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Mid-pregnancy weight gain is associated with offspring
adiposity outcomes in early childhood
Dorothy Marie Meyer1, Lynne Stecher1, Christina Brei1 and Hans Hauner1

BACKGROUND: Gestational weight gain (GWG) has been linked to childhood obesity. However, it is unclear if the timing of weight
gain influences offspring body composition. A secondary analysis of a clinical trial examined the influence of total, early, and mid-
pregnancy GWG on adiposity outcomes in 186 children at birth, 1, 3, and 5 years.
METHODS: Early (<15 weeks) and mid-pregnancy GWG (15–32 weeks) were assessed. Anthropometrics and abdominal ultrasound
were measured annually in children from birth to 5 years. MRI was performed in a sub-group of 44 children at 5 years to estimate
abdominal fat.
RESULTS: Almost half of the women (n= 86/186) gained excess weight in pregnancy, and women with a BMI ≥ 25 kg/m2 (n= 33)
were more likely to gain in excess. Mid-pregnancy GWG predicted higher weight (g) and subcutaneous fat by ultrasound (mm2) and
MRI (cm3) at 5 years [β: 139.34 g (95% CI: −0.22; 278.90), p= 0.050; β: 1.42 mm2 (95% CI: 0.06; 2.78), p= 0.041; and β: 18.56 cm3 (95%
CI: 1.30; 35.82) p= 0.036, respectively].
CONCLUSIONS: Mid-pregnancy weight gain was associated with greater fat depots at 5 years, which suggests that the timing of
GWG has differential effects on offspring adiposity outcomes.
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IMPACT:

● Gestational weight gained in mid-pregnancy is associated with growth and adipose tissue development at 5 years.
● We observed that maternal weight gain in early and mid-gestation has differential effects on offspring body composition.
● Mid-pregnancy weight gain (15–32 weeks gestation) appears to influence child growth and abdominal fat accretion which may

have implications for long-term metabolic health.
● Interventions that prevent excessive gestational weight gain in mid-pregnancy may affect obesity risk in early childhood.
● Prenatal care should stress the importance of optimal weight gain throughout pregnancy.

INTRODUCTION
Childhood obesity is a global public health priority. In the past
few decades, research has investigated whether its develop-
mental origins begin in utero, where sub-optimal conditions can
alter fetal gene expression and lead to long-term metabolic
changes.1 Pre-pregnancy body mass index (BMI) and gestational
weight gain (GWG) are two prenatal risk factors that have
been identified as strong predictors of offspring growth.2 GWG
is a critical indicator of the fetal nutritional environment,
and research suggests that weight gain above the Institute
of Medicine (IOM) recommendations2 is associated with an
increased risk of obesity in children.3,4 Most studies focus on
total GWG; however, research suggests that weight gained in
different gestational windows may have varying effects on
offspring adiposity outcomes.5,6

Perinatal research has also examined the role of maternal pre-
pregnancy BMI on long-term health in children.2 Previous work
has shown that maternal pre-pregnancy overweight/obesity is
associated with an increased likelihood of high birth weight, large
for gestational age, and later offspring obesity risk.7–9

Elevated pre-pregnancy BMI and excess GWG both result in
over-nutrition of the fetus, suggesting that their combined effect
may amplify adverse child health outcomes. However, most
research on prenatal determinants of later obesity have
examined maternal BMI and GWG as independent predictors,
and it is poorly understood if the two interact to generate a
combined effect on offspring growth and development. Studies
that have examined the interaction between pre-pregnancy BMI
and GWG demonstrate increased adiposity outcomes in early
infancy.8,10,11 However, it is unclear if this effect persists into
childhood.12–15

Studies that have investigated the aforementioned associations
often report weight or BMI as their primary outcome measure,
both of which are poor predictors of adiposity in children.16,17

We took an exploratory research approach in this secondary
analysis to investigate associations between GWG (total as well as
early and mid-gestation) and offspring body composition at birth,
1, 3, and 5 years of age. Further, we were interested in exploring
whether maternal pre-pregnancy BMI interacts with total GWG to
influence offspring growth and adipose tissue development. We
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took advantage of several complementary methods to assess fat
accumulation and distribution, including anthropometric indica-
tors of body composition and abdominal ultrasound, as well as
performing abdominal magnetic resonance imaging (MRI) in a
sub-group of 5-year-old children.

