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OBJECTIVE

Gestational diabetes mellitus complicates ����6% of pregnancies and strongly pre-
dicts subsequent type 2 diabetes. It has not been fully elucidated how risk
depends on the number of affected pregnancies or how long the excess risk
persists.

RESEARCH DESIGN AND METHODS

We assessed reproductive histories in relation to risk of type 2 diabetes using a
nationwide cohort of 50,884 women. Among participants who initially did not
have diabetes, 3,370 were diagnosed with diabetes during 10 years of follow-up.
We used Cox proportional hazards models that allowed risk to depend on age,
cumulative number of pregnancies with gestational diabetes mellitus, and time
since the most recent affected pregnancy, adjusting for BMI, educational level,
and race/ethnicity.

RESULTS

History of one or more pregnancies with gestational diabetes mellitus predicted
elevated age-specific risk of type 2 diabetes, with a hazard ratio of 3.87 (95% CI
2.60–5.75) 6–15 years after an affected pregnancy. Risk increased steeply with
multiple affected pregnancies. The age-specific associations attenuated over time
after an affected pregnancy, with an estimated 24% reduction of the hazard ratio
per decade. Risk remained elevated, however, for >35 years.

CONCLUSIONS

Gestational diabetes mellitus predicted markedly increased rates of type 2 diabe-
tes. Relative risk increased substantially with each additional affected pregnancy.
The estimated hazard ratio declined with time after a pregnancy with gestational
diabetes mellitus but remained elevated for >35 years.Women recalling a history
of gestational diabetes mellitus should be screened regularly for type 2 diabetes,
even late in life.

Gestational diabetes mellitus (GDM) is defined as hyperglycemia with onset during
the second or third trimester of pregnancy in women without a previous diagnosis
of non-GDM (1). The estimated per-pregnancy rates of GDM range from 4.6 to
9.2%, depending on the diagnosis strategy and data source (2).

GDM is believed to typically be a result of pancreatic b-cell dysfunction in
women with preexisting insulin resistance (3). These deficiencies can progress,
which increases a woman’s risk of developing type 2 diabetes after pregnancy (4).
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A meta-analysis on this topic estimated
that the risk for type 2 diabetes among
women with GDM was 10-fold elevated
(relative risk 9.51, 95% CI 7.41–12.67)
compared with women with a normo-
glycemic pregnancy (5). Based on this
evidence, a diagnosis of GDM during
pregnancy may expose an underlying
susceptibility to type 2 diabetes and
function as a harbinger of future dis-
ease risk. This susceptibility is unsurpris-
ing since GDM shares risk factors with
type 2 diabetes, such as an elevated
BMI (6), that tend to persist or worsen
in subsequent pregnancies. Since the
risk of GDM recurrence increases (7) if a
woman experiences more than one
pregnancy with GDM, it is plausible that
risk of type 2 diabetes would also
increase after multiple affected preg-
nancies.
Type 2 diabetes is a global problem,

affecting an estimated 463 million adults
worldwide (8). Epidemiological evidence
suggests that it can be prevented or
delayed if appropriate interventions are
implemented among people at high risk
(9–11). Women affected by GDM during
pregnancy comprise an easily identifiable
population that could potentially benefit
from early preventive lifestyle interven-
tions. Therefore, it is of great public
health importance to identify women at
greatest risk of developing type 2 diabe-
tes following a pregnancy with GDM and
to study the persistence of this risk over
time. In turn, knowing the persistence of
risk could clarify how long women and
physicians should pay special attention
to diabetes screening postpartum. Con-
sequently, the main objectives of this
study are to 1) evaluate how the risk of
type 2 diabetes varies with BMI and the
cumulative number of pregnancies af-
fected by GDM and 2) investigate how
the age-specific relative risk of type 2
diabetes changes over time after a GDM
diagnosis.

