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ARTICLE

Analyses of child cardiometabolic phenotype
following assisted reproductive technologies using
a pragmatic trial emulation approach
Jonathan Yinhao Huang 1� , Shirong Cai1,2, Zhongwei Huang 2,3, Mya Thway Tint 1,2, Wen Lun Yuan1,4,

Izzuddin M. Aris 5, Keith M. Godfrey 6, Neerja Karnani 1, Yung Seng Lee1,7, Jerry Kok Yen Chan8,9,

Yap Seng Chong1,2, Johan Gunnar Eriksson1,2,10,11& Shiao-Yng Chan 1,2

Assisted reproductive technologies (ART) are increasingly used, however little is known

about the long-term health of ART-conceived offspring. Weak selection of comparison

groups and poorly characterized mechanisms impede current understanding. In a prospective

cohort (Growing Up in Singapore Towards healthy Outcomes; GUSTO; Clinical Trials ID:

NCT01174875) including 83 ART-conceived and 1095 spontaneously-conceived singletons,

we estimate effects of ART on anthropometry, blood pressure, serum metabolic biomarkers,

and cord tissue DNA methylation by emulating a pragmatic trial supported by machine

learning-based estimators. We� nd ART-conceived children to be shorter (� 0.5 SD [95% CI:

� 0.7, � 0.2]), lighter (� 0.6 SD [� 0.9, � 0.3]) and have lower skinfold thicknesses (e.g.

� 14% [� 24%, � 3%] suprailiac), and blood pressure (� 3 mmHg [� 6, � 0.5] systolic) at

6-6.5 years, with no strong differences in metabolic biomarkers. Differences are not

explained by parental anthropometry or comorbidities, polygenic risk score, breastfeeding, or

illnesses. Our simulations demonstrate ART is strongly associated with lowerNECAB3DNA

methylation, with negative control analyses suggesting these estimates are unbiased. How-

ever, methylation changes do not appear to mediate observed differences in child phenotype.
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Assisted reproductive technologies (ART) such as intracy-
toplasmic sperm injection (ICSI) and in vitro fertilization
(IVF) are increasingly common worldwide, resulting in

hundreds of thousands of live births each year1. In the United
States, 182,111 procedures were performed in 2015, accounting
for 1.7% of all live births2. In Singapore, ART (predominantly
ICSI-IVF) cycles exceed 5000 annually and are increasing3.
Though ART has been associated with a number of perinatal and
infant morbidities including preterm birth and low birth weight4,
longer-term effects on offspring remain unclear5,6. A recent sys-
tematic review of offspring growth found IVF-conceived children
appeared slightly lighter than spontaneously conceived (SC) at
younger ages (birth to 4 years), but not at 5+ years, with little
evidence of differences in height7. However, the review high-
lighted major limitations of prevailing studies including lack of
accounting for parental anthropometry or fertility status, paternal
characteristics, and differential child measurement protocols.
Importantly, comparison groups varied greatly, from convenience
samples of volunteers to children born following other fertility
treatments (e.g., ovarian stimulation). Statistically, previous stu-
dies also suffered from biases due to inappropriate over-
adjustment for birth weight and other mediators, failure to
account for differential loss-to-follow-up, and limited numbers of
evaluation time points. Evidence for cardiometabolic effects is
also sparse: small studies in adolescents have reported some
evidence of increased peripheral adiposity8, vascular
dysfunction9, and elevated blood pressure and fasting glucose10.
However, others have found no such relationships11. A study
comparing 54 ART-conceived adolescents to 43 age- and sex-
matched SC found the former to have higher 24-h ambulatory
blood pressures12.

Moreover, while ART procedures expose blastocysts, tropho-
blasts, and developing fetuses13,14 to environmental exposures
linked to epigenetic reprogramming15, particularly at imprinted
genes11,16,17, putative mechanisms in humans remain
elusive4,11–13. Notably, while persistent fetal epigenetic mod-
i� cation may link known risk factors for infertility such as
maternal overweight18 to placental19,20 and early metabolic21

pathologies, and to offspring growth and metabolic capacity,
these links have not been synthesized in the ART context. For
example, maternal obesity may lead to reduced hypoxia-inducible
factor 1 (HIF1A) expression in both maternal (follicular
maturation22 and fetal (poor trophoblast invasion, fetal growth17,
and metabolic dysregulation19) tissues, but their role in the
growth of ART children is unknown. Recent EWAS show sug-
gestive associations with ART23, but such associations may not
persist longitudinally24 and are likely confounded by infertility.
Overall, the growth and potential cardiometabolic effects of ART
among children and likely pathophysiologic mechanisms are not
well-characterized.

