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ABSTRACT: Maternal overweight and obesity are associated with
adverse offspring outcome in later life. The causal biological effectors
are uncertain. Postulating that initiating events may be alterations to
infant body composition established in utero, we tested the hypoth-
esis that neonatal adipose tissue (AT) content and distribution and
liver lipid are influenced by maternal BMI. We studied 105 healthy
mother-neonate pairs. We assessed infant AT compartments by
whole body MR imaging and intrahepatocellular lipid content by 1H
MR spectroscopy. Maternal BMI ranged from 16.7 to 36.0. With
each unit increase in maternal BMI, having adjusted for infant sex
and weight, there was an increase in infant total (8 mL; 95% CI,
0.09–14.0; p � 0.03), abdominal (2 mL; 95% CI, 0.7–4.0; p �
0.005), and nonabdominal (5 mL; 95% CI, 0.09–11.0; p � 0.054)
AT, and having adjusted for infant sex and postnatal age, an increase
of 8.6% (95% CI, 1.1–16.8; p � 0.03) in intrahepatocellular lipid.
Infant abdominal AT and liver lipid increase with increasing mater-
nal BMI across the normal range. These effects may be the initiating
determinants of a life-long trajectory leading to adverse metabolic
health. (Pediatr Res 70: 287–291, 2011)

Obesity in women of childbearing age in the United King-
dom increased from 12% in 1993 to 18.5% in 2006 (1).

There is every indication of continuing increase, in keeping
with a shift to the right of the population distribution curve for
maternal BMI. Overweight and obesity in infancy and child-
hood are also increasing, as are the features of the metabolic
syndrome in the pediatric population (2). The hazards of
maternal overweight and obesity to mother and baby, docu-
mented in the UK Confidential Enquiry into Maternal and
Child Health report “Why Mothers Die” (3), show that moth-
ers are at greater risk of miscarriage, high blood pressure,
gestational diabetes, and Caesarean section. Infant outcomes
are reflected in increased perinatal mortality and short-term
morbidity, and in childhood, increased risk of features of the
metabolic syndrome (4,5) and doubling in the risk of obesity
(6). Babies are further disadvantaged as overweight/obese
mothers are less able to initiate and maintain breastfeeding
(7,8) although whether this contributes to the greater risk of
obesity in later life is uncertain (9).

There is limited understanding of the causal pathways that
lead from the intrauterine environment to later-life obesity and
adverse metabolic health, and the neonatal indices or biomark-
ers that are most predictive of risk. In 5- to 9-y-old children,
waist circumference, an index of abdominal adiposity, is the
strongest predictor of type-2 diabetes (10). In adults, abdom-
inal obesity and elevated intrahepatocellular lipid (IHCL)
have the highest predictive power for the metabolic compli-
cations of obesity (11). We postulated that adverse offspring
outcome in relation to maternal overweight and obesity may
be brought about by alterations to infant body composition
established in utero, which are subsequently amplified by diet
and other family and external factors. If this is the case, we
would expect to see clear relationships between maternal BMI
and newborn phenotype. In this study, we tested the hypoth-
esis that infant adiposity and IHCL are modulated by maternal
BMI.

METHODS

This study was conducted as part of a wider program of research investi-
gating the determinants of newborn body composition. Approval was received
from the UK National Research Ethics Service. Healthy, full-term infants
were recruited from the postnatal wards of Chelsea & Westminster Hospital,
London, UK, following written, informed parental consent. Maternal race
classification was defined and assigned by the research team and confirmed by
the participant.

