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ABSTRACT: Background: Congenital heart disease (CHD) remains a significant global health concern,
with considerable heterogeneity across age groups, genders, and regions. Objective: This study aimed
to investigate the global epidemiological patterns, inequalities, and socio-demographic determinants of
CHD burden from 1990 to 2021 to inform targeted interventions. Methods: We utilized data from the
Global Burden of Disease 2021 study to assess CHD prevalence, incidence, and mortality rates. Trends
were analyzed using Joinpoint regression, age-period-cohort models and autoregressive integrated moving
average (ARIMA) forecasting. Health inequality was quantified using the slope index of inequality (SII)
and the concentration index (CI), and associations with the Socio-Demographic Index (SDI) were explored.
Results: CHD burden increased with age, peaking among individuals aged 70 years and older. This does
not reflect new-onset disease, but rather the accumulation of late diagnoses, long-term complications, and
healthcare encounters in aging individuals with CHD. Males consistently exhibited higher incidence and
mortality rates than females. From 1990 to 2010, global age-standardized prevalence and incidence rates
increased steadily and declined slightly thereafter. Joinpoint and age-period-cohort analyses revealed
inflection points post-2010 and suggested cohort-related effects. Although SII trends indicated rising
inequality over time, that disease burden has become more concentrated in low-SDI regions. ARIMA
projections estimated a stable or marginally declining CHD burden by 2030. Regional analyses showed that
high-SDI countries experienced significant reductions in CHD mortality, whereas low-SDI regions continued
to bear a disproportionate burden. Conclusions: CHD burden has shifted in recent decades, influenced by
demographic transitions, healthcare access, and socio-economic development. Despite progress, persistent
health inequalities remain. Continued investment in early detection, maternal care, and public health
infrastructure is essential to reduce CHD disparities globally.

KEYWORDS: Congenital heart disease; epidemiological trends; health inequalities; socio-demographic
index; global burden of disease

1 Introduction

Congenital Heart Disease (CHD) is a condition caused by abnormal development of the heart
and major blood vessels during fetal life. It’s the most common heart disease in children and
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significantly contributes to the global disease burden [1-3]. According to the 2019 Global Burden
of Disease (GBD) study, there are 13 million CHD cases worldwide, with over 210,000 deaths,
ranking seventh among causes of death in children under one year and fourth in countries with
a medium socio-demographic index (SDI). In China, the incidence of CHD is about 0.7%~0.8%,
and since 2004, it has become the leading cause of birth defects [4]. Despite advancements in
medical technology improving detection rates, CHD remains a major cause of neonatal mortality
and imposes a substantial economic burden on families and society.

With global aging and medical advancements, the epidemiological characteristics of CHD
are changing. Understanding CHD trends, identifying health inequalities, and analyzing their
relationship with SDI are crucial for effective public health strategies and resource allocation [5,6].

Over the past decades, the GBD study has provided vital data on CHD epidemiology. However,
significant differences in CHD prevalence and mortality exist across regions and populations,
influenced by factors like economic development, access to and quality of healthcare, and public
health policies. This study aims to explore global CHD trends from 1990 to 2021, assess health
inequalities among different socio-demographic groups, and examine their association with SDI.

We used various analytical methods, including Joinpoint regression, age-period-cohort models
and autoregressive integrated moving average (ARIMA) models, to gain a deeper understanding
of CHD trends. We also employed the slope index of inequality (SII) and the concentration index
(CI) to quantify and track changes in CHD health inequalities. This research aims to provide
scientific evidence for global public health policymakers, helping them better understand CHD
epidemiology, identify high-risk groups, and develop targeted interventions. This is crucial for
reducing the global CHD burden and improving patient survival and quality of life.

2 Patients and Methods

2.1 Data Sources

GBD 2021 data are accessible through a portal at the Institute for Health Metrics and Evaluation,
University of Washington, United States. All disease burden data were obtained from the GBD
2021 database (http://ghdx.healthdata.org/gbd-2021, accessed on 01 January 2025), which used
modeling to estimate the burden of 369 diseases or injuries for 204 countries and territories
worldwide between 1990 and 2021, stratified by factors such as cause, location, age, and sex [7].

