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Background: The global burden of liver cancer among adolescents and young
adults (AYAs) has often been underestimated, despite significant shifts in its
etiology. This study analyzes the disease burden of liver cancer in AYAs from
1990 to 2021 and forecasts trends up to 2040 using data from the Global Burden
of Disease Study 2021. Our goal is to provide insights that can inform resource
allocation and policy planning.

Methods: Incidence, mortality, and disability-adjusted life years (DALYs) data
were extracted and estimated annual percentage changes calculated to assess
trends. Correlation between age-standardized rates and sociodemographic
index (SDI) was analyzed using Spearman correlation, and future trends were
predicted using the Bayesian age-period-cohort model.

Findings: Globally, there were 24,348 new liver cancer cases and 19,270 deaths
among AYAs in 2021, with decreases in age-standardized rates for incidence,
mortality, and DALYs from 1990 to 2021. East Asia bears the highest burden,
with males experiencing significantly higher rates than females. The burden
increases with age, peaking at 35-39 years. Higher SDI is associated with
lower incidence, mortality, and DALYs. While HBV remains the leading cause,
NASH is the fastest-growing contributor to liver cancer incidence and mortality.
Projections indicate a continued decline in liver cancer burden among AYAs,
though female cases are expected to rise.

Interpretation: Despite a gradual decline in liver cancer burden among
AYAs, NASH is emerging as a significant and rising cause of incidence and
mortality. Regional and gender disparities persist, highlighting the need for
tailored prevention and healthcare strategies to alleviate the liver cancer AYA's
burden globally.
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Introduction

Liver cancer (LC) is the sixth most common cancer worldwide
and one of the deadliest, posing a significant public health challenge
(1). Traditionally, LC occurs primarily in individuals over 50,
largely due to its strong association with the prolonged progression
of chronic liver diseases (2). These conditions gradually cause
persistent inflammation and liver damage, eventually leading to
LC. However, recent data show a concerning increase in cancer
incidence among adolescents and young adults (AYAs), especially
in Western countries (3). This demographic often exhibits more
aggressive tumor biology, resulting in more advanced disease stages
at diagnosis compared to older populations (4, 5). Despite advances
in early detection and treatment, prognosis remains poor for AYAs,
especially when diagnosed at later stages.

In recent years, the causes of LC have changed significantly,
especially in developed countries and among AYAs. Traditionally,
viral hepatitis (such as HBV and HCV) was the primary cause
of LC. However, with the widespread implementation of HBV
vaccination and antiviral treatments, the incidence of LC due to
viral hepatitis has gradually declined (6). Conversely, non-viral
causes, particularly non-alcoholic fatty liver disease (NAFLD),
especially non-alcoholic steatohepatitis (NASH), are becoming
increasingly significant contributors to LC in AYA, especially
against a backdrop of rising obesity and metabolic syndrome
rates (7). However, in the 2019 Global Burden of Disease (GBD)
study, the absence of an International Classification of Diseases
(ICD) code specifically for NASH led to insufficient recognition
of NASH as a significant non-viral etiology, particularly as its
prevalence continues to rise (8). Consequently, NASH may have
been underrepresented and potentially overlooked in the analysis.
Given the changing causes of LC and its aggressive nature in
AYAs, it is essential to develop effective prevention and treatment
strategies specifically for this age group. This approach will help
address the underlying factors contributing to this troubling trend
and its wider public health implications.

Despite changes in the causes of LC, researchers continue
to focus on the molecular mechanisms affecting AYA, although
comprehensive assessments of the global disease burden in this
group are very limited (9). More studies have explored the
population-wide burden of LC or the global cancer burden in AYAs,
but these studies often do not provide a comprehensive assessment
of LC in this particular population, overlooking AYAs unique
epidemiology, clinical care, and social impact, as well as important
heterogeneity (10-12). At the same time, the existing research data
often have a time lag, and it is difficult to accurately grasp the
prevalence and disease burden of LC in AYAs (13). Since AYAs
are an important part of the workforce, effective interventions can
greatly enhance their health and lower the global disease burden.
The Global Burden of Disease (GBD) study systematically assesses
the burden of LC across 204 countries and regions. It provides
valuable insights into trends observed over the past 30 years. In
this study, we used the most recent 2021 GBD data to estimate
the incidence, mortality, and disability-adjusted life years (DALYs)
associated with LC in AYAs.

