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Parental pre-pregnancy BMI is a dominant early-life risk factor
influencing BMI of offspring in adulthood.
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Summary

Objective

We examined parental and early-life variables in order to identify risk factors for adult-
hood overweight and obesity in offspring. We report here on the longitudinal prevalence
of overweight and obesity in Australian children born between 1989 and 1991 and
followed from birth to age 22.

Methods

Data were analysed on 1355 participants from the Western Australian Pregnancy Cohort
(Raine) Study, with anthropometry collected during pregnancy, at birth, one year and at
three yearly intervals thereafter. Multivariate analyses and cross-sectional logistic regres-
sion quantified the timing and contribution of early-life risk factors for overweight and
obesity in young-adulthood.

Results

At five years of age 12.6% of children were overweight and 5.2% were obese. By early
adulthood, the prevalence of obesity had increased to 12.8%, whilst overweight
remained relatively stable at 14.2% (range from early childhood to adulthood 11–16%).
Parental pre-pregnancy body mass index (BMI) was the strongest determinant of adult
offspring BMI. Although rapid first year weight gain was associated with increased
offspring BMI, the impact of first year weight-gain diminished over childhood, whilst
the impact of parental BMI increased over time.

Conclusions

Parental pre-pregnancy BMI and rapid early-life weight gain predispose offspring to
obesity in adulthood.
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Introduction

Obesity and overweight are significant contributors to the
burden of chronic non-communicable diseases (1).
Weight trajectories established in childhood often persist
into adulthood (2). The prevalence of childhood and ado-
lescent obesity in the USA almost tripled between the
early 1960s and 2000s reaching 37.5% in adults and
16.9% in children by 2010 (3). Similar trends have been
observed in Western Europe, Australia and Japan (4),
but relative changes in prevalence are greatest for low-
income and middle-income countries (5,6). Recent US
data indicate that incident obesity declines over child-
hood, suggesting that interventions should target early
life (7).

Implementation of appropriate prevention strategies
requires identification of early-life risk factors (4,8,9).
Studies looking at risk factors for childhood obesity have
identified maternal smoking (10) pre-pregnancy parental
obesity (11), heavy TV usage and short sleep duration
prior to age three as well as rapid weight gain in the first
year of life (4). Exclusive breastfeeding has been found
to have a protective effect in some studies (12) but not
others (13). Increased risk of adolescent obesity has been
associated with maternal smoking during pregnancy(14),
higher birth weight (15), post-natal catch-up growth
(4,16) and upward centile crossing of the body mass
index (BMI) throughout childhood (17).

Our report here represents the first comprehensive
analysis of a large cohort from birth to young adulthood.
We aimed to examine parental and early-life variables to
identify risk factors for adulthood overweight and obesity.
We also analysed longitudinal BMI profiles from offspring
with obesity in an attempt to identify an age when their
BMI curves diverged from the norm.

A large contemporary Australian birth cohort born
between 1989 and 1991 was evaluated. Mothers and off-
spring were prospectively followed from early pregnancy
with direct anthropometric measurements of offspring at
12 time points: birth, 1, 2, 3, 5, 8, 10, 14, 17, 18, 20 and
22 years. These data provided a unique opportunity to
interrogate BMI trajectories from infancy to adulthood
and to explore the relative importance of contributing
early-life factors.

Methods

Western Australian Pregnancy Cohort (Raine) Study

The Raine Study recruited 2,900 pregnancies from King
Edward Memorial Hospital (KEMH) between 1989 and

1991 as part of a randomized controlled trial, evaluating
repeated ultrasounds in pregnancy (18,19). Detailed data
were collected throughout pregnancy and at follow-up,
based on the 2868 live-births (18,20).

Ethics statement

Ethics approval was obtained from the Human Ethics
Committees at KEMH, Princess Margaret Hospital,
The University of Western Australia and Curtin Univer-
sity. All participants and guardians provided written
consent.