METHODS
Study design
This study is embedded in the Impact of Nutritional Fatty acids
during pregnancy and lactation on early human Adipose Tissue
development (INFAT) study, a randomized controlled clinical trial
that examined if reducing the n-6/n-3 long-chain polyunsaturated
fatty acids (LCPUFA) ratio in pregnancy and lactation leads to an
effect on offspring body composition in the first 5 years of life.
Study design and outcomes have been previously reported.18–20

In brief, 208 healthy women with a pre-pregnancy BMI between
18 and 30 kg/m2 were recruited before their 15th week of
pregnancy. Women were randomly assigned to a control or
intervention group. The intervention group received a daily
supplement of fish oil capsules containing 1020mg docosahex-
aenoic acid+ 180 mg eicosapentaenoic acid from 15 weeks’
gestation to 4 months’ postpartum along with dietary advice to
achieve an arachidonic acid balanced diet. Women in the control
group received standard dietary advice according to current
German recommendations. We could not confirm that n-3 LCPUFA
supplementation during pregnancy and lactation influenced
offspring fat accretion in infancy and early childhood.19,20 This
secondary analysis pooled women from the INFAT intervention
and control groups to form one cohort.

Data collection
Anthropometric measurements of offspring were recorded by
trained investigators at birth and annually thereafter up to the age
of 5 years.19,20 BMI percentiles were calculated from German
pediatric growth charts.21 Skinfold thickness (SFT) measurements
at four body sites (triceps, biceps, subscapular, and suprailiac)
were measured in triplicate on the left body axis. Mean readings
were used to calculate the sum of the four SFTs. Abdominal
adipose tissue was assessed for all children by ultrasound
annually.22,23 All families were approached to participate in an
abdominal MRI at 5 years. In total, 22 children from the
intervention group and 22 children from the control group
agreed to participate. Ultrasound and MRI methods are discussed
in detail in previous publications.20,22,23 The IOM has developed
guidelines for total GWG in singleton pregnancies according to
pre-pregnancy BMI.2 Women with normal weight (BMI 18.5–24.9
kg/m2) should gain between 11.5 and 16 kg, women with
overweight (BMI 25.0–29.9 kg/m2) between 7 and 11.5 kg, and
women with obesity (BMI ≥ 30 kg/m2) between 5 and 9 kg. Pre-
pregnancy weight was self-reported. Maternal weight at 15 weeks,
32 weeks, and before delivery were taken from maternity records.
Early pregnancy weight gain was defined as the difference
between maternal weight at 15 weeks’ gestation and pre-
pregnancy weight. Mid-pregnancy weight gain was defined as
the difference between maternal weight at 32 weeks’ gestation
and 15 weeks’ gestation. Total GWG was calculated as the
difference between the last weight recorded before delivery and
pre-pregnancy weight. Women were categorized as having gained
inadequate, adequate, or excessive total gestational weight during
pregnancy according to the IOM guidelines.2

The study was approved by the Technical University of
Munich Ethics Committee, Munich, Germany (1478/06/2009/10/
26). Written informed consent was obtained from both parents.
For MRI scans, the accompanying parent gave written informed
consent. The clinical trial is registered at clinicaltrials.gov,
number ID NCT00362089, http://clinicaltrials.gov/ct2/show/
NCT00362089.

Statistical analysis
Statistical analyses were performed with SPSS version 25 (IBM,
New York, NY, USA). All analyses performed were exploratory and
no adjustments were made for multiple comparisons. A two-sided
p value of ≤0.05 was considered statistically significant.
Total GWG was classified as inadequate, adequate, or

excessive according to IOM recommendations per pre-
pregnancy BMI category. Differences between women in each
total GWG category were compared using one-way ANOVA for
continuous variables and Pearson chi-square tests for catego-
rical variables. Interaction models were fit to explore if pre-
pregnancy BMI modified the effect of total GWG on child clinical
outcomes. To investigate GWG (total, early, and mid-pregnancy)
as predictor variables, linear regression models were fit to child
clinical characteristics. GWG was examined as a continuous
variable for all models. We previously reported that women in
the intervention group had a significantly longer gestational
period;19 therefore, regression models were adjusted for
pregnancy duration (in days). Models were also controlled for
maternal pre-pregnancy BMI, study group (intervention or
control), and sex (except for BMI percentiles). All child outcomes
from 1 year onwards were additionally adjusted for mode of
infant feeding at 4 months (exclusively breastfeeding, mixed
feeding, or formula only).

