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OBJECTIVE

The continuum of maternal glycemia in pregnancy shows continuous associations
with both 1) neonatal birth weight at delivery and 2) subsequent adiposity later
in childhood. While treating gestational diabetes mellitus (GDM) can lower birth
weight and thereby disrupt the former association, it is unclear if such treatment
reduces childhood adiposity. Thus, we sought to compare anthropometry across
the 1st year of life between infants born to women who were treated for GDM
and those with lesser degrees of gestational dysglycemia (untreated).

RESEARCH DESIGN AND METHODS

Anthropometric measurements were performed at 3 months and 12 months of
life in 567 infants born to women comprising the following four gestational glu-
cose tolerance groups: 1) women with normoglycemia on both glucose challenge
test (GCT) and oral glucose tolerance test (OGTT) in pregnancy; 2) women with an
abnormal GCT but normal OGTT; 3) those with mild gestational impaired glucose
tolerance; and 4) women treated for GDM.

RESULTS

Birth weight progressively increased across the three untreated groups but was
lowest in women treated for GDM (P 5 0.0004). Similarly, women treated for
GDM had the lowest rate of macrosomia (P 5 0.02). Conversely, however, there
were no differences among the four groups in weight z score, length z score,
weight-for-length z score, or BMI z score at either 3 months or 12 months (all
P values5 NS). Similarly, there were no differences among the groups in triceps/
biceps/subscapular/suprailiac skinfold thickness or sum of skinfolds at either
3 months or 12 months (all P values5 NS).

CONCLUSIONS

Despite reducing birth weight and macrosomia, the treatment of GDM does not
have analogous effects on infant adiposity across the 1st year of life.

There exists a continuous association between maternal glycemia in pregnancy and
infant birth weight, reflecting the anabolic effects of glycemia-induced fetal insulin
secretion (1). As the most severe element along the continuum of maternal glyce-
mia in pregnancy, gestational diabetes mellitus (GDM) confers an elevated risk of
macrosomia and associated complications, including cesarean delivery, shoulder
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dystocia, and birth injury (1). Accordingly,
women who are diagnosed with GDM are
treated with glucose-lowering therapy (life-
style modification, oral antidiabetic medica-
tion, or insulin) to decrease maternal/fetal
hyperglycemia and thereby reduce fetal
hyperinsulinemia and its stimulation of fetal
overgrowth. Indeed, clinical trials (such as
the Australian Carbohydrate Intolerance
Study in Pregnant Women [ACHOIS] trial
and the Maternal-Fetal Medicine Units
[MFMU] Network GDM trial [2,3]) have
shown that controlling maternal glycemia in
women with GDM can reduce fetal over-
growth and the incidence of adverse out-
comes at delivery. Thus, glucose-lowering
intervention (whether lifestyle or pharmaco-
logic) has become a standard component of
the management of GDM that disrupts the
continuous association between maternal
glycemia and infant birth weight (4,5).
It is now recognized that the continuum

of maternal glycemia shows similar associ-
ations with adiposity in the offspring at
10–14 years of age (though this associa-
tion is attenuated by adjustment for
maternal BMI in pregnancy) (6). Indeed,
the children of women who had GDM
exhibit an increased incidence of childhood
overweight and obesity that emerges dur-
ing school age and beyond (6–10). How-
ever, it is not clear if the antepartum
glucose-lowering therapy that decreases
birth weight in the offspring of GDM preg-
nancies similarly impacts their adiposity in
childhood. Although secondary analyses of
the ACHOIS and MFMU Network trials
found that GDM treatment had no effect
on BMI in the children at 4–5 and 5–10
years, respectively, both analyses were lim-
ited by considerable loss to follow-up and
anthropometric focus on BMI (11,12).
Moreover, little is known about the impact
of GDM treatment on adiposity in infancy
(i.e., shortly after its effect on birth weight,
rather than later in childhood). While this
question would be best addressed with a
randomized clinical trial of treated versus
untreated GDM, it would be difficult to
perform such a trial now that glucose-low-
ering therapy (whether lifestyle or pharma-
cologic) is standard clinical management
for GDM. In the absence of such a trial,
we postulated that relevant insight could
potentially be obtained from observational
data by determining whether the treat-
ment of GDM disrupts the continuous
association of maternal glycemia with
childhood adiposity (i.e., in the same way
as it does for the analogous association

with birth weight). Thus, we sought to
compare anthropometric measurements
across the 1st year of life between infants
born to women who were treated for
GDM and those with lesser degrees of
untreated gestational dysglycemia.

RESEARCH DESIGN AND METHODS

In this secondary analysis of a prospective
observational cohort study, women were
recruited at the time of screening for GDM
in late second trimester, and their infants
were subsequently followed with assess-
ments at delivery, 3 months, and 12
months of age. The recruitment strategy
was designed to generate a cohort of
women reflecting the full spectrum of glu-
cose tolerance in pregnancy, as described
in the next section below. The study proto-
col has been previously described in detail
(13–15) and has been approved by the
Mount Sinai Hospital Research Ethics Board.
All women provided written informed con-
sent for their participation and that of their
infant.