The Growing Up in Singapore Towards healthy Outcomes
(GUSTO) prospective mother–offspring cohort provides an
opportunity to more deeply investigate and address these gaps. In
GUSTO, mothers who conceived spontaneously and through
ART, predominantly ICSI-IVF, were similarly recruited in the
� rst trimester from the two major national obstetric clinics
(N = 83 ART-conceived and 1095 spontaneously conceived) and
assessments were conducted without regard to the mode of
conception. Offspring were followed up for differences in
anthropometry (height, weight, BMI, and skinfold thickness),
body composition (lean and fat mass) measured by quantitative
magnetic resonance imaging (QMR)25, and blood pressure from
birth through 6.5 years as well as serum cardiometabolic mea-
sures at 6 years (e.g., fasting glucose and insulin, cholesterol and
triglycerides, liver enzymes). Importantly, it is possible to deploy
newer design and analytic methods and best practices for

nonrandomized studies of intervention26 to addresses previous
gaps. Namely, target pragmatic trial amongst couples who may be
seeking fertility consultations may be emulated by constructing
putatively subfertile, but spontaneously conceiving, comparison
cohorts along with implementing doubly robust, cross-validated,
ensemble machine-learning estimators for treatment effects. To
investigate mechanisms, simulation modeling within these emu-
late trials may be used to explore the hypothesis that ART-
associated perinatal and postnatal factors such as maternal
hyperglycemia and hypertension; differential offspring DNA
methylation; or breastfeeding duration27 causally mediate any
observed ART effects. Furthermore, negative control approaches
simulating mediation by maternal epigenome may be used to
detect the presence of residual confounding bias due to unmea-
sured maternal genetic and environmental factors that may
in� uence both fetal epigenome and child growth.

In this study, we estimate the effects of ART-assisted concep-
tion on child anthropometry and cardiometabolic outcomes using
several complementary designs and statistical modeling strategies
with different underlying assumptions (described in“Methods”),
taking into account differential treatment probabilities, residual
confounding, and loss-to-follow-up. We� nd evidence for
reduced height, weight, skinfold thickness, and blood pressure at
6–6.5 years, but weak evidence for changes in metabolic bio-
markers. Focusing speci� cally on candidate CpGs (N = 281)
previously identi� ed by related EWAS (Supplemental Data), we
� nd evidence for unconfounded effects onNECAB3 CpGs,
however little evidence for a mediating role. These� ndings
appear to be reassuring regarding child health sequelae of ART;
however, they require replication in larger consortia efforts.

Results
Parental sociodemographic characteristics and medical history.
Parents of ART-conceived and SC children differed in anticipated
ways (Table1). Notably, parents of ART-conceived children were
older, more likely to be nulliparous, had higher income and
education, and reported less frequent exposure to tobacco smoke
in the home during pregnancy. ART fathers were more likely to
report a history of diabetes or high blood pressure prior to
pregnancy but were of similar height and weight. Maternal glu-
cose concentrations 2-h after a 75-g oral glucose tolerance test
(OGTT) at 26–28 weeks gestation were higher among mothers
who conceived via ART, in line with a previous report from this
cohort28. Mothers who conceived via ART also had higher weight
and a higher self-reported prevalence of any current or past
elevated blood pressure (Chronic HTN, PIH, PE, or eclampsia;
Table1).

To emulate a target pragmatic trial21, we formed comparison
(“control”) arms of spontaneously conceived children by
sampling from the overall study population based on parental
medical history (e.g., polycystic ovarian syndrome) and medica-
tions suggestive of infertility risk (primary armN = 93). Without
explicitly matching on demographic characteristics or other
comorbidities, this subcohort was effectively more similar to the
ART-conceived group with respect to parental sociodemographic
characteristics, maternal glucose concentrations, and blood
pressure than the general study population, including paternal
anthropometry and medical history (Supplemental Table 1).

Offspring anthropometry, body composition, and cardiome-
tabolic risk factors. Children conceived via ART were similar in
terms of gestational age at birth, mode of delivery, birth weight,
and birth length, with a difference in height (2 cm shorter)
apparent by 5 years of age regardless of comparison arm (Sup-
plemental Table 2). Lower weight and BMI and shorter height
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Table 1 Overall study population parental characteristics, by conception statusa.

