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Abstract
Background Patients with congenital heart disease (CHD) are more likely to experience ischemic and hemorrhagic 
stroke due to factors such as arrhythmias, residual shunts and related cardiovascular complications. However, 
guidelines for identifying CHD patients at the highest risk of stroke remain unclear. In this study, we aimed to evaluate 
the risk of developing stroke in patients with CHD.

Methods A systematic literature search was performed on PubMed, Scopus, Cochrane, and Embase databases to 
retrieve studies that evaluated stroke risk in patients with CHD. Random effects model was used to pool the hazard 
ratios (HR) with 95% confidence intervals (CI). Subgroup analysis was conducted on age, type of stroke, type of study 
and region. Publication bias was assessed by Egger’s regression test. Statistical significance was set at p < 0.05. All the 
analysis was performed using R studio V4.3.1.

Results Eleven studies (5,490,412 participants) were included in this systematic review and meta-analysis. Patients 
with CHD were at a higher risk of stroke [Pooled HR: 3.25; 95% CI: 2.25, 4.68; p < 0.01; I2: 100%] than the control group. 
In subgroup analysis, patients with CHD were at a higher risk of ischemic stroke [Pooled HR: 4.45; 95% CI: 2.24, 8.85; 
p < 0.01; I2: 100%] and hemorrhagic stroke [Pooled HR: 4.70; 95% CI: 1.70, 12.96; p < 0.01; I2: 99%] than the control 
group.

Conclusion Our meta-analysis indicates a significantly increased stroke risk in patients with CHD. Subgroup analyses 
showed higher stroke risk in European regions compared to Asia and USA, and among adults compared to pediatric 
populations. Future studies should focus on addressing regional and data limitations to better inform clinical 
strategies for managing stroke risk in CHD patients.
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Introduction
Stroke is one of the leading causes of impairments and 
global health issues [1]. Heart diseases, particularly heart 
failure, are significant contributors to the development of 
stroke [2]. The impaired cardiac function in heart failure 
often leads to reduced cerebral perfusion, arrhythmias, 
and the formation of blood clots, all of which increase 
the risk of ischemic stroke [2]. Congenital heart disease 
(CHD) is the most prevalent congenital disorder affect-
ing approximately 1% of live births globally [3]. CHD 
includes mild to severe conditions, with a global preva-
lence varying due to healthcare access, diagnostic tech-
nologies, and genetic or environmental factors. Asia has 
the highest prevalence at 9.3 per 1,000 live births, fol-
lowed by North America and Europe at 8.1 and 8.2 per 
1,000 live births, respectively [4]. CHD significantly con-
tributes to infant morbidity and mortality, with delayed 
diagnosis being critical in lower-income regions, such as 
Latin America and parts of Asia [5].

Survival rates for individuals born with CHD have sig-
nificantly improved, with approximately 97% of children 
now reaching adulthood [6]. Advances in surgery, cardi-
ology, and healthcare have shifted the prevalence towards 

adulthood. In the 1950s, only 15% of children with CHD 
survived to adulthood; today, over 90% survive, includ-
ing individuals in their 60s [7]. Despite these advance-
ments, adults with CHD have a 3.2-fold higher mortality 
risk than the general population [8]. The increasing adult 
CHD population presents challenges, such as managing 
comorbidities, complex interventions, and lifelong care 
needs.

Adults with congenital heart disease (ACHD) are at 
increased risk for multiple comorbidities, including 
heart failure, coronary artery disease, mental health chal-
lenges, and other chronic conditions that exacerbate their 
overall health outcomes [9, 10]. Patients with CHD have 
a higher risk of stroke owing to heart failure, arrhyth-
mias, and defect complexity. Atrial fibrillation (AF) sig-
nificantly increases this risk, with CHD patients having 
a five-fold higher probability of ischemic stroke than 
non-CHD patients with AF. Those with Tetralogy of Fal-
lot and other complex anomalies are especially prone to 
atrial arrhythmias, increasing the likelihood of thrombo-
embolic events, including stroke and transient ischemic 
attack [11, 12].

