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Abstract

Background

Preterm birth is the leading cause of perinatal morbidity and mortality and is associated with
adverse developmental and long-term health outcomes, including several cardiometabolic
risk factors and outcomes. However, evidence about the association of preterm birth with
later body size derives mainly from studies using birth weight as a proxy of prematurity
rather than an actual length of gestation. We investigated the association of gestational age
(GA) at birth with body size from infancy through adolescence.

Methods and findings

We conducted a two-stage individual participant data (IPD) meta-analysis using data from
253,810 mother—child dyads from 16 general population-based cohort studies in Europe
(Denmark, Finland, France, Italy, Norway, Portugal, Spain, the Netherlands, United King-
dom), North America (Canada), and Australasia (Australia) to estimate the association of
GA with body mass index (BMI) and overweight (including obesity) adjusted for the following
maternal characteristics as potential confounders: education, height, prepregnancy BMI,
ethnic background, parity, smoking during pregnancy, age at child’s birth, gestational diabe-
tes and hypertension, and preeclampsia.

Pregnancy and birth cohort studies from the LifeCycle and the EUCAN-Connect projects
were invited and were eligible for inclusion if they had information on GA and minimum one
measurement of BMI between infancy and adolescence. Using a federated analytical tool
(DataSHIELD), we fitted linear and logistic regression models in each cohort separately with
a complete-case approach and combined the regression estimates and standard errors
through random-effects study-level meta-analysis providing an overall effect estimate at
early infancy (>0.0to 0.5 years), late infancy (>0.5 to 2.0 years), early childhood (>2.0t0 5.0
years), mid-childhood (>5.0 to 9.0 years), late childhood (>9.0 to 14.0 years), and adoles-
cence (>14.0to 19.0 years).

GA was positively associated with BMI in the first decade of life, with the greatest
increase in mean BMI z-score during early infancy (0.02, 95% confidence interval (Cl): 0.00;
0.05, p<0.05) per week of increase in GA, while in adolescence, preterm individuals
reached similar levels of BMI (0.00, 95% CI: -0.01; 0.01, p 0.9) as term counterparts. The
association between GA and overweight revealed a similar pattern of association with an
increase in odds ratio (OR) of overweight from late infancy through mid-childhood (OR 1.01
to 1.02) per week increase in GA. By adolescence, however, GA was slightly negatively
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associated with the risk of overweight (OR 0.98 [95% Cl: 0.97; 1.00], p 0.1) per week of
increase in GA. Although based on only four cohorts (n = 32,089) that reached the age of
adolescence, data suggest that individuals born very preterm may be at increased odds of
overweight (OR 1.46 [95% ClI: 1.03; 2.08], p < 0.05) compared with term counterparts.

Findings were consistent across cohorts and sensitivity analyses despite considerable
heterogeneity in cohort characteristics. However, residual confounding may be a limitation
in this study, while findings may be less generalisable to settings in low- and middle-income
countries.

Conclusions

This study based on data from infancy through adolescence from 16 cohort studies found
that GA may be important for body size in infancy, but the strength of association attenuates
consistently with age. By adolescence, preterm individuals have on average a similar mean
BMI to peers born at term.

Author summary

Why was this study done?

® Conditions and exposures in early life is suggested to play an important role in develop-
ment of cardiometabolic health outcomes, including body size.

® The majority of previous research focused on the impact of size at birth (i.e., birth
weight), rather than the timing of birth (i.e., gestational duration).

B Moreover, we know less about how different contextual factors influence associations
between early life risk factors and later body size.

What did the researchers do and find?

® Qur aim was to examine the association of gestational age with body mass index (BMI)
and overweight from infancy through adolescence.

® We used data from 16 cohort studies in Europe, North America, and Australasia,
including information on 253,810 mother—child dyads.

® We found that infants born preterm (<37 completed weeks of gestation) have a lower
BMI and lower risk of overweight in infancy than their term counterparts and that this
difference attenuates with age.

® In adolescence, BMI was similar between preterm and term peers, while there was an
indication of an increased risk of overweight in very preterm individuals.

What do these findings mean?

® QOur study suggests that, although being born early, preterm infants on average reach
the body size as their term peers before adulthood.
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® In line with earlier findings, children born very preterm may even be at increased risk of
overweight in adulthood, here already indicated at entrance to adulthood.

® This last finding must be interpreted with caution, as only four cohorts (n = 32,089)
contributed with data in adolescence.

® [n addition, our study is based on data from high-income countries; hence, the findings
are not generalisable to low- and middle-income country settings.

Introduction

Today, one in ten infants are born preterm (<37 completed weeks’ gestation) with an
increased risk of perinatal mortality and morbidity that may persist and develop over the life-
course [1,2,3]. Global estimates show an increase in preterm birth between 2000 and 2014, but
the proportions vary between countries [4].

Previous systematic reviews and meta-analyses [5,6,7] have reported an association of gesta-
tional age (GA) at birth with conventional cardiometabolic risk factors and outcomes, includ-
ing increased blood pressure, impaired glucose regulation, and insulin resistance in those born
preterm [8,9,10,11]. An infant born preterm adapts to extrauterine conditions entering a
phase of growth that possibly expresses a mismatch with the environment outside utero lead-
ing to alterations in body composition [12,13,14,15,16,17]. It has been hypothesised that these
changes increase susceptibility to being overweight for preterm birth through various path-
ways and mechanisms, including catch-up weight [16,18,19,20,21,22]. However, later body
size in preterm cohorts is not well characterised, and most studies define populations by birth
weight rather than actual length of gestation [17,23]. It is recognised that determinants and
consequences of gestational duration are quite different from those of foetal growth [23] and
that birth weight reflects both gestational duration and foetal growth [24], hence being a
potential intermediate variable on the causal pathway [25].

Studies have shown that infants born extremely (23 to 27 weeks gestation) and very preterm
(28 to 31 weeks gestation) typically experience postnatal growth failure followed by catch-up
weight and length gain within the first two years of life [20]. Growth in preterm children
remains different from that of full term peers through childhood and into school age
[26,27,28,29,30,31,32]. However, studies on growth in preterm cohorts across key stages of
growth development [33] and at more advanced GA are scarce [10,20,34]. Several methodo-
logical considerations and sample characteristics complicate the interpretation and compara-
bility of findings on the relationship between GA with later body size [5,6,35,36,37]. These
include differences in study design; using birth weight as a proxy for GA; sample size; age at
outcome; conditions under which variables are examined; type of statistical analysis; and avail-
ability of confounders.

In this study, we use the novel approach and unique opportunity of federated analysis of
individual participant data (IPD) in a secure manner provided by the EU Child Cohort Net-
work [38,39], an international network of European and Australasian birth cohort data. We
base our study on 16 cohorts and 253,810 mother-child dyads, which enables us to extend pre-
vious research by including information on repeated body size measures during a long follow-
up across a wide range of GA, and overcome the methodological limitations identified above.
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The overall aim of this study was to determine the association between GA (completed
weeks and clinical categories) and, respectively, body mass index (BMI) and overweight
(including obesity) from infancy through adolescence in birth cohort studies representing
diverse contexts.

