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Clinical Question Box

What is the Global Burden and Etiological Profile of Heart Failure (HF) in Adolescents and
Young Adults Aged 15-44 Years?

Heart failure (HF) in adolescents and young adults is an emerging public health challenge with
distinct epidemiological features compared to older populations. This study quantifies the global
prevalence, years lived with disability, and underlying causes of HF in individuals aged 15-44 years
from 1990 to 2021, with projections to 2050. Findings indicate a substantial and growing burden,
characterized by male predominance, a peak in the 40-44 age group, and a leading etiological
role of cardiomyopathy, contrasting with the ischemic-driven profile in older adults. These results
underscore the need for early screening, etiology-specific prevention, and targeted public health
interventions in this demographic.

Abstract

Introduction: Heart failure (HF) persists as a critical public health priority globally, and comprehensive
epidemiological assessments of the rising number of young HF patients remain limited. This study
aimed to quantify the global burden of HF among individuals aged 15-44 years from 1990 to 2021
and predict trends until 2050. Methods: Using data from the Global Burden of Disease Study 2021,
we quantified HF burden among adolescents and young adults (AYAs) aged 15-44 years from 1990
to 2021 globally, stratified by six 5-year age subgroups, sex, and the Socio-Demographic Index (SDI).
Results: In 2021, HF affected 5.45 million cases (age-standardized prevalence rate: 156.43/100,000),
with 525,221 years lived with disability (YLDs) (age-standardized YLD rate: 15.07/100,000) from
1990 to 2021, representing a substantial increase. High-SDI regions bore the highest burden. Analyses
revealed a consistent male predominance, with the highest burden observed in the 40-44-year age
group. Etiologically, cardiomyopathy dominated globally (25.84%). Projections to 2050 forecast
continued increase. Conclusion: This study shows that HF burden in AYAs aged 15-44 years is
substantial and continuously growing, characterized by significant gender, age, socio-economic, and
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geographic differences; cardiomyopathy dominates, highlighting the need for early screening and
targeted global health actions.

Keywords: Adolescents and young adults (AYAs), global burden of disease (GBD), heart failure,
joinpoint regression, public health

Introduction

Heart failure (HF) is a clinical syndrome characterized by structural and/or functional cardiac
impairment leading to objective evidence of cardiopulmonary congestion, typically confirmed by
elevated natriuretic peptide levels and imaging findings.'> HF imposes a substantial global health
and economic burden, with estimated worldwide costs reaching $284.17 billion across 179 countries
in 2021.%4

Historically, HF predominantly affects older populations, with peak incidence occurring among
adults aged >60 years. Ischemic heart disease (IHD), hypertension, and chronic obstructive pulmonary
disease constitute the primary etiologies.”® While overall HF incidence has declined since the
1990s due to improved cardiovascular prevention and management, epidemiological trends reveal
an alarming rise in incidence among adolescents and young adults (AYAs).!%14 Data from New
Zealand documented a significant annual increase of 1.5% among 20-49-year-olds from 2006 to
2018.15-17 A total of 61,729 HF-related deaths occurred globally in AYA populations from 1990 to
2019, underscoring the substantial disease burden in this demographic.!® While incidence remains
approximately 1% in adults under 55 years, it escalates dramatically to 46% among healthy 46-year-
olds, signaling mid-adulthood as a pivotal period for preventive intervention.'32% AYAs remain
markedly underrepresented in both clinical research and public health policies, resulting in critical
evidence gaps regarding disease mechanisms, optimal interventions, and burden stratification specific
to this demographic. However, as a critical window for curbing HF progression through early lifestyle
and medical intervention, the 15-44-year age group lacks tailored prevention strategies and dedicated
resource allocation in global health agendas.

