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Although studies suggest that hyperglyce-
mia during pregnancy is associated with
offspring adiposity (1) and an increased
risk of type 2 diabetes (2), the latter
outcome has been investigated in a small
number of studies and in atypical pop-
ulations. Furthermore, it remains unclear
whether the association between gesta-
tional diabetes mellitus (GDM) and child’s
adiposity is independent of parental
weight status (1). We aimed to examine
the associations of maternal gestational
glucose tolerance with adiposity and
estimated insulin resistance (IR) in early
adolescence. We hypothesized that pre-
viously reported sex-specific associations
of gestational glucose tolerance with
mid-childhood adiposity would persist
in early adolescence.
We studied participants from the Pro-

ject Viva cohort (initial cohort N5 2,128
mother-child pairs; NCT02820402; www
.hms.harvard.edu/viva/) (3). The study
was approved by the institutional review
board of Harvard Pilgrim Health Care, and
participants provided written informed
consent. We included in this analysis 880
mother-child pairs, without pregesta-
tional diabetes, with available exposure
and covariates, and with at least one
outcome in early adolescence.

We assessed gestational glucose tol-
erance using a nonfasting 50-g 1-h glu-
cose challenge test (GCT) followed, if
abnormal, by a 100-g 3-h oral glucose
tolerance test (OGTT) (4). Glucose toler-
ance categories included normal glucose
tolerance (NGT) (normal GCT: 83%), iso-
lated hyperglycemia (IH) (abnormal GCT,
normal OGTT: 9%), gestational impaired
glucose tolerance (GIGT) (one abnormal
OGTT value: 3%), and GDM ($2 abnor-
mal OGTT values: 5%).

We measured each child’s height and
weight (from which we derived age- and
sex-specific BMI z scores), waist circum-
ference, and subscapular and triceps
skinfold thicknesses using standardized
techniques (3,4). We estimated fat mass
with whole-body dual X-ray absorptiom-
etry (DXA) scans. We used fasting insulin
and glucose measurements to estimate
IR with HOMA-IR (5).

We used sex-stratified multivariable
linear regression models to examine as-
sociations of gestational glucose toler-
ance with outcomes in early adolescence,
adjusting for maternal and child socio-
demographic characteristics (as listed
in Table 1, model 1), and subsequently
for prepregnancy BMI and paternal BMI
(model 2).Wedecidedapriori to conduct

analyses separately for boys and girls
because of our previous observations
showing sex-specific associations in mid-
childhood in this cohort (4).

Mothers included in this study were
32.8 6 4.6 years old (mean 6 SD), 73%
were white, 65% had annual household
income.70,000 USD, 75% were college
graduates, 91% did not smoke during
pregnancy, and prepregnancy BMI was
24.7 6 5.1 kg/m2. In early adolescence
(13.2 6 0.9 years old), children (50%
male) had a BMI z score of 0.37 6 1.0
and whole-body fat percentage of
28.7 6 7.4%.

Compared with NGT, female offspring
of mothers with IH had higher sum of
skinfolds, DXA whole-body fat percent-
age, fat mass index, and truncal fat mass
(Table 1, model 1). Additional adjust-
ments for parental BMI attenuated the
effect estimates by 38–54% with all CIs
overlapping the null (model 2). We did not
find significant associations for HOMA-
IR. In male offspring, we did not observe
significant associations with adiposity or
glycemic indices before or after adjust-
ments for sociodemographic character-
istics and parental BMI (Table 1). We
performed sensitivity analyses addition-
ally adjusting for first trimester or total
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Table 1—Adjusted* linear regression coefficients for associations of glucose tolerance status during pregnancy and
offspring’s overall and central adiposity as well as glycemic indices at early adolescence

Male offspring Female offspring

Model 1 Model 2 Model 1 Model 2

Overall adiposity
BMI, z score (N 5 439) (N 5 441)
NGT Ref Ref Ref Ref
IH 0.20 (20.18, 0.57) 0.09 (20.25, 0.44) 0.30 (20.00, 0.60) 0.14 (20.13, 0.41)
GIGT 20.17 (20.67, 0.32) 20.26 (20.72, 0.20) 0.26 (20.37, 0.90) 0.25 (20.32, 0.81)
GDM 0.08 (20.37, 0.53) 20.12 (20.54, 0.30) 0.50 (0.04, 0.96) 0.12 (20.29, 0.54)

