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Nonalcoholic fatty liver disease (NAFLD) has emerged as the leading cause for
chronic liver diseases around the globe, disproportionately affecting aging popula-
tions. This research focused on the global burden of NAFLD in adults aged 45 and
older from 1990 to 2021, with projections extending to 2035.
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Methods

Using data from the Global Burden of Disease (GBD) Study between 1990 and 2021,
we assessed the incidence, prevalence, mortality and disability-adjusted life years
(DALYSs) related to NAFLD in adults aged 45 and older in 204 countries and territo-
ries. To evaluate the underlying drivers including demographics and lifestyle, Bayes-
ian age-period-cohort (BAPC) modeling was employed.
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In 2021, the worldwide prevalence of NAFLD has reached 48.35 million cases (with
a 95% uncertainty interval of 44.23 to 52.36 million). Among individuals aged 245
years, age-standardized incidence rose by 18.3% (EAPC=0.53) from 1990 to 2021,
while prevalence increased by 24.5% (EAPC=0.74). Mortality and DALY's also
climbed, with Egypt, Mongolia, and Andean Latin America bearing the highest bur-
dens. A bell-shaped Socio-Demographic Index (SDI) correlation emerged, peaking in
medium-SDI regions (e.g., North Africa, Middle East). Projections indicate persistent
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female predominance, with ASIR expected to rise to 826.11 (women) vs. 665.72
(men) per 100,000 by 2035.

Conclusions

This analysis explored the global burden of NAFLD in people aged 45 years and
older from 1990 to 2021, demonstrating significant epidemiological changes.
Age-standardized incidence and prevalence rates rose by 18.3% and 24.5%, respec-
tively, with the most pronounced burden observed in middle-to-high SDI regions
attributable to aging populations. Although women exhibited higher incidence rates,
mortality rates remained consistently elevated among men, underscoring unmet
intervention needs. Projections to 2035 indicate increasing incidence (particularly in
women) alongside moderate declines in mortality and DALY, underlining the require-
ment for prevention strategies that are specific to age and gender.

Introduction

Non-alcoholic fatty liver disease (NAFLD) has undergone a dramatic epidemiological
transition, currently the most common chronic liver disease globally, affecting about
25-30% of adults around the world [1]. Its pathological spectrum ranges from sim-
ple hepatic steatosis to non-alcoholic steatohepatitis (NASH), fibrosis, cirrhosis, and
hepatocellular carcinoma (HCC) [2]. Recent evidence indicates that NAFLD accounts
for approximately 2.4% of global mortality from liver diseases, surpassing both viral
hepatitis and alcoholic liver disease in many developed nations [3].

The pathophysiological intersection between NAFLD and aging presents unique
clinical challenges due to age-related alterations in hepatic lipid metabolism [4],
characterized by diminished 3-oxidation capacity, mitochondrial dysfunction, and
increased pro-inflammatory cytokine production with aging [5]. Clinical studies have
demonstrated that fibrosis progression rates accelerate by 4-5% per decade after
age 40, culminating in a 15-fold elevated risk of HCC by age 65 [6]. Furthermore,
aging populations with NAFLD frequently exhibit metabolic multimorbidity, with over
70% of patients =45 years presenting concurrent type 2 diabetes, hypertension, or
cardiovascular disease [7].

Despite these critical interactions, comprehensive assessments of NAFLD
burden specifically among middle-aged and older adults remain scarce. Existing
Global Burden of Disease (GBD) analyses largely consolidate NAFLD estimates
across wide age brackets, potentially obscuring important epidemiological varia-
tions within high-risk subgroups [8]. This knowledge gap persists even as demo-
graphic aging reshapes global health priorities-the population aged 260 years is
projected to double by 2050 and is expected to constitute the majority requiring
liver-related healthcare [9].

Given the accelerated disease progression observed in middle-aged and older
adults, combined with the growing global prevalence of metabolic risk factors, there
is an urgent need for comprehensive age-stratified analyses of NAFLD burden. While
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previous Global Burden of Disease studies have provided valuable insights into overall NAFLD epidemiology, they have
not specifically examined the unique patterns and drivers affecting adults 245 years-a population experiencing the most
rapid demographic growth globally. This knowledge gap limits our ability to develop targeted prevention strategies and
allocate healthcare resources effectively for this high-risk demographic. Therefore, this study aims to provide the first
comprehensive assessment of NAFLD burden specifically among adults aged 245 years, utilizing the most recent Global
Burden of Disease 2021 data to inform evidence-based policy development.