Spontaneous conception, all (n = 1095) Spontaneous, possibly subfertileb (n = 93) ART (n = 83)

Mother’s age at delivery (years)
Mean (SD) 30.9 (±5.13) 33.5 (±4.67) 34.5 (±2.97)

Nulliparous
Yes 468 (42.7%) 38 (40.9%) 67 (80.7%)
No 627 (57.3%) 55 (59.1%) 16 (19.3%)

Mother’s ethnicity
Chinese 598 (54.6%) 67 (72.0%) 64 (77.1%)
Malay 291 (26.6%) 12 (12.9%) 8 (9.6%)
Indian 205 (18.7%) 14 (15.1%) 11 (13.3%)
Other 1 (0.1%) 0 (0%) 0 (0%)

Mother’s highest educational quali� cation
No education 2 (0.2%) 0 (0%) 0 (0%)
Primary 58 (5.3%) 5 (5.4%) 0 (0%)
Secondary 282 (25.8%) 14 (15.1%) 13 (15.7%)
ITE/NTC 112 (10.2%) 1 (1.1%) 4 (4.8%)
GCE A-Level 272 (24.8%) 21 (22.6%) 24 (28.9%)
University 355 (32.4%) 52 (55.9%) 41 (49.4%)
Missing 14 (1.3%) 0 (0%) 1 (1.2%)

Monthly household income (SGD)
0–999 23 (2.1%) 1 (1.1%) 0 (0%)
1000–1999 140 (12.8%) 8 (8.6%) 4 (4.8%)
2000 –3999 324 (29.6%) 17 (18.3%) 12 (14.5%)
4000 –5999 255 (23.3%) 27 (29.0%) 18 (21.7%)
6000 + 282 (25.8%) 38 (40.9%) 41 (49.4%)
Missing 71 (6.5%) 2 (2.2%) 8 (9.6%)

Mother’s height (cm)
Mean (SD) 158 (±5.64) 159 (±5.64) 159 (±5.56)
Missing 29 (2.6%) 1 (1.1%) 2 (2.4%)

Mother’s pre-pregnancy BMI (kg/m2)
Mean (SD) 22.7 (±4.42) 22.4 (±3.73) 23.4 (±4.78)
Missing 102 (9.3%) 5 (5.4%) 8 (9.6%)

Maternal fasting glucose (mmol/L)
Mean (SD) 4.35 (±0.468) 4.34 (±0.408) 4.48 (±0.642)
Missing 53 (4.8%) 3 (3.2%) 5 (6.0%)

Maternal 2-h post-OGTT glucose (mmol/L)
Mean (SD) 6.50 (±1.46) 6.85 (±1.45) 7.21 (±1.75)
Missing 53 (4.8%) 3 (3.2%) 5 (6.0%)

Maternal high blood pressure history
No 854 (78.0%) 66 (71.0%) 60 (72.3%)
Yes 62 (5.7%) 7 (7.5%) 11 (13.3%)
Missing 179 (16.3%) 20 (21.5%) 12 (14.5%)

Any smoking in home (during pregnancy)
No 676 (61.7%) 72 (77.4%) 64 (77.1%)
Yes 368 (33.6%) 17 (18.3%) 15 (18.1%)
Missing 51 (4.7%) 4 (4.3%) 4 (4.8%)

Father’s age at delivery (years)
Mean (SD) 34.3 (±5.91) 35.7 (±5.07) 39.1 (±4.64)
Missing 386 (35.3%) 25 (26.9%) 26 (31.3%)

Father’s height (cm)
Mean (SD) 171 (±6.17) 172 (±5.48) 172 (±5.96)
Missing 424 (38.7%) 32 (34.4%) 31 (37.3%)

Father’s weight (kg)
Mean (SD) 75.4 (±14.3) 77.6 (±13.3) 76.0 (±15.5)
Missing 427 (39.0%) 32 (34.4%) 31 (37.3%)

Paternal diabetes
No 706 (64.5%) 69 (74.2%) 53 (63.9%)
Yes 18 (1.6%) 1 (1.1%) 4 (4.8%)
Missing 371 (33.9%) 23 (24.7%) 26 (31.3%)

Paternal high blood pressure history
No 651 (59.5%) 60 (64.5%) 45 (54.2%)
Yes 72 (6.6%) 10 (10.8%) 12 (14.5%)
Missing 372 (34.0%) 23 (24.7%) 26 (31.3%)

SGDSingapore dollars,cm centimeters,m meters,kg kilograms.
aCells presented as N (%) unless otherwise speci� ed as mean (SD).
bA subset of all spontaneous conceptions (� rst column) selected on the basis of parental medical history and medications indicative of dif� culty conceiving.
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among ART children tended to be more pronounced after
36 months, but patterns varied by anthropometric measure
(Fig.1).