Study population

At 20 years of age, 2,076 participants remained enrolled in
the cohort and 1,423 provided anthropometric measure-
ments at either the 20-year or 22-year follow-up or at
both. The analysis excluded participants with congenital
anomalies (5 individuals excluded) and those with eligible
older siblings (63 younger siblings excluded), leaving
1,355 participants eligible for analysis. Of these, 83%
had two parents of European descent and 9% had one
such parent. At the 17-year follow-up, demographic
characteristics of the cohort were similar to the Western
Australian population of families with 15- to 17-year-old
children (21).

Anthropometric measurements and evaluation of
data

Measures on the children were taken in a clinic setting
(KEMH, Princess Margaret Hospital, Sir Charles
Gairdner Hospital) or a research institute (Telethon
Institute for Child Health, The University of Western
Australia). Measures were performed by a trained
research nurse (years 1 to 5) or a trained research
assistant according to set protocols. For more details
of the weight, height and length at each follow-up
see the Supporting Information. The protocol for the
most recent follow-up (year 22) has been described
by Straker et al 2015 (22). BMI was calculated as weight
in kilograms (kg) divided by squared height in metres (m).
To account for age-related and sex-related variation, BMI
was standardized producing z-scores, using the 2000
Center for Disease Control and Prevention growth
charts (23). Overweight was defined as BMI z-score
≥85th centile, obesity as BMI z-score ≥95th centile (24).
In adulthood, these equate to BMIs of 25 and 30 kgm�2,
respectively.

Risk factors investigated included: sex, highest mater-
nal education level attained (paternal education level not
available), maternal and paternal pre-pregnancy BMI
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(based on recalled weight recorded at 18weeks’ gesta-
tion), maternal smoking during pregnancy (indicating
‘no exposure throughout pregnancy’ and ‘exposure at
any point during the pregnancy’), maternal anemia and
diabetes during pregnancy (pre-existing or gestational),
gestational weight gain (change in weight from pre-
pregnancy to 18weeks and 34weeks’ gestation), cesar-
ean section delivery, prematurity, offspring birth-weight,
first-year weight-gain and duration of breast-feeding.
Continuous variables were re-coded as categorical for
summary purposes in Table 1 but not in the longitudinal
analyses.

Statistical analysis

Obesity or overweight prevalence was calculated as the
proportion of affected children in each age group.
Measurements are only included for the assessment age
at which they were recorded. Prevalence was stratified
by the factors outlined previously. There were insufficient
mothers and fathers whose pre-pregnancy BMI was clas-
sified as underweight to accurately determine the preva-
lence of obesity in their offspring, therefore, underweight
and normal weight parents were grouped together. A sen-
sitivity analysis indicated that this did not skew results.

Table 1 Prevalence of obesity among Australian children of European descent between the ages of 3 and 22 years (1989–2013) for selected
early-life factors

Prevalence (%) of obesity (95% CI)

Variable
No. of Children eligible
at any timepoint

Aged 3
n = 916a

Aged 5
n = 1190a

Aged 14
n = 1146a

Aged 22
n = 1015a

All children 1355 5.0 (3.6, 6.4) 5.2 (3.9, 6.5) 9.4 (7.7, 11.1) 12.8 (10.7, 14.9)
Male participants 688 6.1 (3.9, 8.3) 6.1 (4.2, 8.0) 10.3 (7.8, 12.8) 10.9 (8.2, 13.6)
Female participants 667 3.9 (2.1, 5.7) 4.3 (2.7, 5.9) 8.6 (6.3, 10.9) 14.6 (11.5, 17.7)

Maternal education
High school qualification 569 3.1 (1.3, 4.9) 5.2 (3.2, 7.2) 11.7 (8.8, 14.6) 17.2 (13.6, 20.8)
Trade qualification 567 6.5 (4.1, 8.9) 5.8 (3.8, 7.8) 8.3 (5.9, 10.7) 10.2 (7.3, 13.1)
University degree or higher 178 7 (2.6, 11.4) 4.2 (1.1, 7.3) 7.7 (3.5, 11.9) 9.9 (5.2, 14.6)

