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Assisted Reproductive Technology and 
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Andrea Caffè , MD; Francesco M. Animati , MD; Vincenzo Scarica , MD; Paweł Łajczak ;  
Eduardo Flores-Umanzor , MD, PhD; Raquel Luna-Lopez , MD, PhD; Elisa Nicolini , MD; 
Tommaso Piva, MD; Natalia Pawlas , MD, PhD; Ander Regueiro , MD, PhD; Xavier Freixa , MD, PhD; 
Mariusz Gąsior , MD, PhD; Filippo Ottani, MD; Filippo Crea , MD, PhD; Rocco A. Montone , MD, PhD

BACKGROUND: To date, >10 million children have been conceived via assisted reproductive technology (ART) globally. However, 
there are some concerns about potential adverse outcomes associated with ART-conceived pregnancies, including the risk 
of congenital heart defects (CHDs). This meta-analysis aimed to evaluate the association between ART and the risk of major 
CHDs as well as their specific subtypes.

METHODS: Major electronic databases were screened for studies comparing the incidence of CHD following ART-conceived 
pregnancies versus spontaneous conception. The primary end point was study-defined incidence of CHDs. Secondary end 
points included incidence of tetralogy of Fallot, transposition of the great arteries, aortic coarctation, ventricular septal defect, 
atrial septal defect, pulmonary valve atresia, tricuspid valve atresia, and hypoplastic left heart. Pairwise meta-analyses were 
performed using frequentist random-effect models to calculate risk ratios and 95% CIs.

RESULTS: Thirteen studies, encompassing a total of 45 916 925 subjects (4986 conceived via ART), were included in the 
quantitative synthesis. ART was significantly associated with a higher risk of major CHD compared with natural pregnancy 
(risk ratio, 2.35 [95% CI, 1.68–3.28]), with significant heterogeneity across the studies. An increased risk of tetralogy of Fallot, 
ventricular septal defect, and atrial septal defect following ART-conceived pregnancies was found, while no difference was 
found on other CHDs. Prespecified sensitivity analyses were in line with the primary findings of the meta-analysis.

CONCLUSIONS: Our meta-analysis shows a potential link between ART and increased risk of major CHDs, particularly on tetral-
ogy of Fallot, ventricular septal defect, and atrial septal defect.
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Congenital heart defects (CHDs) represent the most 
common group of congenital anomalies, affecting 
≈1% to 2% of live births and significantly contrib-

uting to perinatal morbidity and death worldwide.1–3 

These anomalies encompass a broad clinical spec-
trum, from minor defects to severe, life-threatening 
conditions such as tetralogy of Fallot (ToF), transpo-
sition of the great arteries (TGA), and hypoplastic left 
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heart syndrome.4,5 Despite major advances in neonatal 
and pediatric cardiology, CHDs remain a leading cause 
of death related to congenital abnormalities and im-
pose a considerable burden on health care systems.6 
Assisted reproductive technology (ART) has revolu-
tionized infertility treatment.7 To date, >10 million chil-
dren have been conceived through ART globally, with 
ART births accounting for ≈3.0% and 2.3% of all live 
births in Europe and the United States, respectively.8,9 
However, concerns persist about potential adverse 
outcomes in ART-conceived pregnancies, including 
preterm birth, low birth weight, and congenital anoma-
lies, particularly CHDs.10

Indeed, the association between ART and CHD 
risk has been widely investigated but remains con-
troversial.11–13 Several large population-based studies 
have reported a higher prevalence of CHDs among 
ART-conceived offspring, with estimates suggesting a 
30% to 70% excess risk, whereas others have found 
no meaningful difference after adjustment for major 
confounders.14–17 These discrepancies likely reflect dif-
ferences in study design, population characteristics, 
ART techniques, and diagnostic criteria, underscoring 

the need for an updated and comprehensive quanti-
tative synthesis. Evidence in singleton pregnancies is 
particularly inconsistent, as some analyses suggest 
that the association persists even among singletons, 
while others attribute it to factors related to multiple 
gestations.14,15,18,19 Moreover, most prior studies have 
treated CHDs as a single outcome, without differen-
tiating between major defects and specific subtypes. 
Consequently, it remains unclear whether ART prefer-
entially increases the risk of particular lesions or ex-
erts a uniform effect across categories. Furthermore, 
uncertainty also persists about the impact of specific 
ART modalities, as differences in gamete manipulation, 
fertilization technique, and culture environment have 
been proposed to influence early embryogenesis, but 
available evidence is conflicting.20,21

