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Abstract: Most past studies focused on the associations of prenatal risk factors with the risks of child-
hood overweight/obesity. Instead, more postnatal risk factors are modifiable, with less knowledge of
their cumulative effects on childhood obesity. We analyzed data of 1869 children in an Australian
birth cohort. Key postnatal risk factors included: maternal and paternal overweight/obesity dur-
ing the child’s infancy, tobacco exposure, low family socioeconomic score, breastfeeding duration
< 6 months, early introduction of solid foods, and rapid weight gain during infancy. The risk score was
the sum of the number of risk factors. The primary outcome is overweight/obesity in late childhood
(11–12 years); secondary outcomes are high-fat mass index (FMI), body fat percentage (BF%), and
waist-to-height ratio (WHtR). Poisson regression models were used in the analyses. Children with
higher risk scores had higher risks of overweight/obesity (p-for-trends < 0.001). After adjusting
covariates, compared with those with 0–1 risk factors, children with 4–6 risk factors had 4.30 (95%
confidence interval: 2.98, 6.21) times higher risk of being overweight/obesity; the relative risks for
high FMI, BF%, and WHtR were 7.31 (3.97, 13.45), 4.41 (3.00, 6.50), and 6.52 (3.33, 12.74), respectively.
Our findings highlighted that multiple postnatal risk factors were associated with increased risks of
being overweight/obesity in late childhood.

Keywords: children; cohort; overweight/obesity; postnatal risk factors

1. Introduction

Childhood obesity is a significant public health concern around the world. Over the
past two decades, the prevalence of obesity in children and adolescents has grown at an
alarming pace worldwide, increasing from 0.7% to 5.6% for boys and 0.9% to 7.8% for girls,
with around 50 million girls and 74 million boys with obesity [1]. Obesity since childhood
predisposes individuals to various metabolic and cardiovascular comorbidities, including
type 2 diabetes and hypertension [2]. Identifying modifiable risk factors early in life is,
therefore, imperative for effective prevention.

The first 1000 days of life—from conception to the age of 24 months—are crucial for
children’s development and prevention of childhood obesity [3]. Many prenatal and intra-
partum factors were reported to increase the risk of obesity in children, such as maternal
pre-pregnancy obesity [4], excessive gestational weight gain [5], maternal hyperglycemia [6],
maternal smoking during pregnancy [7], and cesarean delivery [8]. Postnatal risk factors,
identified in parents and children from birth to age two, are also crucial to the risk of child-
hood obesity and offer more opportunities for intervention. For example, breastfeeding
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for more than six months in comparison to less than six months was associated with a
lower odds ratio (OR) of the “high body mass index (BMI) z-score” trajectory from ages 1
to 5 years (OR: 0.65, 95%CI: 0.43, 0.98) [9] and rapid weight gain during the first 1.5 years is
a risk factor of subsequent obesity (OR: 2.94, 95%CI: 1.17, 7.43) [10].

Nevertheless, most previous studies have focused on analyzing risk factors individ-
ually within the first 1000 days rather than examining the potential collective effects on
the likelihood of childhood overweight or obesity [11,12]. These factors often co-exist and
could influence each other. For example, one study reported that a combination of four
modifiable risk factors, including smoking during pregnancy, excessive gestational weight
gain, breastfeeding less than 12 months, and less than 12 months of sleep per hour during
infancy, predicted an obesity prevalence of 28%, compared with 4% in those without risk
factors at ages 7 to 10 years [13]. It is necessary to assess if there is a need to assess the
combined impact of postnatal risk factors on the risk of overweight/obesity, which aligns
with the public health reality and will be more effective in terms of prevention [13].

This study leverages data from the Longitudinal Study of Australian Children (LSAC)
and the LSAC’s Child Health CheckPoint (CheckPoint) wave to investigate the combined
effects of postnatal risk factors associated with being overweight/obese in late childhood.
Our findings aim to inform prevention efforts and guide public health policy and practice.

