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Abstract
Aims/hypothesis We aimed to examine associations of newborn anthropometric measures with childhood glucose metabolism
with the hypothesis that greater newborn birthweight, adiposity and cord C-peptide are associated with higher childhood glucose
levels and lower insulin sensitivity.
Methods Data from the international, multi-ethnic, population-based Hyperglycemia and Adverse Pregnancy Outcome (HAPO)
Study and the HAPO Follow-Up Study were used. The analytic cohort included 4155 children (mean age [SD], 11.4 [1.2] years;
51.0% male). Multiple linear regression was used to examine associations of primary predictors, birthweight, newborn sum of
skinfolds (SSF) and cord C-peptide, from HAPO with continuous child glucose outcomes from the HAPO Follow-Up Study.
Results In an initial model that included family history of diabetes and maternal BMI during pregnancy, birthweight and SSF
demonstrated a significant, inverse association with 30 min and 1 h plasma glucose levels. In the primary model, which included
further adjustment for maternal sum of glucose z scores from an oral glucose tolerance test during pregnancy, the associations
were strengthened, and birthweight and SSF were inversely associated with fasting, 30 min, 1 h and 2 h plasma glucose levels.
Birthweight and SSF were also associated with higher insulin sensitivity (Matsuda index) (β = 1.388; 95% CI 0.870, 1.906;
p < 0.001; β = 0.792; 95% CI 0.340, 1.244; p < 0.001, for birthweight and SSF higher by 1 SD, respectively) in the primary
model, while SSF, but not birthweight, was positively associated with the disposition index, a measure of beta cell compensation
for insulin resistance (β = 0.034; 95%CI 0.012, 0.056; p = 0.002). Cord C-peptide levels were inversely associated withMatsuda
index (β = −0.746; 95% CI −1.188, −0.304; p < 0.001 for cord C-peptide higher by 1 SD) in the primary model.
Conclusions/interpretation This study demonstrates that higher birthweight and SSF are associated with greater childhood
insulin sensitivity and lower glucose levels following a glucose load, associations that were further strengthened after adjustment
for maternal glucose levels during pregnancy.
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Abbreviations
FPG Fasting plasma glucose
FUS Follow-Up Study
HAPO Hyperglycemia and Adverse Pregnancy Outcome
oDI Oral disposition index
PG Plasma glucose
SGA Small for gestational age
SSF Sum of skinfolds

Introduction

The prevalence of youth-onset type 2 diabetes in the USA rose
by 35% between 2001 and 2009, with an expectation that its
prevalence will quadruple by 2050 [1, 2]. Youth-onset type 2
diabetes is associated with high therapeutic failure rates and
rapid progression to diabetes-related complications, suggest-
ing a more aggressive disease process in children [3–5].
Similarly, the prevalence of childhood disorders of glucose
metabolism appears to be increasing together with the increas-
ing prevalence of childhood obesity [6]. As childhood disor-
ders of glucose metabolism are a precursor to diabetes,

identifying how and when to intervene with preventive strat-
egies is an area of interest.

Maternal plasma glucose (PG) levels are associated with
newborn anthropometrics as well as childhood obesity and
disorders of glucose metabolism [7, 8], but the association of
newborn anthropometrics with childhood glucose metabolism
is less clear [9–13]. Nevertheless, the known associations of
maternal hyperglycaemia have led to efforts to prevent large
for gestational age newborns as a potential indicator of future
metabolic disease. However, size at birth is determined by
both fetal genetic factors and the intrauterine environment,
as determined by maternal PG, obesity and other factors [8,
14]. Associations of birthweight with adult metabolic
disease have been examined, although these studies often
did not account for maternal PG and/or obesity during
pregnancy in the analyses [15–17]. Previous studies exam-
ining the association of newborn size at birth with child-
hood metabolic outcomes have had limitations, including
restriction to children of European ancestry, reliance on
maternal recall of birthweight and/or no consideration of
maternal metabolic variables during pregnancy [9–13].
Thus, the association of newborn anthropometrics with
childhood metabolic health as a potential harbinger of
future metabolic disease is incompletely understood.
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To address this, we analysed maternal, newborn and child-
hood data from the Hyperglycemia and Adverse Pregnancy
Outcome (HAPO) Study and the HAPO Follow-Up Study
(FUS), which included a large, population-based, internation-
al cohort of mother–offspring pairs for whom maternal meta-
bolic data at ~28 weeks of gestation and offspring data at birth
and age 10–14 years were available. HAPO demonstrated
positive and additive associations of maternal PG and BMI
during pregnancy with newborn size at birth and cord C-
peptide [8, 18], while the HAPO FUS demonstrated that
maternal hyperglycaemia during pregnancy was associated
with higher glucose levels, lower insulin sensitivity and a
higher frequency of disorders of glucose metabolism during
childhood [19, 20]. Given these previously reported associa-
tions, the present study examined the hypothesis that greater
newborn birthweight, adiposity and cord C-peptide are asso-
ciated with higher childhood glucose levels and lower insulin
sensitivity.