2.2 Data Extraction

We extracted CHD-specific data from the GBD 2021 database using ICD-10 codes Q20-Q28,
which is a well-defined subset of the broader Q00-Q99 range that covers all congenital malformations.

We extracted and analyzed data specifically related to CHD, including incidence, prevalence,
mortality, and disability-adjusted life years (DALYs), from the GBD 2021 dataset. Metrics included
number, rate, and age-standardized rate with 95% uncertainty intervals. Data were stratified
by region (China, global, high-, middle-, low-SDI), age, sex, and CHD. SDI is a comprehensive
indicator of a country’s lag-distributed income per capita, average years of schooling, and the
fertility rate in females under the age of 25 years [8,9]. The data from China included in global, and
China is classified as a high-middle SDI according to the SDI calculation rules. Although data were
extracted for early neonatal (0-6 days), late neonatal (7-27 days), and post-neonatal (28-364 days)
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periods, these subgroups were not included in the main analysis due to limited data robustness
and the focus on age-standardized burden.

2.3 Statistical Analysis

Data were sorted and analyzed using Excel 2021 software. The rate of change in incidence,
mortality, and DALYs for CHD between 1990 and 2021 was calculated as (2021 indicator value
— 1990 indicator value)/1990 indicator value x 100%. Trend analyses were conducted using the
Joinpoint Regression Program, which is developed by the U.S. National Cancer Institute (NCI)
(https:/ /surveillance.cancer.gov /joinpoint/, accessed on 01 January 2025) [10-12]. The number
and location of segmentation points and corresponding p values were determined by the Monte
Carlo permutation test, and the annual percentage change and average annual percentage change
were calculated using log-linear regression. Joinpoint regression was used to identify significant
changes in temporal trends by detecting “inflection points’—years at which the slope of the trend
changes significantly. This method provides annual percentage change estimates for each segment
and is particularly suitable for evaluating disease burden trends over time. We used ARIMA models
to forecast the incidence and mortality trends of CHD up to 2030. Time series forecasting was
performed using ARIMA models, fitted to the annual CHD burden data from 1990 to 2021. Given
the limited number of data points and potential structural changes in the time series, this analysis
is exploratory. Age-standardized incidence and death rates were modeled using autoregressive
integrated moving average models. Model parameters (p, d, q) were selected based on the lowest
Akaike information criterion and Bayesian information criterion values. Model adequacy was
evaluated through residual plots and the Ljung-Box test to ensure white noise properties. Forecasts
were presented with 95% prediction intervals to reflect uncertainty. The incidence rate of CHD
between 2021 and 2030 in China was predicted using R-4.2.2 software. p < 0.05 was considered
statistically significant. To maintain consistency and accuracy, all epidemiological indicators are
presented to two decimal places.

3 Results
3.1 Age- and Sex-Specific Patterns in the Prevalence of CHD

The analysis of CHD prevalence across age and sex groups reveals distinct demographic
patterns. As shown in Fig. 1A, the number of prevalent cases is highest in the <5 years age group
for both males and females, indicating the early onset and diagnosis of CHD in childhood. The
prevalence then declines sharply and remains relatively stable through adulthood before slightly
increasing again in older age groups. Notably, the distribution is symmetric across sexes, although
slight differences are observed in certain age intervals, such as 10-14 and 25-29 years. Fig. 1B
illustrates the age-specific prevalence rates, demonstrating a steep decline from infancy through
adolescence. The rate plateaus in adulthood and rises again in the elderly population. This trend
suggests a dual burden of CHD: early-onset cases diagnosed in infancy and a secondary peak in
older adults, potentially reflecting accumulated comorbidities or late diagnoses. Overall, males
exhibit slightly higher prevalence rates than females across most age groups, although the sex
difference narrows in the elderly.
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Figure 1: Age- and sex-specific prevalence of CHD. (A) The number of prevalent cases of CHD across age
groups for males (blue) and females (red). A clear peak is observed in the <5 years age group, followed by a
gradual decline with age. (B) The prevalence rate per 100,000 population plotted against age groups, stratified
by sex. Males consistently show slightly higher rates than females across most age categories. A sharp decline
from infancy to adolescence is followed by a plateau during adulthood and a slight increase in older age.

