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Abstract

Background/Objective One potential mechanism by which maternal obesity impacts fetal growth is through hyperglycemia
below the threshold for gestational diabetes. Data regarding which measures of maternal glucose metabolism mediate this
association is sparse. The objectives of this study were to (i) quantify the associations of maternal pre-pregnancy body mass
index (BMI) with neonatal size and adiposity and (ii) examine the role of markers of maternal glucose metabolism as
mediators in these associations.

Subjects/Methods This is a secondary analysis of 6,379 mother-infant dyads from the Hyperglycemia and Adverse Preg-
nancy Outcome cohort. Markers of glucose metabolism, including plasma glucose and c-peptide values, Stumvoll first-phase
estimate, modified Matsuda index, and oral disposition index were measured and calculated from an oral glucose tolerance
test (OGTT) between 24- and 32-weeks’ gestation. We calculated the direct effect of maternal BMI category, measured at
the time of the OGTT and regressed to estimate pre-pregnancy BMI, on neonatal (1) birth weight (BW), (2) fat mass (FM),
(3) % body fat (BF%), and (4) sum of skinfold thickness (sSFT). We then calculated the indirect effect of BMI category on
these measures through markers of glucose metabolism.

Results Maternal BMI category was positively associated with neonatal BW, FM, BF%, and sSFT. Additionally, mothers
who were overweight or obese had higher odds of delivering an infant with BW, FM, BF%, or sSFT >90th percentile.
Fasting glucose and c-peptide values were the strongest mediators in the linear associations between maternal BMI category
and neonatal size and adiposity.

Conclusions Maternal overweight and obesity were associated with higher odds of neonatal BW and adiposity >90th
percentile. Fasting measures of glucose metabolism were the strongest mediators of these associations, suggesting that future
studies should investigate whether incorporation of these markers in pregnant women with obesity may improve prediction
of neonatal size and adiposity.

Supplementary information The online version of this article (https://
doi.org/10.1038/s41366-020-00705-1) contains supplementary
material, which is available to authorized users.
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Introduction

The prevalence of pre-pregnancy overweight and obesity in
reproductive age women in the United States is currently
over 50% [1, 2]. Maternal obesity, independent of gesta-
tional diabetes mellitus (GDM), is associated with excessive
fetal growth [3, 4]. Fetal macrosomia and large for gesta-
tional age (LGA) at birth increase risk of delivery compli-
cations and also serve as predictors of childhood overweight
and obesity later in life [5-7].

There is biologic plausibility that the association
between maternal obesity and offspring growth is medi-
ated in part by maternal glucose metabolism. Insulin sen-
sitivity decreases over the course of a healthy pregnancy
and women with overweight and obesity have decreased
insulin sensitivity compared to average weight women,
particularly in the third trimester [8]. Moreover, obesity
during pregnancy is associated with hyperinsulinemia even
without glucose dysregulation [8]. The “gold standard”
test of insulin sensitivity is the euglycemic-
hyperinsulinemic clamp, however this test is not prac-
tical for large-scale application [9]. Thus, alternative
measures of insulin secretion and sensitivity, including the
Stumvoll first-phase estimate and Matsuda index, respec-
tively, have been described [10-12]. Additionally, the
disposition index is a measure of beta cell dysfunction that
is thought to precede overt glucose intolerance, or GDM,
when inadequate [13, 14].

In current clinical practice in the U.S., a two-step
approach is taken to diagnose GDM. All pregnant women
undergo a glucose loading test at 24-28 weeks’ gestation.
Blood glucose is measured once, 1h after ingestion of a
50-g glucose drink. Depending on institutional policy, if the
blood glucose concentration is greater than 130-140 mg/dL,
then a 3-h 100-g oral glucose tolerance test (OGTT) is
performed for GDM diagnosis [15]. Despite findings from
the Hyperglycemia and Adverse Pregnancy Outcome
(HAPO) Study and other studies suggesting that glycemia is
continuously associated with maternal and infant outcomes
[16], both glucose loading test and OGTT results continue
to be viewed as binary in clinical practice. Internationally,
GDM may be diagnosed using the International Association
of Diabetes and Pregnancy Study Group (IADPSG) or
World Health Organization criteria, both of which use a
75-g 2-h OGTT to diagnose GDM [17, 18].

Maternal overweight and obesity substantially increase
the risk of developing GDM and it is estimated that the
prevalence of GDM in women with overweight and obesity
is 6.5% and 10.5%, respectively [19, 20]. Thus, the vast
majority of women with overweight and obesity are con-
sidered normoglycemic. However, they and their neonates
remain at risk for adverse outcomes. Use of alternative
markers of maternal glucose metabolism in pregnancies
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affected by overweight and obesity could allow for
improved risk stratification of neonatal and childhood size
and adiposity.