Maternal Recruitment in Pregnancy
At our institution, all pregnant women are
screened for GDM by 50-g glucose chal-
lenge test (GCT) at 24–28 weeks’ gestation,
followed by oral glucose tolerance test
(OGTT) in those in whom the GCT is abnor-
mal (plasma glucose $7.8 mmol/L at 1 h
after ingestion of 50 g glucose). For this
study, women were recruited either before
or after the GCT. The recruitment of women
after an abnormal GCT was a design feature
that served to enrich the study population
for women with varying degrees of gesta-
tional dysglycemia, including GDM (15). For
this study, all women completed a 3-h 100-
g OGTT whether or not the GCT was abnor-
mal. As previously described (15), the GCT
and OGTT enable identification of the fol-
lowing four groups reflecting the full spec-
trum of gestational glycemia: 1) women
with GDM diagnosed by two or more glu-
cose values on the OGTT meeting National
Diabetes Data Group (NDDG) criteria (16);
2) women with gestational impaired glucose
tolerance (GIGT), defined by one glucose
value meeting NDDG criteria; 3) women
with an abnormal GCT followed by normal
glucose tolerance (NGT) on the OGTT
(abnormal GCT NGT); and 4) women with
normoglycemia on both the GCT and the
OGTT (normal GCT NGT).

Women who were diagnosed with GDM
were referred to the diabetes in pregnancy

clinic, where they were treated with life-
style modification (diet and physical activ-
ity) to target fasting glucose <5.3 mmol/L
and 2-h postprandial glucose <6.7 mmol/L
on self-monitoring. Women not meeting
the targets after 1 week were then treated
with insulin therapy, with doses titrated to
these glucose targets. Unlike women with
GDM, those with GIGT or abnormal GCT
NGT received no specific glucose-lowering
therapy (either lifestyle counseling or insu-
lin), as per standard clinical practice at our
institution.

Infant Anthropometric Measures
Obstetrical outcome data, including birth
weight and length of gestation, were obtained
from the institutional labor and delivery data-
base. Macrosomia was defined as birth
weight >4,000 g, and large for gestational
age (LGA) was defined as sex-specific birth
weight for gestational age >90th percentile
of Canadian fetal growth curves (17). At both
3 months and 12 months of age, participating
infants underwent anthropometric assess-
ment at the clinical investigation unit. Recum-
bent length was measured with a digital
measuring board, and weight was measured
by digital pediatric scale. Each of these meas-
urements was performed three times, with
the average recorded. Skinfold thickness (SFT)
measurements were obtained by Harpenden
calipers at the triceps, biceps, subscapular,
and suprailiac regions. SFT measurements
have been previously validated in infants
against body fat assessed by direct measure-
ment, including DEXA (18), though a recent
National Institutes of Health workshop noted
that measurement errors can be increased in
young children due to excessive movement
such that the reliability of SFT in children <4
years of age ranges between 60 and 70%
(19). In the current study, each SFT measure-
ment was performed three times by a single
study coordinator. The average of the three
repeated measurements was taken for data
analysis because the intraobserver correlation
coefficient (ICC) for each SFT measurement
was indicative of good reproducibility. Specifi-
cally, at 3 months, the ICC for biceps, triceps,
subscapular, and suprailiac SFTwas 0.87, 0.96,
0.88, and 0.90, respectively. At 12 months,
the ICC for these measurements was 0.92,
0.94, 0.93, and 0.96, respectively.

Statistical Analyses
All analyses were performed using the
Statistical Analysis System (SAS 9.4; SAS
Institute, Cary, NC). Infant characteristics
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were compared among the four gesta-
tional glucose tolerance groups at birth,
3 months, and 12 months, respectively
(Table 1). Infant length and weight were
used to calculate age- and sex-specific
standardized child weight z score, length
z score, and BMI z score and to calculate
sex-specific weight-for-length z score,
according to the World Health Organiza-
tion age- and sex-specific growth refer-
ence for children (20). Continuous
variables were compared by ANOVA for
those that were normally distributed and
Wilcoxon rank sum nonparametric test
for those with skewed distribution. Cate-
gorical variables were compared by x2

