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Abstract

BACKGROUND: Women with gestational glucose intolerance, defined as an abnormal initial
gestational diabetes screening test, are at risk for adverse pregnancy outcomes even if they do

not have gestational diabetes. We previously defined gestational diabetes physiologic subtypes
based on the primary underlying physiology leading to hyperglycemia and found that women with
different subtypes had differential risk of adverse outcomes. Physiologic subclassification has not
yet been applied to women with gestational glucose intolerance.
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OBJECTIVE: We defined gestational glucose intolerance physiologic subtypes based on the
presence of insulin resistance, insulin deficiency, or mixed pathophysiology, and aimed to
determine if these subtypes are at differential risk for adverse outcomes. We hypothesized that
women with the insulin resistant subtype of gestational glucose intolerance would have the
greatest risk of adverse pregnancy outcomes.

STUDY DESIGN: In a hospital-based cohort study, we studied women with gestational glucose
intolerance (glucose loading test 1-hour glucose =140 mg/dL, N=236) and normal glucose
tolerance (glucose loading test 1-hour glucose <140 mg/dL, N=1472). We applied homeostasis
model assessment to fasting glucose and insulin levels at 16—20 weeks’ gestation to assess insulin
resistance and deficiency and used these measures to classify women with gestational glucose
intolerance into subtypes. We compared odds of adverse outcomes (large for gestational age
birthweight, neonatal intensive care unit admission, pregnancy-related hypertension, cesarean
delivery) in each subtype to odds in women with normal glucose tolerance using logistic
regression with adjustment for age, race/ethnicity, marital status, and body mass index.

RESULTS: Of women with gestational glucose intolerance (12% with gestational diabetes),
49% had the insulin resistant subtype (N=115), 27% had the insulin deficient subtype (N=70),
17% had the mixed pathophysiology subtype (N=40), and 5% were uncategorized (N=11). We
found increased odds of large for gestational age birthweight (primary outcome), in women with
the insulin resistant subtype compared to women with normal glucose tolerance (OR 2.35 [1.43—
3.88], p=0.001; adjusted OR 1.74 [1.02-3.48], p=0.04). The odds of large for gestational age
birthweight in women with the insulin deficient subtype were increased only after adjustment
for covariates (OR 1.69 [0.84-3.38], p=0.14; adjusted OR 2.05 [1.01-4.19], p=0.048). Among
secondary outcomes, there was a trend toward increased odds of neonatal intensive care unit
admission in the insulin resistant subtype in an unadjusted model (OR 2.09 [0.99-4.40], p=0.05);
this finding was driven by an increased risk of neonatal intensive care unit admission in women
with the insulin resistant subtype and body mass index <25 kg/mZ. Infants of women with other
subtypes did not have increased odds of neonatal intensive care unit admission. The odds of
pregnancy-related hypertension in the insulin resistant subtype were increased (OR 2.09 [1.31-
3.33], p=0.002; adjusted OR 1.77 [1.07-2.92], p=0.03) compared to women with normal glucose
tolerance; other subtypes did not have increased odds of pregnancy-related hypertension. There
was no difference in cesarean delivery rates in nulliparous women across subtypes.

CONCLUSION: Insulin resistant gestational glucose intolerance is a high-risk subtype for
adverse pregnancy outcomes. Delineating physiologic subtypes may provide opportunities for a
more personalized approach to gestational glucose intolerance.
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Introduction:

Women with gestational diabetes mellitus (GDM) and their infants have an increased
risk of adverse pregnancy outcomes including large for gestational age birthweight
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(LGA), neonatal intensive care unit (NICU) admission, pregnancy-related hypertension,

and cesarean delivery.1=3 Women with gestational glucose intolerance (GGI), who have an
abnormal initial screening glucose loading test (GLT), also have an increased risk of the
same adverse pregnancy outcomes, whether or not they meet GDM diagnostic criteria.l: 4-14
While the American College of Gynecology (ACOG) has suggested that some women

with GGI who do not meet GDM criteria may nevertheless be treated as if they have
GDM,15 it is not yet known if every woman with GGI has an elevated risk of adverse
pregnancy outcomes. We previously found that the risk of adverse pregnancy outcomes
differs according to the underlying physiology leading to hyperglycemia in GDM;6 similar
heterogeneity may be present among women with GGI.