Methods

HAPO studyHAPOwas a prospective, population-based study
in which women underwent a 75 g OGTT at ~28 weeks of
gestation [8]. OGTT results remained blinded to caregivers
and participants except for fasting plasma glucose (FPG)
>105 mg/dl (5.8 mmol/l) and/or 2 h PG >200 mg/dl
(11.1 mmol/l), either measure <45 mg/dl (2.5 mmol/l) or
random PG at 34–37 weeks gestation ≥160 mg/dl
(8.9 mmol/l) [8]. Blinded participants were untreated. The
sum of individual glucose z scores at fasting, 1 h and 2 h
during the pregnancy OGTT, an integrated measure that gives
equal weight to each of the three glucose values, was used in
statistical analyses. The z scores were calculated by first
subtracting the sample mean and then dividing by the sample
SD for each timed glucose measurement from the OGTT,
using sample means and SDs from the full HAPO cohort.
Observed distributions for each timed glucose measurement
were approximately normal. Individual z scores were then
summed for use as a composite measure in statistical model-
ling. Height, weight and blood pressure were measured at the
OGTT using standardised procedures. Demographic and life-
style characteristics, including age, self-reported race and
ethnicity, smoking or alcohol use during pregnancy, and mari-
tal and employment status were collected via questionnaire
and parity by medical record abstraction. Cord blood samples
were obtained within 5 min of delivery and before delivery of
the placenta. Cord blood C-peptide, birthweight and sum of
skinfolds (SSF) were measured as described [8] using calibrat-
ed equipment and standardised methods [18].

HAPO FUS participants HAPO FUS participants were recruit-
ed between 2013 and 2016 from ten of 15 HAPO field centres

based on recruitment feasibility [21]. HAPO FUS eligibility
criteria included caregivers and participants being blinded to
the HAPO OGTT results, gestational age at delivery
≥37 weeks and no major neonatal malformations or fetal/
neonatal death. This yielded 15,812 eligible mother–child
pairs. The recruitment target was 7000 pairs, based on the
primary childhood outcome of overweight/obesity [21]. A
total of 4834 children completed all or part of the HAPO
FUS visit; 4155 children did not have a pre-existing diagnosis
of diabetes and had a fasting glucose measurement and at least
one other timed OGTT measurement. The cohort of 4155
children included five children who had glucose levels during
the OGTT consistent with a diagnosis of diabetes and were
negative for serum autoantibodies (see below).

The study protocol was approved by each centre’s institu-
tional review board. Mothers gave written, informed consent
for their child; children assented where required by the local
institutional review board. There was an external
Observational Study Monitoring Board.

HAPO FUS visit Child height and weight were measured, and a
2 h OGTT with a glucose load of 1.75 g/kg body weight
(maximum 75 g) following an 8 h overnight fast with samples
drawn for glucose and C-peptide at fasting, 30min, 1 h and 2 h
was performed as described previously [19–21]. Samples
were processed at the field centre laboratory and stored at
−80°C until shipment to the Central Laboratory.

The child’s age and family history of diabetes in first-
degree relatives were collected from the mother via
questionnaire.