Infant body composition and hepatic spectroscopy. Whole body MR
imaging was conducted at the Medical Research Council Clinical Sciences
Centre of Imperial College London, in accordance with our well-established
protocol as previously described (12). Briefly, following a systematic metal
check and a feed, infants were scanned in natural sleep. They were swaddled,
protected from the noise generated by the scanner with ear plugs and muffs
(Natus, CA), positioned on a mobile platform in a supine position and
monitored with continuous pulse oximetry and electrocardiography for the
duration of the scanning, which was approximately 15 min. T1-weighted rapid
spin echo images were acquired using a Q body coil on a 1.5 T or 3.0 T Philips
Achieva scanner. Proton MR spectra were acquired from the right lobe of the
liver using a PRESS sequence (TR 1500 ms, TE 135 ms, 128 averages)
without water suppression. All spectra were analyzed in the time domain as
previously described by a single investigator (E.L.T.) using AMARES soft-
ware (13) and blind to maternal BMI. IHCL values were adjusted for T1 and
T2 effects. Hepatic water was used as an internal standard, and results were
expressed as IHCL CH2/water ratio. MR images were analyzed independently
of the investigators, blind to subject identity and maternal BMI, by Vardis-
Group (London, UK, www.vardisgroup.com), utilizing an image segmenta-
tion program (SliceOmatic, Tomovision, Montreal, Canada). Each of sixReceived November 29, 2010; accepted March 12, 2011.
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adipose tissue (AT) compartments (superficial s.c. abdominal, superficial s.c.
nonabdominal, deep s.c. abdominal, deep s.c. nonabdominal, internal abdom-
inal, and internal nonabdominal) was quantified individually as previously
described (14). The three abdominal compartments and three nonabdominal
compartments were summated to derive abdominal and nonabdominal AT
content, respectively; all six compartments were summated to derive total AT
content. The coefficient of variation for these measurements is �3% (15).

Mother and infant anthropometry. Maternal weight and height were
obtained from her medical record at booking. Infant body weight (g) was
measured at the time of scanning using a calibrated electronic scale (Marsden
Professional Baby Scale; Precision � 2 g). A measuring board with a sliding
footboard was used for measuring crown-heel length (cm) (Rollametre: Raven
Equipment Ltd., Dunmow, Essex, UK). The infants head was held against the
headboard, while the legs were extended and the sliding footboard brought
into contact with the infant’s heels. Head circumference was measured with a
nonextendable plastic metric band (Child Growth Foundation). Measurements
were taken midway between the eyebrows and the hairline at the front and
round the occipital prominence at the back. Ponderal index (PI) was calcu-
lated using Rohrer’s formula � 100 � body weight (g)/length (cm)3 (16).

Data analysis. Analysis was performed using SPSS version 17 and Stata
version 11. Statistical significance was defined as p � 0.05. We calculated the
correlation coefficient for maternal BMI with the variables total AT, abdom-
inal AT, nonabdominal AT, the ratio abdominal AT/nonabdominal AT, infant
weight, IHCL, infant length at time of scanning, and PI. Pearson correlation
was used for normally distributed variables and Spearman correlation for
nonnormally distributed variables. For each of these variables, differences
between boys and girls were tested for significance using the t test for
normally distributed variables; otherwise the Mann Whitney U test was used.
Multiple regression analysis was performed to assess all relationships be-
tween maternal BMI, adiposity, and IHCL adjusting for infant weight, gender,
and postnatal age where associations were significant. We investigated
whether there was an interaction between gender and maternal BMI and
assessed the effects of maternal race and diabetes. To check for violation of
regression assumptions, standardized residuals were assessed for normality.
Where necessary, transformations of variables were used to improve the
normality of residuals. Adjusted results were illustrated graphically by plot-
ting the observed values standardized for the regression covariates against
maternal BMI.

RESULTS

We studied 105 mother-infant pairs (54 boys and 51 girls)
at mean (range) postnatal age of 11.7 (1–28) d. Sixty-eight
babies were exclusively breastfed, 13 predominantly breast-
fed, 3 exclusively formula-fed, 1 predominantly formula-fed,
and 10 were approximately half breastfed and half formula-
fed. Information about feeding was not available for 10 ba-
bies. As there were few exclusively or predominantly formula-
fed babies, feeding was not included as a covariate in the
multivariable models. We acquired IHCL spectra in 44 boys
and 45 girls and body composition data in 52 boys and 50
girls; incomplete datasets arose where a baby did not remain
asleep for sufficiently long. Maternal BMI ranged from 16.7 to

36.0; 12 mothers were well-controlled diabetics (10 gesta-
tional; one type 2; and one type 1). There were five mothers in
the World Health Organization BMI (kg/m2) category under-
weight (�18.5), 69 normal weight (18.5–24.9), 23 overweight
(25–29.9), and eight obese (�30). There were 13 south-Asian,
two African-American, 75 Caucasian, five African, and 10
mixed race mothers.