Maternal smoker 314 4.3 (1.4, 7.2) 7.3 (4.1, 10.5) 15.4 (10.9, 19.9) 21.5 (16.1, 26.9)
Maternal non-smoker 1035 5.3 (3.7, 6.9) 4.7 (3.3, 6.1) 7.8 (6.0, 9.6) 10.5 (8.4, 12.6)
Maternal weight gain to 18 weeks’ gestation
<5 kg 706 6.0 (3.9, 8.1) 5.1 (3.4, 6.8) 10.2 (7.8, 12.6) 12.2 (9.4, 15.0)
≥5 and <10 kg 440 3.4 (1.3, 5.5) 4.5 (2.4, 6.6) 6.5 (4.0, 9.0) 12.3 (8.8, 15.8)
≥10 kg 134 6.5 (1.5, 11.5) 10.3 (4.8, 15.8) 18.8 (11.6, 26.0) 23.7 (15.1, 32.3)

Maternal BMI pre-pregnancy
<25 1088 3.5 (2.2, 4.8) 4.2 (2.9, 5.5) 6.0 (4.5, 7.5) 8.7 (6.8, 10.6)
≥25 and <30 146 11.0 (5.1, 16.9) 8.3 (3.6, 13.0) 22.6 (15.2, 30.0) 30.5 (22.2, 38.8)
≥30 80 17.0 (6.3, 27.7) 15.7 (7.2, 24.2) 38.1 (26.1, 50.1) 40.0 (27.1, 52.9)
Paternal BMI pre-pregnancy
<25 709 4.0 (2.2, 5.8) 3.8 (2.3, 5.3) 6.1 (4.2, 8.0) 10.7 (8.1, 13.3)
≥25 and <30 341 6.5 (3.4, 9.6) 6.9 (4.0, 9.8) 14.9 (10.8, 19.0) 14.7 (10.4, 19.0)
≥30 59 4.9 (0.0, 11.5) 7.7 (0.5, 14.9) 19.2 (8.5, 29.9) 31 (17.0, 45.0)

Birth weight
≤2.5 kg 97 4.4 (0.0, 9.2) 5.1 (0.4, 9.8) 8.8 (2.7, 14.9) 12.6 (5.0, 20.2)
>2.5 and <4 kg 1128 4.2 (2.8, 5.6) 2.4 (1.4, 3.4) 7.2 (5.6, 8.8) 13.7 (11.4, 16.0)
≥4 kg 127 11.4 (4.8, 18.0) 8.0 (3.0, 13.0) 16.5 (9.5, 23.5) 14.3 (7.1, 21.5)

Breastfeeding
<3months 274 5.0 (1.8, 8.2) 6.8 (3.6 10.0) 14.4 (9.7, 18.9) 19.7 (14.0, 25.4)
3 to <6months 194 6.7 (2.5, 10.9) 7.0 (3.2, 10.8) 12.3 (7.2, 17.4) 16.2 (10.0, 22.4
6 to <9months 172 5.4 (1.2, 9.6) 7.1 (3.1, 11.1) 9.1 (4.6, 13.6) 14.1 (8.1, 20.1)
9+ months 475 5.3 (2.9, 7.7) 3.9 (2.1, 5.7) 7.2 (4.7, 9.7) 9.2 (6.3, 12.1)

Offspring weight gain in first year
<5 kg 46 0 (0.0, 0.0) 0 (0.0, 0.0) 7.3 (0.0, 15.3) 14.7 (2.8, 26.6)
≥5 and <7 kg 638 1.4 (0.3, 2.5) 3.1 (1.7, 4.5) 6.7 (4.6, 8.8) 11.5 (8.6, 14.4)
≥7 and <9 kg 509 7.5 (4.8, 10.2) 6.7 (4.4, 9.0) 11.7 (8.7, 14.7) 11.7 (8.5, 14.9)
≥9 kg 62 29.3 (15.4, 43.2) 26.4 (14.5, 38.3) 19.2 (8.5, 29.9) 22.7 (10.3, 35.1)