This analysis aims to clarify the scope and severity of LC,
inform prevention and control strategies, highlight public health
challenges that may emerge by 2040, offering a timeline to
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help policymakers optimize global health resource allocation and
develop proactive interventions to reduce the burden of LC among
AYA. Additionally, it seeks to encourage scientific research and
technological innovation while raising public health awareness.
Ultimately, these efforts will improve the quality of life and address
socioeconomic issues among AYAs.

Methods

Study population and data collection

In this study, we obtained data on LC from the Global Burden
of Diseases, Injuries, and Risk Factors Study (GBD) 2021. The
GBD is the largest and most comprehensive global observational
epidemiological project. It provided estimates of the global burden
of 371 diseases and injuries in 204 countries and territories through
extensive data collection, review, and analysis (14).

In GBD 2021, cancers are classified into various groups
according to the ICD-10 (https://www.who.int/classifications/icd/
en/). LC includes all diagnoses coded C22.0 to C22.9. Numbers
and rates on the incidence, mortality and DALYs of LC were
extracted from the GBD Results Tool (https://vizhub.healthdata.
org/gbd-results/). The data were categorized by sex, age, region,
and country. All cancer rates were reported per 100,000 person-
years. The GBD world population standard was used for the
calculation of age-standardized rates (ASRs). The definition of
the age range for AYAs varies, especially at the upper limit (15—
17). In this study, we defined this range as 15-39 years based
on multidimensional considerations encompassing biomedicine,
social psychology, and disease epidemiology. This range is endorsed
by the US National Cancer Institute and the AYA Working Group
of the European Society for Medical Oncology and the European
Society for Pediatric Oncology (18), allowing for comparability
with other studies on AYA cancer. However, there are significant
differences in the definitions of AYAs among different studies and
institutions. The World Health Organization classifies the age range
as 10-24 years, based on the onset of puberty to skeletal maturity.
There are also specific research cases that set the age range to under
50 years (19) or 15-29 years (20), which are driven by the research
objectives. In this study, ages in the range 15-39 years were further
divided into five GBD age groups at 5-year intervals.

The socio-demographic Index (SDI) in GBD 2021 represents
the combined health-related social and economic conditions of
each region. Its a composite measure of total fertility rate in
females younger than 25 years, average educational attainment
for individuals aged 15 and older, and age-distributed income
per capita. The 204 countries in GBD 2021 were grouped into
quintiles (low, low-middle, middle, high-middle, and high) based
on country-level estimates of SDI.

Statistical analysis

ASRs per 100,000 people were extracted from the GBD
database. The ASR was calculated using the formula: ASR = ¥iN =
1 ai W/XiN = 1 Wi, where ai denotes the age-specific rate in the ith
age group and w; represents the number of people (or the weight)
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in the same age group among the GBD standard population. N
is total the number of age groups. The 95% uncertainty intervals
(UIs) were defined as the 25th and 975th values of the ordered
1,000 draws.

The estimated annual percentage change (EAPC) in ASR was
calculated to evaluate the average changing trends over a specified
time interval, and was widely used in secondary analysis based
on GBD. We assumed natural logarithm of ASR fit the linear
regressions model y = a + Px + ¢, where y is equal to In (ASR),
and x refers to the calendar year. Then, the EAPC is equal to 100 x
(ep-1). Ninety-five percentage CIs of EAPC were estimated using
the linear regression model. An ASR indicates an increasing trend
if both the EAPC and its 95% confidence interval (CI) are above
zero. Conversely, it indicates a decreasing trend if both are below
zero. If the 95% Cl includes zero, the trend is considered statistically
insignificant. The proportion of LC cases secondary to each etiology
was calculated for each study, and the pooled proportions were
then used in five separate DisMod-MR 2.1 models (a Bayesian meta
regression-type model) to determine the overall proportion of LC
due to the five defined etiologies.