IHCL data were skewed and included 0 values. There-
fore, a constant (0.034), calculated to minimize skew, was
added to each value and a loge transform taken. We denote
loge (IHCL � 0.034) by lnIHCL. Univariable analysis re-
vealed significant correlations between maternal BMI and
total AT (r � 0.22, p � 0.02), abdominal AT (r � 0.28, p �
0.005), nonabdominal AT (r � 0.21, p � 0.04), and IHCL
(Spearman � � 0.23, p � 0.03) but not between maternal BMI
and the ratio abdominal AT/nonabdominal AT (r � 0.16, p �
0.10), infant weight (r � 0.05, p � 0.59), length (r � 0.08,
p � 0.43), and PI (r � 0.02, p � 0.82). Boys and girls were
comparable in weight, length, PI, IHCL, and maternal BMI.
Girls were significantly more adipose than boys, but there was
no difference in the ratio abdominal AT/nonabdominal AT
(Table 1).

The multivariable analysis (Table 2) confirmed evidence of
associations between maternal BMI and infant AT compart-
ments, after adjusting for infant sex and weight. With each
incremental unit of maternal BMI, there was an increase in
infant total AT of 8 mL (95% CI, 0.9–14.0; p � 0.03),
abdominal AT 2 mL (95% CI, 0.7–4.0; p � 0.005), and
nonabdominal AT 5 mL (95% CI, �0.09–11.0; p � 0.054).
Infant weight, sex, and maternal BMI accounted for around
half the variance in infant total adiposity, abdominal AT, and
nonabdominal AT (adjusted R2 � 0.57, 0.49, and 0.57, re-
spectively). Figure 1 shows total AT against maternal BMI,
adjusting for infant weight and sex. Figure 2 shows this
relationship for the abdominal and nonabdominal compart-
ments. Adjustment for postnatal age did not change the re-
gression coefficients or the conclusions drawn, and in view of
collinearity with infant weight, postnatal age was therefore
excluded from the final model.

There was a strong correlation between IHCL and postnatal
age (Spearman � � 0.42, p � 0.0001) but not with infant
weight (p � 0.583). There was a significant positive associa-
tion (p � 0.029) between maternal BMI and IHCL having

Table 1. Population characteristics by infant gender; values are mean (SD) unless otherwise indicated

Variable Total (n � 105) Boys (n � 54) Girls (n � 51) p value for difference

Maternal BMI (kg/m2) 23.6 (4.2) 23.3 (3.9) 23.9 (4.4) 0.45
Total AT (mL)* 787 (219) 741 (205) 835 (225) 0.03
Abdominal AT (mL)* 149 (45) 140 (40) 160 (48) 0.02
Nonabdominal (mL)* 638 (178) 602 (170) 675 (180) 0.04
Abdominal:nonabdominal AT 0.24 (0.03) 0.23 (0.03) 0.24 (0.03) 0.62
IHCL†‡ 0.41 (0.05–0.91) 0.55 (0.08–0.99) 0.33 (0.00–0.63) 0.16
Infant weight (kg) 3.46 (0.48) 3.46 (0.51) 3.47 (0.45) 0.89
Infant weight gain from birth to scanning (kg) 0.08 (0.30) 0.11 (0.32) 0.06 (0.27) 0.40
Length (cm) 52.6 (2.67) 52.7 (2.60) 52.4 (2.77) 0.56
PI (g/cm3) 23.9 (2.67) 23.6 (2.51) 24.3 (2.81) 0.21

* Boys, n � 52; girls, n � 50.
† Boys, n � 44; girls, n � 45.
‡ Median (interquartile range) and p value from Mann-Whitney U test.

288 MODI ET AL.



adjusted for sex and postnatal age (Table 2). For each unit
increase in maternal BMI, lnIHCL increased by 0.083,
corresponding to (after exponentiation to back-transform

the variable) an increase in IHCL of 8.6% (95% CI, 1.1–
16.8; p � 0.03). This percentage change is a slightly conser-
vative approximation because of the addition of the constant
in the transformation. Figure 3 shows lnIHCL against mater-
nal BMI adjusting for sex and postnatal age.

The data did not indicate a relationship between maternal
BMI and the ratio abdominal/nonabdominal AT, either in the
univariable analysis (p � 0.10) or after adjusting for sex and
weight (p � 0.10). There was no significant evidence of an
interaction between maternal BMI and infant sex, or of an
effect of maternal race or diabetes on total, abdominal, and
nonabdominal AT or lnIHCL.