Methods
Data sources

We made use of information from the Global Burden of Diseases and Injuries Study (GBD, URL: https://vizhub.healthdata.
org/gbd-results/) conducted in 2021, which synthesizes epidemiological information from 204 nations and territories [10].
The data obtained from the GBD database did not require informed patient consent and was publicly available.

GBD 2021 harmonized NAFLD case definitions by integrating country-specific diagnostic modalities. For 87 countries
with biopsy/imaging studies, cases required histologic steatosis (25% hepatocytes) or imaging-confirmed hepatic fat frac-
tion >5% by MRI-PDFF or ultrasound. In remaining nations, FLI>60 was applied as a surrogate, validated against local
imaging cohorts where available (e.g., FLI sensitivity/specificity=0.73/0.86 in European and 0.68/0.81 in Asian popula-
tions) [11]. GBD’s DisMod-MR 2.1 tool adjusted for cross-country diagnostic heterogeneity by incorporating covariates
such as healthcare access and obesity prevalence [12]. Mortality estimates incorporated vital registration systems, verbal
autopsy data, and cancer registry records coded to ICD-10 codes K75.8 and K76.0.

Inclusion criteria required: (1) age 245 years at diagnosis; (2) NAFLD defined per FLI 260 or imaging-confirmed hepatic
steatosis (25% hepatocyte involvement); and (3) residency in a GBD-listed country/territory. Exclusion criteria, applied
through GBD’s hierarchical cause-of-death modeling, included: (1) secondary hepatic steatosis due to alcohol consump-
tion>20g/day (men) or>10g/day (women); (2) viral hepatitis B or C coinfection; (3) drug-induced steatosis (corticosteroids,
methotrexate, amiodarone); (4) hereditary metabolic disorders (Wilson disease, alpha-1 antitrypsin deficiency); and (5)
other chronic liver diseases taking precedence in GBD’s mutually exclusive disease hierarchy.

This study focuses on adults aged 245 years based on clinical and public health considerations. Beginning in mid-life,
metabolic alterations—such as increased insulin resistance, hormonal changes, visceral adiposity, and sarcopenia—pro-
mote hepatic lipid accumulation and elevate NAFLD risk. After age 45, fibrosis progression accelerates, with each decade
increasing fibrosis risk by 4-5%, and cirrhosis and HCC incidence rise substantially. This group also exhibits high multi-
morbidity; over 70% of NAFLD patients have concurrent metabolic conditions, compounding mortality risk. Globally, aging
populations make this age group a major driver of NAFLD-related healthcare burden [13]. Prior studies often overlook
age-specific patterns, limiting targeted interventions. Focusing on this cohort allows clearer insight into demographic and
epidemiologic drivers and supports cost-effective early detection and long-term policy planning.

Statistical analysis

Age-standardized rates were calculated using the global standard population set by the World Health Organization [14].
Uncertainty intervals (Uls) were estimated by accounting for sampling error, diagnostic variability, and model uncertainty
through 1000 draws from the Bayesian posterior distribution [13].Projection modeling was generated using Bayesian
age-period-cohort (BAPC) models, which incorporated demographic changes from UN World Population Prospects
2022, Healthcare access metrics (Universal Health Coverage index) [15]. The Bayesian Age-Period-Cohort (BAPC)
model produces more reliable predictions of global disease burden trends by leveraging the similarity of age, period, and
cohort effects across adjacent time intervals. It applies a second-order random walk prior to smooth these three types

of effects and derives posterior rate estimates through Bayesian inference. The model uses integrated nested Laplace
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approximation (INLA) to estimate marginal posterior distributions, which mitigates mixing and convergence issues often
associated with traditional Markov chain Monte Carlo sampling in Bayesian analysis [16]. To ensure smoothness, the
BAPC model assigns independent mean-zero normal distributions as priors to the second-order differences of all effects,
with the prior distribution for the age effect specified as follows:

1

f(cxl ko) ocke? exp {—k; > s [(ai_ai—1)_(ai—i_ai—l’)]z}

Second-order random walk (RW2) priors were assigned to age, period, and cohort effects with precision hyperparameters
following Gamma(1, 0.00005) distributions. Sum-to-zero constraints were implemented to resolve identifiability issues
inherent in age-period-cohort models. Bayesian inference utilized Integrated Nested Laplace Approximation (INLA) for
computational efficiency. Model selection employed the Deviance Information Criterion (DIC), with final models achieving
DIC values <15,000 across all regions. Convergence was assessed using effective sample size (ESS>1000) and
Gelman-Rubin potential scale reduction factors (<1.1). Model validation involved comparing predicted versus observed
rates from 1990-2021, achieving mean absolute percentage errors <5% across 95% of country-years.

Geographic differences were analyzed based on Socio-demographic Index (SDI) groups [17], regions defined by the
WHO (like WPRO, SEARO, EURO, etc.), and estimates at the country level. Measures of health inequality, such as the
Slope Index of Inequality (Sll) and Concentration Index (Cl), were calculated. All analyses and result visualization were
conducted using the software R (version 4.3.3).[18].

Results
Global burden of NAFLD in 2021

According to the 2021 Global Burden of Disease (GBD) study, the global number of cases of non-alcoholic fatty liver
disease (NAFLD) was estimated at 48.35 million (95% Ul: 44.23 to 52.36 million). In the same year, NAFLD was associ-
ated with 138,328 deaths (95% Ul: 108,288-173,905) across all age groups, accounting for 0.204% of the total burden
from all 369 diseases and injuries analyzed in the GBD study. This reflects a 58.14% increase in NAFLD-related deaths
since 1990. Within the central focus of this study—adults aged 245 years—the age-standardized prevalence rate (ASPR)
reached 30,016.22 per 100,000 population (95% Ul: 23,519.09 to 37,290.44) in 2021, underscoring the disproportionately
high burden of NAFLD in this age group.

This population exhibited a considerable burden of mortality and disability, with an age-standardized mortality rate
(ASMR) of 5.04 per 100,000 (95% Ul: 3.44—7.28) and an age-standardized disability-adjusted life year (DALY) rate of
124.7 per 100,000 (95% UI: 83.88-183.07). Furthermore, a pronounced sex-based disparity was observed, with women in
this age group consistently exhibiting a higher incidence rate.

Epidemiological Trends in NAFLD Among Adults Aged 245 Years

During the period from 1990 to 2021, the ASIR for NAFLD in individuals aged 45 years and older rose by 18.3%, escalat-
ing from 557.89 instances for every 100,000 individuals (with a 95% uncertainty interval [Ul]: 358.23—-804.92) to 660.42
instances (95% Ul: 424.09-952.42), corresponding to an estimated annual percentage change (EAPC) value of 0.53.
In a similar way, the age-standardized prevalence rate (ASPR) of this demographic demonstrated a marked increase of
24.5%, climbing from 24,115.89 per 100,000 (95% Ul: 18,721.86-30,341.58) to 30,016.22 (95% Ul: 23,519.09-37,290.44)
over the same period, with an EAPC of 0.74. The rising prevalence of NAFLD in older persons is highlighted by these
trends, reflecting broader shifts in metabolic risk factors and aging populations globally (Table 1).

Between 1990 and 2021, both the mortality and DALYs associated with NAFLD increased. The age-standardized
mortality rate (ASMR) and age-standardized DALY rate (ASDR) also experienced growth, with ASMR rising from
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4.81 per 100,000 population (95% Ul: 3.12—7.29) in 1990 to 5.04 per 100,000 population (95% Ul: 3.44—7.28) in 2021
(EAPC=0.17). In 2021, the ASDR increased to 124.7 per 100,000 people (95% Ul: 83.88—-183.07) from 120.05 per
100,000 people in 1990 (95% Ul: 77. 24-183. 21) (EAPC=0.12) (Table 2).