test.
Since the treatment of GDM reduced

birth weight as anticipated, we: 1) evalu-
ated birth weight by maternal gestational
glucose tolerance status after adjustment
for infant sex and length of gestation; and
2) evaluated the changes in weight from
birth to 3 months and from 3 to 12
months, respectively, after adjustment for
infant sex and age (Fig. 1). On sensitivity
analyses, these comparisons were further
adjusted for maternal prepregnancy BMI,
gestational weight gain up to the antepar-
tum OGTT, and ethnicity, and the postna-
tal changes in weight were also further
adjusted for duration of exclusive breast-
feeding. We next evaluated z scores of
measures of adiposity at each age of 3
months and 12 months, adjusted for
maternal/paternal ethnicity and duration
of breastfeeding (weight-for-length z score
was additionally adjusted for age, recog-
nizing that age is incorporated into weight
z score, length z score, and BMI z score)
(Fig. 2). Similarly, the changes in these z
scores from 3 months to 12 months were
evaluated after adjustment for the same
covariates (Supplementary Fig. 1). Finally,
we evaluated infant SFT measurements
by maternal gestational glucose tolerance
status, at each age of 3 months and 12
months, after adjustment for infant age,
sex, maternal/paternal ethnicity, and
duration of exclusive breastfeeding (Table
2). All comparisons were conducted with
multiple linear regression analyses.

RESULTS

Table 1 shows infant characteristics at
birth, 3 months, and 12 months strati-
fied into the following four groups based
on maternal glucose tolerance status in
pregnancy: normal GCT NGT (n = 102);

abnormal GCT NGT (n = 194); GIGT (n =
96); and GDM (n = 175). Birth weight
progressively increased across the first
three groups but was lowest in the
infants of women who were treated for
GDM (overall P = 0.0004). Rates of mac-
rosomia showed the same pattern (P =
0.02), with the lowest rate (4.6%) in the
GDM group. Rates of LGA were also low-
est in the GDM group (6.8%) (though
this comparison across the groups did
not reach statistical significance; P =
0.15). The rate of LGA was significantly
lower in women with GDM compared
with those without GDM (6.8% vs.
12.9%; P = 0.048). Women treated for
GDM delivered at mean 38 ± 1 weeks,
while the other groups delivered at
mean 39 ± 1 weeks (P < 0.0001). After
adjustment for infant sex and length of
gestation, mean adjusted birth weight
showed the same pattern of progressive
increase from normal GCT to abnormal
GCT to GIGT, followed by a decrease in
the infants of women treated for GDM
(overall P = 0.027) (Fig. 1A). These find-
ings were unchanged after further
adjustment for maternal prepregnancy
BMI and gestational weight gain up to
the antepartum OGTT (normal GCT NGT:
mean adjusted birth weight 3,363 ± 43 g
[SE]; abnormal GCT NGT: 3,415 ± 32 g;
GIGT: 3,480 ± 45 g; GDM: 3,325 ± 35 g;
overall P = 0.038). Similarly, these findings
were unchanged upon further adjustment
for maternal ethnicity (normal GCT NGT:
3,350 ± 46 g; abnormal GCT NGT: 3,404 ±
35 g; GIGT: 3,465 ± 47 g; GDM: 3,310 ± 37
g; overall P = 0.035).

At 3 months (Table 1), the duration of
exclusive breastfeeding differed among the
groups (P = 0.007), with infants of women
with GDM having the shortest duration. Of
note, there were no differences among the
groups in SFT measurements (triceps,
biceps, subscapular, suprailiac, and sum of
skinfolds), abdominal circumference, weight
z score, length z score, weight-for-length z
score, and BMI z score. At 12 months, the
findings mirrored those at 3 months, with
the infants of women with GDM having
the shortest duration of exclusive breast-
feeding (P = 0.008) and there being no dif-
ferences among the groups in any of the
anthropometric measures.

Since the treatment of GDM reduced
birth weight as anticipated, we next evalu-
ated weight parameters across infancy
after adjustment for covariates. Unlike birth
weight, the mean adjusted change in

weight from birth to 3 months showed no
difference among the four groups (P =
0.64), after adjustment for infant sex and
age (Fig. 1B). This finding was unchanged
after further adjustment for maternal eth-
nicity, paternal ethnicity, and duration of
exclusive breastfeeding (P = 0.88) (data not
shown). Similarly, further adjustment for
maternal prepregnancy BMI and gesta-
tional weight gain up to the OGTT also did
not change this finding (P = 0.94) (data not
shown). In contrast, after adjustment for
infant sex and age, the mean adjusted
change in weight from 3 months to 12
months differed among the four groups
(overall P = 0.009), with the infants of
women with GDM showing greater weight
gain than those of women with lesser
degrees of untreated gestational dysglyce-
mia (Fig. 1C). These findings were
unchanged upon further adjustment for
maternal ethnicity, paternal ethnicity, and
duration of exclusive breastfeeding (P =
0.0092) (data not shown). Similarly, the
findings were unchanged upon further
adjustment for maternal prepregnancy BMI
and gestational weight gain (P = 0.0089)
(data not shown). Thus, taken together, the
adjusted analyses in Fig. 1 showed a pat-
tern in which the decrease in birth weight
induced by the treatment of GDM (Fig. 1A)
was mirrored by a comparative increase in
weight from 3 months to 12 months in the
infants of the women with GDM (Fig. 1C).