Graphical Abstract
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New-onset arrhythmias, particularly when accom-
panied by heart failure, aggravate the stroke risk by 
increasing hemodynamic instability and encouraging 
thromboembolism. Previous studies highlighted an ele-
vated risk of stroke in young adults aged 20–29, espe-
cially in those with multiple atherosclerotic risk factors 
[13, 14]. Stroke risk in CHD patients is estimated to be 
10–100 times greater than that in the general population. 
Furthermore, a case–control study conducted in Taiwan 
demonstrated a 2.2 times higher likelihood of stroke 
in adults with five common types of CHD compared to 
healthy controls [15, 16].

Stroke outcomes frequently result in significant neu-
rological impairment and require substantial rehabili-
tation. This study investigated the existing evidence on 
stroke risk among CHD patients, identifying specific risk 
patterns within CHD subgroups and pinpointing areas 
needing further research to enhance care and patient 
outcomes.

Materials and methods
This systematic review and meta-analysis were made and 
reported in line with the guidelines of Preferred Report-
ing Items for Systematic Review and Meta-Analysis 
Statement (PRISMA 2020) [17–19].

Search strategy
A systematic search was conducted in several databases 
including Medline (via PubMed), Embase, the Cochrane 
Library, Scopus, was conducted from their inception to 
August 2024, using a combination of keywords related 
to the stroke and congenital heart disease: (“stroke” OR 
“Cerebrovascular Accident” OR “Vascular Accident” 
OR “CVA” OR “ischemic stroke” OR “transient isch-
emic attack” OR “TIA” OR “hemorrhagic stroke”) AND 
(“congenital heart disease” OR “congenital heart defects” 
OR “CHD” OR “Heart Abnormality” OR “Heart Defect” 
OR “Malformation Of Heart”). The search strategy was 
adjusted according to the demands of specific databases.

Study selection and eligibility criteria
To determine the studies to be included in this review, 
the following inclusion criteria were used: (i) studies 
assessing the risk of stroke development in heart defects 
and (ii) randomized controlled trials or observational 
studies. Studies were included regardless of patient age, 
sex, race, socioeconomic background, and geographi-
cal location. Inaccessible full texts, abstracts, review 
articles, letters to editors, case reports, and case series 
were excluded. Two examiners (H.B. and R.M.) indepen-
dently screened introductory studies based on their titles 
and abstracts. A third examiner (A.A.) was consulted for 
cases of disparity.

Data extraction and quality assessment
Data from acceptable studies, such as the first author, 
publication year, country, number of patients, risk fac-
tors, and clinical outcomes, were extracted into a tested 
Excel spreadsheet by two independent examiners (A.A. 
and R.M.). To ensure integrity and remove errors, the 
two examiners cross-checked and verified the extraction 
sheet. The Newcastle-Ottawa Scale (NOS) for cohort 
studies was used to assess the quality of the included 
studies [20]. A study with a total score between 10 and 
15 is considered ‘good quality’; a score between 6 and 9 
is deemed ‘fair quality,’ whereas a score between 0 and 
5 is indicative of a ‘poor quality.’ Two examiners (H.B. 
and A.B.) completed the quality assessment, and a third 
examiner (S.A.) was consulted in cases of contradiction 
in judgment.

Data analysis
Statistical analysis was conducted using R Studio [21]. 
The pooled hazard ratio (HR) with a 95% cnfidence inter-
val was calculated using the DerSimonian-Laird random 
effects model. The pooled HR for outcomes was esti-
mated using a multivariable model, with factors modified 
for age, sex, comorbidities, smoking status, and socio-
economic status. Statistical significance was determined 
if the 95% cnfidence interval for the pooled HR did not 
cross the neutral value “1” and the two-tailed p-value was 
less than 0.05. The Higgins I2 metric was used to evalu-
ate statistical heterogeneity, with 25–50% cnsidered mild, 
50–75% idicating moderate heterogeneity, and > 75% 
svere heterogeneity [22]. Sensitivity analysis was con-
ducted to evaluate the effect of each study on the over-
all effect assessment by the “leave-one-out method” [23, 
24]. Subgroup analysis was performed based on coun-
try, study type, and patient age to assess their influence 
on the overall effect. Publication bias was assessed using 
funnel plot visualization and Egger’s regression test [24]. 
A p-value of > 0.05 for publication bias assessment indi-
cated insignificant publication bias.

