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ABSTRACT

Background: Early-life exposures might negatively affect fetal and infant development, predisposing children to obesity. This
study aimed to systematically identify and evaluate risk factors for childhood obesity in preconception, pregnancy, and infancy,
and assess their potential for future prediction and prevention strategies.

Methods: This systematic review (PROSPERO, CRD42022355152) included longitudinal studies from selected electronic da-
tabases published between inception and August 17th, 2022, identifying maternal, paternal, or infant risk factors from pre-
conception until infancy for childhood obesity between 2 and 18years. Screening and data extraction were conducted using
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standardized forms. We assessed risk factor quality on modifiability and predictive power using a piloted criteria template from

ILSI-Europe-Marker-Validation-Initiative.

Findings: We identified 172 publications from observational and five publications from intervention studies involving
n=1,879,971 children from 37, predominantly high-income, countries. Average reported childhood obesity prevalence was 11.1%.
Pregnancy and infancy risk factors were mostly studied. We identified 59 potential risk factors; 23 were consistently associated.

Strongest risk factors were: higher maternal prepregnancy weight (n=28/31 publications with positive associations), higher

gestational weight gain (n=18/21), maternal smoking during pregnancy (n=23/29), higher birth weight (n =20/28), large-size-

for-gestational-age-at-birth (n =17/18), no breastfeeding (n =20/31), and higher infant weight gain (n=12/12). Level of evidence

was generally moderate due to unreliable exposure measurement, short follow-up/loss to follow-up, and risk of confounding.
Interpretation: We identified seven early-life risk factors, which were strongly associated with childhood obesity, and can
contribute to future prediction and prevention strategies. These findings support the implementation of prevention strategies

targeting these risk factors from a clinical and population perspective, where possible integrated with implementation studies.

1 | Introduction

Childhood obesity is a major public health challenge [1]. Childhood
obesity rates have rapidly increased over the past decades and
continue to rise worldwide [2]. Childhood obesity is related to in-
creased risks of noncommunicable diseases, such as hypertension,
Type 2 diabetes, and mental health disorders from childhood on-
wards, leads to a reduced quality of life, and large economic and
societal burdens [3-5]. Accumulating evidence suggests that high
susceptibility to obesity might already originate in early life. The
Developmental Origins of Health and Disease (DOHaD) hypothe-
sis states that in the early stages of human development, individ-
uals are particularly vulnerable to an adverse environment [6].
During preconception, egg cell maturation and sperm production
occur. After conception, fetal life and early infancy are character-
ized by rapid cell division, organ development, and rapid growth.
These stages define the blueprint of later health and disease, and
adverse maternal, paternal, and infant exposures during these
critical developmental periods might predispose an individual to
an increased risk of obesity in later life. Thus far, most studies and
subsequent systematic reviews have focused on single early-life
risk factors for childhood obesity, such as maternal obesity [7] or
exposure to endocrine disruptors and phthalates [8] or focused on
selected populations [9]. However, it is well known that risk factors
often cluster within families and may have accumulative adverse
effects on childhood obesity development [10]. Two previous sys-
tematic reviews conducted by the same research group from over
a decade ago, including observational and intervention studies,
identified several risk factors for childhood overweight and obesity
in the first 1000days of life, with a specific focus on risk factors in
pregnancy and infancy [11, 12]. These systematic reviews included
overweight and obesity into a single outcome, measured from the
age of 6months onwards. However, from a clinical and public
health perspective, especially childhood obesity from school-age
onwards is a major risk factor for comorbidities in childhood and
adulthood and premature mortality in adulthood [3, 13-15]. These
systematic reviews also did not specifically include the preconcep-
tion period, which has increasingly been recognized as a potential
critical period for childhood obesity development in the past few
years, and research in this area is quickly expanding [16].

As the prevalence of childhood obesity is rising at an alarming
pace across the world, an up-to-date systematic review across pop-
ulations worldwide of potential early-life risk factors for childhood

obesity from preconception until infancy, thereby covering the full
first 1000days of life, is urgently needed to enable the development
of improved prevention strategies with better early prediction of
childhood obesity risk and potential novel modifiable targets for
interventions at an individual and population level.

Therefore, we conducted a systematic review to first identify risk
factors for childhood obesity in the preconception period, preg-
nancy, and infancy, thereby covering the critical first 1,000days
of life. Second, we aimed to assess the quality of potential crucial
early-life risk factors for the prediction of childhood obesity risk
and as potential modifiable targets for future prevention strategies.

2 | Methods
2.1 | Systematic Review Protocol Development

This study was part of a large collaborative effort to perform
a systematic review of risk factors in the first 1000days of life
for the development of various childhood cardiometabolic
disorders. We developed a systematic review protocol to com-
prehensively include and evaluate individual research studies
reporting on risk factors and noninvasive biomarkers during
preconception, pregnancy, and infancy for the development
of various child and adolescent cardiometabolic disorders. For
this study, we aimed to identify longitudinal observational or
intervention studies that focused on association studies or pre-
diction studies for early-risk factors for childhood obesity be-
tween 2 and 18 years.