Methods

Inclusion criteria and participating cohorts

In December 2019, we invited pregnancy and birth cohort studies within the EU Child Cohort
Network from the LifeCycle and cohorts from the EUCAN-Connect consortia [38,39,40].
Cohorts were eligible for inclusion if they had information for live-born singletons on GA and
at least one offspring measurement of BMI in one of six age-periods: early infancy (>0.0 to 0.5
years), late infancy (>0.5 to 2.0 years), early childhood (>2.0 to 5.0 years), mid-childhood
(>5.0 to 9.0 years), late childhood (>9.0 to 14.0 years), and adolescence (>14.0 to 19.0 years).
The following 16 cohorts participated in the study: Avon Longitudinal Study of Parents and
Children, UK (ALSPAC) (n = 10,452) [41]; All Our Families, Canada (AOF) (n = 2,263) [42];
Born in Bradford, UK (BiB) (n = 13,097) [43]; CHILD Cohort Study, Canada (CHILD) (n =
2,984) [44]; Danish National Birth Cohort, Denmark (DNBC) (n = 81,117) [45]; The EDEN
mother—child cohort on the prenatal and postnatal determinants of child health and develop-
ment, France (EDEN) (n = 1,765) [46]; French Longitudinal Study of Children, France (ELFE)
(n =15,506) [47]; The Generation 21 Birth Cohort, Portugal (G21) (n = 6,439) [48]; The
GECKO Drenthe Cohort, the Netherlands (GECKO) (n = 2,768) [49]; The Generation R
Study, the Netherlands (GEN R) (n = 8,641) [50]; The Environment and Childhood Project,
Spain (INMA) (n = 1,936) [51]; The Norwegian Mother, Father and Child Study, Norway
(MoBa) (n = 86,553) [52]; The Northern Finland Birth Cohort 1986, Finland (NFBC1986)
(n =8,325) [53,54,55]; The NINFEA (Nasita e INFanzia: gli Effetti dell’ Ambiente) birth cohort
study, Italy (NINFEA) (n = 6,515) [56]; The Raine Study, Australia (The Raine Study)
(n =2,443) [57]; and The Southampton Women Survey, UK (SWS) (n = 3,007) [58].

Data access and federated analysis on DataSHIELD

In this study, we used pseudonymised data stored on local secure data servers in their original
location [59,60,61,62] and harmonised according to protocols in the EU Child Cohort
Network [39]. Cohort-specific description about methods for ascertaining and defining vari-
ables are documented in the EU Child Cohort Network catalogue (https://data-catalogue.
molgeniscloud.org/catalogue/catalogue/#/) and the Maelstrom Catalogue (http://maelstrom-
research.org) for studies in LifeCycle and EUCAN-Connect, respectively. Data were analysed
remotely through the R-based and open-source software, DataSHIELD, which allows federated
analysis through one-stage and two-stage IPD meta-analysis approaches with active disclosure
controls [63,64,65,66]. Fourteen cohorts gave permission to analyse their data via Data-
SHIELD, and two cohorts (AOF, CHILD) via data transfer agreements.

Gestational age at birth

Information on GA (in days) was available as harmonised IPD with source of delivery infor-
mation obtained from medical records in the majority of cohorts (S1 Table and S1 Text). GA
was rounded to completed weeks and further categorised into five groups [67]: 28 to 33 weeks
(very preterm), 34 to 36 weeks (late preterm), 37 to 38 weeks (early term), 39 to 41 weeks (full
term), and 42 to 43 weeks (postterm).
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Offspring BMI and overweight and obesity

Information on height (cm) and weight (kg) was available as harmonised IPD measured in
either a clinical setting or self-reported by parents or index child (S1 Table). BMI was calcu-
lated as weight (kg)/(height (m))? [68], and sex-and-age specific BMI z-scores were calculated
per month using instructions from Vidmar and colleagues [69] and following the growth stan-
dard [70] and reference [71] from the World Health Organization (WHO). We defined over-
weight (including obesity) following WHO cutoffs, separately for children <5 years (>2
standard deviations above WHO Child Growth Standard median) and >5 years (>1 standard
deviation above WHO Growth Reference median). In several cohorts (ALSPAC, BiB, DNBC,
GEN R, INMA, NINFEA, NFBC1986, the Raine Study, SWS), multiple measurements of BMI
were available for the same child within one or more of the six age-groups. In such cases, the
latest available measurement within each age group was chosen.

Confounders

Confounders were selected a priori as factors that were known or plausible causes of variation
in GA and subsequent body size with a directed acyclic graph used in discussions to select the
final set of confounders (S1 Fig).

The resulting confounders were as follows: maternal education (ISCED-2011/97, low/
medium/high) (S1 Text) [72]; maternal height (continuous, m); maternal prepregnancy BMI
(continuous, kg/m?); maternal smoking during pregnancy (yes/no); maternal age at child’s
birth (continuous, years); gestational diabetes (yes/no); gestational hypertension (yes/no); pre-
eclampsia (yes/no); maternal ethnic background (western/nonwestern/mixed) (S1 Text); and
parity (nulliparous/parous). For the objective of this study, we did neither include birth weight
or puberty as they may distort interpretation of the results being intermediate variables on the
causal pathway [25].

Statistical analysis

Distributions of GA at birth, body size measures, and confounders were obtained for each
cohort separately and for all cohorts combined.

We conducted a two-stage meta-analysis to estimate associations between GA with BMI
and overweight, adjusted for confounders. We fitted a linear regression model to examine the
associations of GA in weeks and in clinical categories with BMI z-scores. Models were fitted in
each cohort separately, and cohort-specific coefficients and standard errors were combined
and assigned weights using random-effects model to attain overall effect estimates [66,73]. The
analyses were performed separately for the six age-groups (>0.0 to 0.5 years, >0.5 to 2.0 years,
>2.0 to 5.0 years, >5.0 to 9.0 years, >9.0 to 14.0 years, and >14.0 to 19.0 years). To examine
the associations between GA in weeks and in clinical categories and odds of overweight (com-
pared with normal weight), we used a binomial logistic regression model.

The main results are those from regression analyses adjusted for the maximum set of base-
line confounders available within each cohort. Models were adjusted for maternal age at child’s
birth, height, education, prepregnancy BMI, and parity in all cohorts. Models were addition-
ally adjusted for maternal ethnic background, gestational hypertension, gestational diabetes,
and preeclampsia in cohorts where these were available (Table 1).

Results are presented with 95% confidence intervals (CIs) and 12 statistics [74]. We exam-
ined between-study heterogeneity by meta-regression in meta-analyses with considerable het-
erogeneity reflected by either I> > 75% or I* approximately 75% with effect estimates in
different directions. The meta-regressions were conducted to determine which study charac-
teristics were independently associated with between-study heterogeneity. In addition, we
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undertook “leave-one-out” analysis for cross-validation to explore the influence of each study
on the overall estimate [75], while subgroup analysis with sex (boys versus girls), maternal edu-
cation (high versus low/medium), maternal smoking in pregnancy (no versus yes), and birth
year (<2001, >2001) was performed to measure the robustness of our findings.

Statistical analyses were performed using DataSHIELD and the Statistical Software R (v4.1)
[76]. We mainly used the ds.getWGSR and ds.glmSLMA functions from the dsBaseClient
(v6.1.0, https://github.com/datashield/dsBaseClient/) and the dh.makeStrata function from the
ds-Helper package (https://github.com/lifecycle-project/ds-helper), as well as to the rma-pack-
age (v3.0.2) [77]. Forest plots were created using Excel 2016.

Ethical approval

This study builds upon a federated analysis solution that facilitates cross-border sharing of har-
monised and pseudonymised data in compliance with both European and national data pro-
tection, patient’s rights, and research ethics regulation. Rather than sharing or transferring
individual-level data, only nondisclosive low-dimensional summary statistics are made accessi-
ble upon request. Prior to analysing the data via DataSHIELD, the lead author obtained a
waiver of consent (data access or data transfer agreement) from each cohort study via the part-
ner in LifeCycle and EUCAN-Connect. The data from the 16 cohorts were only accessible as
meta-data controlled through active disclosure protection, which mitigates the risk of identifi-
cation of study participants. Further information about the infrastructural setup using Data-
SHIELD, and previous international networks using similar methods, are describe in details
elsewhere [78,79,80].