The objectives of this study were to quantify the asso-
ciations of maternal body mass index (BMI), which was
measured at 24-32 weeks’ gestation and regressed to esti-
mate pre-pregnancy BMI, with neonatal size and adiposity
measures and to determine the role of several markers of
maternal glucose metabolism as mediators in these asso-
ciations. We hypothesized that higher maternal BMI would
be associated with larger infant size and higher adiposity
and that markers of maternal glucose metabolism would be
significant mediators of these associations.

Methods

This was a secondary analysis of the blinded epidemiologic
HAPO study. The HAPO study was a 5-year prospective
observational study conducted to examine the associations
between maternal glycemia and adverse pregnancy out-
comes [16]. Participants did not have clinically diagnosed
glucose intolerance or preexisting diabetes. All participants
provided written informed consent for the parent study. The
HAPO protocol was approved by the Institutional Review
Board in all 15 field centers. This secondary analysis of the
HAPO data was approved by the Brigham and Women’s
Hospital Institutional Review Board.

Detailed methods for the HAPO study, including inclu-
sion and exclusion criteria, have been previously described
[16]. Briefly, the HAPO study recruited approximately
25,500 normoglycemic pregnant women from 15 centers in
nine countries. Women underwent a blinded 75-g 2-h
OGTT between 24- and 32-weeks’ gestation. Participants
results were unblinded and their data not included in further
analyses if the OGTT fasting plasma glucose was >105 mg/
dl (5.8 mmol/l) and/or the 2-h plasma glucose was >200 mg/
dl (11.1 mmol/l) and/or if a random plasma glucose between
34 and 37 weeks was >160 mg/dl (8.9 mmol/l) or if any
plasma glucose was <45 mg/dl (2.5 mmol/l). Neonatal out-
comes, including anthropometrics, were measured. The
present analysis included data from five of the 15 centers,
namely: Bellflower, CA, USA; Cleveland, OH, USA;
Brisbane, Australia; Newcastle, Australia; and Hong Kong,
China. Only dyads with available maternal BMI at OGTT
and at least one infant outcome were included in the ana-
lysis, resulting in a final analytic sample of 6,379 mother-
infant dyads.

Maternal measurements

Maternal height and weight were measured at the time of
the OGTT and were used to calculate BMI. Category limits
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for BMI at the OGTT that could be considered comparable
with nonpregnant World Health Organization BMI cate-
gories were obtained from a regression of OGTT BMI on
pre-pregnancy BMI and gestational age (GA) at the OGTT
[21]. BMI categories were defined as: underweight
<22.5 kg/m*; normal weight >22.5 and <28.5 kg/m?; over-
weight >28.5 and <33 kg/m?; obese I >33 and <37.5 kg/m?;
obese I1>37.5 and <42 kg/m?; and obese III > 42 kg/m? for
all ethnic groups. The Pearson’s correlation coefficient
between pre-pregnancy BMI (available for 6,116 partici-
pants) and BMI at the OGTT was 0.94 (p <0.01).

During the OGTT, mothers’ hemoglobin A1C (HbAlc),
fasting venous plasma glucose, and c-peptide were mea-
sured prior to consuming the glucose solution. Plasma
glucose was measured again 1-h and 2-h and c-peptide was
measured 1-h after consumption [22].

The Stumvoll first-phase estimate, a modified Matsuda
index, and an oral disposition index (DIp) were calculated
using plasma glucose and c-peptide results from the OGTT
[11, 12, 23]. Measures of insulin were not available;
therefore, c-peptide was substituted for insulin in these
calculations after conversion as it is produced in equimolar
amounts to endogenous insulin [24]. C-peptide was assayed
in pg/L and transformed to pmol/L by multiplying by 331.1
and then converted to insulin by dividing by six. Stumvoll
first-phase estimate was calculated as 1194 + 4.724 x fast-
ing insulin (pmol/L) — 117 x 1-h plasma glucose (mmol/L)
+ 1.414 x 1-h insulin (pmol/L) (ref. [10, 11]). A previously
validated modified Matsuda index was calculated as
500,000/y[fasting plasma glucose (mg/dL)x fasting c-
peptide (pmol/L) x average plasma glucose (mg/dL)
(0—120 min) x average c-peptide (pmol/L) (0—60 min)] (ref.
[12, 25]). This modified Matsuda index differs from the
equation validated by Matsuda et al. which uses insulin
instead of c-peptide, as well as fasting, 30-, 60-, 90-, and
120-min measures to calculate average glucose and insulin
[12]. The DIy was calculated as [(1-h insulin (pmol/L) —
fasting insulin (pmol/L))/(1-h plasma glucose (mmol/L) —
fasting plasma glucose (mmol/L))] * (1/fasting insulin
(pmol/L)) (ref. [23]).