Based on Global Burden of Disease (GBD) 2021 dataset, this study quantifies the disease burden
of HF among AYAs aged 15-44 years from 1990 to 2021. We systematically evaluated temporal
trends stratified by sex, age cohort, and the Socio-Demographic Index (SDI); future trajectories and
the etiological spectrum in this population were also projected. This comprehensive epidemiological
assessment provides critical evidence to guide targeted public health interventions, optimize resource
distribution, and mitigate the HF burden in the 15-44-year age demographic globally.

Materials and Methods

Study Population and Data Sources

This study utilized primary data from the GBD 2021, a comprehensive epidemiological database coor-
dinated by the Institute for Health Metrics and Evaluation (IHME) at the University of Washington
that collates data on 371 diseases and 88 risk factors across 204 countries and territories.”!

Our analysis focuses specifically on HF burden among AYAs aged 15-44 years. Data were stratified
by six age subgroups (15-19, 20-24, 25-29, 30-34, 35-39, and 40-44 years) and sex (both/male/female)
to quantify age-specific trends and sex-based disparities. Primary metrics included prevalence and
years lived with disability (YLDs). The complete dataset is publicly accessible through the GBD
Results Tool (https://ghdx.healthdata.org/gbd-results-tool).

Definition
HF is clinically defined as a complex syndrome arising from structural or functional cardiac

impairment that compromises ventricular filling or blood ejection capacity, leading to characteristic
symptoms and signs, as defined in the GBD 2021 Data Resources (GHDx).!


https://ghdx.healthdata.org/gbd-results-tool
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Based on a systematic literature review and alignment with GBD 2021, this study identified 17
underlying causes of HF among AYAs aged 15-44 years.2223 ICD codes (International Classification
of Diseases) are detailed in Table S1. Additionally, for atrial fibrillation and flutter (AF/AFL), due to
the lack of data for individuals under 30 years, the analysis for AF/AFL commenced at age 30.2*

While the GBD database predominantly defines AYAs as individuals aged 15-39 years, this study
extends the upper age limit to 44 years to capture the critical window for cardiovascular disease
intervention prior to mid-adulthood.?>2° This adjustment aligns with epidemiological evidence
indicating that cardiovascular risk trajectories undergo significant shifts before age 45, necessitating
expanded surveillance in this demographic.?’

To mitigate demographic heterogeneity, all burden metrics were age-standardized using the GBD
global reference population.”® The formula is as follows:

Sy ami
;4=1 wi

ASR = x 1000, 000

where g; is the number of events (e.g., incident cases, deaths) in the ith age group; w; is the weight of
the ith age group in the GBD standard population; and A is the total number of age groups.?

YLDs, a standardized measure of nonfatal health loss, are calculated through multiplicative inte-
gration of cause-age-sex-location-year-specific sequelae prevalence and their corresponding disability
weights (range: 0—1), thereby capturing the morbidity burden attributable to functional impairment.?

Uncertainty intervals (Uls) quantify the robustness of estimates, expressed as 95% Uls derived
from the 2.5th and 97.5th percentiles of 1000 posterior draws. This incorporates stochastic uncertainty
from data inputs, model specification, and disability weight assignments, ensuring statistical rigor in
reporting data.?

SDI serves as a composite indicator of development status, ranging from 0 (lowest) to 1 (highest).
It integrates lag-distributed income per capita, average educational attainment in individuals aged
>15 years, and total fertility rate under age < 25 years.>"

Statistical Analysis

Joinpoint Regression Analysis
Temporal trends in HF burden among AYAs aged 15-44 years from 1990 to 2021 were evaluated using
Joinpoint regression analysis (version 5.2.0; NCI). This segmented linear modeling approach identifies
inflection points (“joinpoints”) where significant shifts in trend directionality occurr, minimizing
residual sum of squared errors via iterative grid searches constrained to a maximum of five joinpoints.
Annual Percent Change (APC) characterizes segment-specific trends, while the Average Annual
Percent Change (AAPC), a geometric weighted mean of APCs, summarizes the overall trajectory.
Monte Carlo permutation testing (9,999 iterations) assessed statistical significance (P < 0.05). Trends
are deemed increasing if AAPC and its 95% confidence interval (CI) >0, decreasing if < 0, and stable
if the CI spans 0.3