We next evaluated z scores of meas-
ures of adiposity adjusted for maternal
ethnicity, paternal ethnicity, and dura-
tion of breastfeeding (Fig. 2). These
analyses showed that, upon adjustment
for these covariates, there were no sig-
nificant differences among the infants
of the four groups in weight z score,
length z score, weight-for-length z score,
or BMI z score at either 3 months or 12
months (all P values = NS). These find-
ings were unchanged upon further
adjustment for maternal prepregnancy
BMI and gestational weight gain (data
not shown). There were also no signifi-
cant differences among the four groups in
the changes in these z scores from 3
months to 12 months (Supplementary Fig.
1). Finally, at both 3 months and 12
months, there were no differences among
the groups in SFT measurements at tri-
ceps, biceps, subscapular, suprailiac, and
sum of skinfolds, after adjustment for
infant age, sex, maternal/paternal ethnic-
ity, and duration of exclusive breastfeeding
(Table 2). These findings were unchanged
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upon further adjustment for maternal pre-
pregnancy BMI and gestational weight
gain (data not shown). Thus, despite hav-
ing a lower birth weight, the infants of
women with GDM showed no differences

in mean adjusted measures of adiposity at
3 months and 12 months of age.

Lastly, we queried whether infant anthro-
pometrics varied according to the type of
treatment for GDM that the mother

received in pregnancy (i.e., lifestyle modifi-
cation alone vs. lifestyle modification fol-
lowed by insulin therapy). There were 116
women with GDM treated with lifestyle
alone and 54 women with GDM who

Table 1—Infant characteristics at birth, 3 months, and 12 months stratified according to maternal glucose tolerance status in
pregnancy as follows: 1) normal GCT NGT, 2) abnormal GCT NGT, 3) GIGT, and 4) GDM

Normal GCT NGT (n = 102) Abnormal GCT NGT (n = 194) GIGT (n = 96) GDM (n = 175) P

At birth
Male sex, n (%) 41 (40.2) 89 (46.4) 56 (58.3) 87 (49.7) 0.07
Weeks’ gestation 39 ± 1 39 ± 2 39 ± 1 38 ± 1 <0.0001
Birth weight (g) 3,437 ± 485 3,435 ± 469 3,486 ± 465 3,268 ± 458 0.0004
Macrosomia, n (%) 14 (13.7) 25 (13.1) 14 (14.6) 8 (4.6) 0.02
LGA, n (%) 10 (10.3) 24 (14.9) 10 (12.2) 10 (6.8) 0.15
Maternal weight
Prepregnancy BMI (kg/m2) 23.1 (21.2–26.6) 23.5 (21.2–26.2) 23.1 (21.3–25.9) 24.8 (21.4–29.6) 0.02
Gestational weight gain (kg)* 12.5 (9.8–15.5) 9.1 (7.0–12.3) 10.9 (8.2–14.3) 9.2 (6.4–13.0) <0.0001

Maternal ethnicity, n (%) 0.06
White 77 (75.5) 125 (64.4) 64 (66.7) 106 (60.6)
Asian 7 (6.9) 28 (14.4) 17 (17.7) 37 (21.1)
Other 18 (17.6) 41 (21.2) 15 (15.6) 32 (18.3)

Paternal ethnicity, n (%) 0.08
White 75 (74.3) 130 (69.5) 61 (64.2) 115 (68.1)
Asian 5 (5.0) 21 (11.2) 16 (16.8) 29 (17.2)
Other 21 (20.7) 36 (19.3) 18 (19.0) 25 (14.7)

At 3 months

Age (months) 3.2 ± 0.6 3.5 ± 1.0 3.6 ± 1.0 3.4 ± 0.7 0.02
Exclusively breastfed (months) 3 (2–3) 3 (0–3) 3 (0.4–3) 2 (0–3) 0.007
SFT (mm)
Triceps 10.5 (8.8–12.0) 10.0 (8.6–11.2) 10.2 (8.9–11.2) 10.0 (8.9–11.5) 0.32
Biceps 7.0 (5.9–8.3) 6.7 (5.8–8.0) 7.2 (6.1–8.6) 7.0 (5.9–8.2) 0.06
Subscapular 7.1 (6.1–8.1) 7.3 (6.2–8.3) 7.4 (6.5–8.5) 7.2 (6.3–8.1) 0.57
Suprailiac 7.6 (6.1–8.9) 7.4 (6.1–8.7) 7.3 (6.3–8.6) 7.4 (6.1–8.6) 0.96
Sum of skinfolds 32.6 (28.0–36.5) 32.2 (28.4–35.1) 32.5 (29.0–35.7) 32.1 (28.7–35.3) 0.60