3.2 Trends in CHD (1990-2021)

From 1990 to 2021, CHD demonstrated notable changes in both incidence and prevalence
worldwide. The total number of new CHD cases steadily increased during this period, with
males consistently exhibiting slightly higher case counts compared to females. Although the
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absolute numbers rose, the age-standardized incidence rate showed a gradual decline for both
sexes (Fig. 2A), suggesting improvements in early screening, diagnostic accuracy, and possibly
primary prevention strategies. In contrast, the total number of prevalent cases continued to rise
throughout the study period, with male prevalence again marginally exceeding that of females.
Importantly, the age-standardized prevalence rate also exhibited a continuous upward trend from
1990 to 2021 (Fig. 2B), likely reflecting enhanced survival, better disease management, and the
accumulation of cases over time.
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Figure 2: Trends in CHD incidence and prevalence by sex (1990-2021). (A) Annual new case numbers (bars)
and age-standardized incidence rates (lines) of CHD in males and females from 1990 to 2021. (B) Total
prevalent cases (bars) and age-standardized prevalence rates (lines) over the same period. Males consistently
show higher case counts, with both sexes exhibiting rising prevalence.
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3.3 Joinpoint Regression Analysis of CHD Prevalence (1990-2021)

Joinpoint regression analysis revealed distinct temporal patterns in the number of prevalent
cases of CHD across different sex groups. Among the overall population, the prevalence initially
declined from 1990 to approximately 1999, followed by a period of sharp growth until around
2010. From 2010 to 2017, the prevalence growth slowed. After 2017, a notable decline was observed
(Fig. 3A). Sex-stratified analysis showed similar trends. In females, prevalence decreased from
1990 to 1999 with an annual percent change (APC) of —1.60% (95% CI: —1.68% to —1.52%), then
increased steadily from 1999 to 2010 with an APC of 1.77% (95% CI: 1.69% to 1.86%), and from 2010
to 2017 with an APC of 0.96% (95% CI: 0.87% to 1.04%), followed by a sharp drop from 2017 to
2021 with an APC of —6.43% (95% CI: —6.56% to —6.29%) (Fig. 3B). In males, the turning points
occurred at slightly different years. From 1999 to 2010, there was a more pronounced increase with
an APC of 2.56% (95% CI: 2.47% to 2.66%) and after 2017, a significant decline was observed with
an APC of —7.07% (95% CI: —7.22% to —6.92%) (Fig. 3C).
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Figure 3: Joinpoint regression of number of prevalent CHD cases from 1990 to 2021. (A) The overall
prevalence trajectory with inflection points highlighting three distinct phases of growth and decline. (B) The
Joinpoint regression for females, illustrating a turning point around 1999 with subsequent increases and
recent declines. (C) The trend in males, with a stronger increase in prevalence before 2010 and a steeper
decline in the most recent period. Each segment is annotated with the corresponding annual percent change.

3.4 Age-Period-Cohort Analysis of CHD Mortality

The age-period-cohort analysis reveals complex patterns in CHD mortality across birth cohorts,
age groups, and calendar years. In Fig. 4A, mortality rates are highest in early childhood and decline
steeply with age, demonstrating a classic age effect. Stratification by birth cohort further shows
that more recent cohorts exhibit notably lower mortality, highlighting generational improvements
in healthcare and disease management. Meanwhile, Fig. 4B indicates that across all calendar years
(1990-2021), the highest mortality burden remains concentrated in young children, but age-specific
death rates have gradually decreased over time, suggesting period effects such as enhanced medical
technology and access to pediatric care.