Results
Search results
Our search strategy yielded 301 studies from PubMed, 
Scopus, Cochrane, and Embase. After eliminating dupli-
cates, 155 studies were screened by title and abstract, 
leading to the exclusion of 144. The remaining 11 full-
text articles were assessed by the same authors, and 11 
[25–35]were deemed eligible for inclusion (Fig. 1).

Characteristics of included studies
A total of 5,490,412 participants were included in the 
analysis, with 491,930 in the CHD group and 4,998,482 
in the control group. The publication years spanned from 
2008 to 2023. Two studies were conducted in Asia [32, 
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35], two in the United States [26, 31], seven in Europe 
[25, 27–30, 33, 34]. The baseline characteristics of all the 
studies included in this meta-analysis are illustrated in 
(Table 1).

Outcomes
The risk of stroke was reported in all eleven studies. 
Patients with CHD were at a higher risk of stroke [Pooled 
HR: 3.25; 95% CI: 2.25, 4.68; p < 0.01; I2: 100%] than the 
control group (Fig. 2). A leave-one-out analysis was per-
formed to address the high heterogeneity. However, 
excluding any single study did not result in significant 
changes in the direction of the overall effect (Figure S1). 
Publication bias was insignificant on Egger’s regression 
test (P = 0.333) with no concern for funnel plot asym-
metry (Figure S2). A subgroup analysis was conducted 
to determine the influence of region, study type, age. 
The combined risk of stroke among patients with CHD 
was found to be significantly elevated in various regions: 

in Europe, the pooled hazard ratio (HR) was 4.81 (95% 
confidence interval [CI]: 3.30 to 4.68; p < 0.01; I²: 95%); 
in Asia, the pooled HR was 1.90 (95% CI: 1.67 to 2.16; 
p < 0.01; I²: 96%); and in the USA, the pooled HR was 1.52 
(95% CI: 0.88 to 2.63; p < 0.01; I²: 99%) (Figure S3a).

In the subgroup analysis based on study type, the 
pooled risk of stroke among patients with CHD var-
ied significantly: in prospective studies, the pooled HR 
was 5.33 (95% confidence interval [CI]: 1.32 to 21.43; 
p < 0.01; I²: 98%); in retrospective studies, the pooled HR 
was 2.79 (95% CI: 1.71 to 4.55; p < 0.01; I²: 98%); and in 
case-control studies, the pooled HR was 3.63 (95% CI: 
1.91 to 6.90; p < 0.01; I²: 98%) (Figure S3b). In the sub-
group analysis according to age, the pooled risk of stroke 
among patients with CHD revealed significant findings: 
for adults only, the pooled HR was 3.27 (95% confidence 
interval [CI]: 2.31 to 4.62; p < 0.01; I²: 100%); whereas for 
studies including both adults and children, the pooled 

Fig. 1 Flow chart of the selection process
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HR was 5.28 (95% CI: 1.31 to 21.22; p < 0.01; I²: 99%) (Fig-
ure S3c).

According to type of stroke, four studies assessed 
the risk of ischemic stroke among patients with CHD. 
Patients with CHD were at a higher risk of ischemic 
stroke [Pooled HR: 4.45; 95% CI: 2.24, 8.85; p < 0.01; I2: 
100%] than the control group (Fig. 3). A subgroup analy-
sis was conducted to determine the influence of region, 
study type, age. The pooled risk of ischemic stroke among 
patients with CHD in Europe was 5.85 (95% CI: 3.21 to 
10.67; p < 0.01; I²: 96%) (Figure S4a).

In retrospective studies, the pooled risk of ischemic 
stroke among patients with CHD was 2.72 (95% CI: 1.42 
to 5.20; p < 0.01; I²: 99%) (Figure S4b). For adults only, the 
pooled risk of ischemic stroke among patients with CHD 
was 3.34 (95% CI: 1.93 to 5.78; p < 0.01; I²: 100%) (Figure 
S4c).