Each participating cohort obtained a written consent from the mother/parents, while details
about the study-specific ethical approvals are listed here in an alphabetic order after the cohort
name: (ALSPAC) Ethical approval for the study was obtained from the ALSPAC Ethics and
Law Committee and the Local Research Ethics Committees; (AOF) The All Our Families
study was approved by the Child Health Research Office and the Conjoint Health Research
Ethics Board of the Faculties of Medicine, Nursing, and Kinesiology, University of Calgary,
and the Affiliated Teaching Institutions (Ethics ID 20821 and 22821); (BiB) Ethics approval
has been obtained for the main platform study and all of the individual substudies from the
Bradford Research Ethics Committee; (CHILD) Ethics approvals for the study were obtained
at recruitment and at each data collection phase from all four Canadian sites; (DNBC) The
DNBC complies with the Declaration of Helsinki and was approved by the Danish National
Committee on Biomedical Research Ethics; (EDEN): The study received approval from the
ethics committee (CCPPRB) of Kremlin Bicétre on 12 December 2002 and from CNIL (Com-
mission Nationale Informatique et Liberté), the French data privacy institution; (ELFE): Ethi-
cal approvals for data collection in maternity units and for each data collection wave during
follow-up were obtained from the national advisory committee on information processing in
health research (CCTIRS: Comité Consultatif sur le Traitement de I'Information en matiére de
Recherche dans le domaine de la Santé), the national data protection authority (CNIL: Comis-
sion Nationale Informatique et Liberté¢) and, in case of invasive data collection such as biologi-
cal sampling, the committee for protection of persons engaged in research (CPP: Comité de
Protection des Personnes). The ELFE study was also approved by the national committee for
statistical information (CNIS: Conseil National de I'Information Statistique); (G21) Genera-
tion XXI was approved by the Portuguese Data Protection Authority and by the Ethics Com-
mittee of Hospital Sio Jodo, and data confidentiality and protection were guaranteed in all
procedures according to the Declaration of Helsinki. Signed informed consent was obtained
for all adults and children participants had it signed by their legal guardian at every study
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waves; (GECKO) The GECKO Drenthe study complies with the Declaration of Helsinki and
was approved by the Medical Ethics Committee of the University Medical Center Groningen;
(GEN R) The general design, all research aims and the specific measurements in the Generation
R Study have been approved by the Medical Ethical Committee of the Erasmus Medical Center,
Rotterdam. New measurements will only be embedded in the study after approval of the Medi-
cal Ethical Committee, (INMA) The INMA project was approved by the ethics committee in
each area; (MoBa) The establishment and data collection in MoBa was previously based on a
license from the Norwegian Data protection agency and approval from The Regional Commit-
tee for Medical Research Ethics, and it is now based on regulations related to the Norwegian
Health Registry Act; (NINFEA) The Ethical Committee of the San Giovanni Battista Hospital
and CTO/CRF/Maria Adelaide Hospital of Turin approved the NINFEA study (approval N.
0048362, and subsequent amendments); (The Raine study) The original cohort study received
approval from the King Edward Memorial Hospital for women ethics committee in 1989 (DD/
JS/459), and all subsequent follow-ups also received institutional human research ethics com-
mittee (HREC) approval prior to commencing. All participants were provided with participant
information sheets and parents (Genl) provided informed consent, and the child (Gen2) pro-
vided assent. When the Raine study Gen2 participants turned 18 years of age, ethics approval
was further received from the University of Western Australia HREC (RA/4/1/2100) to contact
and obtain consent from Raine study participants for any data that was collected before they
were 18 to be used for future research. A further UWA HREC was provided to all a single ‘over-
arching’ approval code that recognises all previous approvals under which previous data and/or
bio-samples were collected. This approval was received on 29 April 2020 and provides a single
consolidated approval (RA/4/20/5722) for use of research data and/or bio-samples held in the
Raine study data collection; (SWS) The study had full approval at each wave from the South-
ampton and Southwest Hampshire Local Research Ethics Committee.

Results
Descriptive statistics

A total of 253,810 mother—child dyads in 16 cohort studies from 11 countries had information
on GA and at least one measurement of offspring BMI.

Descriptive information including characteristics of GA at birth, body size measures, and
covariates for study participants are displayed separately for each cohort and for the cohorts
combined in Tables 1-3.

There were distinct differences in the cohort-specific sample sizes (n = 1,765 to 86,553), dis-
tributions of maternal education (range: 2.2% to 77.5% for low), maternal ethnicity (range:
42.2% t0 99.0% for western; 0.5% to 55.9% for nonwestern; 0.0% to 9.9% for mixed); maternal
prepregnancy overweight (range: 16.9% to 50.2%), gestational hypertension (range: 1.9% to
19.3%), and parity (range for nulliparous: 34.2% to 72.7%) (Table 1).

The mean GA was 39.8 weeks, and overall 5.5% were born preterm (range: 3.1% to 7.5%),
17.8% (range: 11.8% to 31.6%) were born early term, 69.9% were born full term (range 61.1%
to 73.6%), and 6.7% (range: 0.2% to 15.4%) were born postterm (Table 2). The majority of the
cohorts had study participants included for analysis in all five categories of GA, except CHILD
(34 to 43 weeks gestation).

From infancy to age 19 years, 711,856 measurements of BMI were available for 253,810 chil-
dren. The number of cohorts and participants with data on BMI and overweight varied across
the six age-bands with most cohorts and participants in infancy and mid-childhood and fewest
in adolescence, where four cohorts (ALSPAC, DNBC, NFBC1986, and the Raine Study) con-
tributed with data on 36,895 individuals. The proportion of children classified as overweight
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Table 2. Distribution of gestational age groups in the 16 participating cohorts.

Gestational age at birth (completed weeks)

Very preterm Late preterm, Early term, Full term, Post term,
28-33 weeks, n 34-36 weeks, n 37-38 weeks, n 39-41 weeks, n 42-43 weeks, n
(%) (%) (%) (%) (%)

All cohorts 3,137 (1.2) 11,061 (4.3) 45,088 (17.8) 177,465 (69.9) 17,059 (6.7)
(N=16)
ALSPAC, 112 (1.2) 440 (4.2) 1,779 (17.0) 7,303 (69.9) 808 (7.7)
United
Kingdom
AOF, 29 (1.3) 114 (5.0) 591 (26.1) 1,525 (67.4) 4(0.2)
Canada
BiB, 184 (1.4) 607 (4.6) 2,948 (22.5) 9,189 (70.2) 169 (1.3)
United
Kingdom
CHILD, 126 (4.2) 700 (23.5) 2,133 (71.5) 25 (0.8)
Canada
DNBC, 1,028 (1.3) 3,448 (4.3) 13,286 (16.4) 56,409 (69.5) 6,946 (8.6)
Denmark
EDEN, 25(1.4) 70 (4.0) 335(18.9) 1,299 (73.6) 36 (2.0)
France
ELFE, 70 (0.5) 763 (4.9) 3,195 (20.6) 11,400 (73.5) 78 (0.5)
France
G21, 88 (1.4) 372 (5.8) 2,033 (31.6) 3,935 (61.1) 11(0.2)
Portugal
GECKO, 18 (0.7) 120 (4.3) 551 (19.9) 1,948 (70.4) 131 (4.7)
the Netherlands
GENR, 83 (1.0) 302 (3.5) 1,016 (11.8) 5,911 (68.4) 1,329 (15.4)
the Netherlands
INMA, 8 (0.4) 52 (2.7) 373 (19.3) 1,390 (71.8) 113 (5.8)
Spain
MoBa, 1,215 (1.4) 3,797 (4.4) 14,415 (16.7) 60,574 (70.0) 6,552 (7.6)
Norway
NFBC1986, 104 (1.3) 294 (3.5) 1,455 (17.5) 6,151 (73.9) 321(3.9)
Finland
NINFEA, 69 (1.1) 293 (4.5) 1,383 (21.2) 4,510 (69.2) 259 (4.0)
Italy
The Raine 50 (2.1) 132 (5.4) 509 (20.8) 1,611 (65.9) 141 (5.8)
study,
Australia
SWS 44 (1.5) 131 (4.4) 519 (17.3) 2,177 (72.4) 136 (4.5)
United
Kingdom

Empty cells represent no available data.

https://doi.org/10.1371/journal.pmed.1004036.t002

also varied between cohorts and across age-bands due to different cutoffs used for children <5
years and in children >5 years (Table 3).

The percentage of missing values for baseline characteristics is presented in the Supporting
information (S2 Table).