DISCUSSION

Using a direct method of assessment, we have shown that
infant adiposity, in particular abdominal AT, and IHCL in-
crease across the normal range of maternal BMI. AT parti-
tioning, the relative distribution between compartments does
not appear to be affected. Previous studies aiming to elucidate
the relationship between maternal BMI and offspring adiposity
have used indirect methods for the assessment of infant body
composition and have focused on maternal overweight and
obesity rather than the full range of BMI. In the main, these
earlier studies have shown higher total body fat in infants born
to overweight and obese mothers (17,18) but have not ad-
dressed AT distribution or IHCL.

To our best knowledge, we are the only group to have
previously published data on infant IHCL measured noninva-
sively by proton MR spectroscopy (13). In nonhuman pri-
mates, maternal obesity induces epigenetic changes in genes
regulating energy metabolism in offspring liver resulting in a
3-fold increase in liver lipid and the histological features of
nonalcoholic fatty liver disease (19). In human adults, IHCL
and abdominal adiposity are strongly correlated with insulin
resistance and the metabolic syndrome. An increase in adi-
posity or hepatic lipid established in early life may be the
initiating events increasing offspring vulnerability to subse-
quent obesogenic influences and life-style choices within the
family and wider society. Demonstration that the effects we
have described persist would strengthen this inference and is

Figure 1. Total AT adjusted for infant sex and weight against maternal BMI,
with fitted regression line (solid) and 95% CI for the mean (dotted).

Figure 2. Abdominal (Œ) and nonabdominal (f) AT adjusted for infant sex
and weight against maternal BMI, with fitted regression lines (solid) and 95%
CIs for the means (dotted).

Figure 3. Ln (IHCL) adjusted for infant sex and postnatal age against
maternal BMI, with fitted regression line (solid) and 95% CI for the mean
(dotted); IHCL is expressed as CH2/water ratio and has no units.

Table 2. Multiple regression results for infant adiposity

Regression
coefficient (�)* p

95% confidence
interval

Total AT (mL) adjusted
R2 � 0.57

Maternal BMI (kg/m2) 8 0.027 0.9–14
Sex (baseline � male) 85 0.003 29–141
Infant weight (kg) 339 �0.001 277–401

Abdominal AT (mL)
adjusted R2 � 0.49

Maternal BMI (kg/m2) 2 0.005 0.7–4
Sex (baseline � male) 19 0.004 6–32
Infant weight (kg) 61 �0.001 47–75

Nonabdominal AT (mL)
adjusted R2 � 0.57

Maternal BMI (kg/m2) 5 0.054 �0.09–11
Sex (baseline � male) 66 0.005 20–112
Infant weight (kg) 278 �0.001 227–329

IHCL adjusted R2 � 0.23
Maternal BMI (kg/m2) 8.6% 0.025 1.1–16.8
Sex (baseline � male) �40.7% 0.09 �67.5–8
Age at scan (d) 12.2% �0.001 6.6–18.2

* Percent change for IHCL outcome.
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therefore a clear focus for further investigation. We noted
infant IHCL to be strongly correlated with postnatal age.
However, these data are cross sectional and do not reflect true
change with time. A longitudinal study evaluating each baby
serially is needed to assess the true effect of postnatal age on
IHCL.

A reasonable consideration is whether our data reflect race
or other intrauterine influences rather than maternal BMI. We
have previously shown clear differences in adiposity between
Caucasians and south-Asian Indian babies (14). In this study,
we found no evidence of an effect of maternal race, but we
acknowledge that distribution across racial groups was unbal-
anced and such an effect cannot be excluded with certainty.
Large population studies show that there is a positive relation-
ship between maternal BMI and infant weight. The increase in
absolute AT content with increasing maternal BMI in our
study was not accompanied by an increase in infant weight.
This may reflect a lack of study power but would also indicate
that AT content is a more sensitive measure of the influence of
maternal BMI. In addition, infant lean body mass may be
reduced with increasing maternal BMI. In animal models,
maternal obesity down-regulates myogenesis and diverts mes-
enchymal stem cell differentiation toward adipogenesis in fetal
skeletal muscle (20). Epidemiological studies have identified a
U-shaped association between birth weight and later-life ab-
dominal obesity (21,22). There is also evidence for both a
U-shaped (23) and an inverse association (24) between birth
weight and type-2 diabetes. The association between birth
weight and later BMI and overweight in children and young
adults is linear and positive in some studies and J- or U-shaped
in others (25). A U-shaped association between maternal BMI
and infant adiposity is also biologically plausible. Our data did
not show significant departures from linearity although the
scant number of women in the underweight and overweight/
obese groups limited our power to detect a more complex
association.

