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Structured Graphical Abstract

most existing studies are limited by small sample size, short follow-up, low response rates, inadequate adjustment for confounders, and 
unsatisfactory control/comparison groups.

systolic blood pressure (SBP) and triglycerides in young adulthood with ART.

Results from this pooled analysis of population-based birth cohort studies are largely reassuring to families using ART. Further studies 
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Meta-analysis of results in 35000 offspring with cardiometabolic outcomes measured at various ages found no robust differences in blood pressure, 
heart rate, triglycerides, or hyperglycaemic/insulin resistance traits, and higher cholesterol in ART-conceived than NC offspring. Analysis of cardi-
ometabolic trajectories up to age 26 years in 17,000 offspring identified subtle increases to nominally higher blood pressure and triglycerides in young 
adults who were conceived by ART. ART, assisted reproductive technology; NC, natural conception; SBP, systolic blood pressure; DBP, diastolic 
blood pressure; HR, heart rate; TC, total cholesterol; HDLc, high-density lipoprotein cholesterol; LDLc, low-density lipoprotein cholesterol; TG, 
triglycerides; HbA1c, glycated haemoglobin.
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Abstract

Aims To examine associations of assisted reproductive technology (ART) conception (vs. natural conception: NC) with offspring 
cardiometabolic health outcomes and whether these differ with age.

Methods 
and results

Differences in systolic (SBP) and diastolic blood pressure (DBP), heart rate (HR), lipids, and hyperglycaemic/insulin resistance 
markers were examined using multiple linear regression models in 14 population-based birth cohorts in Europe, Australia, 
and Singapore, and results were combined using meta-analysis. Change in cardiometabolic outcomes from 2 to 26 years was 
examined using trajectory modelling of four cohorts with repeated measures. 35 938 (654 ART) offspring were included in 
the meta-analysis. Mean age ranged from 13 months to 27.4 years but was <10 years in 11/14 cohorts. Meta-analysis found 
no statistical difference (ART minus NC) in SBP (−0.53 mmHg; 95% CI:−1.59 to 0.53), DBP (−0.24 mmHg; −0.83 to 0.35), 
or HR (0.02 beat/min; −0.91 to 0.94). Total cholesterol (2.59%; 0.10–5.07), HDL cholesterol (4.16%; 2.52–5.81), LDL chol-
esterol (4.95%; 0.47–9.43) were statistically significantly higher in ART-conceived vs. NC offspring. No statistical difference 
was seen for triglycerides (TG), glucose, insulin, and glycated haemoglobin. Long-term follow-up of 17 244 (244 ART) births 
identified statistically significant associations between ART and lower predicted SBP/DBP in childhood, and subtle trajector-
ies to higher SBP and TG in young adulthood; however, most differences were not statistically significant.

Conclusion These findings of small and statistically non-significant differences in offspring cardiometabolic outcomes should reassure 
people receiving ART. Longer-term follow-up is warranted to investigate changes over adulthood in the risks of hyperten-
sion, dyslipidaemia, and preclinical and clinical cardiovascular disease.

Keywords Blood pressure • Glucose • In vitro fertilization • Lipids • Meta-analysis • Pooled longitudinal trajectory analysis

Introduction
Use of assisted reproductive technology (ART), which mainly involves 
in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI), has 
risen rapidly in developed countries in recent decades leading to >8 mil-
lion births worldwide, and this is expected to continue to rise.1 There is 
concern that use of ART may cause adverse cardiovascular and meta-
bolic health outcomes in the offspring.2–7 Systematic reviews of mostly 
small studies report that ART conception is associated with higher off-
spring blood pressure, glucose, and triglycerides (TG);5–7 however, 
publication and selection bias might influence these findings. Selection 
bias could arise as most previous studies were clinical cohorts of 
ART conceptions compared with selected naturally conceived (NC) 
comparison groups (e.g. family friends) who were not followed up 
from conception in the same way as those conceived by ART.

A Swiss study published since these reviews that included 54 
ART-conceived and 43 NC children discovered signs of premature vas-
cular ageing which persisted at 5-year follow-up assessments at age 17 
years, along with new evidence of higher blood pressure that emerged 
at this older age.8 However, family friends were used as NC controls 
which may introduce a selection bias. A more recent Singaporean 
population-based birth cohort study where both ART-conceived and 
NC offspring were selected from the same underlying population and 
followed up in the same way (N = 1178 with 83 ART-conceived off-
spring) found that ART-conceived offspring had lower blood pressure 
from age 3 to 6 years.9 To the best of our knowledge, no large 
population-based studies of cardiometabolic health outcomes in 
ART-conceived offspring, or studies that explored how associations 
change with increasing age, are available. It is important to explore 
how associations evolve with age as we cannot assume that associations 
in early childhood will persist through to adulthood.