This analytical approach was selected for its specific capacity to identify discrete inflection points
in temporal trends, a key advantage over methods that estimate a single, smoothed average trend, such
as the Estimated Annual Percentage Change (EAPC).32 While EAPC provides a summarized annual
rate of change over an entire period, our Joinpoint analysis reveals the specific timing and magnitude
of significant shifts in disease burden trajectory. This enables a more dynamic interpretation of trends,
linking epidemiological changes to potential period-specific drivers that may be obscured by average
estimates.

Bayesian Age—Period—Cohort Analysis

The Bayesian Age—Period—Cohort (BAPC) model, implemented via R packages “BAPC” and Inte-
grated Nested Laplace Approximation (INLA), projected the burden to 2050. This framework
integrates prior epidemiological knowledge with GBD 2021 data to decompose temporal trends into
orthogonal age, period, and cohort effects, addressing multicollinearity through Bayesian regulariza-
tion. The intrinsic estimator method resolved identifiability constraints (Age = Period—Cohort).
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In GBD studies, Uls are used to quantify overall uncertainty from multiple sources, such as
data inputs, model parameters, and multistage modeling processes. Compared with conventional
CIs, Uls provide a more comprehensive measure of statistical uncertainty in complex, hierarchical
modeling frameworks. Our projections were derived from a BAPC model, which inherently accounts
for uncertainty in future estimates. To remain consistent with the source data and propagate this
foundational uncertainty through our analysis, we report projections with 95% Uls instead of CIs.
Model fitting was conducted using the “INLA,” a deterministic approach that approximates marginal
posterior distributions and, unlike Markov Chain Monte Carlo methods, avoids convergence-related
challenges.’?3* Previous studies have shown that “INLA” offers comparable or superior coverage
and accuracy relative to other Bayesian estimation techniques, supporting the reliability of our
projections.’?

All epidemiological analyses and statistical modeling were performed using R software, version
4.3.2 (R Foundation for Statistical Computing). Joinpoint regression analysis was conducted using
version 5.2.0 to perform segmented trend analysis with Monte Carlo permutation testing. Statistical
significance for all inferential analyses was defined as a two-tailed P < 0.05.

Results

Global Trends

HF among AYAs aged 15-44 years caused 5,452,015 global cases (95% UI: 4,058,028-7,104,938) in
2021, corresponding to an age-standardized prevalence rate (ASPR) of 156.43 per 100,000 persons
(95% UI: 116.59-203.71). This represents a substantial increase from 1990, when there were 3,277,464
cases (95% UI: 2,431,379-4,259,270) and an ASPR of 134.51 (95% UI: 99.26-175.24). Similarly, HF-
related YLDs in this demographic reached 525,221 cases (95% UI: 325,285-793,006) in 2021, with an
age-standardized YLD rate (ASYR) of 15.07 (95% UI: 9.34-22.75), compared to 314,059 cases (95%
UI: 192,971-473,785) and an ASYR of 12.87 (95% UI: 7.88-19.46) in 1990 (Table 1).

Joinpoint regression analysis revealed a significant upward trend in ASPR from 1990 to 2021
(AAPC = 0.50%; 95% CI: 0.49%-0.50%; P < 0.001), with a marked increase between 2000 and 2005
(APC = 1.19%). The ASYR trend paralleled this rise (AAPC = 0.52%; 95% CI: 0.51%-0.52%; P <
0.001), peaking from 2000 to 2005 (APC = 1.26%) (Table 1 and Figs. 1A, 1B).