Neonatal measurements

Neonatal anthropometric measurements, including birth
weight (BW), length, and skinfold thickness (SFT), were
obtained within 72h of delivery. Rigorous training and
certification procedures were established for study research
nurses and midwives to ensure accuracy and reliability of
measurements and consistency across centers [26]. The
coefficient of variation among the examiners has previously
been reported as <3% for the various anthropometric mea-
surements and <7% for the SFT measurements [27].
Detailed information on anthropometric measurement

procedures, as well as training and certification procedures,
are available as supplementary information.

Neonatal fat mass (FM) was calculated from BW, length,
and flank SFT using a previously validated equation [27].
Body fat percentage (BF%) was calculated as 100 x FM/
BW [28]. The sum of SFTs (sSFT) was calculated by
summing the flank, subscapular, and triceps SFT
measurements.

Birthweight was considered >90th percentile if the
measurement was >90th percentile for the infant’s sex, GA,
maternal ethnicity, parity, and center for neonates >
30 weeks’ GA. Body fat percentage and sSFT were con-
sidered >90th percentile if the measurement was >90th
percentile for the infant’s sex, GA, maternal ethnicity,
parity, and center for neonates > 36 weeks’ GA [21]. Fat
mass was considered >90th percentile if the measurement
was >90th percentile for neonates 236 weeks’ GA. All
analyses with FM>O90th percentile were additionally
adjusted for infant sex, GA at delivery, maternal ethnicity,
parity, and center since these factors were not accounted for
in generating the percentile.

Statistical analyses

All analyses were performed using Stata/IC 15.1. Char-
acteristics of the cohort were described as mean + standard
deviation (SD) or n (%) for continuous and categorical
variables, respectively. Differences in characteristic vari-
ables across BMI categories were compared using one-way
analysis of variance for continuous variables and Pearson’s
Chi-squared test for categorical variables. Logistic regres-
sion analysis was then used to examine the associations
between maternal BMI category and neonatal BW, FM,
BF%, and sSFT >90th percentile, with normal BMI as the
reference group. Maternal ethnicity, smoking status, parity,
and gestational weight gain (GWG) (calculated as the dif-
ference between the first and last recorded prenatal weight)
were considered as confounders as these are factors that
differed between maternal BMI categories and are known to
influence neonatal size and adiposity.

Maternal markers of glucose metabolism that were
examined as potential mediators in the associations between
maternal obesity and neonatal size and adiposity included
HbAI1C, fasting plasma glucose and c-peptide, 1-h plasma
glucose and c-peptide, 2-h plasma glucose, Stumvoll first-
phase estimate, modified Matsuda index, and DIg. Pear-
son’s correlations between potential mediators were asses-
sed to identify collinearity between markers.

Multiple mediator models for each outcome were then
created to assess the total and direct effects of BMI category
on continuous neonatal size and adiposity measures (BW,
FM, BF%, sSFT) and the indirect effects of markers of
maternal glucose metabolism in each of the associations

SPRINGER NATURE
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[29, 30]. For each outcome, a regression model was used to
determine the direct effect of BMI. To determine the
indirect effect of each potential mediator and the total
indirect effect of BMI through all the mediators, the non-
linear combination command was used. The total effect of
BMI on the outcome was then calculated by summing the
direct effect and the total indirect effect of BMI. Percent
mediation for significant indirect effects were then calcu-
lated by dividing the indirect effect of each mediator by the
total effect (direct and total indirect) of BMI.

Women who met the IADPSG criteria for GDM and
infants of all GAs were included in these analyses [17].
Sensitivity analyses were performed excluding (i) women
with GDM by IADPSG criteria and (ii) preterm infants to
determine whether exclusion of these groups would affect
the primary associations between maternal BMI and neo-
natal size and adiposity outcomes.

For all analyses, the significance threshold was desig-
nated a priori as p <0.05.

Results
Maternal and infant characteristics

Maternal and infant characteristics are presented in Table 1.
Of the 6,379 women included in this analysis, 12% were
underweight, 49% were normal weight, 22% were over-
weight, and 17% were obese. Age, race, smoking status,
parity, and GWG all differed significantly among BMI
categories. Mean = SD GA at OGTT was 27.6 + 1.7 weeks.
Seventeen percent of women in this analysis met the
IADPSG criteria for GDM. Compared to normal weight
women, significantly more women with overweight or
obesity were classified as having GDM by IASDPG criteria:
13% of normal weight women, 21% of women with over-
weight and 27%, 34%, and 40% of women with class I, 1I,
and III obesity, respectively (p <0.001).