3.5 Relationship between SDI and CHD Mortality

The association between SDI and CHD mortality has evolved over time. In 1990 (Fig. 5A), a
U-shaped relationship was observed, with both low- and high-SDI countries exhibiting relatively
higher age-standardized death rates, while countries with middle SDI showed lower mortality.
By 2021 (Fig. 5B), although overall death rates had declined, the U-shaped pattern remained,
suggesting persistent disparities in CHD outcomes related to development levels. A longitudinal
analysis across years (Fig. 5C) revealed that although the SDI-mortality relationship fluctuated,
countries with low SDI consistently experienced higher death rates, indicating limited progress in
healthcare access and CHD management. In contrast, countries with higher SDI levels showed a
continued decrease in mortality over time.

3.6 Inequality Trends in CHD Burden

From 1990 to 2021, the concentration index for CHD burden decreased from —0.25 (95% CI:
—0.28 to —0.22) to —0.37 (95% CI: —0.41 to —0.34), indicating an increasing concentration of disease
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burden among low-SDI populations. This suggests that inequality has worsened over time, with
low-income countries disproportionately affected by CHD-related disability and mortality (Fig. 6A).
Fig. 6B further supports this pattern by showing a strong inverse relationship between SDI and
CHD-related DALY rate in 2021. Countries with lower SDI experienced significantly higher DALY
rates, highlighting persistent gaps in healthcare access and outcomes. SII, which quantifies the
absolute disparity in burden across the SDI continuum, also exhibited a steadily increasing trend
over time (Fig. 6C). From approximately —4500 (95% CI: —5000 to —4000) in 1990 to —2500 (95% CI:
—3000 to —2000) in 2021, the less negative slope indicates a relative reduction in absolute disparity,
despite the persistent concentration of burden in disadvantaged populations. These findings verify
the need for more equitable healthcare strategies aimed at reducing socio-demographic disparities
in CHD burden.
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Figure 4: Age-period-cohort analysis of CHD mortality from 1990 to 2021. (A) The rate of deaths by age
and cohort, and by cohort and age group, indicating that younger birth cohorts have experienced lower
mortality, with the highest rates consistently in infancy and early childhood. (B) Death rates by age and year,
and by year and age group, demonstrating that while mortality rates are highest in younger ages, they have
declined over time across nearly all groups. This supports the influence of both period and cohort effects on
CHD mortality trends.
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Figure 5: Relationship between SDI and age-standardized death rate from CHD. (A) The SDI-death rate
curve in 1990, showing a U-shaped relationship with elevated mortality at both low and high SDI levels. (B)
The SDI-death rate relationship in 2021, where the U-shaped pattern persists despite an overall reduction in
mortality. (C) The SDI-death rate pattern over time (1990-2021), revealing consistent high rates in low-SDI
regions and declines in higher SDI countries. (D) The 2021 SDI-death rate association among countries with
decreasing mortality trends, highlighting persistent inequalities across SDI tiers (low, middle, high).
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Figure 6: Trends in inequality of CHD burden based on SDL. (A) CI from 1990 to 2021, showing a decline that
indicates increased concentration of CHD burden among lower-SDI countries. (B) The inverse association
between SDI and DALY rate in 2021, with lower-SDI countries facing higher disease burden. (C) SII over
time, suggesting a gradual reduction in absolute disparity, though inequities remain substantial.

3.7 ARIMA Forecast of CHD in Children under 5 Years Old

The ARIMA forecast models for CHD in children under 5 years old predict continued
reductions in both mortality and incidence rates through 2030. As shown in Fig. 7A,B, the
age-standardized death rates have steadily declined from the 1990s to 2021 in both females and
males. This downward trend is projected to continue, with female mortality rates dropping below
50 per 100,000 and male rates similarly declining, suggesting ongoing improvements in early
diagnosis and pediatric care. For incidence, Fig. 7C,D reveals a modest decrease between 2000
and 2021, particularly after 2010. The projections suggest that incidence rates may stabilize or
slightly decrease by 2030, with female and male incidence rates predicted to remain below 1100
and 1150 per 100,000, respectively. These findings reflect improved perinatal screening, early
interventions, and possibly environmental or genetic risk management in recent decades. However,
given potential structural breaks, these forecasts should be interpreted with caution.
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Figure 7: ARIMA-based forecasts of CHD burden in children under 5 years old. Predicted age-standardized
incidence and mortality rates of CHD from 2021 to 2030. Solid lines indicate point forecasts; shaded areas
represent 95% prediction intervals. AIC and BIC values for each fitted ARIMA model are provided in the
Methods section. (A) The predicted decline in age-standardized death rate in females under 5 years old,
continuing a long-term downward trend. (B) A similar trend in males, with projections indicating further
mortality reductions by 2030. (C) The forecasted incidence rate in females, which shows stabilization after
a previous decline. (D) The projected incidence in males, suggesting a leveling-off of rates in the coming
decade. The shaded areas represent 95% confidence intervals for the forecasted values.