Women with GDM, on average, have diminished insulin sensitivity (insulin resistance) and
diminished insulin secretion (insulin deficiency) compared to pregnant women with normal
glucose tolerance (NGT). However, there is substantial heterogeneity in the underlying
physiology leading to hyperglycemia in GDM.16-19 Our previous work defined GDM
subtypes based on the presence or absence of insulin resistance and/or insulin deficiency,
assessed using multiple timed glucose and insulin measurements from an oral glucose
tolerance test (OGTT).16 In our prior study, we found that women with an insulin resistant
subtype of GDM had an increased risk of fetal overgrowth and GDM-associated pregnancy
outcomes.16 In comparison, women with the insulin deficient or mixed pathophysiology
subtypes of GDM did not have increased risk of adverse pregnancy outcomes compared to
women with NGT.16

Here, we aimed to define physiologic subtypes of GGI (including all women who had

an abnormal initial GDM screening test). Subtypes were delineated by insulin resistance,
insulin deficiency, or mixed pathophysiology using homeostasis model assessment, which
uses fasting glucose and insulin measures.20 We aimed to determine if GGI subtypes are
at differential risk for adverse pregnancy outcomes. We hypothesized that women with the
insulin resistant subtype of GGI would be at highest risk.

Materials and Methods:

Participants were from the Massachusetts General Hospital (MGH) Obstetrical Maternal
Study (MOMS, N=9913), enrolled from 1998-2006.2! Institutional review board (IRB)
approval and informed consent were obtained before study procedures began. A subset of
women in the cohort (N=1853) provided a fasting blood sample at 16-20 weeks gestation
(serum frozen at —80C). For the present study, we included women who had fasting glucose
levels measured at the time of study who also had a 1-hour GLT (initial screening test for
GDM) at >22 weeks gestation (median 27.7 [IQR 26.9-28.4] weeks). Of these women,
those with gestational glucose intolerance (GGI: 1-hour GLT result =140 mg/dl) were
included if they had a stored fasting serum sample available for insulin measurement or

had insulin previously measured. We included all women with NGT, regardless of sample
availability. For pregnancy-related hypertension analyses, we excluded women with chronic
hypertension, defined as an elevated blood pressure at the initial prenatal visit occurring

at <20 weeks’ gestation. For cesarean delivery analyses, only nulliparous women were
included.
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The primary exposure was physiologic subtype of GGlI, defined with homeostasis model
assessment (HOMA-2)20 using fasting glucose and insulin levels measured at 16—20 weeks
gestation. Glucose levels were measured at the time of blood draw in the MGH Core
Chemistry Laboratory (Boston, MA). We measured insulin levels on frozen serum using

a chemiluminescent immunoassay (inter-assay variation <5.6%) at the Brigham Research
Assay Core (Boston, MA). For 25 participants with GGI in whom additional samples

were not available, we used insulin levels previously measured using a radioimmunoassay
from Linco Research (St. Louis, MO).22 Insulin resistance and/or deficiency were defined
in pregnancies with GGl as HOMA-2S (measure of insulin sensitivity) or HOMA-2B
(measure of beta-cell function)20: 23 <50t percentile. The 501 percentile was determined
in women with GLT 1-hour glucose <130 mg/dl who had insulin measured by the same
assay as those with GGI. Women with GGI (including those with GDM) were classified into
physiologic subtypes based on the presence or absence of insulin resistance/deficiency: 1)
insulin resistant GGI: isolated insulin resistance, 2) insulin deficient GGI: isolated insulin
deficiency, 3) mixed pathophysiology GGlI: both insulin resistance and deficiency, and 4)
uncategorized: neither insulin resistance nor deficiency. The referent group for examining
outcomes was women with NGT (N=1472, GLT 1-hour glucose <140 mg/dl).