There was a greater proportion of preterm births for
women in higher BMI categories (p = 0.046). Infants born
to women in higher BMI categories generally had greater
BW, FM, BF%, and sSFT. The percent of infants who had
BW, FM, BF%, and sSFT >90th percentile generally
increased as BMI category increased (all p <0.001).

Markers of glucose metabolism

Descriptive statistics of markers of maternal glucose meta-
bolism by BMI category are also presented in Table 1.
Women with overweight or obesity generally had higher
levels of HbAlc, fasting, 1-h, and 2-h plasma glucose, and
fasting and 1-h c-peptide (all p <0.001). The mean Stum-
voll first-phase estimate was 1569.0 and values increased as
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BMI category increased (p<0.001), indicating greater
insulin secretion. The mean modified Matsuda index was
5.6 and decreased as BMI category increased (p <0.001),
indicating lower insulin sensitivity. The mean DIy was 1.9
and values generally decreased as BMI category increased
(p<0.001), indicating greater loss of beta cell function
relative to increased glycemia.

Figure 1 depicts the correlation matrix of individual
maternal markers of glucose metabolism. Strong positive
correlations were identified between the Stumvoll first-phase
estimate and fasting c-peptide (r =0.82, p <0.01) and 1-h c-
peptide (r=0.79, p<0.01). Strong negative correlations
were also identified between the modified Matsuda index
and fasting c-peptide (r = —0.79, p <0.01) and 1-h c-peptide
(r=-0.72, p<0.01). Therefore, the Stumvoll first-phase
estimate and the modified Matsuda index were not assessed
as mediators because of the high degree of collinearity.

Maternal obesity and neonatal size and adiposity

The adjusted odds ratios of infant BW, FM, BF%, and
sSFT >90th percentile are shown in Fig. 2. Compared to
infants born to mothers of normal weight, infants of
mothers who were overweight had significantly higher
odds of BW (aOR 1.6, 95% CI 1.3, 2.0), FM (aOR 1.8,
95% CI 1.4, 2.4), BF% (aOR 1.8, 95% CI 1.4, 2.3), and
sSFT (aOR 1.9, 95% CI 1.5, 2.4) >90th percentile.
Mothers with obesity also had significantly higher odds
of BW (obese class I: aOR 2.0, 95% CI 1.6, 2.7; obese
class II: aOR 2.2, 95% CI 1.5, 3.2; obese class III: aOR
2.4,95% CI 1.5, 3.9), FM (obese class I: aOR 2.2, 95%
CI 1.6, 3.0; obese class II: aOR 2.8, 95% CI 1.9, 4.1;
obese class III: aOR 2.2, 95% CI 1.3, 3.8), BF% (obese
class I: aOR 1.8, 95% CI 1.3, 2.5; obese class II: aOR
2.9, 95% CI 1.9, 4.3; obese class III: aOR 2.6, 95% CI
1.5, 4.4), and sSFT (obese class I: aOR 2.6, 95% CI 1.9,
3.6; obese class II: aOR 2.5, 95% CI 1.6, 3.9; obese class
III: aOR 3.0, 95% CI 1.7, 5.1) >90th percentile compared
to mothers of normal weight.

Results from the sensitivity analyses excluding (i) women
with GDM by IADPSG criteria and (ii) preterm infants
showed that the associations between maternal BMI category
and neonatal size and adiposity remained unchanged within
these populations (Supplementary Tables 1 and 2).

Mediation analysis

The direct and indirect effects of maternal BMI category on
continuous neonatal size and adiposity measures through
maternal metabolic markers of glucose metabolism are
depicted in Table 2. The direct effect of BMI was significant
for all four neonatal outcomes, including BW, FM, BF%,
and sSFT.
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Table 1 Maternal and infant characteristics by maternal BMI category.

n All Underweight ~ Normal Weight Overweight Obese I Obese I Obese Il p value®

n (%) 6379 6379 (100.0) 753 (11.8) 3125 (49.0) 1418 (22.2) 641 (10.0) 271 4.2) 171 (2.7)

Maternal characteristics
Center, n (%) 6379
Bellflower 900 (29.8) 101 (13.4) 753 (24.1) 591 (41.7) 275 (42.9) 114 (42.1) 66 (38.6)
Cleveland 780 (12.2) 67 (8.9) 347 (11.1) 186 (13.1) 99 (15.4) 49 (18.1) 32 (18.7)
Brisbane 1434 (22.5) 108 (14.3) 697 (22.3) 355 (25.0) 150 (23.4) 76 (28.0) 48 (28.1)
Newcastle 651 (10.2) 47 (6.2) 283 (9.1) 171 (12.1) 93 (14.5) 32 (11.8) 25 (14.6)