3.8 Global Distribution of CHD Incidence and Mortality (2021)

Fig. 8 illustrates the global patterns of CHD burden in 2021, highlighting significant regional
disparities in both incidence and mortality. Fig. 8A shows that the crude incidence rate of CHD
was highest in sub-Saharan Africa, South Asia, and parts of the Middle East, with some countries
exceeding 200 per 100,000 population. Notably, Chad, Niger, and Somalia ranked among the
highest in incidence (Fig. 8C), suggesting a possible association with underdeveloped healthcare
systems, limited prenatal screening, and high birth rates. In contrast, Fig. 8B reveals that the
crude mortality rate was also disproportionately elevated in these same regions, particularly in
Afghanistan, South Sudan, and Burkina Faso. As shown in Fig. 8D, the top 20 countries by crude
mortality rate were predominantly low-income countries with constrained access to specialized
cardiac care and pediatric surgery.
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A Crude Incidence Rate of Congenital Heart Disease (2021) B Crude Mortality Rate of Congenital Heart Disease (2021)
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Figure 8: Global distribution of CHD incidence and mortality in 2021. (A) The global map of crude incidence
rates of CHD, with darker shades representing higher rates. (B) The crude mortality rates across countries,
where deep red shading indicates high death burdens. (C) The top 20 countries by crude incidence rate
per 100,000, with Chad, Niger, and Somalia leading. (D) The top 20 countries by crude mortality rate, with
Afghanistan, South Sudan, and Mali showing the highest values.

3.9 Association between SDI and CHD Burden (1990-2019)

Fig. 9 explores the relationship between SDI and the age-standardized DALY rate of CHD
across countries and over time. As shown in Fig. 9A, there is a strong overall negative correlation
between SDI and CHD burden: countries with lower SDI values tend to exhibit significantly higher
age-standardized DALY rates. This pattern proves the impact of socioeconomic development on
reducing CHD-related disability and mortality. Notably, countries with SDI below 0.5 consistently
cluster in the higher DALY range. To further understand this relationship longitudinally, Fig. 9B
presents the year-by-year association between SDI and DALY rate from 1990 to 2019. Across
all years, the inverse association remains evident, with slight variations in slope and dispersion,
indicating a globally consistent yet dynamically shifting inequality landscape. The downward
trend becomes more uniform after 2005, possibly reflecting international progress in maternal and
child health, congenital disease screening, and treatment access.
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A Association Between SDI and CHD DALY Rate (All Years)
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Figure 9: Association between SDI and CHD DALY rate. (A) shows the pooled association between SDI and
age-standardized DALY rates across all years (1990-2019), highlighting a strong inverse correlation. (B) breaks
down this association by year, showing year-specific scatterplots with regression lines indicating the consistent
negative relationship between SDI and DALY rate over time.

4 Discussion

CHD is one of the most common congenital defects, referring to structural abnormalities of
the heart or great vessels that occur during the fetal period. It is a congenital disorder with a
high incidence rate in newborns and is also the most common cause of death in infants due to
birth defects, imposing a significant economic burden on society and families [13-15]. Globally,
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the prevalence of CHD has been increasing year by year. Between 1970 and 2017, the average
rate of CHD at birth worldwide was 8.2 cases per 1000 newborns. In China, since 2004, the
incidence of CHD has risen to the top among birth defects. Despite the continuous development of
medical technology and increased detection rates, CHD remains a significant cause of neonatal
death [16-18].