The primary outcome was large for gestational age birthweight (LGA), defined as birth
weight >90t percentile for gestational age.24 Secondary outcomes included infant outcomes
birthweight percentile (BW%)2* and NICU admission, and maternal outcomes pregnancy-
related hypertension and cesarean delivery in nulliparous women. Hyperglycemia,

including GDM, is known to contribute to pregnancy-related hypertension, including
preeclampsia.?: 3: 12-14. 25, 26 \\fe defined pregnancy-related hypertension as gestational
hypertension or pre-eclampsia, ascertained using either prenatal outpatient blood pressures
(systolic blood pressure [SBP] 2140 mmHg or diastolic blood pressure [DBP] =290 mmHg
after 20 weeks gestation) and/or by the notation of either of these diagnoses (as an indication
for induction or cesarean delivery or complication of labor) in the inpatient delivery record.
Women with chronic hypertension (defined as SBP =140 mmHg or DBP =90 mmHg

at initial prenatal visit) were excluded from the pregnancy-related hypertension outcome
analysis. We examined GDM diagnosis using National Diabetes Data Group (NDDG)
criteria,2” which were in clinical use at MGH at the time of data collection.

We compared participant characteristics according to physiologic GGI subtype and NGT,
using the Kruskal-Wallis tests for continuous variables or Chi-square tests for categorical
variables. If the global p-value indicated a difference across subgroups (p <0.05), we
performed post-hoc pairwise testing using the Dunn test or Chi-square tests comparing
each physiologic subtype group to the NGT group (with the alpha level adjusted for three
comparisons using Bonferroni’s correction). We compared odds of adverse outcomes in
each subtype to odds in women with NGT using logistic (odds ratios) or linear regression
(beta coefficients) with adjustment for maternal age, race/ethnicity, marital status, and BMI
measured at <20 weeks gestation, plus infant sex in LGA and birthweight models. We ran
secondary analyses excluding women with GDM to determine whether findings were being
driven by women in this treated sub-population. To determine whether physiologic subtypes
provided information on the risk of outcomes beyond that provided by conventional

BMI categories, we performed stratified analyses using linear and logistic regression
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models, grouping women by BMI into overweight/obesity (BMI 225 kg/m?) and normal/
underweight strata (BMI <25 kg/m?2). We ran sensitivity analyses using the 251 percentile
threshold (Supplemental Table 2) for HOMA-2B and HOMA-2S to delineate GGI subtypes
and using a cutoff of GLT <130 mg/dl to define the NGT group (Supplemental Table 3).
Analyses were run using Stata Release 16 (StataCorp LLC, College Station, TX).

Participant characteristics by GGI subtype are given in Table 1. Of the women with GGl
(GLT = 140 mg/dL, N=236, Figure 1), 49% had insulin resistant GGI (N=115), 27% had
insulin deficient GGI (N=70), 17% had mixed pathophysiology GGI (N=40), and 5% were
uncategorized (N=11). GDM was diagnosed in N=28 (12%) women with GGI. Compared

to the NGT referent group, women with the insulin deficient and mixed pathophysiology
subtypes were older (Table 1). Women with insulin resistant GGI were more likely to have
BMI = 30kg/m?2 compared to NGT; women with insulin deficient GGI were more likely to
have BMI <25 kg/m?2. There were no statistically significant differences in insurance status
between the subtypes. Compared to NGT, women with insulin resistant GGI were less likely
to be married. Women with insulin resistant GGI were also more likely to identify as Latina.
Women included in our analysis were similar to those who participated in the MOMS fasting
parent study (data not shown).

The GLT results in each GGI subtype were similar and higher than the NGT group (Table
1). As expected, given that HOMA-2 indices are calculated from these levels, there were
differences in fasting glucose and insulin between subtypes (Table 1). Fasting insulin was
higher in women with insulin resistant and lower in women with insulin deficient subtypes
compared to women with NGT. Fasting glucose was higher in women with insulin resistant
and mixed pathophysiology subtypes, and similar in women with the insulin deficient
subtype compared to NGT.

Primary Outcome: LGA

For the primary outcome of LGA, women with insulin resistant GGI had the greatest
incidence of LGA (19%), while women with insulin deficient and mixed pathophysiology
subtypes had a similar risk of LGA to each other (14% and 13%, respectively); the lowest
risk of LGA was in the women with NGT (9%, Figure 2). In unadjusted models, women
with insulin resistant GGI had significantly higher odds of an LGA birth compared to the
NGT group (Table 2). These odds remained higher after adjusting for age, race/ethnicity,
marital status, BMI, and infant sex (Table 2). Women with insulin deficient GGI did not
have significantly higher odds of an LGA infant compared to women with NGT prior to
adjustment, but after adjustment (including for BMI) the increased odds of LGA in this
subtype became statistically significant (Table 2).