We used smoothing splines models/local regression smoothing
models (loess) to evaluate the relationship between the burdens
of LC among AYA and SDI for the 21 regions and 204 countries
and territories. A p < 0.05 was considered statistically significant.
Furthermore, given that the distribution of SDI across countries
changed a lot from 1990 to 2021, we computed the EAPC of SDI
of 204 countries and employed Spearman correlation analysis to
examine the relationship between the EAPCs of SDI and ASRs.
A p < 0.05 was considered statistically significant. All statistical
analyses and graphical representations were performed using R
software (version 3.6.0).

BAPC model projection

The Bivariate Age-Period-Cohort (BAPC) model was applied
to predict the future disease burdens of LC among AYA due
to its flexibility and robustness in handling time series data.
The BAPC model is especially useful for long-term disease
burden forecasting. Its ability to capture temporal trends and
offer comprehensive coverage has made it widely validated and
applied in large-scale epidemiological studies like GBD (21).
The BAPC model builds on the traditional generalized linear
model (GLM) framework within a Bayesian context. It assumes
that the relationships between age, period, and cohort are linear
and that these effects are independent of each other. However,
this assumption can be challenged by interactions between these
effects. To address potential biases, the model often incorporates
smoothing techniques or constraints to allow for flexibility while
maintaining stability in the estimates. In this study, effects are
assumed to evolve continuously over time and are smoothed using
a second-order random walk, resulting in more accurate posterior
probability predictions. A key strength of the BAPC model is
its use of the Integrated Nested Laplace Approximation (INLA)
method to approximate the marginal posterior distribution. This
method effectively avoids issues like mixing and convergence
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problems commonly encountered with Markov Chain Monte Carlo
techniques, while ensuring computational efficiency.

Results

Incidence, mortality, and DALYs among AYA
in 2021

Incidence

Globally, an estimated 24,348 (95% UI 21,491 to 28,273)
new LC cases among AYA aged 15-39 years were reported in
2021, with East Asia (12,148) having the highest number of
new cases (Table 1). The global age-standardized incidence rate
was 0.79 per 100,000 population, and the top five countries
with the highest incidence included Gambia (ASR, 5.31),
Mongolia (ASR, 4.62), Eswatini (ASR, 4.14), Guinea-Bissau
(ASR, 3.68) and Mali (ASR, 3.48; Supplementary Table S1
and Figure 1A). At the regional level, East Asia had the
highest incidence (ASR, 2.08), followed by Southern Sub-
Saharan Africa (ASR, 1.50) and Western Sub-Saharan Africa
(ASR, 1.34). Regarding sex differences, the age-standardized
incidence rate for males (ASR, 1.19) was 3.1 times higher
than that for females (ASR, 0.39), highlighting a significant
disparity in LC incidence between genders. Furthermore,
considering different sex subgroups, the highest age-standardized
incidence rate was found in males of East Asia (ASR, 3.47).
For female subgroups, the highest age-standardized incidence
rate was recorded in Southern Sub-Saharan Africa (ASR, 1.03;
Supplementary Table S2).

Mortality

Based on the GBD 2021 estimates, there were 19,270
(95% UI 17036.81 to 22393.10) AYA individuals globally
who died due to LC, with East Asia (8,884) reporting the
largest number of fatalities. In terms of mortality, the global
ASR was 0.63 per 100,000 population (Table 1). Throughout
204 countries, the top five age-standardized mortality rate
were recorded in Gambia (ASR, 4.83), Mongolia (ASR, 4.24),
Eswatini (ASR, 3.77), Guinea-Bissau (ASR, 3.38) and Mali
(ASR, 3.18; Supplementary Table S3 and Figure 1B). From the
perspective of GBD regions, East Asia experienced the highest
age-standardized mortality rate (ASR, 1.53), followed by Southern
Sub-Saharan Africa (ASR, 1.35) and Western Sub-Saharan
Africa (ASR, 1.23). In terms of sex, males (ASR, 0.93) had
about 2.9 times the worldwide mortality as females (ASR, 0.32;
Supplementary Table S4).