Risk factors and noninvasive biomarkers of interest, hereafter
also referred to as “risk factors,” included sociodemographic
factors, lifestyle factors, including psychological factors, phys-
ical factors, environmental factors, pregnancy-related factors,
and noninvasive biomarkers. Noninvasive biomarkers included
biomarkers obtained from saliva, fecal material, urine, hair, or
cord blood; for example, metabolite or microbiome profiles, or
miRNA-expression patterns. We were interested in risk factors
in mothers, fathers, and offspring obtained during the crucial
periods: preconception, pregnancy, and infancy until 2years,
together covering the first 1000days of life. The outcome of
interest was self-reported, physician, or researcher-diagnosed
obesity.
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2.2 | Information Sources, Search Strategy,
Screening, and Eligibility Criteria

We registered our search strategy and systematic review pro-
tocol to PROSPERO CRD42022355152. We developed search
terms for Medline, EMBASE, Web of Science, SCOPUS, and
Cochrane CENTRAL (Text S1) for eligible citations published in
the English language through August 17th, 2022. We included
prospective and retrospective longitudinal observational studies
identifying (nonmodifiable and modifiable) risk factors during
preconception, pregnancy, and infancy of incident offspring
outcomes of interest, and intervention studies prospectively
comparing treatment effects on the outcomes of interest. For the
definition of the preconception period, we followed the defini-
tions used by the included studies. The majority of the studies
defined the preconception period as the 3 months prior to con-
ception or the period when women or couples are actively try-
ing to conceive. We excluded cross-sectional studies and studies
among diseased populations only. Additional exclusion criteria
were studies with offspring outcomes before the age of 2years,
studies reporting only intermediate phenotypes or continuous
traits such as weight or BMI on a continuous scale, or studies
that only assessed endpoints outside of the cardiometabolic out-
comes of interest. Two independent reviewers screened at the
title and abstract level. For accepted citations, two independent
reviewers screened the full manuscripts. Conflicts at all screen-
ing stages were resolved by a third reviewer. Conflicts that were
not resolved by the third reviewer were discussed in the full
group. All screenings were conducted in the Covidence online
systematic review tracking platform.

2.3 | Data Extraction and Synthesis Methods

We developed and piloted a data extraction template for eligible
manuscripts, which included manuscript information, study-
level details and design, population enrollment and charac-
teristics, exposure and outcome ascertainment and diagnosis
criteria, and age at offspring outcome assessment. We classified
exposures in eight broad categories: (i) parental lifestyle factors,
(ii) parental physical factors, (iii) environmental factors, (iv)
pregnancy-related factors, (v) birth anthropometrics, (vi) feed-
ing patterns, (vii) infant anthropometrics, and (viii) cord blood
biomarkers. When studies examined more than one risk factor,
findings for each risk factor were assessed and presented sep-
arately. Direction of effects was harmonized between studies
to present summarized results. When multiple publications on
different risk factors originated from the same trial or cohort,
the cohort or trial was counted only once in the total sample size
calculation. The largest sample size of each cohort or trial was
included. Our final sample size estimate thus reflects the num-
ber of unique individuals from unique cohorts and trials.

2.4 | Risk of Bias Assessment for Quality
and Certainty Assessment

We assessed the quality of each study using the Joanna Briggs
Institute (JBI) critical appraisal tools for cohort studies, case-
control studies, and randomized controlled trials (RCTs) [17]. A
detailed description of how the JBI criteria were applied in our

review is provided in Table S1. For cohort and case—control stud-
ies, we assessed quality based on 11 and 9 items, respectively,
that evaluated population recruitment, exposure and outcome
ascertainment, confounding, statistical methodology, and fol-
low-up. For the RCTs, we evaluated 11 items that assessed se-
lection and allocation, intervention, administration, outcome
ascertainment, follow-up, and statistical analysis. JBI items
were categorized as “Yes,” “No,” “Unclear,” or “Not applicable”
following established guidelines. Any uncertainty in assessment
was further discussed by the full research team until consensus
was reached. Studies with overall scores of 50% or less on ques-
tions answered with “Yes,” 50% until 70% of questions answered
with “Yes,” and 70% or more of questions answered with “Yes”
were considered low, moderate, and high quality, respectively.

2.5 | Quality Assessment of Risk Factors
for Prediction and Prevention

For the quality assessment of the risk factors, we developed
and piloted a criteria template for risk factor quality assessment
based on the ILSI Europe Marker Validation Initiative [18]. This
approach was previously developed by a multidisciplinary in-
ternational Expert Group to set out and test criteria designed
to aid the evaluation of candidate markers for their usefulness
in nutrition research [18]. This marker assessment tool enables
researchers to evaluate and compare different candidate mark-
ers within the same field of research to identify their relative
usefulness, and allows the ranking to be modified according to
the research setting and field. We defined the definitions of the
ranking of the criteria in the planning stage of our systematic
review with our full expert group.