Socio-Demographic Level Trends

In 2021, high-SDI regions demonstrated the highest ASPR of 183.58 (95% UI: 140.68-235.29) and
ASYR of 17.45 (95% UI: 11.00-25.98), while high-middle-SDI regions showed the lowest burden
(ASPR: 135.43 [95% UI: 101.07-176.29]; ASYR: 13.01 [95% UTI: 8.03-19.60]) (Table 1). All SDI
quintiles showed increasing trends from 1990 to 2021 (all AAPC > 0, P < 0.05). Regions with lower
baseline burdens exhibited the most accelerated growth, with middle-SDI regions demonstrating the
highest increases. In contrast, high-SDI regions, which bore the highest absolute burden, displayed a
significant decrease after 2019 (Table 1 and Figs. 1C, 1D).
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Figure 1. Joinpoint regression analysis of HF patients aged 15-44 years, 1990-2021. (A) ASPR
by sex; (B) ASYR by sex; (C) ASPR by SDI level; (D) ASYR by SDI level; (E) ASPR by age
groups; (F) ASYR by age groups. APC = annual percent change; ASPR = age-standardized
prevalence rate; ASYR = age-standardized years lived with disability rate; HF = heart failure;

SDI = Socio-Demographic Index; * = P < 0.05.

Regional Trends

In 21 GBD regions, high-income North America exhibited the highest ASPR at 250.31 per 100,000
(95% UI: 195.58-313.76) and ASYR at 23.55 (95% UI: 14.76-34.83), closely followed by North Africa
and the Middle East (ASPR: 200.49; ASYR: 19.19). Conversely, Oceania (ASPR: 100.94; ASYR:
9.59), Southeast Asia (ASPR: 109.15; ASYR: 10.93), and East Asia (ASPR: 114.74; ASYR: 11.24)
demonstrated the lowest burdens in 2021 (Table 1). The majority of regions exhibited increasing
trends, with East Asia showing the most accelerated growth (AAPC ASPR: 1.44%; ASYR: 1.43%).
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In contrast, only four regions experienced declines: Southern Latin America, Andean Latin America,
high-income North America, and Tropical Latin America (Table 1 and Fig. S1).

Notably, the relationship between SDI and HF burden showed a nonlinear W-shaped distribution
across 21 GBD regions. This pattern signifies elevated burdens in both low- and high-SDI regions,
reflecting the dual influence of limited healthcare access in developing economies and lifestyle-
associated risk factors in affluent societies.

National Trends

In 2021, Canada showed the highest ASPR (269.20 per 100,000; 95% UI: 191.28-356.07), followed
by the United States (248.10; 194.30-310.10) and Qatar (236.53; 160.52-325.00). Conversely, Iceland
(79.34; 55.39-108.36) and Greece (87.40; 62.08-117.66) exhibited the lowest burdens in 2021 (Fig. 2A
and Table S2). Among 184 countries (90.2% of analyzed territories), HF burden significantly increased
(all AAPC > 0, P < 0.05). The most accelerated growth occurred in China (ASPR AAPC: 1.49%;
95% CI: 1.43-1.55), the Netherlands (0.79%; 0.69-0.92), and the United Kingdom (0.61%; 0.47—
0.72). Conversely, 19 nations demonstrated declining trends, with Bolivia exhibiting the steepest
reduction (AAPC: —1.29%), followed by Sweden (—0.91%) and Argentina (—0.87%) (Fig. 2C and
Table S2). While low-SDI regions showed marginally elevated ASPR, the heaviest absolute burdens
concentrated in high-SDI countries (Fig. S3). This pattern mirrored ASYR, confirming consistent
disability-adjusted burden metrics across countries and regions level (Figs. 2B, 2D, Table S2, and
Fig. S3).

‘«“h s | e :;h Sewm U SEE
Figure 2. Map of HF burden aged 15-44 years and AAPCs, 1990-2021. (A) ASPR in 2021; (B)
ASYR in 2021; (C) AAPCsin ASPR; (D) AAPCsin ASYR. AAPC = average annual percentage

changes; ASPR = age-standardized prevalence rate; ASYR = age-standardized years lived with
disability rate; HF = heart failure.