2. Materials and Methods
2.1. Study Design and Participants

Detailed information about LSAC’s study design and participant recruitment is men-
tioned elsewhere [14]. A population-representative sample of children aged 0–1 year
was recruited into LSAC’s birth cohort with biennial data collection since 2004. Children
who were born in 2004 were included and were at least six months old at the interview.
Exclusions criteria were: (1) fewer than 20 active children within a postcode area, (2) non-
permanent residents, or with a death date recorded according to the national Medicare
system, and (3) individuals receiving alternative health services [15]. The response rate of
the first invitation in 2004 was 57.2% (n = 5107), of which 73.7% (n = 3764) were reserved at
wave 6 in 2014.

The Birth cohort families who participated in the LSAC wave 6 home interview were
eligible for the ChildHealth CheckPoint (CheckPoint) module. The CheckPoint was a
detailed cross-sectional biophysical marker wave nested between LSAC waves 6 and 7,
conducted between February 2015 and March 2016. Of the total LSAC wave 6 participants,
49.8% (n = 1874) of children aged 11–12 years participated in the CheckPoint. These children,
along with their primary caregivers, underwent face-to-face interviews to facilitate data
collection. Additional insights into the CheckPoint study design are available elsewhere
for reference [16,17].

For the current analysis, we included 1869 children who had available data on at least
one postnatal risk factor as well as on at least one obesity index. Figure 1 describes the flow
chart of study participants.

The CheckPoint study was approved by the Royal Children’s Hospital Melbourne
Human Research Ethics Committee (33225D) and the Australian Institute of Family Studies
Ethics Committee (14–26). A parent or guardian provided written consent for their own
and their child’s participation in the study.
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Figure 1. Flow chart of participants. LSAC: the Longitudinal Study of Australian Children. Check-
Point: Child Health CheckPoint. 
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2.2.1. Exposures from LSAC 

The LSAC team collected information through face-to-face structured interviews 
with children’s caregivers (95% were the child’s biological mother) [15]. Table S1 details 
questions related to the postnatal risk factor and other early life factors collected in LSAC 
wave 1. The key variables for this study were derived as follows: 

Maternal and paternal overweight/obesity during the child’s infancy: mothers and 
fathers self-reported their weight and height during their child’s infancy, with parental 
BMI calculated as weight (kg) divided by height (m2). We defined maternal and paternal 
overweight/obesity during the child’s infancy as BMI ≥ 25 kg/m2, according to the World 
Health Organization (WHO) [18].  

Breastfeeding < 6 months: the children’s breastfeeding duration was assessed by ask-
ing the mother “How old was the child (age in days) when he/she completely stopped 
being breastfed? (include expressed breastfeeding and not necessarily exclusively)”. 
Breastfeeding duration as <6 months (no distinction between exclusive and non-exclusive 
breast milk) was categorized based on the recommendation of the American Academy of 
Pediatrics [19].  

Rapid weight gain (RWG) during infancy: Infant weight at wave 1 was measured on 
a Salter Australia scale by weighing the infant with an adult, then the adult alone, and 
subtracting the latter from the former. Age- and gender-specific weight-for-age z scores 
were calculated using the 2000 Centers for Disease Control and Prevention Growth Charts 
[20]. RWG during infancy was defined as an increase in the weight-for-age z score of ≥0.67, 
a threshold that has been previously reported to correlate with the increased risk for child-
hood obesity [21–23].  

Tobacco exposure: the children’s primary caregiver was asked “Including yourself, 
how many people who live with you smoke inside the house?”. Tobacco exposure was 
considered positive if there were any smokers in the home during wave 1.  

Figure 1. Flow chart of participants. LSAC: the Longitudinal Study of Australian Children. Check-
Point: Child Health CheckPoint.

2.2. Measures
2.2.1. Exposures from LSAC

The LSAC team collected information through face-to-face structured interviews
with children’s caregivers (95% were the child’s biological mother) [15]. Table S1 details
questions related to the postnatal risk factor and other early life factors collected in LSAC
wave 1. The key variables for this study were derived as follows:

Maternal and paternal overweight/obesity during the child’s infancy: mothers and
fathers self-reported their weight and height during their child’s infancy, with parental
BMI calculated as weight (kg) divided by height (m2). We defined maternal and paternal
overweight/obesity during the child’s infancy as BMI ≥ 25 kg/m2, according to the World
Health Organization (WHO) [18].

