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Diabetes Diagnoses Over Time According to Glucose
Status in Pregnancy:
Normal Glucose
Tolerance (NGT)
GGl

=

4
©

o
©

0.7

Legend:
——Kaplan-Meier curve
--- 95% Confidence Interval

o
o

%]
L
9]
Qo
8
©
=
=
o
<
=
B
=
S
£
S
Q
<)
o

o
5

0 0 15

Time since f?rst observed de1livery (years)
Risk of diabetes after pregnancy:
NGT 1.7 CASES PER 1000 PERSON-YEARS, REFERENCE
GGl 4.0 CASES PER 1000 PERSON-YEARS, HR 2.0 [1.5-2.6]*

GDM 23.1 CASES PER 1000 PERSON-YEARS, HR 8.3 [6.5-10.5]*
*Adjusted HR [95% confidence interval]
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OBJECTIVE

Pregnant individuals are universally screened for gestational diabetes mellitus
(GDM). Gestational glucose intolerance (GGI) (an abnormal initial GDM screening
test without a GDM diagnosis) is not a recognized diabetes risk factor. We tested
for an association between GGI and diabetes after pregnancy.

RESEARCH DESIGN AND METHODS

We conducted a retrospective cohort study of individuals followed for prenatal and
primary care. We defined GGI as an abnormal screening glucose-loading test result
at =24 weeks’ gestation with an oral glucose tolerance test (OGTT) that did not meet
GDM criteria. The primary outcome was incident diabetes. We used Cox proportional
hazards models with time-varying exposures and covariates to compare incident dia-
betes risk in individuals with GGI and normal glucose tolerance.

RESULTS

Among 16,836 individuals, there were 20,359 pregnancies with normal glucose toler-
ance, 2,943 with GGI, and 909 with GDM. Over a median of 8.4 years of follow-up,
428 individuals developed diabetes. Individuals with GGI had increased diabetes risk
compared to those with normal glucose tolerance in pregnancy (adjusted hazard ra-
tio [aHR] 2.01 [95% CI 1.54-2.62], P < 0.001). Diabetes risk increased with the num-
ber of abnormal OGTT values (zero, aHR 1.54 [1.09-2.16], P = 0.01; one, aHR 2.97
[2.07-4.27], P < 0.001; GDM, aHR 8.26 [6.49-10.51], P < 0.001 for each compared
with normal glucose tolerance). The fraction of cases of diabetes 10 years after deliv-
ery attributable to GGl and GDM was 8.5% and 28.1%, respectively.

CONCLUSIONS

GGl confers an increased risk of future diabetes. Routinely available clinical data
identify an unrecognized group who may benefit from enhanced diabetes screen-
ing and prevention.

The diabetes epidemic affects 13% of nonpregnant adults in the U.S. and 4.5% of
women of childbearing age (1,2). Guidelines recommend screening for diabetes in non-
pregnant adults <35 years of age only if risk factors are present (3,4). In contrast, dur-
ing pregnancy, universal screening for GDM has been widely implemented (4-6), with
the goal of treating affected pregnant individuals to optimize perinatal outcomes (7-9).
GDM is a strong risk factor for diabetes, with the lifetime prevalence of diabetes among
affected individuals as high as 50% (10-13). Thus, universal screening during pregnancy
provides the opportunity to systematically identify young adults at risk for diabetes.

Due to the recommendation for universal GDM screening, blood glucose levels
are available from the vast majority of pregnancies cared for in the U.S. (14,15).
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A two-step screening method is most
commonly used (4,5). Between 24 and
28 weeks’ gestation, an initial 1-h non-
fasting 50-g glucose-loading test (GLT)
is performed. If this screening test is
abnormal, a 3-h 100-g diagnostic oral
glucose tolerance test (OGTT) is conducted
(4-6). Thus, it is possible to have an abnor-
mal screening GLT with a diagnostic OGTT
that does not meet criteria for GDM. Preg-
nancies in this intermediate category have
been described as having gestational glu-
cose intolerance (GGl) (16). While GGI has
been shown to be associated with adverse
pregnancy outcomes (16—-20), there is lim-
ited information on GGI and future risk
of maternal diabetes (18,22—-24). There-
fore, GGI has not been recognized as a
diabetes risk factor and no enhanced
screening or intervention to prevent dia-
betes is currently recommended for indi-
viduals with a GGI history.

