-therapy failure
Nonobese males 240 228 66 70 33.6 34.0 1.00 (0.72–1.40) 0.94
Obese males 361 356 92 132 30.7 41.4 0.72 (0.55–0.94) 0.02
Nonobese females 137 127 26 45 20.7 38.8 0.52 (0.32–0.84) 0.01
Obese females 379 394 72 142 22.7 40.5 0.52 (0.38–0.68) ,0.001

Failure was defined according to original trial protocol: ADOPT trial (monotherapy), defined as fasting plasma glucose $180 mg/dL; RECORD (dual
therapy with metformin), defined as HbA1c $8.5%. SU, sulfonylureas; TZD, thiazolidinediones.
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recommend this discussion with an indi-
vidual patient be based around the
appropriate sex and obesity subgroup–
specific estimates presented for the two
therapies in the Subgroup Data Summary
in the Supplementary Data. Whether
this alters a decision on therapy will
depend on the individual circumstances
of the patient, because the trade-off
between early response, long-term du-
rability, and risk of side effects will be
different.

Conclusion
Simple patient characteristics alter the
benefits and risks of type 2 diabetes
therapy with sulfonylureas and thiazoli-
dinediones. Our novel and practical frame-
work for stratification research can be
applied in type 2 diabetes and other chro-
nic conditions and has great potential to
improve output from future studies using
shared trial data.
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