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Abstract Background and aims: It remains unknown whether the effects of prenatal exposures
on child’s adiposity reflect entirely intrauterine programming. We aimed to assess the effects of
maternal gestational weight gain, diabetes and smoking on the child’s body fat patterns, disentan-
gling the direct (through intrauterine programming) and indirect (through birthweight) effects.
Methods and results: We included 4747 singleton 7-year-old children from the Generation XXI
birth cohort (Porto, Portugal). At birth, maternal and newborn’s characteristics were obtained. An-
thropometrics were measured at age 7 years and body fat patterns were identified by principal
component analysis. Path analysis was used to quantify direct, indirect and total effects of gesta-
tional weight gain, diabetes and smoking on body fat patterns. Pattern 1 was characterized by
strong factor loadings with body mass index, fat mass index and waist-to-height ratio (fat quan-
tity) and pattern 2 with waist-to-hip ratio, waist-to-thigh ratio, and waist-to-weight ratio (fat dis-
tribution). The positive total effect of maternal gestational weight gain and diabetes on the child’s
fat quantity was mainly through a direct pathway, responsible for 91.7% and 83.7% of total effects,
respectively (b Z 0.022; 95% Confidence Interval (CI): 0.017, 0.027; b Z 0.041; 95% CI: �0.011,
0.093). No effects on fat distribution were found. Maternal prenatal smoking had a positive direct
effect on patterns 1 and 2, explaining 94.9% and 76.1% of total effects, respectively.
Conclusion: The effects of maternal gestational weight gain, diabetes and smoking on a child’s fat
quantity seem to be mainly through intrauterine programming. Maternal smoking also showed a
positive direct effect on child’s fat distribution.
ª 2016 The Italian Society of Diabetology, the Italian Society for the Study of Atherosclerosis, the
Italian Society of Human Nutrition, and the Department of Clinical Medicine and Surgery, Federico
II University. Published by Elsevier B.V. All rights reserved.
Introduction

Intrauterine programming has been pointed out, along
with genetic predisposition, as a major cause of childhood
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obesity [1]. A large body of evidence has focused on
adiposity programming by maternal under- or over-
nutrition, weight gain, diabetes and smoking during
pregnancy [2]. These exposures are likely to affect the
development of adipocytes and their capacity to expand or
contract, the appetite control system and the energy
metabolism in later life [3]. However, it remains unknown
whether the observed effects in these previous studies
reflect entirely intrauterine programming. Confounding by
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lifestyles or genetics and the possibility of pathways
mediated by other exposures might still be an issue.

Previous studies have addressed the effect of prenatal
exposures on the risk of childhood obesity with and
without adjustment for birthweight [4e7]. Since birth-
weight may be a mediator in these associations, the
adjustment for birthweight might be inappropriate. First,
the effect estimate obtained from a model adjusted for
birth weight does no longer correspond to the total effect.
Secondly, the approach of simply adjusting for mediators
in the regression models is prone to bias and may produce
flawed conclusions [8]. To our knowledge, no study has
discussed separately the intrauterine programming effects
from those mediated by birthweight. Assessing these ef-
fects separately will help to get further insight into the
paths and mechanisms involved and their specific contri-
butions to the associations between prenatal exposures
and adiposity in later life.

Most studies looking at the relation between prenatal
exposures and later adiposity have used proxies and have
relied on single measures for defining adiposity, which
might have limited their ability to detect associations [9].
The combination of anthropometric indices according to
their inter-correlations into robust and uncorrelated pat-
terns of body fat could be a more accurate and yet simple
approach of evaluating childhood adiposity.

The present study aimed to assess the effects of pre-
natal exposures (gestational weight gain, diabetes and
smoking) on body fat patterns of 7-year-old children. A
path analysis helped to understand whether these effects
are mainly explained by a direct (through intrauterine
programming) or indirect pathway (through birthweight).

Methods

Study population

This study included participants from Generation XXI e a
population-based birth cohort assembled during
2005e2006 at all public maternity units of Porto, Portugal.
Of the invited mothers, 91.4% accepted to participate,
corresponding to 8647 newborns. A detailed description of
the cohort methodology was previously reported [10]. At
the age of 7 years (2012e2014), 6889 children were re-
evaluated (79.7% of the entire cohort), of which 5849
provided data by face-to-face interviews.