Abdominal circumference (cm) 40.1 (38.2–41.8) 40.5 (39.2–42.5) 40.8 (39.0–42.8) 40.7 (38.7–42.9) 0.41
Length (cm) 60.7 (59.0–63.0) 61.7 (59.8–63.6) 61.4 (60.0–63.3) 61.4 (59.5–63.0) 0.04
Length z score 0.2 ± 1.2 �0.03 ± 1.3 �0.04 ± 1.2 �0.2 ± 1.5 0.09
Weight (kg) 6.1 (5.6–6.9) 6.4 (5.8–7.0) 6.4 (5.8–6.9) 6.3 (5.7–6.7) 0.04
Weight z score 0.04 ± 1.1 0 ± 1.0 0.02 ± 1.0 �0.1 ± 1.1 0.69
Weight-for-length z score �0.07 ± 1.2 0.12 ± 1.1 0.2 ± 1.3 0.2 ± 1.1 0.25
BMI (kg/m2) 16.6 (15.7–17.6) 17.0 (15.8–18.2) 16.7 (15.8–17.6) 16.4 (15.3–17.8) 0.33
BMI z score �0.08 ± 1.2 0.04 ± 1.0 0.07 ± 1.1 0.06 ± 1.0 0.69

At 12 months

Age (months) 12.7 ± 2.8 12.4 ± 1.7 13.1 ± 2.7 12.5 ± 2.5 0.31
Exclusively breastfed (months) 5 (2–6) 5 (2–6) 5 (0.75–6) 3.75 (0–6) 0.008
SFT (mm)
Triceps 10.1 (9.0–11.9) 10.0 (8.7–11.1) 10.4 (9.2–11.8) 9.9 (8.8–11.4) 0.38
Biceps 6.0 (5.0–7.3) 6.0 (5.1–7.1) 6.0 (5.0–7.9) 6.0 (5.1–7.4) 0.91
Subscapular 6.5 (5.8–7.7) 6.6 (5.5–7.5) 6.7 (5.7–8.1) 6.5 (5.7–7.8) 0.97
Suprailiac 5.3 (4.6–7.0) 5.2 (4.2–6.7) 5.7 (4.2–6.8) 5.3 (4.6–6.4) 0.90
Sum of skinfolds 28.0 (25.7–33.7) 28.3 (25.1–31.8) 28.6 (25.3–32.4) 27.9 (24.3–32.0) 0.48

Abdominal circumference (cm) 44.6 (42.0–48.0) 44.3 (41.8–46.7) 45.0 (42.8–47.1) 44.5 (42.0–46.7) 0.41
Length (cm) 76.5 (74.1–79.2) 74.9 (72.5–77.2) 75.7 (73.0–77.9) 75.0 (72.7–77.3) 0.03
Length z score 0.5 ± 1.2 0.04 ± 2.0 0.1 ± 2.6 �0.2 ± 2.1 0.09
Weight (kg) 9.7 (9.0–10.6) 9.5 (8.6–10.4) 9.8 (9.2–10.5) 9.7 (8.8–10.5) 0.17
Weight z score 0.4 ± 1.0 0.2 ± 1.5 0.4 ± 2.0 0.2 ± 1.1 0.79
Weight-for-length z score 0.2 ± 0.9 0.2 ± 1.0 0.4 ± 1.1 0.32 ± 1.1 0.57
BMI (kg/m2) 16.5 (15.8–17.5) 17.1 (15.9–17.9) 16.8 (16.3–18.1) 16.9 (15.7–18.1) 0.19
BMI z score 0.09 ± 0.9 0.2 ± 1.2 0.4 ± 1.2 0.3 ± 1.1 0.36

Continuous data are presented as median (interquartile range) (if skewed distribution or if infant anthropometric measurement at 3 or 12
months). Other continuous data are presented as mean ± SD (if normal distribution). Categorical variables are presented as absolute n (%).
*Maternal weight gain in pregnancy was up to the antepartum OGTT.
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required the further addition of insulin ther-
apy. As shown in Supplementary Table 1,
there were no significance differences
between these two groups in birth weight
or rate of macrosomia (both of which were
lower than in women with lesser degrees
of untreated gestational glycemia [shown in
Table 1]). Of note, there were also no signif-
icant differences in infant anthropometric
measures between these two groups at
either 3 months or 12 months.

CONCLUSIONS

In this study, we show that, although the
treatment of GDM led to a decrease in birth
weight compared with that of untreated
pregnancies with lesser degrees of maternal
glycemia, this weight difference did not per-
sist across the 1st year of life. Instead, the
reduction in birth weight was balanced by
comparatively greater weight gain between
3 months and 12 months in the infants of
women with GDM. Overall, the infants of
the four groups reflecting varying degrees of
gestational dysglycemia showed no signifi-
cant differences in any of the measures of
adiposity at either 3 months or 12 months
of life, including BMI z scores, weight-for-
length z scores, and SFT measurements.
These data suggest that, while the treatment
of GDM can disrupt the continuous associa-
tion between maternal glycemia in preg-
nancy and birth weight, it may not affect
the analogous association with childhood
adiposity.