Breastfeeding < 6 months: the children’s breastfeeding duration was assessed by
asking the mother “How old was the child (age in days) when he/she completely stopped
being breastfed? (include expressed breastfeeding and not necessarily exclusively)”. Breast-
feeding duration as <6 months (no distinction between exclusive and non-exclusive breast
milk) was categorized based on the recommendation of the American Academy of Pedi-
atrics [19].

Rapid weight gain (RWG) during infancy: Infant weight at wave 1 was measured
on a Salter Australia scale by weighing the infant with an adult, then the adult alone,
and subtracting the latter from the former. Age- and gender-specific weight-for-age z
scores were calculated using the 2000 Centers for Disease Control and Prevention Growth
Charts [20]. RWG during infancy was defined as an increase in the weight-for-age z score
of ≥0.67, a threshold that has been previously reported to correlate with the increased risk
for childhood obesity [21–23].

Tobacco exposure: the children’s primary caregiver was asked “Including yourself,
how many people who live with you smoke inside the house?”. Tobacco exposure was
considered positive if there were any smokers in the home during wave 1.

Low family socioeconomic score (SES): the SES variable was derived from standardized
scores for combined annual household income; parents’ years of education; and parents’
occupations [24]. The SES were categorized into normal (≥25th percentile) and low (<25th
percentile) based on z-scores.
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Early introduction of solid foods: the introduction of solid foods was documented by
asking the child’s primary caregiver “How old was the child when he/she first had solid
food regularly? (Regularly = more than twice a week for several continuous weeks. Solid
food = baby cereals, pureed fruits, etc.—not milk or drinks)”. The early introduction was
defined as starting solids before the age of 4 months [25,26].

2.2.2. Outcomes from LSAC’s CheckPoint Wave

Physical measurements were taken with children in light clothing, without shoes or
socks. Height was recorded to the nearest 0.1 cm, and weight to the nearest 0.1 kg [27].
BMI was calculated as weight (kg) divided by height (m2). Body fat mass was measured by
four-limb Bioelectrical impedance analysis (InBody230, Biospace, Seoul, Republic of Korea)
by four-limb segmental body composition scales at assessment centers, or by two-limb
body composition scales (Tanita BC-351, Kewdale, Australia) at home visits [28]. Body
fat percentage (BF%) was calculated as body fat mass weight (kg) divided by body mass
weight (kg) × 100. The fat mass index (FMI) was calculated as fat mass weight (kg) divided
by height squared (m2). Waist circumference (cm) was measured horizontally around
the navel by lifting the shirt or jumper and lowering the belt or waistband in children.
Waist-to-height ratio (WHtR) was calculated as waist circumference (cm) divided by height
(cm).

Overweight/obesity in children was defined as having a BMI z-score ≥ 85th percentile
according to the United States Centers for Disease Control and Prevention (CDC) [20].
Secondary outcomes included an FMI or BF% at or above the 75th percentile for age and
sex as indicative of being overweight/obese [29,30], and abdominal obesity was defined by
WHtR ≥ 0.5 [31,32].

2.2.3. Covariates

The age of children and mothers was calculated to the nearest week from the date
of birth (DOB) and the interview date of LSAC wave 1. The child’s DOB and sex were
imported into LSAC from Medicare Australia’s enrolment database. Attending maternal
DOB was self-reported by parent questionnaire. The mother’s age at conception was
obtained by subtracting the child’s age from the mother’s age.

Additional covariates included birth weight (grams), gestational age (weeks), delivery
type (caesarean section/vaginal birth), assisted reproductive technology for conception
(yes/no), self-reported gestational diabetes (yes/no), and maternal smoking during preg-
nancy (yes/no) (Table S1).