For the definition of body fat patterns, of 5849 children
who attended the face-to-face interviews at 7 years old,
we excluded 130 children with missing information on
anthropometrics and/or tetra-polar bioelectric impedance,
yielding a total of 5719 children (48.5% females). Further,
we excluded 212 twins and 760 children who lacked data
on selected variables of interest. The final study sample
included 4747 children (48.6% females). The comparison
between participants (n Z 4747) and non-participants
(excluding twins, n Z 3604) showed that mothers in this
study were slightly older [mean (standard deviation,
SD) Z 29.6 (5.30) vs. 28.1 (5.94) years old] and higher
educated [mean (SD) Z 11.1 (4.27) vs. 9.5 (4.04) years]
than mothers who were not included in this study. How-
ever, the magnitude of the differences was not high
(Cohen’s effect size values [11] of 0.27 and 0.38 for
maternal age and education, respectively), suggesting that
the differences were mostly due to the large sample size
rather than due to large differences between participants’
characteristics.

Data collection

Baseline evaluation
Data on maternal characteristics were collected in face-to-
face interviews, within 72 h after delivery, during the
hospital stay. Maternal age and educational level at birth
were recorded as completed years of aging and schooling.
Information on prenatal smoking habits was collected and
mothers were grouped into never or ever smokers during
pregnancy. Pre-pregnancy weight was obtained through
recall. Maternal height was measured by interviewers, and,
when not possible, was abstracted from the national
identity card. Pre-pregnancy body mass index (kg/m2,
BMI) was calculated. Maternal gestational weight gain was
calculated as the difference between the final pre-delivery
weight, reported by mothers, and the pre-pregnancy
weight. Personal history of diabetes mellitus was consid-
ered present when participants reported a medical diag-
nosis of this condition before the current pregnancy.
Gestational diabetes was considered present when recor-
ded on obstetrical records as a diagnosis during the cur-
rent pregnancy. Mothers were grouped into never or ever
had a diagnosis of type 1 or type 2 diabetes mellitus or
gestational diabetes. Clinical records were reviewed at
birth to retrieve data on gestational age and birthweight.
Gestational age was estimated by ultrasound and, when it
was missing, it was estimated based on the last menstrual
period. The z-scores of birthweight for gestational age
were calculated according to a sex-specific, population-
based Canadian reference [12].

Re-evaluation at 7 years old
Anthropometrics were obtained by trained personnel with
children in underwear and barefoot, according to standard
procedures. Body weight and height were measured using a
digital scale (TANITA�) and a wall stadiometer (SECA�),
respectively. Waist circumference was measured at the
umbilicus level, with abdomen relaxed and hip circumfer-
ence was measured at the level of the greatest posterior
protuberance of the buttocks. Thigh circumference was
measured at the position around the mid-thigh and
perpendicular to the long axis of the thigh, with the leg
slightly flexed. All anthropometrics were measured to the
nearest 0.1 kg or cm. Body mass index was calculated (kg/
m2). The waist-to-height, waist-to-hip and waist-to-thigh
ratios were calculated as waist circumference divided by
height, hip circumference and thigh circumference,
respectively. The relationship between waist circumference
and weight was assessed using a logelog regression anal-
ysis. Log-waist circumference was regressed on log-weight.
The gradient of the regression line was approximately 0.5,
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corresponding to the value by which weight should be
raised in order to calculate a measure uncorrelated with it.
Waist-to-weight ratio was calculated as waist circumfer-
ence divided by the square root of weight.

Bioelectric impedance analysis was performed using a
tetra-polar device (BIA 101 Anniversary, Akern, Florence,
Italy). Four surface electrodes were placed on the right
wrist, ankle, hand and foot with the child lying horizon-
tally. Measurements were performed at least 30 min after
the last meal. Fat free mass was determined using Schaefer
et al. equation [13] and fat mass was derived accordingly.
Fat mass was divided by the squared height to obtain the
fat mass index [14], in which fat mass was effectively un-
correlated with height, as confirmed by a logelog regres-
sion analysis.

Ethics

All phases of the study complied with the Ethical Principles
for Medical Research Involving Human Subjects expressed
in the Declaration of Helsinki. The study was approved by
the University of Porto Medical School/S. João Hospital
Centre ethics committee and a signed informed consent
according Helsinki was required for all participants.