Due to the large heterogeneity of the identified publications, we
used a stepwise approach for the quality assessment of the risk
factors. First, we took forward those risk factors we considered
consistently associated with childhood obesity for quality assess-
ment. To reduce the risk of neglecting novel, less frequently stud-
ied risk factors, we defined a consistently associated risk factor as
a risk factor for which over 50% of studies reported an association
in the same direction, in at least two studies of moderate or high
quality [19]. Second, the early-life risk factors, which were con-
sistently associated with childhood obesity, were scored on their
methodological aspects, reflection of the study objective, potential
use for prediction, and potential for modifiability by interventions
based on the ILSI Europe Marker Validation Initiative [18]. Risk
factors were scored by three independent reviewers at four differ-
ent levels based on the criteria: very strong, strong, medium, and
low. The classification and definitions for the ranking are given in
Table S2. Conflicts were discussed in the full group until consen-
sus was reached. Briefly, methodological aspects included repro-
ducibility, accuracy, standardization, stability, technical variation,
and biological variation of the risk factor. Reflection of the study
objective included that a change in the risk factor was linked with
a change in the endpoint in one or more target populations. Risk
factors were considered as potentially relevant for prediction based
on the consistency of associations in good quality studies [20]. Risk
factors scored strong if > 65% of studies reported an association in
the same direction in at least five moderate or high quality studies,
and very strong if >80% of studies reported an association in the
same direction in at least five moderate or high quality studies,
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respectively. Modifiability reflects the potential to design individ-
ual intervention strategies, and was based on two components:
theoretically modifiability and proven modifiability of the risk
factor based on intervention studies. A risk factor was considered
strong in modifiability if it scored strong or very strong on theoret-
ically modifiable (risk factor is modifiable on the individual level,
and implementation of modifications in daily life is complicated
or easy, respectively) and low on proven modifiability of the risk
factor in intervention studies (no intervention studies have been
conducted, or no potential effect of modification of the risk factor
has been found). Very strong on modifiability was considered if a
risk factor scored strong or very strong on theoretically modifiable
and at least medium on intervention studies targeting the risk fac-
tor (there is some evidence of potential effect of intervention on the
risk factor and outcome, but literature is controversial, or higher,
respectively). We considered those risk factors which scored strong
or very strong on methodological aspects, reflection of the study
objective, prediction, and modifiability as the strongest risk factors
for childhood obesity with the highest potential relevance for pre-
diction and prevention strategies.

3 | Results

3.1 | Study Selection and Participant
Characteristics

Figure 1 shows 35,584 publications were identified for screening
through searches of selected electronic databases. After remov-
ing 17,974 duplicates, 17,610 publications were subjected to title
and abstract screening by two independent reviewers; 16,059
publications were found to be irrelevant, and 1551 publications
underwent full text screening; 177 studies met the inclusion cri-
teria and were included in this review.

Publications included 165 based on cohort studies, seven based
on case—control studies, and five based on intervention studies
(Table 1). In preconception, pregnancy, and infancy, 34 (100%),
135 (98.5%), and 76 (96%) were publications based on observational
studies, respectively. Studies were performed between 1970 and
2022. Sample sizes varied from 50 to 155,411 participants, leading
to 1,879,971 children included in the final study sample. Fifty-nine
percent of publications measured childhood obesity between 2
and 6years, 25% between 6 and 10years, and 16% between 10 and
18years. The definition of childhood obesity differed between the
included studies; most commonly used were the criteria according
to the WHO, CDC, IOTF, and growth charts by Cole et al. The
majority of publications (80%) measured obesity via measure-
ments at research centres or medical records, 16% were based on
self-reported data, and 4% were unclear on how the outcome was
measured. Figure 2A shows that publications included data from
37 different countries, predominantly high-income countries. The
average reported prevalence of obesity was 11.1%, which ranged
from 0.9% in Peru to 19.6% in Finland (Figure 2B).

3.2 | Risk Factors for Childhood Obesity in
Preconception

We identified 34 publications from observational studies and no
RCTs that assessed six risk factors associated with childhood

obesity in the preconception period (Figure 3A,,B,, Table S3).
Maternal physical factors were most frequently studied. Nineteen
publications|24,34,37,46,47,55,59,82,94,96,101,117,129,133,134,
149, 184, 189, 196] based on observational studies reported that
higher maternal preconception weight was associated with an
increased risk of childhood obesity, whereas three publications
based on observational studies [78, 178, 190] found no associa-
tion. Sample sizes varied from 205 to 5156. All identified stud-
ies showed that maternal prepregnancy overweight or obesity
was associated with a higher risk of childhood obesity. Only
one study [145] reported paternal preconception overweight or
obesity as a risk factor for childhood obesity. Four publications
based on observational studies [37, 53, 127, 155] focused on the
associations of maternal lifestyle factors during preconception
with childhood obesity risk. Two observational studies [37, 155]
showed that maternal smoking in the preconception period
was associated with an increased risk of childhood obesity,
whereas no associations with the risk of childhood obesity were
reported for maternal preconception diet [37, 53] or physical
activity [37, 127].