2.3. Statistical Analysis

The outcome variable was a binary variable, which was defined as the presence or
absence of overweight/obesity. The Poisson regression models with robust variance er-
rors [33] were used to verify the independent association of postnatal risk factors (maternal
and paternal overweight/obesity during the child’s infancy, tobacco exposure, low family
SES, breastfeeding duration < 6 months, early introduction of solid foods, and RWG during
infancy) with the likelihood of childhood overweight/obesity. Subsequently, risk factor
scores were computed by summing each individual’s number of significant risk factors,
identified in the initial analysis.

The Poisson regression model with robust variance errors was applied to determine
the relative risk of overweight/obesity among children with cumulative risk scores, using
children with risk scores of 0–1 as the reference group. Model 1 was adjusted for maternal
age at conception, child’s sex and age at measurement, and birth weight. To examine
whether these associations could be explained by prenatal factors, model 2 was further
adjusted for the child’s gestational age, delivery type (caesarean section/vaginal birth),
assisted reproductive technology for conception, maternal smoking during pregnancy,
maternal gestational diabetes, and child’s age of solid foods introduction. To quantify the
predicted probability of overweight/obesity, we employed parameter estimates derived
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from multivariate logistic regression, fixing non-modifiable factors at mean values of the
cohort’s maternal age and child’s birth weight to represent a “typical” participant profile.

The additive- and multiplicative-scale interaction measures were assessed to examine
the interaction effects between pairs of risk factors on childhood overweight/obesity. The
attributable proportion (AP), relative excess risk due to interaction (RERI), and synergy
index (SI) were computed to elucidate additive interactions, thereby determining whether
combined exposures increased risk beyond the sum of single effects. Multiplicative interac-
tions were evaluated to ascertain if the combined risk factors augmented the risk beyond
their product [34].

We conducted sensitivity analyses using multiple imputation by chained equations to
account for missing data, creating 20 imputed datasets. These datasets were integrated and
analyzed in Stata using MI ESTIMATE to ensure the robustness of our findings.

All statistical analyses were performed in R 4.3. The statistical significance level is
defined as p < 0.05.

3. Results

Sample characteristics are shown in Table 1. Of the included children, the means of
maternal age, maternal BMI, and paternal BMI were 31.4 [standard deviation (SD) 4.8] years,
25.2 (SD 5.1) kg/m2, and 26.8 (SD 3.8) kg/m2, respectively; nearly half of the children were
girls (49.0%), and the mean age of children was 11.5 (SD 0.5) years; 36.0% had breastfeeding
duration < 6 months, and 7.7% had solid foods introduction < 4 months. The mean BMI,
FMI, BF%, and WHtR of children were 19.2 (SD 3.4) kg/m2, 4.4 (SD 2.6) kg/m2, 21.7 (SD
8.4) %, and 0.4 (SD 0.1), respectively.

In the analyses of the single risk factor, maternal overweight/obesity [RR: 2.37 (95%
confidence interval (CI): 1.97, 2.87)], paternal overweight/obesity [RR: 1.77 (1.39, 2.25)],
tobacco exposure [RR: 1.76 (1.36, 2.29)], breastfeeding duration < 6 months [RR: 1.24
(1.03, 1.48)], RWG [RR: 1.54 (1.26, 1.89)], and low family SES [RR: 1.51 (1.27, 1.79)] was
individually and significantly associated with the risk of overweight/obesity in children
aged 11–12 years. These risk factors are similarly related to high FMI, BF%, and WHtR,
except that the breastfeeding duration < 6 months was not associated with BF%, and
early introduction of solid foods was not statistically associated with any of the four
children’s overweight/obesity outcomes (Table S2). Therefore, we calculated the postnatal
risk factor scores based on six factors except for the early introduction of solid foods. A
total of 942 children had available data on all the risk factors and were included in the
subsequent analyses: 354 (37.6%) children had zero or one postnatal risk score, 273 (29.0%)
had two risk scores, 187 (19.8%) had three risk scores, and 128 (13.6%) had four or more risk
scores. Characteristics of study participants according to the postnatal risk factor scores are
shown in Table S3. Most characteristics were comparable between the included and the
non-included children (Table S4).