aBecause of the longitudinal nature of this pregnancy cohort not all children were involved in every assessment. Data for the prevalence of obesity
with other early-life factors such as maternal diabetes, anemia, prematurity and mode of delivery are presented in the Supporting Information,
Table S1. BMI = body mass index, CI = confidence interval.
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Simple logistic regression was used to compare the un-
adjusted risk of offspring obesity between maternal and
paternal pre-pregnancy BMI categories at ages 1, 3, 5,
14 and 22 years. Longitudinal BMI z-scores were
modelled separately for male and female participants
using linear mixed effects, including fixed effects for a
quartic polynomial function of age. Fixed effects were
also included in the sex-specific models based on back-
wards elimination for main effects and time-dependent in-
teractions for the previously mentioned early-life factors.
Random effects for intercept and slope and a compound
symmetry correlation structure for the errors were in-
cluded in the models, using the statistical package nlme
in R (25,26). Mean predicted BMI z-scores, with 95% con-
fidence intervals, were estimated using these models. A
sensitivity analysis was performed including only those
eligible individuals with two parents of European descent.
A stringent significance level of 0.5% was used in the
analyses; however, no adjustment was made for multiple
testing as the associations between these factors and
childhood obesity have been previously reported.

Results

The overall prevalence of obesity in this sample was 5.2%
at 5 years of age, steadily increasing to 12.8% by age 22
(Table 1).The prevalence of overweight remained rela-
tively constant at 11–16% from early childhood through
to adulthood. Although the prevalence of obesity or over-
weight was higher in females compared with males at
22 years (and lower prior to that), the differences did not
reach statistical significance.

Obesity prevalence at age 22 was higher in offspring of
mothers who had no tertiary education, smoked during
pregnancy, gained more than 10 kg in the first 18weeks
of pregnancy or had higher pre-pregnancy BMIs. It was
also higher in those whose fathers’ were obese, those
breast-fed for a shorter duration and those with greater
weight-gain by age one. Birth-weight greater than 4 kg
appeared to increase the risk of obesity throughout
childhood but the effect was not sustained into adulthood
(Table 1). There was limited evidence that maternal dia-
betes, anemia or cesarean section delivery affected the
prevalence of offspring obesity (Supporting Information,
Table S1).

Of the factors mentioned previously, maternal and pa-
ternal BMI exerted the strongest influence on offspring
BMI, particularly in adolescence and early adulthood. At
ages 14, and 22, compared with offspring of parents
who were not overweight, maternal overweight increased
offspring obesity risk over fourfold, whilst maternal obe-
sity resulted in a sevenfold to 10-fold increase. Paternal
overweight almost tripled obesity risk at age 14 but was
not significant at age 22, whilst paternal obesity resulted
in an almost fourfold increased risk of offspring obesity
at both ages (Table 2). Maternal pre-pregnancy BMI
appeared to have a slightly greater magnitude of effect
on the adult BMI of both male and female offspring
compared with paternal BMI.

To further explore longitudinal BMI profiles of offspring
who were obese, we reviewed the subgroups of individ-
uals who were obese at ages 1, 3, 5, 10, 14 and 22
(Table 3). For comparison, children with BMI <85th
centile at ages one and five were also reviewed: 43.5%

Table 2 Age-specific risk of offspring obesity compared with offspring from parents with pre-pregnancy BMI z-score< 85th percentile
(<25 kgm�2)

Maternal overweight Paternal overweight Maternal obesity Paternal obesity

Obese at year 1 1.06 (0.54, 1.88) 1.76 (1.12, 2.74) 1.44 (0.65, 2.85) 1.87 (0.74, 4.11)
Odds ratio (95% CI) P = 0.86 P = 0.01 P = 0.33 P = 0.15
P-value

Obese at year 3 3.36 (1.59, 6.75) 1.67 (0.83, 3.31) 5.58 (2.24, 12.66) 1.23 (0.19, 4.44)
Odds ratio (95% CI) P = 9 × 10�4 P = 0.14 P = 8 × 10�5 P = 0.79
P-value

Obese at year 5 2.08 (1.00, 4.04) 1.88 (1.02, 3.44) 4.27 (2.00, 8.51) 2.11 (0.60, 5.73)
Odds ratio (95% CI) P = 0.04 P = 0.04 P =7x10-5 P = 0.18
P-value

Obese at year 14 4.61 (2.76, 7.56) 2.70 (1.70, 4.31) 9.72 (5.42, 17.25) 3.66 (1.63, 7.64)
Odds ratio (95% CI) P = 2 × 10�9 P = 3 × 10�5 P = 1 × 10�14 P = 9 × 10�4