3.3 | Risk Factors for Childhood Obesity During
Pregnancy

We identified 135 publications from observational studies and
two publications from RCTs that assessed 46 different risk
factors during pregnancy (Figure 3A,,B,, Table S3). Most fre-
quently studied characteristics were parental lifestyle fac-
tors and birth characteristics. Most risk factors were assessed
in mother and child. Only six publications reported paternal
data [34, 47, 75, 83, 188, 190].

Twenty-nine publications from observational studies fo-
cused on parental physical factors. The majority investigated
the association of (excessive) maternal gestational weight
gain with childhood obesity. Fourteen [30, 39, 59, 74, 82, 99,
101, 130-132, 148, 153, 184, 189] of 16 publications based
on observational studies reported that higher gestational
weight gain was associated with an increased risk of child-
hood obesity. Twenty-five [29, 34, 41, 42, 50, 67, 68, 78, 86,
99, 120, 125, 129, 134, 143, 145, 146, 148, 149, 153, 155, 157, 165,
179, 181] out of 31 publications from observational studies showed
that maternal smoking during pregnancy was associated with a
higher risk of childhood obesity. Ten publications from obser-
vational studies [31, 40, 46, 66, 77, 91, 95, 120, 125, 165] and one
RCT [27] on maternal diet during pregnancy reached no consen-
sus on the association with childhood obesity, partly because of
the diversity of diets investigated. No consistent evidence was
found for maternal age, socioeconomic status, ethnicity, parity,
employment, relationship status, psychological stress or disor-
ders, maternal or paternal education, and paternal age as risk
factors for childhood obesity. Lower household income was re-
ported within three [149, 187, 190] out of four publications from
observational studies as a risk factor for obesity in childhood.

Forty-nine publications focused on pregnancy complications
as risk factors for childhood obesity, mainly gestational
diabetes and mode of delivery. Gestational diabetes was
identified as a risk factor for childhood obesity in 12
[30, 49, 65, 68, 71, 76, 107, 108, 126, 133, 140, 141] out of
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35584 studies imported for
screening
R 17974 duplicates
] " removed
17610 eligible for full
title/abstract screening
16059 irrelevant
> with title/abstract
v screening
1551 eligible for full-text
screening
IR 1249 irrelevant
g with full-text
v screening
302 extracted
- 12 irrelevant

\ 4

outcomes with
extra screening

290 eligible for extractions

associations
43 irrelevant with
> extraction
v associations

247 final papers included

A\ 4

v

70 irrelevant with
cardiometabolic
outcomes

obesity outcomes

177 papers included with

FIGURE1 | Flowchart of publications included in systematic review.

21 publications based on observational studies. Within 14
[28, 30, 35, 56, 68, 80, 97, 124, 139, 148, 149, 159, 161, 194] out
of 22 studied populations, caesarean section was identified as
a risk factor for childhood obesity. Seven publications based on
observational studies [48, 56, 78, 114, 144, 153, 197] and one RCT
[147] reported no association between caesarean section and
childhood obesity.

The most commonly reported risk factor for childhood obe-
sity was birthweight, assessed continuously. Twenty [24,
46, 47, 54, 94, 99, 109, 110, 129, 137, 145, 154, 157, 162,
173, 177-179, 184, 197] of 28 publications from observa-
tional studies showed that a higher birthweight was associ-
ated with a higher risk of childhood obesity. Seventeen [33,
36, 61, 69, 83, 88, 92, 93, 98, 106, 117, 133, 135, 148, 149, 152, 171]

out of 18 publications based on observational studies identified
large for gestational age (LGA) as a risk factor for childhood
obesity. For small for gestational age (SGA) at birth, findings
were less consistent. Four publications from observational stud-
ies [32, 52, 154, 195] identified SGA as a risk for childhood obe-
sity; however, eight publications based on observational studies
[33, 44, 78, 96, 101, 133, 149, 152] reported that SGA was associ-
ated with a lower risk of childhood obesity. Most publications
based on observational studies assessing gestational age at birth
[30,70,116,129,178] or preterm and late-term birth [21, 99,121, 153]
reported no evidence for a higher risk of childhood obesity.

Only three publications [40, 160, 164] explored different cord
blood biomarkers in relation to childhood obesity. Risk fac-
tors were fatty acids [40], leptin and adiponectin [160], and
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A. Number of publications per country
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B. Reported childhood obesity prevalence per country
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FIGURE 2 | World map of the included publications. (A) Number of publications per country. (B) Reported childhood obesity prevalence per

country.

differences in metabolomics [164], and no consensus on associa-
tions with childhood obesity was reached.