Sum of skinfolds, mm (N 5 438) (N 5 440)
NGT Ref Ref Ref Ref
IH 0.49 (24.42, 5.40) 20.88 (25.42, 3.66) 4.84 (1.06, 8.63) 3.00 (20.38, 6.39)
GIGT 20.93 (27.41, 5.55) 22.17 (28.15, 3.80) 1.98 (25.96, 9.91) 1.96 (25.12, 9.04)
GDM 2.71 (23.20, 8.61) 20.11 (25.63, 5.41) 0.59 (25.12, 6.31) 23.74 (28.93, 1.45)

DXA whole-body fat, % (N 5 301) (N 5 322)
NGT Ref Ref Ref Ref
IH 0.29 (23.32, 3.89) 0.28 (23.08, 3.65) 3.39 (1.27, 5.51) 1.92 (20.01, 3.83)
GIGT 0.26 (24.17, 4.70) 20.56 (24.71, 3.58) 1.65 (23.80, 7.09) 1.92 (22.94, 6.78)
GDM 2.39 (21.87, 6.66) 0.14 (23.95, 4.22) 1.37 (22.11, 4.85) 21.10 (24.29, 2.09)

DXA fat mass index, kg/m2 (N 5 301) (N 5 322)
NGT Ref Ref Ref Ref
IH 20.19 (21.60, 1.21) 20.19 (21.48, 1.09) 1.38 (0.44, 2.31) 0.63 (20.17, 1.44)
GIGT 20.07 (21.80, 1.66) 20.43 (22.01, 1.16) 0.26 (22.13, 2.66) 0.37 (21.67, 2.41)
GDM 1.27 (20.39, 2.94) 0.27 (21.29, 1.84) 0.61 (20.92, 2.14) 20.76 (22.09, 0.58)

Central adiposity
Waist circumference, cm (N 5 439) (N 5 441)
NGT Ref Ref Ref Ref
IH 1.58 (22.75, 5.91) 0.39 (23.64, 4.42) 3.02 (20.15, 6.20) 1.35 (21.42, 4.12)
GIGT 0.24 (25.48, 5.95) 20.81 (26.11, 4.50) 1.76 (24.89, 8.41) 1.58 (24.21, 7.37)
GDM 2.71 (22.50, 7.91) 0.43 (24.47, 5.33) 2.38 (22.41, 7.18) 21.77 (26.01, 2.48)

DXA truncal fat mass, kg (N 5 301) (N 5 322)
NGT Ref Ref Ref Ref
IH 20.22 (21.99, 1.55) 20.22 (21.85, 1.40) 1.70 (0.53, 2.88) 0.78 (20.24, 1.80)
GIGT 0.06 (22.11, 2.24) 20.37 (22.38, 1.63) 0.32 (22.70, 3.34) 0.45 (22.13, 3.03)
GDM 1.20 (20.89, 3.30) 20.07 (22.04, 1.90) 1.01 (20.93, 2.94) 20.72 (22.41, 0.97)

DXA truncal to peripheral fat ratio (N 5 301) (N 5 322)
NGT Ref Ref Ref Ref
IH 0.00 (20.04, 0.05) 0.00 (20.04, 0.05) 0.05 (0.01, 0.09) 0.03 (20.01, 0.07)
GIGT 20.02 (20.08, 0.04) 20.03 (20.08, 0.03) 0.00 (20.10, 0.10) 0.00 (20.09, 0.10)
GDM 0.02 (20.03, 0.08) 0.00 (20.06, 0.05) 0.04 (20.02, 0.11) 0.00 (20.06, 0.07)