RESULTS
From a total of 186 mother/child pairs in the data set, half of the
women (49.5%) in the INFAT intervention group and 42.9% of
women in the control group gained excess weight in
pregnancy, with no statistical difference observed (p= 0.366).
Intervention and control groups were pooled for all subsequent
analyses.
Table 1 shows selected characteristics of mothers and children

grouped by total GWG category (inadequate, adequate, and
excessive). Women with excess weight gain (46%) began their
pregnancies with a significantly higher weight and BMI than
women who gained inadequate or adequate weight (p= 0.001,
both comparisons). Stratification by BMI category showed that
women with pre-pregnancy overweight (BMI: 25.9 kg/m2) were
more likely to gain weight excessively in pregnancy (p < 0.001).
Offspring of mothers who gained excess total gestational weight
were significantly heavier at 1, 3, and 5 years compared to children
whose mothers did not gain excess weight. Adipose tissue,
measured by SFTs, abdominal ultrasound, and MRI, did not differ
between the three groups of children.
Results from linear regression analyses that explored relation-

ships between total GWG and offspring body composition
are seen in Table 2. Apart from associations at birth and 1 year,
no other significant relationships between child outcomes
and total GWG were observed. We performed additional
analyses to determine if associations between total GWG (kg)
and offspring outcomes were modified by pre-pregnancy BMI
by including their interaction terms in separate models and
found no significant effect modification (data not shown).
Multiple linear regression models were fit to determine if early

or mid-pregnancy weight gain was associated with offspring body
composition. No significant associations were observed between
GWG in early pregnancy and offspring clinical characteristics.
However, mid-gestation weight gain was associated with offspring
weight, BMI percentiles and SFTs at birth in the unadjusted
models [β: 40.63 g (95% CI: 15.56; 65.69), p= 0.002; β: 1.53 %-ile
(95% CI: 0.14; 2.91), p= 0.031, and β: 0.13 mm (95% CI: 0; 0.27),
p= 0.049, respectively]. At 5 years, associations persisted in the
unadjusted models between mid-pregnancy weight gain and
child body weight [β: 149.61 g (95% CI: 11.71; 287.51)], as well as
subcutaneous adipose tissue (SAT) volume by MRI [β: 20.11 cm3

(95% CI: 2.53; 37.69), p= 0.026]. Table 3 shows regression analyses
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Table 1. Characteristics of mothers and children by total gestational weight gain (GWG)a

Inadequate total GWGa Adequate total GWG Excessive total GWG P Overall

Maternal characteristics n = 29 n = 71 n = 86 n = 186

Pre-pregnancy weight, kg 60.3 ± 8.4b 61.5 ± 8.4 65.9 ± 8.4 0.001 63.3 ± 8.7

Pre-pregnancy BMI, kg/m2 21.6 ± 2.8 21.5 ± 2.7 23.1 ± 2.9 0.001 22.2 ± 2.9

GDM, n (%) 3 (10) 8 (11) 6 (7) 0.631 17 (9.1)

GWG up to 15 weeks, kg 1.0 ± 1.4 1.4 ± 1.4 3.4 ± 2.3 <0.001 2.3 ± 2.1

GWG 15 to 32 weeks, kg 6.3 ± 2.3 8.6 ± 2.1 11.0 ± 2.8 <0.001 9.3 ± 3.0

Total GWG, kg 9.2 ± 2.0 13.6 ± 1.9 19.4 ± 4.2 <0.001 15.57 ± 4.94

Pre-pregnancy BMI by category, n (%) 0.001

BMI < 18.5 kg/m2 4 (13.8) 4 (6) 2 (2.3) 10 (5.4)

BMI 18.5–24.9 kg/m2 23 (79.3) 61 (86) 59 (68.6) 143 (76.9)

BMI 25.0–29.9 kg/m2 2 (6.9) 4 (6) 24 (27.9) 30 (16.1)

BMI 30.0–40.0 kg/m2 0 2 (3) 1 (1.2) 3 (1.6)

Breastfeeding, n (%) 0.276

Exclusively breastfed 20 (69) 46 (65) 49 (57) 115 (61.8)

Breast milk and formula 4 (13.8) 8 (11) 15 (17.6) 27 (14.5)

Formula only 2 (6.9) 13 (18) 21 (24.7) 36 (19.4)