Laboratory measurements Glucose was measured by hexoki-
nase in the Northwestern Memorial Hospital Clinical
Chemistry Laboratory on a Beckman-Coulter SYNCHRON
LX analyser (Beckman Coulter, Chaska, MN, USA) with
blinded duplicate samples assayed for a random subset of
10% as described [19, 20]. C-peptide was measured in the
Northwestern Comprehensive Metabolic Core by
electrochemiluminescence immunoassay on a Roche cobas
e411 immunoassay analyser (Roche Diagnostics,
Indianapolis, IN, USA) [19, 20]. Type 1 diabetes was diag-
nosed by measuring serum autoantibodies [19, 20] for chil-
dren reported to have diabetes on treatment (n = 9) or OGTT
values indicative of incident diabetes (n = 5). All children with
diabetes on treatment or type 1 diabetes were excluded from
the analyses.

Outcomes and predictors The primary predictors for child-
hood outcomes were birthweight, newborn SSF and cord
blood C-peptide, which were measured as described [8].

Continuous childhood outcomes included FPG and 30min,
1 h and 2 h PG from the OGTT. Similar to the maternal
pregnancy OGTT values, the sum of individual glucose z
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scores, i.e., the four time points for the child’s OGTT from the
HAPO FUS, was also examined [19]. Observed distributions
for each timed glucose measurement in children were approx-
imately normal.

Matsuda, insulinogenic and disposition indices were also
examined as continuous outcomes. A modified Matsuda
index, which estimates insulin sensitivity, was calculated
using OGTT glucose and C-peptide levels [22]. The
insulinogenic index, a measure of insulin secretion, was calcu-
lated as described [23]. The oral disposition index (oDI), a
measure of beta cell compensation for insulin resistance, was
calculated as the product of the Matsuda and insulinogenic
indices and then log transformed [24].

Statistical analyses Data were summarised using frequencies
and counts for categorical variables and means and SDs for
continuous variables. Histograms and box plots were exam-
ined to assess distributions and identify potential outliers.
Quantile regression was used to generate categorical quantiles
of SSF, adjusted for field centre and gestational age at deliv-
ery; quantile estimates were made separately according to
newborn sex. Multiple linear regression was used to estimate
adjusted mean differences with 95% CIs for continuous
outcomes. Quadratic terms and restricted cubic splines esti-
mated with the rms R package version 5.1-2 (https://cran.r-
project.org/src/contrib/Archive/rms/rms_5.1-2.tar.gz,
accessed 30 March 2018) were used to assess linearity [25].

Two models were considered, with variables identified
according to study design, known potential confounders and
adjustments used in HAPO analyses [8]. The primary predic-
tors for each of the models were birthweight, newborn SSF
and cord C-peptide, while the covariate adjustments for the
different models were as follows: model 1: field centre (proxy
for race/ancestry since most centres were predominantly one
race/ancestry group), child age and sex, maternal variables at
HAPO pregnancy OGTT (age, height, mean arterial pressure,
parity [0 or 1+], smoking [yes/no], drinking alcohol [yes/no]
and gestational age) and child’s family history of diabetes in
first-degree relatives + maternal BMI at HAPO pregnancy
OGTT; model 2: model 1 + maternal sum of glucose z scores
from the HAPO pregnancy OGTT. Adjustments for maternal
glucose sum of z scores and BMI were included in the primary
model as each was independently associated with birthweight
and newborn SSF in the HAPO cohort [8, 26]. Multiple impu-
tation was performed for the full analytic dataset including
predictors, outcomes and covariates using chained equations
as implemented in the mice R package version 2.30 (https://
cran.r-project.org/src/contrib/Archive/mice/mice_2.30.tar.gz,
accessed 12 October 2018) and 25 imputed datasets [27].
Imputations were performed under a ‘missing at random’
assumption after confirming findings varied little under
‘missing not at random’ [28]. Two-sided p < 0.05 was used
for evaluating statistical significance. All statistical analyses

were conducted in R (3.3.1) (https://cran.r-project.org/bin/
windows/base/old/3.3.1/, accessed 27 July 2018) [29].