Ultrasound-estimated fetal weights did not differ between
ART-conceived and SC children at earlier gestational ages. ART-
conceived children had a slightly heavier estimated fetal weight
(90 g) at ~32 weeks, however, adjusted estimates were imprecise
(Supplemental Fig. 1). In adjusted models, postnatal height,
weight, and to a lesser extent BMI were consistently lower among
ART-conceived children after 18–24 months. This was true using
either absolute or age- and sex-standardized measures (Fig.1). At
6.5 years, children conceived by ART were on average 0.5 SD
shorter [95% con� dence interval:� 0.7,� 0.2] and 0.6 SD lighter
[� 1.0,� 0.3] (Fig.1). Children conceived by ART had similar or

thinner skinfolds (e.g., 18% thinner subscapular skinfolds [� 27%,
� 8%] at 6.5 years), and lower systolic and diastolic blood
pressures (� 3.2 mmHg [� 5.8, � 0.5] and � 2.3 mmHg [� 4.3,
� 0.5], respectively at 6 years; Fig.2).

Models adjusted for conditions of pregnancy and delivery
including maternal fasting and post 2-h OGTT glucose
concentrations at 26 weeks, maternal elevated blood pressure in
pregnancy, and gestational age at delivery did not change
estimates (Table2 presents representative results at 6 years, since
blood pressures were not measured at 6.5 years).

In a subsample with body composition measured by QMR at 5
and 6 years of age (N = 247 and 379, respectively), ART-
conceived children had lower fat mass than SC children but
similar lean mass (Supplemental Table 3 and Supplemental

D. Height•for•age Z•score (SDS) E. Weight•for•age Z•score (SDS) F. BMI Z•score (SDS)

A. Height (cm) B. Weight (log(kg)) C. BMI (log(kg m2))
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Fig. 1 Associations between ART status and anthropometry, adjusted for pre-pregnancy characteristics.Point estimates and Wald-type 95%
con� dence intervals show the adjusted mean difference in anthropometric measures between ART-conceived and spontaneously conceived (SC) children
at each study visit, with SC children as the referent. Differences were estimated by multivariable linear regressions adjusted for maternal age, education,
ethnicity, household income, height, pre-pregnancy BMI, parity, and any tobacco exposure in the home; paternal age, height, weight, diabetes history, and
high blood pressure history; child sex, and polygenic risk score for adult adiposity with no multiple testing adjustments. Multiple imputations by chained
equations were used to estimate associations while simultaneously accounting for missing covariate values. Sample sizes at each visit (SC/ART): 1091/83;
967/69; 953/71; 916/68; 872/70; 892/68; 874/67; 807/55; 832/60; 864/64; 801/57; 833/64; 812/61; 800/63; 771/59; 762/59. Shaded regions
connect con� dence intervals to aid in visualizing trends and provide no additional information regarding estimates between visits. cm centimeters, kg
kilograms, SDS standard deviation scores.
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Fig. 2), though small numbers (N = 14 and 23 ART children,
respectively) prevent robust inference. There were no strong
associations between ART status and serum cardiometabolic
biomarkers at 6 years (Supplemental Table 3 and Supplemental
Fig. 2).

Importantly, all relationships remained similar when treatment
effects were estimated by doubly robust, collaborative targeted
maximum likelihood estimation (C-TMLE)� t by cross-validated,
ensemble machine-learning algorithms, with the exception of
larger differences in most skinfold thicknesses (except triceps;
Supplemental Fig. 3). When emulating an ART trial amongst
putatively subfertile couples, differences in weight, BMI, and
skinfold thicknesses were less pronounced (Fig.3); blood pressure
differences were almost completely eliminated. Results were
consistent across the choice of SC comparison group (Supple-
mental Fig. 4 shows differences in heightZ scores by group).
Using propensity score-based (inverse-probability-weighted)
models to account for differential follow-up without additional
assumptions about missing covariate data gave similar estimates,
albeit with less precision (Supplemental Fig. 5).