Unknown 3 (10) 4 (6) 1 (1.2) 8

Infant, at birth n= 29 n= 71 n= 86 n= 186

Body weight, kg 3.1 ± 0.6 3.5 ± 0.5 3.5 ± 0.5 <0.001 3.44 ± 0.52

BMI percentiles 40.3 ± 29.0 57.5 ± 27.0 57.9 ± 28.7 0.011 55.0 ± 28.7

Sum of 4 SFTs, mm 14.9 ± 2.2 16.4 ± 2.8 16.0 ± 2.5 0.064 16.0 ± 2.6

Area sag pp, mm2 11.7 ± 4.3 10.0 ± 3.0 11.1 ± 3.6 0.086 10.7 ± 3.5

Area sag sc, mm2 27.6 ± 13.4 29.6 ± 11.8 32.7 ± 12.0 0.137 30.8 ± 12.2

Area ax sc, mm2 26.2 ± 12.3 29.9 ± 12.0 32.5 ± 12.4 0.089 30.6 ± 12.4

Infant, 1 year n= 25 n= 63 n= 82 n= 170

Body weight, kg 9.2 ± 1.1 9.3 ± 0.9 9.7 ± 1.0 0.020 9.5 ± 1.0

BMI percentiles 49.8 ± 31.3 48.4 ± 28.2 56.2 ± 30.8 0.273 52.4 ± 30.0

Sum of 4 SFTs, mm 23.0 ± 3.5 23.8 ± 4.1 24.5 ± 4.5 0.220 24.1 ± 4.2

Area sag pp, mm2 16.6 ± 5.5 17.5 ± 5.4 18.3 ± 6.3 0.466 17.8 ± 5.9

Area sag sc, mm2 29.1 ± 15.5 27.4 ± 12.5 29.0 ± 13.5 0.770 28.4 ± 13.3

Area ax sc, mm2 30.5 ± 17.2 30.2 ± 13.4 33.0 ± 16.3 0.542 31.6 ± 15.4

Child, 3 years n= 25 n= 59 n= 78 n= 162

Body weight, kg 14.0 ± 1.6 14.4 ± 1.6 14.9 ± 1.7 0.046 14.55 ± 1.69

BMI percentiles 47.2 ± 26.9 46.5 ± 26.6 53.7 ± 25.6 0.236 50.4 ± 26.2

Sum of 4 SFTs, mm 23.8 ± 3.2 23.3 ± 3.6 23.3 ± 3.8 0.832 23.3 ± 3.6

Area sag pp, mm2 31.1 ± 11.6 33.5 ± 9.3 32.5 ± 12.4 0.765 32.6 ± 11.2

Area sag sc, mm2 19.5 ± 13.7 19.8 ± 12.3 19.5 ± 11.3 0.997 19.6 ± 12.0

Area ax sc, mm2 27.4 ± 17.5 27.6 ± 19.4 26.8 ± 17.1 0.981 27.2 ± 17.8

Child, 5 years n= 25 n= 58 n= 70 n= 153

Body weight, kg 17.9 ± 2.2 18.8 ± 2.4 19.5 ± 2.6 0.026 18.96 ± 2.50

BMI percentiles 40.8 ± 26.4 43.0 ± 24.8 50.3 ± 26.2 0.155 46.0 ± 25.9

Sum of 4 SFTs, mm 24.9 ± 3.5 23.7 ± 5.3 24.4 ± 4.9 0.658 24.2 ± 4.8

Area sag pp, mm2 48.0 ± 17.5 46.9 ± 11.8 49.6 ± 14.6 0.718 48.4 ± 14.2

Area sag sc, mm2 20.2 ± 12.9 19.8 ± 12.3 21.3 ± 13.0 0.876 20.7 ± 12.9

Area ax sc, mm2 20.8 ± 14.4 26.9 ± 18.1 31.4 ± 21.8 0.606 29.3 ± 20.0

VAT, cm3 96.9 ± 24.2 103.3 ± 43.5 109.7 ± 31.3 0.599 104.2 ± 33.7

SAT, cm3 516.4 ± 94.0 569.6 ± 206.3 590.2 ± 142.9 0.448 563.5 ± 155.3

Values between groups were compared using one-way ANOVA for continuous variables and chi-square test for categorical variables.
area ax sc area of subcutaneous fat in axial plane, area sag pp area of preperitoneal fat in sagittal plane, area sag sc area of subcutaneous fat in sagittal plane,
GDM gestational diabetes mellitus, GWG gestational weight gain, mm millimeters, n number, SAT subcutaneous adipose tissue, SFT skinfold thickness, VAT
visceral adipose tissue.