Results

Participants Characteristics of the 4155 children with OGTT
results from the HAPO FUS and their mothers during the

Table 1 Characteristics of mothers during HAPO pregnancy and chil-
dren at follow-up

Characteristic Overall n=4155

Characteristics of mothers during HAPO pregnancy
Age (years) 29.89 ± 5.68
Height (cm) 161.65 ± 6.79
Weight at OGTT (kg) 71.77 ± 14.14
BMI 27.43 ± 4.91
Gestational age at OGTT (weeks) 27.60 ± 1.70
Mean arterial pressure (mmHg) 80.25 ± 7.88
FPG level (mmol/l) 4.49 ± 0.37
1 h PG level (mmol/l) 7.40 ± 1.68
2 h PG level (mmol/l) 6.15 ± 1.29
Sum of PG z scores −0.06 ± 2.31
Ancestry group

Asian 1125 (27.1)
Black 719 (17.3)
Hispanic 465 (11.2)
White 1773 (42.7)
Other 73 (1.8)

Smoking during pregnancy
No 3978 (95.7)
Yes 177 (4.3)

Alcohol intake during pregnancy
No 3872 (93.2)
Yes 283 (6.8)

Parity (any prior delivery ≥20 weeks)
No 2010 (48.4)
Yes 2145 (51.6)

Child characteristics at birth
Gestational age at delivery (weeks) 39.78 ± 1.19
Birthweight (g) 3371.39 ± 469.19
SSF (mm) 12.31 ± 2.55
Cord C-peptide (nmol/l) 0.33 ± 0.19

Child characteristics at follow-up
Age (years) 11.36 ± 1.22
Height (cm) 148.52 ± 10.36
Weight (kg) 43.18 ± 13.57
Sex

Female 2034 (49.0)
Male 2121 (51.0)

Family history of diabetes
No 2255 (54.3)
Yes 1896 (45.7)

Child outcomes at follow-up
FPG level (mmol/l) 5.00 ± 0.39
30 min PG level (mmol/l) 7.80 ± 1.33
1 h PG level (mmol/l) 6.83 ± 1.68
2 h PG level (mmol/l) 5.97 ± 1.15
Sum of glucose z scores −0.01 ± 2.83
Matsuda index 33.15 ± 13.70
Insulinogenic index 0.14 ± 0.12
oDI 4.21 ± 3.97

Data are displayed as mean ± SD or n (%)
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HAPO Study are displayed in Table 1. Mothers of children
who did and did not participate (unable to contact or declined)
in the HAPO FUS were similar and have been described [21]
(electronic supplementary material [ESM] Table 1).

Association of newborn measures with childhood glucose
levels Initial analyses examined associations of birthweight,
newborn SSF and cord C-peptide with child glucose levels
during the HAPO FUS OGTT (Table 2). Given previous
reports from HAPO demonstrating the independent associa-
tion of maternal PG and BMI with both newborn and child-
hood anthropometric and metabolic outcomes [8, 18–20], the
primary model for the present study (model 2) included
adjustment for bothmaternal BMI and sum of glucose z scores
from the HAPO OGTT. To better define the relationships
among maternal PG during pregnancy, newborn anthropo-
metrics and child glucose-related outcomes, an initial model
(model 1) that included adjustment for maternal BMI but not
maternal glucose levels was also considered.

No newborn measures were associated with child FPG in
the initial model (model 1); however, after adjustment for
maternal sum of glucose z scores (model 2), birthweight and
SSF were significantly and inversely associated with child-
hood FPG (β = −0.015; 95% CI −0.029, −0.001; p = 0.041
and β = −0.019, 95% CI −0.031, −0.006; p = 0.003 for
birthweight and SSF higher by 1 SD, respectively)
(Table 2). Cord C-peptide was not associated with child FPG.