To better characterize the association between ART 
and CHDs, we conducted a systematic review and 
meta-analysis. By incorporating recently published, 
large-scale studies,22–25 we aimed to provide more 
precise estimates of relative risk for major and subtype-
specific CHDs, refining current evidence and informing 
prenatal screening strategies for ART pregnancies.

METHODS
This study was prospectively registered in the 
International Prospective Register of Systematic 
Reviews database (CRD420251006295), and no 
amendments were made after registration. It was 
conducted following the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses 2020 rec-
ommendations (Table  S1).26,27 Ethical approval was 
waived due to the nature of the research. All meta-
analytic data are available upon reasonable request to 
the corresponding author. The authors declare that all 
supporting data are available within the article and its 
online supplemental files.

Eligibility Criteria, Search Strategy, Data 
Extraction, and Qualitative Assessment
Studies were included if they met the following criteria: 
(1) They evaluated the effects of any ART compared 
with natural pregnancy; and (2) they reported at least 
1 end point of interest. Studies that analyzed multiple 
pregnancies only were excluded. No restrictions were 
imposed on the basis of patients’ age, sex, race and 
ethnicity, or language of publication.

An electronic search of Medline through PubMed, 
Web of Science, and Scopus databases was per-
formed from database inception until February 2025. 
The detailed search strategy for each database is 
reported in Table S2. Websites of leading cardiology 
societies, news outlets, and reference lists of eligible 
studies were also reviewed. Three investigators (C.L., 

CLINICAL PERSPECTIVE

What Is New?
•	 In this large meta-analysis of >45 million 

pregnancies, conception via assisted 
reproductive technology was associated with 
a higher risk of major congenital heart defects, 
with the excess risk driven primarily by tetralogy 
of Fallot and septal defects rather than uniformly 
across all defect subtypes.

What Are the Clinical Implications?
•	 Although the absolute risk remains low, these 

findings support increased clinical awareness 
and consideration of targeted fetal cardiac 
evaluation in pregnancies conceived via 
assisted reproductive technology to facilitate 
early diagnosis, counseling, and perinatal 
management of clinically significant congenital 
heart defects.

Nonstandard Abbreviations and Acronyms

ART	 assisted reproductive technology
ICSI	 intracytoplasmic sperm injection
TGA	 transposition of the great arteries
ToF	 tetralogy of Fallot
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A.C., F.M.A.) independently screened articles at the 
title, abstract, and full-text levels. Disagreements were 
resolved by consensus, and when consensus could not 
be achieved, a fourth investigator (K.B.) was consulted. 
Data on outcomes of interest and population charac-
teristics were independently extracted from each eligi-
ble report by 2 coauthors (K.B., C.L.) and entered into 
dedicated electronic spreadsheets. Any discrepancies 
were resolved by consensus. Study investigators were 
not contacted to obtain or confirm unclear data. Before 
conducting statistical analyses, risk of bias for each in-
cluded study was evaluated separately by the same 
2 coauthors (K.B., C.L.) using the Cochrane’s Risk 
Of Bias In Nonrandomized Studies of Interventions 
tool, with any disagreements resolved through dis-
cussion and consensus.28 Publication bias was as-
sessed visually using contour-enhanced funnel plots 
and Egger’s regression test.29 Moreover, the Grading 
of Recommendations Assessment, Development, and 
Evaluation approach was used to assess the certainty 
of the evidence.30

Study End Points
The prespecified primary end point was study-defined 
major CHD. Given the heterogeneity in classification 
across observational studies, we adopted the defini-
tion provided by each study. When multiple definitions 
were reported, priority was given to those aligning with 
clinically significant CHDs, generally encompassing 
severe or critical structural defects requiring surgical 
or catheter-based intervention within the first year of 
life (eg, conotruncal defects, hypoplastic left heart syn-
drome, severe valve atresia), whereas isolated minor 
lesions were generally not included in major CHD defi-
nitions. Secondary end points included the individual 
incidence of ToF, TGA, aortic coarctation, ventricular 
septal defect (VSD), atrial septal defect (ASD), pulmo-
nary valve atresia, tricuspid valve atresia, and hypo-
plastic left heart.