At the national level in 2021, among people older than 45, With an ASIR of 1063.2 per 100,000 individuals,
Afghanistan had the highest rate of NAFLD.(95% Ul: 693.4—1532.7), for which Iran (Islamic Republic of) (1043 per
100,000 population; 95% Ul: 664.7—1521.3) and Libya (1034.2 per 100,000 population; 95% Ul: 652.7-1514.8)
followed. With an ASIR of 337.7 per 100,000 individuals (95% Ul: 218.1-487.2), Denmark had the lowest rate
of NAFLD, followed by Japan (372.3 per 100,000 population; 95% Ul: 239.6-542.8) and Switzerland (372.4 per
100,000 population; 95% Ul: 238.4-541.2). (Fig 1A). Kuwait, Egypt, Iran (Islamic Republic of), Qatar and Saudi
Arabia presented the highest ASPR of NAFLD (61,255.9 out of every 100,000 people, with a 95% uncertainty inter-
val of 50,233.5 to 71,986.3; 59,912.1 out of every 100,000 people, with a 95% uncertainty interval of 49,063.1 to
70,454; 59,428 out of every 100,000 people, 95% Ul: 48217.4—70660.7; 59300.4 per 100,000 population, 95% Ul:
48761.8-69829.5 and 57345.1 per 100,000 population, 95% Ul: 46337.1-68462.6). Japan, Denmark and Finland
demonstrated the lowest ASPR of NAFLD (16136.2 per 100,000 population, 95% Ul: 12529.7-20391.7; 16347 per
100,000 population, 95% Ul: 12681.7—-20531.5; 16757 per 100,000 population, 95% Ul: 12847.3-21450.1) (Fig 1B).
In 2021, The highest ASMR of NAFLD was recorded in Egypt and Mongolia, with rates of 30.4 and 27.3 per 100,000
population, respectively, and 95% Ul ranges of 17.8—49 and 16.8-43. Papua New Guinea and Sri Lanka presented
the lowest ASMR of NAFLD (1.4 per 100,000 population, 95% Ul: 0.6-2.8, 1.7 per 100,000 population, 95% Ul:
0.9-3.1)(Fig 1C). Egypt and Mexico recorded the highest ASDR for NAFLD (643.2 per 100,000 population, 95% Ul:
378.9-1030.6, 605.3 per 100,000 population, 95% Ul: 376-912.9). Singapore and Papua New Guinea presented
the lowest ASDR for NAFLD (34.8 per 100,000 population, 95% Ul: 21.9-53.8, 35.4 per 100,000 population, 95%
Ul:16.6—-73.5).(Fig 1D).

Fig 2 displays the actual global and regional ASIR, ASPR, ASMR, and ASDR in comparison to the anticipated levels for
each area based on the SDI, presented as yearly data from 1990 to 2021.

Between 1990 and 2021, age-standardized incidence rates (ASIR) and prevalence rates (ASPR) of NAFLD across
21 GBD regions demonstrated a consistent upward trajectory. Notably, both metrics exhibited a bell-shaped correlation
with the SDI, peaking in regions with intermediate SDI levels (Figs 2A and 2B). Over the study period, areas classified as
medium SDI consistently reported the highest ASIR and ASPR values, while high- and low-SDI regions displayed compar-
atively lower rates. This phenomenon was most prominent in North Africa and the Middle East, where NAFLD incidence
and prevalence remained persistently elevated, surpassing all other regions globally.

The ASMR and ASDR of NAFLD worldwide and in 21 regions showed a significant nonlinear association with SDI
(Figs 2C and 2D). In the low SDI region, ASMR and ASDR rose slowly. Notably, within intermediate SDI territories,
Andean Latin America recorded the most severe burden, with age-standardized DALY rates (ASDR) reaching 372.44
per 100,000 (95% Ul: 212.12-604.47) in 1990, escalating to 444.89 per 100,000 (95% Ul: 255.72-694.22) by 2021.
Central Latin America followed closely, demonstrating ASDR values of 345.15 per 100,000 (95% Ul: 200.68-552.59)
in 1990 and 416.33 per 100,000 (95% Ul: 257.22—-622.60) in 2021. These figures consistently surpassed projected
thresholds derived from SDI-based epidemiological models throughout the three-decade period. Among women,
NAFLD in the Andean Latin America region has consistently exhibited a relatively high ASMR with a yearly increasing
trend (Fig 3B). Meanwhile, women in Andean Latin America have the highest rates of ASMR and ASDR in NAFLD
(Figs 4A and 4B). Between 1990 and 1998, the ASMR of NAFLD of men in the Southern Sub-Saharan African region
seen a significant increase, followed by a trend toward stabilization followed by a tendency toward stabilization (Fig.
3C). In high-SDI regions, ASDR and mortality rates ASMR generally remained low, yet distinct patterns emerged
across nations. A pronounced decline in ASDR was observed in affluent Asia-Pacific nations and Western Europe,
contrasting with rising trends in other areas (Fig 3A). Notably, The most rapid rise occurred in Eastern Europe, where
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Fig 1. Global Burden of NAFLD in Adults Aged 245 Years (2021) A: Age-standardized incidence rates (per 100,000 population). Highest rates