RESEARCH DESIGN AND METHODS

Study Population
The Sister Study (12) is a prospective
observational cohort study that investi-
gates environmental and genetic contribu-
tors to breast cancer and other health
conditions. Between 2003 and 2009, the
study enrolled 50,884 women aged 35–74
years who resided in the U.S., including
Puerto Rico. Each participant had never

been diagnosed with breast cancer but
had a full or half-sister with a history of
breast cancer. At enrollment, participants
completed a computer-assisted telephone
interview that ascertained sociodemogra-
phic and lifestyle characteristics, environ-
mental exposures, and reproductive and
medical history, including history of GDM
and type 2 diabetes. Trained examiners
collected blood samples, obtained written
informed consent, and took anthropomet-
ric and blood pressure measurements.
The study is overseen by the institutional
review board of the National Institutes of
Health (Bethesda, MD).

Enrolled women complete brief health
updates annually (about recent diagnoses),
with response rates of �90% throughout
follow-up. Women in the Sister Study
cohort had a mean age of 55 years at
enrollment. We excluded 3 women who
withdrew from the study and 57 who
reported breast cancer before completing
enrollment (and were therefore ineligible).
Additionally, 822 women provided incon-
sistent information about their type 2 dia-
betes status. We considered these women
to be prevalent cases (n 5 160) if they
self-reported taking one or more type 2
diabetes–specific medications (insulin,
metformin, and/or oral nonbiguanide
medications), and incident cases (n 5
103) if they reported using these med-
ications after enrollment only. We
excluded two women for whom we
could not infer timing of their type 2
diabetes diagnosis. The remaining 557
were considered to not have diabetes
at enrollment. A total of 3,222 women
who had diabetes at enrollment were
excluded, and 129 women who reported
having been pregnant but did not report
GDM were excluded. The final analytical
sample was 47,471 women. Of note,
although the Sister Study comprises a
cohort of women with a family history
of breast cancer, there was no overall
association between type 2 diabetes and
breast cancer in this cohort (13).

Exposure, Outcome, and Covariate
Assessment
Information on participants’ history of
GDM was ascertained at enrollment. For
each of their pregnancies, participants
were asked whether they had had preg-
nancy-related diabetes or an abnormal
glucose tolerance test during the preg-
nancy (which was coded as GDM). Preg-
nant women were only categorized as

having GDM if they reported no history
of any nonpregnant diabetes before-
hand. Although the follow-up question-
naires asked about pregnancies that
occurred after enrollment, we did not
ascertain GDM status for those pregnan-
cies. A total of 514 pregnancies (<1%)
occurred after study enrollment.

We assessed the risk of type 2 diabe-
tes (n 5 3,370 incident cases) using
self-reported physician-diagnosed type
2 diabetes status or self-reported type 2
diabetes medication use, as reported on
each follow-up questionnaire. Informa-
tion about age, education level (less than
high school degree, some college but no
degree, associate’s or technical degree,
bachelor’s degree, master’s degree, or
doctoral degree), and race/ethnicity (non-
Hispanic White, non-Hispanic Black, His-
panic, or other [American Indian or Alas-
kan Native, Asian, Native Hawaiian, other
Pacific Islander]) was collected on the
baseline questionnaire, and participants
were asked about their BMI during their
30s. We also measured participants’ BMI
at enrollment (underweight/normal weight
<25.0 kg/m2, overweight 25.0–29.9
kg/m2, obese $30.0 kg/m2).

Statistical Analysis
We described cohort characteristics for
categorical variables by the count (%)
and for continuous variables by mean
(SD) or median (25th–75th percentile),
according to their distribution. We used
age as the primary time scale in all inci-
dence models, with person-time begin-
ning at a participant’s age at enrollment.
Participants were followed until type 2
diabetes diagnosis, with censoring at age
of death, age at loss to follow-up, or age
in September 2018 (data release 8.1),
whichever came first.

In our analyses, we adjusted for race/
ethnicity (categorical, 15 missing val-
ues), education level (categorical, 11
missing values), and BMI (categorical,
402 missing values for BMI during the
participants’ 30s and 12 missing values
for baseline BMI). These confounders
were selected a priori using directed
acyclic graphs (14).