In the unadjusted and adjusted models, we all observed that children with higher
risk scores had an increased risk of overweight/obesity (p-for-trend < 0.001 for all). In the
adjusted model 1, compared with those with 0–1 risk scores, the children with 4–6 risk
scores had 4.30 (95%CI: 2.98, 6.21) times higher risk of being overweight/obese; the RR for
high FMI, BF%, and WHtR were 7.31 (3.97, 13.45), 4.41 (3.00, 6.50), and 6.52 (3.33, 12.74),
respectively (Table 2 and Figure 2); a similar magnitude of results was observed in the
adjusted model 2 (Table 2).
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Table 1. Characteristics of study participants.

Characteristics Total (n = 1869)

Mothers
Age (years) 31.4 ± 4.8 a

Maternal pregnancy age (n, %)
≥35 years 464 (25.3)
<35 years 1367 (74.7)

Maternal BMI during the child’s infancy (kg/m2) 25.2 ± 5.1
Maternal overweight/obesity during the child’s

infancy b (n, %)
BMI ≥ 25.0 kg/m2 948 (58.6)
BMI < 25.0 kg/m2 669 (41.4)

Gestational diabetes (n, %)
Yes 95 (5.6)
No 1601 (94.4)

Maternal smoking during pregnancy (n, %)
Yes 202 (11.9)
No 1501 (88.1)

Fathers
Paternal BMI during the child’s infancy (kg/m2) 26.8 ± 3.8
Paternal overweight/obesity during the child’s

infancy (n, %)
BMI ≥ 25.0 kg/m2 488 (33.3)
BMI < 25.0 kg/m2 976 (66.7)

Children
Sex (girls, %) 919 (49.0)
Gestational age (weeks) 39.2 ± 2.0
Age at CheckPoint (years) 11.5 ± 0.5
Birth weight (grams) 3443.9 ± 570.0
Delivered by cesarean section (n, %)

Yes 560 (29.9)
No 1313 (70.1)

Child with assisted reproductive technology (n, %)
Yes 135 (7.2)
No 1737 (92.8)

Duration of breastfeeding (n, %)
≥6 months 1059 (64.0)
<6 months 595 (36.0)

Time of solid foods introduction (n, %)
≥4 months 1605 (92.3)
<4 months 134 (7.7)

Tobacco exposure during infancy (n, %)
Yes 107 (6.2)
No 1612 (93.8)

Increment of weight z-score during infancy 0.4 ± 0.5
BMI at 11–12 years (kg/m2) 19.2 ± 3.4
FMI at 11–12 years (kg/m2) 4.4 ± 2.6
BF% at 11–12 years (%) 21.7 ± 8.4
WHtR at 11–12 years 0.4 ± 0.1

Family socioeconomic score 0.3 ± 1.0
a Mean ± SD or n (%); b BMI category was based on the WHO’s criteria: BMI < 25.0 kg/m2 Normal and
underweight; BMI ≥ 25.0 kg/m2 as overweight and obese. BMI: body mass index; FMI: fat mass index; BF%:
body fat percentage; WHtR: waist-to-height ratio.
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Table 2. Associations of the number of postnatal risk factor scores with overweight/obesity risks in
11–12-year-old children (n = 942).

Unadjusted Model Adjusted Model 1 Adjusted Model 2

Number of Risk
Factors RR (95%CI) p-Value RR (95%CI) p-Value RR (95%CI) p-Value

Primary Outcome
for Children
Overweight or
obesity a

2 risk scores 2.34 (1.62 to 3.39) <0.001 2.40 (1.66 to
3.46) <0.001 2.49 (1.70 to

3.64) <0.001

3 risk scores 2.77 (1.90 to 4.05) <0.001 2.85 (1.96 to
4.14) <0.001 2.89 (1.95 to

4.29) <0.001

≥4 risk scores 3.92 (2.70 to 5.68) <0.001 4.30 (2.98 to
6.21) <0.001 4.32 (2.91 to

6.41) <0.001

p-for-trend <0.001 <0.001 <0.001
Secondary
Outcomes for
Children
Fat mass index
(≥75th) b