in Afghanistan, Iran, and Libya; lowest in Denmark, Japan, and Switzerland. B: Age-standardized prevalence rates (per 100,000 population). Highest

in Kuwait, Egypt, Iran, Qatar, and Saudi Arabia; lowest in Japan, Denmark, and Finland. C: Age-standardized mortality rates (per 100,000 population).
Highest in Egypt and Mongolia; lowest in Papua New Guinea and Sri Lanka. D: Age-standardized DALY rates (per 100,000 population). Highest in Egypt
and Mexico; lowest in Singapore and Papua New Guinea. Abbreviations: NAFLD, Nonalcoholic Fatty Liver Disease; DALY, Disability-Adjusted Life Year.
Uncertainty intervals (95% Ul) denote data variability. Basemap source: Natural Earth (public domain, https://www.naturalearthdata.com/). Maps were
generated using the rnaturalearth package in R.

https://doi.org/10.1371/journal.pone.0342697.9g001

the EAPC in ASDR was 3.36 (95% CI: 2.69-4.04) between 1990 and 2021, surpassing trends in all other regions. This
divergence highlights the heterogeneous impact of socioeconomic development on NAFLD-related mortality, even
within comparable development tiers.

Cross-national NAFLD health inequality

In 1990 and 2021, the Sl (for every 100,000 individuals) for DALYs were —0.39 and —-0.33 showing an inverse relationship
between age-adjusted DALY rates and the SDI index (see Fig 5). The trends we see show a steady decrease in the differ-
ences of age-adjusted NAFLD rates between wealthy and poorer countries from 1990 to 2021. During this period, concen-
tration index for DALYs and mortality exhibited progressive reductions, with values for DALY's rising from —0.13 (1990) to
-0.10 (2021), and mortality indices shifting from —0.15 (1990) to —0.12 (2021) (Figs 6C and 6D). Conversely, prevalence
and incidence displayed opposing patterns, as their concentration index transitioned from neutral or positive values to
negative territory (prevalence: 0 [1990] to —0.06 [2021]; incidence: 0.02 [1990] to —0.04 [2021]). These divergent trajecto-
ries suggest that while mortality-related inequalities diminished, disparities in disease onset and persistence became more
pronounced over time (Figs 6A and 6B).
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https://doi.org/10.1371/journal.pone.0342697.9002

Bayesian age-period-cohort (BAPC) model prediction

The natural history from early fat accumulation in the liver to severe scarring, liver cirrhosis, and hepatocellular car-
cinoma (HCC) often spans decades [2]. Individuals currently aged =45 years represent a critical cohort entering the
peak risk period for disease progression and complications over the next 10—15 years [6]. Projections to 2035 allow us
to assess the anticipated burden within this high-risk timeframe, capturing the trajectory of prevalent cases diagnosed
today as they age and the emergence of incident cases within this vulnerable demographic. This timeframe aligns with
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Fig 3. Sex-Stratified Trends in Age-Standardized DALY Rates (1990-2021) A: Both sexes. Eastern Europe showed the steepest increase
(EAPC=3.36). B: Females. Andean Latin America had the highest rates with rising trajectories. C: Males. Southern Sub-Saharan Africa experienced
sharp increases before stabilizing post-1998. Abbreviations: EAPC, Estimated Annual Percentage Change. Shaded areas represent 95% uncertainty
intervals.