Statistical Analysis
To address expected interstudy biological variability 
and clinical and methodological differences across 
observational studies, including differences in popula-
tion characteristics, ART protocols, and outcome defi-
nitions, pairwise meta-analyses were performed using 
frequentist random-effect models to calculate risk 
ratios (RRs) and 95% CIs for the comparison of ART 
with natural pregnancy, with treatment-arm continuity 
correction to account for sparse 2×2 tables and stud-
ies with 0-event cells. Statistical heterogeneity was as-
sessed through τ2, I2, and prediction intervals. For end 
points with moderate or high heterogeneity, individual 
trial contributions were examined to identify potential 
outliers.

Sensitivity analyses were conducted to assess the 
robustness of the findings. These included analyses 
restricted to studies not deemed at serious risk of bias, 
studies conducted within the same country, studies 
with at least 1000 subjects in the exposed cohort, and 
analyses limited to studies published after 2010, to ac-
count for potential effects of advances in ART tech-
niques and changes in the epidemiology of infertility 
over the past 2 decades. Moreover, a repeat analy-
sis excluding outlying studies was performed for end 
points with at least moderate heterogeneity. Finally, 
a repeated random-effects analysis with Hartung–
Knapp adjustment was performed to improve CI cali-
bration, particularly given the limited number of studies 
contributing to several end points, and a sensitivity 
analysis using a fixed-effects (study-adjusted) model 
was conducted with binomial regression, including 
study as a fixed factor.31

To further explore potential sources of between-
study heterogeneity for the primary end point, 
random-effects meta-regression analyses were per-
formed using the study-specific log rate ratio for major 
CHD as the dependent variable. Covariates included 
mean maternal age in the ART group, publication 
year, and the proportion of in  vitro fertilization (IVF) 
and intracytoplasmic sperm injection (ICSI) proce-
dures. All statistical analyses were performed using R 
version 4.3.1 (R Foundation for Statistical Computing, 
Vienna, Austria).

RESULTS
Study Selection and Baseline 
Characteristics
The study selection process is illustrated in Figure 1. 
The potentially eligible studies that were excluded 
are listed in Table  S3. After screening, 13 studies 
encompassing a total of 45 916 925 pregnancies were 
included in the quantitative synthesis.12,22–25,32–39 As 
summarized in Table 1,12,22–25,32–39 the included studies 
were predominantly large, population-based cohorts 
published between 1997 and 2024, with sample sizes 
ranging from <1000 to >14 million pregnancies. Across 
studies, ART exposure most commonly included 
IVF and ICSI, often in combination with other fertility 
procedures, and ART-conceived pregnancies were 
consistently characterized by higher maternal age 
and a lower prevalence of smoking compared with 
spontaneous conceptions.

The global and individual risks of bias are presented 
in Figure 2 and Figure S1, respectively. Six studies were 
classified as having a serious risk of bias, mainly due to 
potential confounding and participant selection. Visual 
inspection of funnel plots and Egger’s tests revealed 
no evidence of significant publication bias (Figure S2).
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Across the pooled population, the weighted mean 
maternal age was 34.3 years, and 4986 (1.09%) were 
conceived via ART. Available end points are summa-
rized in Table S4 and study-specific definitions of major 
CHD in Table S5.