Statistical analysis

Principal component analysis was applied to BMI, waist-
to-height ratio, waist-to-hip ratio, waist-to-thigh ratio,
waist-to-weight ratio, and fat mass index to identify
Figure 1 Causal diagram for the effects of prenatal exposures on body
children1,2.
1Direct effects correspond to the intrauterine programming effects (solid arro
exposures (dashed arrows).
2Adjustment sets for each regression model:
aAdjusted for the other two prenatal exposures, birthweight for gestational a
at birth.
bAdjusted for the prenatal exposures, maternal pre-pregnancy body mass i
cAdjusted for the other two prenatal exposures, and maternal pre-pregnan
index and age at birth.
eAdjusted for maternal pre-pregnancy body mass index, age and education
uncorrelated patterns of body fat. The number of factors
was decided using the Kaiser’s criterion, by which factors
with an eigenvalue �1.0 are retained. Varimax rotation
was performed to simplify the interpretation of the factor
loadings structure. The interpretation of the factors was
based on those measures with factor loadings higher than
0.30, considering 0.30e0.70 as moderate and �0.70 as
strong factor loadings. The scores that were entered in all
subsequent analyses were calculated using the regression
method with standardized scores. Analyses were con-
ducted using the R� software version 3.0.1.

Path analysis determines whether data fit well within a
prespecified causal model and allows the study of direct
and indirect effects with multiple independent and
dependent variables [15]. Path analysis was used to
quantify direct, indirect (by multiplication of path regres-
sion coefficients involved) and total effects (by summing
direct and indirect effects) of prenatal exposures on body
fat patterns, taking into consideration the relationships
depicted in the causal diagram presented as Fig. 1. The
path analysis used linear regression models for continuous
outcomes and probit regression models for categorical
outcomes and results were presented as regression co-
efficients (b) and corresponding 95% confidence intervals
(95% CI). The adjustment sets for each regression model
are presented in the footnotes of Fig. 1. Covariates were
included in the analyses when they changed the effect
estimates substantially (>10%): maternal pre-pregnancy
body mass index, age and educational level at birth.
Other covariates such as parity, mode of delivery, child’s
fat patterns identified by principal component analysis at 7-year-old

ws) and the indirect effects correspond to the effects mediated by other

ge, maternal pre-pregnancy body mass index, age and educational level

ndex, age and educational level at birth.
cy body mass index. dAdjusted for maternal pre-pregnancy body mass

al level at birth.
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sex, breastfeeding duration, physical exercise and fruit/
vegetables intake were tested but did not fulfill the crite-
rion for being considered confounders and therefore were
not included in the regression models. Models were fitted,
simultaneously for all body fat patterns identified, with
Mplus software version 5.2 (Muthén & Muthén, Los
Angeles, CA, USA). A Comparative Fit Index (CFI) and a
TuckereLewis Index (TLI)�0.90 and a Root Mean Square
Error of Approximation (RMSEA) close to zero were used
as criteria to support the goodness of fit [16]. No significant
interactions between prenatal exposures and child’s sex in
the associations with body fat patterns were found.
Results

Characteristics of participants are shown in Table 1. Two
body fat patterns, similar for both sexes, were identified: a
pattern 1 characterized by strong factor loadings with BMI,
fat mass index and waist-to-height ratio (fat quantity) and
a pattern 2 characterized by strong factor loadings with
waist-to-hip ratio, waist-to-thigh ratio and waist-to-
weight ratio (fat distribution) (Table 2). Both patterns
Table 1 Characteristics of study participants (n Z 4747).a

Child’s characteristics Mean (SD)

Birthweight for gestational age, z-scores �0.3 (0.85)
Body mass index at 7 y, kg/m2 17.1 (2.51)
Fat mass index at 7 y, kg/m2 3.2 (2.33)
Waist-to-height ratio at 7 y 0.5 (0.05)
Waist-to-hip ratio at 7 y 0.9 (0.05)
Waist-to-thigh ratio at 7 y 1.6 (0.10)
Waist-to-weight ratio at 7 y, cm/Okg 10.2 (0.48)
Maternal characteristics

Age at birth, years 29.6 (5.30)
Educational level at birth, years 11.1 (4.27)
Pre-pregnancy body mass index, kg/m2 23.8 (4.16)
Gestational weight gain, kg 13.7 (5.77)

n (%)
Diabetes (type 1 or type 2 diabetes

mellitus or gestational diabetes)
327 (6.9)

Smokers during pregnancy 992 (20.9)
a SD, standard deviation.