https://doi.org/10.137 1/journal.pone.0342697.9003

A B

Central Sub-Saharan Africa
Eastern Sub-Saharan Africa
Western Sub-Saharan Africa
Southern Sub-Saharan Africa

Central Sub-Saharan Africa
Eastern Sub-Saharan Africa
Western Sub-Saharan Africa
Southern Sub-Saharan Africa

South Asia South Asia

North Africa and Middle East North Africa and Middle East
Oceania Oceania

Southeast Asia Southeast Asia

East Asia East Asia

Tropical Latin America Tropical Latin America

—
—
— I —
—
— I
—
—
—
—-
—
Caribbean Caribbean —— =
Andean Latin America Andean Latin America _—
Central Latin America ——
Central Asia —E=.
Central Europe — =
Eastern Europe —_— —
Southern Latin America —E
Western Europe —E —
High-income Asia Pacific -
—
—
—

Central Latin America
Central Asia

Central Europe

Eastern Europe
Southern Latin America
Western Europe
High-income Asia Pacific

W Female M Female
Australasia N Male Australasia N Male
High-income North America High-income North America
Global Global

1000 ES G %

Fig 4. Sex-Specific Mortality and DALY Rates by Region (2021) A: Age-standardized mortality rates (ASMR). Andean Latin American women bore
the highest burden. B: Age-standardized DALY rates (ASDR). Andean Latin America and North Africa/Middle East had the highest rates, with women
disproportionately affected. Regional order: Ranked from highest to lowest burden. GBD regions are grouped by SDI levels.

https://doi.org/10.137 1/journal.pone.0342697.9004

strategic public health planning cycles and is crucial for evaluating the long-term impact of current interventions and
demographic shifts.

Using Bayesian ageperiod cohort models, we forecast ASIR, ASMR, and ASDR in people over 45 from 2021 to 2035,
with different trends seen between genders, in order to understand the trends of NAFLD in this age group after 2021.

From 1990 to 2021, the ASIR among women has consistently been higher than that among men. The rate of ASIR for
women is always greater than that for men during the forecasted time, showing that women face a heavier load of NAFLD.
By 2035, the ASIR of NAFLD is expected to increase to 826.11 per 100,000 women and 665.72 per 100,000 men. For
women, the projected incidence rates demonstrate a steady upward trend over time, with a more substantial increase
anticipated as the timeline advances toward 2035.(Figs 7A and 7B).
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https://doi.org/10.1371/journal.pone.0342697.9005

Epidemiological surveillance data from 1990 through 2021 demonstrate sustained annual growth in ASMR, with lon-
gitudinal analyses revealing persistent gender-specific differentials-male mortality consistently surpassing female rates
throughout this observation window. Modeling projections suggest a paradigm shift during the 2021-2035 period, with
both genders exhibiting transition to declining trajectories. Quantitative estimates predict that female ASMR will decline
to 4.34 cases per 100,000 population by 2035 (representing an 11.97% reduction relative to 2021 baseline values), while
male rates decrease to 4.80 per 100,000 (9.60% decline over the same timeframe). Notably, comparative analysis reveals
a more substantial mortality rate reduction in female populations, with their projected percentage decrease exceeding
male counterparts by 2.37 percentage points (Figs 7C and 7D).

From 1990 to 2021, ASDR tended to be stable, but the ASDR for men was consistently greater than that for women.
Predictions indicate that from 2021 to 2035, the ASDR of both men and women will show a downward trend. By 2035, the
ASDR of female NAFLD will drop to 105.32 per 100,000 population, a decrease of 10.88% compared with 118.18 in 2021.
The ASDR of male NAFLD dropped to 120.54 per 100,000 population, a decrease of 9.98% compared with 133.91 in
2021. The decline of ASDR in women is more obvious (Figs 7E and 7F).