Primary End Point: Association Between 
ART and Major CHD
ART was significantly associated with a higher risk of 
major CHD compared with natural pregnancy (RR, 
2.35 95% CI, 1.68–3.28; Figures  3 and 412,22–25,32–

39). Between-study heterogeneity was substantial 
(τ2=0.314; I2=98.9%; prediction interval, 0.65–8.41), 
indicating that the strength of the association varied 
markedly across studies, from no clear effect to 
a several-fold increase in risk. Eight studies were 

identified as the main contributors to this heterogeneity 
(Figure  S3A).12,22,25,32,35–38 In the sensitivity analysis 
after excluding these studies, the association remained 
significant (RR, 2.21 [95% CI, 1.91–2.56]) with no 
residual heterogeneity (τ2=0.000; I2=0%; prediction 
interval, 1.80–2.72; Figure S4A).

Secondary End Points: Subtype-Specific 
Associations
ART was associated with an increased risk of ToF 
(RR, 1.58 [95% CI, 1.27–1.97]) and septal defects, in-
cluding VSD (RR, 1.40 [95% CI, 1.20–1.64]), and ASD 
(RR, 1.40 [95% CI, 1.10–1.78]). No significant differ-
ences were observed for TGA, hypoplastic left heart, 
or valvular atresia with ART compared with natural 
pregnancies (Figure  3). Complete forest plots and 

Figure 1.  Preferred Reporting Items for Systematic Reviews and Meta-Analyses flowchart.
ART indicates assisted reproductive technology; and CHD, congenital heart defect.
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Table 1.  Characteristics of the Included Studies

Author, year
Assisted reproductive 
technology

Number of 
children included

Maternal age at 
conception, y, %

Maternal BMI, %, 
kg/m2

Maternal smoking 
status, %

Sargisian et al 202425 ICSI, IVF, FET 7 747 637 33.4 (I); 29.3 (C) <18.5: 2.4 (I); 3.5 (C)
18.5–24.9: 63.4 (I); 
63.4 (C)
25–29.9: 24.2 (I); 
22.4 (C)
>30: 10 (I); 10.8 (C)

5.9 (I); 12.3 (C)

Appiah et al 202424 IVF, GIFT, ZIFT, and other 
infertility treatment (non-
ART, AI, IUI, or use of 
other fertility procedures 
and fertility-enhancing 
drugs for initiating 
pregnancy)

9 553 676 35.2 (I); 26.9 (C) 26.3 (I); 26.5 (C) 0.9 (I); 6.2 (C)

Rasouli et al 202423 ICSI, IUI, IVF, OI, and 
surrogacy

109 31.2 (I); 28.83 (C) NR NR

Wei et al 202422 IVF; ICSI; assisted 
hatching; embryo 
biopsy; preimplantation 
genetic testing; embryo 
transfer; GIFT; ZIFT; 
gamete and embryo 
cryopreservation; semen, 
oocyte, and embryo 
donation; and gestational 
carrier cycles

1 001 593 <30: 18.0 (I); 48 (C)
30–34: 35.3 (I); 33.7 
(C)
35–39: 31.3 (I); 15.3 
(C)
>40: 15.3 (I); 3 (C)

NR NR

Wen et al 202012 ICSI, IVF 507 390 35.8 (I); 30.3 (C) NR 1.4 (I); 10.2 (C)

Shechter-Maor et al 
201837

ART 11 862 780 <25: 1.02 (I); 31.06 (C)
25–29: 11.81 (I); 28.59 
(C)
30–34: 33.32 (I); 
25.62 (C)
35–39: 32.28 (I); 
11.88 (C)
40–44: 16.11 (I); 2.69 
(C)
>45: 5.46 (I); 0.17 (C)

< 18.5: 2.74 (I); 3.88 
(C)
18.5–24.9: 55.18 (I); 
46.88 (C)
25–29.9: 24.26 (I); 
25.45 (C)
>30: 17.82 (I); 23.8 (C)

0.53 (I); 7.16 (C)

Shamshirsaz et al 
201736

IVF, GIFT, and fertility-
enhancing drugs, AI 
or IUI

14 242 267 <25: 1.06 (I); 30.64 (C)
25–29: 11.67 (I); 28.79 
(C)
30–34: 33.62 (I); 
25.87 (C)
35–39: 32.26 (I); 
11.92 (C)
40–44: 15.95 (I); 
2.62 (C)
>45: 5.44 (I); 0.15 (C)