Hong Kong 1614 (25.3) 430 (57.1) 1045 (33.4) 115 (8.1) 24 (3.7) 0 (0.0) 0 (0.0)

Age at OGTT, years 6379 29.4+54 284+54 29.7+54 29.5+54 292+54 287+53 29.1+5.1 <0.001
Race/Ethnicity, n (%) 6379 <0.001
Caucasian 2542 (39.8) 187 (24.8) 1183 (37.9) 632 (44.6) 315 (49.1) 137 (50.6) 88 (51.5)

Black 313 (4.9) 23 (3.0) 110 (3.5) 80 (5.6) 47 (7.3) 23 (8.5) 30 (17.5)
Hispanic 1609 (25.2) 84 (11.2) 632 (20.2) 523 (36.9) 226 (35.3) 98 (36.2) 46 (26.9)
Asian 1689 (26.5) 426 (56.6) 1088 (34.8) 132 (9.3) 36 (5.6) 6(2.2) 1 (0.6)
Other 226 (3.5) 33 (4.4) 112 (3.6) 51 3.6) 17 (2.6) 7 (2.6) 6 (3.5)

Smoking, n (%) 6379 468 (7.3) 54 (7.2) 193 (6.2) 108 (7.6) 75 (11.7) 25 (9.2) 13 (7.6) <0.001

Parity, n (%) 6379 <0.001
0 3000 (47.0) 458 (60.8) 1609 (51.5) 548 (38.6) 230 (35.9) 102 (37.6) 53 (31.0)

1 2015 (31.6) 223 (29.6) 978 (31.3) 467 (32.9) 211 (32.9) 74 (27.3) 62 (36.3)
>2 1364 (21.4) 72 (9.6) 538 (17.2) 403 (28.4) 200 (31.2) 95 (35.1) 56 (32.8)

GDM by IADPSG, 6379 1098 (17.2) 60 (8.0) 409 (13.1) 295 (20.8) 174 (27.2) 91 (33.6) 69 (40.4) <0.001

n (%)

Gestational weight 6301 11.0+6.5 114+5.8 11.5+£6.2 10.9+6.5 102+7.0 94+92 74+72 <0.001

gain, kg

Markers of glucose metabolism

Hemoglobin Alc, % 5957 4.8+0.4 4.8+0.3 4.8+04 4.8+04 49+04 49+04 50+04 <0.001

Fasting glucose, mg/ 6379 81.2+7.0 77.4+53 79.8+6.2 83.0+6.8 847+7.1 86.1x74 88.1+8.0 <0.001

dL

Fasting c- 6328 2.0+£0.9 14+04 1.7+0.6 22+0.8 2609 3.0=x1.1 32+1.1 <0.001

peptide, mcg/L

1-h glucose, mg/dL. 6379 135.3 +30.1 127.8 £28.8 132.8+29.3 138.6 £30.7 1424 + 144.6 + 1454+  <0.001

30.6 30.1 28.9
1-h c-peptide, mcg/L 6328 9.5+3.2 8.8+2.6 9.1+3.0 9.7+33 10.5+35 109+3.6 10.7+3.3 <0.001
2-h glucose, mg/dL. 6379 113.0+23.2 108.0 £22.9 112.0£23.1 115.1+£23.4 1169+ 1182+ 1137+  <0.001
234 222 19.5

Stumvoll first-phase 6328 1569.0+£398.8 1426.2+292.4 1491.3+£342.3 1619.7+411.5 1776.6+ 18823+ 19202+ <0.001

estimate 445.7 483.0 488.4

Modified 6328 5.6+2.3 6.8+2.1 6.1+23 50x2.1 42+16 3816 3.6x14 <0.001

Matsuda index

Oral disposition index 6302 1.9=+4.1 2.7+6.1 20+4.3 1.6+3.3 1.3+1.8 1.1+1.5 1.1+£2.0 <0.001

Newborn characteristics

Female sex, n(%) 6379 3087 (48.4) 391 (51.9) 1520 (48.6) 681 (48.0) 288 (44.9) 136 (50.2) 71 (41.5)  0.060

GA at birth, weeks 6379 395+1.6 393+1.6 39.5+15 39.5+1.6 395+1.6 39.6+x1.6 393+19 <0.01

Preterm (<37 weeks), 6379 357 (5.6) 47 (6.2) 146 (4.7) 92 (6.5) 39 (6.1) 19 (7.0) 14 (8.2) 0.046

n (%)

BW, g 6379 3382.0+£517.6 3118.3+453.6 3348.3+4754 3475.8+5457 35460+ 35325+ 35275+ <0.001