aTotal GWG (kg) categories inadequate, adequate, and excessive were classified according to the Institute of Medicine (IOM)2.
bMean ± SD (all such values).
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of early and mid-pregnancy weight gain after confounder
adjustments. Relationships between mid-gestation weight gain
and offspring body weight and BMI percentiles at birth were
observed [β: 44.79 g (95% CI: 24.40; 65.18), p < 0.001 and β: 1.72
%-ile (95% CI: 0.45; 2.99), p= 0.047, respectively]. At 5 years, mid-
pregnancy weight gain was associated with offspring body
weight, subcutaneous abdominal fat in the axial plane, and SAT-
volume [β: 139.34 g (95% CI: –0.22; 278.90), p= 0.050; β: 1.42 mm2

(95% CI: 0.06; 2.78), p= 0.041; and β: 18.56 cm3 (95% CI: 1.30;
35.82), p= 0.036, respectively]. Similar results at 5 years were
observed after excluding women with a BMI ≥ 25.0 kg/m2 [5 years:
body weight β: 171.74 g (95% CI: 8.56; 334.92), p= 0.039; SAT-
volume β: 20.69 mm2 (95% CI: 1.97; 39.41), p= 0.031].

DISCUSSION
The purpose of this study was to explore associations between
GWG and adiposity outcomes in early childhood. Almost half the
women in our cohort gained more weight during pregnancy than

recommended by the IOM, which is consistent with other
studies,24 and those with a pre-pregnancy BMI ≥ 25.0 kg/m2 (n=
33) were more likely to gain in excess. Overall, mothers who
gained excessive total gestational weight had children with a
higher weight throughout infancy and early childhood as
compared to children of mothers with non-excessive gain. We
could not confirm that total GWG was independently associated
with fat accretion in young children. However, we found strong
evidence that mid-pregnancy weight gain predicted higher
weight and larger volumes of subcutaneous abdominal fat at
5 years, albeit with small effect sizes.
Many studies have shown a link between GWG and the risk of

offspring adiposity,4,12,24,25 although this relationship is not
universally observed.26,27 A systematic review found that higher
GWG increased the risk of overweight and obesity in childhood.3

However, the authors acknowledge that results should be
interpreted with the caveat that considerable methodological
differences exist across studies, particularly whether shared familial
characteristics were controlled for in analyses. A population cohort

Table 2. Total gestational weight gain (kg) in relation to offspring clinical outcomes at birth, 1, 3, and 5 years of age