We conducted a retrospective cohort
study to test the hypothesis that individ-
uals with GGI carry an increased risk of
incident diabetes compared with those
with normal glucose tolerance during
pregnancy.

RESEARCH DESIGN AND METHODS

Study Population

Participants were from the Massachusetts
General Hospital (MGH) Maternal Health
Cohort (MHC), which contains data from
>90% of pregnancies with babies deliv-
ered at MGH between September 1998
and March 2016. The MHC was linked
to the MGH Primary Care Practice-Based
Research Network (PBRN), a longitudinal
cohort of all primary care patients at
MGH beginning in 2000 (25,26). Data
sources for these cohorts include the
MGH electronic medical record and
the Mass General Brigham Research
Patient Data Registry, which holds clini-
cal data from the Mass General Brig-
ham health system. The Mass General
Brigham Institutional Review Board ap-
proved this study and waived the in-
formed consent requirement.

We included individuals with singleton
pregnancies in the MHC who, after their
first recorded delivery, had clinical en-
counters with an MGH adult primary care
physician recorded in the PBRN (Fig. 1A).
Pregnancies ending in miscarriage or
termination were excluded from the
analysis, as they did not have a recorded
delivery date.

Among the aforementioned individu-
als, we performed additional pregnancy-
level exclusions by censoring at the time
of the delivery date for the first excluded
pregnancy. We excluded pregnancies
without delivery at MGH and pregnan-
cies that occurred after the last nonob-
stetric clinical encounter. Additionally, we
excluded pregnancies that occurred after
diabetes diagnosis identified in the PBRN
and pregnancies with incomplete GDM
screening (where completeness was de-
fined as glucose testing at =24 weeks’
gestation: completion of 1-h 50-g GLT
and, if indicated [1-h GLT glucose level
=140 mg/dL], completion of the 3-h
100-g OGTT) (4,5). Reasons for incom-
plete screening data (obtained on chart
review of a random sample) included
preexisting diabetes, clinical data entry
errors, patient preference, and nausea
or bariatric surgery resulting in inability
to complete GLT/OGTT testing. We also
excluded pregnancies without the nec-
essary data to calculate first-trimester
BMI (see Supplementary Material) and
multiple gestation (27,28).

Exposure, Outcome, and Covariate
Assessment
Universal GDM screening was practiced
during the study period. Maternal glu-
cose was measured in hospital-affiliated
clinical laboratories. Glucose data were
entered prospectively by clinicians into
the obstetric electronic medical record
and downloaded into the research data-
base. The Mass General Brigham Re-
search Patient Data Registry was used
to fill in missing values. Approximately
1% of charts (N = 547) were reviewed
for verification or correction of outliers
and for understanding of missing data.
Participants with GLT glucose level
<140 mg/dL and no OGTT were catego-
rized as having normal glucose tolerance.
A GLT glucose level =140 mg/dL was
considered an abnormal GDM screen,
and patients underwent a 3-h OGTT for
determination of whether GDM was pre-
sent. Carpenter-Coustan thresholds were
applied to the OGTT (abnormal values
met or exceeded thresholds): fasting
95 mg/dL, 1 h 180 mg/dL, 2 h 155 mg/dL,
and 3 h 140 mg/dL (4,29). GDM was de-
fined as two to four abnormal OGTT val-
ues according to these criteria (4,29).
GGl (16) was defined as zero or one
abnormal value on the OGTT according
to the same thresholds.
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The primary outcome was diabetes
diagnosis, defined in the PBRN as 1) he-
moglobin A;. (HbA,) >6.5%, 2) two clin-
ical encounters with two diabetes problem
list terms (doctor or hospital visits where
diabetes was specified in the electronic
medical record for documentation), or
3) one ICD-9 or -10 diagnosis (codes used
for billing) plus one problem list term for
diabetes (30). This diabetes definition was
previously validated (sensitivity 99%, spe-
cificity 93%) (30). Prediabetes was not in-
cluded in the diabetes outcome. After
an electronic medical record change
in 2016, the diabetes definition was
updated. In this updated definition, di-
abetes was defined as 1) HbA;. =6.5%,
2) two clinical encounters with two di-
abetes problem list terms, or 3) one
ICD-9 or -10 billing diagnosis plus one
problem list term for diabetes. Addition-
ally, participants who met other criteria
after 2016 but had normal (<6.5%) re-
corded HbA;. without being on a diabe-
tes medication were not considered
to have diabetes. The updated definition
was internally validated with blinded
chart review for 100 randomly selected
participants with apparent diabetes and
100 randomly selected participants with-
out apparent diabetes and was found to
have a sensitivity of 100% and specificity
of 98%.