The ACHOIS and MFMU Network trials
have had a profound impact on clinical
practice by demonstrating that the treat-
ment of GDM with glucose-lowering ther-
apy (whether lifestyle or pharmacologic)
can reduce neonatal birth weight and the
incidence of adverse delivery outcomes
(2,3). Conversely, secondary analyses of
these trials showing that this treatment
had little effect on BMI in the children at
4–5 and 5–10 years of age, respectively
(11,12), could not offer the same certainty
in their findings owing to three factors.
First, these follow-up analyses in the chil-
dren were conducted in only 20% of the
ACHOIS study population (199 out of
1,000 pregnancies) and 55% of the eligible
offspring from MFMU (500 out of 905).
Second, anthropometric measurements in
the children focused primarily on BMI,
which comprises both lean and fat mass
and does not necessarily reflect adiposity.
Third, both trials treated women with rela-
tively mild GDM, as defined by the degree

of hyperglycemia required for diagnosis.
Indeed, the respective investigators of
both offspring follow-up analyses (11,12)
noted this point when considering that
their findings stood in contrast to an ear-
lier observational study (7) in which the
graded association between maternal gly-
cemia and childhood obesity at 5–7 years
of age appeared to be attenuated in the
children of women who had received
antepartum treatment for more severe
GDM (defined by the stringent NDDG cri-
teria) as compared with those whose
mothers were not treated for lesser dys-
glycemia in pregnancy (although the
potential impact of adjustment for mater-
nal prepregnancy BMI was not assessed).
Collectively, these conflicting findings
raised the possibility that antepartum glu-
cose-lowering therapy might reduce child-
hood adiposity in only the offspring of
women with more severe GDM. Thus, it
has remained an open question whether
or not maternal treatment of GDM could
be a modifiable determinant of offspring
adiposity.

The current study sought to address this
question during the 1st year of life by com-
paring the infants of women who were
treated for GDM with those of women
who had lesser degrees of untreated gesta-
tional glycemia. In this study, women were
diagnosed with GDM based on NDDG cri-
teria, yielding a treated population with
greater severity of glycemia than that of
ACHOIS and MFMU, as also evidenced by
31% requiring insulin therapy (compared
with 20% and 8% in ACHOIS and MFMU,
respectively [11,12]). Accordingly, this
treated population was more like that of
the earlier observational study that had
suggested that the treatment of maternal
GDM may impact childhood adiposity (7).
Secondly, the anthropometric assessments
performed in this study evaluated adiposity
with SFT measurements, in addition to
weight, weight-for-length, and BMI. Finally,
the 567 participants had longitudinal
assessments at birth, 3 months, and 12
months, allowing for insight into changes
over time across infancy.

With this design, we found that,
although the treatment of GDM reduced
birth weight and macrosomia, this weight
difference did not persist across the 1st
year of life. Instead, the reduction in birth
weight was balanced by comparatively
greater weight gain between 3 months
and 12 months in the infants of women
who were treated for GDM. There has

been limited previous study of the pat-
terns of weight gain across infancy in the
offspring of GDM pregnancies, with con-
flicting findings reported. An earlier report
noted slower change in weight-for-length
from birth to 6 months in the infants of
35 women with GDM compared with con-
trol subjects (21). Conversely, Logan et al.
(22) noted a greater increase in adipose
tissue volume over the first 10 weeks of
life in the infants of 42 women with GDM,
as compared with 44 control subjects, but
with no differential change in weight
among the groups. Against this back-
ground, the current study evaluated a
much larger population of 567 infants
(including 175 whose mothers received
treatment for GDM) and found that there
were no differences in weight-for-length z
score or BMI z score at either 3 or 12
months or in their respective interval
changes between those exposed to
treated GDM and those whose mothers
had lesser degrees of untreated gesta-
tional glycemia.

Our finding of an effect of GDM treat-
ment on birth weight but not on adiposity
in infancy is also consistent with other
observations. Indeed, in a study of 421
mother–daughter pairs, the association
between maternal glycemia in pregnancy
and offspring adiposity at �10–12 years of
age was not mediated by birth weight (8).
Similarly, in a recent study comparing
intensive lifestyle therapy and standard
diet/exercise counseling for the manage-
ment of GDM in Chinese women, the
intensive intervention reduced birth weight
but did not impact offspring BMI at 2
years of age (23). Coupled with the current
findings showing that the treatment of
GDM can disrupt the continuous associa-
tion of maternal glycemia with birth
weight without impacting infant BMI or
SFT, the concept that emerges is one of
discordance between the determinants of
birth weight and childhood adiposity.
While it has been suggested that postnatal
factors such as offspring diet and physical
activity could contribute to such discor-
dance (11), this explanation is likely less
applicable during infancy, particularly after
the current adjustment for exclusive
breastfeeding. Instead, these data poten-
tially may be more supportive of a model
in which fetal programming secondary to
the altered intrauterine environment that
predates the diagnosis of GDM (and hence
the treatment thereof) contributes to off-
spring adiposity but may be unaffected by
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A   Birthweight