Skinfold ratio (SS:TR) (N 5 438) (N 5 440)
NGT Ref Ref Ref Ref
IH 20.05 (20.13, 0.04) 20.06 (20.14, 0.02) 0.04 (20.02, 0.11) 0.03 (20.04, 0.09)
GIGT 0.01 (20.10, 0.12) 20.00 (20.11, 0.11) 0.02 (20.11, 0.15) 0.02 (20.11, 0.15)
GDM 0.01 (20.09, 0.11) 20.03 (20.13, 0.07) 20.00 (20.10, 0.09) 20.04 (20.13, 0.06)

Glycemic indices
Fasting glucose, mg/dL (N 5 263) (N 5 240)
NGT Ref Ref Ref Ref
IH 23.8 (212.3, 4.8) 23.9 (212.5, 4.7) 1.5 (22.8, 5.8) 0.7 (23.6, 5.0)
GIGT 24.6 (217.4, 8.2) 24.6 (217.5, 8.2) 25.9 (214.1, 3.3) 25.9 (215.0, 3.2)
GDM 20.2 (211.5, 11.1) 20.7 (212.3, 10.9) 27.2 (214.8, 0.5) 29.6 (217.3, 21.9)

Fasting insulin, mU/mL (N 5 263) (N 5 240)
NGT Ref Ref Ref Ref
IH 14.9 (213.5, 52.7) 12.6 (214.8, 48.8) 9.5 (211.6, 35.6) 7.0 (213.4, 32.3)
GIGT 1.9 (233.4, 56.1) 2.0 (232.8, 54.8) 15.4 (227.0, 82.4) 16.9 (225.5, 83.3)
GDM 23.9 (214.9, 80.4) 13.1 (222.4, 65.0) 27.2 (236.4, 35.5) 217.9 (243.9, 20.2)

HOMA-IR (N 5 263) (N 5 240)
NGT Ref Ref Ref Ref
IH 11.5 (216.1, 48.2) 9.2 (217.3, 44.2) 11.7 (210.2, 38.9) 8.4 (212.5, 34.3)
GIGT 0.0 (234.7, 53.2) 0.0 (234.1, 51.7) 8.8 (231.8, 73.7) 10.3 (230.1, 74.1)
GDM 26.2 (213.4, 83.9) 14.9 (221.2, 67.6) 213.5 (241.2, 27.2) 225.3 (249.2, 10.0)

Data areb (95% CI) except for fasting insulin and HOMA-IR, which are expressed as % difference (95% CI). SS, subscapular; TR, triceps. *Model 1: adjusted for
age at early adolescence visit, maternal age, race/ethnicity, education, parity, smoking during pregnancy, marital status, household income, and paternal
history of type 1 or type 2 diabetes (for glycemic indices only); model 2: model 1 additionally adjusted for paternal BMI and maternal prepregnancy BMI.
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gestational weight gain and found sim-
ilar results, whereas adjusting for puberty
slightly strengthened the associations in
female offspring from IH mothers.
Our study had the following limita-

tions. We could not account for the level
of glycemic control or the type of GDM
treatment, and we did not assess whether
some women without GDM received
nutritional/lifestyle counseling during preg-
nancy. Despite the considerable number
of participants included, we were limited
by our relatively small sample in IH/GIGT/
GDM groups and by the fact that our
sample was mostly white, with a generally
high socioeconomic status, limiting gen-
eralizability. Finally, variability in child gly-
cemic indices was relatively low, possibly
due to participant age at examination.
In this prospective longitudinal pre-

birth cohort, we did not observe indepen-
dent associations of abnormal gestational
glucose tolerance with adiposity and IR in
early adolescence. Some of the effect
estimates in early adolescence were sim-
ilar in size and direction with respective

outcomes measured in mid-childhood (4),
but CIs of our associations with outcomes
measured at early adolescence were
larger and overlapping with the null.
The large variability in adiposity and IR
changes associated with the transition
to adolescence and puberty could explain
the lack of associations. GDM treatment
may also have attenuated the associa-
tions. Longer follow-up will help reveal
whether associations of abnormal glu-
cose tolerance in pregnancy with off-
spring adiposity and IR are observable
after the adolescent hormonal transition.
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