Birthweight and SSF were also inversely associated with
child 30 min, 1 h and 2 h glucose levels, and sum of
glucose z scores (Table 2). Significant inverse associa-
tions of birthweight and SSF with these four child
glucose outcomes were observed in both model 1 and
model 2 (except SSF was not associated with 2 h
glucose in model 1). For each of these outcomes, asso-
ciations were strengthened after adjustment for maternal
glucose sum of z scores during pregnancy (model 2)
(30 min PG: β = −0.103; 95% CI −0.157, −0.050;
p < 0.001 and β = −0.096; 95% CI −0.142, −0.051;
p < 0.001 for birthweight and SSF, respectively; 1 h
PG: β = −0.128; 95% CI −0.197, −0.059; p < 0.001
and β = −0.128; 95% CI −0.187, −0.069; p < 0.001 for
birthweight and SSF, respectively; 2 h PG: β = −0.069;
95% CI −0.116, −0.022; p = 0.004 and β = −0.053; 95%
CI −0.093, −0.013; p = 0.010 for birthweight and SSF,
respectively; sum of glucose z scores: β = −0.252; 95%
CI −0.361, −0.143; p < 0.001 and β = −0.242; 95% CI
−0.335, −0.148; p < 0.001 for birthweight and SSF,
respectively; all β estimates are for birthweight or SSF
higher by 1 SD). Further adjustment for maternal mari-
tal and employment status at the time of the HAPO
OGTT as a proxy for maternal socioeconomic status
did not change these associations (ESM Table 2).
Cord C-peptide was not associated with child 30 min,

1 h or 2 h glucose levels or sum of glucose z scores
(Table 2).

Association of newborn measures with childhood insulin
sensitivity and secretion Neither birthweight, nor SSF, nor
cord C-peptide was significantly associated with childhood
insulinogenic index, a measure of insulin secretion, in either
model 1 or model 2 (ESM Table 3).

In contrast, birthweight, SSF and cord C-peptide demon-
strated significant associations with the Matsuda index (i.e.,
child insulin sensitivity) (Fig. 1). Birthweight was positively
associated with insulin sensitivity (i.e., children with higher
birthweight were more insulin sensitive in childhood) in
model 1, and the strength of this association increased slightly
after adjusting for maternal sum of glucose z scores (model 2,
β = 1.388; 95% CI 0.870, 1.906; p < 0.001 for birthweight
higher by 1 SD). SSF was also positively associated with
childhood insulin sensitivity in model 1 with a modest
strengthening of the association after adjustment for maternal
sum of glucose z scores (model 2, β = 0.792; 95% CI 0.340,
1.244; p < 0.001 for SSF higher by 1 SD). In contrast to the
above positive associations, cord C-peptide was inversely
associated with child insulin sensitivity in models 1 and 2.
The strength of this association was attenuated slightly by
adjusting for maternal sum of glucose z scores (model 2,
β = −0.746; 95% CI −1.188, −0.304; p < 0.001 for cord C-
peptide higher by 1 SD).

Finally, associations of birthweight, SSF and cord C-
peptide with the oDI during childhood were examined.
Neither birthweight nor cord C-peptide was associated with
child oDI (Fig. 1). A positive association of SSF with the oDI
was observed in model 2 which included adjustment for both
maternal BMI and sum of glucose z scores during the preg-
nancy OGTT (model 2, β = 0.034; 95% CI 0.012, 0.056; p =
0.002 for SSF higher by 1 SD). Once again, further adjustment
for maternal employment and marital status at the time of the
HAPO Study OGTT did not change associations of
birthweight, SSF and cord C-peptide with either child insulin
sensitivity or oDI (ESM Table 2).

Measures of child glucose metabolism across quantiles of SSF
Being small for gestational age (SGA) due to growth restric-
tion and macrosomia is associated with type 2 diabetes in
adults [30, 31]. As newborns with the former typically have
less body fat than constitutionally SGA newborns while
newborns with macrosomia typically have more body fat than
constitutionally large newborns, child glucose levels during
the OGTT, Matsuda index and oDI across quantiles of
newborn SSF were examined (Fig. 2). A pattern of declining
glucose levels and increasing oDI across quantiles of newborn
SSF was observed. For insulin sensitivity, similar levels were
present in the highest and lowest quantiles with some sugges-
tion of nadir and peak levels in the middle quantiles. However,
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as was the case for all models examined, assessments of
quadratic terms and restricted cubic splines for each of the
continuous predictors did not indicate a statistically significant
departure from linearity for any of the outcomes.

