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Abstract
Aims/hypothesis In women who are overweight or obese before or during pregnancy there is an associated risk of increased fetal growth and higher birthweight. The metabolic
phenotype of the overweight/obese pregnant woman,
characterised by higher than normal insulin resistance (IR)
and increased circulating fuels, suggests a mechanism
resulting in fetal overnutrition and subsequent increased adiposity. We tested the fuel-mediated hypothesis in an observational pre-birth cohort of 951 mother–offspring pairs, the
Healthy Start study.
Methods We conducted a path analysis to estimate the simultaneous effects of maternal IR and maternal fuels (fasting glucose, triacylglycerol [TG] and NEFA levels) in late pregnancy
in mediating the relationship between maternal pre-pregnancy
BMI and neonatal adiposity (per cent fat mass [%FM]).
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Results The total effect of maternal BMI on neonatal %FM
was significant (total effect 0.16, 95% CI 0.08, 0.22,
p<0.001). The mediated path including maternal IR and glucose levels together accounted for 21% ( p<0.01) of the total
effect of maternal BMI on neonatal %FM while the mediating
effects of all other fuels were non-significant.
Conclusions/interpretation Using a novel application of path
analysis our data implicate maternal IR and glucose levels as
important mediators of the association between maternal and
infant adiposity.
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Introduction
The perinatal period is a critical window for future development. Exposure to maternal obesity during pregnancy is a risk
factor for increased fetal growth and adiposity [1, 2] as well as
susceptibility to obesity and type 2 diabetes later in life [3, 4].
Due to the long-term impact of the intrauterine environment, a
better understanding of potential mechanisms is important to
enable the design of primordial prevention programmes
targeting women of reproductive age.
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Increased maternal BMI before pregnancy is linked to numerous negative metabolic outcomes for which the mechanisms of action remain poorly understood. It has been suggested that these associations are due in part to specific intrauterine effects resulting from the altered metabolic state of
pregnant overweight and obese mothers, including increased
insulin resistance (IR) and/or elevated maternal fuels (glucose,
lipids), leading to fetal overnutrition [5, 6].
Using a multiple-mediator approach within a path analytic
framework we sought to investigate whether maternal IR or
glucose, triacylglycerol (TG) or NEFA levels in late pregnancy mediate the association between maternal pre-pregnancy
BMI and neonatal adiposity, as measured by per cent fat mass
(%FM), using data from a large pre-birth cohort study in
Colorado.

Methods
The Healthy Start study is an observational pre-birth cohort
study of ethnically diverse mothers investigating the impact of
pregnancy factors on infant body composition and metabolic
health. Pregnant women aged 16 years and over with a gestational age less than 24 weeks were recruited from the
University obstetrics clinics during 2010–2014. Women were
excluded if they reported having pre-existing type 1 or type 2
diabetes, a prior premature birth or fetal death, asthma with
steroid management, serious psychiatric illness or a current
multiple pregnancy. All women provided written informed
consent and the study was approved by the Colorado
Multiple Institutional Review Board.
Women were invited to participate in two pregnancy research
visits, at <24 weeks of gestation and at 24–32 weeks. Maternal
pre-pregnancy BMI was calculated using measured height and
pre-pregnancy weight obtained from medical records (81.5%) or
self-reported (12.5%). Demographic, behavioural and dietary
surveys were administered at each visit. A third visit occurred
in the hospital, after delivery. Neonatal body composition, fat
mass (FM) and fat-free mass (FFM) were measured within 48 h
after delivery and %FM was calculated by dividing FM (g) by
the total body mass. Blood samples collected at the second visit
were analysed by the University of Colorado Hospital Clinical
and Translational Science Centers Core Laboratory. To estimate
IR in pregnancy, the HOMA-IR equation was used.
Statistical analyses Tests for trend and Cochran Mantel–
Haenszel tests were used to compare maternal and infant characteristics across maternal pre-pregnancy BMI categories
(normal weight, BMI<25 kg/m2; overweight, 25 kg/m2 ≤
BMI<30 kg/m2; obese, BMI≥30 kg/m2) (Table 1).
The main exposure of interest was maternal pre-pregnancy
BMI and the main outcome was neonatal %FM. Hypothesised
mediators included IR, maternal fasting glucose, TG and total
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NEFA levels. When necessary, values were log-transformed.
An a priori list of covariates was assessed and were included
in the final model if they were significantly ( p<0.05) associated with %FM. The final model included infant sex, gravidity
and gestational age at birth.
Path model A multiple-mediator path model using robust maximum likelihood estimation was implemented. Analyses were
completed using M-plus 6.0 (Muthén & Muthén, Los Angeles,
CA, USA). The disturbance terms of maternal glucose, TG and
NEFA were allowed to correlate in the model. Standardised β
coefficients for the total effect of maternal pre-pregnancy BMI
on neonatal %FM were generated. Standardised β coefficients
for the direct and indirect effect of maternal pre-pregnancy BMI
on neonatal %FM, and effects between pathway variables were
also generated. Indirect effects were calculated with the product
of coefficients method using Sobel’s standard error. Additional
information about the statistical model is provided in the electronic supplementary material (ESM) Methods.