Age was calculated at the time of deliv-
ery of the first recorded pregnancy. Marital
status was dichotomized between those
who were partnered or married and those
who were single or had another status.
Race and ethnicity were based on that re-
corded in the electronic medical record
and divided into five categories: Asian,
Black, Hispanic or Latina, White, and none
of the above. It was possible for an indi-
vidual to belong to more than one race
and ethnicity category if more than one
was recorded. Parity was dichotomized as
nulliparous or multiparous. Prenatal BMI
and diastolic blood pressure were stan-
dardized to 12-week values with an inter-
polation/extrapolation procedure using
restricted cubic splines (see Supplementary
Material). After the interpolation/extrapola-
tion procedure, there were 76 pregnancies
excluded due to missing data for BMI. Ges-
tational weight gain was also calculated
with interpolated/extrapolated values (see
Supplementary Material). Parity, prenatal
measures, and gestational weight gain
were all permitted to vary with each
subsequent pregnancy. For individuals
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Maternal Health Cohort: ﬁxcluded:

o * Pregnancies without a delivery at the study center

44,585 Individuals and all subsequent pregnancies* (N=12,956

65,955 Pregnancies pregnancies)

* Individuals without primary care follow-up at the
study center after the first delivery in the data set.
(N=22,841 pregnancies)

\4

Individuals with Follow-up * Pregnancies that occurred after the last non-
Data: pregnancy-related clinical visit to the study center
. K (N=810 pregnancies) /
19,674 Individuals

29,348 Pregnancies " Excluded: )

* Pregnancies after diabetes diagnosis or without
complete GDM screening and any subsequent
pregnancies (N=4,346 pregnancies)

Singleton Gestations with  Multiple gestations pregnancies and any subsequent
Complete GDM Screening: \_ pregnancies (N=715 pregnancies) J
16,907 Individuals
24,287 Pregnancies é Excluded: )

» Pregnancies without sufficient data to calculate at
least 1 BMI measurement and any subsequent

v S pregnancies (N=76 pregnancies)

A\ 4

Final Analysis Cohort:
16,836 Individuals
24,211 Pregnancies

B Final Analysis Cohort:
16,836 Individuals
24,211 Pregnancies

I
|
/ AbnormalI GDM \

Normal Glucose
Tolerance Screen >4 )
; . >24 weeks
GDM Screening Test: <140 mg/dL >140 mg/dL GA
1-h GLT - 50g 20,359 Pregnancies 3,852 Pregnancies
I I 1
GGI GDM
GDM Confirmatory Test: 0-1 Abnormal OGTT Value 2-4 Abl$?1131 OGTT
alues
3-h OGTT - 100 2,943 P i
8 ’ e 909 Pregnancies
I
GGI-0 GGI-1
2,188 Pregnancies 755 Pregnancies

o )

Figure 1—Final analysis cohort and exposure groups based on glucose tolerance status in pregnancy. A: Flowchart describing exclusion criteria used to deter-
mine final analysis cohort from the Maternal Health Cohort. B: Total numbers included in our final analysis cohort are shown for individuals and pregnancies.
Total numbers of pregnancies in each glucose tolerance exposure group used for analyses are shown. GDM screening was done according to the two-step
screening test at =24 weeks’ gestation with a 1-h GLT of 50 g glucose with a glucose cutoff of 140 mg/dL used at MGH. If the GLT glucose result was =140
mg/dL, a confirmatory 3-hour OGTT of 100 g glucose was performed. GGl (zero [GGI-0] or one [GGI-1] abnormal OGTT value) and GDM (two to four abnormal
OGTT values) were diagnosed according to Carpenter-Coustan criteria. GA, gestational age in weeks. *Where delivery for the first pregnancy in the data set
did not occur at the study center, but at least one subsequent delivery did occur at the study center, individuals were still included. For these individuals (N =
1,847), follow-up began at the first delivery at the study center and subsequent consecutive pregnancies with deliveries at the study center were included.
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with missing parity, nulliparity was assumed
prior to the first recorded pregnancy.