From 1990 to 2021, CHD exhibited distinct age- and sex-related epidemiological characteristics.
Males consistently demonstrated slightly higher age-standardized prevalence and incidence rates
than females, particularly in early childhood and late adulthood. This pattern is consistent
with previous population-based studies that reported a modest male predominance in CHD
incidence, especially in severe subtypes such as ventricular septal defects [19,20]. However, this
sex gap diminished with increasing age, which may reflect sex-specific differences in biological
and social factors, as also reported by previous research [21]. On the other hand, the temporal
trend in CHD also demonstrated a critical turning point. While the total number of cases rose
steadily, age-standardized incidence rates peaked around 2010 and began to decline thereafter.
This finding aligns with prior analyses by Pan et al., which attributed declining incidence to
the great improvements achieved in early screening, diagnostic criteria, and possibly primary
prevention measures [22]. The post-2010 decline contrasts with the continued growth in absolute
case counts and prevalence, which is likely attributable to improved survival and population aging.
The observed patterns underscore the dual burden of early-onset CHD and an expanding cohort
of adults living with the condition, reflecting the success of pediatric cardiac care over the past
three decades. Our observation of higher CHD burden among elderly males aligns with reports
highlighting gender-specific disparities in long-term survival and late diagnosis in adults with
congenital heart defects [23].

This study utilizes data from the GBD 2021, offering new insights into the epidemiology of
CHD. Compared to existing research, the innovation of this study lies in not only analyzing the
trends of CHD but also delving into the relationship between CHD and SDI, as well as the health
inequalities between different regions and countries. This multidimensional analysis provides
a richer perspective for understanding the global distribution of CHD. Existing epidemiological
studies face issues such as data limitations, especially in low- and middle-income countries where
lower diagnostic levels may lead to delayed diagnosis of mild CHD. Additionally, the etiology
of CHD is still unclear, and in most cases, no specific cause can be identified, which limits the
formulation and implementation of preventive measures. This study’s global perspective analysis
helps to reveal the differences and trends in the epidemiology of CHD worldwide, providing
important epidemiological evidence for the prevention and control of CHD globally.

From 1990 to 2021, SII shows an upward trend, indicating increasing disparities. CI illustrates
that in 1990, CHD was more concentrated among lower SDI populations, as seen in countries
like China and India. By 2021, CI has shifted, showing a reduction in inequality with a more
even distribution across SDI levels. The bottom graph highlights that while disparities persist,
there is a general trend towards reducing inequality, with higher SDI countries experiencing lower
DALY rates. This emphasizes the need for targeted health policies to address these disparities.
The worsening concentration of CHD burden in lower-SDI settings, as indicated by our CI and SII
analysis, is consistent with findings in other non-communicable diseases [24]. We have emphasized
how structural barriers in healthcare access contribute to these trends.



Congenit Heart Dis. 2025;20(3) 397

GBD 2021 provides global health data from 1990 to 2021, covering 204 countries and regions,
including data on the coverage rate of 11 types of childhood vaccinations. This offers us a
comprehensive and up-to-date data perspective to assess the global prevalence of CHD and
health inequalities. Our findings reveal persistent disparities in CHD burden across SDI levels.
To mitigate these inequities, multi-level and region-specific strategies are needed. Scaling up
prenatal screening programs can facilitate early diagnosis and timely interventions, especially in
low-resource settings where diagnostic delays are common [25]. Investing in maternal and neonatal
health infrastructure, including delivery of essential cardiac services, is critical for improving
survival outcomes. Additionally, the establishment of national CHD registries would enhance
data quality and allow for better tracking of disease trends, particularly in countries with currently
limited surveillance. Telemedicine and task-shifting approaches, such as training primary care
providers to perform basic cardiac screening, may further reduce urban-rural disparities in access
to pediatric cardiology services [26,27]. Collectively, these evidence-based interventions can help
address the structural causes of CHD health inequities.