Discussion

The present study demonstrated that higher birthweight and
newborn adiposity, as measured by SSF, were associated with
lower glucose levels and greater insulin sensitivity in child-
hood. These associations were strengthened after adjusting for
a measure of maternal glucose during pregnancy, sum of
glucose z scores during an OGTT. These findings stand in
contrast to the hypothesis being addressed and suggest a
complex interaction among maternal PG during pregnancy,
size at birth and childhood metabolic outcomes.

Some, but not all, previous studies examining the associa-
tion between size at birth and insulin sensitivity during child-
hood demonstrated a positive association between newborn
size at birth and insulin sensitivity during childhood [9–13].
The present study expands upon these previous studies in
several ways. First, earlier studies were limited to children of
European ancestry, whereas the present study demonstrates
the same relationship in a multi-ethnic cohort. Second, in
addition to examining the association of birthweight with
childhood metabolic outcomes, the present study also

examined association of newborn adiposity, as reflected by
SSF, with childhood metabolic outcomes. Third, the present
study adjusted for maternal BMI and PG during pregnancy;
adjustment for the latter, an important contributor to fetal fat
accretion, was a unique aspect of this study. Finally, associa-
tions of size at birth with multiple childhood metabolic
outcomes, including glucose levels, insulin sensitivity and
oDI, were examined.

Consistent with the positive association of birthweight and
newborn SSF with childhood insulin sensitivity, the present
study demonstrated inverse associations of both birthweight
and SSFwith childhood glucose levels during anOGTT, asso-
ciations that were strengthened by adjusting for maternal PG
during pregnancy. The results of previous studies examining
association of size at birth with childhood PG have been
inconsistent. An inverse association and no association
between ponderal index and fasting and post-load glucose
levels have been demonstrated; however, some of the earlier
studies focused primarily on small newborns [32–35]. Our
results suggest that in a large, multi-ethnic, population-based
cohort inverse associations between size at birth and post-load
glucose values are present.

Our findings are somewhat counterintuitive. Greater
newborn birthweight is typically associated with childhood
obesity [36, 37], while greater adiposity in children is associ-
ated with insulin resistance [38]. This suggests that larger
newborns would have higher glucose levels and greater

Table 2 Associations of newborn measures with childhood glucose levels

Variable Birthweight SSF Cord C-peptide

βa 95% CI p value βa 95% CI p value βa 95% CI p value

Fasting glucose (mmol/l)

Model 1 −0.008 −0.022, 0.006 0.271 −0.012 −0.024, 0.000 0.057 −0.004 −0.016, 0.008 0.535

Model 2 −0.015 −0.029, −0.001 0.041 −0.019 −0.031, −0.006 0.003 −0.011 −0.023, 0.001 0.067

30 min glucose (mmol/l)

Model 1 −0.074 −0.127, −0.020 0.007 −0.067 −0.112, −0.022 0.004 0.001 −0.046, 0.047 0.977

Model 2 −0.103 −0.157, −0.050 <0.001 −0.096 −0.142, −0.051 <0.001 −0.030 −0.078, 0.017 0.213

1 h glucose (mmol/l)

Model 1 −0.094 −0.162, −0.025 0.007 −0.094 −0.152, −0.035 0.002 −0.005 −0.064, 0.053 0.858

Model 2 −0.128 −0.197, −0.059 <0.001 −0.128 −0.187, −0.069 <0.001 −0.041 −0.100, 0.019 0.180

2 h glucose (mmol/l)

Model 1 −0.051 −0.098, −0.005 0.031 −0.036 −0.075, 0.004 0.080 0.003 −0.036, 0.042 0.887

Model 2 −0.069 −0.116, −0.022 0.004 −0.053 −0.093, −0.013 0.01 −0.016 −0.055, 0.024 0.441

Sum of glucose z scores

Model 1 −0.176 −0.284, −0.067 0.002 −0.166 −0.259, −0.073 <0.001 −0.011 −0.103, 0.081 0.816

Model 2 −0.252 −0.361, −0.143 <0.001 −0.242 −0.335, −0.148 <0.001 −0.091 −0.184, 0.003 0.058