2 risk scores 2.64 (1.39 to 5.04) <0.01 2.72 (1.43 to
5.17) <0.01 2.69 (1.39 to

5.21) <0.01

3 risk scores 4.45 (2.38 to 8.31) <0.001 4.59 (2.46 to
8.55) <0.001 4.10 (2.11 to

7.98) <0.001

≥4 risk scores 6.69 (3.61 to 12.39) <0.001 7.31 (3.97 to
13.45) <0.001 6.59 (3.42 to

12.69) <0.001

p-for-trend <0.001 <0.001 <0.001
Body fat percentage
(≥75th) b

2 risk scores 2.25 (1.52 to 3.32) <0.001 2.30 (1.56 to
3.41) <0.001 2.29 (1.54 to

3.40) <0.001

3 risk scores 2.61 (1.74 to 3.91) <0.001 2.68 (1.79 to
4.01) <0.001 2.43 (1.59 to

3.70) <0.001

≥4 risk scores 4.09 (2.78 to 6.03) <0.001 4.41 (3.00 to
6.50) <0.001 4.19 (2.78 to

6.30) <0.001

p-for-trend <0.001 <0.001 <0.001
Waist-to-height
ratio (≥0.5)

2 risk scores 2.18 (1.05 to 4.53) 0.04 2.26 (1.09 to
4.69) 0.03 2.19 (1.03 to

4.65) 0.05

3 risk scores 4.73 (2.40 to 9.32) <0.001 4.75 (2.43 to
9.30) <0.001 4.00 (1.97 to

8.13) <0.001

≥4 risk scores 6.05 (3.04 to 12.03) <0.001 6.52 (3.33 to
12.74) <0.001 5.23 (2.53 to

10.80) <0.001

p-for-trend <0.001 <0.001 <0.001

All effect estimates are referenced to children with 0–1 risk factor (n = 354). Six risk factors are maternal and
paternal overweight/obesity during the child’s infancy, low family socioeconomic score, breastfeeding duration
< 6 months, rapid weight gain during infancy, and tobacco exposure. a Age- and sex-specific body mass index
(BMI) z scores were calculated using the Centers for Disease Control and Prevention sex-specific BMI-for-age
growth charts from 2000, having a healthy weight was defined as having a BMI z score < 85th percentile, and
having overweight/obesity was defined as having a BMI z scores ≥ 85th percentile for age and sex. b Participants
with a body fat percentage (BF%) and/or fat mass index (FMI) greater than or equal to the age- and gender-
specific 75th percentile was classified as overweight/obese, according to published reference Curves for American
National Health and Nutrition Examination Survey (NHANES) IV for BF% and FMI. Adjusted model 1: adjusted
for maternal age at conception, child’s sex, age at measurement, and birth weight. Adjusted model 2: model 1 +
adjusted for the child’s gestational age, delivery by cesarean section (yes or no), assisted reproductive technology
for conception (yes or no), time of solid foods introduction (≥4 months or <4 months), maternal smoking during
pregnancy (yes or no), and maternal gestational diabetes (yes or no). RR: relative risk. CI: confidence interval.
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Figure 2. Associations of the number of risk factor scores with overweight/obesity risks in children
aged 11–12 years (n = 942). All modes were adjusted for maternal age at conception, child’s sex, age
at measurement, and birth weight. “•” indicated the baseline reference for the four outcomes. BMI:
body mass index.

We further examined if there are interactions between two postnatal risk factors with
the risk of overweight/obesity in children. Maternal overweight/obesity and breastfeeding
duration < 6 months had addictive and multiplicative interactions on the risk of childhood
overweight/obesity (Table S6), with all additive interaction indices (AP 0.39, 95%CI: 0.17–0.56;
RERI 1.00, 95%CI: 0.41–1.56; SI 2.74, 95%CI: 1.12–6.72) and multiplicative interaction (RR:
2.37, 95%CI: 1.33–4.22) were statistically significant in adjusted model 1. These associations
remained significant in the unadjusted model and adjusted model 3, which adjusted for some
common prenatal factors. Tables S7–S9 show significant multiplicative interactions between
maternal overweight/obesity and paternal overweight/obesity, paternal overweight/obesity
and low family SES, and maternal overweight/obesity and tobacco exposure on the risk of
childhood overweight/obesity, respectively.