P-value
Obese at year 22 4.58 (2.87, 7.24) 1.44 (0.92, 2.23) 6.96 (3.81, 12.52) 3.75 (1.80, 7.50)
Odds ratio (95% CI) P = 1 × 10�10 P = 0.11 P = 1 × 10�10 P = 3 × 10�4

P-value

Analyses not adjusted for covariates. BMI = body mass index, CI = confidence interval.
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(95% CI 33.0–54.0%) of 1-year olds who were obese and
77.6% (95% CI 65.9–89.3%) of 5-year olds who were
obese, became overweight or obese in adulthood. In con-
trast, 18.8% (95% CI 16.0–21.6%) of subjects with BMI
<85th centile at five were overweight or obese at 22.
Amongst 22-year olds who were obese, 36.0% (95% CI
27.2–44.8%) were already overweight or obese at age
one, increasing to 53.5% (95% CI 44.3–62.7%) at
5 years.

Sex-specific multivariate analyses were performed on
offspring BMI z-scores (see Figure 1 for female trajecto-
ries and Figure 2 for male trajectories and Table S2 for re-
gression results). After adjustment, maternal and paternal
pre-pregnancy BMIs were the only factors to have in-
creasing strength of association with offspring BMI over
time (Figures 1a,b and 2a,b). By adulthood both maternal
and – to a lesser degree – paternal BMI strongly influ-
enced offspring BMI. In contrast, birth-weight and first-
year weight gain both had relatively strong associations
with BMI in early childhood, which diminished with age
(Figures 1c,d and 2c,d). Duration of exclusive
breastfeeding did not maintain significance after adjust-
ment for confounders. Maternal smoking during preg-
nancy demonstrated a constant association throughout
childhood, increasing BMI z-score by an average 0.25 SD
and 0.19 SD at all ages for female and male participants,
respectively (Figures 1e, 2e, and Table S2). Excess
gestational weight gain at 18weeks, but not at 34weeks,
was associated with increased BMI in females (Figure 1f),
whereas no associations were detected for males. Socio-
economic status markers in the form of postcode, income
(collected as a categorical variable with large band width)
and maternal education level were not associated with
offspring BMI after adjustment for confounders. Sensitiv-
ity analyses performed on 1125 individuals, excluding the
17% of individuals who had one or both parents of non-

European descent, produced similar results, and no
evidence was detected of strong co-linearity between
the regression estimates for these early-life factors.

The combined impact of parental BMI and first-year
weight-gain is further elucidated in Figure 3: Offspring of
parents with a BMI of 25 kgm�2 who gained 8 kg in the
first year of life (i.e. 2 kg greater than required to maintain
a 3.5 kg infant on the 50th centile), initially had a higher
average BMI than offspring who gain 6 kg, irrespective
of their maternal and paternal pre-pregnancy BMI. The
difference in the trajectories that resulted in adult obesity
compared with healthy adult weight was the speed at
which BMI increased following the early childhood nadir
(indicated by rectangles on Figure 3). The greatest accel-
eration in this period was observed for the offspring of
parents who were obese pre-pregnancy, irrespective of
healthy or excessive weight gain in the first year of life.

Discussion

Parental – particularly maternal – pre-pregnancy BMI in-
creases the risk of childhood obesity (8,11). Retrospective
data from a cohort born between 1965 and 1971 (27)
demonstrated that parental obesity increased the risk of
adulthood obesity for children under 10 years; however,
they did not find an association beyond that age. Our lon-
gitudinal analyses of prospective data from a cohort born
almost 20 years later (1989–1991) revealed that maternal
obesity and paternal obesity were the most powerful
early-life risk factor for adult obesity. Multivariate analy-
ses showed that greater first-year weight-gain and mater-
nal smoking in pregnancy also contributed to increasing
adulthood BMI, but the impact of maternal overweight
and obesity was profound, even after adjustment for po-
tential confounding factors. These findings are expected
to be generalizable beyond the West Australian

Table 3 Percentage obese or overweight over childhood based on age-specific BMI subgroups