Our aim was to conduct a large population-based multicohort study 
with longitudinal repeated measures analysis to provide more reliable 
evidence (and so also limiting potential publication bias) on associations 
between ART conception and long-term offspring cardiometabolic 

health up to young adulthood. Additionally, we examined the role of 
underlying parental subfertility,10,11 compared associations according 
to sex12,13 and types of ART,14,15 and explored if results could be driven 
by multiple births, preterm birth,16 and offspring adiposity.17

Methods
This study was carried out by following a pre-specified analysis plan and 
code developed by A.E., A.E.T., H.M.I., and D.A.L (https://osf.io/qhwvc/) 
and is reported in line with the Strengthening the Reporting of 
Observational Studies in Epidemiology (STROBE) statement.

Cohort studies
Cohort studies were recruited from the Assisted Reproductive Technology 
and Future Health (ART-Health) Cohort Collaboration.18 ART-Health is a 
multinational collaboration between 26 cohort studies from the European 
Union Child Cohort Network, Asia, Australia, and North America.18–20

Studies were recruited to ART-Health if they used a population-based 
study design without selection or oversampling of those conceived by 
ART, to avoid a selection bias and ensure identical outcome assessment 
for ART-conceived and NC offspring. Cohort studies were included in 
the current analysis if they had data on one or more cardiometabolic health 
measure assessed at any age after birth (in addition to data on whether off-
spring were conceived by ART or not).

In total, 14 of the 26 ART-Health cohorts had these data and were in-
cluded in this study (Figure 1, Supplementary material online, Text S1). All 
offspring with relevant data from each cohort were included in the analysis, 
without any exclusion criteria such as the exclusion of multiple births or of 
those with congenital anomalies. Included offspring were born in the UK, 
Ireland, France, Portugal, Greece, Norway, the Netherlands, Italy, 
Australia, and Singapore (Figure 1). Offspring birth years were from 1982 
to 2018, though most were born from 2002 onwards (Figure 1). Mean 
age at cardiometabolic outcome assessment was from 13 months to 27 
years, though most cohorts (11/14) had a mean offspring age below 10 
years (Figure 1, Supplementary material online, Text S1).

All included cohorts had approval from their relevant local/national ethics 
committees and all study participants gave informed consent/assent to 
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participate in the respective cohorts and secondary data analyses. Details on 
ethics approvals/consent in each cohort can be found in Supplementary 
material online, Text S1.

Exposure
For our main analysis, a dichotomous variable was derived for each cohort 
and used to compare offspring conceived using ART with NC offspring. 
Assisted reproductive technology use in all cohorts was defined in line 
with the International Glossary on Infertility and Fertility Care definition 
of ART to cover all interventions that include the in vitro handling of both 
human oocytes and sperm or of embryos for the purpose of reproduc-
tion.21 This included, but was not limited to, IVF, ICSI, and embryo transfer 
(ET), though in all cohorts, ART predominantly comprised IVF and ICSI 
(plus ET). In line with this definition, non-ART methods of medically assisted 
reproduction (MAR) such as intra-uterine, intra-cervical, or other forms of 
artificial insemination were excluded from the ART group. Natural concep-
tion included those who conceived naturally without any form of MAR.21

Assisted reproductive technology conception and NC were identified in 
each cohort from data on mode of conception and fertility treatment, 
which were gathered by record linkage or from pregnancy questionnaires 
(see Supplementary material online, Text S1). Given that the use of (any) 
ART for conception is a major life event and there are legal requirements 
to provide this information in medical records for many countries, these 
data are likely to be highly reliable from both record linkage and maternal 
reports in pregnancy questionnaires.

Where data were available, we further considered whether the ART 
group were conceived using conventional IVF or ICSI, and whether they 
were conceived using fresh ET or frozen ET (FET), comparing each sub-
group separately to NC. Where data were available, we also considered 
if the NC group were born to fertile or subfertile parents, depending on 
the length of time to pregnancy being ≤12 or >12 months since started try-
ing, respectively, comparing each NC subgroup to ART.

Offspring cardiometabolic outcomes
Eligible offspring cardiometabolic outcomes were systolic blood pressure 
(SBP, mmHg), diastolic blood pressure (DBP, mmHg), heart rate (HR, 
b.p.m.), total cholesterol (TC, mmol/L), high-density lipoprotein cholesterol 
(HDLc, mmol/L), low-density lipoprotein cholesterol (LDLc, mmol/L), TG 
(mmol/L), glucose (mmol/L), insulin (mU/L), and glycated haemoglobin 
(HbA1c, %). Similar protocols were followed across all cohorts, and full de-
tails on outcome measurements are in Supplementary material online, Text 
S1. Briefly, SBP, DBP, and HR were measured using blood pressure moni-
tors with participants seated and at rest, with SBP, DBP, and HR calculated 
as the average of first, second, and (if available) third measurements. 
Biomarkers (lipids and hyperglycaemic/insulin resistance markers) were ob-
tained using standard clinical laboratory procedures in fasting or non-fasting 
blood samples, depending on age.

To maximize sample size for the meta-analysis (of results from all co-
horts), where a cohort had repeated measurements of an outcome (i.e. 
measures taken at different follow-up timepoints/waves/mean ages), we se-
lected the age of the outcome measure that had the largest number of off-
spring for meta-analysis (see Supplementary material online, Table S1). 
Additionally, associations of ART with trajectories of change in cardiometa-
bolic outcomes included all repeat measurements from individual cohorts 
where these were available for sharing.