Multivariable Cox proportional hazard
models were used to estimate the haz-
ard ratios (HRs) and 95% CIs for type 2
diabetes as associated with history of
GDM, both as a dichotomous and as
categorized variable based on the time-
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dependent cumulating number of GDM
occurrences. The main effects of GDM
were first fitted in Cox models that pre-
sumed the HRs remain fixed over time.
We then relaxed that assumption by
permitting the GDM HR for type 2 dia-
betes to change with the time elapsed
since the most recent pregnancy with
GDM. To accomplish this, we included a
time-dependent indicator variable for
GDM (set permanently to 0 for nullipa-
rous women and parous women who
never had a pregnancy with GDM) as
well as a time-varying interaction term
between the GDM indicator and time
elapsed since last GDM diagnosis (which
is 0 at age of first pregnancy GDM). In
this way, the estimated HR for the asso-
ciation between GDM and incident type
2 diabetes was allowed to change over
time. When modeled as a continuous
variable, we included both a linear and
a quadratic term, using a likelihood ratio
test to assess whether the quadratic
term was needed to improve the fit. As
an alternative approach, we stratified
by time elapsed in categories 0–5 years,
6–15 years, 16–25 years, 26–35 years,
and >35 years since the most recent
GDM diagnosis. In models that include
the time since diagnosis interaction
term, the exponentiated coefficient of
the GDM indicator variable estimates
the initial age-adjusted HR soon after a
GDM diagnosis. Since BMI at the time
of enrollment may have been influenced
by previous GDM and consequently may
be a mediator of the GDM-type 2 diabe-
tes association, we ran sensitivity analy-
ses adjusting instead for self-reported
average BMI at ages 30–39 years (our
best proxy for pregestational BMI).

Potential effect modification by race/
ethnicity was evaluated using an inter-
action term between GDM and race/
ethnicity; likelihood ratio statistics were
used to assess whether the inclusion of
the interaction term improved model
fit, which would indicate heterogeneity.
Stata 16 software (StataCorp, College
Station, TX) was used for all statistical
analyses.

RESULTS

Participant characteristics by history of
GDM at enrollment are listed in Table 1.
A total of 1,414 women at baseline
reported having had at least one preg-
nancy with GDM. On average, women

reporting GDM were slightly younger
and had a higher baseline BMI. During
follow-up (mean 10.2 years), 3,180 women
without a history of GDM (6.9%) and 190
women with GDM (13.4%) developed
type 2 diabetes.

Results from the Cox proportional haz-
ard models (Table 2) showed an overall
estimated HR of 2.50 (95% CI 2.15–2.91)
for the association between history of
any GDM (as reported at start of follow-
up) and a later diagnosis of type 2 diabe-
tes. The strength of the association
decreased over time, with the HR after
GDM declining �24% with each passing
decade (HR multiplier per decade since
GDM 0.76, 95% CI 0.66–0.88). However,
the risk remained elevated even after 35
years. With stratification according to
intervals of time since GDM, the HRs
were 3.87 (95% CI 2.60–5.75) within

6–15 years, 3.50 (95% CI 2.79–4.40)
within 16–25 years, 1.95 (95% CI
1.46–2.61) within 26–35 years, and 1.62
(95% CI 1.12–2.33) after 35 years. We
were not able to estimate an HR for the
first 5 years after GDM, since most
women enrolled after that.

The estimated risk of developing
type 2 diabetes increased steeply with
the number of pregnancies with GDM
(Table 3). Women with more than
three affected pregnancies who were
within 6–15 years of their last GDM
diagnosis had an approximately seven-
fold increased risk (HR 7.15, 95% CI
3.71–13.78) of developing type 2 dia-
betes compared with those without a
GDM diagnosis. Their HR was esti-
mated as 3.08 (95% CI 1.60–5.94) after
35 years. Results from the sensitivity anal-
yses adjusting by self-reported average

Table 1—Baseline characteristics of women with and without GDM (N 5 47,471)

Characteristic Without GDM (n 5 46,057) With GDM (n 5 1,414)

Age at enrollment, years 55.6 ± 9.0 51.0 ± 8.0

BMI, kg/m2 27.4 ± 6.0 28.2 ± 6.6

Number of births 1.9 ± 1.3 2.5 ± 1.1

Age at enrollment, years

<40 1,937 (4.2) 106 (7.5)
40–50 11,154 (24.2) 559 (39.5)
50–60 18,025 (39.1) 564 (39.9)
$60 14,941 (32.4) 185 (13.1)