Only two studies assessed the risk of hemorrhagic 
stroke among patients with CHD [25, 35]. Lee et al., 2023 
[35]defined the hemorrhagic stroke as intracerebral, 
subarachnoid, and subdural hemorrhagic stroke. How-
ever, Giang et al., 2018 [25]assessed the risk of intracere-
bral hemorrhagic stroke and subarachnoid hemorrhagic 
stroke separately. Patients with CHD were at a higher risk 
of hemorrhagic stroke [Pooled HR: 4.70; 95% CI: 1.70, 
1296; p < 0.01; I2: 99%] than the cotrol group (Fig. 3).

Quality assessment
We performed a quality assessment for nine cohorts and 
two case-control studies. Following the NOS Study Qual-
ity Assessment Tool guidelines, eight studies were con-
sidered of high quality and one of moderate quality. For 
case control studies, one was considered of high quality, 
and one was low quality (Table S1).

Discussion
Rising mortality and morbidity due to neurovascular 
decline in patients with CHD has garnered attention. 
However, statistical evidence supporting a definitive pro-
tocol is limited [36]. Given CHD’s complexity of CHD, 
addressing research gaps necessitates statistical analysis 
of existing data, which this meta-analysis aimed to vali-
date. Our findings show a significantly increased stroke 
risk in patients with CHD, with ischemic strokes being 
more common than hemorrhagic strokes. Subgroup 
analysis indicated a higher occurrence in adults than in 
the combined adult and pediatric groups, and a greater 
prevalence in Europe than in Asia.

Among neurological manifestations, we observed a 
heightened stroke risk in the CHD population. A recent 
Danish study (1977–2018) reported stroke risk in 18.9% 
of males and 11.4% of females with CHD, particularly 
in those with atrial septal defects (ASD) [37]. Contrary 
to Danish findings, Bokma et al. identified CHD type St
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Fig. 3 Subgroup analysis of by the type of stroke

 

Fig. 2 Meta analysis of the risk of stroke (ischemic and hemorrhagic) in patients with CHD
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(simple or severe) as a predictor of stroke rather than 
thromboembolic phenomena [38]. Our current analy-
sis indicates a 4.5-fold increase in ischemic stroke risk, 
consistent with Pedersen et al. [28]. However, Holmgren 
et al. attributed the risk primarily to atrial fibrillation, 
excluding shunt or valvular issues, resulting in a relatively 
lower HR in their depiction. Fox et al. further emphasized 
the issue, finding a 19-fold increase in stroke risk among 
CHD patients, corroborating our results [39].

Escalated stroke risk affiliated with dysrhythmias in 
CHD was anomalous disarray in the conduction system 
and anatomical variation offering competitive challenges 
for its dissolution. Not limited to this, turbulent blood 
flow in dilated heart chambers provokes pro-coagulants 
prevailing thromboembolism which is postulated to be a 
root cause for anoxic brain injury with an ultimate stroke 
presentation [40]. With hyperviscosity cascade valvular 
endothelium under stress of congenital malformation 
accumulates the predisposition for infective endocar-
ditis followed by slow but progressive cerebrovascular 
changes ending with a stroke of newer onset [41, 42]. 
The alternating shorter recovery period with successive 
stroke events may offset the qualitative life, raising mor-
talities among such patients. Volume pressure variations 
based on the congenital evolution of cardiac structures 
may impose compensatory mechanisms in the vascular 
territory of the brain enhancing the stroke risk as well 
[31]. Despite an aggressive pre-amptive anti-coagulation 
scheme, co-existing mechanistic links secondary to para-
doxical embolism heighten stroke events claiming to be 
of anatomical origin. Persistent shunts, coarctation of 
the aorta, and various surgical or medical interventions 
introduced at the earliest to apprehend morbidity were 
forecasted to mount hemorrhagic stroke among CHD 
patients [25]. Several mechanisms and risk factors associ-
ated with developing stroke in patients with CHD.