Gestational age at birth and BMI z-scores

The overall unadjusted and adjusted estimates for the associations of GA in completed weeks
and clinical categories with BMI z-score are displayed in Figs 1 and 2, while cohort-specific
estimates are available in the Supporting information (S2 Fig).
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Age Crude Est [95% Cl] Adj. Est [95% CI] 12 N Studies P-value
>0.0-0.5years 0.03[0.01; 0.05] 0.02[0.00; 0.05] ] 96.4 146,347 12 <0.05
>0.5-2.0years 0.02[0.01; 0.03] 0.01[0.01; 0.02] ] 61.7 147,416 15 <0.01
>2.0-5.0years 0.03[0.02; 0.04] 0.02[0.01; 0.03] | 64.0 85,504 15 <0.01
>5.0-9.0years 0.02[0.02; 0.03] 0.01[0.00; 0.02] n 70.5 118,084 16 <0.05
>9.0-14.0 years 0.01[0.00; 0.02] 0.00[-0.01; 0.01] 62.8 54,229 13 0.9
>14.0 - 19.0 years 0.01[0.00; 0.02] -0.00 [-0.02; 0.02] I 70.4 36,895 4 0.9
-0.05 0.00 0.05

Mean body mass index z-score per week increase in gestational age

Fig 1. Forest plot of associations between GA (completed weeks) and BMI z-score. Overall unadjusted and adjusted estimates
with 95% CIs from IPD meta-analyses of the study-specific linear regression models, where cohorts were assigned weights under the
random-effects model. The dot in the forest plot represents the adjusted estimates, while the whiskers span the 95% CI, whereas I*-
statistics (I%), sample size (N), studies, and p-value (two-sided, <0.05) relate to adjusted estimates. Estimates reflect a mean difference
in BMI z-scores per week increase in gestational at birth in early infancy (>0-0.5 years), late infancy (>0.5-2.0 years), early
childhood (>2-5 years), mid-childhood (>5-9 years), late childhood (>9-14 years), and adolescence (>14-19 years). Models are
adjusted for sex of child, and the following maternal characteristics: age at child’s birth, education, height, prepregnancy BMI,
smoking during pregnancy, parity, ethnic background, gestational diabetes and hypertension, and preeclampsia. Cohort-specific
estimates were adjusted for the maximum available set of the confounding variables (see Table 1). BMI, body mass index; CI,
confidence interval; GA, gestational age; IPD, individual participant data.

https://doi.org/10.1371/journal.pmed.1004036.9001

The adjusted estimates indicate a positive association of GA with BMI in early infancy
(>0.0to 0.5 years): 0.02 SD per week increase in GA [95% CI: 0.00, 0.05, p < 0.05], GA in clin-
ical categories was associated with a BMI z-score of —0.55 [95% CI: —0.82, —0.28, p < 0.01] for
very preterm and —0.15 [95% CI: -0.26, —0.05, p < 0.01] for late preterm compared to full
term. Results attenuated through childhood and continued to decrease to zero by adolescence
(0.00 [95% CI: —0.02, 0.02], p 0.9) with no difference in BMI z-score between preterm and full
term peers.

Between-study heterogeneity was examined through meta-regression in four age-bands
(>0.0to 0.5 years, >5.0 to 9.0 years, >9.0 to 14.0 years, and >14.0 to 19.0 years) having con-
siderable heterogeneity, with largest I*-statistics (96.4%) in early infancy (S3 Table). We exam-
ined age at measurement, child sex, maternal education, and maternal smoking in pregnancy
as between-study characteristics. The meta-regression found age at measurement to be signifi-
cantly associated with heterogeneity in early infancy (B = —0.029, se = 0.008, p < 0.01); mater-
nal education in late childhood (§ 0.001, se 0.001, p 0.05), and both maternal education (§ =
0.001, se = 0.001, p < 0.01) and smoking in pregnancy (B 0.007, se 0.003, p 0.01) in
adolescence.

The “leave-one-out” analyses gave similar overall effect estimates in all age-bands and did
not change between-study heterogeneity markedly (S3 Fig); however, in adolescence, leaving
out ALSPAC changed the I* from 70.4% to 0.4% (S3F Fig).

Subgroup analyses were consistent with the main findings across sex (S4 Fig), maternal
educational level (S5 Fig), and pregnancy smoking status (S6 Fig).

Gestational age at birth and overweight

The overall unadjusted and adjusted estimates for the associations of GA in completed weeks
and clinical categories with odds of overweight are displayed in Figs 3 and 4, while cohort-spe-
cific estimates are available in the Supporting information (S8 Fig).
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Age Crude Est [95% CI] Adj. Est [95% CI] [ N Studies P
>0.0 -0.5 years

Very Preterm -0.55 [-0.80;-0.31] -0.55 [-0.82;-0.28] L] 90.2 146,533 12 <0.01

Late Preterm -0.18 [-0.29;-0.07] -0.15 [-0.26:-0.05] L] 87.9 146,533 12 <0.01

Early Term -0.01[-0.06; 0.04] -0.01[-0.07; 0.05] L 90.7 146,533 12 06

Full Term [Reference] [Reference] 0.0 146,533 12

Post Term 0.03 [-0.03; 0.09] 0.04 [0.02; 0.06] L] 0.0 146,533 12 <0.01
>0.5-2.0 years

Very Preterm -0.28 [-0.40;-0.16] -0.24[-0.37:-0.10] L] 64.2 146,004 14 <0.01

Late Preterm -0.05 [-0.10; 0.00] -0.04 [-0.07; 0.00] [ 75 147,645 15 <0.05

Early Term -0.02 [-0.04; 0.00] -0.01[-0.03; 0.01] L. 241 147,645 15 0.4

Full Term [Reference] [Reference] 0.0 147,645 15

Post Term 0.07[0.05; 0.09] 0.05[0.03; 0.07] L] 0.0 147,645 15 <0.01
>2.0-5.0 years

Very Preterm -0.35 [-0.45;-0.24] -0.32[-0.42-0.22] [ ] 203 83,998 14 <0.01

Late Preterm -0.11[-0.16;-0.07] -0.09 [-0.13;-0.06] L] 0.0 85,646 15 <0.01

Early Term -0.03 [-0.06; 0.00] -0.03 [-0.07; 0.01] [ ] 620 85646 15 0.1

Full Term [Reference] [Reference] 0.0 85,646 15

Post Term 0.13[0.03; 0.24] 0.09 [0.06; 0.12] L] 0.0 85,646 15 <0.01
>5.0-9.0 years

Very Preterm -0.27 [-0.32;-0.22] -0.24 [-0.32;-0.16] L] 10.1 111,058 14 <0.01

Late Preterm -0.08 [-0.10;-0.05] -0.07 [-0.11;-0.04] L] 0.1 118,084 16 <0.01

Early Term 0.00 [-0.02; 0.03] 0.00 [-0.03; 0.04] N 59.9 118,084 16 0.9

Full Term [Reference] [Reference] 0.0 118,084 16

Post Term 0.08[0.05; 0.12] 0.05[0.02; 0.08] L] 82 118,084 16 <0.01
>9.0-14.0 years

Very Preterm -0.19[-0.27;-0.12] -0.20 [-0.32;-0.09] L] 0.0 47,764 11 <0.01

Late Preterm -0.03[-0.07; 0.01] -0.06 [-0.11;-0.01] - 0.0 54,264 12 <0.05

Early Term -0.01[-0.03; 0.02] 0.02 [-0.03; 0.06] = 422 54,264 12 05

Full Term [Reference] [Reference] 0.0 54,264 12

Post Term 0.06 [0.03; 0.09] 0.00 [-0.03; 0.04] " 0.1 54,264 12 <0.01
>14.0 - 19.0 years

Very Preterm -0.17 [-0.43; 0.08] -0.06 [-0.28; 0.16] L] 45.7 31,400 3 06

Late Preterm -0.01[-0.07; 0.05] 0.00 [-0.08; 0.07] . 0.0 36,895 4 0.9

Early Term 0.01[-0.01; 0.04] 0.01[-0.02; 0.04] . 0.0 36,895 4 <0.01

Full Term [Reference] [Reference] 0.0 36,895 4

Post Term 0.05[-0.02; 0.11] -0.03 [-0.12; 0.05] L] 52.8 36,895 4 0.4

-0.90 -0.70 -0.50 -0.30 -0.10 0.10

Mean body mass index z-score compared to full term

Fig 2. Forest plot of associations between GA (clinical categories) and BMI z-score. Overall unadjusted and
adjusted estimates with 95% CIs from IPD meta-analyses of the study-specific linear regression models, where cohorts
were assigned weights under the random-effects model. The dot in the forest plot represents the adjusted estimates,
while the whiskers span the 95% CI, whereas IP-statistics (1), sample size (N), studies, and p-value (two-sided, <0.05)
relate to adjusted estimates. Estimates reflect a mean BMI z-scores compared to full term (reference category) in early
infancy (>0-0.5 years), late infancy (>0.5-2.0 years), early childhood (>2-5 years), mid-childhood (>5-9 years), late
childhood (>9-14 years), and adolescence (>14-19 years). Models are adjusted for sex of child, and the following
maternal characteristics: age at child’s birth, education, height, prepregnancy BMI, smoking during pregnancy, parity,
ethnic background, gestational diabetes and hypertension, and preeclampsia. Cohort-specific estimates were adjusted
for the maximum available set of the confounding variables (see Table 1). BMI, body mass index; CI, confidence
interval; GA, gestational age; IPD, individual participant data.