Secondary Infant Outcomes

For our secondary infant outcome of BW%, infants of women with the insulin resistant
and mixed pathophysiology subtypes had significantly higher BW% compared to the NGT
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group; however, these effects were attenuated and no longer statistically significant in the
adjusted models (Table 2).

The incidence of NICU admission was highest in women with insulin resistant GGl,
intermediate in mixed pathophysiology GGI, and lower in insulin deficient GGI compared
to NGT (Figure 2). There was a trend toward increased odds of NICU admission in
infants of women with insulin resistant GGI compared to infants of women with NGT;
this relationship was attenuated in the fully adjusted model (Table 2).

Secondary Maternal Outcomes

There was an increased incidence of pregnancy-related hypertension in women with insulin
resistant GGI (24%) compared to NGT (14%); 13% of women with insulin deficient GGI
and 18% of women with mixed pathophysiology GGI had pregnancy-related hypertension
as compared to 14% in the NGT group (Figure 2). In logistic regression models, unadjusted
odds of women with insulin resistant GGI having pregnancy-related hypertension were
greater than in NGT; these odds remained significantly higher compared to NGT in adjusted
models (Table 2). In contrast, other subtypes did not have significantly greater odds of
pregnancy-related hypertension compared to NGT (Table 2).

Among nulliparas, there was no difference in cesarean delivery between the subtypes and
NGT (Figure and Table 2).

Analyses Excluding Women with GDM Diagnhoses

Among women diagnosed with GDM (N=28, 12% of GGl), 64% (N=16) had insulin
resistance, 24% (N=6) had insulin deficiency, 12% (N=3) had mixed pathophysiology, and
12% (N=3) were uncategorized (Table 1). There was no significant difference in GDM
diagnosis between GGI subtypes, though the insulin resistant subtype appeared to have a
greater incidence (Table 1). When women with GDM were excluded from analyses, the
effect sizes observed for outcome analyses in the insulin resistant subtype were consistent
with the analyses previously described in all women with GGI for LGA, pregnancy-related
hypertension, NICU admission, and cesarean delivery rate (Table 3).

Sensitivity Analyses

When we used the 25t percentile cutoff for HOMA-2B and HOMA-2S to define insulin
resistance/deficiency and categorize subtypes (instead of the 50t percentile cutoff used

in the main analyses) more women were uncategorized, resulting in less informative GGI
subtyping (Supplemental Table 2). We observed similar findings in primary and secondary
outcomes in a sensitivity analysis where NGT definition was changed to GLT <130 mg/dI
from GLT <140 mg/dl, (Supplemental Table 3).

Analyses Stratified by BMI

Primary Outcome: LGA — BMI 225 kg/mZ: In stratified analyses for the primary LGA
outcome by BMI category, women with BMI =25 kg/m? and insulin resistant GG had an
increased adjusted odds of LGA (Table 4) compared to women with NGT from the same

Am J Obstet Gynecol. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

SELEN et al.

Comment:

Page 7

BMI strata. Women with insulin deficient GGI and BMI =25 kg/m? had similar odds of
LGA to NGT women (Table 4).

Primary Outcome: LGA — BMI <25 kg/m?2: Out of the 29 women in the BMI <25
kg/m? strata with insulin resistant GGI, there were no women who had LGA births. In
contrast, we found a significantly increased odds of LGA in women with insulin deficient
GGI compared to NGT women in the BMI <25 kg/m? strata (Table 4).

Secondary Outcomes — Stratified by BMI:

Secondary Infant Outcome — NICU Admission: In women with BMI =25 kg/m?, there
was no increased risk of NICU admission in women with insulin resistant GGI compared to
NGT (Table 4). There were no women with insulin deficient GGI and BMI =25 kg/m? who
had an infant with a NICU admission, and no higher odds of NICU admission in women
with mixed pathophysiology GGI compared with NGT (Table 4). In women with BMI <25
kg/m2, there were higher odds of NICU admission in women with insulin resistant GGI
compared to NGT (Table 4). The odds of women with BMI <25 kg/m? and insulin deficient
GGl having an infant requiring a NICU admission were not statistically different from NGT,
and there were no NICU admissions in infants of women with mixed pathophysiology GGl
with BMI <25 kg/m? (Table 4).