3.4 | Risk Factors for Childhood Obesity During
Infancy

We identified 76 publications from observational studies
and three studies based on RCTs that assessed seven differ-
ent exposures during infancy (Figure 3A;, B,). The most fre-
quently studied characteristic was the feeding pattern. All
risk factors were assessed in the child. Twenty [33, 43, 68, 72,
78, 82, 90, 101, 118, 123, 136, 138, 153, 156, 157, 171, 176, 179,

182, 193] out of 30 publications based on observational stud-
ies on breastfeeding reported that a breastfed child had a
lower risk of obesity as compared to a non-breastfed child.
Furthermore, 15 publications based on observational studies
[26,41,60,72,81,99,115,116,122,146, 166, 172,176,180, 190] re-
ported that longer breastfeeding duration was associated with a
lower risk of childhood obesity; however, two publications based
onone RCT [112, 113] and 13 publications based on observational
studies [46, 50, 58, 70, 87, 89, 119, 128, 138, 158, 162, 178, 182]
did not report an effect of the duration of breastfeeding on child-
hood obesity. All 16 publications based on observational stud-
ies [22, 23, 44, 57, 93, 96, 101, 104, 121, 129, 148-150, 163, 168,
178] on body mass index (BMI) or weight gain during infancy
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FIGURE 3 | Overview of the identified early-life risk factors and the number of reported associations with childhood obesity. (A) Figure rep-
resents reported number of positive, negative, and null associations for each identified risk factor in all included publications. A positive association
indicates a significant increased risk for childhood obesity, a negative association indicates a significant decreased risk for childhood obesity and a
null association indicates no significant association. When studies examined more than one risk factor, findings for each risk factor were assessed
and presented separately. For presentation purposes, directions of effects were harmonized between studies to present summarized results. Maternal
psychological factors are harmonized under the name of “maternal psychological disorders.” (B) Figure represents reported number of positive, nega-
tive, and null associations for each identified risk factor in only moderate to high quality publications. Low quality publications were excluded. A pos-
itive association indicates a significant increased risk for childhood obesity, a negative association indicates a significant decreased risk for childhood
obesity and a null association indicates no significant association. When studies examined more than one risk factor, findings for each risk factor
were assessed and presented separately. For presentation purposes, directions of effects were harmonized between studies to present summarized
results. Maternal psychological factors are harmonized under the name of “maternal psychological disorders.”
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reported that higher infant BMI or weight gain was associated

with a higher risk of childhood obesity.

0 10 20

Number of Publications

included studies were of low quality, consisting of one RCT and

10 cohort studies. Figures SIA-C-S3A-D show the detailed bias
assessments for all included studies based on the JBI checklist.

3.5 | Risk of Bias Assessment for Quality

and Synthesis

3.6 | Quality Assessment of Risk Factors
for Prediction and Prevention

Level of evidence was generally scored as moderate quality,

mainly due to suboptimal assessment of the exposure or out-
come, inadequate blinding of participants and researchers in
RCTs, high risk of residual confounding, short duration of fol-
low-up, and high loss to follow-up (Figure 4). Six percent of

In total, we identified 23 risk factors consistently associated
with childhood obesity, which included: maternal prepreg-
nancy/pregnancy weight/overweight/obesity (hereafter mater-
nal prepregnancy and pregnancy weight status), prepregnancy/
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pregnancy smoking, caesarean section, gestational diabetes,
antibiotic use, education, household income, sleep duration,
gestational weight gain/excessive gestational weight gain

FIGURE 4 | Risk for bias in different domains*. Numbers and do-
mains based on JBI criteria and bias assessment; see Table S1 and
Figures S1A-C-S3A-D for details. (A) RCT studies, N=5 Publications.
(B) Case-control studies, N=7 Publications. (C) Cohort studies, N=165
Publications.

(hereafter maternal gestational weight gain), environmental
chemical exposure, paternal pregnancy weight/overweight/
obesity, continuous fetal growth, birthweight/high birthweight/
LGA, breastfeeding/duration of breastfeeding, milk formula
content, infant BMI/weight/and BMI/weight gain.

We evaluated the strength of these risk factors based on their
potential for prediction and prevention strategies (Figure S4).
In preconception, only maternal weight status scored strong or
very strong on methodological aspects, reflection of the study
objective, predictability, and modifiability. In pregnancy, mater-
nal smoking, weight status, gestational weight gain, and birth-
weight/LGA scored strong or higher on methodological aspects,
reflection of the study objective, prediction, and modifiability. In
infancy, only breastfeeding (yes) and infant BMI/weight change
scored strong or very strong for their methodological aspects, re-
flection of the study objective, potential as predictors, and to be
modifiable on an individual level.