Potential pregnancy, intrapartum, and postnatal mediators.
Parental, pregnancy, intrapartum, and infant factors did not
explain observed smaller stature and lower blood pressure in
ART-conceived children. Speci� cally, rates of maternal weight
gain did not differ by conception status and adjustments for
maternal blood pressures in pregnancy, fasting and 2-h OGTT
glucose concentrations at 26 weeks gestation, and gestational age
at delivery did not affect estimates (Table2 and Supplemental
Table 3). Mode of delivery, number of delivery complications or
neonatal diagnoses, and duration of any breastfeeding also did
not differ between ART-conceived and SC children. Child hos-
pitalizations, severe diarrhea, fevers, and antibiotic use also did
not substantially differ between groups, with ART-conceived
children reporting slightly fewer events (Supplemental Table 4).

Fetal cord tissue DNA methylation. Under strict Bonferroni
correction (187 a priori candidate sites;P< 2.7 × 10� 4) and
adjusting for maternal age, parity, ethnicity, pre-pregnancy BMI,
and child sex, we found ART status to be associated with reduced
fetal cord tissue methylation at one site (cg13403462;
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Fig. 2 Associations between ART status and skinfold thickness and blood pressure, adjusted for pre-pregnancy characteristics.Point estimates and
Wald-type 95% con� dence intervals show the adjusted mean difference in skinfold thickness (a) and blood pressure (b) measures between ART-
conceived and spontaneously conceived (SC) children at each study visit, with SC children as the referent. Differences were estimated by multivariable
linear regressions adjusted for maternal age, education, ethnicity, household income, height, pre-pregnancy BMI, parity, and any tobacco exposure in the
home; paternal age, height, weight, diabetes history, and high blood pressure history; child size, and polygenic risk score for adult adiposity withno multiple
testing adjustments. Multiple imputations by chained equations were used to estimate associations while simultaneously accounting for missing covariate
values. Skinfold sample sizes (a) for each visit (SC/ART): 1038/81; 762/48; 776/54; 827/62; 765/55; 810/63; 779/59; 777/62; 750/55; 743/57. Blood
pressure sample sizes (b) for each visit (SC/ART): 716/53; 662/44; 701/48; 647/47. Note, not all measures were taken at each visit. Shaded regions
connect con� dence intervals to aid in visualizing trends and provide no additional information regarding estimates between visits. cm centimeters, m
meters, kg kilograms, mmHg milimeters mercury, SDS standard deviation score; colors used to distinguish outcome measures.
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P= 1.5 × 10� 6; Supplemental Data) located within theNECAB3
(N-terminal EF-hand calcium-binding protein 3; i.e.,NIP1,
ACTL10) gene body (� rst exon) on chromosome 20 (Fig.4). This
site was previously identi� ed and replicated in an EWAS of
maternal gestational weight gain16 and is putatively
imprinted15,29. Moreover, NECAB3 expression has been impli-
cated in upregulating HIF1A- (hypoxia-inducible factor 1-� )
activated glycolysis30, a critical pathway in fertility and pregnancy
physiology17–20.

To follow-up this � nding, we further investigated CpGs
annotating toNECAB3and HIF family genes (N = 94 additional
CpGs). In this exploratory analysis, using a correspondingly
revised Bonferroni-corrected threshold ofP< 1.8 × 10� 4

(N = 281), we found stronger associations with reduced methyla-
tion at two additional NECAB3 CpGs: cg14921437
(P= 1.3 × 10� 8) and cg03904042 (P= 2.1 × 10� 9). Both CpGs
surpassed a recommended epigenome-wide threshold31 of
P< 3.6 × 10� 8 and cg03904042 replicates a hit from a recent
cord blood epigenome-wide association study (EWAS) for
ART24. Six HIF (HIF1A and HIF3A) CpGs were nominally
associated atP< 0.05, however, none passed Bonferroni-
correction thresholds (Fig.4). While the original objective was
to only follow-up previously reported candidate CpGs, at the
reviewer’s request we additionally conducted an agnostic EWAS
(N = 336,684 CpGs; Supplemental Fig. 6) which con� rmed the
two genome-wideNECAB3hits, and suggested three other sites
passing epigenome-wide signi� cance (cg09350387 (FASTKD),
P= 2.2 × 10� 8; cg04278794 (OR2C1), P= 5.2 × 10� 9; and
cg22560193 (APC2), P= 3.2 × 10� 11). For the remaining ana-
lyses, we focus on the a priori speci� ed genes and loci.