<25: 55.65 (I); 48.37 
(C)
25–35: 34.11 (I); 37.47 
(C)
>35: 10.25 (I); 14.16 
(C)

0.54 (I); 8.07 (C)

Schofield et al 201738 OI, IUI, IVF. ICSI 818 NR NR NR

Iwashima et al. 201739 OI, AI, IVF. ICSI 2746 <20: 0.0 (I); 1.1 (C)
20–24: 0.5 (I); 8.3 (C)
25–29: 10.8 (I); 30.2 
(C)
30–34: 33.8 (I); 36.7 
(C)
35–39: 42.4 (I); 19.3 
(C)
>40: 12.5 (I); 4.4 (C)

NR NR

Heisey et al 201535 IVF, ICSI, GIFT 1 137 172 34.9 (I); 28.7 (C) NR 3.4 (I); 12.4 (C)

Wen et al 201034 IVF, ICSI 2954 35.1 (I); 33.8 (C) NR 3.83 (I); 12.09 (C)

Koivurova et al 200233 IVF 873 NR NR NR

Kurinczuk et al 199732 ICSI 100 874 31.2 (I); 27.9 (C) NR NR

AI indicates artificial insemination; ART, assisted reproductive technology; BMI, body mass index; C, control; FET, frozen embryo transfer; GIFT, gamete 
intrafallopian transfer; I, intervention; ICSI, intracytoplasmic sperm injection; IUI, intrauterine insemination; IVF, in vitro fertilization; NR, not reported; OI, ovulation 
induction; and ZIFT, zygote intrafallopian transfer.
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study-specific contributions are shown in Figure S5. 
Substantial heterogeneity was observed only for TGA 
(τ2=0.217; I2=63.7%; prediction interval, 0.22–8.76), 
indicating that the observed effects differed meaning-
fully between studies, which was primarily driven by 
a single study (Figure S3B). After excluding the trial 
that contributed mainly to heterogeneity (Figure S3B), 
the results were consistent (RR, 0.99 [95% CI, 0.74–
1.32]; τ2=0.000; I2=0%; prediction interval, 0.53–1.88; 
Figure S4B).

Meta-Regression Analysis: Impact of ART 
Modality
Meta-regression analyses did not identify maternal age, 
publication year, or the proportion of intracytoplasmic 
sperm injection procedures as significant modifiers of 
the association between ART and major CHD. A bor-
derline positive association was observed with the pro-
portion of IVF procedures, suggesting that studies with 
greater IVF use tended to report numerically stronger 
associations with CHD risk, although this did not reach 
conventional statistical significance (β=0.01 [95% CI, 
−0.0003 to 0.03]; P=0.054; Table 2).

Sensitivity Analyses
Analyses restricted to studies with low or moderate 
risk of bias, large sample sizes (>1000 ART-conceived 
pregnancies), conducted within a single country, lim-
ited to studies published after 2010, as well as the sen-
sitivity analyses using Hartung–Knapp adjustment or 
fixed-effects (study-adjusted) models yielded results 
consistent with the main analysis (Tables  S6–S10, 
Figure 4, Figure S5).

Certainty of Evidence
The overall quality of evidence was deemed low for 
major CHD, ToF, and VSD. The remaining outcomes 
were graded with very low certainty (Table S11).

DISCUSSION
The main findings of this meta-analysis of >45 million 
pregnancies can be summarized as follows: (1) 
conception via ART was associated with a significantly 
increased risk of major CHDs compared with natural 
conception, with a pooled RR of 2.35; and (2) ART was 
associated with an increased risk of specific subsets 
of CHDs, particularly ToF, and septal defects, including 
ASD and VSD.