Confounders
We used a Directed Acyclic Graph (see Supplementary material online, 
Figure S1), developed with input from the multidisciplinary author group, 
to identify (and control) for confounders and avoid over-adjustment for 
mediators.22–24 Priority was given to confounders that were available in 
most of the included cohorts as well as for most of the cohort offspring. 
This identified the following potential confounders: maternal age at preg-
nancy/birth, parity, pre-pregnancy body mass index (BMI) and smoking, 

education (as a marker of socioeconomic position) and ethnicity. Most co-
horts (n = 12) had data on all confounders; two cohorts (HUNT and 
CHART) were unable to adjust for maternal BMI, smoking, or ethnicity 
(though for HUNT, 97% of the population had European ancestry), with 
one cohort (HUNT) also unable to adjust for maternal education. Details 
on confounder measurement are in Supplementary material online, Text S1.

Statistical analysis
Analysis of all cohorts (various ages)
Associations of ART conception with cardiometabolic outcomes were ex-
amined separately in each cohort and results were subsequently combined 
through meta-analysis. Cohort-specific multivariable linear regression mod-
els were used to estimate mean difference and 95% confidence intervals 
(CIs) in cardiometabolic outcomes between ART-conceived and NC off-
spring. Models were adjusted for confounders (maternal age, education, 
parity, BMI, smoking, and ethnicity) plus offspring sex and exact age at out-
come assessment (sex and age were included to control for variation in out-
comes related to sex and age and improve precision of estimates). Robust 
standard errors were used by cohorts that had any related individuals. This 
approach was chosen due to the low prevalence of relatedness within the 
cohorts, for example, the overall proportions of multiple births (twins, tri-
plets, or higher order births) in the six cohorts that included multiple births 
ranged from 1.1% to 5.0% (see Supplementary material online, Table S2).

To facilitate comparison of effect sizes between SBP, DBP, and HR, 
these were presented as standardized regression coefficients, after 
standardizing to cohort-specific standard deviation (SD) units (mean = 
0 and SD = 1). To aid interpretability of results, SBP, DBP, and HR 
were also analysed in their original units. Because height is strongly re-
lated to blood pressure in childhood,25 SBP and DBP were additionally 
analysed as percentile ranks after age-, sex- and height-standardization 
informed by guidelines from the National Heart, Lung, and Blood 
Institute (NHLBI) and Centers for Disease Control and Prevention 
(CDC).26 This analysis was only done in cohorts that had blood pressure 
measured before age 18 years, because the NHLBI/CDC guidelines only 
provide percentiles up to age 17 years as the association with height is 
less prominent in adulthood. Lipids, glucose, and insulin were analysed 
after natural log transformation, and the results were presented as per-
centage (%) differences between ART-conceived and NC offspring.27

This was done because these biomarkers, and hence the regression mod-
el residuals, were right skewed and to facilitate comparability of results 
across markers. HbA1c was analysed in its original units (i.e. % of 
glycosylation).

Cohort results were pooled using a random-effects meta-analysis 
(DerSimonian and Laird estimator with the Hartung–Knapp–Sidik– 
Jonkman variance adjustment) to incorporate between-cohort heterogen-
eity, including between-cohort differences in offspring birth years and 
country of birth, and obtain mean differences (and 95% CIs) in outcomes 
across all cohorts. The I2 statistic was used to quantify the consistency in 
the pooled estimates as the percentage of total variability due to between- 
cohort heterogeneity.28 The robustness of the pooled results to influential 
cohorts was investigated by using a leave-one-out sensitivity analysis where 
the meta-analysis was repeated by leaving one of the cohorts out each 
time.29 The contribution of each cohort to overall heterogeneity and its im-
pact on the pooled estimates were graphically represented in a modified 
Baujat plot.29

The following pre-specified subgroup analyses were performed to fur-
ther explore sources of heterogeneity. We attempted to separate out ef-
fects of ART conception from effects of parental subfertility by repeating 
analyses comparing ART-conceived with NC offspring from subfertile par-
ents and to offspring from fertile parents. Differences by sex and ART treat-
ment were explored by repeating analyses stratified by sex; comparing IVF 
and ICSI separately to NC; and comparing fresh ET and FET separately to 
NC and inspecting the difference in effect sizes between groups. 
Differences between subgroups were examined by a Wald test.30,31

Lastly, we explored whether results were driven by twins/multiple births 
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by repeating analyses in singletons and examined if results were driven by 
preterm birth and offspring adiposity by refitting the main (confounder- 
adjusted) models with extra adjustment for offspring birth weight, gesta-
tional age at delivery, and BMI (before or at outcome assessment).