Body composition variables Unadjusted analysis Adjusted analysisa

n β (95% CI) P β (95% CI) P

Birth

Body weight, g 186 16.27 (1.08; 31.47) 0.036 12.93 (0.09; 25.78) 0.048

BMI percentiles 186 0.46 (−0.39; 1.30) 0.287 0.41 (−0.37; 1.19) 0.302

Sum 4 SFT, mm 166 0.02 (−0.06; 0.10) 0.658 0.02 (−0.06; 0.10) 0.645

Area sag pp, mm2 152 −0.05 (−0.16; 0.07) 0.440 −0.04 (−0.16; 0.08) 0.509

Area sag sc, mm2 160 0.16 (−0.22; 0.54) 0.414 0.17 (−0.21; 0.54) 0.386

Area ax sc, mm2 162 0.26 (−0.12; 0.64) 0.182 0.26 (−0.12; 0.64) 0.175

1 year

Body weight, g 170 31.84 (0.64; 63.05) 0.046 28.99 (−1.54; 59.38) 0.063

BMI percentiles 170 0.50 (−0.42; 1.41) 0.284 0.54 (−0.39; 1.48) 0.253

Sum 4 SFT, mm 165 0.05 (−0.08; 0.18) 0.486 0.05 (−0.08; 0.19) 0.436

Area sag pp, mm2 155 −0.01 (−0.20; 0.18) 0.919 −0.02 (−0.22; 0.17) 0.818

Area sag sc, mm2 156 −0.21 (−0.64; 0.22) 0.336 −0.17 (−0.60; 0.28) 0.460

Area ax sc, mm2 158 −0.02 (−0.51; 0.47) 0.923 0.01 (−0.49; 0.50) 0.981

3 years

Body weight, g 162 35.66 (−16.53; 87.85) 0.179 26.93 (−25.83; 79.70) 0.315

BMI percentiles 162 0.28 (−0.54; 1.09) 0.503 0.26 (−0.56; 1.07) 0.540

Sum 4 SFT, mm 113 −0.04 (−0.18; 0.10) 0.562 −0.02 (−0.16; 0.12) 0.764

Area sag pp, mm2 102 −0.18 (−0.61; 0.24) 0.399 −0.15 (0.61; 0.30) 0.503

Area sag sc, mm2 103 −0.04 (−0.49; 0.42) 0.864 0.07 (−0.40; 0.53) 0.781

Area ax sc, mm2 102 −0.13 (−0.80; 0.55) 0.712 0.04 (−0.65; 0.73) 0.910

5 years

Body weight, g 153 73.04 (−10.15; 156.24) 0.085 60.11 (−26.00; 146.19) 0.170

BMI percentiles 153 0.79 (−0.68; 1.65) 0.071 0.84 (−0.04; 1.72) 0.061

Sum 4 SFT, mm 112 0.04 (−0.15; 0.22) 0.706 0.06 (−0.12; 0.25) 0.498

Area sag pp, mm2 96 −0.18 (−0.73; 0.37) 0.526 −0.18 (−0.75; 0.40) 0.544

Area sag sc, mm2 97 0.06 (−0.44; 0.56) 0.805 0.10 (−0.42; 0.62) 0.694

Area ax sc, mm2 98 0.15 (−0.62; 0.92) 0.705 0.32 (−0.48; 1.12) 0.429

VAT, cm3 44 1.39 (−0.72; 3.50) 0.191 1.63 (−0.57; 3.83) 0.143

SAT, cm3 44 6.61 (−3.10; 16.32) 0.177 8.17 (−1.48; 17.83) 0.095

Data are presented as the regression coefficient β (95% CI) from linear regression analyses.
Area ax sc area of subcutaneous fat in axial plane, area sag pp area of preperitoneal fat in sagittal plane, area sag sc area of subcutaneous fat in sagittal plane, n
number, SAT subcutaneous adipose tissue, SFT skinfold thickness, VAT visceral adipose tissue.
aAdjusted for maternal pre-pregnancy BMI, pregnancy duration, sex (except for BMI percentiles), and group (intervention or control). Additionally adjusted
from 1 year onwards for mode of infant feeding (exclusively, partially breastfed, or formula) at 4 months postpartum. P values ≤0.05 are in bold typeface.
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study of over 130,000 families echos this caution by reporting that
associations between maternal weight gain among normal-weight
women and BMI in their 18-year-old offspring were attenuated
after controlling for shared genetic and lifestyle characteristics.14

The IOM concludes that more research is needed to confirm
definitively that excess GWG independently predicts obesity in
children.2 It is also unclear whether weight gained in different
gestational periods has varying effects on child outcomes, and
studies that have explored these associations report inconsistent
findings. Both the Generation R and Danish National Birth Cohorts
observed that weight gain in early and mid-pregnancy was
associated with childhood obesity outcomes.28,29 Conversely, some
researchers have demonstrated associations between first-
trimester GWG only and early adiposity,5,30,31 whereas others have
observed relationships between excessive weight gain in both
early and late pregnancy and increased obesity risk at 3 years old.32

Underlying mechanisms that explain why the timing of GWG
could play a role in offspring fat development remain elusive.

Excess weight gained early-on may confer obesity risk via a
programming effect. Early pregnancy weight is largely composed
of fat33 which results in a concomitant increase in nutrient
availability for fetal growth. Alternatively, exposure to later GWG
may directly contribute to the overall bodyweight of the fetus.2

Limited evidence from animal models found that excess GWG in
later pregnancy led to dysregulation of offspring adipocytes
resulting in fat accretion, even though total GWG was within the
recommended range.34 Fetal adipose tissue formation is a multi-
step process involving the conversion of precursor cells into
adipocytes that takes place between the 14th and 24th weeks of
gestation.35,36 It is possible that gaining excess gestational weight
in the same time frame as fetal adipogenesis would enhance the
differentiation of adipocyte precursor cells into adipocytes
through epigenetic mechanisms,37 resulting in adipose tissue
expansion in offspring. Our analysis showed that GWG in mid-
pregnancy (from 15 to 32 weeks’ gestation) was associated with
several adiposity outcomes at birth and 5 years. Findings were

Table 3. Weight gain in early gestation (up to 15 weeks) and mid-gestation (15–32 weeks) in relation to offspring body composition at birth, 1, 3, and
5 years