Our results are broadly consistent with large, con-
temporary registry-based cohorts, which have gen-
erally reported an increased risk of CHDs among 
ART-conceived offspring.22–25,36,37 Furthermore, our 
study updates and extends prior meta-analyses. 
Indeed, an early CHD-specific meta-analysis by 
Giorgione et al reported an excess risk (pooled odds 
ratio, 1.45 overall; 1.55 in singleton IVF), consistent 
with our results but smaller in magnitude, likely due to 
broader end point definitions, older study periods, and 
the absence of recent high-quality data sets included 
in our analysis.11 A recent broad anomaly meta-analysis 
by Bhat et al40 found only a modest increase in overall 
congenital anomalies after ART; however, that review 
pooled all congenital anomalies and was not focused 
on major CHD. Similarly, Gullo et al41 reported a signal 
largely for minor CHDs and concluded that evidence 
for major CHDs was insufficient given the limited size 
and heterogeneity of available data. Conversely, by in-
cluding more recent and substantially larger registries, 
our analysis demonstrates a clear and consistent as-
sociation with major CHDs that persists after rigorous 
sensitivity analyses eliminating heterogeneity, thereby 
strengthening causal inference. Notably, some earlier 
studies highlighted plurality as the principal mediator 
of risk, suggesting no significant excess among single-
tons.25,34 However, our meta-analysis specifically ex-
cluded cohorts restricted to multiple gestations and still 
demonstrated a robust association with major CHD, 
even after removing studies that drove heterogeneity. 

Figure 2.  Global risk of bias.
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This indicates that plurality alone does not explain the 
observed excess, and the consistency of our findings 
with reports restricted to singleton populations further 
strengthens this interpretation.24,35

An important novelty of our study is the demonstra-
tion that the risk of CHDs associated with ART is not 
uniform across subtypes. Previous population-based 
studies often reported an excess of “cyanotic CHD” as 
a broad category without distinguishing which lesions 
were driving the signal.24,36,37 Our analysis refines this 
evidence by showing that the excess risk is driven pri-
marily by a 58% increase in ToF and a 40% increase 
in VSD and ASD, whereas TGA and other severe cy-
anotic lesions were not significantly increased, even 
after sensitivity correction. This selective pattern sug-
gests that ART may preferentially affect developmental 
pathways involved in cardiac septation and conotrun-
cal morphogenesis. In particular, the specific signal for 
ToF, but not for TGA or hypoplastic left heart, raises the 
hypothesis that ART-related factors may interfere with 
endocardial cushion development or neural crest cell 
migration, rather than broadly disrupting all conotruncal 
processes.42,43 Accordingly, animal and human studies 
have shown that ART procedures, including ovarian 
hyperstimulation, in vitro gamete and embryo manip-
ulation, and exposure to culture media, can induce 

epigenetic changes affecting imprinted genes and key 
signaling cascades (eg, Notch, BMP, and Wnt), which 
are critical for cardiac septation and outflow tract re-
modeling.44–46 However, this remains speculative and 
further mechanistic studies are needed to clarify these 
pathways.

Furthermore, evidence about ART modality remains 
inconclusive. Indeed, our meta-regression showed 
only a borderline trend with the proportion of IVF pro-
cedures (P=0.054), and data on laboratory practices 
(culture media, cryopreservation protocols) were lack-
ing. Early ICSI-era cohorts suggested strong cardio-
vascular signals, but these findings may not reflect 
contemporary techniques.32

The clinical implications of our findings are rele-
vant, especially considering the global rise in ART use. 
Although the absolute risk of CHDs remains low, the 
relative increase observed underscores the impor-
tance of incorporating this information into counseling, 
prenatal screening, and postnatal care. Targeted fetal 
echocardiography may be reasonable in ART preg-
nancies to enable early detection of CHDs and timely 
referral to an obstetric specialist for appropriate man-
agement. Clinicians should also discuss this modest 
but significant increase in CHD risk alongside other 
established ART-related risks, such as prematurity and 

Figure 3.  Forest plot presenting a summary of meta-analysis results.
ART indicates assisted reproductive technology; CHD, congenital heart defect; RR, risk ratio; and SC, spontaneous conception.
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low birth weight, to support informed shared decision 
making.47 Notably, while recent evidence confirms that 
ART does not increase the long-term cardiovascular 
risk for mothers, our findings highlight a measurable 
cardiovascular impact on offspring, emphasizing the 
need for vigilance in fetal and neonatal follow-up.48 
Future research should aim to clarify the contribution 
of ART procedures versus underlying parental factors. 
Large-scale prospective studies with detailed data on 
ART techniques, gamete source, and embryo han-
dling are required, ideally coupled with genetic and 
epigenetic profiling to explore biological mechanisms 
such as altered imprinting, signaling pathways, or 
placental dysfunction. Finally, long-term follow-up of 

ART-conceived individuals is essential to determine 
whether the increased risk of CHD extends to lifelong 
cardiovascular morbidity, thereby informing screening 
strategies beyond the perinatal period.