Age-change (2–26 years) trajectory analysis
Differences in cardiovascular (SBP, DBP, HR), lipids (TC, HDLc, LDLc, TG), 
and glucose trajectories from childhood to young adulthood between 
ART-conceived and NC offspring were examined in four cohort studies 
that all collected repeated measurements: (i) the UK-based Avon 
Longitudinal Study of Parents and Children (ALSPAC) with 1–12 repeated 
blood pressure and HR measures, 1–7 repeated lipids measurements (from 
age 2 to 26 years), and 1–4 repeated glucose measures from age 7 to 26 
years,32–34 (ii) the Portuguese G21 cohort with 1–3 repeated measure-
ments for all outcomes at ages 4, 7, and 10 years,35 (iii) the Amsterdam 
Born Children and their Development study (ABCD) with up to 2 repeated 
measures for all outcomes at ages 5 and 11 years,36 and (iv) the Growing up 
in Singapore Towards healthy Outcomes (GUSTO) study37 with 1–6 re-
peated SBP, DBP, and HR measurements from age 3 to 8 years, and 2 lipids 
and glucose measurements at ages 6 and 8 years.

Associations of ART conception with mean cardiometabolic health trajec-
tories were examined using natural cubic spline mixed-effects models.38

Mean cardiometabolic health trajectories were modelled using a natural cubic 
spline function for age (as a fixed effect) to allow for nonlinear change in out-
comes with age. The complexity of the trajectory shape was selected by com-
paring models with different numbers of knots placed at quantiles of the age 

distribution, and selecting models based on combination of fit indices, biologic-
ally plausible fitted trajectory,12 and avoidance of overfitting by choosing mod-
els with a fewer number of knots.38 The selected models included three (SBP, 
DBP, and HR), two (TC, HDLc, LDLc, TG), and one (glucose) knot(s) in the 
natural cubic spline function. Models were adjusted for sex and confounders 
and included an adjustment for cohort (as a fixed effect) to control for 
between-cohort differences. An interaction term between ART and age was 
included in all models to allow different mean trajectories for 
ART-conceived and NC groups.38,39 All models included random intercept 
and random linear slope for age to allow for between-individual differences 
at baseline and in change with age. Predicted mean trajectories and differences 
between ART and NC were calculated.

We explored whether differences in mean trajectory were driven by 
multiple births by repeating models in singletons only and whether differ-
ences were driven by preterm birth and offspring adiposity by refitting 
the main confounder-adjusted models with extra adjustment for birth 
weight, gestational age, and offspring sex-specific BMI-for-age Z-score (ta-
ken before the first outcome measurement and standardized to the 
WHO Growth reference standards). Lastly, differences in trajectories of 
SBP and DBP percentiles up to age 18 years (after age-, sex-, and height- 
standardization to NHLBI/CDC guidelines) were examined. Analysis was 
done in R version 4.0.2 (R Project for Statistical Computing).40–42

Missing data
For the analyses of all cohorts (with various ages), all offspring were in-
cluded if they had complete data on mode of conception, confounders, 

Measurements

Blood pressure 
and/or heart rate

Bloods (lipids and/or
glucose biomarkers)

0 5 10 15 20 25 30

Cohort Country Birth years N

ABCD NL 2003-2004 2885

ALSPAC UK 1990-1992 5780

BASELINE IE 2008-2011 813

BIS AU 2010-2013 592

CHART AU 1982-1992 203

EDEN FR 2003-2006 1206

GASPII IT 2003-2004 449

Gen R NL 2002-2006 4209

G21 PT 2005-2006 5139

GUSTO SG 2009-2011 742

HGS GR 2007-2009 2170

HUNT NO 1984-2006 9706

Piccolipiù IT 2011-2014 1537

SWS UK 1998-2005 947

Figure 1 Overview of the included cohorts. The figure shows the birth country, birth years, sample size, and type and age of cardiometabolic outcome 
assessments in offspring from each included cohort study. The sample sizes represent the maximum number of offspring included in any meta-analysis. 
ABCD, Amsterdam Born Children and their Development Study; ALSPAC, Avon Longitudinal Study of Parents and Children; BASELINE, Babies After 
SCOPE: Evaluating the Longitudinal Impact on Neurological and Nutritional Endpoints; BIS, Barwon Infant Study; CHART: Clinical review of the Health 
of 22–33 years old conceived with and without ART; EDEN, Etude de cohorte généraliste, menée en France sur les Déterminants pré et post natals 
précoces du développement psychomoteur et de la santé de l’Enfant; GASPII, Gene and Environment: Prospective Study on Infancy in Italy; Gen R, 
Generation R Study; G21, Generation XXI Study; GUSTO, Growing up in Singapore Towards healthy Outcomes; HGS, Healthy Growth Study; 
SWS, Southampton Women’s Survey; HUNT, The Trøndelag Health Study. Further details on the included cohorts and measurements can be found 
in Supplementary material online, Text S1 and Table S1.
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and the cardiometabolic outcome of interest. For the age-change trajectory 
analyses, all offspring were included provided they had complete data on 
mode of conception and all confounders, plus data for one or more of 
the specified repeated outcome measurements. Therefore, selection bias 
due to missing outcome data may be reduced in the trajectory models by 
including all offspring with incomplete outcome values, with estimation by 
maximum likelihood, under the missing at random assumption (i.e. the 
probability that an outcome value is missing depends on observed values 
of the outcome, conditional on the covariates in the model). To explore 
the potential impact of missing data, we compared characteristics between 
included offspring and those that were excluded due to missing data (see 
Supplementary material online, Table S2).