Table 2 Factor loadings, obtained from principal component
analysis, for anthropometric and bioelectric impedance measures
(n Z 5719).

Factor loadings

Pattern 1a Pattern 2b

Body mass index, kg/m2 0.980 0.051
Fat mass index, kg/m2 0.937 0.059
Waist-to-height ratio 0.873 0.454
Waist-to-hip ratio 0.277 0.877
Waist-to-thigh ratio �0.044 0.893
Waist-to-weight ratio, cm/Okg 0.202 0.895
Variance explained 45.3% 43.0%
Cumulative variance explained 45.3% 88.3%
a Representing fat quantity.
b Representing fat distribution.
explained 88.3% of the total variance (45.3% was explained
by pattern 1 and 43.0% by pattern 2).

Fig. 1 shows the theoretical causal diagram for the ef-
fects of prenatal exposures on body fat patterns, in which
the direct effects correspond to the programming effects
and the indirect effects correspond to the effects mediated
by other exposures. Fig. 1 also shows the effect estimates
for each path. Table 3 presents the estimates of direct,
indirect and total effects of prenatal exposures on the body
fat patterns. The overall fit of the model was good:
CFI Z 0.993, TLI Z 0.954 and RMSEA Z 0.023. Maternal
gestational weight gain had a positive total effect on
pattern 1 (bZ 0.024; 95% CI: 0.019, 0.028), mainly due to a
direct pathway that was responsible for 91.7% of the total
effect (b Z 0.022; 95% CI: 0.017, 0.027). We observed a
positive total effect of borderline statistical significance of
maternal diabetes on pattern 1 (b Z 0.049; 95% CI:
�0.003, 0.101), mainly due to a direct pathway that was
responsible for 83.7% of the total effect (b Z 0.041; 95% CI:
�0.011, 0.093). The indirect effects through birthweight of
these prenatal exposures on both patterns were statisti-
cally significant but close to 0. After excluding the mothers
with type 1 and type 2 diabetes mellitus from the analyses,
similar results were observed for the associations of
maternal gestational diabetes with both body fat patterns
at 7 years old (results not shown). Maternal smoking
during pregnancy had a positive total effect on both body
fat patterns (pattern 1: b Z 0.178; 95% CI: 0.113, 0.243;
pattern 2: b Z 0.109; 95% CI: 0.038, 0.180), mostly due to a
direct effect that explained 94.9% and 76.1% of the total
effect on patterns 1 and 2, respectively. A negative indirect
effect through birthweight on pattern 1 (b Z �0.024; 95%
CI: �0.034, �0.014) and a positive indirect effect through
birthweight on pattern 2 (b Z 0.032; 95% CI: 0.020, 0.043)
were also found, i.e., prenatal smoking was negatively
associated with birthweight (b Z �0.275; 95% CI: �0.333,
�0.216) which was positively related to pattern 1
(b Z 0.087; 95% CI: 0.055, 0.120) and negatively related to
pattern 2 (b Z �0.115; 95% CI: �0.150, �0.080) (Table 3
and Fig. 1). We observed similar results in the principal
component analysis and path analysis when we used the
age- and sex-adjusted BMI standard deviation scores
based on the World Health Organization Child Growth
Standards (results not shown).

Discussion

The effects of maternal weight gain, diabetes and smoking
during pregnancy on body fat quantity of 7-year-old chil-
dren seem to be mainly through their intrauterine pro-
graming effects. These effects on child’s adiposity
prevailed over the indirect effects through birthweight.
Maternal smoking during pregnancy also showed a posi-
tive direct effect on body fat distribution of children.