Results
A total of 951 mother–offspring pairs with complete data were
included. Table 1 displays maternal and infant characteristics
by maternal pre-pregnancy BMI category. All maternal characteristics, except prevalence of smoking and age at delivery,
differed across pre-pregnancy BMI categories. Maternal IR,
glucose and NEFA followed a linear increasing pattern with
increasing pre-pregnancy BMI ( p<0.01). Infant outcomes of
birthweight, FM and %FM, though not FFM, also increased
across the pre-pregnancy BMI categories ( p<0.01).
Figure 1 displays the pathways tested with the respective
standardised β coefficients representing the total and direct
effects of pre-pregnancy BMI on neonatal %FM, as well as
the relationships between each variable within the pathways
explored. The total effect of maternal pre-pregnancy BMI on
neonatal %FM at birth was significant (total effect=0.16, 95%
CI 0.08, 0.22, p<0.001). For each kg/m2 increase in prepregnancy BMI, neonatal %FM increased by 0.16 percentage
points. The direct effect of pre-pregnancy BMI on %FM was
attenuated but remained significant after including the mediators in the model (direct effect=0.11, 95% CI 0.04, 0.18,
p<0.01).
The pathway leading from pre-pregnancy BMI to neonatal
%FM through increased maternal IR and increased glucose
levels was significant (indirect effect=0.03, 95% CI 0.01,
0.05, p<0.01), accounting for 21% of the total effect of maternal BMI on neonatal %FM. The two alternative fuelmediated pathways, testing the effect of maternal prepregnancy BMI on neonatal %FM through increased IR and
NEFA levels and increased IR and TG levels, were non-
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Characteristics of study participants by pre-pregnancy BMI category

Characteristic

Mother
Age at delivery, years, mean (SD)
Race/ethnicity, n (%)
Non-Hispanic white
Hispanic
Non-Hispanic black
Other
Gravidity, mean (SD)
IOM recommended GWG, n (%)
Inadequate
Adequate
Excessive
Gestation length, weeks, mean (SD)
Caesarean section, n (%)
Smoking in pregnancy, n (%)
Household income per year, n (%)
<$20,000
$20,000–$40,000
$40,000–$70,000
>$70,000
HOMA-IR, mean (SD)
Glucose, mmol/l, mean (SD)
TG, mmol/l, mean (SD)
NEFA, mmol/l, mean (SD)
Offspring
Female sex, n (%)
Birthweight, g, mean (SD)
FM, g, mean (SD)
FFM, g, mean (SD)
%FM, mean (SD)

Pre-pregnancy BMI categorya

p valueb

Normal (n=516)

Overweight (n=244)

Obese (n=191)

27.7 (6.1)

28.0 (6.2)

27.8 (5.8)

328 (63.6)
79 (15.3)
72 (13.9)
37 (7.2)
1.0 (1.3)

117 (48.0)
81 (33.2)
35 (14.3)
11 (4.5)
1.6 (1.7)

74 (38.7)
62 (32.5)
45 (23.6)
10 (5.2)
1.9 (1.7)

134 (26.0)
167 (32.4)
214 (41.6)
39.6 (1.1)
91 (17.8)

33 (13.5)
57 (23.4)
154 (63.1)
39.6 (1.1)
57 (23.5)

42 (22.0)
39 (20.4)
110 (57.6)
39.3 (1.1)
56 (30.3)

44 (8.5)

17 (7.0)

25 (13.1)

54 (12.9)
59 (14.1)
95 (22.7)
211 (50.4)
2.9 (3.3)
4.2 (0.4)
1.7 (0.6)
0.35 (0.15)

36 (18.1)
37 (18.6)
53 (26.6)
73 (36.7)
4.1 (6.0)
4.4 (0.4)
1.9 (0.8)
0.38 (0.15)

52 (34.7)
39 (26.0)
30 (20.0)
29 (19.3)
5.2 (4.6)
4.5 (0.6)
1.8 (0.7)
0.43 (0.16)

<0.01
<0.01
0.01
<0.01

263 (51.0)
3,245.0 (420.3)
280.5 (143.2)
2,830.7 (324.8)
8.8 (3.8)

117 (48.0)
3,322.9 (456.8)
306.7 (151.9)
2,877.0 (366.7)
9.4 (3.9)

81 (42.4)
3,325.1 (441.1)
332.6 (159.6)
2,853.3 (333.8)
10.1 (4.0)

0.04
0.03
<0.01
0.43
<0.01

a

Sum of column per cent values may not equal 100% due to missing data

b

p values were generated using trend analysis for continuous variables; Cochran Mantel–Haenszel tests were used for categorical variables

0.86
<0.01

<0.01
<0.01

<0.01
<0.01
0.07
<0.01

GWG, gestational weight gain; IOM, Institute of Medicine

significant. The results were unchanged after removing data
for the 35 women who were diagnosed with gestational
diabetes.