Results
Participant characteristics
A total of 14 cohorts were included (two cohorts each from the UK, 
the Netherlands, Italy, and Australia, and one cohort each from 
Ireland, France, Portugal, Greece, Norway, and Singapore). The number 
of cohorts and offspring included in the main meta-analysis (i.e. ART 
compared with NC) ranged from 14 cohorts and 35 938 (654 ART) off-
spring for SBP to 2 cohorts and 4502 (67 ART) offspring for HbA1c. 
The number of cohort offspring in each analysis and the mean and 
SD of outcomes and ages at each outcome assessment are given in 
Supplementary material online, Table S1. Those excluded due to miss-
ing data had lower maternal education and higher prevalence of preg-
nancy smoking but were broadly similar on the other maternal 
factors (see Supplementary material online, Table S2). Compared 
with NC, offspring conceived using ART had a lower birth weight 
and gestational age, higher prevalence of multiple births, and they 
were more likely to have nulliparous mothers, mothers with older 
age at pregnancy, mothers who were more educated, and mothers 
who were less likely to have smoked in pre-/early pregnancy (see 
Supplementary material online, Table S3).

Results of analysis with all cohorts/ages
The pooled confounder-adjusted mean differences in each cardiometa-
bolic outcome between ART-conceived and NC offspring are pre-
sented in Figure 2, with results from each individual cohort presented, 
arranged by mean age, in Supplementary material online, Figure S2. 
There were no statistically significant pooled differences (at the con-
ventional P < 0.05 threshold) in SBP (standardized mean difference be-
tween ART-conceived and NC groups across all cohorts: −0.06 SD; 
95% CI: −0.17 to 0.06), DBP (−0.03 SD; −0.10 to 0.05), and HR 
(0.00 SD; −0.08 to 0.09). The equivalent mean differences expressed 
in original units were −0.53 mmHg (−1.59 to 0.53) for SBP, 
−0.24 mmHg (−0.83 to 0.35) for DBP, and 0.02 b.p.m. (−0.91 to 
0.94) for HR. Mean TC (mean % differences: 2.59%; 0.10–5.07), 
HDLc (4.16%; 2.52–5.81), and LDLc (4.95%; 0.47–9.43) were all 
significantly higher in ART-conceived than NC offspring. No significant 
differences were found in mean TG (−1.51%; −6.50 to 3.47), glucose 
(0.17%; −1.79 to 2.14), insulin (−4.18%; −16.42 to 8.06), or HbA1c 
(−0.07% glycosylation; −0.27 to 0.13).

There was no observed heterogeneity (I2 = 0%) between cohorts for 
DBP, HR, HDLc, TG, and HbA1c (Figure 2, Supplementary material 
online, Figure S3). Between-cohort heterogeneity was unlikely to be im-
portant for TC (I2 = 15.9%) and insulin (I2 = 18.9%), and there was 
moderate between-cohort heterogeneity for SBP (I2 = 33.5%), LDLc 
(I2 = 38.3%), and glucose (I2 = 43.4%) results (Figure 2, Supplementary 
material online, Figure S3). Sensitivity analyses showed that GUSTO 

had both the largest relative contribution to heterogeneity and impact 
on the pooled SBP results (see Supplementary material online, 
Figure S3), with the pooled estimate slightly attenuated when 
GUSTO was removed (standardized mean difference in SBP across 
all cohorts after GUSTO is excluded: −0.02 SD; −0.13 to 0.09, I2 = 
12.8%). The pooled estimate for LDLc was influenced by the G21 
and Gen R cohorts (see Supplementary material online, Figure S3); re-
moving G21 pulled results to higher LDLc with ART (6.42%; 2.42– 
10.43, I2 = 0%), whereas removing Gen R attenuated the difference 
(3.54%; −0.67 to 7.73, I2 = 20.0%). No clearly influential cohorts 
were identified for glucose result (see Supplementary material online, 
Figure S3).

Figure 3 presents results for all pre-planned subgroup analyses, with 
all numerical results, including results from tests of differences between 
subgroups, in Supplementary material online, Table S4. All results were 
consistent between those with and without parental subfertility, and 
for most results comparing females to males, fresh ET to FET, and con-
ventional IVF to ICSI. Associations of ART conception (vs. NC) with 
SBP and DBP were stronger in males compared with females, and in off-
spring conceived using ICSI compared with IVF (vs. NC). Associations 
of ART conception (vs. NC) with HR were stronger in females com-
pared with males, and associations with TG were stronger for FET 
vs. NC compared with fresh ET. The P-values from tests of between 
subgroup differences for all of these were <0.1, but differences tended 
to be small. For example, the standardized mean differences (ART 
minus NC) in SBP were −0.16 SD (−0.28 to −0.04) in males and 
0.03 SD (−0.14 to 0.21) in females.