Age-specific
BMI subgroup

Percent overweight or obese (BMI >85th centile) at

1 year 5 years 10 years 14 years 22 years
% (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI)

Obese at 1 year: n = 114 100 60 (50–70) 47 (37–56) 41 (31–51) 44 (33–54)
Non-overweight at 1 year: n = 929 0 10 (8–12) 21 (18–24) 20 (17–23) 24 (21–27)
Obese at 3 years: n = 46 82 (70–93) 86 (76–96) 70 (56–84) 65 (50–80) 68 (52–83)
Obese at 5 years: n = 62 55 (42–67) 100 92 (84–99) 82 (71–92) 78 (66–89)
Non-overweight at 5 years: n = 978 19 (16–21) 0 14 (12–16) 14 (12–17) 19 (16–22)
Obese at 10 years: n = 113 46 (37–56) 80 (72–88) 100 93 (88–98) 83 (75–91)
Obese at 14 years: n = 108 44 (34–54) 68 (59–77) 96 (92–100) 100 89 (82–96)
Obese at 22 years: n = 130 36 (27–45) 54 (44–63) 77 (69–84) 82 (75–90) 100

BMI = body mass index, CI = confidence interval.
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population because the Raine cohort has childhood BMI
trajectories comparable to the contemporary UK-based
Avon Longitudinal Study of Parents and Children cohort
(28) and other contemporary Australian cohorts (29).

BMI is highly correlated with both total body fat and fat
mass index in the Raine cohort at age 20 (refer to
Supporting Information). Although we did not observe a
sex difference in obesity rate at ages 20 or 22, a previous

Figure 1 Adjusted female BMI z-score trajectories based on early-life risk factors. Unless otherwise stated, average female BMI trajectories with
95% confidence intervals based on offspring with a 3.5 kg birth weight and 6 kg weight gain in the first year of life, parental BMI of 22 kgm�2 and
maternal characteristics of non-smoker with a gestational weight gain of 6 kg by 18 weeks.
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study identified a sex difference in body composition at
20 years in 1183 participants of the Raine Study. Male
participants had significantly higher lean mass and lean
mass index, but significantly lower fat mass and fat mass
index compared with female participants(30). It is

therefore likely that obesity is more prevalent amongst
young adult female participants than male participants.

Genetic predisposition to obesity may contribute to
offspring BMI but its expression is likely affected by envi-
ronmental and epigenetic influences (8). Our results

Figure 2 Adjusted male BMI z-score trajectories based on early-life risk factors. Unless otherwise stated, average male BMI trajectories with
95% confidence intervals based on offspring with a 3.5 kg birth weight and 6 kg weight gain in the first year of life, parental BMI of 22 kgm�2

and maternal characteristics of a non-smoker
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implicate maternally mediated causative factors which
may include the intra-uterine environment and its effect
on offspring epigenetic programming as well as post-
natal exposures, given that mothers who are overweight
and obese are likely to provide offspring with an
obesogenic environment (8,9).

Animal studies demonstrate that maternal over-nutrition
prior to conception and during gestation, increases
adiposity ofmature offspring exposed to a 12-week feeding
challenge (31). Also, early fetal and post-natal nutrition
levels correlate with susceptibility to obesity (32). These
findings accord with the Barker hypothesis that intra-
uterine and early-life adverse exposures program
epigenetic modifications in offspring, resulting in life-long
increased morbidity (33), highlighting the importance of
pre-pregnancy BMI.

Rapid first-year weight-gain and both maternal and
paternal BMI were associated with increased offspring
BMI (Figure 3), but the impact of first-year weight-gain –
in early childhood a stronger determinant of offspring
BMI than parental weight – diminished over childhood,
whilst the impact of parental BMI increased over time.
Pre-pregnancy obesity rates in Australia rose from 6%
in 1990 (Raine) to 17% in 2006 (34), whilst maternal obe-
sity rates in the USA increased from 13% in 1993–1994 to
22% in 2002–2003 (35). Given that the 6% of infants born
to mothers who are obese in the Raine cohort comprised
17.3% of the obese adult cohort, rising pre-pregnancy
maternal weight may contribute disproportionately to
increasing adult obesity rates.