Discussion
Maternal pre-pregnancy BMI was associated with increased
neonatal adiposity across the entire range of BMI levels.
Importantly and novel, our data suggest that increasing maternal IR and glucose levels, even within normal range, are responsible for 21% of the association between pre-pregnancy
BMI and neonatal adiposity, with no significant contribution

from other fuels. Our results provide further evidence that the
relationship between maternal and offspring adiposity is due,
in part, to specific fuel-mediated intrauterine effects on infant
FM.
A continuous association between maternal glucose in
late pregnancy and offspring birthweight/per cent body
fat greater than 90th percentiles was also shown by the
Hyperglycemia and Adverse Pregnancy Outcome
(HAPO) study [7]. Our findings are consistent with
those of the HAPO study and those of a recent study
in a multi-ethnic Asian cohort in which a significant
continuous effect of maternal glucose during pregnancy
on neonatal adiposity was reported [8].
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Fig. 1 Revised path model
depicting tested mediated
pathways between pre-pregnancy
BMI, HOMA-IR, maternal TG,
glucose and NEFA, and neonatal
%FM at birth (solid arrows).
Covariates were infant sex,
gravidity and gestational age at
birth. Dashed single-headed
arrows indicate other associations
not initially hypothesised in the
model, but were included based
on improving model fit and
supported by theory. Dashed
double-headed arrows indicate
that the variable disturbance terms
were specified as correlated in the
model. *p<0.05
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Total effect = 0.16*
Direct effect = 0.11*

β=0.01

β=0.13*

β=0.04

Glucose
β=0.60*

Prepregnancy
BMI

β=0.42*

HOMAIR

β=-0.003

β=0.25*

%FM

TG

β=-0.03

β=-0.24*
β=0.30*

Interestingly, while maternal pre-pregnancy BMI correlated significantly with maternal plasma TG and NEFA levels
(data not shown), in the final pathway model these fuels did
not act as mediators of the relationship of interest. Another
study in Colorado, conducted under controlled dietary conditions, found that maternal TG levels measured early in pregnancy correlated strongly with neonatal FM at birth [5].
However, the authors of that study did not control for other
fuels (potential confounders) in their analysis. Similar to our
results, the Norwegian STORK study (an observational, prospective study on the determinants of fetal growth and
birthweight in healthy pregnancies) found that maternal BMI
and fasting glucose were the only significant contributors to
infant %FM in multivariable models, while no other maternal
fuels were associated with infant adiposity [9].
We found that maternal IR was negatively associated with
late-pregnancy NEFA levels. This is contrary to our finding
with TG as we expected both fuels to follow a similar increasing trend. With increasing IR, fasting-induced lipolysis of
stored TG increases NEFA release. The metabolic fate of
NEFA released from maternal adipose tissue stores includes
flux across the placenta, oxidation in maternal tissues and,
potentially, re-esterification with glucose to TG in the placenta
[10]. Thus, a possible explanation for the unexpected inverse
relationship between IR and NEFA levels is that increased IR
may lead to increased NEFA uptake by the placenta or increased lipid synthesis in the maternal liver. As a result, we
see a positive association between IR and TG but an inverse
relationship between IR and NEFA levels.
Although we found that maternal pre-pregnancy BMI was
significantly associated with neonatal adiposity, the glucosemediated pathway accounted for only 21% of the association,
leaving 79% of this relationship unexplained by fuel-mediated

NEFA

β=0.05

Covariates:
Infant sex
Gravidity
GA at birth

pathways. Future research should examine more complex mediating models including, in addition to the fuel-mediated
pathway, other likely mechanisms, such as epigenetic modifications, while carefully accounting for genetic susceptibility.
Our study has some limitations and several strengths. As
with all observational studies, there is potential for residual
confounding by unmeasured variables. Further, nondifferential measurement error in our mediators could contribute to an underestimation of our indirect effect. However, we
do not believe this error to be large. While the epidemiology
literature has many examples of single-mediation analysis, no
studies have investigated multiple maternal factors together as
potential mediators of the association between pre-pregnancy
BMI and neonatal body composition.
In conclusion, our study suggests that part of the association between maternal and offspring adiposity is due to specific intrauterine effects—increased maternal IR and fasting
glucose levels, leading to neonatal FM accretion. These effects are seen over the entire range of maternal BMI, IR and
blood glucose levels in pregnancy. Our findings may generate
further hypotheses regarding early-life programming of
obesity.
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