A previous meta-analysis showed that offspring of
women with excessive gestational weight gain were at an
increased risk of obesity, compared with offspring of
women with adequate gestational weight gain [6]. Our
study showed that this effect of maternal gestational



Table 3 Estimates of direct, indirect and total effects of prenatal exposures on body fat patterns of 7-year-old children, calculated by path
analysis (n Z 4747).a

Pattern 1 Pattern 2

b [95% CI] % of total effect b [95% CI] % of total effect

Maternal gestational weight gain
Direct effect 0.022 [0.017, 0.027] 91.7% �0.001 [e0.006, 0.004] 25%
Indirect effects 0.002 [0.001, 0.003] 8.3% L0.003 [e0.004, L0.002] 75%
Indirect effect through

birthweight
0.002 [0.001, 0.003] 100%b L0.003 [e0.004, L0.002] 100%b

Total effect 0.024 [0.019, 0.028] �0.004 [e0.009, 0.001]
Maternal diabetes
Direct effect 0.041 [e0.011, 0.093] 83.7% �0.005 [e0.066, 0.055] 33.3%
Indirect effects 0.008 [0.004, 0.012] 16.3% L0.010 [e0.015, L0.005] 66.7%
Indirect effect through

birthweight
0.008 [0.004, 0.012] 100%b L0.010 [e0.015, L0.005] 100%b

Total effect 0.049 [e0.003, 0.101] �0.015 [e0.076, 0.045]
Maternal smoking during pregnancy
Direct effect 0.169 [0.104, 0.234] 94.9% 0.083 [0.011, 0.155] 76.1%
Indirect effects 0.009 [e0.006, 0.024] 5.1% 0.026 [0.012, 0.040] 23.9%
Indirect effect through

birthweight
L0.024 [e0.034, L0.014] ec 0.032 [0.020, 0.043] ec

Total effect 0.178 [0.113, 0.243] 0.109 [0.038, 0.180]
a b, regression coefficient; CI, confidence interval. Statistically significant results are shown in bold.
b Results expressed in % of indirect effects.
c Results not expressed in % of indirect effects since effects of opposite direction contribute to the total of indirect effects.
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weight gain on child’s body fat quantity is mainly through
intrauterine programming effects instead of indirect ef-
fects through birthweight. Higher maternal weight gain in
pregnancy might program higher adiposity in the offspring
through fetal over-nutrition that has been associated with
a permanent increase in the capacity of adipocytes to store
lipids [17], and with excessive appetite postnatally [18].
Previous studies found that higher maternal gestational
weight gain was associated with a central fat distribution
in the offspring, mainly assessed by waist circumference
[19e21]. As waist circumference and BMI are strongly
correlated [22], these associations could be reflecting the
well-established positive effect of maternal gestational
weight gain on fat quantity. In this study, no effects of
maternal gestational weight gain on body fat distribution
were found.

The effect of exposure to a diabetic intrauterine envi-
ronment on child’s adiposity has raised some controversy.
A systematic review has yielded inconclusive results, but
overall the associations were not statistically significant in
8 studies from a total of 12 included studies [5]. Addi-
tionally, a meta-analysis has reported an association be-
tween maternal diabetes and increased offspring BMI that
was no longer significant after adjustment for maternal
pre-pregnancy BMI [7]. In the present study, maternal
diabetes tended to be positively associated with child’s
body fat quantity after taking maternal pre-pregnancy BMI
into consideration. The intrauterine programming effects
prevailed over the indirect effects through birthweight.
Hyperglycemia is thought to induce excessive appetite
postnatally [23], which might explain these results. Few
studies have addressed the effect of maternal diabetes on
child’s body fat distribution, reporting, on one hand, a
positive association with trunk fat from dual energy x-ray
absorptiometry (DXA) [24] but, on the other hand, no as-
sociation with visceral or subcutaneous abdominal fat
obtained by magnetic resonance imaging [25]. In this
study, no effects of maternal diabetes on body fat distri-
bution were found.