DALYs

An estimated 1,108,669 (95% UI 980,707.98 to 1,285,863.91)
years of disability-adjusted life years (DALYs) were lost globally
due to LC among AYA, with East Asia accounting for the
highest number of lost years (501,526; Table 1). The global
average ASR was 36.28 per 100,000 population, and the top
five countries with the highest age-standardized DALY rate were

frontiersin.org


https://doi.org/10.3389/fpubh.2025.1547106
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

U31eaH dNaNd Ul SI9RUO.4

0

B40"uISIa13UOL)

TABLE 1 Incidence, mortality and DALYs of liver cancers among AYA in 1990 and 2021, and their estimated annual percentage changes from 1990 to 2021.
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(343.01- 0 0.23) (499.53- t0 0.34) (1.27- (263.38- 10 0.17) (292.48-320.86) 0 0.20) (0.35- (15515.70— (11.69 to (17008.88— (13.66 to 0.50)
371.03) 555.59) 1.51) 284.63) 0.51) 16736.97) 10.31) 18635.19) 11.90)
High-income Asia Pacific 887.08 1.29 (1.79 399.11 0.67 (0.87 —2.88 704.45 1.03 (1.45 205.76 0.35 (0.45 —4.37 40043.71 58.52 11550.58 19.64 —4.34
(698.69— t0 0.95) (326.51- t0 0.52) (=3.17to (540.77— t0 0.73) (169.91-258.74) t0 0.27) (—4.67 to (30818.95— (82.71to (9596.36- (25.69 to (—4.64 to
1127.76) 493.50) —2.58) 910.35) —4.06) 51562.94) 41.53) 14421.28) 15.41) —4.05)
High-income North 325.55 0.27 (0.28 618.05 0.48 (0.50 1.91 207.65 0.17 (0.18 322.40 0.25(0.26 1.25 12044.94 10.03 18916.12 14.69 1.28 (1.11-
America (316.88— t0 0.26) (589.23— t0 0.45) (1.82- (203.51— t00.17) (309.51-336.12) t0 0.24) (1.07- (11827.71- (10.33 to (18164.72— (15.45 to 1.46)
334.33) 648.16) 1.99) 211.82) 1.43) 12263.41) 9.75) 19723.57) 13.95)
Southern Latin America 10.28 0.06 (0.07 29.60 0.11 (0.13 2.68 9.13 0.05 (0.06 24.38 0.09 (0.11 248 528.68 2.86 (3.52 1421.72 5.35 (6.42 2.52(2.29-
(8.69- t0 0.05) (25.88- t0 0.09) (247- (7.71- t0 0.04) (21.32-27.51) t0 0.08) (2.25- (447.54-619.66) to0 2.31) (1243.90- to 4.44) 2.75)
12.07) 33.37) 2.89) 10.71) 2.71) 1608.38)
Andean Latin America 52.47 0.37 (0.49 77.48 0.29 (0.41 —1.21 68.70 0.35 (0.45 48.95 0.25 (0.36 —1.44 2971.34 20.70 4130.71 15.28 —1.41
(44.16- t0 0.29) (59.29— t0 0.20) (~1.58 to (52.65- t00.27) (41.41-59.97) t00.18) (-1.82to (2524.14- (26.94 to (3179.67- (21.57 to (~1.79to
64.37) 101.22) —0.82) 89.05) —1.05) 3615.47) 16.11) 5320.29) 10.78) —1.03)
Tropical Latin America 111.37 0.19 (0.20 151.47 0.16 (0.17 0.00 102.22 0.17 (0.18 134.06 0.14 (0.15 —0.01 6051.52 10.04 7868.07 8.51(9.16 0.03
(106.72- 0 0.17) (143.32- t00.15) (—0.24- (98.09- t0 0.16) (126.97-141.40) t00.13) (—0.24- (5809.91- (10.79 to (7467.28- to 7.90) (—0.20-
116.20) 159.77) 0.24) 106.41) 0.23) 6302.58) 9.36) 8280.99) 0.26)
Central Latin America 133.49 0.22(0.23 227.74 0.23 (0.25 0.13 123.02 0.20 (0.21 201.70 0.20 (0.22 —0.03 7365.74 11.91 11999.28 11.88 0.01
(129.75- t00.21) (204.73— t0 0.20) (—0.18- (119.68— t00.19) (180.72-222.92) t00.18) (—0.41- (7163.44- (12.60 to (10770.79- (13.23 to (—0.36-
138.05) 251.33) 0.44) 127.15) 0.35) 7598.87) 11.27) 13268.98) 10.56) 0.39)
Caribbean 27.70 0.21 (0.25 34.51 0.19 (0.24 —0.70 25.07 0.19 (0.23 30.36 0.16 (0.22 —0.72 1482.57 10.89 1772.06 9.63 —0.72
(24.27- t00.17) (27.45- t0 0.14) (—1.04 to (21.96— t0 0.16) (23.83-37.50) t0 0.13) (—1.07 to (1303.17- (13.13 to (1396.08- (12.60 to (—1.07 to
32.00) 42.37) —0.36) 29.00) —0.36) 1711.45) 9.14) 2182.12) 7.37) —0.37)
North Africa and Middle 466.48 0.40 (0.53 1041.47 0.39 (0.48 —0.07 429.25 0.36 (0.49 907.53 0.34 (0.42 —0.23 25535.86 21.32 53268.30 20.33 —0.18
East (381.63- t0 0.31) (885.34- t0 0.32) (—0.26- (351.47- t0 0.28) (769.55-1055.12) t0 0.28) (—0.42 to (20995.27- (28.59 to (45089.77- (2491 to (—0.37-
600.43) 1212.00) 0.11) 553.87) —0.03) 33151.23) 16.53) 61982.60) 16.55) 0.02)
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FIGURE 1 (Continued)