547.2 540.8 593.5
BW >90th percentile, 6379 608 (9.5) 35 (4.6) 260 (8.3) 165 (11.6) 85 (13.3) 39 (144) 24 (14.0) <0.001

n (%)

SPRINGER NATURE
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Table 1 (continued)

n All Underweight ~ Normal Weight Overweight Obese 1 Obese 11 Obese I p value®
FM (g) 5141 3979+168.2 308.4+143.1 379.5+152.7 4412+174.1 4664+ 468.3 + 459.6 £ <0.001
177.6 186.0 184.7

FM >90th percentile, 5141 514 (10.0) 17 2.7) 176 (6.9) 166 (15.1) 89 (17.8) 45 (21.7) 21 (16.5) <0.001
n (%)

BF% 5141 11.6+3.6 9.6+3.4 11.2+34 125+3.6 13.0+3.6 13.0+3.7 12.8+3.7 <0.001
BF % >90th 5141 498 (9.7) 34 (5.3) 214 (8.3) 136 (12.3) 59 (11.8) 36 (17.4) 19 (15.0) <0.001
percentile, n (%)

sSFT, mm 5187 12.6+2.8 11524 12.3+2.6 13.3+£3.0 13.7+3.1 13.6+x3.1 13,529 <0.001
sSFT >90th 5187 489 (9.4) 31 4.9) 202 (7.8) 131 (11.7) 75 (14.6) 30 (14.3) 20 (15.6) <0.001

percentile, n (%)

All results are presented as mean + SD, unless otherwise specified.

BMI body mass index, OGTT oral glucose tolerance test, GDM gestational diabetes mellitus, JADPSG International Association of Diabetes and
Pregnancy Study Groups, GA gestational age, BW birthweight, FM fat mass, BF% body fat percent, sSFT sum of skinfold thickness, SD standard

deviation.

%One-way analysis of variance for continuous variables or Pearson’s Chi?

Fig. 1 Correlation” matrix of
potential mediators in the
associations between maternal
BMI category and infant size
and adiposity. Correlations*
were assessed with Pearson’s
pairwise correlation.
Abbreviations: BMI body

mass index.

1-hour c-peptide

2-hour glucose

Hemoglobin A1c

Stumvoll first-phase estimate

Modified matsuda index

Oral disposition index

Significant mediators of the association between BMI
category and BW included fasting plasma glucose, 1-h plasma
glucose, and 1-h c-peptide. The percent of total effect medi-
ated by each of these markers of glucose metabolism is
depicted in Fig. 3a. The strongest mediators of this association
were fasting plasma glucose and 1-h c-peptide (13.9% and
—13.4%, respectively). One-hour c-peptide was a negative
mediator of this association, indicating that it attenuated the
strength of the association between maternal BMI and BW.
One-hour plasma glucose mediated 8.8% of the association.
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Significant mediators of the association between BMI cate-
gory and neonatal FM included fasting plasma glucose and c-
peptide and 1-h plasma glucose and c-peptide. The percent of
total effect mediated by each of these markers of glucose
metabolism is depicted in Fig. 3b. The strongest mediator of this
association was fasting c-peptide (15.6%), followed by fasting
plasma glucose (11.6%), and 1-h plasma glucose (8.4%).
Similar to the mediation of BW, 1-h c-peptide (—8.2%) was a
negative mediator of this association, indicating that it reduced
the association between maternal BMI and neonatal FM.
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Fig. 2 Adjusted odds ratios of infant BW, FM, BF %, and sSFT >
90th percentile by maternal BMI category at OGTT". *Normal
weight BMI category as reference category. All logistic regressions
were adjusted for maternal ethnicity, smoking status, parity, and
GWG. Logistic regression of FM >90th percentile was additionally
adjusted for center, infant sex, and infant GA at delivery. n = 6301
(BW >90th); 5078 (FM > 90th); 5078 (BF% >90th); 5123 (sSFT >
90th). BW birthweight, FM fat mass, BF% body fat percent, sSSFT sum
of skinfold thickness, BMI body mass index, OGTT oral glucose
tolerance test, GWG gestational weight gain, GA gestational age.

Significant mediators of the association between BMI
category and neonatal BF% included fasting plasma
glucose and c-peptide, 1-h plasma glucose, and 1-h c-
peptide. The percent of total effect mediated by each of
these markers of glucose metabolism is depicted in Fig.
3c. The strongest mediator of this association was fasting
c-peptide (13.8%), followed by fasting plasma glucose
(12.4%), 1-h plasma glucose (8.2%), and 1-h c-peptide
(—6.6%), a negative mediator of the association.