Normal GC 3373.978 42.20684
Abnormal 3408.662 32.4314
GIGT 3483.852 45.47216
GDM 3316.763 34.35499

B   Change in weight from birth to 3 months

C   Change in weight from 3- to 12 months
G4-Norma 3.435517 0.120861
G3-Abnorm3.058352 0.113068
G2-GIGT 3.060438 0.154653
G1-GDM 3.416888 0.11321

P = 0.01
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Figure 1—Mean adjusted infant anthropometric outcomes by maternal gestational glucose tolerance status: birth weight (A); change in weight
from birth to 3 months (B); and change in weight from 3 to 12 months (C) (A is adjusted for infant sex and length of gestation: B and C are adjusted
for infant sex and age). Data shown are adjusted mean and SE. *Pairwise comparison P< 0.05.
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A Weight z score at 3 months B    Weight z score at 12 months
G4-Norma 0.066503 0.113693 G4-Norma 0.137768 0.17622
G3-Abnorm0.032114 0.086424 G3-Abnorm0.054892 0.152547
G2-GIGT 0.043568 0.114222 G2-GIGT 0.153541 0.206978
G1-GDM -0.06152 0.090992 G1-GDM 0.037942 0.156766

C    Length z score at 3 months D    Length z score at 12 months
G4-Norma 0.164619 0.147335 G4-Norma 0.082881 0.259473
G3-Abnorm -0.05609 0.111982 G3-Abnorm -0.29784 0.227789
G2-GIGT -0.04709 0.147253 G2-GIGT -0.2304 0.30438
G1-GDM -0.25357 0.118071 G1-GDM -0.50201 0.233075

P = 0.75
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E    Weight-for-length z score at 3 months F    Weight-for-length z score at 12 months
G4-Norma 0.068186 0.125238 G4-Norma 0.014162 0.13697
G3-Abnorm0.220544 0.096325 G3-Abnorm0.032068 0.127249
G2-GIGT 0.301687 0.128273 G2-GIGT 0.13576 0.169422
G1-GDM 0.310854 0.100321 G1-GDM 0.129429 0.128519

G    BMI z score at 3 months H    BMI z score at 12 months
G4-Norma -0.01859 0.118343 G4-Norma -0.03469 0.142349
G3-Abnorm0.107253 0.089954 G3-Abnorm0.133833 0.124918
G2-GIGT 0.11232 0.118885 G2-GIGT 0.269122 0.16666
G1-GDM 0.127699 0.094869 G1-GDM 0.160455 0.128638
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Figure 2—Mean adjusted infant anthropometric outcomes by maternal gestational glucose tolerance status: weight z score at 3 months (A), weight
z score at 12 months (B), length z score at 3 months (C), length z score at 12 months (D), weight-for-length (WFL) z score at 3 months (E), WFL
z score at 12 months (F), BMI z score at 3 months (G), and BMI z score at 12 months (H). All z scores are adjusted for maternal ethnicity, paternal
ethnicity, and duration of exclusive breastfeeding (WFL z score is additionally adjusted for age). Data shown are adjusted mean and SE.
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the impact of glucose-lowering therapy on
fetal growth and birth weight. This model
also underscores the importance of the
sensitivity analyses adjusting for maternal
prepregnancy BMI and gestational weight
gain.While this model remains speculative,
it could reconcile the observed discor-
dance between the impact of GDM treat-
ment on neonatal birth weight and infant
adiposity across the 1st year of life.
A limitation of the current study is that

measures such as neonatal recumbent
length and SFTmeasurements were not per-
formed at birth, which could have provided
further insight into longitudinal changes dur-
ing infancy. An additional concern is the
reproducibility of the OGTT (24), which could
yield misclassification of maternal glucose
tolerance. However, while this limitation
applies to most GDM studies, it may be
comparatively less problematic in the current
study in which the observation of greatest
interest is the juxtaposition of: 1) the disrup-
tion of the continuous association between
maternal glycemia and infant birth weight
induced by the treatment of GDM; and 2)
the lack of such disruption in the analogous
association with infant adiposity (since any
misclassification would apply similarly to
both of these associations). An additional
limitation is that the gestational weight gain
variable in this study tracked maternal
weight gain in pregnancy up to the antepar-
tum OGTT but not from the OGTT to deliv-
ery. However, since the treatment of GDM
was precipitated by the OGTT and maternal
weight gain is a likely factor in the causal
pathway by which this treatment impacts
birth weight, the adjustment for gestational
weight gain up to the OGTT may be the
more appropriate variable for adjustment
of the birth weight outcome. Another

limitation is the observational design,
which precludes definitive attribution of
causality when considering the effects of
GDM treatment. However, the evidence
base at this time makes the future imple-
mentation of a trial of treated versus
untreated GDM an unlikely proposition. In
this context, the comparison of anthropo-
metric measurements between the off-
spring of women who were treated for
GDM and those whose mothers had
lesser degrees of untreated glycemia in
pregnancy offers a workable model for
addressing this question within the setting
of an observational study design.