https://doi.org/10.1371/journal.pmed.1004036.9002

There was a positive association of GA with odds of overweight (adj. OR 1.02 per week
increase in GA) in late infancy [95% CI: 1.00, 1.03, p 0.1] and early childhood [95% CI: 0.99,
1.05, p 0.2]. Results attenuated through childhood and continued to decrease to below one by
late childhood. In adolescence (>14.0 to 19.0 years), there was a negative association of GA
with odds of overweight with very preterm having a significantly increased risk of overweight
(adj. OR 1.46 [95% CI: 1.03, 2.08, p < 0.05] compared with full term peers.

None of the five age-bands had considerable between-study heterogeneity (I* < 55%);
hence, we did not perform meta-regression for the associations of GA with odds of overweight.
The “leave-one-out” analyses were consistent with the main findings without changing the
overall effect estimate in any of the age-bands or any notable changes in the between-study
heterogeneity (S9 Fig). The subgroup analysis showed no difference in the associations of GA
with odds of overweight for sex (S10 Fig), maternal educational level (S11 Fig), pregnancy
smoking status (S12 Fig), or year of birth (S13 Fig).
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Age Crude OR [95% CI] Adj. OR [95% CI] ? N Studies P-value
>0.0-0.5 years 1.01[0.97; 1.05] 1.00 [0.96; 1.05] ] 36.8 140,546 12 09
>0.5-2.0 years 1.02 [1.01; 1.03] 1.02 [1.00; 1.03] ] 13.1 146,163 15 0.1
>2.0-5.0years 1.02[0.99; 1.05] 1.02 [0.99; 1.05] [ ] 201 83,865 15 02
>5.0-9.0years 1.02[1.01; 1.02] 1.01[1.00; 1.02] ] 220 102,180 16 0.1
>9.0-14.0 years 1.00 [0.99; 1.01] 0.99[0.96; 1.02] ] 54.2 44,998 13 04
>14.0-19.0 years 1.00[0.99; 1.01] 0.98[0.97; 1.00] [ ] 0.0 32,013 4 0.1
0.95 1.00 1.05

OR of overweight per week increase in gestational age

Fig 3. Forest plot of associations between GA (completed weeks) and odds of overweight. Overall unadjusted and adjusted ORs
with 95% CIs from IPD meta-analyses of the study-specific logistic regression model, where cohorts were assigned weights under the
random-effects model. The dot in the forest plot represents the adjusted estimates, while the whiskers span the 95% CI, whereas I*-
statistics (I%), sample size (N), studies, and p-value (two-sided, <0.05) relate to adjusted estimates. Estimates reflect OR for
overweight per week increase in gestational at birth in early infancy (>0-0.5 years), late infancy (>0.5-2.0 years), early childhood
(>2-5 years), mid-childhood (>5-9 years), late childhood (>9-14 years), and adolescence (>14-19 years). Models are adjusted for
sex of child, and the following maternal characteristics: age at child’s birth, education, height, prepregnancy BMI, smoking during
pregnancy, parity, ethnic background, gestational diabetes and hypertension, and preeclampsia. Cohort-specific estimates were
adjusted for the maximum available set of the confounding variables (see Table 1). BMI, body mass index; CI, confidence interval;
GA, gestational age; IPD, individual participant data; OR, odds ratio.

https://doi.org/10.1371/journal.pmed.1004036.9003

Discussion

In this two-stage meta-analysis using IPD on 253,810 live-born singletons from 16 birth
cohorts, we found a potentially important association in early infancy between GA and BMI,
and in adolescence for the association of GA with odds of overweight. Difference in BMI z-
score between categories of GA attenuated markedly after infancy throughout adolescence. A
similar trend was observed for the association of GA with odds of overweight; however, by
adolescence, increased odds of overweight was observed in very preterm compared with full
term peers. Despite heterogeneity in cohort characteristics, our main findings were consistent
across cohorts, and the supplementary analyses showed associations to be robust.

Previous studies [26,27,28,81,82] and a meta-analysis [35] have shown consistent results for
the association between GA and BMI in childhood with lower BMI in preterm children com-
pared with full term peers, although several methodological issues should be taken into
account when interpreting these findings. In contrast, surprisingly few studies have examined
the association of GA with later overweight, particularly in childhood.

Existing evidence for the association between GA and BMI rely on small sample sizes from dif-
ferent countries; different GA categorisation and reference group; and variations in use of BMI
indices (z-scores or natural units, external or internal reference, IOTF or WHO reference). In our
study, we observed a positive overall estimate for the association between GA and BMI in early
infancy through mid-childhood with lower BMI z-score in very and late preterm compared to full
term peers. In addition, we found age to be the main driver of between-study heterogeneity in
early infancy suggesting that GA has a potentially important association in infancy. These findings
are in line with descriptive results in infancy and early childhood from Australia [26] and Sweden
[27]. In the Australian cohort, lower BMI z-scores were found among 225 extremely preterm
compared with 253 term controls at both 2 and 5 years, while researchers in Sweden reported
lower mean BMI z-scores at 2 and 5 years among 152 Swedish children born between 32 and 37
weeks compared with a large reference population. Our study showed a weaker association that
most likely is explained by adjustment for confounders, but also methodological differences.
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Age Crude OR [95% CI]  Adj. OR [95% Cl] d N Studies P
>0.0 -0.5 years
Very Preterm 0.78[0.28;2.21] 0.65[0.21;2.05) L] 242 140,938 12 0.5
Late Preterm 0.96[0.80;1.15] 1.07 [0.58;1.32] L] 10.8 140,938 12 06
Early Term 1.06 [0.97;1.15] 1.01[0.92;1.12] A 0.0 140,938 12 0.8
Full Term [Reference] [Reference] 0.0 140,938 12
Post Term 1.21[1.07;1.36) 1.18[1.04;1.35] L] 0.0 140,938 12 <0.05
>0.5-2.0 years
Very Preterm 0.77[0.61;0.97] 0.74[0.55;1.00] [ ] 0.0 144,369 14 <0.05
Late Preterm 1.11[0.96;1.28] 1.11[0.99;1.25] - 0.0 145,970 15 0.08
Early Term 0.97[0.92;1.03] 0.96 [0.90;1.02] ] 0.1 145,970 15 0.2
Full Term [Reference] [Reference] 0.0 145,970 15
Post Term 1.18[1.05;1.31] 1.12[0.98;1.28] L] 221 145,970 15 0.1
>2.0-5.0 years
Very Preterm 0.81[0.58;1.13] 0.98[0.61;1.58] t 215 82,380 14 0.9
Late Preterm 0.97[0.77;1.23] 0.95[0.81;1.10] [ ] 0.0 84,007 15 05
Early Term 1.08[0.97;1.21] 1.05[0.91;1.23] [ ] 556 84,007 15 0.5
Full Term [Reference] [Reference] 0.0 84,007 15
Post Term 1.54[1.15,2.07] 1.23[1.09;1.38] L} 0.0 84,007 15 <0.01

>5.0-9.0 years

Very Preterm 080 (0.70,0.91] 0.77[0.62:0.95] [ ] 78 94414 13 <0.05
Late Preterm 0.98[0.89;1.09] 0.95[0.83;1.08] - 34.4 100,849 15 0.4
Early Term 1.01(0.98,1.05] 1.00 [0.96;1.04] s 04 100849 15 09
Full Term [Reference] [Reference] 00 100849 15