Statistical Analyses

We compared participant and pregnancy
characteristics between pregnancy glucose
tolerance categories (normal glucose toler-
ance, GGI, GDM) including the first re-
corded pregnancy for each individual in
the final analysis cohort. We also exam-
ined the proportion of individuals with
GGl pregnancy who would not have met
U.S. Preventative Services Task Force
(USPSTF) criteria for diabetes screening
(age <35 years or BMI <25 kg/m?) (3).

Time-to-event analyses were conducted
to assess the association between each
pregnancy glucose category and time to
diabetes diagnosis. Individuals in the study
were followed starting at the time of the
first recorded delivery in MHC. Follow-up
ended at the time of diabetes diagnosis
(primary outcome), the last nonobstetric
clinical encounter, or 31 December 2020—
whichever came first. Individuals were
also censored at the delivery date for
excluded pregnancies. Kaplan-Meier curves
were constructed accounting for preg-
nancy glucose category as a time-varying
exposure that potentially changed with
each delivery date (31,32). Time-varying
Cox regression models were also fitted
(33), with adjustment for age at first de-
livery, marital status, insurance status,
race and ethnicity (four indicator varia-
bles for each category, permitting indi-
viduals to belong to zero, one, or more
categories), parity, prenatal BMI, and
prenatal diastolic blood pressure. These
covariates were chosen because they
were considered to be potential con-
founders due to an expected relation-
ship with both the GGI exposure and
diabetes outcome. A second set of mod-
els was also fit with additional adjustment
for gestational weight gain. Schoenfeld re-
siduals were generated to evaluate the as-
sumption of proportional hazards in the
Cox regression model (34).

The primary comparison was the ad-
justed rate of incident diabetes in individu-
als with GGI versus that in the normal
glucose tolerance referent group. Power
calculations are provided in Supplementary
Material. We also examined the adjusted
rate of incident diabetes in individuals with
GDM compared with that in those with
normal glucose tolerance. Secondary com-
parisons included the rate of incident diabe-
tes in individuals with one abnormal OGTT

value (GGI-1) and zero abnormal OGTT val-
ues (GGI-0), each compared with that in
those with normal glucose tolerance.

Population-attributable fraction of di-
abetes after 10 years of follow-up was
estimated for each of the exposure cat-
egories (see Supplementary Material).

To address potential ascertainment
bias, we repeated the analysis, restricted
to only those who were screened for dia-
betes, defined as those with an HbA,,
measurement occurring at least 3 months
after first delivery in the cohort. In this
analysis, individuals without diabetes di-
agnoses were censored at the time of
the last HbA;. measurement if this was
before the censoring date in the main
analysis.

Due to the dates of data availability,
some individuals continued to contribute
follow-up time in the PBRN (data avail-
able through December 2020) despite
no longer being followed in the MHC
(data available through March 2016).
We conducted a sensitivity analysis to
exclude individuals age <45 years at the
end of 2016, who could have become
pregnant again after the MHC ended.

Since the diabetes definition changed
after the electronic medical record system
changed, a sensitivity analysis in which
follow-up time ended on 31 December
2015 was performed.

The validated definition of diabetes
used in this study includes all types of di-
abetes (30). We conducted a sensitivity
analysis excluding individuals who ever
had an ICD-9 or -10 billing code or prob-
lem list term indicating type 1 diabetes.

We also performed a subgroup analysis
dichotomizing the population based on age
at first delivery: individuals with age
<35 years and individuals age =35 years.

Statistical analyses were performed in
R, version 4.1.1. Time-varying Cox regres-
sions and associated time-to-event anal-
yses were performed with the survival
package in R.

RESULTS

Within the overall MHC, 19,674 individuals
had long-term follow-up after a delivery
date (Fig. 1A). After exclusions for diabetes
diagnosis, complete GDM screening, multi-
ple gestation pregnancies, and missing
BMI data, there were 16,836 individuals
left in our final analysis cohort (Fig. 1A).
Of 24,211 pregnancies in 16,836 individuals

Diabetes Care Volume 46, January 2023

in the final analysis cohort (Fig. 1A), there
were 20,359 pregnancies with normal
glucose tolerance (84.1%), 2,943 with
GGl (12.2%), and 909 with GDM (3.8%)
(Fig. 1B).