Limitations
This study has several limitations. First, all included 
studies were observational, making the findings inher-
ently susceptible to residual confounding. Considering 
the study-level character of the meta-analysis, adjust-
ment for potentially important factors, such as ethnic-
ity, parental comorbidities, lifestyle factors, infertility 
pathogenesis, maternal age, and plurality, was not 

Figure 4.  Forest plots presenting the results of the meta-analysis for the primary end point.12,22–25,32–39

ART indicates assisted reproductive technology; CHD, congenital heart defect; HK, Hartung–Knapp adjustment; RR, risk ratio; and 
SC, spontaneous conception.

Table 2.  Meta-Regression Analyses for Major CHD

Predictor β coefficient for log RR (95% CI) P value R2, % Residual I2, %

Maternal age, per 1-y increase 0.004 (−0.07 to 0.08) 0.92 0.0 90.0

Publication year, per 1-y increase −0.03 (−0.07 to 0.02) 0.21 3.85 98.4

ICSI proportion, per 1% increase 0.01 (−0.001 to 0.02) 0.07 49.4 75.2

IVF proportion, per 1% increase 0.01 (−0.0003 to 0.03) 0.054 22.5 49.7

β coefficients indicate the change in log relative risk for major congenital heart defects associated with each 1-unit increase in the corresponding study-level 
covariate. Positive values indicate a stronger association between assisted reproductive technology and congenital heart defects as the covariate increases. 
CHD indicates congenital heart defects; ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilization; and RR, risk ratio.

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 16, 2026



J Am Heart Assoc. 2026;15:e047875. DOI: 10.1161/JAHA.125.047875� 9

Rinaldi et al� ART and CHD: A Systematic Review and Meta-Analysis

feasible. Similarly, prematurity represents an additional 
potential confounder that could not be accounted for 
in the present analysis. As individual studies rarely 
reported CHD outcomes stratified by or adjusted for 
those factors, we were unable to assess their potential 
mediating or confounding roles formally. Second, sub-
stantial heterogeneity was observed across studies, 
reflecting differences in population characteristics, ART 
protocols (eg, IVF versus ICSI, fresh versus frozen em-
bryo transfer, culture conditions), and diagnostic crite-
ria. Consistent with this, the estimated between-study 
variance (τ2) and wide prediction intervals indicate that 
variation in effect sizes across studies is clinically rel-
evant relative to the pooled estimate. In some analy-
ses, prediction intervals extended beyond the range of 
observed study effects, highlighting uncertainty in the 
estimation of between-study heterogeneity given the 
limited number of studies and warranting cautious in-
terpretation. While sensitivity analyses reduced hetero-
geneity and confirmed the robustness of our results, 
variability in ART practices across countries could not 
be fully accounted for. Third, registry-based data sets 
may underreport mild or clinically silent CHDs as well as 
apply nonuniform diagnostic classifications. However, 
our primary focus on major CHDs likely mitigates the 
impact of this limitation. Finally, we lacked access to 
individual patient-level data, which prevented more 
granular analyses of ART subtypes, gene–environ-
ment interactions, or parental infertility factors.

CONCLUSIONS
Assisted reproductive technology is associated with 
a higher risk of major CHD and some specific CHD, 
including VSD, ASD defects, and ToF. While absolute 
risks remain low, the growing global use of ART 
amplifies the public health relevance of this association. 
Considering high heterogeneity across included 
studies and potential residual confounding, further 
large, prospective studies are needed to confirm 
those findings. Furthermore, continued research into 
mechanistic pathways and ART technique refinements 
will be essential to optimize safety for future generations.
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