Gambia (ASR, 280.72), Mongolia (ASR, 247.34), Eswatini (ASR,
215.46), Guinea-Bissau (ASR, 197.11) and Mali (ASR, 184.99;
Supplementary Table S5 and Figure 1C). At the regional level,
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East Asia had the highest age-standardized DALY rate (ASR,
87.00), followed by Southern Sub-Saharan Africa (ASR, 78.06) and
Western Sub-Saharan Africa (ASR, 71.51; Table 1). The DALYs
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FIGURE 1 (Continued)

(A) Age-standardized incidence rate of liver cancer in AYA per 100,000 population, 2021; (B) Age-standardized mortality rate of liver cancer in AYA per
100,000 population, 2021; (C) Age-standardized DALYs rate of liver cancer in AYA per 100,000 population, 2021; (D) Estimated Annual percentage
change in incidence rate of liver cancer in AYA, 1999-2021; (E) Estimated Annual percentage change in mortality rate of liver cancer in AYA,
1999-2021; (F) Estimated Annual percentage change in DALYs rate of liver cancer in AYA, 1999-2021.
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of males (ASR, 53.21) were 2.6 times those of females (ASR,
18.99), and similar to incidence and mortality rates, males in East
Asia had the highest DALYs among all subgroups of different sex
(Supplementary Table S6).

Trends in incidence, mortality, and DALYs

Incidence

From 1990 to 2021, the global age-standardized incidence
rate of LC among AYA exhibited a decreasing trend, with an
average change of —1.25 (95% CI —1.48 to —1.01) per year,
as shown in Table 1. At the national level, nearly 63.05% of
the 203 countries reported a declining incidence, but significant
increases were still observed in some countries like United
Republic of Tanzania (EAPC, 5.15), Liberia (EAPC, 4.50) and
Guatemala (EAPC, 4.10; Supplementary Table S1 and Figure 1D).
Across the 21 GBD regions, 13 regions had a decreasing incidence,
among these High-income Asia Pacific (EAPC, —2.88), Central
Europe (EAPC, —1.72), and Central Asia (EAPC, —1.06) showed
the fastest-decreasing trend. In contrast, the incidence of the
remaining regions experienced an increase with varying degrees,
reaching the highest increase in Southern Latin America (EAPC,
2.68). Additionally, Australasia (EAPC, 2.62), High-income North
America (EAPC, 2.62) and Western Europe (EAPC, 1.39) also
exhibited a high level of increasing trend in incidence (Table 1).