Results in singleton births (see Supplementary material online, 
Figure S4) were consistent with results in all participants (i.e. with 
both singletons and multiple births included). Differences in SBP and 
SBP were slightly increased after extra adjustment for birth weight, ges-
tational age, and offspring BMI, and results (with the extra adjustments) 
were consistent with the confounder-adjusted results for all other out-
comes (see Supplementary material online, Figure S5). Lastly, analyses 
on age-, sex-, and height-standardized blood pressure percentiles (in 
13 cohorts with measures before age 18 years) were consistent with 
the main results, with no significant pooled differences in percentile 
rank for SBP (−0.01; −0.03 to 0.02, I2 = 32.9%) or DBP (0.00; −0.01 
to 0.01, I2 = 0%).

Results of age-change trajectory analysis
A total of 17 244 (244 ART), 16 818 (243 ART), 139 126 (188 ART), 
and 13 386 (184 ART) offspring were included in pooled trajectory ana-
lysis for blood pressure, HR, lipids, and glucose, respectively. The age 
range of outcome assessment was from 2.9 to 26.5 years. The pre-
dicted mean cardiometabolic health trajectories for ART-conceived 
and NC offspring are presented in Supplementary material online, 
Figure S6, and the predicted mean differences in each outcome from 
childhood to adulthood are presented in Figure 4 and Supplementary 
material online, Table S5.

Blood pressure was lower during childhood in ART-conceived off-
spring [e.g. the predicted differences (ART minus NC) at age 6 years 
were −1.26 mmHg (−2.15 to −0.37) for SBP and −0.92 mmHg 
(−1.56 to −0.28) for DBP]. Blood pressure was similar in both groups 
during adolescence, with some evidence of a trend towards higher 
blood pressure (SBP) in young adulthood in ART-conceived offspring: 
the predicted difference at age 26 years was 4.12 mmHg (0.19–8.06) 
for SBP and 1.00 mmHg (−1.90 to 3.89) for DBP. Heart rate was most-
ly slightly higher for ART-conceived offspring throughout the follow-up, 
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but the difference was small, e.g. predicted differences at ages 4 and 26 
years were 1.91 b.p.m. (0.45–3.37) and 0.42 b.p.m. (−3.39 to 4.24), 
respectively.

There was no evidence of difference in TC at most ages except for 
higher levels at age 8 years in ART-conceived offspring [predicted dif-
ference in TC: 0.09 mmol/L (0.01–0.18)]. High-density lipoprotein 
cholesterol was higher in ART-conceived offspring from childhood to 
adolescence and there was a trend towards lower HDLc in young adult-
hood, e.g. predicted differences in HDLc at age 14 and 26 years were 
0.07 mmol/L (0.01–0.13) and −0.10 mmol/L (−0.26 to 0.08), respect-
ively. TG were broadly similar during childhood and adolescence with 
some evidence of a trend to higher TG in young adulthood with 
ART, but the difference was small: predicted differences in TG at age 
26 years was 0.12 mmol/L (−0.03 to 0.30). No noticeable differences 
were seen in LDLc or glucose trajectories (Figure 4).

The predicted mean trajectories from analyses in singletons (see 
Supplementary material online, Figure S7), and after extra adjustment 
for offspring birth weight and gestational age (see Supplementary 
material online, Figure S8), and childhood BMI (see Supplementary 
material online, Figure S9) were consistent with results from the main 
confounder-adjusted models. Lastly, analyses on age-, sex-, and height- 
standardized blood pressure percentile trajectories (up to age 17 years) 
were consistent with the trajectories to this age from the main blood 
pressure trajectory analysis (see Supplementary material online, 
Figure S10).

Discussion
To the best of our knowledge, this is the largest study focusing on car-
diovascular and metabolic outcomes in ART-conceived offspring, and 
the longest follow-up of its kind. Our meta-analysis of results from 
>35 000 offspring combining outcomes measured at any age (although 
including mostly children aged <10 years) found no robust differences 
in blood pressure, HR, TG, or hyperglycaemic/insulin resistance traits, 
and a higher cholesterol in ART-conceived offspring. Complementary 
analyses on cardiometabolic health trajectories from ages 2 to 26 years 
in >17 000 offspring identified a lower blood pressure during childhood 
and subtle increase, resulting in higher blood pressure and more 
atherogenic dyslipidaemia (higher TG and lower HDLc) in young adults 
who were conceived by ART (Structured Graphical Abstract). Results 
were similar in males and females, when comparing ART-conceived off-
spring with NC offspring with/without parental subfertility, convention-
al IVF and ICSI with NC, fresh ET and FET with NC, and when restricted 
to singletons, and after extra adjustment for offspring birth weight, ges-
tational age, and BMI.