The comparison between the imputed and available data set for the analytic sample is
presented in Table S10. Sensitivity analyses showed similar associations of the postnatal
risk factor scores with overweight/obesity risks in late childhood after using multiple
imputations (Table S11 and Figure S1).

Table S5 shows the adjusted predicted probability of childhood overweight/obesity
for all 64 combinations of the six postnatal risk factors: the probabilities ranged from 6.6%
(4.0, 9.2) (with no risk factors) to 62.7% (45.3, 80.1) (with all six risk factors). Figure 3
shows the adjusted predicted probability of a child with overweight/obesity for each
postnatal risk factor, as well as the minimum and maximum combinations of exposure to
two, three, four, five, and six postnatal risk factors. For every single risk factor, the adjusted
probability of overweight/obesity at 11–12 years ranged from 7.9% (4.2, 11.6) to 18.3% (11.7,
24.8). Maternal or paternal overweight/obesity accounted for 18.3% (11.7, 24.8) and 12.9%
(9.2, 16.6), respectively, which contributed most to the adjusted predicted probabilities of
childhood overweight/obesity, compared with other individual risk factors (Figure 3).
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4. Discussion

In this longitudinal study, we observed that maternal and paternal overweight/obesity
during the child’s infancy, tobacco exposure, breastfeeding duration < 6 months, RWG,
during infancy, and low family SES were individually and significantly associated with
four overweight/obesity indices. On analyzing the cumulative risks of these factors, which
we aggregated into risk factor scores, we found that children with a postnatal risk score of
4 or more had a more than four-fold higher risk of being overweight/obese compared with
children with a postnatal risk score of 0–1. And these cumulative risks were not influenced
by the further adjustment of prenatal risk factors. In analyzing the interactive risk effects
of these factors, we found that maternal overweight/obesity and breastfeeding duration
< 6 months showed positive additive and multiplicative interactions on the risk of childhood
overweight/obesity.

Our study highlights the postnatal period (children from birth to the age two) as an
important window for childhood overweight/obesity prevention [35]. According to the
Developmental Origins of Health and Disease hypothesis, exposure from birth to two years
of age also affects the risk of future obesity risk [36]. More studies have examined risk
factors exposed before the child’s birth than postnatal exposure [37–39]. Our study adjusted
many typical prenatal factors that have been shown in other studies to strongly influence
the risk of childhood overweight/obesity (such as maternal gestational diabetes [40,41],
cesarean delivery [42,43], and macrosomia [44–46], small for gestational age [47].), and we
still found the significant effect of postnatal risk factors on the risk of childhood obesity.

Some evidence showed that short breastfeeding duration [48–50], RWG [51,52], and lower
family SES [53–55] are risk factors for childhood obesity, and our findings are in line with
the literature. The relationship between tobacco exposure and childhood obesity, particularly
postnatal exposure, is less commonly studied but we found that children were nearly 1.5 times
more likely to be overweight/obese in childhood if someone smoked in the family. This
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was consistent with German research; tobacco exposure in children’s first year of life was
positively associated with being overweight at age 6 years [OR: 2.94 (95% CI: 1.30, 6.67)] [56].
We further adjusted for maternal smoking during pregnancy, and the findings did not change.
This indicates that infants may be more vulnerable to environmental tobacco exposure in the
postnatal period. We did not find a significant association between the early introduction of
solid foods < 4 months and the risk of childhood overweight/obesity, and there were mixed
findings in the timing of solid foods introduction and childhood overweight/obesity [57].
It is noteworthy that parental overweight/obesity during the child’s infancy showed the
largest effect on the risk of childhood overweight/obesity in our study, which is in line with
the Growing Up in Singapore Towards Healthy Outcomes study [39]; children exposed to
maternal or paternal overweight/obesity had the largest adjusted predicted probability of
overweight/obesity (18.3% and 12.9%, respectively) at aged 11–12 years in our study. It
is reported that the obesity-related behaviors of overweight/obese parents could influence
the physiologic programming of the infant or children’s early life behaviors, leading to
unhealthy weight trajectories among children [58,59]. This finding aligns with the concept
of intergenerational transmission of obesity risk, emphasizing the need for family-centered
prevention strategies.