Participant characteristics from the
first pregnancy in the cohort categorized
by pregnancy glucose tolerance category
are shown in Table 1. Characteristics of
participants included in the final analysis
cohort were similar to those who were
excluded, except that excluded individu-
als were more likely to have no or limited
health insurance (Supplementary Table 1).
Individuals with GGl had mean BMI
(GGI 25.7 kg/mz, normal glucose toler-
ance 25.1 kg/m?) and gestational weight
gain (GGl 29.2 Ib, normal glucose toler-
ance 30.1 lb) similar to those of subjects
with normal glucose tolerance, while in-
dividuals with GDM had a higher mean
BMI (28.1 kg/m?) and less gestational
weight gain (25.3 Ib) (Table 1). Eighty-six
percent of individuals with GGI in their
first pregnancy were age <35 years or
had BMI <25 kg/m? and thus would not
have met USPSTF criteria for diabetes
screening outside of pregnancy. The
characteristics of participants by GGl
subcategories (GGI-0 and GGI-1) in the
first pregnancy are shown in Supple-
mentary Table 2. Of the 16,836 individuals
studied, 1,395 (8.3%) had a subsequent
pregnancy with a glucose tolerance cate-
gory different from that in their first
pregnancy (Supplementary Table 3).

Over a median of 8.4 years (interquar-
tile range [IQR] 4.0-14.3) of follow-up,
2.5% (N = 428) of individuals were diag-
nosed with diabetes, resulting in an overall
incidence rate of 2.8 per 1,000 person-
years. Individuals were diagnosed with dia-
betes at mean + SD age 41.1 * 8.5 years,
at a median of 9.7 years (IQR 5.0-14.0)
from the first observed delivery. Individu-
als with GGI had a diabetes incidence of
4.0 cases per 1,000 person-years, while
individuals with normal glucose tolerance
had a diabetes incidence of 1.7 cases per
1,000 person-years. The diabetes inci-
dence rate in individuals with GDM
was 23.1 cases per 1,000 person-years
(Table 2). Kaplan-Meier curves, by preg-
nancy glucose tolerance category, de-
picting the proportion of the population
without diabetes over time since first
observed delivery, are shown in Fig. 2.

In adjusted models, individuals with GGI
had an adjusted hazard ratio (aHR) of 2.01
(95% Cl 1.54-2.62, P < 0.001) for incident
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Table 1—Characteristics of participants in the final analysis cohort categorized by glucose tolerance category of the first

observed pregnancy

Normal glucose
tolerance

GGl (zero or one
abnormal OGTT value)

GDM (two to four
abnormal OGTT values)

Individuals

Participant characteristics
Age (years), mean (SD)
Nulliparous
Race and ethnicity

Asian

Black

Latina

White

None of the above

Multiracial
Insurance status

Private

Public

None/limited
Marital status

Married/partnered

Single/other
Prenatal BMI at 12 weeks’ gestation (kg/m?)

<25

25 to <30

=30

Prenatal diastolic BP at 12 weeks’ gestation (mmHg)

Gestational weight gain (lb)

Follow-up time (years from 1st delivery to last visit

in cohort), median (IQR)

14,089 (83.7) 2,056 (12.2) 691 (4.1)
30 £6.1 31+57 3357
10,326 (73.3) 1,451 (70.6) 434 (62.8)
1,113 (7.9) 253 (12.3) 76 (11.0)
1,094 (7.8) 128 (6.2) 75 (10.9)
1,806 (12.8) 252 (12.3) 94 (13.6)
8,661 (61.5) 1,194 (58.1) 358 (51.8)
1,715 (12.2) 270 (13.1) 102 (14.8)
298 (2.1) 40 (1.9) 14 (2.0)
8,922 (63.3) 1,325 (64.4) 368 (53.3)
4,123 (29.3) 563 (27.4) 267 (38.6)
1,044 (7.4) 168 (8.2) 56 (8.1)
9,536 (67.7) 1,429 (69.5) 462 (66.9)
4,553 (32.3) 627 (30.5) 229 (33.1)
25.1+5.0 25.7 +5.1 28.1+6.2
8,301 (58.9) 1,087 (52.9) 239 (34.6)
3,833 (27.2) 596 (29.0) 237 (34.3)
1,955 (13.9) 373 (18.1) 215 (31.1)
66 £ 6.9 67 £ 6.7 68 + 6.7
30.1+9.4 29.2 + 9.0 253 +9.4
8.4 (4.0-14.2) 8.9 (4.1-14.2) 8.3 (3.9-14.7)