Secondary Maternal Outcome — Pregnancy-Related Hypertension: For pregnancy-
related hypertension, the insulin resistant subtype appeared to convey a greater risk
regardless of BMI strata, though the effect was only statistically significant in the BMI =25
kg/m? strata (Table 4). There was no difference in risk of pregnancy-related hypertension in
women with insulin deficient or mixed pathophysiology subtypes compared to NGT women
in either BMI strata (Table 4).

Principal Findings:

In this study of 236 women with gestational glucose intolerance (GGI), we found differential
risk of adverse pregnancy outcomes depending on the physiology underlying the glucose
intolerance, with insulin resistance appearing to convey the highest risk. Specifically, in
unadjusted models and after adjustment for all covariates including maternal BMI, we

found increased risk of LGA and pregnancy-related hypertension in women with the insulin
resistant subtype of GGI. There also appeared to be a uniquely high risk of NICU admission
in women with normal weight and the insulin resistant subtype.

Results in the Context of What is Known:

While we previously subtyped GDM based on insulin resistance and/or deficiency status,
to our knowledge, the present analysis is the first to broaden this subclassification to GGI.
Prior studies by us and others evaluating pregnancy outcomes based on GDM physiologic
subtypes have found that women with insulin resistance are at an increased risk of
adverse pregnancy outcomes including fetal overgrowth,16 preterm delivery and neonatal
hypoglycemia,?8 pregnancy-related hypertension, primary cesarean delivery, and neonatal
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hyperinsulinemia and adiposity.2® Our data expand these findings to women with lesser
degrees of glucose intolerance in pregnancy.

Our primary outcome of LGA was significantly more common in women with insulin
resistant GGI in unadjusted and adjusted analyses. This association was not entirely
mediated by fetal exposure to maternal obesity,30 as adjustment for BMI did not completely
attenuate the relationship between insulin resistant GGI and LGA. Women with the insulin
deficient and mixed pathophysiology subtypes also had some evidence for an increased

risk of fetal overgrowth. Maternal obesity,30-32 fasting'6 and nocturnal hyperglycemia,33
hyperinsulinemia,3# 35 and hypertriglyceridemia38: 37 may contribute to increased risk of
LGA infants in women with insulin resistance.

Among secondary maternal outcomes, women with insulin resistant GGI had an increased
risk of pregnancy-related hypertension compared to women with NGT; this increased

risk was independent of BMI and other covariates, and was not seen in women with

the insulin deficient or mixed pathophysiology subtypes of GGI. Outside of pregnancy,
insulin resistance is known to be associated with hypertension, independent of diabetes

and obesity.38 Previous studies by our group and others using HOMA-IR,39 sex hormone
binding globulin (SHBG),% and urine insulin®! as markers of insulin resistance have linked
insulin resistance to pregnancy-related hypertension. However, these studies did not assess
the contribution of insulin resistance specifically in women with glucose intolerance.39-43

Of note, we also found evidence for an association between insulin resistant GGl and our
secondary infant outcome NICU admission, which was driven by women with BMI <25
kg/mZ2. The mechanisms underlying this finding deserve further study.

Clinical Implications:

Studying women with GGI (rather than only those with GDM) is clinically relevant,

as women with GGI who do not have GDM have been shown to be at risk for GDM-
associated adverse outcomes but are currently untreated.? 10 11 The 2018 ACOG guidelines
suggest that women with one abnormal OGTT value (a subset of women GGI) may be
treated as if they have GDM, but this is up to provider discretion.1® Our current findings
provide the premise for future studies of increased monitoring or treatment for women

with GGI (without GDM) with insulin resistance. For example, it would be of clinical
interest to determine whether women with insulin resistant GGl who are at increased

risk of pregnancy-related hypertension would benefit from aspirin prophylaxis** or glucose-
lowering therapy.