Sex Pattern

In 2021, males exhibited higher ASPR (175.05 per 100,000; 95% UI: 127.36-222.65) and ASYR (16.48
per 100,000; 95% UI: 10.20-24.81) compared to females (ASPR: 141.43; ASYR: 13.63 per 100,000).
This male predominance persisted universally across different age subgroups, and all countries and
territories (Tables 1 and S3). Temporal trends from 1990 to 2021 revealed consistent increases for
both sexes globally. Males had an AAPC of 0.47% (95% CI: 0.46-0.48) for ASPR and 0.50% (0.50—
0.51) for ASYR, while females showed slightly higher growth. Notably, the period 2000-2005 marked
the most rapid acceleration, with APC of 1.12% (males) and 1.41% (females) in ASPR (Figs. 1A, 1B
and Table 1). Stratification by SDI further confirmed no significant gender-based divergence in trend
trajectories across development strata, reinforcing the robustness of these patterns (Fig. S4).
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Age Pattern

Distinct age-dependent patterns in the global burden of HF among AYAs aged 15-44 years were
observed in 2021. The 40-44-year cohort demonstrated the highest ASPR (223.38; 95% UI: 156.15-
301.71) and ASYR (21.29; 12.67-32.00), followed by the 35-39- and 15-19-year groups. Conversely,
the lowest burden was observed in the 30-34- and 25-29-year cohorts (Table 1). This age gradient
persisted across most GBD regions (Fig. S5). All age groups demonstrated increases from 1990 to
2021. The most accelerated growth occurred in the 20-24-year cohort (Table 1). Notably, the 30—
34-year subgroup experienced the sharpest short-term acceleration during 2000-2004 (ASPR APC:
2.12%), indicating critical period-specific influences (Fig. 1E). ASYR trends paralleled ASPR patterns
(Table 1, Fig. 1F, and Fig. S6).

Underlying Causes Analysis

Analysis of 17 underlying causes of HF among AYAs aged 15-44 years revealed cardiomyopathy (CM)
as the predominant etiology globally in 2021, accounting for 25.84% of the ASPR. IHD and rheumatic
heart disease (RHD) constituted the next largest proportions (25.16% and 14.85%, respectively),
followed by hypertensive heart disease (HHD) (13.79%) and congenital birth defects (CBD) (7.67%).
Other causes collectively represented minor contributors (<1% individually) (Fig. 3 and Table S4).
Age-stratified etiology patterns demonstrated significant transitions, in which CM, CBD, and RHD
proportions decreased with advancing age, whereas IHD and HHD exhibited substantial increases
(Fig. 3 and Table S4). Geographical stratification revealed CM as the primary driver across high-,
high-middle-, and low-SDI regions. Conversely, IHD predominated in middle- and low-middle-SDI
regions (Fig. S8). ASYR patterns mirrored ASPR distributions (Figs. S7, S9 and Table S5).
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Figure 3. Underlying causes at different age groups. (A) The proportion of main underlying
causes in 1990; (B) the proportion of main underlying causes in 2021. ASPR = age-standardized
prevalence rate; HF = heart failure.

Prediction to 2050

By 2050, HF cases among AYAs are projected to reach 6,895,715 (95% UI: 4,745,769-9,045,662),
corresponding to an ASPR of 178.44 per 100,000 (95% UI: 122.81-234.07). Concurrently, YLDs
will rise to 673,591 (462,245-884,937), with an ASYR of 17.43 per 100,000 (11.96-22.90) (Figs. 4A,
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4B and Table S6). Stratified analyses indicate uniform upward trajectories across both sexes and all
age subgroups during this period, reflecting compounded effects of demographic momentum and
evolving risk factor exposures (Figs. 4C-F, S10, and Tables S7, S8). Projected etiological patterns
reveal divergent trajectories. While most underlying causes exhibit increasing burdens, PAH and RHD
will be marginally declining, with IHD showing the steepest reduction (Fig. S11 and Table S9).
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Figure 4. Global predictions to 2050. (A) ASPR prediction to 2050 in both sex; (B) ASYR
prediction to 2050 in both sex; (C) ASPR prediction to 2050 in females; (D) ASYR prediction to
2050 in females; (E) ASPR prediction to 2050 in males; (F) ASYR prediction to 2050 in males.
ASPR = age-standardized prevalence rate; ASYR = age-standardized years lived with disability
rate; HF = heart failure; UI = uncertainty interval.