Data are n (%) or mean * SD unless otherwise indicated. We stratified individuals by the glucose tolerance category of their first observed
pregnancy in the cohort, even if categories changed in subsequent pregnancies. GGl (zero or one abnormal OGTT value) and GDM (two to
four abnormal OGTT values) were diagnosed according to Carpenter-Coustan criteria. For race and ethnicity, individuals could belong to multi-
ple categories and were categorized as multiracial if they so identified. BMI and blood pressure (BP) data were interpolated/extrapolated to
12 weeks’ gestation for all missing data (details in Supplementary Material). We measured gestational weight gain by subtracting the
12-weeks’ interpolated/extrapolated weight from the extrapolated weight at delivery (see Supplementary Material).

diabetes compared with those with
normal glucose tolerance (Table 2). The
increased risk of diabetes in individuals
with GGI compared with those with nor-
mal glucose tolerance was not attenu-
ated after adjustment for gestational
weight gain (Table 2). Individuals with
GDM had increased risk of incident dia-
betes compared with those with normal
glucose tolerance (8.26 [6.49-10.51],
P < 0.001) (Table 2), with no attenua-
tion after gestational weight gain ad-
justment (Table 2). The population-
attributable fraction of diabetes at
10 years of follow-up was 8.5% for GGl
and 28.1% for GDM.

When GGl was separated into compo-
nent categories, the diabetes incidence
rates were 2.7 cases per 1,000 person-
years for GGI-0 and 7.7 cases per 1,000
person-years for GGI-1 (Table 2). In both
categories, the adjusted risk of diabetes
was significantly greater than in individuals

with normal glucose tolerance (GGI-0 aHR
1.54 [95% Cl 1.09-2.16], P = 0.01; GGI-1
2.97 [2.07-4.27], P < 0.001) (Table 2),
with no attenuation after adjustment for
gestational weight gain (Table 2). Among
individuals with GDM, an increasing
number of abnormal OGTT values also
appeared to confer a greater risk of inci-
dent diabetes (Supplementary Fig. 1).
When the study population was re-
stricted to the screened cohort (HbA;.
=3 months after first delivery), results
were similar to those in the primary anal-
yses, but the diabetes incidence rates
were greater among the screened popu-
lation (Supplementary Table 4). When
the study population was restricted to
individuals who were unlikely to have
additional pregnancies after the MHC
ended (age =45 years in 2016) results
were similar to those of the primary analy-
ses (Supplementary Table 4). When the
study follow-up period was terminated

on 31 December 2015, prior to the
adoption of a new electronic medical re-
cord, results were similar to the primary
analyses (Supplementary Table 4). Of the
428 individuals in the study who were
diagnosed with diabetes, 52 had an
ICD-9 or -10 code or problem list term in-
dicating type 1 diabetes at some point;
results were similar to those of the pri-
mary analyses after exclusion of these
individuals (Supplementary Table 4).

When the study population was dichot-
omized by age at first delivery, individuals
with GGI had a greater risk of future dia-
betes compared with individuals with nor-
mal glucose tolerance in both age-groups:
individuals age <35 years at delivery,
as well as individuals age =35 years
(Supplementary Table 5), though the ef-
fect size in the older age-group appeared
to be attenuated.

In the model for the primary compari-
son of incident diabetes in GGI versus
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Table 2—Risk of diabetes diagnosis after GGI or GDM compared with normal glucose tolerance in pregnancy

GGl (zero or one GDM (two to four

NGT abnormal OGTT value) abnormal OGTT values)
No. of diabetes diagnoses 212 77 139
Follow-up time (1,000 person-years) 128.4 19.4 6.0
Rate of diabetes/1,000 person-years 1.7 4.0 23.1

GGl (zero or one
abnormal OGTT value)

NGT HR (95% Cl) P
2.01 (1.54, 2.62) <0.001
2.00 (1.54, 2.61) <0.001

GDM (two to four
abnormal OGTT values)

HR (95% Cl) P
8.26 (6.49, 10.51) <0.001
8.15 (6.40, 10.39)  <0.001

Fully adjusted model Ref
Fully adjusted model + gestational weight gain Ref

GGI-0 (zero abnormal

GGI-1 (one abnormal

GDM (two to four

NGT OGTT values) OGTT value) abnormal OGTT values)
No. of diabetes diagnoses 212 39 38 139
Follow-up time (1,000 person-years) 128.4 14.5 4.9 6.0