Race

Non-Hispanic White 39,094 (84.9) 1,121 (79.3)
Non-Hispanic Black 3,705 (8.1) 135 (9.5)
Hispanic 2,094 (4.5) 110 (7.8)
Other 1,149 (2.5) 48 (3.4)

Education

High school or less 6,841 (14.9) 195 (13.8)
Some college but no degree 8,871 (19.3) 273 (19.3)
Associate’s or technical degree 6,484 (14.1) 231 (16.4)
Bachelor’s degree 12,612 (27.4) 393 (27.8)
Master’s or doctoral degree 11,238 (24.4) 321 (22.7)

BMI, kg/m2

<24.9 18,477 (40.1) 535 (37.8)
25–29.9 14,885 (32.3) 421 (29.8)
$30 12,683 (27.5) 458 (32.4)

Parity

Nulliparous 8,673 (18.8) 0
1 6,656 (14.5) 184 (13.0)
2 16,968 (36.8) 638 (45.1)
$3 13,760 (29.9) 592 (41.9)

Type 2 diabetes

No 42,877 (93.1) 1,224 (86.6)
Yes 3,180 (6.9) 190 (13.4)

Data are mean ± SD or n (%). The following variables had missing data: race (15 without
GDM and 0 with GDM), education level (11 without GDM and 1 with GDM), and BMI (12
without GDM and 0 with GDM).
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BMI at ages 30–39 years instead of base-
line BMI showed little difference in the
observed results (Supplementary Tables 1
and 2).
We estimated the cumulative risk of

type 2 diabetes as a function of age
among those without diabetes at age 40
years based on a simple Kaplan-Meier
lifetable analysis of the prospective data
stratified by baseline BMI (Fig. 1). In all
instances, cumulative incidence was con-
siderably higher among participants with
GDM than among those without. Among
participants with a history of GDM, the
cumulative incidence rate of type 2 dia-
betes by age 80 years in those without
diabetes at age 40 years was 67.4%
(95% CI 59.0–75.6%) for women with
obesity, 44.3% (95% CI 32.8–57.8%) for
women who were overweight, and
16.1% (95% CI 9.41–26.8%) for women
who were underweight or normal weight
(Fig. 1).

CONCLUSIONS

In this large cohort of women, a history
of GDM predicted greatly increased
rates of type 2 diabetes. We also obs-
erved that although the age-adjusted
relative risk of type 2 diabetes declined
with time since the most recent GDM
diagnosis, it remained elevated for >35
years.
GDM often presages the develop-

ment of type 2 diabetes (5,15–18);

previous studies reported at least a 10-
fold increased risk associated with a
recent affected pregnancy. Based on a
systematic review of studies in women
as late as 28 years after their pregnancy
with GDM (16), the cumulative inci-
dence of type 2 diabetes increases
steeply within the first 10 years after
delivery but appears to plateau after-
ward. Such a pattern suggests that
there is no longer an increased risk after
10 years. However, those estimates
were based on contacting women who
had participated much earlier in studies
of GDM. Loss to follow-up and nonparti-
cipation may have depended on
whether the woman had developed
type 2 diabetes. By contrast, in our pro-
spective study of incident type 2 diabe-
tes, we relied on actuarial methods and
found that the incidence was elevated
>35 years after the last pregnancy with
GDM. More consistent with our find-
ings, a recent study (19) found that the
crude cumulative incidence of type 2 dia-
betes increased linearly up to 23 years.
Our results complement and expand on
that finding by providing time-specific HR
estimates, adjusted for BMI, ethnicity, and
education level, with follow-up that
included ongoing times >35 years after
the last GDM diagnosis.

To our knowledge, the importance of
a GDM history when there have been
multiple affected pregnancies has not

been carefully examined previously. In
our prospective study, the risk increased
steeply with the reported number of
affected pregnancies. Our results sug-
gest that special emphasis should be
placed on providing adequate screening
for women who have had GDM, especially
those who have had multiple such
pregnancies.

Women with a diagnosis of GDM are
advised to be screened for diabetes
4–12 weeks postpartum (20) and then
screened for type 2 diabetes or predia-
betes at least every 3 years (20), but
most women with GDM reportedly are
not screened after delivery (21). Our
finding that women with GDM remain
at an elevated risk of developing type 2
diabetes for >35 years should be a call
to action that motivates women who
were ever diagnosed with GDM to be
screened regularly. Similarly, it should
alert health professionals to extend
screening programs to target this
population.