Post Term 1.07 (0.98;1.16] 0.99(0.89;1.10] L 352 100849 15 09

>9.0 -14.0 years

Very Preterm 090 [0.74;1.10] 0.85[0.62:1.16] ] 00 39343 1 03
Late Preterm ~ 1.04(0.95;1.14] 1.00 [0.87;1.14] L 00 45019 12 0.9
Early Term 1.03[0.97;1.09) 1.01[0.921.10] . 334 45019 12 0.9
Full Term [Reference] [Reference] 00 45019 12

Post Term 1.10[1.01;1.19] 1.01[0.93;1.10] . 00 45019 12 08

>14.0 -19.0 years

Very Preterm 1.01[0.81;1.26] 1.46 [1.03;2.08] - 0.0 27,175 3 <0.05
Late Preterm 1.10[0.97;1.24] 1.12[0.94;1.32] L] 0.0 32,089 4 0.2
Early Term 1.07 [1.00;1.15] 1.07 [0.99;1.16] ] 0.0 32,089 4 0.08
Full Term [Reference] [Reference] 0.0 32,089 4

Post Term 1.13[1.03;1.22) 1.00[0.88;1.14] 13.0 32,089 4 0.99

0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00

OR of overweight compared with full term

Fig 4. Forest plot of associations between GA (clinical categories) and odds of overweight. Overall unadjusted and
adjusted ORs with 95% CIs from IPD meta-analyses of the study-specific logistic regression model estimates, where
cohorts were assigned weights under the random-effects model. The dot in the forest plot represents the adjusted OR,
while the whiskers span the 95% CI, whereas P-statistics (I%), sample size (N), studies, and p-value (two-sided, <0.05)
relate to adjusted OR. Estimates reflect OR for overweight compared to full term (reference category) in early infancy
(>0-0.5 years), late infancy (>0.5-2.0 years), early childhood (>2-5 years), mid-childhood (>5-9 years), late childhood
(>9-14 years), and adolescence (>14-19 years). Models are adjusted for sex of child, and the following maternal
characteristics: age at child’s birth, education, height, prepregnancy BMI, smoking during pregnancy, parity, ethnic
background, gestational diabetes and hypertension, and preeclampsia. Cohort-specific estimates were adjusted for the
maximum available set of the confounding variables (see Table 1). BMI, body mass index; CI, confidence interval; GA,
gestational age; IPD, individual participant data; OR, odds ratio.

https://doi.org/10.1371/journal.pmed.1004036.9004

Our analyses revealed that the overall associations between GA and BMI attenuated in mid-
and late childhood, but very and late preterm children remained at a lower BMI compared to
their full term counterparts. This is supported by findings from studies in both Brazil and the
United Kingdom across age 6 to 12 years [28,31,81]. By adolescence, we found no difference in
BMI across categories of GA, and this is in line with previous findings from the study in Aus-
tralia, and the two recent studies where preterm individuals in Brazil (<33 weeks, 34 to 36
weeks) and the UK (<25 weeks) reached similar BMI as their term counterparts at the age 18
to 19 years [26,28,31]. Hence, our study findings and previous evidence indicate that the over-
all association between GA and BMI attenuate through childhood with even the most preterm
reaching similar BMI as their term counterparts by adolescence [20,26].

A rapid phase of growth has been proposed to evolve into increased susceptibility of later
overweight [21,83,84,85], but only few studies have examined the relationship between GA
and later overweight in childhood or adulthood [10,29,30,86]. The overall effect estimates
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from our main analysis showed a weak association between GA and overweight from early
infancy through mid-childhood with only very preterm in mid-childhood being at lower odds
of overweight than full term peers. In contrast, a cohort study from Chile based on 153,635
children aged 6 to 8 years reported that term children are a lower risk of overweight (OR 0.84
[95% CI: 0.79, 0.88]) than preterm peers (reference group, (<37 weeks) [29]). However, as
highlighted by the authors, a major limitation of their study was the lack of information on
obstetric maternal characteristics and maternal prepregnancy BMIL

In accordance with a cohort study from the UK on 11,765 children aged 11 years [30], we
found no difference in odds of overweight between preterm and full term children in late
childhood (>9.0 to 14.0 years).

Our study extends previous research by examining the association between GA and over-
weight in adolescence and across key stages of growth development throughout childhood.
Moreover, our study design and large sample size enables an examination of odds of over-
weight in preterm adolescents and provides insights about this association across a wide range
of GA. This distinction between degrees of preterm births is important as shorter gestational
duration is associated with increased risk of mortality, disability, and morbidity across the life
span [87]. Also, considering preterm births as not being homogeneous in causes and conse-
quences was highlighted by others [88,89] as an important approach when interpreting such
results, but a major limitation in current evidence [6,7,34].

Our main analysis suggested that very preterm may have an increased odds of overweight
in adolescence compared with full term peers. Despite heterogeneity in characteristics for the
four cohorts (ALSPAC, DNBC, NFBC1986, and the Raine Study) included for this age-band,
our supplementary analyses addressed robustness in the findings. Our results are further sup-
ported by findings from two comparable studies conducted in Finland and Australia, where an
increased odds of overweight was reported in preterm individuals aged 23 and 35 years,
respectively [86,90].

In summary, this study sheds new light on factors influencing BMI and risk of developing
overweight from infancy through adolescence. Furthermore, adding to the evidence within the
domain of developmental origins of health and disease (DOHaD) with studies mainly using
birth weight as proxy of prematurity, we used information on actual length of gestation and
across a wide range of GA [23,91]. Our analysis revealed that, although preterm infants are rel-
atively small at birth, they reach similar BMI and odds of overweight as term peers in adoles-
cence. The underlying mechanisms from the current observational data are unknown.
However, in accordance with previous findings, our pattern of results suggests that preterm
infants may be at an increased odds of overweight later in life, even though BMI in preterm
and full term is similar. In addition, it should be noted that mediating exposures such as birth
weight, congenital anomalies, and breast feeding practices may also affect the relationship
between GA and later body size.

An important strength in the current study is the large sample size with information on
more than 250,000 mother—child dyads from 16 prospective pregnancy and birth cohorts in
Europe, North America, and Australasia. We used comprehensive obstetric and maternal data
as well as multiple BMI measurements following birth through adolescence, which allowed us
to adjust analyses. Additionally, the large sample size enabled us to assess associations succes-
sively using clinical categories of preterm birth to age 19 years. We also examined the robust-
ness of our findings performing several sensitivity analyses. Furthermore, the federated
analysis approach using DataSHIELD proves a key advantage since it enables identical and
reproducible analysis across multiple cohorts [39,92,93].

The limitations include considerable variations in both measurement and availability of
exposures, covariates, and outcomes. However, this was explored by meta-regressions on
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multiple covariates showing that study characteristics were independently associated with
between-study heterogeneity only in the associations of GA with BMI. Age at measurement
was the main contributor to heterogeneity in early infancy, but not in childhood and adoles-
cence. This suggests that GA is important for BMI in early life but attenuates consistently as
children get older. In late childhood and adolescence, maternal education and maternal smok-
ing in pregnancy were independently associated with the observed heterogeneity. The method
used to measure growth differed between cohorts, but was not explored any further, although
it might be relevant [94].

Residual confounding may be another limitation in this study as the confounders are har-
monised across studies, which gives the lowest common denominator. Also, several large
cohorts (DNBC, MoBa, NFBC1986, the Raine study) had no available information on mater-
nal ethnic background, which could bias our results. However, we had reports that the cohorts
were homogeneous (>95% western) [45,52,53,56]; hence, we do not assume this affected our
findings. Moreover, we did not deal with missingness as imputation and other methods were
under development in DataSHIELD at time of the study, but we acknowledge that missing
data on covariates may bias our findings, yet it is difficult to say in what direction.

As survival rates and postnatal treatment for preterm infants have improved in the last 20
years, while the global burden of obesity has increased [3,22,95], distribution of GA and pro-
portion of overweight in the earliest cohorts are likely to differ from that in populations born
more recently, with the former potentially being more selected and healthy later [34,96]. We
found, however, no difference in the stratified analyses by year of birth (S7 and S13 Figs).