4 | Discussion

In this systematic review, we identified 172 publications from
observational and five publications from intervention studies
from 37 countries that studied risk factors for childhood obe-
sity in the first 1000days of life. Most studies were performed
in high-income countries and focused on the identification of
risk factors in pregnancy. Twenty-three risk factors were con-
sistently associated with the risk of childhood obesity. Higher
maternal prepregnancy weight, higher gestational weight gain,
maternal smoking during pregnancy, higher birthweight, large
size for gestational age at birth, no breastfeeding, and higher in-
fant weight gain were the strongest risk factors for childhood
obesity and need to be considered in future prediction or pre-
vention strategies. The overall level of evidence was generally
moderate due to unreliable measurements of exposures, short
follow-up duration and loss to follow-up, and the risk of residual
confounding.

This review provides the most comprehensive, systematic, up-
to-date information on family-based risk factors for childhood
obesity from preconception until infancy, thereby covering the
full first 1000 days of life. Due to the large heterogeneity between
studies, we could not perform meta-analyses. Despite increasing
awareness of the importance of the preconception period for off-
spring health, only a remarkably low number of studies focused
on risk factors in this potential critical period. Maternal prepreg-
nancy weight status was consistently associated with childhood
obesity, but no consistent effects were found for other mater-
nal lifestyle factors. The transgenerational effects of increased
maternal prepregnancy weight on childhood obesity risk pose
a major public health concern, as obesity often progresses into
adulthood, subsequently causing increased risks for the next gen-
eration [198]. Only one publication focused on paternal factors
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and reported that higher paternal prepregnancy BMI was asso-
ciated with a higher childhood obesity risk [145]. Adverse pa-
ternal sociodemographic and lifestyle factors have already been
shown to be associated with adverse pregnancy outcomes [199].
Animal studies showed that multiple paternal factors from pre-
conception onwards are associated with an increased risk of
offspring obesity, with the strongest effects for paternal obesity,
hyperglycemia, and smoking [200]. The very limited number of
studies that focused on the preconception period may be related
to major research challenges. Couples actively planning preg-
nancy are a very difficult population to target, often not yet in
contact with health care professionals. Across the world, there
is a high diversity in awareness and coverage regarding precon-
ception care, and in those countries with preconception care,
attendance is generally low [201]. Not all couples included in a
preconception cohort will develop the outcome of interest, and
clearly long-term follow-up is needed, which results in the need
for a large study population from inclusion onwards, high risks
of attrition, and high costs. However, worldwide there are now
successful examples of preconception cohort studies, such as the
population-based Generation R Next Study [202], the tertiary
hospital-based Rotterdam Periconceptional Cohort (Predict
Study) [203], and the population-based Singapore Preconception
Study of Long-term Maternal and Child Outcomes (S-PRESTO)
[204], allowing future novel longitudinal studies on childhood
obesity development from preconception onwards. Strong in-
ternational collaboration is needed to share knowledge on the
set-up and management of preconception cohorts, to enable har-
monized data collection, and to collaborate in future large-scale
meta-analyses to identify novel and consistent preconception
risk factors for childhood obesity development.

As expected, pregnancy emerged as the most studied period for
childhood obesity risk, with most studies focusing on maternal
and fetal risk factors. Suboptimal maternal gestational weight
status and gestational weight gain were consistently associated
with the risk of childhood obesity. Gestational diabetes and ges-
tational hypertensive disorders tended to be associated with a
higher risk of childhood obesity, but this was not consistent in
moderate to high-quality studies. Indeed, a previous individual-
participant-data meta-analysis among 160,757 mother-offspring
pairs from European and North American birth cohorts also
reported that no effect of gestational diabetes or gestational
hypertensive disorders was present on childhood obesity after
adjustment for maternal prepregnancy BMI [205]. A higher
birthweight and LGA were strong risk factors for childhood
obesity, whereas associations for SGA and preterm birth were
inconclusive. Children born SGA may be constitutionally small
or have suffered from intra-uterine fetal growth restriction.
Differences in this pathophysiology may partly explain these in-
consistent findings [206]. A lower household income and lower
maternal and paternal education levels tended to be associated
with a higher risk of childhood obesity, but only inconsistently
in less than five studies of at least moderate quality. As these
findings are less consistent, generalizability is more difficult.
Possibly, these effects are more country-specific and influenced
by community and social support practices per region. Several
moderate and high-quality studies reported an association be-
tween cesarean section and a higher risk for childhood obesity.
All were publications based on observational studies, and the
only included RCT did not support that association, suggesting

that residual confounding may play a role in these observed as-
sociations. Maternal antibiotics during pregnancy were associ-
ated with childhood obesity in 50% of studies, but the number
of studies was low, and associations were only found in females
[151] or not in all investigated age groups [111, 183], so no gener-
alized conclusion can be drawn. No consistent associations were
present for maternal or paternal age, ethnicity, or parity.