These findings are biologically plausi-
ble. GDM may typically reflect pancreatic
b-cell dysfunction in women with preex-
isting insulin resistance (3). In these
women, insulin secretion does not in-
crease appropriately to counteract the
insulin resistant state that occurs in the
second half of pregnancy (21). These
deficiencies may in most cases be pro-
gressive, which can plausibly increase a

Table 2—Prospective association between GDM and incident type 2 diabetes (n 5 46,529)

Ever having pregnancy with GDM,
HR (95% CI) Time since last pregnancy with

No GDM GDM GDM, HR (95% CI)

Person-years 462,042 10,958 —

Participants, n 45,357 1,172 —

Model 1: model with no time since GDM interaction 1 (ref) 2.50 (2.15–2.91) —

Model 2: model with time since GDM interaction term†

GDM effect† 1 (ref) 5.07 (3.36–7.65) 0.76 (0.66–0.88)

Model 3: model stratified by time since last pregnancy
with GDM, years

6–15 1 (ref) 3.87 (2.60–5.75) —

16–25 1 (ref) 3.50 (2.79–4.40) —

26–35 1 (ref) 1.95 (1.46–2.61) —

>35 1 (ref) 1.62 (1.12–2.33) —

Adjusted for race/ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic, and other [American Indian or Alaskan Native, Asian, Native
Hawaiian, other Pacific Islander]), BMI at enrollment (under/normal weight <25 kg/m2, overweight 25 to <30 kg/m2, obese $30 kg/m2),
and education level (less than high school degree, some college but no degree, associate’s or technical degree, bachelor’s degree, master’s
degree, or doctoral degree). ref, reference. †HR for time since GDM interaction term is 0.76 (95% CI 0.66–0.88) per decade of time elapsed.
The HR goes down by 24% with every decade of time elapsed.
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woman’s risk of overt diabetes after a
pregnancy with GDM (4,21). Further-
more, repeated episodes of GDM
apparently heighten this risk (22), or
perhaps provide stronger evidence
for deficiencies in underlying glucose
metabolism. It is also possible that
GDM itself has deleterious effects on
b-cell function.

Congruent with our results, a pre-
vious study (22) reported that among
women with a history of GDM, a sub-
sequent diagnosis of type 2 diabetes
is more likely among those who are
obese compared with those at a
lower weight. This observation fur-
ther highlights the need to consider
BMI in type 2 diabetes prevention
educational campaigns and lifestyle
interventions tailored to women with
both risk factors to promote weight
loss and maintenance of a healthy
weight after pregnancy.

Type 2 diabetes incidence is evidently
markedly elevated in the first 5 years
after a GDM diagnosis (17). Some, but
not all, of that is likely due to increased
screening following a pregnancy with
GDM. On average, women in the Sister
Study were past their reproductive age
(mean age of 55 years) when they
enrolled. Women who had already devel-
oped type 2 diabetes before enrollment

were excluded from our prospective anal-
ysis (n 5 3,222).

A limitation of our study was that the
history of GDM was self-reported, which
could have led to some misclassification
of that history. However, a previous study
reported 94% agreement between GDM
self-report and a physician diagnosis
drawn from the medical record (23).
Type 2 diabetes was also self-reported,
but a previous study reported positive
predictive values of 91.8% for self-
reported prevalent diabetes and 82.2%
for incident diabetes (24). Furthermore,
in a sample of �2,000 women in the Sis-
ter Study who did not report type 2 dia-
betes at enrollment, 7.7% of those who
later reported a diagnosis of type 2 dia-
betes and 1% of those who did not
report incident type 2 diabetes had a
hemoglobin A1c $6.5% (48 mmol/mol)
at baseline, suggesting that undiagnosed
type 2 diabetes was not prevalent at
enrollment in this cohort (13). Neverthe-
less, to the extent that some women
with GDM were mistakenly classified
as unexposed and some type 2 diabe-
tes diagnoses were missed, our esti-
mates may be biased toward the null.
We also recognize that the underre-
porting of GDM may increase as
women age and time passes after an
affected pregnancy, so in fact, our

estimate of the HR for person-time
>35 years after the last pregnancy
with GDM may underestimate the
actual HR. On the other hand, a physi-
cian making a screening recommenda-
tion also would likely be relying on a
woman’s self-report, as few would
have ready access to obstetric records
that are >35 years old. So, the HR
based on self-report may be more
clinically relevant than one based on
actual clinical data.