Body composition variables Early GWG (kg)a Mid-GWG (kg)a

n β (95% CI) P n β (95% CI) P

Birth

Body weight, g 188 −15.02 (−45.04; 15.00) 0.325 183 44.79 (24.40; 65.18) <0.001

BMI percentiles 186 −0.86 (−2.68; 0.95) 0.350 183 1.72 (−0.45; 2.99) 0.008

Sum 4 SFT, mm 168 −0.11 (−0.38; 0.17) 0.437 163 0.12 (−0.01; 0.26) 0.076

Area sag pp, mm2 152 −0.05 (−0.16; 0.07) 0.440 151 −0.02 (−0.22; 0.18) 0.860

Area sag sc, mm2 160 0.23 (−0.68; 1.14) 0.614 157 0.40 (−0.24; 1.03) 0.221

Area ax sc, mm2 162 0.48 (−0.43; 1.39) 0.295 159 0.52 (−0.13; 1.16) 0.115

1 year

Body weight, g 170 34.40 (−37.61; 106.42) 0.347 169 47.92 (−1.51; 97.35) 0.057

BMI percentiles 170 −0.02 (−2.21; 2.16) 0.983 169 1.02 (−0.50; 2.54) 0.187

Sum 4 SFT, mm 165 0.01 (−0.31; 0.32) 0.970 164 0.12 (−0.10; 0.33) 0.274

Area sag pp, mm2 155 −1.0 (−0.55; 0.36) 0.672 154 0.01 (−0.31; 0.33) 0.961

Area sag sc, mm2 156 0.01 (−1.01; 1.04) 0.978 155 −0.17 (−0.88; 0.54) 0.633

Area ax sc, mm2 158 0.06 (−1.11; 1.22) 0.921 157 0.19 (−0.62; 0.99) 0.646

3 years

Body weight, g 162 −31.86 (−153.62; 89.90) 0.606 161 69.84 (−16.75; 156.44) 0.113

BMI percentiles 162 −0.70 (−2.57; 1.17) 0.461 161 0.33 (−1.02; 1.69) 0.626

Sum 4 SFT, mm 113 0.03 (−0.30; 0.34) 0.878 112 0.00 (−0.23; 0.23) 0.683

Area sag pp, mm2 102 −0.31 (−1.33; 0.71) 0.547 102 0.11 (0.66; 0.88) 0.503

Area sag sc, mm2 103 0.27 (−0.77; 1.31) 0.603 103 0.47 (−0.31; 1.25) 0.238

Area ax sc, mm2 102 0.22 (−1.35; 1.78) 0.783 102 0.46 (−0.71; 1.63) 0.441

5 years

Body weight, g 153 −29.72 (−225.58; 166.15) 0.765 152 139.34 (−0.22; 278.90) 0.050

BMI percentiles 153 0.71 (−1.29; 2.70) 0.485 152 0.98 (−0.46; 2.43) 0.180

Sum 4 SFT, mm 112 −0.03 (−0.46; 0.40) 0.880 112 0.17 (−0.13; 0.48) 0.267

Area sag pp, mm2 96 −0.05 (−1.46; 1.36) 0.944 98 0.02 (−0.98; 1.02) 0.965

Area sag sc, mm2 97 0.25 (−1.02; 1.52) 0.700 97 0.70 (−0.19; 1.59) 0.120

Area ax sc, mm2 98 0.89 (−1.07; 2.86) 0.367 98 1.42 (0.06; 2.78) 0.041

VAT, cm3 44 −0.58 (−5.95; 4.78) 0.826 44 2.12 (−1.96; 6.20) 0.298

SAT, cm3 44 −3.97 (−27.70; 19.76) 0.737 44 18.56 (1.30; 35.82) 0.036

Data are presented as the regression coefficient β (95% CI) from linear regression analyses.
Area ax sc area of subcutaneous fat in axial plane, area sag pp area of preperitoneal fat in sagittal plane, area sag sc area of subcutaneous fat in sagittal plane,
GWG gestational weight gain, SAT subcutaneous adipose tissue, SFT skinfold thickness, VAT visceral adipose tissue.
aAdjusted for maternal pre-pregnancy BMI, pregnancy duration, sex (except for BMI percentiles), and group (intervention or control). Additionally adjusted
from 1 year onwards for mode of infant feeding (exclusively, partially breastfed, or formula) at 4 months postpartum. P values ≤0.05 are in bold typeface.
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similar after we excluded women with overweight, which suggests
that mid-pregnancy weight gain is associated with offspring
clinical outcomes, irrespective of maternal pre-pregnancy BMI. The
AVON study found similar results in the same window of
pregnancy, but only among women who gained above the
weekly IOM recommendations.6 Further studies are needed to
confirm and extend our findings with larger and more diverse
maternal/child cohorts.
Both pre-pregnancy BMI and excess GWG have been identified

as modifiable risk factors of obesity in children.2 Many studies
consider these two determinants as independent variables when
investigating childhood adiposity outcomes. However, it is poorly
understood how they interact to compound offspring obesity risk,
and researchers have reported a combined effect of pre-
pregnancy BMI and GWG on offspring growth.8,10,11,13–15,38–41