Mortality

Between 1990 and 2021, the global mortality trend for LC
among AYA decreased (EAPC, —1.60). The most significant
decreases were observed in Kyrgyzstan (EAPC, —5.07), Republic
of Moldova (EAPC, —4.66) and Iceland (EAPC, —4.29). However,
high level of upward trends were also recorded in some countries,
including Liberia (EAPC, 4.55) and United Republic of Tanzania
(EAPC, 4.12; Supplementary Table S3 and Figure 1E). At the
regional level, High-income Asia Pacific had the greatest decreasing
trend (EAPC, —4.37), followed by Central Europe (EAPC, —1.81)
and East Asia (EAPC, —1.76). Increasing trends of mortality
were observed in six regions, reaching the highest increases in
Southern Latin America (EAPC, 2.48) and Australasia (EAPC, 1.74;
Table 1).

DALYs

From 1990 to 2021, the global age-standardized DALY rate
decreased with an EAPC of —1.60, with similar trends in females
(EAPC, —1.41) and males (EAPC, —1.65; Table 1). The top five
nations with the highest trend of decreasing DALYs included
Kyrgyzstan (EAPC, —5.04), Slovakia (EAPC, —4.80), Republic
of Moldova (EAPC, —4.67), Iceland (EAPC, —4.20) and Lao
People’s Democratic Republic (EAPC, —4.02), whereas the top
five countries with the highest upward trend Liberia (EAPC,
4.49), United Republic of Tanzania (EAPC, 4.09), Guatemala
(EAPC, 3.90), Eswatini (EAPC, 3.83), and Uzbekistan (EAPC, 3.40;
Supplementary Table S5 and Figure 1F). At the regional level, the
fastest-increasing trend of DALY's due to LC among AYA was found
in the Southern Latin America (EAPC, 2.52), whereas High-income
Asia Pacific (EAPC, —4.34) showed the fastest-declining trend.
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Age-group disparities in the burden of LC
among AYA

Among AYA, the incidence, mortality and DALYs number and
rates of LC increased with age and reached the highest at age 35—
39 (Figure 2). In the 15-19 age group, the incidence, mortality
and DALYs rates of females were slightly higher than those of
males. However, the rate of males exceeded that of females, and
this disparity progressively widens with increasing age. In the 35-
39 age group, males exhibit significantly higher rates of incidence,
mortality, and DALYs, standing at 3.8, 3.7, and 3.7 times higher
than their female counterparts, respectively.

The association between ASR, EAPC, and
SDI

In 2021, Middle SDI countries had the largest frequency of
incident cases, mortality and DALYs due to LC in AYA, accounting
for 43.1, 42.5, and 44.7% of the global numbers. Regarding ASR,
the highest rates of incidence, mortality and DALYs were observed
in Middle SDI countries (ASR, 1.05, 0.82, 46.94) and High-middle
SDI countries (ASR, 1.02, 0.75, 42.94), while High SDI countries
had the lowest rates (ASR, 0.48, 0.28, 16.45; Table 1). From 1990 to
2021, the trend of incidence, mortality and DALY's were observed to
be declining in all SDI regions, in which High-middle SDI countries
had the greatest decreasing trend (Figure 3).

In the analysis between ASRs and SDI, we compared the ASRs
of GBD regions across different SDIs. In 2021, the incidence ASR of
LC among AYA decreased with rising SDI. East Asia, Southern Sub-
Saharan Africa, Western Sub-Saharan Africa, Central Sub-Saharan
Africa, High-income Asia Pacific, Southeast Asia and Central Asia
had higher-than expected age-standardized incidence rates based
on their SDI, between 1990 and 2021. Similar patterns were found
for mortality and DALY in relation to SDI, as shown in Figure 4.