We only asked participants about
their GDM diagnoses before enrollment
and would have missed any diagnoses
that occurred after enrollment. This
would have little impact in our prospec-
tive analysis, however, since <1% of
women in the cohort had a pregnancy
during follow-up. Another limitation is
that we do not have data on some
covariates that could act as confounders
of the relationship between GDM and
type 2 diabetes. Specifically, we do not
have data on physical activity at a point in
time that was relevant for the association
under study, and some residual confound-
ing may remain. Additionally, baseline
BMI may be a mediator of the GDM-type
2 diabetes association if GDM caused
subsequent weight gain. We ran sensitiv-
ity analyses where we adjusted the pro-
spective analysis by self-reported average

Table 3—Prospective association between GDM and incident type 2 diabetes, accounting for the number of pregnancies with
GDM (n 5 46,529)

Cumulative number of pregnancies with GDM,
HR (95% CI)

Time since last
pregnancy
with GDM,

0 1 2 $3 HR (95% CI)

Person-years 462,042 9,011 1,543 405 —

Participants, n 45,357 952 173 47 —

Model 1: model with no time since GDM interaction 1 (ref) 2.26 (1.90–2.69)† 3.24 (2.32–4.52)† 4.78 (2.77–8.25)† —

Model 2: model with time since GDM interaction
term‡

GDM effect‡ 1 (ref) 4.48 (2.93–6.87) 6.22 (3.79–10.22) 9.35 (4.84–18.07) 0.77 (0.66–0.89)

Model 3: model stratified by time since last pregnancy
with GDM, years

6–15 1 (ref) 3.46 (2.30–5.21) 4.77 (2.93–7.77) 7.15 (3.71–13.78) —

16–25 1 (ref) 3.17 (2.48–4.06) 4.37 (3.01–6.35) 6.55 (3.69–11.61) —

26–35 1 (ref) 1.78 (1.32–2.40) 2.45 (1.60–3.77) 3.67 (2.04–6.63) —

>35 1 (ref) 1.49 (1.03–2.17) 2.06 (1.29–3.30) 3.08 (1.60–5.94) —

Adjusted for race or ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic, and other [American Indian or Alaskan Native, Asian, Native
Hawaiian, other Pacific Islander]), BMI at enrollment (under/normal weight <25 kg/m2, overweight 25 to <30 kg/m2, obese $30 kg/m2),
and education level (less than high school degree, some college but no degree, associate’s or technical degree, bachelor’s degree, master’s
degree, or doctoral degree). ref, reference. †P for trend < 0.001. ‡HR for time since GDM interaction term is 0.77 (95% CI 0.66–0.89) per
decade of time elapsed. The HR goes down by �23% with every decade of time elapsed.
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BMI at ages 30–39 years (our best proxy
for pregestational BMI) instead of adjust-
ing for baseline BMI, and there was little
difference in the observed results.
The Sister Study cohort includes only

women with a first-degree family
history of breast cancer, which could
raise the question of generalizability.
However, there was no overall associa-
tion between type 2 diabetes and breast
cancer risk in this cohort (13). Also, most
of the participants are non-Hispanic
White women and highly educated, a
group that is at a lower risk of developing
GDM and type 2 diabetes (25,26). Despite
these limitations, some of the study’s
strengths lie in the fact that the study
had, on average, 10.2 years of follow-up
in the prospective analysis, a high reten-
tion rate, and a large sample size.
Personalized lifestyle interventions that

target women with both a BMI in the
overweight or obese category and a his-
tory of GDM may be effective in reducing
their burden of type 2 diabetes.

Additionally, women with a history of
GDM, especially those with a history of
multiple pregnancies with GDM who also
have a BMI in the overweight or obese
category, should be screened regularly for
type 2 diabetes, even late in life.
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