Significant mediators of the association between BMI
category and neonatal sSFT included fasting plasma glu-
cose and c-peptide, 1-h plasma glucose, and HbAlc per-
cent. The percent of total effect mediated by each of these
markers of glucose metabolism is depicted in Fig. 3d. The
strongest mediator of this association was fasting plasma
glucose (20.7%) followed by fasting c-peptide (13.9%), and
1-h plasma glucose (6.9%). Hemoglobin Alc percent
(—3.8%) was a negative mediator of the association
between maternal BMI and neonatal sSFT.

Two-hour plasma glucose and DIy were not significant
mediatiors of any of the associations examined. The
Stumvoll first-phase estimate and modified Matsuda index
were not assessed as mediators due to the high degree of
collinearity with fasting and 1-h c-peptide.

Discussion

Here we report, from a secondary analysis of a sub-cohort
of women from the HAPO study, that higher maternal BMI

category was associated with higher odds of neonatal BW
and adiposity >90th percentile. We also report that fasting
measures of maternal glucose metabolism (fasting plasma
glucose and c-peptide) at the time of the OGTT at
24-32 weeks’ gestation were the strongest mediators of the
association between maternal BMI and newborn size and
adiposity.

These findings are consistent with a body of evidence
that maternal overweight and obesity, even in the absence of
overt GDM, are associated with greater infant size
[3, 4, 16, 31, 32]. Yu et al. reported that maternal pre-
pregnancy overweight and obesity increased the risk for
LGA, high BW, and macrosomia when compared to
mothers of normal weight [32]. Retnakaran et al. reported
that each 1kg/m® increase in pre-pregnancy BMI was
associated with a 1.16 increased odds of having an LGA
infant [31].

Our finding that maternal overweight and obesity are
associated with increased neonatal adiposity is also con-
sistent with previous studies of women with normal glucose
tolerance [33-35]. Starling et al. found that each 1 kg/m2
increase in maternal BMI was associated with a 5.2-g, 7.7-
g, and 0.12% increase in neonatal fat mass, fat-free mass,
and percentage body fat, respectively [33]. Waters et al.
reported that maternal pre-pregnancy BMI was the largest
contributor to newborn percentage of body fat and total fat
mass relative to GWG, smoking, infant gender, maternal
age, maternal race, and GA at delivery [34]. Sewell et al.
reported that maternal overweight and obesity are asso-
ciated with increased birth weight, percent body fat, and fat
mass, but not lean body mass [35].

This analysis was unique in that it assessed the mediating
effect of a variety of markers of maternal glucose metabo-
lism in the associations between maternal BMI and neonatal
size and adiposity. We found that the significant mediators
of the associations between maternal BMI and neonatal size
and adiposity were fasting plasma glucose and c-peptide
concentrations and to a lesser extent, 1-h plasma glucose, 1-
h c-peptide, and HbAlc. Uvena-Celebrezze et al. reported
that in women with GDM, fasting blood glucose was more
strongly correlated with neonatal fat mass than pre-prandial,
2 h post-prandial or bedtime blood glucose [36]. Disse et al.
reported that fasting glucose was significantly associated
with increased odds of LGA regardless of weight gain
during pregnancy and 2-h OGTT blood glucose [37]. Law
et al. reported continuous glucose monitoring-derived mean
glucose was significantly higher in women who delivered
LGA infants compared to women who delivered an
appropriate for GA infant. This difference was driven by a
significantly higher overnight glucose [38]. These data and
our findings strongly suggest that fasting markers of
maternal glucose metabolism, which are experienced by the
woman and fetus for a longer cumulative time-period during
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0.2 (=03, 0.8)
0.00 (—0.01, 0.02)

02 (~1.1,0.7)

~0.00 (—0.02, 0.02)
~0.02* (—0.03, —0.00) 0.00 (—0.00, 0.01)

0.2 (=07, 1.1)
0.01 (=0.01, 0.03)
0.01 (—0.00, 0.02)

—2.4%% (-3.8, —1.1)
—0.04%* (—0.07, —0.01)

2.5%% (1.3, 3.7)
0.05%* (0.02, 0.07)

0.03** (0.01, 0.05)

4.6* (1.0, 8.1)

3.4%% (1.7, 5.1)
0.07** (0.04, 0.1) 0.08* (0.0, 0.2)

0.17
0.16
0.18

18.6%* (13.5, 23.7)

FM (g) n = 4673

0.4%% (0.2, 0.5)
0.2%% (0.2, 0.3)

BF% (%) n = 4673

—0.00 (—0.02, 0.02)

0.1** (0.07, 0.1) 0.07* (0.01, 0.1)

sSFT (mm) n=4719

All analyses adjusted for maternal ethnicity, smoking status, parity, and GWG.