An Australian cohort study indicated that ischemic 
stroke (2.3%) is more common than hemorrhagic stroke 
(0.4%) in young adults, supporting our findings on the 
incidence of hemorrhagic stroke [43]. Our analysis sug-
gested a higher risk of ischemic stroke in the young CHD 
population. Shunts and left-sided lesions are associated 
with an increased stroke incidence in CHD patients com-
pared to those without CHD [38]. CHD patients exhibit 
a younger age of ischemic stroke onset, with a risk fac-
tor of 3.8 as per Pedersen et al. [28], rising by 1.6 times 
with age (> 60 years), which is consistent with Pedersen 
et al. [28]. The risk of ischemic stroke increases with 
age and is less pronounced in older than in younger 
patients. Lanz et al. reported a 9- to 12-fold higher risk in 
patients under 55, with a smaller increase of 2 to 4 times 
for those aged 55–64 [44]. Additional studies showed a 
tenfold risk increase in younger age groups [29] and a 
16-fold increase in findings by Giang et al., supporting 

our pooled analysis [27]. While the higher risk at younger 
ages aligns with our data, Lanz et al.‘s results lack cohort 
comparison, and Mandalenakis et al. focused on children 
and young adults.

Our results indicate that CHD-associated hemorrhagic 
stroke was statistically significant but occurred less fre-
quently than ischemic stroke. Observational studies, such 
as those by Lanz et al., reported a hemorrhagic stroke 
incidence of only 14 per 100,000 person-years [44], while 
another study documented 1.18 per 10,000 person-years 
[25]. Swedish data have identified non-conotruncal 
defects and coarctation of the aorta as primary lesions for 
ICH and SAH, respectively [25]. Unlike IS, which occurs 
in young adults, hemorrhagic stroke was observed in 
children with ICH and SAH at ages 4 and 1 year, respec-
tively [43].

In our study, adults showed a higher incidence than the 
combined incidence in adults and children. Advances in 
cardiac intervention have improved childhood survivabil-
ity but have increased the risk of thromboembolic events 
[45]. Surgical interventions during childhood often lead 
to perioperative thromboembolic phenomena, with some 
strokes occurring early and others occurring after 5 years 
of age [46, 47]. This may explain our findings that heart 
failure, cardiomegaly, and hypertension become more 
pronounced in adulthood. A recent study also reported a 
46% higher stroke incidence in adults, attributed to pre-
vious surgical interventions, especially shunt procedures 
(OR 4.20; 95% CI 1.36–12.9) and mechanical valve issues 
(OR 2.67; 95% CI 1.09–6.50) [38]. Previous studies also 
support a low absolute but high relative risk of stroke 
with advancing age [48].

Despite being statistically significant, European regions 
were hypothesized to have a higher stroke risk than 
Asia and USA as revealed by our subgroup analysis. The 
higher incidence of cerebrovascular accidents, up to 
0.05% annually, in Europe could explain the increased 
stroke risk among patients with CHD [49]. Lifestyle, 
genetics, early diagnosis, economic status, and racial dif-
ferences across regions may also contribute to stroke risk 
[50]. The inclusion of nearly six studies from Europe in 
our analysis may have skewed the results.

The limitations of our study must be acknowledged 
to pave the way for innovative future strategies; about 
50% of the data in our analysis come from Europe, rais-
ing concerns about the generalizability of our findings. 
Also, the included studies did not specify the types of 
CHD in the patient populations, making it unfeasible to 
perform a subgroup analysis based on CHD type. Addi-
tionally, studies using inpatient registers without docu-
menting variables such as blood pressure or medications 
may affect the assessment of individual stroke-related 
risk [25]. Misdiagnosis, variable classification, or cod-
ing issues in register-based data can distort the results, 
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raising concerns about its application. Survivorship bias 
due to insufficient follow-up data, as noted by Giang et 
al., is another limitation [25, 27].

Conclusion
In conclusion, this meta-analysis demonstrates a signifi-
cantly elevated risk of stroke in patients with CHD com-
pared to controls. The findings indicate that stroke risk 
varies regionally, with higher rates observed in Europe 
than in Asia and USA and highlights the need for tar-
geted monitoring and management strategies in this 
vulnerable population. Further research is warranted to 
explore specific CHD types and their associated stroke 
risks, addressing limitations noted in existing studies.
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