The etiology

In 2021, HBV accounted for the highest incidences (n =
17,639), mortality (n = 13,881), and DALYs (n = 795,978) related
to LC. Similarly, LC from HBV had the highest ASIR (0.57,
95% UI 0.48 to 0.79), ASDR (0.45, 95% UI 0.38 to 0.55) and
ASDALYs (26.01, 95% UI 21.65 to 31.63) per 100,000 population
among LC in AYA. Among five etiologies of LC listed in the 2021
GBD study, HBV (72.4%) accounted for the largest proportion
of LC incidences, followed by alcohol use (7.8%), other causes
(7.4%), NASH (6.5%) and HCV (5.8%). From 1990 to 2021,
age-standardized incidence rate attributable to LC among AYA
decreased in HBV (EAPC, —1.49), other cause (EAPC, —1.14) and
HCV (EAPC, —0.59), remain stable in alcohol use, and increased
in NASH (EAPC, 0.17). NASH was the fastest-growing etiology of
incident LC cases globally, and reached the highest EAPC in High
SDI regions (EAPC, 1.15; Table 1 and Figure 5A).

When considering mortality, in 2021, ~72% of LC related
mortality in AYA were attributed to HBV, 7.8% were attributed
to alcohol use, 7.4% were attributed to other causes, 6.5% were
attributed to NASH, and 5.8% were attributed to hepatitis C.
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FIGURE 2
The numbers and age-standalized rates of (A) incidence, (B) mortality and (C) DALYs of liver cancer among AYA, by sex and age groups.

Although remaining the leading cause of LC related mortality,
the age-standardized mortality rate of LC due to HBV show a
significant decreasing trend by 32.3% from 0.67 (95% UI 0.57-
0.80) in 1990 to 0.45 (95% UI 0.38-0.55) in 2021. In High SDI
regions, the decrease even reached 44.8%, while in low-middle and
low SDI regions, the age-standardized mortality rate of LC due to
HBYV decreased more slightly (Table 1 and Figure 5B).

Similarly, from 1990 to 2021, age-standardized DALY rate
from HBV, HCV and other cause remained stable in alcohol use
and exhibited an uptrend only for NHSA. Variations in etiologies
according to the SDI classification were detailed in Table I and

Figure 5C.

Prediction of future disease burden trends

We used the BAPC model to predict the disease burden of
LC among AYA from 2021 to 2040. The global LC disease burden
among AYA will continue to decline, with the number of all-
age cases dropping to 22,274.45 (95% CI: 14,819.36-29,729.54)
by 2040, and ASDR dropping to 0.68 (95% CI: 0.46-0.92;
Supplementary Table S7). Compared to 2021, the number of AYA
cases will decrease by 5.32%, and the ASDR will decrease by 12.94%.
Specifically, by sex, the number of AYA cases in males will decrease
by 17.58%, and ASIR will decrease by 25.26%. However, the number
of cases in females will increase by 11.32%, and ASDR by 3.9%. The
proportion of female cases will increase from 24.15 to 30.07%. The
predictions suggest that while the global LC burden in AYA will
continue to decline, the number of cases in females is showing an
increasing trend.

Discussion

This study spans a period of 30 years and predicts the disease
burden up to the year 2040. It comprehensively estimates the
incidence, mortality, and DALYs among AYAs across five SDI
regions, 21 GBD regions, and 204 countries and territories from
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1990 to 2021. The primary findings are as follows: First, the global
ASRs of incidence, mortality, and DALYs for LC among AYA have
decreased from 1990 to 2021. Second, among GBD regions, East
Asia has the highest ASRs of incidence, mortality, and DALY for
LC. Third, male AYA show significantly higher rates of incidence,
mortality, and DALYs, at 3.1, 2.9, and 2.6 times those of their female
counterparts, respectively. Fourth, among AYA, the incidence,
mortality and DALYs number and rates of LC increased with age
and reached the highest at age 35-39. These results are in line with
previous studies (22). Fifth, in 2021, the age-standardized incidence
rate of LC among AYA decreased with rising SDI, and similar
patterns were found for mortality and DALYs in relation to SDI.
Sixth, although HBV remains dominant in LC related incidences,
mortality and DALYs, NASH was the fastest growing etiology of
incident LC cases.