The majority of women in our study were in the “healthy”
BMI category, indicating that infant body composition is very
sensitive to maternal BMI. The causal intrauterine perturba-
tions, for which BMI is a proxy, are not known with certainty,
although hyperglycemia is undoubtedly the prime candidate.
Glucose and amino acids represent the principal feto-placental
nutrient substrates. Glucose is transferred by facilitated diffu-
sion along a positive maternal-fetal gradient. In contrast, there
is active placental transfer of amino acids against a gradient.
Several factors affect placental amino acid delivery, including
placental surface area, utero-placental blood flow, and mater-
nal amino acid concentrations. Impaired placental function has
a recognized association with maternal obesity (26), and
impaired amino acid delivery would be reflected in decreased
infant lean body mass. Hillier et al. (27) evaluated childhood
obesity across the full range of hyperglycemia in pregnancy.
Offspring of women with a normal glucose tolerance test, but
with values in the upper quartile, had an OR of 1.22 (95% CI,
1.03–1.45) for obesity by age 5 to 7 y, offering support for an
effect of increased fetal glucose delivery. A continuous rela-
tionship has been shown between maternal glycemia less
severe than would occur in overt diabetes and indirect mea-

sures of both infant adiposity and hyperinsulinemia (cord
blood C-peptide) (21). In our study, maternal diabetes was not
a significant covariate in the regression model although the
number was small. Disentangling the contributions of diabetes
from maternal glycemia is clearly needed.

To date, clinical advice to expectant mothers has largely
focused on pregnancy weight gain rather than optimal
prepregnancy BMI. Pregnancy weight gain is associated with
greater neonatal fat mass, but only weakly associated with
offspring fat mass at 6 y (28), suggesting that mechanisms
other than an effect on infant total adiposity may be involved.
The US Institute of Medicine has recently published revised
guidelines for pregnancy weight gain (29) although the
strength of much of the contributory evidence is moderate or
weak (30).

There are good reasons to suggest that prepregnancy BMI,
rather than pregnancy weight gain, may be more predictive of
offspring outcome. Pregnancy weight gain is made up of
extracellular fluid expansion, maternal AT deposition, as well
as the infant and other products of conception. Obese women
also gain less weight than lean women during pregnancy, and
hypertension, preeclampsia, Caesarean section, and gesta-
tional diabetes have stronger and more consistent associations
with prepregnancy BMI, than with pregnancy weight gain
(31,32). A limitation of our study was that we were unable to
assess pregnancy weight gain in our study but resolving this
uncertainty is essential if women are to be provided with
sound advice.

In summary, our data suggest several distinct biological
pathways by which increasing maternal BMI might initiate an
adverse health trajectory in offspring and may help to explain
the epidemiological associations with metabolic complica-
tions and obesity in later life. We have shown a continuous
effect across the normal range of maternal BMI on infant
whole body and abdominal adiposity and IHCL. In other age
groups, these are markers of increased risk of impaired insulin
sensitivity. Whether this is the case in the newborn is un-
known. The concurrent lack of association between maternal
BMI and infant weight in this cohort of healthy mothers and
babies suggests the additional possibility of a reduction in
offspring lean body mass. Our observations require confirma-
tion with the inclusion of mothers from either end of the BMI
spectrum, ideally using prepregnancy, rather than booking
weight. Further key questions that must be addressed are
whether these putative biomarkers track through infancy and
childhood, their predictive value, and the extent to which they
are modified by diet and postneonatal environmental influ-
ences. Current public health stratagems remain largely tar-
geted on overweight and obesity. This approach detracts from
the need to identify the range of maternal prepregnancy BMI
that is associated with the most favorable long-term infant
outcome. We suggest that the prevention of obesity and
associated metabolic complications should begin during intra-
uterine life.
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