In infancy, infant weight gain and feeding patterns were mostly
studied, with the strongest associations present for higher infant
weight or BMI gain with higher risks of obesity. Being breast-
fed and a longer duration of breastfeeding were associated with
lower risks of childhood obesity within the majority of reported
observational studies. The only two publications based on the
same RCT [112, 113] did not identify a significant association
between the duration of breastfeeding and childhood obesity.
It is possible that, because of the substantial overlap in breast-
feeding duration and exclusivity in the intervention and control
groups, the PROBIT trial intervention did not produce a suffi-
ciently large difference between the intervention and control
groups to detect differences in childhood obesity risk, caused
by increased duration and exclusivity of breastfeeding [112].
On the other hand, residual confounding may be an important
issue in observational studies, as the observed beneficial effects
of breastfeeding might be explained by the characteristics of the
families who choose to breastfeed, instead of the breastfeeding
itself [207]. It is remarkable that we identified no studies on the
role of different components of breastmilk and only three stud-
ies on differences in infant formula composition [90, 115, 186].

Our systematic review showed that many studies investigated
similar, well-established maternal and birth-related risk factors
for childhood obesity. We partly identified similar risk factors
for childhood obesity as two systematic reviews performed over
a decade ago [11, 12]. Due to the large heterogeneity between
studies, including the large variety of measured exposures and
their definitions, different study populations and study settings,
different ages and diagnostic cut-offs in outcome assessment,
and large differences in statistical approaches and adjustment
for confounders, we could not perform meta-analyses [208]. To
gain the most accurate and complete overview of the existing
literature on risk factors for childhood obesity, we included all
potential definitions of childhood obesity, as defined by indi-
vidual studies. Even though different reference charts to define
childhood obesity with assessments at different ages are useful
for country-specific research questions, our findings also clearly
highlight the urgent need for datasets with harmonized and
standardized data collection for both exposures and outcomes
in childhood obesity-related observational and intervention
research. This will enable large-scale collaborations and meta-
analyses, crucial for identification of novel risk factors, studies
on interactive effects between risk factors, subgroup analyses,
and the development of accurate, generalizable prediction mod-
els for childhood obesity. A very limited number of studies fo-
cused on paternal physical, lifestyle, and physiological factors
from preconception onwards, family-based environmental fac-
tors, or novel risk factors in infancy, such as responsive feeding,
screen time, or neurodevelopmental factors. Remarkably, we
also identified a major knowledge gap with regard to research
on novel non-invasive biomarkers for childhood obesity, even
though omics techniques have developed rapidly in the past
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decade. The majority of studies on novel biomarkers did not
meet our inclusion criteria, mainly due to cross-sectional study
designs, non-human study populations, and very short fol-
low-up with childhood obesity outcomes assessed before the age
of 2years. Clearly, there is large potential yet to be capitalized.
Evidence is increasing on the role of environmental exposures
in human health, and investigation of their role in the develop-
ment of childhood obesity is warranted, as they are ubiquitous
and represent a unique opportunity for governmental and polit-
ical intervention on a population level. Additionally, omics data,
including metabolomics, epigenomics, and genomics, may have
the potential to improve early-life risk prediction of childhood
obesity, especially when combined with advanced Al-based
modeling approaches. For example, one recent small study
among 30 children aged 1year observed stable DNA methylation
patterns in saliva from children that were associated with ad-
verse growth patterns in the first year of life, but effects on child-
hood obesity development remain to be studied [209]. Further
collaborative studies, moving beyond the standard risk factors
for childhood obesity, are urgently needed to identify detailed
patterns of non-invasive biomarkers associated with childhood
obesity in human populations.

Quality assessment of the included publications showed an
overall moderate quality, partly because of the methods used
for exposure and/or outcome measurements, high risk for resid-
ual confounding, short duration of follow-up, and high loss to
follow-up. Especially for exposure measurements, self-reported
questionnaires were widely used. They are easy to use for both
participants and researchers, accessible, and low in cost com-
pared to, for example, research visits to a dedicated research
centre, but also more prone to measurement error. Importantly,
the majority of the publications (80%) measured the outcome of
childhood obesity via measurements at research centres or med-
ical records. Ninety-seven percent of publications were based
on observational cohort or case—control studies. The major lim-
itation of these observational studies is confounding. Various
family-based socio-demographic, nutritional, lifestyle-related,
and genetic characteristics may explain specific observed asso-
ciations of early-life risk factors with childhood obesity devel-
opment. In approximately 40% of publications, adjustment for
confounders was inadequate, and even in publications with
adequate adjustment, residual confounding may be present.
Randomized controlled trials are considered as the gold stan-
dard for causality studies but are difficult to perform for many
of the early-life risk factors for childhood obesity development.
Randomized controlled trials focused on influencing determi-
nants of early-life risk factors, such as stimulating breastfeeding
in the PROBIT trial [112, 113] or optimizing maternal diet and
exercise to reduce excessive gestational weight gain [210], are
strategies to better study the impact and causality of these early-
life exposures on childhood obesity development. More sophis-
ticated study designs in observational studies also offer a way
forward to obtain further insight into the role of confounding
in the observed associations, including sibling comparison stud-
ies, maternal and paternal offspring comparison analyses, and
Mendelian randomization studies, but few have been performed
so far [211]. One large sibling comparison study examined the
associations between breastfeeding initiation, caesarean deliv-
ery, prenatal smoking, and gestational diabetes with childhood
obesity at ages 2 and Syears and concluded that unmeasured