Model 1 was adjusted for field centre, child age and sex, maternal variables at pregnancy OGTT (age, height, mean arterial pressure, parity [0 or 1+],
smoking [yes/no], drinking alcohol [yes/no] and gestational age) and child’s family history of diabetes in first-degree relatives + maternal BMI at
pregnancy OGTT. Model 2 was model 1 + maternal sum of glucose z scores at pregnancy OGTT
aβ values for child continuous outcomes are reported for newborn birthweight, SSF and cord C-peptide higher by 1 SD
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insulin resistance in childhood [39], which stands in contrast
to the positive association of size at birth with childhood insu-
lin sensitivity and inverse associations with glucose levels
found in the present study. One potential explanation for our
results is that newborns with higher birthweight may have
more lean body mass during childhood, which would be asso-
ciated with greater insulin sensitivity [10, 11, 40]. A positive
relationship between birthweight and lean or fat-free mass
during childhood has been demonstrated [10, 11].

The above explanation does not account for the
observed association of newborn SSF, which reflects
adiposity, with lower glucose levels and greater insulin
sensitivity in childhood. Genetic variation determines, in
part, birthweight and newborn adiposity [41–43]. One
possibility is that genetic variation resulting in larger size
at birth (including both lean body and fat mass) is associ-
ated with better metabolic health in childhood. This would
be consistent with the observation that some genetic vari-
ants associated with lower birthweight are also associated
with greater risk of type 2 diabetes, while genetic variants
associated with a higher disposition index are associated

with greater birthweight [41, 43]. A second possible expla-
nation, based upon the strengthening of the observed asso-
ciations after adjustment for maternal glucose levels during
pregnancy, is that additional fetal fat accretion that occurs
secondary to maternal hyperglycaemia is associated with
poorer metabolic health in childhood. This possibility is
consistent with the observed associations of higher mater-
nal glucose during pregnancy with greater newborn
birthweight and adiposity as well as the association of
higher maternal glucose levels during pregnancy with
greater childhood adiposity and PG seen in the HAPO
Study and HAPO FUS [18–21]. Future studies will be
needed to examine these different possibilities.

In contrast to the findings with birthweight and newborn
SSF, the only association observed for cord C-peptide was an
inverse association with childhood insulin sensitivity (i.e., the
higher the cord C-peptide the greater the insulin resistance
during childhood). One possible explanation for this inverse
association is that it reflects an underlying genetic predisposi-
tion to insulin resistance that is first manifest as a high cord C-
peptide level.

Fig. 1 Association of
birthweight, newborn SSF and
cord C-peptide with childhood
insulin sensitivity and oDI. The β
values (95% CIs) for newborn
birthweight (a), SSF (b) and cord
C-peptide (c) higher by 1 SDwith
the Matsuda index are shown, as
are associations of birthweight
(d), SSF (e) and cord C-peptide
(f) higher by 1 SD with oDI.
Results are presented for each
outcome for model 1 (M01, red)
and model 2 (M02, blue)
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This study has several strengths. HAPO was a large, multi-
ethnic, international prospective study, making the results
generalisable. In addition, maternal data were available
allowing for adjustment for maternal confounders, and use
of standardised methods across multiple sites limited variabil-
ity in measurements. Study limitations include lack of data on
maternal gestational weight gain and infant weight gain in the
first 2 years of life, which have been associated with child-
hood weight and glucose metabolism [39, 44]. SSF has limi-
tations as a measure of newborn adiposity but consistent
results were seen when both newborn SSF and birthweight
were used as predictors in the association analyses. Finally,
HAPO mothers with OGTT glucose values higher than
predefined levels were excluded. Offspring of these mothers
would be at higher risk for adverse childhood metabolic
outcomes. Whether similar associations as those demonstrated
for offspring of mothers with lesser degrees of hyperglycaemia
are present in these children is not known.

In conclusion, the present study in the large, population-
based, multi-ethnic HAPO cohort demonstrates that, contrary

to previous findings, higher birthweight and newborn adiposity
are associated with greater childhood insulin sensitivity and
lower glucose levels following a glucose load. Thus, greater size
at birth per se may not necessarily be associated with adverse
metabolic outcomes during early childhood. Future research that
considers maternal metabolic factors during pregnancy will be
required to replicate this finding and better define the complex
associations among maternal PG during pregnancy, newborn
adiposity and birthweight, and childhood metabolic outcomes.
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