Our study is based on data from high-income countries; hence, the findings may not be
generalisable to settings in low- and middle-income countries with higher estimates of preterm
birth and rapid nutritional transition [4,95]. The proportion of preterm births was low in the
participating cohorts and, despite being consistent with the global estimates for preterm births
in Europe, one cohort recruited individuals in the third trimester, which may have led to
exclusion of some individuals.

Lastly, for the objective of this study, we did not explore the role of mediating factors, such
as size for GA, feeding practices, or puberty, although these may play a role in the associations
observed [97,98,99].

In conclusion, based on data from infancy through adolescence in 16 cohort studies, we
found that GA is important for growth in infancy, but the strength of association attenuated
consistently with age. By adolescence, preterm individuals have on average a similar mean
BMI to peers born at term.

Supporting information

S1 Fig. Directed acyclic graph for the association between gestational age at birth and body
size.
(TIF)

S2 Fig. Forest plot of cohort-specific associations between GA (in weeks) and BMI z-score.
Unadjusted and adjusted estimates with 95% CIs from study-specific linear regression models,
where cohorts were assigned weights under the random-effects model to attain the overall esti-
mates. The dot in the forest plot represents the adjusted estimates, while the whiskers span the
95% CI, whereas I*-statistics (I?), sample size (N), studies, and p-value (two-sided, <0.05)
relate to adjusted estimates. Estimates reflect mean differences in BMI z-score per week
increase in GA at birth in (A) early infancy (>0.0-0.5 years), (B) late infancy (>0.5-2.0 years),
(C) early childhood (>2.0-5.0 years), (D) mid-childhood (>5.0-9.0 years), (E) late childhood
(>9.0-14.0 years), and (F) adolescence (>14.0-19.0 years). Models are adjusted for sex of
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child, and the following maternal characteristics: age at child’s birth, education, height, pre-
pregnancy BMI, smoking during pregnancy, parity, ethnic background, gestational diabetes
and hypertension, and preeclampsia. Cohort-specific estimates were adjusted for the maxi-
mum available set of the confounding variables (see Table 1). BMI, body mass index; CI, confi-
dence interval; GA, gestational age.

(TIF)

S3 Fig. Forest plot of ‘leave-one-out’ analysis for the association between GA (in weeks)
and BMI z-score. Overall adjusted estimates of BMI z-score with 95% ClIs from study-specific
linear regression models, where cohorts were assigned weights under the random-effects
model to attain the estimate. The dot in the forest plot represents the adjusted estimates, while
the whiskers span the 95% CI, whereas 2-statistics (%), sample size (N), studies, and p-value
(two-sided, <0.05) relate to adjusted estimates. Estimates reflect mean differences in BMI z-
score per week increase in GA at birth in (A) early infancy (>0.0-0.5 years), (B) late infancy
(>0.5-2.0 years), (C) early childhood (>2.0-5.0 years), (D) mid-childhood (>5.0-9.0 years),
(E) late childhood (>9.0-14.0 years), and (F) adolescence (>14.0-19.0 years). Models are
adjusted for sex of child, and the following maternal characteristics: age at child’s birth, educa-
tion, height, prepregnancy BMI, smoking during pregnancy, parity, ethnic background, gesta-
tional diabetes and hypertension, and preeclampsia. Cohort-specific estimates were adjusted
for the maximum available set of the confounding variables (see Table 1). BMI, body mass
index; CI, confidence interval; GA, gestational age.

(TIF)

S4 Fig. Forest plot of associations between GA (in weeks) and BMI z-score by sex. Overall
adjusted estimates of BMI z-score with 95% Cls from study-specific linear regression models,
where cohorts were assigned weights under the random-effects model to attain the estimate.
The blue (male) and yellow (female) dots in the forest plot represent the adjusted estimates,
while the whiskers span the 95% CI, whereas I>-statistics (I*), sample size (N), studies, and p-
value (two-sided, <0.05) relate to adjusted estimates. Estimates reflect mean differences in
BMI z-score per week increase in GA at birth in early infancy (>0.0-0.5 years), late infancy
(>0.5-2.0 years), early childhood (>2.0-5.0 years), mid-childhood (>5.0-9.0 years), late
childhood (>9.0-14.0 years), and adolescence (>14.0-19.0 years). Models are adjusted for sex
of child, and the following maternal characteristics: age at child’s birth, education, height, pre-
pregnancy BMI, smoking during pregnancy, parity, ethnic background, gestational diabetes
and hypertension, and preeclampsia. Cohort-specific estimates were adjusted for the maxi-
mum available set of the confounding variables (see Table 1). BMI, body mass index; CI, confi-
dence interval; GA, gestational age.

(TIF)

S5 Fig. Forest plot of associations between GA (in weeks) and BMI z-score by maternal
education. Overall adjusted estimates of BMI z-score with 95% CIs from study-specific linear
regression models, where cohorts were assigned weights under the random-effects model to
attain the estimate. The blue (high educational level) and yellow (low/medium educational
level) dots in the forest plot represent the adjusted estimates, while the whiskers span the 95%
CI, whereas -statistics (I%), sample size (N), studies, and p-value (two-sided, <0.05) relate to
adjusted estimates. Estimates reflect mean differences in BMI z-score per week increase in GA
at birth in early infancy (>0.0-0.5 years), late infancy (>0.5-2.0 years), early childhood
(>2.0-5.0 years), mid-childhood (>5.0-9.0 years), late childhood (>9.0-14.0 years), and ado-
lescence (>14.0-19.0 years). Models are adjusted for sex of child, and the following maternal
characteristics: age at child’s birth, education, height, prepregnancy BMI, smoking during
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pregnancy, parity, ethnic background, gestational diabetes and hypertension, and preeclamp-
sia. Cohort-specific estimates were adjusted for the maximum available set of the confounding
variables (see Table 1). BMI, body mass index; CI, confidence interval; GA, gestational age.
(TIF)

S6 Fig. Forest plot of associations between GA (in weeks) and BMI z-score by maternal
smoking in pregnancy. Overall adjusted estimates of BMI z-score with 95% ClIs from study-
specific linear regression models, where cohorts were assigned weights under the random-
effects model to attain the estimate. The blue (smoking in pregnancy) and yellow (no smoking
in pregnancy) dots in the forest plot represent the adjusted estimates, while the whiskers span
the 95% CI, whereas [*-statistics (I?), sample size (N), studies, and p-value (two-sided, <0.05)
relate to adjusted estimates. Estimates reflect mean differences in BMI z-score per week
increase in GA at birth in early infancy (>0.0-0.5 years), late infancy (>0.5-2.0 years), early
childhood (>2.0-5.0 years), mid-childhood (>5.0-9.0 years), late childhood (>9.0-14.0
years), and adolescence (>14.0-19.0 years). Models are adjusted for sex of child, and the fol-
lowing maternal characteristics: age at child’s birth, education, height, prepregnancy BMI,
smoking during pregnancy, parity, ethnic background, gestational diabetes and hypertension,
and preeclampsia. Cohort-specific estimates were adjusted for the maximum available set of
the confounding variables (see Table 1). BMI, body mass index; CI, confidence interval; GA,
gestational age.

(TIF)

S7 Fig. Forest plot of associations between GA (in weeks) and BMI z-score by year of birth.
Overall adjusted estimates of BMI z-score with 95% CIs from study-specific linear regression
models, where cohorts were assigned weights under the random-effects model to attain the
estimate. The blue (<2001) and yellow (>2001) dots in the forest plot represent the adjusted
estimates, while the whiskers span the 95% CI, whereas -statistics (%), sample size (N), stud-
ies, and p-value (two-sided, <0.05) relate to adjusted estimates. Estimates reflect mean differ-
ences in BMI z-score per week increase in GA at birth in early infancy (>0.0-0.5 years), late
infancy (>0.5-2.0 years), early childhood (>2.0-5.0 years), mid-childhood (>5.0-9.0 years),
late childhood (>9.0-14.0 years), and adolescence (>14.0-19.0 years). Models are adjusted for
sex of child, and the following maternal characteristics: age at child’s birth, education, height,
prepregnancy BMI, smoking during pregnancy, parity, ethnic background, gestational diabe-
tes and hypertension, and preeclampsia. Cohort-specific estimates were adjusted for the maxi-
mum available set of the confounding variables (see Table 1). BMI, body mass index; CI,
confidence interval; GA, gestational age.