BMI body mass index, CI confidence interval, PG plasma glucose, CP c-peptide, HbAIc hemoglobin Alc, DI oral disposition index, BW birthweight, FM fat mass, BF% body fat percent, sSFT

sum of skinfold thickness, GWG gestational weight gain.

*##p <0.01; *p<0.05.

pregnancy, are stronger drivers of fetal growth than stimu-
lated (post-prandial) measures and their derived indices.
However, our current screening practices uniformly mea-
sure blood glucose only at 1-h post-glucose load, which
may not be the strongest predictor of LGA.

One-hour plasma glucose also mediated each of the four
primary associations, although to a lesser extent than
fasting glucose. This highlights the clinical importance of
understanding the role of glycemic control in pregnant
women with impaired glucose tolerance that does not
reach the threshold of GDM [39, 40]. Previous studies
have found that women who failed a glucose challenge test
but passed a 3-h glucose tolerance test were more likely to
deliver an infant with macrosomia compared to women
with normal screening values [39, 40]. These findings
suggest that more stringent criteria for diagnosis of glu-
cose intolerance during pregnancy (i.e., the IADPSG cri-
teria) may be particularly relevant in identifying women
with overweight and obesity who are at risk of delivering
macrosomic infants. Adoption of the IADPSG criteria has
led to a three-fold increase in GDM diagnosis and
improved perinatal outcomes [41]. This benefit would
likely be magnified in women with overweight and obe-
sity, given the higher rates of adverse outcomes in these
women [3, 4]. Our findings also suggest that more sensi-
tive and comprehensive glycemic assessment techniques,
such as continuous glucose monitoring, might be investi-
gated as a modality to improve glycemic control and
prediction and prevention of fetal overgrowth.

Hemoglobin Alc was a negative mediator of the asso-
ciation between maternal BMI and neonatal sSFT. We
hypothesize that this finding is likely due to the unreliable
nature of HbAlc levels during pregnancy. Hemoglobin Alc
levels decrease in most women during the first trimester and
it is likely that our findings reflect that HbAlc is an unre-
liable marker of glycemia in pregnancy that is influenced by
non-glycemic factors [42, 43].

A unique strength of this analysis is that it simulta-
neously evaluated the mediating effect of multiple markers
of maternal glucose metabolism to discern which markers
exhibit the greatest individual mediating effect. We assessed
both overall infant size and fat mass as these outcomes have
different implications later in life. Additionally, the sub-
cohort analyzed was large, international, and multi-ethnic,
furthering the generalizability of our findings. We per-
formed sensitivity analyses excluding women who met
TIADPSG criteria for GDM and preterm infants which also
strengthens the generalizability of our results.

One limitation of our analysis is that we were unable to
examine other potential metabolic mediators of the asso-
ciation between maternal obesity and offspring size and
adiposity. Given our finding that the indirect effects of
markers of glucose metabolism do not completely account
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Fig. 3 Directed acyclic
diagram of significant
mediators of the associations
between maternal BMI
category and neonatal size and
adiposity. BMI body mass
index, BW birthweight, FM fat
mass, BF% body fat percent,
sSFT sum of skinfold thickness,
HDAIC hemoglobin Alc.
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for the association between maternal obesity and newborn
size and adiposity, investigation of additional pathways
(e.g., dyslipidemia and inflammation) should be under-
taken to optimize screening of pregnant women with
obesity. Another limitation of our analysis is that we did
not have data on pre-pregnancy BMI. Early differences in
BMI prior to the OGTT could have influenced the results.
To address this limitation, we calculated an estimate of
GWG. Additionally, to maintain uniformity amongst other
reported findings from this cohort, we utilized the estab-
lished, regressed BMI cutoffs for pregnancy within the
HAPO cohort, which do not take into consideration dif-
ferences in GWG across BMI categories. The regressions
used also do not account for the lower BMI cut-offs for
Asian women. Thus, we may have partly overestimated
the effect of obesity on infant size and adiposity in this
population. However, the high correlation between
regressed pre-pregnancy BMI and BMI at OGTT suggests
that these categories accurately reflect the ranking of
participant’s pre-pregnancy BMI. Another inherent lim-
itation of our study is that no women received treatment
for GDM and therefore our findings cannot be applied to
populations of women who were treated for GDM. We
did, however, conduct a sensitivity analysis without
women classified with GDM by the IADPSG criteria and
this did not impact results.

With this analysis, we provide data examining how
specific markers of maternal glucose metabolism mediate
the association between maternal BMI and neonatal size and
adiposity in normoglycemic pregnancies. Our finding that
fasting measures of glucose metabolism were the strongest
mediators of newborn size and adiposity suggests that
future studies should evaluate whether including fasting
glycemic screening measures in pregnant women with
obesity can improve prediction of newborn weight and body
composition.
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