Decomposition analysis of incidence

According to the decomposition analysis, globally, the impacts of population growth, disease pattern transformation and
population aging on the occurrence of NAFLD are 58.68%, 33.76% and 7.56% respectively. Among adults aged 45 years
and above, the expansion of the population size has emerged as the predominant driver behind the rising prevalence of
NAFLD, accounting for 81.97% of the observed increase in cases. Concurrently, changes in disease incidence patterns
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contributed to 18.97% of this growth. Interestingly, the global aging phenomenon demonstrated a moderating effect, with a
negative contribution of —0.63% to the overall rise in NAFLD incidence. (Figs 8A and 8B)

Discussion

Our analysis reveals that NAFLD burden among adults aged 245 years has increased substantially (63% growth) com-
pared to general population trends (38%), reflecting the synergistic impact of demographic aging and the expanding
metabolic syndrome pandemic [19]. Age-related physiological alterations—including diminished hepatic p-oxidation,
mitochondrial dysfunction, and chronic inflammation-accelerate fibrosis progression by 4-5% per decade after age 40 [5],
culminating in a 15-fold elevated HCC risk by age 65 [6]. This is compounded by metabolic multimorbidity in aging popula-
tions, where >70% of NAFLD patients 245 years concurrently exhibit T2DM, hypertension, or CVD [7], creating a bidirec-
tional disease cascade that amplifies liver damage.

Whereas high-income nations have achieved modest mortality reductions through enhanced detection and therapeutic
advances, low to middle-income countries face a dual challenge of rising incidence rates compounded by limited health-
care access [20]. Notably, the Socio-demographic Index (SDI) reveals a critical nonlinear relationship with NAFLD burden:
regions with medium SDI (e.g., North Africa, Middle East, Latin America) exhibit the highest incidence and DALY rates
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(Figs 2A-D), surpassing both high- and low-SDI areas. This “SDI paradox” arises from rapid urbanization in transitioning
economies, driving nutrition transitions towards Western diets and sedentary lifestyles [21], while healthcare systems
remain under-resourced for early NAFLD detection and metabolic management. In contrast, high-SDI regions benefit from
established prevention programs, yet face emerging challenges in aging subgroups and socioeconomic disparities within
countries (e.g., Eastern Europe’s 3.36% annual ASDR rise).

Our projections indicate potential stabilization of mortality rates by 2035, although absolute case numbers will con-
tinue escalating due to persistent demographic shifts. By 2050, the global population aged 260 years will double [9], with
low/middle-income countries experiencing the most rapid aging. This demographic wave will intersect with SDI-driven
risk factor disparities: in high-SDI nations, aging populations may offset mortality gains from advanced care, whereas
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medium-SDI regions confront exponential growth in NAFLD-related complications due to delayed diagnosis and limited
fibrosis monitoring.

The disproportionate disease burden observed in Middle Eastern and Latin American populations aligns with regional
epidemics of obesity (2 30%) and type 2 diabetes (2 15%) [22]. In Andean Latin America, the confluence of genetic pre-
disposition (PNPLA3 polymorphism frequency: 49%), accelerated population aging, postmenopausal metabolic changes
in women, and nutritional transitions explains the exceptionally high DALY rates [23].

Decomposition of contributions to NAFLD incidence reveals distinct patterns in the > 45-year-old population. Population
growth emerged as the dominant driver, accounting for 81.97% of the increase—a contribution greater than that observed
in the all-age population. Concurrently, the contribution of epidemiological changes (i.e., age-specific incidence rates)
declined from 33.76% to 18.97%, suggesting a more rapid rise in incidence among younger segments of the popula-
tion. Interestingly, population aging exhibited a significant negative contribution (-0.63%). This could be attributed to the
‘healthy survivor effect,” where longer-lived individuals are metabolically healthier, and the progression of existing NAFLD
cases to advanced liver disease, thus removing them from the incident pool.

Our findings carry several important implications for clinical practice and public health policy. Firstly, among adults aged
>45 years, the incidence and prevalence of NAFLD have increased markedly. This rise, coupled with the pronounced
sex-specific disparity, characterized by higher incidence in women yet persistently elevated mortality in men, called for
differentiated prevention and management strategies. The disproportionately high burden in medium-SDI regions further
underscores the need for regionally tailored public health interventions. Secondly, these results highlight the importance of
early and systematic liver disease screening in middle-aged and older adults, especially those with metabolic comorbidi-
ties. The accelerated progression of fibrosis after age 45 supports the incorporation of non-invasive fibrosis assessment
(e.g., FIB-4, ELF test) into routine practice for high-risk patients. Furthermore, sex-specific management protocols should
be developed. For women 245 years, screening programs should intensify around the menopausal transition, with con-
sideration of hormone replacement therapy’s potential hepatoprotective effects in appropriate candidates [24]. For men,
aggressive cardiovascular risk factor modification takes priority, given their elevated mortality risk. This includes intensive
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lipid management, blood pressure control, and diabetes optimization, as cardiovascular disease remains the leading
cause of death in male NAFLD patients [6]. Finally, healthcare systems in high-burden regions require structural adapta-
tions. Integration of NAFLD care into primary healthcare delivery, training of community health workers in basic hepatic
steatosis assessment, and development of telehealth platforms for specialist consultation can improve access to care