A caveat to note is that the apparent
lack of impact on infant adiposity of treat-
ing GDM diagnosed by NDDG criteria does
not rule out the possibility that treating
women with GDM diagnosed by less strin-
gent criteria (reflecting a lesser degree of
maternal hyperglycemia) might affect
infant adiposity. Conversely, however, fol-
low-up of both the ACHOIS and MFMU
Network trials found that treating compar-
atively milder GDM had no effect on child-
hood BMI at 4–5 and 5–10 years of age,
respectively (11,12). Moreover, the earlier
observational study (7) showing that the
treatment of GDM diagnosed by NDDG
criteria appeared to attenuate the graded
association between maternal glycemia
and childhood obesity at 5 to 7 years of
age provided additional rationale for
addressing the current study question in
women diagnosed by NDDG criteria.

Another caveat to consider is that Silver-
man et al. (25) have previously reported
that the infants of women with either
GDM or preexisting diabetes had greater
weight-for-length than their peers at birth
but showed no significant difference in

weight-for-height at 1 year of age. Accord-
ingly, even if the treatment of GDM were
to have long-term effects on offspring adi-
posity, it is possible that such effects may
not be apparent in the 1st year of life.
Indeed, when inferring effects of GDM
treatment on offspring adiposity, one also
needs to consider the potential importance
of critical windows of development. For
example, in the Hyperglycemia and
Adverse Pregnancy Outcome cohort, the
associations of maternal glycemia with adi-
posity that were observed in neonates (26)
were not apparent in toddlers at 2 years of
age (27), before reemerging later in child-
hood at 10–14 years of age (6). Thus, the
absence of an observed impact of GDM
treatment on adiposity in infancy cannot
fully rule out the possibility of an effect
emerging later in childhood/adolescence.

In conclusion, the treatment of GDM
can reduce neonatal birth weight com-
pared with that of untreated pregnancies
with lesser degrees of maternal glycemia.
However, this effect does not persist during
infancy, in which no significant differences
were observed in any measures of adipos-
ity, including BMI z scores, weight-for-
length z scores, and SFT measurements, at
either 3 months or 12 months of age. It
thus emerges that, while the treatment of
GDM can disrupt the continuous associa-
tion between maternal glycemia in preg-
nancy and birth weight, this treatment
does not have analogous effects on infant
adiposity across the 1st year of life.
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Table 2—Mean adjusted infant SFT measurements at 3 months and 12 months by maternal gestational glucose tolerance
status, adjusted for infant age, sex, maternal ethnicity, paternal ethnicity, and duration of exclusive breastfeeding

Normal GCT NGT Abnormal GCT NGT GIGT GDM P

At 3 months
Triceps skinfold (mm) 10.8 ± 0.2 10.3 ± 0.2 10.2 ± 0.2 10.5 ± 0.2 0.081
Biceps skinfold (mm) 7.4 ± 0.2 7.0 ± 0.1 7.5 ± 0.2 7.2 ± 0.1 0.067
Subscapular skinfold (mm) 7.6 ± 0.2 7.8 ± 0.1 7.8 ± 0.2 7.6 ± 0.1 0.72
Suprailiac skinfold (mm) 8.0 ± 0.2 7.8 ± 0.2 7.8 ± 0.2 7.9 ± 0.2 0.86
Sum of skinfolds (mm) 33.8 ± 0.6 32.8 ± 0.4 33.3 ± 0.6 33.2 ± 0.5 0.49

At 12 months

Triceps skinfold (mm) 10.1 ± 0.3 9.7 ± 0.3 10.1 ± 0.4 9.9 ± 0.3 0.56
Biceps skinfold (mm) 6.5 ± 0.3 6.5 ± 0.2 6.5 ± 0.3 6.5 ± 0.2 0.99
Subscapular skinfold (mm) 7.0 ± 0.2 6.8 ± 0.2 6.8 ± 0.3 6.9 ± 0.2 0.93
Suprailiac skinfold (mm) 6.1 ± 0.2 5.7 ± 0.2 6.1 ± 0.3 5.8 ± 0.2 0.47
Sum of skinfolds (mm) 29.6 ± 0.8 28.6 ± 0.7 28.9 ± 1.0 28.1 ± 0.8 0.49
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