We found no evidence that pre-pregnancy BMI in our non-obese
cohort amplified the effect of total GWG on offspring adiposity
outcomes, which is in agreement with others.12,42 However, it is
plausible that effects are more apparent in women who either
begin their pregnancies with obesity, gain weight considerably
above the IOM recommendations, or experience a combination of
both.13–15,39,40 High pre-pregnancy BMI is a strong predictor of
excessive weight gain in pregnancy.43 Notably, pregnant women
who gain in excess have a higher likelihood of postpartum weight
retention, thus beginning their next pregnancy with an even
higher BMI.44 This promotes an intergenerational cycle of obesity
and emphasizes the importance of addressing maternal determi-
nants of offspring obesity risk as early as the pre-conception
period. Thus, the compounded effect of pre-pregnancy BMI and
GWG should also be taken into account when communicating the
importance of avoiding excess weight gain among pregnant
women, particularly for those who start their pregnancies with
overweight/obesity.
A major strength of this study is our collection of body

composition measurements using both indirect and direct
methods that enabled us to assess growth and fat patterning in
children over time. To our knowledge, the INFAT study is the first
to track adipose tissue accretion via abdominal ultrasound in
infancy and early childhood. This method has been validated as a
reliable and reproducible tool for measuring adipose tissue
expansion and distribution in young children.22,23

There are several limitations to consider. As with all cohort
studies, there may be other confounding variables we did not
adjust for that could influence outcomes. We considered the
length of gestation as a confounder due to a significantly
prolonged gestational period in the intervention group. This has
also been documented in other studies with pregnant women
who took n-3 LCPUFA supplements.45 We also adjusted for
breastfeeding status, as breastfeeding is a putative determinant of
clinical outcomes in children.46 We acknowledge that other
maternal factors, such as smoking, are associated with childhood
obesity.47 However, only five women (2.7%) in our cohort smoked
in pregnancy; therefore, we chose not to include smoking as a
confounder. Pre-pregnancy weight was self-reported, which may
lead to under-reporting and could falsely inflate GWG values. We
chose the early (<15 weeks) and mid-pregnancy (15–32 weeks)
weight gain cut-off points because these were the time points for
which we had maternal weight data. However, we cannot exclude
the possibility that examining weight gain measurements from
other time windows could lead to different results. For example,
some evidence has shown that mothers who gain in excess during
the first half of pregnancy (<20 weeks) give birth to heavier babies
with more body fat.48,49 Further research with larger cohorts is
warranted to explore the critical window in which maternal
weight gain exerts the greatest influence on offspring obesity risk.
Our cohort consisted of mostly German, relatively well-

educated women, with 69% reporting that they attended
greater than 12 years of schooling. Hence, results may not be

generalizable, and further studies in other socio-demographic,
ethnic, and racial groups are needed to confirm findings. INFAT
was designed as a proof-of-concept trial18,19 and women with
obesity were excluded from the original study. Our cohort had a
total of 33 women with a BMI ≥ 25.0 kg/m2 and results should be
interpreted with caution. Additional studies with larger cohorts
of pregnant women in higher BMI categories should be
conducted to confirm our preliminary observations. Moreover,
the power calculation was based on the primary study outcome
(SFT measurements in the first year of life) and exploratory
outcomes were not taken into account. Our results are also
limited due to a small study population and considerable drop-
out at the 5-year follow-up, although no significant differences
in maternal characteristics were observed between our cohort
and those lost to follow-up.
In conclusion, this study demonstrated that mid-gestation

weight gain was associated with several adiposity outcomes at
5 years old. Our findings add to the body of literature suggesting
that the timing of GWG affects offspring growth and fat
development. These results highlight the importance of long-
term follow-up of maternal-child cohorts to improve under-
standing of the effects of GWG, including the pattern of weight
gain in pregnancy, on childhood obesity risk.
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