genetic, environmental, and familial factors are likely confound-
ing the observed associations [68]. Conversely, a maternal-pa-
ternal-offspring comparison analysis showed that both higher
maternal and paternal prepregnancy BMI were associated with
childhood overweight and obesity at 6years, with stronger as-
sociations present for maternal prepregnancy BMI, suggesting
that maternal prepregnancy BMI may at least partly influence
offspring obesity risk through direct intrauterine mechanisms
[212]. Thus, improvements in future research can mainly be es-
tablished by investments in the exposure assessments, retention
strategies, approaches to minimize residual confounding with
detailed data collection on covariates, and use of sophisticated
observational study designs or by conducting well-designed in-
tervention studies targeting risk factors from preconception on-
wards with long-term offspring follow-up.

Despite the limitations of the identified evidence, our findings
are important from an etiological perspective and provide novel
insights to improve prediction and prevention strategies from the
start of life onwards. Animal studies strongly suggest that mater-
nal prepregnancy overweight and obesity, high gestational weight
gain, and smoking during pregnancy may change the intra-uterine
environment, affecting embryonic and fetal structural and func-
tional development, fat deposition, and the development of the
hypothalamic-endocrine system that controls appetite and energy
metabolism, predisposing children to a higher risk of obesity in
later life [198, 211, 213, 214]. High birth weight and childhood obe-
sity have been linked to substantial genetic pleiotropic effects, sug-
gesting a shared genetic basis in the regulation of birth weight and
childhood obesity [215]. Infancy reflects the greatest proportional
weight gain in postnatal life and might be a critical period for the
development of energy balance mechanisms. Early exposure to ex-
cess and dysfunctional fat mass might trigger the development of
metabolic changes in childhood [216]. These developmental pro-
gramming mechanisms may act in addition to the shared family-
based environment, with potential interactions between early-life
risk factors that together may contribute to the development of
childhood obesity [198].

The first 1000 days of life offer a unique opportunity for prevention,
because of parental motivation to make lifestyle changes to benefit
the health of their unborn child and because parents-to-be are in
contact with the health care system [16]. Improved risk selection
from the start of life onwards is critical to identify those families
who will benefit most from childhood obesity prevention strate-
gies. For risk selection, causality is not an issue as variables need
to have a strong predictive value regardless of whether a causal
relationship exists [20]. We identified several risk factors, which
are even already partly obtained in prenatal care, that may also aid
prediction strategies for childhood obesity from the start of life on-
wards, such as maternal prepregnancy obesity, maternal smoking,
and birth weight. In the past decades, multiple prediction models
to assess the risk of childhood overweight/obesity have been de-
veloped, but the majority of these models included risk factors ob-
tained during childhood and did not specifically focus on the first
1000days of life, with especially the preconception period not being
adequately used [217]. To model the complexity of joint effects and
the interaction of multiple risk factors related to childhood obesity,
more use of complex methods such as machine learning and arti-
ficial neural networks is needed. Subsequent prevention strategies
focused on improving the identified early-life risk factors from a
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clinical and population perspective are needed, targeting those
families at higher risk of offspring obesity, preferably integrated
with implementation studies to evaluate risk selection, interven-
tion effects, multi-risk factor intervention approaches versus single
risk factor intervention approaches, and to optimize intervention
delivery methods.

5 | Conclusion

We showed that 23 risk factors in early life are consistently as-
sociated with a higher risk of childhood obesity. Higher mater-
nal prepregnancy weight and gestational weight gain, maternal
smoking during pregnancy, higher birthweight and large-size-
for-gestational-age-at-birth, no breastfeeding, and higher infant
weight gain are most strongly related to childhood obesity risk.
These findings are relevant for early life risk prediction and in-
sight into the strongest potential modifiable factors from a clini-
cal, governmental, and industrial perspective.
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Supporting Information section. Text S1: Search terms for the
systematic review. Table S1: Handling of the JBI criteria. Table S2:
Criteria template for quality assessment of the risk factors. Table S3:
Associations of each early -life risk factor with childhood obesity per
critical period. Figure S1:-3. Bias assessment of the included studies.
Figure S4: Quality assessment of the 23 consistently associated risk
factors with childhood obesity*.
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