Research Implications:

Typically, women with GDM are treated during pregnancy, without regard to the underlying
physiologic mechanism leading to hyperglycemia.15 45 Future prospective studies are
necessary to determine if treatment during pregnancy based on GGI or GDM physiologic
subtypes could reduce the risk of adverse pregnancy outcomes. While there are at

least two clinical trials currently testing subtype-specific treatment of GDM using diet
(NCT04187521) or medical therapy (NCT03029702), future research may benefit from
including women with GGI and the same physiologic subtypes.
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Strengths and Limitations:

Strengths of this study include the detailed phenotypic, laboratory, clinical, and outcome
data utilized. Our use of a fasting blood sample to subtype women with GGl is another
strength, as this boosts the potential for clinical translation and is unlike prior approaches,
which used multiple timed glucose and insulin levels during an OGTT. The blood sample
for subtyping was done in the early second trimester prior to diagnosis of GDM, which

may ultimately allow for earlier intervention. Limitations include the retrospective and
observational design, which is subject to bias by confounding, but we have adjusted for
many potential confounders in statistical models. In addition, generalizability may be limited
by inclusion of women from a single academic center. Our sample may differ from the
general population of pregnant women due to older age, <50% racial/ethnic minority groups,
and >60% private insurance status.

Conclusions:

Currently, pregnant women with GDM are all treated similarly, and women with GGI
without GDM are not treated for hyperglycemia. Our results support using physiologic
subtyping to identify insulin resistance in women with GGI, regardless of GDM diagnosis;
this approach could enable targeted interventions leading to more favorable outcomes.
While previous studies of GDM physiologic subtypes used full OGTT data for subtype
classification, we determined subtypes of GGI based on a single fasting blood draw,

making such subtyping feasible in clinical practice. Our findings imply that additional
monitoring and possible treatment of women with the insulin resistant subtype of GGI (even
without a GDM diagnosis) could be beneficial, given the increased risk of fetal overgrowth,
pregnancy-related hypertension, and NICU admission observed in this group.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AJOG Condensation Page:
Condensation:

Fasting blood tests identify insulin resistant women with gestational glucose intolerance
who are at risk for hyperglycemia-associated adverse pregnancy outcomes.

Short Title:
Gestational Glucose Intolerance Subtypes and Adverse Pregnancy Outcomes
AJOG at a Glance:

A. Why was this study conducted?

In a prior study, we defined physiologic subtypes of gestational diabetes (GDM, based on
the underlying physiology leading to hyperglycemia) and found that these subtypes had
differential risks of adverse outcomes. In this study, we expanded this subclassification
framework to gestational glucose intolerance (GGlI, abnormal initial GDM screen).

B. What are the key findings?

Women with GGI had a differential risk of adverse pregnancy outcomes depending on
the physiology underlying the glucose intolerance, with insulin resistance conveying the
greatest risk for large for gestational age birthweight, pregnancy-related hypertension,
and neonatal intensive care unit admission.

C. What does this study add to what is already known?

Our findings imply that a new clinical approach to women with the insulin resistant
subtype of GGI could be of benefit, given the increased risk of adverse pregnancy
outcomes observed in this group.
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Figure 1: Insulin Sensitivity and Secretion in Physiologic Subtypes of Gestational Glucose
Intolerance.

Distribution of insulin sensitivity (HOMA-2S) and insulin secretion (HOMA-2B) in 236
subtyped women with gestational glucose intolerance (GGI). Women with the insulin
resistant subtype of GGI (red, @) have preserved insulin secretion and decreased insulin
sensitivity. Women with the insulin deficient subtype of GGI (blue, ®) have preserved
insulin sensitivity and decreased insulin secretion. Women with mixed pathophysiology GGI
(orange, A) have a combination of insulin resistance and deficiency.
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Figure 2: Frequency of Adverse Pregnancy Outcomes According to Physiologic Subtype of
Gestational Glucose Intolerance.

Frequency was calculated as percentage of gestational glucose intolerance (GGI) for the
insulin resistant, insulin deficient, and mixed pathophysiology subtypes, or percentage

of normal glucose tolerance (NGT) for the referent group. Outcomes include large for
gestational age infant (LGA), neonatal intensive care unit (NICU) admission, pregnancy-
related hypertension (HTN), and rate of cesarean delivery among nulliparous women. Total
number of women (N) and percentages of each physiologic subtype or the NGT referent
group are listed. * p < 0.05 in adjusted regression models.
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