in resource-limited settings [25]. Public health interventions should prioritize policy-level changes, including taxation of
sugar-sweetened beverages, urban planning promoting physical activity, and food security programs ensuring access to
nutrient-dense foods [26].

This study represents the first comprehensive, age-stratified analysis of global NAFLD burden utilizing the complete
GBD 2021 dataset with advanced Bayesian modeling techniques. Our methodological approach offers several advan-
tages: First, harmonized diagnostic criteria across diverse healthcare systems through the FLI surrogate approach, vali-
dated against local imaging cohorts. Second, rigorous uncertainty quantification through 1000 Bayesian posterior draws.
Third, comprehensive decomposition analysis elucidating the relative contributions of demographic versus epidemiological
drivers. Fourth, sex-stratified projections extending to 2035, enabling healthcare planning for anticipated demographic
transitions.

Several limitations should be considered in this study. First, diagnostic heterogeneity across countries may introduce
systematic bias. The FLI surrogate exhibits suboptimal sensitivity in lean NAFLD populations, particularly in Asian coun-
tries where genetic variants (PNPLA3, TM6SF2) increase steatosis risk independent of BMI [27]. This may lead to under-
estimation of disease burden in populations with high genetic susceptibility but lower average BMI. Second, the ecological
nature of our analysis precludes individual-level causal inferences. While we observe associations between SDI levels
and disease burden, these relationships may not hold at the individual level due to ecological fallacy [28]. Third, uncer-
tainty in UN demographic projections may affect our BAPC forecasts, particularly in regions experiencing rapid political or
economic transitions. Fourth, temporal changes in diagnostic practices (increased ultrasonography availability, updated
clinical guidelines) may introduce period effects that confound true epidemiological trends [29]. Fifth, Our analysis is inher-
ently limited by the ecological nature of GBD data, which precludes subgroup analyses by specific comorbidities (diabe-
tes, hypertension, cardiovascular disease). However, population-level evidence suggests >70% of NAFLD patients 245
years exhibit metabolic multimorbidity, with diabetes prevalence ranging from 15-25% in medium-SDI regions to 8—12%
in high-SDI areas. Future studies utilizing individual patient data are needed to elucidate comorbidity-specific risk patterns
and therapeutic responses in aging NAFLD populations. [30].

Future efforts should focus on standardizing data collection and diagnostic criteria, particularly in high-burden
aging populations. Incorporating real-world clinical and metabolic biomarkers will enable more accurate projections
and intervention strategies. Addressing these challenges is essential for formulating effective public health strategies
against NAFLD in older adults. We should focus on future research that include cost-effectiveness of population-level
screening in high-prevalence regions, validation FLI against transient elastography in resource-limited settings, novel
biomarkers for fibrosis risk stratification in aging populations [31], and interventions addressing social determinants of
NAFLD disparities [32].

Conclusion

This study evaluated the global burden of non-alcoholic fatty liver disease (NAFLD) in adults who are 45 years old and
older, covering the years from 1990 to 2021, revealing significant epidemiological shifts. The rates of incidence and preva-
lence, adjusted for age, rose by 18.3% and 24.5%, severally, with disproportionate burdens in middle-to-high SDI regions
due to metabolic risks and aging demographics. While women showed higher incidence rates, men exhibited consistently
elevated mortality rates, highlighting unmet intervention needs. Projections to 2035 suggest rising incidence (particularly
among women) alongside modest declines in mortality rates and life years adjusted for disability, emphasizing the need
for prevention strategies designed for particular age groups and genders.
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