Our results are consistent with an accumulation model with risk clustering, which
suggests that the accumulation of different types of exposures (such as familial, socioeco-
nomic, and behavioral) may cause long-term damage [60]. Those with more risk factors are
more likely to become obese in late childhood. The adjusted predicted probability of being
overweight/obese at 11–12 years ranged from 6.6% (with no risk factors) to 62.7% (with all
risk factors). In our study, about half of children have 2–3 risk factors. For example, if a
child has three risk factors, such as both parental overweight/obesity and tobacco exposure,
the likelihood of being overweight/obese will increase to 41%, compared to 6.6% in those
without risk factors. Therefore, we should take action to minimize postnatal risk factors to
reduce the probability of childhood obesity.

In the interaction tests, we found additive and multiplicative interaction effects
of maternal overweight/obesity during the child’s infancy and breastfeeding duration
< 6 months, and multiplicative interactions between maternal overweight/obesity and pa-
ternal overweight/obesity during the child’s infancy, low family SES, and tobacco exposure.
This means when offspring are exposed to multiple postnatal risk factors early in life, their
risk of being overweight/obese in late childhood would be higher than a single exposure.
This informs prevention effects should be applied through multiple levels during infancy.

Our findings highlight the pivotal role of simultaneous intervention in multiple post-
natal risk factors in preventing future risk of overweight/obesity. On one hand, from birth
to the age two would be a vital window, when behaviors are modifiable and physiologic
characteristics are plastic [38]. A recent systematic review found that 60% of interventions
targeting childhood obesity prevention in the first 1000 days ended when children were
born [12], suggesting a missed opportunity to intervene in obesity during infancy. On the
other hand, most intervention studies only address early risk factors individually rather
than in combination, with limited potential beneficial effects on lowering children’s risk of
overweight/obesity [61–63].

Our study has several strengths. Using a longitudinal study design with a large sample
size and over a decade of follow-up allows us to conclude the long-term adverse effects
of postnatal risk factors on the risk of childhood overweight/obesity. Postnatal life risk
factors investigated in this study are representative. Our study also measured multiple over-
weight/obesity indices, including BMI, FMI, BF%, and WHtR, to comprehensively estimate
the associations, which showed similar results to support the robustness of our findings.

Several limitations warrant further consideration. First, there is an under-representation
of very disadvantaged families due to selective uptake of CheckPoint and attrition in LSAC.
We conducted multiple imputations and performed a sensitivity analysis, and similar
results were seen. Second, when collecting data on breastfeeding duration, we did not dis-
tinguish between exclusive and non-exclusive breastfeeding, which might lead to residual
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bias. Third, several exposures, such as parents’ BMI, and breastfeeding duration, were
self-reported, which might lead to recall bias. Nevertheless, evidence suggests self-reported
BMI correlates highly with actual measurements in adults, which is acceptable for longitudi-
nal epidemiologic research [64]; and self-reported data on breastfeeding duration was valid
and reliable, when recalled within three years [65]. Although our study provides insights
into various postnatal risk factors for childhood obesity, other unmeasured risk factors,
such as sleep patterns during infancy, deserve further exploration of their cumulative
effects on childhood obesity in future studies.

5. Conclusions

Our study confirms that multiple modifiable postnatal risk factors including maternal
and paternal overweight/obesity during the child’s infancy, tobacco exposure, low family
SES, breastfeeding duration < 6 months, and RWG during infancy, significantly associated
with the risk of childhood overweight/obesity, of which parental overweight/obesity
during the child’s infancy impacted the most. The risk of childhood overweight/obesity
increases with the number of risk factors. These findings underscore the critical nature of
the postnatal period, from birth to the age two, as an intervention opportunity to lower the
risk of being overweight/obesity later in childhood. Based on the evidence, we conclude
that simultaneous intervention in various modifiable postnatal risk factors could be a more
effective strategy for preventing obesity in children.
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