Mechanistic simulations. To investigate whether observed dif-
ferences in DNA methylation explained associations between
conception via ART and child stature and blood pressure, we
conducted analyses simulating an ART trial amongst subfertile
couples where we were also able to hypothetically manipulate
fetal cord tissue DNA methylation. Despite a strong association

between ART status and reducedNECAB3methylation, we found
evidence consistent with a transient and negligible contribution
towards mediating attained size (e.g., ~16% of the total effect or
0.05 SD decrease [95% CI:� 0.1, � 0.004] in weight-for-age at
36 months among ART-conceived children was attributable to
cg03904042 methylation differences which declined over time;
Fig. 5). When emulating a pragmatic trial, the proportion
mediated was further reduced. Results were consistent whether
using a single top hit or averaging acrossNECAB3CpGs.

Similar simulation analyses conducted usingHIF gene
methylation found slightly stronger evidence for mediation
(Fig.5). For example, cg27146050 (HIF3A) methylation appeared
to contribute to ~7% of the lower height observed among ART-
conceived children at 6 years (� 0.17 cm [� 0.3, � 0.03] out of a
total effect of� 2.2 cm [� 3.4,� 1.1]; 7.7% mediated) in the overall
sample. However, this small association diminished when
compared against the subfertile cohort (� 0.14 cm [� 0.5, 0.2]
out of a total effect of� 2.9 cm [� 4.5, � 1.3]; 4.8% mediated;
Fig.6). In simulation models testing for residual confounding, we
found consistently estimated nulls for maternalNECAB3
(cg03904042) andHIF3A (cg27146050) methylation mediated
effects (e.g.,� 0.0005 cm [� 0.23, 0.23] and� 0.03 cm [� 0.20,
0.13], representing 0.01% and 1% of the total effect of ART on
child height at 5.5 years; Supplemental Fig. 7).

Discussion
In summary, conception by ART was associated with reduced
height and weight, which became more apparent at older ages.
Skinfold thickness, fat mass, and blood pressure were also lower.
When compared against putatively subfertile couples, as would
have been enrolled in a pragmatic trial of ART versus expectant
management, blood pressure differences were no longer observed,
suggesting residual differences in parental endowment or fertility
may explain differences observed in standard analyses. Analyses
accounting for various de� nitions of control populations and
accounting for differential loss to follow-up produced consistent
results. These associations also persisted when taking into

Table 2 Child anthropometrics, skinfolds, and blood pressure at 6 years, adjusted for pre-pregnancy and pregnancy factors.

N Crude � [95% CI] Adjusted for pre-pregnancy
factorsa � [95% CI]

Adjusted for pre-pregnancy+ pregnancy
factorsb � [95% CI]

Height (cm) 830 � 1.5 (� 2.8, � 0.2)c � 2.4 (� 3.6, � 1.2)e � 2.3 (� 3.5, � 1.1)e

Height-for-ageZ score (SDS) 830 � 0.3 (� 0.6, � 0.1)c � 0.5 (� 0.7, � 0.2)e � 0.5 (� 0.7, � 0.2)e

Weight (% difference) 830 � 5.7 (� 10.3,� 1.0)c � 7.9 (� 12.2,� 3.4)e � 7.8 (� 12.1,� 3.2)e

Weight-for-ageZ score (SDS) 830 � 0.4 (� 0.8, � 0.1)c � 0.6 (� 0.9, � 0.3)e � 0.6 (� 0.9, � 0.2)e

BMI (% difference) 830 � 3.2 (� 6.6, 0.3) � 4.0 (� 7.4, � 0.5)c � 4.0 (� 7.4, � 0.5)c

BMI-for-ageZ score (SDS) 830 � 0.3 (� 0.7, 0.04) � 0.4 (� 0.8, � 0.1)c � 0.4 (� 0.8, � 0.03)c