Discussion

This study presents the first comprehensive assessment of HF burden among AYAs aged 15-44 years
across global, regional, and national levels from 1990 to 2021. First, our analyses reveal a sustained
increasing trajectory in this disease burden, with projections indicating continued escalation through
2050. Second, persistent male predominance and distinct age-dependent patterns were observed.
Third, a nonlinear relationship emerged between socioeconomic development and disease burden.
High-SDI regions exhibited the highest absolute burden yet slowest growth, while middle-SDI regions
demonstrated the steepest increases. Finally, etiologically, contrasting with ischemic-driven patterns
in elderly populations, nonischemic factors are the causes of HF in this age group.

Our findings, derived from a focused analysis of the 15-44-year cohort, reveal critical distinctions
from the recent report on 15-49-year-olds by Shu et al., underscoring the necessity of finer age
stratification.® First, burden distribution: approximately 77.4% of the prevalent cases and 87.6%
of the ASMR within the broader 15-49-year cohort are concentrated in our younger 15-44-year
population, identifying this subgroup as the core driver of the young-adult HF epidemic. Second,
identification of critical transitions: By applying Joinpoint regression on the 15-44-year cohort, we
were able to identify not only the magnitude but also the precise timing of significant shifts in
HF burden trends. This capability to detect and date such inflection points offers a more dynamic
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understanding of disease progression than approaches that report only average trends. Third, national
profiles: the country-level peak shifted from the United Arab Emirates to Canada, a change potentially
attributable to high-risk Indigenous Canadian subpopulations characterized by early-onset cardiac
lipid abnormalities.’” Most importantly, etiological profile: whereas IHD dominated in the 15-49-year
cohort, CM emerges as the primary etiology in the 15-44-year group. This aligns with the early-
life manifestation of nonischemic pathologies like CM, rheumatic, and congenital heart diseases,
contrasting with IHD, which typically follows decades of risk factor exposure. Therefore, stratifying
the young-adult population into 15-44 years is not merely a subset analysis but reveals a distinct
epidemiological entity with unique burden drivers, necessitating tailored preventive strategies.

Our study reveals that globally, the burden of HF among AYAs exhibited a consistent upward trend
from 1990 to 2021. This finding contrasts with previous reports of declining in ASPR of HF in the
general population,?®3° which may be attributable to the predominance of elderly individuals in HF
epidemiology.®® Actually, a study in the United States demonstrated a decrease in HF hospitalization
rates among those aged 55 and older.*? Similarly, research in Australia found that the decline in HF
hospitalization rates was primarily confined to older cohorts.*! Such stratified trajectories highlight an
important limitation of population-wide analyses, namely, their potential to obscure rising morbidity
in specific demographic subgroups.