A previous meta-analysis has suggested that maternal
prenatal smoking leads to offspring obesity [4]. Thus far,
some studies have reported positive associations whereas
other studies have reported no associations between
maternal prenatal smoking and child’s central fat [26,27].
Our study showed that maternal smoking during preg-
nancy was associated with higher body fat quantity and a
central fat distribution in childhood. These effects were
mainly through intrauterine programming. The mecha-
nisms by which maternal prenatal smoking may program
child’s adiposity involve an effect of cigarette smoke con-
stituents, such as nicotine, which readily cross the placenta
towards the fetus leading to permanent changes in the
regulation of food intake and energy expenditure, such as
increased appetite and decreased mobilization of fat from
adipose tissue later in life [28,29]. Maternal smoking dur-
ing pregnancy may also mimic fetal under-nutrition by
reducing blood supply to the fetus via the vasoconstrictive
effects of nicotine [2] or by reducing the mother’s food
intake [30]. Fetal under-nutrition has been associated with
a reduced storage capacity of adipocytes, which may favor
visceral fat deposition in the presence of a positive energy
balance postnatally [31]. This could be one of the mecha-
nisms involved in the higher accumulation of central fat in
offspring of smoking mothers in our study. Moreover, fetal
under-nutrition has been associated with reduced levels or
a reduced effect of leptin during the postnatal period,
thereby inducing excessive appetite [32]. A process favor-
ing a better metabolic efficiency might also occur to enable
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fetal survival in a limited energy environment, which
might lead to an excessive fat storage when enough food is
available [1]. Even though weak, indirect effects through
birthweight of maternal prenatal smoking on child’s fat
quantity and distribution were also observed in our study.
Maternal smoking during pregnancy seems to lead to a
child with low birthweight that subsequently maintains
this low weight and tends to have a central fat distribution
at 7 years old. Smoking delays fetus growth due to the high
levels of carboxyhemoglobin and other toxic substances in
blood, the vasoconstrictive effects of nicotine and fetal
under-nutrition [2,3]. The maintenance of a low weight
during childhood by low birth weight newborns could be
explained, at least in part, by parental child-feeding prac-
tices, although this was not addressed in our study.
However, we have previously shown in 4- and 7-year-old
children of the Generation XXI birth cohort that a lower
BMI leads to a greater parental use of pressure to eat that
subsequently leads to a lower BMI [33]. Yet unknown
mechanisms could be involved in the association of
birthweight with body fat distribution.

Some limitations and strengths should be considered.
Pre-pregnancy weight and final pre-delivery weight were
both self-reported. Overall, weight tends to be under-
reported by women [34], which might have led to an un-
derestimation of pre-pregnancy BMI. The attendance of
prenatal visits could have made pregnant women more
aware of their weight status, minimizing the error of self-
reported final pre-delivery weight. Similarly, data on dia-
betes mellitus relied on self-reporting. If misclassification
of women occurred, the association between maternal
diabetes and offspring adiposity could be attenuated.
Moreover, treatment of diabetes (based on diet or insulin),
by contributing to a better glycemic control, may reduce
the risk of long-term adverse outcomes for the offspring,
thus complicating the detection of associations in obser-
vational studies like ours. Information on maternal smok-
ing habits during pregnancy also relied on self-reporting,
without biochemical validation, which may result in
misclassification due to a reluctance to disclose a known
adverse pregnancy behavior. However, any under-
reporting would likely bias results towards the null,
underestimating the associations. We measured fat mass
at 7 years old using BIA which is a valid method to assess
whole body composition [35]. We relied on anthropo-
metrics to assess body fat distribution which might have
greater measurement error, and be less accurate but on the
other hand be easier and cheaper to obtain in large
epidemiological studies as compared to imaging tech-
niques of body composition [36]. In this study, we
considered that the direct effects reflected the intrauterine
programming effects. We tried to perform a comprehen-
sive analysis, by including the most important paths
described to date, and by testing several covariates as
confounders. However, we cannot exclude the possibility
of existing other paths not considered in this study and
also residual confounding by lifestyles or genetics that
might have biased our estimates for the intrauterine pro-
gramming effects. This seems unlikely and the bias might
be only limited. The major strength of this study is the
comprehensive assessment of the effects of prenatal ex-
posures, by quantifying their direct and indirect effects, on
uncorrelated and more robust measures of fat quantity and
distribution in a large population-based sample of 7-year-
old children.
Conclusion

This study showed that the effects of maternal weight
gain, diabetes and smoking during pregnancy on body fat
quantity of 7-year-old children seem to be mainly through
intrauterine programming. Maternal smoking during
pregnancy also showed a positive direct effect on body fat
distribution of children. Considering the lasting and life-
long effects of intrauterine programming, primary pre-
vention strategies for obesity, as early as during prenatal
care, are of utmost importance. Although the indirect ef-
fects through birthweight seem to be weak, this study
reinforces the need for careful interpretation of findings
adjusted and not adjusted for birthweight in studies
addressing the associations between prenatal exposures
and adiposity in later life.
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