Skinfold thickness
Triceps (% difference) 805 � 5.5 (� 13.8, 3.6) � 7.4 (� 15.5, 1.6) � 7.5 (� 15.7, 1.4)
Biceps (% difference) 805 � 7.1 (� 15.3, 2.0) � 7.6 (� 15.9, 1.5) � 7.6 (� 15.9, 1.6)
Subscapular (% difference) 798 � 9.7 (� 18.6, 0.2) � 10.4 (� 19.2,� 0.7) � 10.6 (� 19.5,� 0.8)c

Suprailiac (% difference) 793 � 12.1 (� 22.5, � 0.4)c � 14.2 (� 24.3, � 2.8)c � 14.3 (� 24.4, � 2.8)c

Blood pressure
Systolic blood pressure (mm Hg) 694 � 3.7 (� 6.1,� 1.2)d � 3.3 (� 5.9, � 0.7)c � 2.8 (� 5.4, � 0.2)c

Systolic blood pressure,
standardized (percentile)

694 � 10.2 (� 16.8,� 3.6)d � 8.9 (� 15.9,� 1.8)c � 7.6 (� 14.7,� 0.5)c

Diastolic blood pressure (mm Hg) 694 � 2.5 (� 4.2, � 0.9)d � 2.5 (� 4.3, � 0.7)d � 2.1 (� 3.9, � 0.3)c

Diastolic blood pressure,
standardized (percentile)

694 � 7.3 (� 12.7,� 2.0)d � 6.3 (� 12.0,� 0.6)c � 5.2 (� 11.0, 0.6)

cm centimeters,SDSstandard deviation score,mm Hgmilimeters mercury.
aMultivariable linear regression adjusted for: maternal age, education, ethnicity, household income, height, pre-pregnancy BMI, parity, and any tobacco smoke exposure in pregnancy; paternal height and
weight; child sex, and polygenic risk score for adult adiposity. Multiple imputation by chained equations were used to estimate associations while simultaneously accounting for missing covariate values.
bAdjusted for variables in (1) and additionally for: maternal fasting and 2-h post oral glucose tolerance test at 26 weeks of gestation; any resting blood pressure measurements exceeding 140 mmHg
systolic or 90 mmHg diastolic at any time during pregnancy; gestational age at delivery; exact age of the child at the visit in days.
cP< 0.05.
dP< 0.01.
eP< 0.0018 (BonferroniP value 0.05/28 comparisons).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25899-4

6 NATURE COMMUNICATIONS|         (2021) 12:5613 | https://doi.org/10.1038/s41467-021-25899-4 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


account maternal glucose and blood pressures during pregnancy
and gestational age at delivery. Other factors which may have
bearing on child growth and metabolism, such as fetal growth,
maternal gestational weight gain, breastfeeding duration, and
child infection and hospitalization history, did not differ. No
strong associations were found with other cardiometabolic bio-
markers at 6 years.

A recent systematic review6 of offspring growth found ART-
conceived children appeared slightly lighter than spontaneously
conceived (SC) children from birth to 4 years, but not at 5+
years, with little evidence of height differences. An earlier sys-
tematic review32 found some evidence for elevated blood pressure
and fasting insulin in adolescence and early adulthood, but
con� icting evidence for associations with BMI, glucose home-
ostasis, and dyslipidemia. However, these reviews highlighted
critical limitations in past studies including convenience samples
of spontaneously conceived children; lack of accounting for
parental especially paternal anthropometrics; and inappropriate
adjustment for mediators of potential effects such as birth weight.

Notably, parents conceiving via ART are subject to complex
selection relative to the general conceiving population, with
opposing consequences for child health including higher socio-
economic status and greater� nancial resources and investments
in child development, and adoption and maintenance of health-
promoting behaviors under the direction of fertility specialists
(e.g., physical activity, weight loss, and smoking cessation). On
the other hand, such parents are more likely to be nulliparous, be
of advanced parental age, and have underlying endocrine or
metabolic disorders (e.g., obesity, hyper-/hypothyroidism, PCOS).
Consequently, selection bias and residual confounding when
comparing long-term outcomes of ART to spontaneously con-
ceived children is a primary concern that has been insuf� ciently
addressed in prior work. Several studies in which greater atten-
tion was given to establishing proper comparison groups and
adjusting for familial confounders have found evidence in line
with our � ndings: Kai et al. found that ICSI-IVF-conceived
children were 0.3 standard deviations shorter at 3 years compared
to SC children enrolled in the same longitudinal cohort (� 0.91 vs




