Furthermore, our findings reveal a nuanced trend within specific socioeconomic groups. Contrary
to a previous study reporting declining HF prevalence among those under 50 in high- and high-
middle-SDI regions from 1990 to 2021, our analysis shows an upward trajectory in these quintiles
until 2019, followed by a marked post-2019 decline specifically in high-SDI regions. This inflection
point coincides with several developments: (i) the expansion of telemedicine during the coronavirus
disease 2019 pandemic, which may have improved continuity of chronic HF management;*? (ii)
a therapeutic paradigm shift following trials such as EMPEROR-Preserved (2017-2021) and the
subsequent 2021 ESC guidelines endorsing sodium-glucose cotransporter-2 inhibitors as first-line
therapy for HF;**> and (iii) greater healthcare resources and health literacy in high-SDI settings,
which can facilitate preventive behaviors and early treatment.*® Despite these contextual factors, high-
SDI regions retained the highest HF burden in 2021. This paradox may reflect underlying structural
disparities. For instance, in many North African and Middle Eastern countries, healthcare expenditure
constitutes less than 5% of GDP, which is below the global average, and physician distribution is
uneven, with densities as low as two per 10,000 people in some nations.*’ Concurrently, escalating
behavioral risks in affluent societies contribute to the burden; in the United States, for example, an
obesity/overweight rate of 57.4% among young adults (18-25 years) is a potential driver of its elevated
HF ranking.*® Conversely, Oceania, Southeast Asia, and East Asia exhibited the lowest HF burdens,
attributable to multiple protective factors: (i) tobacco control successes, such as Japanese male smoking
prevalence reduction from 55% to 30% (2000-2020);*° (ii) cardioprotective diets rich in vegetables,
fish, and olive oil. Asian diets are predominantly vegetable, and Japanese dietary patterns resemble
the Mediterranean diet;>® and (iii) hypertension management excellence. Countries such as Japan,
South Korea, Singapore, and Thailand exhibit relatively high awareness, treatment, and control rates
of hypertension.’'-2

Among 204 countries and territories analyzed, Iceland and Greece demonstrated the lowest HF
burden, possibly attributed to distinct cardioprotective lifestyle patterns. Greek populations exhibit
high adherence to the Mediterranean die,> characterized by annual per-capita olive oil consumption
of 12.08 kg.>* A large number of studies have shown that olive oil is a key source of monounsat-
urated fats and polyphenols that confer anti-inflammatory, antioxidant, and vasodilatory benefits,
collectively mitigating atherosclerotic progression and myocardial dysfunction.’>° Concurrently,
Icelandic residents display exceptional physical activity engagement, with 56% of adults meeting
World Health Organization-recommended exercise targets (>150 minutes/week moderate-to-vigorous
activity), markedly surpassing the European Union average of 33% and enhancing cardiovascular
resilience through improved endothelial function and metabolic regulation.>’ This contrasts sharply
with the accelerating HF burden observed in >90% of nations. China exhibits the steepest growth
(ASPR AAPC: 1.49%), driven by rising cardiometabolic risks despite the “Healthy China 2030”
hypertension control initiative.”® The Netherlands (AAPC: 0.79%) and the United Kingdom (AAPC:
0.61%) similarly reflect persistent healthcare access disparities and suboptimal risk factor control in
these countries and territories. Therefore, introducing policies targeting the primary causes of HF, such
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as taxation on sugar-sweetened beverages, and addressing socioeconomic health disparities could be
important strategies for effective HF prevention and management in these regions.

Males exhibited a systematically higher burden of HF than females across all geographic regions
and age subgroups from 1990 to 2021. This disparity can be attributed to a confluence of divergent
behavioral and metabolic risk profiles, potential biological contributors, and sex-specific patterns in
healthcare utilization. Men have historically demonstrated a higher prevalence of modifiable risk
factors, including smoking, diabetes, and central obesity.>> ¢! Additionally, biological differences may
play a role; premenopausal females benefit from relative cardioprotection linked to estrogen, which
is associated with favorable vascular physiology and a lower incidence of heart failure compared to
age-matched males.02-04

Crucially, healthcare engagement patterns significantly influence recorded burden. The peak
burden observed in the 40-44-year age group in 2021 coincides temporally with the expansion of
structured cardiovascular screening programs, such as the UK’s “Men’s Health MOT,” which enhance
case detection specifically among middle-aged men. This pattern indicates that the elevated burden
metric reflects not only the acceleration of cardiometabolic risk in mid-adulthood but also the
sensitivity of burden estimates to diagnostic intensity and access to care.