We employed various statistical methods, including the Joinpoint regression model, SII, and
CI, which can more accurately capture the trends of CHD and health inequalities. The application
of these methods enhances the scientific and accuracy of the study. This study not only analyzes
the trends of CHD but also delves into the relationship between CHD and SDI, as well as the
health inequalities between different regions and countries. The study further clarifies the impact
of human societal development on the burden of CHD, exploring the relationship between the level
of socio-economic development and the burden of CHD, which is significant for understanding the
global distribution of CHD and formulating public health strategies.

Data analysis reveals a significant relationship between CHD ASMR and SDI across different
regions. Globally, as SDI increases, mortality rates decrease, indicating the positive impact of
economic development and social welfare on health. High-income regions, such as the Asia-Pacific,
North America, and Western Europe, show the lowest mortality rates, likely due to better healthcare
facilities, public health policies, and living standards. In contrast, middle- and low-income regions,
like South Asia and Eastern Europe, face higher mortality rates, possibly due to insufficient medical
resources, lack of health education, and poorer socio-economic conditions [28]. The observed higher
burden of CHD in elderly males may be attributable to a combination of biological and social factors.
Biologically, estrogen is believed to confer cardioprotective effects in females, potentially delaying
the progression or complications of congenital anomalies [29]. In contrast, elderly males often
exhibit a greater burden of comorbidities, such as hypertension and diabetes, which can exacerbate
the clinical manifestation of congenital heart defects [30]. Social determinants, including disparities
in access to cardiac care and lower health-seeking behavior among males, may also contribute to
the observed differences. The decline in CHD incidence rates after 2010 may reflect the global
expansion of prenatal screening programs, improved access to fetal echocardiography, and wider
implementation of early surgical interventions. For example, in countries such as China and Brazil,
nationwide maternal health initiatives and congenital disease registries have strengthened early
diagnosis and management, potentially reducing late-stage incidence [31,32]. Continued investment
in screening infrastructure and public awareness may further contribute to the declining trend.

Nevertheless, this study has limitations. This study did not further analyze the burden of
CHD in specific neonatal subgroups (e.g., 0-6 days, 7-27 days) due to small sample sizes and
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high uncertainty intervals in many countries. Future studies are required to assess neonatal CHD
burden in more detail. Although the GBD 2021 database offers a comprehensive estimation of global
disease burden, it is important to acknowledge potential underestimations of CHD prevalence
and mortality, particularly in low-SDI regions. These underestimations may arise from diagnostic
limitations, lack of access to medical care, and underreporting in health surveillance systems.
Such biases can impact inequality measures such as SII, potentially exaggerating disparities by
inflating the apparent disease burden in high-SDI regions while underrepresenting the burden in
low-resource settings. Moreover, GBD modeling relies on various covariates and assumptions that
may not fully capture subnational heterogeneities. Therefore, our findings should be interpreted
with caution, especially regarding the magnitude of disparities. Strengthening diagnostic capacity
and data collection systems in low-SDI regions remains essential for accurately monitoring CHD
burden and informing equitable health policies. While ARIMA provided short-term projections, the
presence of structural breaks and limited data points constrain the reliability of long-term forecasts.
These limitations underscore the need for more robust modeling frameworks in future studies,
especially those incorporating exogenous variables or structural break detection [33]. The projected
decline in mortality aligns with long-term outcomes from CHD surgical cohorts in Europe and
North America, supporting the model’s plausibility [34].

In conclusion, CHD mortality rates show significant regional differences, highlighting the
importance of socio-economic factors in health outcomes. Strengthening public health policies
and improving economic conditions could further reduce CHD incidence and mortality rates. By
analyzing the relationship between CHD and SD], this study provides scientific evidence for the
formulation of targeted public health strategies, especially in terms of resource allocation and
health policy formulation. This study utilizes GBD 2021 data to provide new insights into the
trends of CHD, offering important epidemiological evidence for the prevention and control of CHD
worldwide. Through these findings, we can better understand the global burden of CHD and guide
future research and public health practices.
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