1.7 2.7 7.7 23.1

Rate of diabetes/1,000 person-years

GGI-0 (zero abnormal

GGI-1 (one abnormal

GDM (two to four

Fully adjusted model
Fully adjusted model + gestational weight gain

OGTT values) OGTT value) abnormal OGTT values)
NGT HR (95% Cl) P HR (95% Cl) P HR (95% Cl) P
Ref 1.54 (1.09, 2.16) 0.014 2.97 (2.07, 4.27) <0.001 8.33 (6.55, 10.61) <0.001
Ref 1.53 (1.08, 2.15) 0.016 2.99 (2.08, 4.30) <0.001 8.21 (6.45, 10.47) <0.001

Absolute risk (in rate of diabetes per 1,000 person-years) and relative risk (in hazard ratios) for primary and secondary analyses are shown.
GGl (zero and one abnormal OGTT value) and GDM (two to four OGTT values) were diagnosed according to Carpenter-Coustan criteria. All
hazard ratios shown are from fully adjusted Cox proportional hazards models with adjustment for age at first delivery, marital status, insur-
ance status, race and ethnicity, parity, prenatal BMI, and prenatal diastolic blood pressure (BP). The second models also include adjustment
for gestational weight gain between 12 weeks’ gestation and delivery with use of interpolated/extrapolated weights (N = 22 were excluded
from these Cox models with adjustment for gestational weight gain as these data were missing; see Supplementary Material for details). HR,
hazard ratio; NGT, normal glucose tolerance; Ref, reference.

normal glucose tolerance, the P value for
the Schoenfeld residual corresponding to
the primary comparison was 0.002. In-
spection of the residual plot revealed a
slightly diminishing time-varying effect of
the exposure on the hazard of incident di-
abetes (Supplementary Fig. 2). Schoenfeld
residual P values and plots were similar
for the other models (between 0.001 and
0.002; plots not shown).

CONCLUSIONS

The results of this large U.S.-based retro-
spective study demonstrate that individu-
als with an abnormal initial GDM screen
(1-h GLT) who do not meet criteria for
GDM (GGlI) have an increased risk of inci-
dent diabetes after pregnancy. Among
these individuals, the degree of risk in-
creases with more abnormal values on
the diagnostic 3-h OGTT. As expected, in-
dividuals with GDM have the highest risk
of future diabetes (20% developed diabe-
tes over a median of 8.3 years). This risk
was within the range of risks found in
prior studies: an average of 21.5% of

individuals in North American studies de-
veloped diabetes after GDM according to
a recent meta-analysis (13). Together,
the GDM and GGl risk factors account
for 37% of the incident diabetes occur-
ring in the 10 years after pregnancy. Al-
though GDM is a recognized diabetes
risk factor, many individuals with GGI do
not meet current guideline-based cri-
teria for diabetes screening outside
of pregnancy (3,4). While GDM is a
stronger risk factor for incident diabetes
than GGI, GGI affects more individuals
(12%) than GDM (4%), representing an
expanded group who may benefit
from postpartum diabetes prevention.
The 2018 American College of Obstetri-
cians and Gynecologists guidelines on the
management of GDM recognize the possi-
bility of an increased risk of adverse peri-
natal outcomes among individuals with
GGl (specifically, those with one abnormal
OGTT value) (16-21) and call for more re-
search on long-term maternal risks after a
GGl-affected pregnancy (5). Our data are
responsive to this call, as we have demon-
strated that, like GDM, GGl is associated

with an increased risk of future diabetes.
In our study we identify a large group
of individuals who may benefit from
intervention after pregnancy to prevent
diabetes. Since universal GDM screening
is recommended during pregnancy, pri-
mary care physicians and health care sys-
tems could leverage available pregnancy
glucose data to shape population screen-
ing and preventative strategies.

The current study includes a large pop-
ulation of pregnant individuals from an
academic medical center in the U.S,,
where the two-step method is most
commonly used for universal GDM screen-
ing and diagnosis. Though results from
previous studies with examination of
the risk of future diabetes after sub-
clinical hyperglycemia in pregnancy are
consistent with our findings, these stud-
ies were smaller or were conducted
with screening procedures that cannot
be generalized to those currently used
in the U.S. (18,22-24,35,36). For exam-
ple, in the Hyperglycemia and Adverse
Pregnancy Outcome Follow-up Study
investigators found an increased prevalence
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Figure 2—Kaplan-Meier curves depicting time to diabetes diagnosis according to glucose tolerance
status in pregnancy. Kaplan-Meier curves (solid lines) with 95% Cls (dashed lines) shown of unadjusted
data with time since first observed delivery in years on the x-axis and proportion without diabetes on
the y-axis. A: Normal glucose tolerance (NGT) (control group) is shown in blue, GGI in purple, and
GDM in gray. B: NGT (control group) is shown in blue, and GDM in gray. GGl is divided into its compo-
nents: zero abnormal OGTT values (GGI-0) in orange and one abnormal OGTT value (GGI-1) in red.