The study addresses a critical evidence gap in cardiovascular epidemiology. We demonstrated that
this demographic exhibits unique etiological profiles, with CM constituting the primary HF etiology,
contrasting sharply with ischemic-driven disease in older cohorts. However, this global finding masks
significant regional variation, which is principally mediated by socioeconomic development. In high-
middle-SDI settings, economic advancement generates a dual force: it enhances diagnostic capacity
to identify CM while concurrently promoting lifestyle transitions that increase cardiometabolic risk-
related CM subtypes.®> Conversely, in low-middle-SDI regions, the CM burden remains closely linked
to preventable infectious antecedents such as RHD, reflecting persistent gaps in primary healthcare.
This divergence is crystallized in high-burden middle-SDI nations like Indonesia, which faces a com-
posite burden of persistent infectious causes and rising metabolic cardiomyopathies.®® Consequently,
the specific CM profile in a region acts as a direct marker of its stage in the epidemiological transition.
Despite declining age-standardized HF incidence in general, AYAs experience a sustained burden
escalation, attributable to rising cardiometabolic risks, diagnostic advancements, and socioeconomic
transitions. This etiological stratification necessitates equally development-stratified interventions:
high-income regions require enhanced cardiomyopathy surveillance and early pharmacotherapy, while
low- and middle-income regions must prioritize rheumatic fever prevention and hypertension control
programs targeting young populations.

This study has several limitations. First, substantial heterogeneity in primary data quality and
availability across regions, particularly in low- and middle-income nations. While this variation
contributes to wider uncertainty intervals for burden estimates in these settings, the GBD modeling
framework employs strategies, such as spatiotemporal smoothing and crosswalk adjustments, to
mitigate potential source bias. Consequently, these regional estimates should be interpreted with due
caution, with a focus on their reported uncertainty ranges. Second, we did not further analyze the
different pressure types of HF, which limits pathophysiological mechanism exploration and targeted
intervention assessment. Third, the absence of HF-specific mortality data precludes analysis of fatality
trends among AYAs, restricting comprehensive burden assessment. Fourth, the ecological nature of the
GBD data is an important limitation. While robust for describing population-level trends, the GBD
framework cannot statistically adjust for potential unmeasured confounders, such as simultaneous
policy reforms, healthcare access disparities, or environmental exposures, that may independently
influence HF burden. Therefore, the observed associations between burden metrics and socioeconomic
or healthcare factors represent correlations, not established causal effects. Fifth, the projections from
the BAPC model offer baseline forecasts based on historical trends. As a static framework, the model
cannot simulate the effects of future interventions, policy changes, or clinical advances. Consequently,
our estimates do not include their potential mitigation, and sensitivity analyses of hypothetical
strategies were not performed, as this study aimed to establish a data-informed reference scenario.
These projections should therefore be interpreted as a benchmark for guiding public health planning,
not as a definitive outcome. Sixth, although we discuss hormonal differences as a potential explanation
for the observed sex disparity in HF burden, our analysis did not include individual-level data on
menopausal status. We were therefore unable to stratify female participants to test whether HF risk
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rises following menopause. Future detailed clinical data are needed to directly examine this hormonal
hypothesis. Finally, the observed associations between HF burden and SDI should be interpreted as
correlations rather than causation. While socioeconomic gradients demonstrate significant ecological
correlations, unmeasured confounders, such as healthcare infrastructure variability and environmental
exposures, may drive these relationships. Future studies should incorporate causal inference methods
to delineate direct SDI effects from contextual mediators.

Conclusion

The HF burden increased steadily among AYAs aged 1544 years globally from 1990 to 2021,
predominantly driven by nonischemic causes and disproportionately affecting males and females.
Geographical disparities in HF burden correlate strongly with regional variations in dietary patterns,
healthcare resource allocation, economic development, and policy implementation gaps. The projected
continued increase in HF burden among AYAs underscores the urgent need for more proactive
strategies to address its underlying causes.
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