The lower blood pressure trajectory up to age 8 years with ART (and 
the modestly lower SBP but not reaching P < 0.05 across all cohort) is 
consistent with results from a Singaporean birth cohort showing lower 
SBP in ART-conceived offspring across four timepoints from age 3 to 6 
years.9 Our results suggest that this trajectory might subsequently 
change to higher blood pressure from older adolescence in those con-
ceived by ART, which supports and adds to findings from a small Swiss 
clinical ART cohort showing that higher blood pressure in offspring 
conceived via ART was only observed at age 17 years, despite evidence 
of premature vascular ageing found at baseline (mean 12 years) and 17 
years.8 We found no overall difference in HR or evidence of emerging/ 
long-term associations with HR, which supports and expands on results 
from the only previous study (to our knowledge) of this association in 
9-year-olds from a small clinical ART cohort in the Netherlands.43

Our findings suggest that TG were similar but that TC (HDLc and 
LDLc) was higher (across all cohorts) in the ART group in childhood. 
Trajectory analyses suggested that the higher TC and LDLc levels 

Figure 2 Pooled mean differences in cardiometabolic health out-
comes between assisted reproductive technology-conceived and nat-
ural conception offspring from up to 14 birth cohort studies. The 
figure shows the pooled confounder-adjusted mean differences (and 
95% confidence intervals) in cardiometabolic outcomes between as-
sisted reproductive technology-conceived and natural conception off-
spring from up to 14 cohort studies. Estimates represent standardized 
mean differences in (A) systolic blood pressure, diastolic blood pres-
sure, and heart rate, (B) mean % difference in lipids, (C) glucose, and 
insulin, and mean difference in % glycosylation for HbA1c. 
Cohort-specific models were adjusted (as fully as possible) for mater-
nal age, parity, education, smoking, body mass index, and ethnicity, 
plus offspring sex and age at outcome assessment. Results from 
each cohort are presented in Supplementary material online, 
Figure S2. ART, assisted reproductive technology; NC, natural concep-
tion; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, 
heart rate; TC, total cholesterol; HDLc, high-density lipoprotein chol-
esterol; LDLc, low-density lipoprotein cholesterol; TG, triglycerides; 
HbA1c, glycated haemoglobin. The pooled mean differences in blood 
pressure and heart rate in original units were −0.53 mmHg (−1.59 to 
0.53) for systolic blood pressure, −0.24 mmHg (−0.83 to 0.35) for 
diastolic blood pressure, and 0.02 b.p.m. (−0.91 to 0.94) for heart rate.
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were largely restricted to childhood with no differences by young adult-
hood. In contrast, with older age, TG increased and HDLc decreased in 
those conceived by ART compared with NC, such that by age 26 years 
TG were higher, and HDLc lower, in those conceived by ART, though 
differences were small and not statistically significant. Only few studies, 
done on mostly young children, examined associations with lipids, with 
these showing inconsistent results of no difference or lower TG and 
LDLc, and no difference or higher HDLc with ART conception.5,7

Studies were limited by small sample size, little or no adjustment for 
confounders, and short follow-up which limits comparison with our 
study. Our results suggest no robust difference in glucose-related traits 
at any age up to young adulthood, which agrees with some but not all 
previous studies which were mostly done in children.5–7

While the mechanisms by which ART can lead to cardiometabolic 
differences are unknown and require investigation, one explanation 
for the different childhood to adulthood patterns in blood pressure, 
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Figure 3 Pooled mean differences in cardiometabolic health outcomes between assisted reproductive technology-conceived and natural conception 
offspring, stratified by sex, parental subfertility, fresh embryo transfer/frozen embryo transfer, and in vitro fertilization/intracytoplasmic sperm injection. 
The figure shows pooled confounder-adjusted mean differences in cardio-metabolic outcomes between pre-specified assisted reproductive 
technology-conceived and natural conception offspring subgroups. Estimates represent standardized mean differences in (A) systolic blood 
pressure (SBP), (B) diastolic blood pressure (DBP), and (C) heart rate (HR), and mean % difference in  (D) total cholesterol (TC), (E) high-density lipo-
protein cholesterol (HDLc), (F) low-density lipoprotein cholesterol (LDLc), (G) triglycerides (TG), (H) glucose, and (I) insulin. The horizontal bars re-
present 95% confidence intervals. Cohort-specific models were adjusted (as fully as possible) for maternal age, parity, education, smoking, body mass 
index, and ethnicity, plus offspring sex and age at outcome assessment. ART, assisted reproductive technology; NC, natural conception; IVF, in vitro 
fertilization; ICSI, intracytoplasmic sperm injection; ET, embryo transfer; FET, frozen embryo transfer. The corresponding numerical results, and results 
from tests of subgroup differences, are given in Supplementary material online, Table S4.
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and possibly adverse TG trajectory with older age, is that they reflect 
age-specific differences in adiposity and their effect on cardiometabolic 
health. This is supported by findings from 26 ART-Health cohorts 
showing smaller size and lower adiposity during early life in 
ART-conceived than NC offspring and subsequently higher adiposity 
in young adulthood,18 a finding also reported in adults from Nordic 
registries.44 Higher adiposity increases blood pressure and TG17,45

and so age-related differences in adiposity could plausibly explain our 
findings. Differences in epigenetic and metabolomic profiles (possibly 
secondary to inherited causes of infertility, ART, or pregnancy-related 
complications) are other potential mechanisms.14,46–48

While higher blood pressure and TG are known to increase future 
cardiovascular disease risk49–52 and this might suggest an increased 
risk in ART-conceived offspring, the differences found in our study 
were small and mostly statistically non-significant. Therefore, our find-
ings should be considered largely reassuring for ART users, although we 
cannot rule out later life problems. Similarly, while evidence suggests 
higher LDLc52,53 but not HDLc52,54,55 raises cardiovascular disease 
risk, the differences we found were small and did not persist to young 
adulthood.