of maternal diabetes and prediabetes
a median of 11.4 years after pregnancies
with GDM diagnosed with a one-step 75-g
OGTT screening procedure according to
International Association of the Diabetes

and Pregnancy Study Groups (IADPSG) cri-
teria (35,37). The thresholds for IADPSG
criteria are lower than Carpenter-Coustan
criteria (37), and only one abnormal OGTT
value is needed for diagnosis. Thus, the

Selen and Associates

IADPSG GDM categorization includes
some individuals who would have been
categorized as having GGl in the current
study. Berezowsky et al. (22), based in
Israel and Canada, conducted a large retro-
spective cohort study, finding that one
abnormal value on a 3-h 100-g OGTT
during pregnancy is associated with in-
creased risk of incident type 2 diabetes
as compared with no abnormal OGTT val-
ues in those undergoing this testing. No-
tably, this study did not examine the
results of the GLT screening test (22).
Thus, unlike the current study, there is
limited ability to directly apply the re-
sults of these prior studies to current
U.S. clinical practice.

Strengths and Limitations

Strengths of this study include the large
sample size, the detailed laboratory and
clinical data available, the ability to in-
clude multiple pregnancies in the same
individual using time-varying exposures,
and the length of follow-up. Limitations
do exist. First, there is a threat of bias
by confounding inherent to observa-
tional data. To address this, we adjusted
for potential confounders in our statisti-
cal models including age, parity, race
and ethnicity, marital and insurance sta-
tus, and baseline BMI and blood pres-
sure. Second, our data set was limited to
individuals who had prenatal and primary
care at a single academic center, which
may limit the generalizability. Our results
may be less generalizable to the U.S. pop-
ulation as our cohort has a higher propor-
tion of White, insured individuals. This
population of White and insured individu-
als may be more likely to have postpar-
tum diabetes screening and prevention
than the general U.S. population. While
we conducted a single-center study, our
overall results are corroborated by those
of other studies in other settings where
increased risk of diabetes after subclinical
hyperglycemia in pregnancy was found
(18,22-24,35,36). Third, individuals need
to be screened to be diagnosed with dia-
betes after pregnancy, possibly resulting
in ascertainment bias if only those with
established risk factors were screened. To
evaluate this limitation, we conducted a
sensitivity analysis in which only individu-
als screened by HbA;. were included,
with findings similar to those of our pri-
mary analysis. U.S. studies suggest that
between 38 and 67% of individuals with
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GDM are screened for diabetes postpar-
tum (38,39). Fourth, while we looked at
gestational weight gain during pregnancy,
we did not evaluate postpartum weight
gain or BMI after pregnancy. Finally, it is
possible that individuals had additional
pregnancies that were not captured in
our database. To address this limitation,
we conducted a sensitivity analysis in
which we only included individuals who
were unlikely to become pregnant after
the pregnancy data collection ended;
results were similar to those of the pri-
mary analyses.

Calculation of the Schoenfeld residuals
indicated that the proportional hazards
assumption did not hold for the preg-
nancy glucose categories in the Cox
regression models. However, the trend
observed in the residual plots (a gradu-
ally diminishing effect of glucose category
over time) is biologically plausible, as we
would expect the effect of a pregnancy-
related risk factor to diminish over time.
Further, the hazard ratios obtained from
the Cox regression models correspond to
a time-averaged multiplicative effect of
the exposure over time, which is valuable
to estimate.

Conclusion

Pregnant individuals with GGl, those who
had an initial abnormal screening test for
GDM without meeting GDM diagnostic
criteria, have increased risk of future dia-
betes compared with those with normal
glucose tolerance. Clinical data universally
available from prenatal care identify
a large, previously unrecognized group
of individuals who may benefit from dia-
betes screening and prevention postpar-
tum. Recognizing GGl as a risk factor
may provide additional opportunities
to diagnose and prevent future diabetes,
as well as cardiovascular disease (40).
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