Pre-pregnancy education programmes and interven-
tions aimed at reducing parental and particularly maternal
BMI may help reduce adult offspring obesity rates. This is

supported by the finding that maternal bariatric surgery
with sustained weight reduction, lowered obesity preva-
lence and improved cardiometabolic indices in offspring
born subsequent to surgery (36). In addition, rapid weight
gain in the first year of life is an independent risk factor for
childhood obesity (4,37) and has been shown to have
both environmental and genetic components (38).
Monitoring first-year weight-gain to identify that those
crossing multiple centile lines would further assist in de-
termining families likely to benefit from early intervention.

The trajectory to adulthood overweight and obesity has
been described as commencing by age five (7). Our data
supports this, as demonstrated in Table 3. Over a third
of 22-year olds with obesity had a BMI >85th centile by
year one, increasing to 54% by 5 years of age. This effect
may be due in part to environmental factors during early
childhood, including first-year weight gain, but maternal
factors are also at play prior to conception and during
pregnancy. Table 3 illustrates the weight trajectory of
age-specific subgroups of children. For children with
obesity, the older the subgroup the greater the risk of
overweight and obesity in adulthood. An increase in risk
of overweight is apparent over the first 5 years: 5-year
olds who were obese were at over three times the risk
of overweight in adulthood compared with 5-year olds
who were not overweight, whilst 1-year olds who were
obese were less than double the risk compared with
1-year olds who were not overweight. Consistent with
other studies (39,40), this indicates that the early years
comprise an important window for intervention.

Excessive gestational weight gain was identified as a
risk factor for childhood obesity and, in a large Australian
cohort, for early adulthood obesity (41), even when

Figure 3 Adjusted sex-specific BMI mean trajectories based on early-life risk factors. Boxes indicate the period of acceleration in BMI following
the early-childhood nadir. Unless stated otherwise, average BMI trajectories with 95% confidence intervals based on offspring with 3.5 kg birth
weight, maternal characteristics of non-smoker and for females only, gestational weight gain of 6 kg by 18 weeks.
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adjusted for pre-pregnancy maternal BMI and other
potential confounders. On the other hand, as with our
cohort, pre-pregnancy maternal BMI confounded the
effect of gestational weight gain in the Generation R
Cohort (42), casting uncertainty on the utility of targeting
the latter as a means to reduce adult offspring obesity.

Birth weight has been reported to play an important
role in BMI at age 14 with a disproportionate representa-
tion of high birth weight babies in the cohort who were
obese at that age (7). Although our data support this find-
ing, the prevalence of obesity in the high birth weight
group declined substantially with age, and by 22 it was
no longer a clinically significant contributor to obesity risk.

The size of this cohort may limit the identification of risk
factors with small effect sizes or those associated with less
common exposures such as maternal diabetes. For exam-
ple, the cohort is primarily of European descent, potentially
reducing inter-ethnic generalizability. Socio-economic status
measures collected prospectivelywere not sufficiently sensi-
tive to detect an association. In addition, data relating specif-
ically to the prevalence of gestational diabetes and alcohol
consumption during pregnancy were not available. Larger,
specialized cohorts are required to further explore the impact
of these variables. Further studies are required to determine
the utility of targeted family based early-life interventions.
Parental lifestyle choices may be one of the few modifiable
variables that could be effectively targeted pre-conception
and in early life to reduce the prevalence of adulthood obe-
sity in offspring. Our analysis of BMI trajectories suggests
that the first 5 years of life may also provide an important
window for intervention. Future studies analysing early-life
biological specimens collected prospectively in the Raine
study and similar cohorts, such as placental tissue, sera
and stool sample, may shed more light on the role of the
intra-uterine environment and the establishment of the gut
microbiome in determining adulthood BMI.

Conclusions

This rigorous multivariate analysis identified maternal and
paternal pre-pregnancy BMI as strong determinants of
adult offspring BMI, with weight-gain in the first year of life
and smoking during pregnancy also contributing. Inter-
ventions aimed at reducing adult obesity rates could also
target at-risk parents prior to conception and families of
children who gain excess weight early in life.
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