Strengths of this study include the large sample size in comparison 
with previous studies and the inclusion of cohorts from different geo-
graphic regions, which should make the findings generalizable to ART 
pregnancies from various countries. The use of cohorts with 

comparison groups from the same underlying population as those con-
ceived by ART is another important strength, which is not the case with 
many clinical cohorts where controls are selected from relatives or 
friends of the couples undergoing ART. Our novel trajectory analysis 
is of further strength as it allows both change with age and, importantly, 
a wider age range to be explored, thus providing insight into evolution 
of cardiometabolic risk factors over the life course.

Study limitations include the low precision/power (and relatively 
small number of ART conceptions) for some outcomes even with 
this large collaboration. Most cohorts were young which meant we 
were unable to examine results by age groups and could only do trajec-
tory analyses in a subgroup of the included cohorts. Whilst our analyses 
were adjusted for pre-specified confounders, residual confounding by 
parental health conditions and other unmeasured factors is possible. 
Family designs such as within sibling and twins comparisons might 
have provided better control for confounding by family/genetic back-
ground; however, this design was not possible in our study because 
of the very large sample sizes that would be needed.14 Additionally, 
our subgroup analysis comparing ART conceptions with NC born to 
fertile and subfertile parents suggests that an underlying infertility, 
through which parental ill health would cause use of ART, is unlikely 
to explain our findings.

Our analysis of all cohorts was restricted to offspring with complete 
data on mode of conception, confounders, and outcomes which may 
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Figure 4 Predicted mean differences in cardio-metabolic trajectories from childhood to adulthood between assisted reproductive technology- 
conceived and natural conception offspring. The figure shows the predicted mean differences in cardio-metabolic outcomes from childhood to 
adulthood between the assisted reproductive technology-conceived and natural conception offspring. The horizontal bars represent 95% confidence 
intervals. Predicted means were obtained from multicohort (ABCD, ALSPAC, G21, and GUSTO) natural cubic spline mixed-effects models that were 
adjusted for offspring sex, maternal age, parity, body mass index, smoking, education, ethnicity, and cohort. All models included an interaction between 
assisted reproductive technology and age. SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; TC, total cholesterol; HDLc, 
high-density lipoprotein cholesterol; LDLc, low-density lipoprotein cholesterol; TG, triglycerides. The corresponding numerical results are given in 
Supplementary material online, Table S5. The predicted mean trajectories are presented in Supplementary material online, Figure S6.
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have reduced precision of estimates and introduced a bias due to miss-
ing data. Exclusion of offspring with missing data on conception mode 
and confounders may also have reduced estimate precision from our 
trajectory models, although bias due to missing outcome data may 
have been reduced in our trajectory analyses by including all offspring 
with incomplete outcome data. Our analysis samples were more well 
off than those excluded due to missing data, which might limit general-
izability of our findings to lower socioeconomic groups.

We explored if our findings could be due to multiple births by exam-
ining associations in singletons only and did not examine associations 
separately in multiple births because this would be underpowered, 
and likely to be less relevant to current and future generations given 
the declining prevalence of multiple pregnancy with ART.56 Mediation 
through offspring birth weight, gestational age, and BMI was examined 
by adjusting for these characteristics. These results should be inter-
preted with caution since potential violation of the assumptions for 
this approach to mediation analyses, and potential for collider bias, 
makes them difficult to interpret.22,23,57 We did not explore possible 
mediation by adolescent or adulthood BMI, which may be important 
for results at older ages, but if done within a multivariable framework 
it would need a cautious interpretation. Lastly, we were unable to inves-
tigate mediation by congenital heart disease3,4 due to its low prevalence 
across cohorts.58

Conclusions
We found no adverse differences in HR or glucose-related traits be-
tween ART-conceived and NC children but found evidence of raised 
lipids in childhood that did not persist to young adulthood, and some 
evidence of more adverse blood pressure and TG trajectories to young 
adulthood in those conceived by ART. Overall, our findings should be 
deemed largely reassuring to people conceived by ART. Studies with 
longer follow-up are needed to examine associations of ART with car-
diometabolic health across adulthood, and investigate mechanisms that 
might link ART to subsequent outcomes, if evidence does emerge in la-
ter adulthood. Future research on epigenetics, metabolomics, and car-
diovascular and arterial phenotypes may provide insight into possible 
underlying mechanisms.
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Supplementary material is available at European Heart Journal online.
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