(TIF)

S8 Fig. Forest plot of cohort-specific associations between GA (in weeks) and odds of over-
weight. Unadjusted and adjusted ORs with 95% CIs from study-specific logistic regression
models, where cohorts were assigned weights under the random-effects model to attain the
overall estimates. The dot in the forest plot represents the adjusted OR, while the whiskers
span the 95% CI, whereas P-statistics (%), sample size (N), studies, and p-value (two-sided,
<0.05) relate to adjusted OR. Estimates reflect OR of overweight (vs. normal weight) per week
increase in GA at birth in (A) early infancy (>0.0-0.5 years), (B) late infancy (>0.5-2.0 years),
(C) early childhood (>2.0-5.0 years), (D) mid-childhood (>5.0-9.0 years), (E) late childhood
(>9.0-14.0 years), and (F) adolescence (>14.0-19.0 years). Models are adjusted for sex of
child, and the following maternal characteristics: age at child’s birth, education, height, pre-
pregnancy BMI, smoking during pregnancy, parity, ethnic background, gestational diabetes
and hypertension, and preeclampsia. Cohort-specific estimates were adjusted for the
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maximum available set of the confounding variables (see Table 1). BMI, body mass index; CI,
confidence interval; GA, gestational age; OR, odds ratio.
(TIF)

S9 Fig. Forest plot of “leave-one-out” analysis for the association between GA (in weeks)
and odds of overweight. Adjusted ORs with 95% CIs from study-specific logistic regression
models, where cohorts were assigned weights under the random-effects model to attain the
overall estimates. The dot in the forest plot represents the adjusted OR, while the whiskers
span the 95% CI, whereas P-statistics (I%), sample size (N), studies, and p-value (two-sided,
<0.05) relate to adjusted OR. Estimates reflect OR of overweight (vs. normal weight) per week
increase in GA at birth in (A) early infancy (>0.0-0.5 years), (B) late infancy (>0.5-2.0 years),
(C) early childhood (>2.0-5.0 years), (D) mid-childhood (>5.0-9.0 years), (E) late childhood
(>9.0-14.0 years), and (F) adolescence (>14.0-19.0 years). Models are adjusted for sex of
child, and the following maternal characteristics: age at child’s birth, education, height, pre-
pregnancy BMI, smoking during pregnancy, parity, ethnic background, gestational diabetes
and hypertension, and preeclampsia. Cohort-specific estimates were adjusted for the maxi-
mum available set of the confounding variables (see Table 1). BMI, body mass index; CI, confi-
dence interval; GA, gestational age; OR, odds ratio.

(TTF)

S10 Fig. Forest plot of associations between GA (in weeks) and odds of overweight by sex.
Overall adjusted ORs of overweight with 95% CIs from study-specific linear regression models,
where cohorts were assigned weights under the random-effects model to attain the OR. The
blue (male) and yellow (female) dots in the forest plot represent the adjusted ORs, while the
whiskers span the 95% CI, whereas -statistics (%), sample size (N), studies, and p-value (two-
sided, <0.05) relate to adjusted OR. Estimates reflect OR of overweight (vs. normal weight)
per week increase in GA at birth in early infancy (>0.0-0.5 years), late infancy (>0.5-2.0
years), early childhood (>2.0-5.0 years), mid-childhood (>5.0-9.0 years), late childhood
(>9.0-14.0 years), and adolescence (>14.0-19.0 years). Models are adjusted for sex of child,
and the following maternal characteristics: age at child’s birth, education, height, prepregnancy
BMI, smoking during pregnancy, parity, ethnic background, gestational diabetes and hyper-
tension, and preeclampsia. Cohort-specific estimates were adjusted for the maximum available
set of the confounding variables (see Table 1). BMI, body mass index; CI, confidence interval;
GA, gestational age; OR, odds ratio.

(TIF)

S11 Fig. Forest plot of associations between GA (in weeks) and odds of overweight by
maternal education. Overall adjusted ORs of overweight with 95% CIs from study-specific
linear regression models, where cohorts were assigned weights under the random-effects
model to attain the OR. The blue (high educational level) and yellow (low/medium educational
level) dots in the forest plot represents the adjusted OR, while the whiskers span the 95% CI,
whereas I*-statistics (I?), sample size (N), studies, and p-value (two-sided, <0.05) relate to
adjusted OR. Estimates reflect OR of overweight (vs. normal weight) per week increase in GA
at birth in early infancy (>0.0-0.5 years), late infancy (>0.5-2.0 years), early childhood
(>2.0-5.0 years), mid-childhood (>5.0-9.0 years), late childhood (>9.0-14.0 years), and ado-
lescence (>14.0-19.0 years). Models are adjusted for sex of child, and the following maternal
characteristics: age at child’s birth, education, height, prepregnancy BMI, smoking during
pregnancy, parity, ethnic background, gestational diabetes and hypertension, and preeclamp-
sia. Cohort-specific estimates were adjusted for the maximum available set of the confounding
variables (see Table 1). BMI, body mass index; CI, confidence interval; GA, gestational age;
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OR, odds ratio.
(TIF)

S12 Fig. Forest plot of associations between GA (in weeks) and odds of overweight by
maternal smoking in pregnancy. Overall adjusted ORs of overweight with 95% CIs from
study-specific linear regression models, where cohorts were assigned weights under the ran-
dom-effects model to attain the OR. The blue (smoking in pregnancy) and yellow (no smoking
in pregnancy) dots in the forest plot represents the adjusted OR, while the whiskers span the
95% CI, whereas I*-statistics (I%), sample size (N), studies, and p-value (two-sided, <0.05)
relate to adjusted OR. Estimates reflect OR of overweight (vs. normal weight) per week
increase in GA at birth in early infancy (>>0.0-0.5 years), late infancy (>0.5-2.0 years), early
childhood (>2.0-5.0 years), mid-childhood (>5.0-9.0 years), late childhood (>9.0-14.0
years), and adolescence (>14.0-19.0 years). Models are adjusted for sex of child, and the fol-
lowing maternal characteristics: age at child’s birth, education, height, prepregnancy BMI,
smoking during pregnancy, parity, ethnic background, gestational diabetes and hypertension,
and preeclampsia. Cohort-specific estimates were adjusted for the maximum available set of
the confounding variables (see Table 1). BMI, body mass index; CI, confidence interval; GA,
gestational age; OR, odds ratio.

(TIF)

S13 Fig. Forest plot of associations between GA (in weeks) and odds of overweight by year
of birth. Overall adjusted ORs of overweight with 95% CIs from study-specific linear regres-
sion models, where cohorts were assigned weights under the random-effects model to attain
the OR. The blue (<2001) and yellow (>2001) dots in the forest plot represents the adjusted
OR, while the whiskers span the 95% CI, whereas I*-statistics (I%), sample size (N), studies, and
p-value (two-sided, <0.05) relate to adjusted OR. Estimates reflect OR of overweight (vs. nor-
mal weight) per week increase in GA at birth in early infancy (>0.0-0.5 years), late infancy
(>0.5-2.0 years), early childhood (>2.0-5.0 years), mid-childhood (>5.0-9.0 years), late
childhood (>9.0-14.0 years), and adolescence (>14.0-19.0 years). Models are adjusted for sex
of child, and the following maternal characteristics: age at child’s birth, education, height, pre-
pregnancy BMI, smoking during pregnancy, parity, ethnic background, gestational diabetes
and hypertension, and preeclampsia. Cohort-specific estimates were adjusted for the maxi-
mum available set of the confounding variables (see Table 1). BMI, body mass index; CI, confi-
dence interval; GA, gestational age; OR, odds ratio.

(TIF)

S1 Table. Cohort-specific study characteristics and information on exposure and outcome
measurements.
(DOCX)

$2 Table. Missing values in cohort-specific baseline characteristics.
(DOCX)

$3 Table. Results of individual variable meta-regression models showing values of f, se(p),
and the significance of p for each study characteristic.
(DOCX)

S1 Text. Information about variable classification and coding.
(DOCX)

S1 Appendix. Cohort-specific sources of funding/support.
(DOCX)
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