Our research shows that in 2021, there were 24,348 new
cases of LC and 19,270 mortality among AYA, with LC causing
in 1,108,669 DALYs globally. This finding aligns with previous
studies (22), indicating the broader social and economic impact
of the disease on AYAs. While LC is usually seen as a disease
affecting middle-aged and older individuals, it also significantly
burdens the AYA group. The global rise of obesity among AYA
is likely contributing to this rise. The core mechanism of obesity-
driven NASH progressing to LC involves metabolic imbalance,
inflammatory fibrosis, and genetic abnormality (23, 24). Excess
fatty acids from visceral fat overload the liver, causing lipid
accumulation and oxidative stress (25). Inflammatory factors from
adipose tissue (TNF-a, IL-6) disrupt insulin signaling, exacerbating
lipid synthesis and insulin resistance (26). In addition, the
stress associated with obesity also fuels genomic instability and
carcinogenesis through telomere depletion and epigenetic changes
(27). This multilevel mechanism reveals a continuous pathological
process from metabolic disorders to LC. Dietary habits and physical
activity vary across regions, affecting NASH prevalence. In North
and South Latin America, consume the most sugar-sweetened
beverages, exacerbating NASH through fructose and microbiota
disruptions (28). The Middle East and North Africa have a high-
fructose, refined-carb diet and fast food, creating metabolic burdens
(29). In addition to a high-carbohydrate diet in areas with high
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Trends of age-standardized (A) incidence, (B) mortality and (C) DALY rates of liver cancer among AYA, by SDI, 1990-2021.

AFBI1 exposure, hepatocyte proliferation and carcinogenesis can be  resistance (31). In the Nordic countries, policy-driven “national
promoted by activating the mTOR pathway (30). In East Asian,  campaigns” significantly reduced liver fat content (32, 33).
AYAs face prolonged sitting and sarcopenia, worsening insulin ~ Therefore, prevention strategies should take into account regional
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Trends of liver cancer in AYA in different age groups over time from 1990 to 2021 (A) incidence; (B) mortality; (C) DALYs.

differences in diet, activity levels, and policies, including measures Our analysis of the regional aspects of LC in AYA further
indicates that East Asia is the most severely affected region in the

world. The incidence, mortality and DALYs rates of LC among

like taxing high-sugar diets and promoting exercise among
sedentary populations.
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AYA in East Asia are the highest, with the ASR more than double
that of the global ASR, posing a significant threat to the AYA
in this region. Notably the most striking countries are Gambia,
Mongolia, Eswatini, Guinea-Bissau, and Mali. The high burden of
LC in low- and middle-income countries (LMICs) is closely related
to socioeconomic factors and is also jointly influenced by the SDI,
life expectancy, and healthcare systems (34). The increase in alcohol
consumption driven by economic transition has significantly
exacerbated the disease burden (35). In LMICs, disparities in
healthcare systems, encompassing preventive strategies, screening
coverage, and access to treatment, can significantly impact the
prognosis for low-income patients (36, 37). For instance, 80%
of patients with LC in sub-Saharan Africa are diagnosed with
advanced stage (stage III/IV), and the 5-year survival rate is <5%.
In LMICs where inadequate healthcare systems contribute to poor
prognoses for LC, priority should be given to addressing three
major bottlenecks: the lack of early screening, barriers to treatment
costs, and shortages of health human resources.

It is also crucial to comprehend the trends in LC among AYAs
over the past three decades and its foreseeable future burden.
From 1990 to 2021, and with projections extending to 2040,
a declining trend is observed in the age-standardized incidence
rate, mortality rate, and DALYs due to LC among AYAs. This
suggests that global public health efforts to reduce the burden of
LC have been somewhat successful, especially in high-income Asia
Pacific regions. This trend may be attributed to the widespread
adoption of early screening, vaccination (especially against HBV),
antiviral treatments, and effective health education. In contrast,
Southern Latin America has the fastest rising trend in LC. South
Latin America has seen rapid obesity growth, leading to rapid
progression from NAFLD to LC (38, 39). This stems from viral
hepatitis, alcohol abuse, healthcare disparities, toxins, and poorer
surveillance (40). Comprehensive strategies are needed, such as
HBYV vaccines, alcohol taxation tools, strengthening LC diagnosis
and data systems at the grassroots level, and promoting multi-
sectoral policy synergies to improve the built environment. These
will tackle non-communicable diseases, but will also promote
universal health coverage and help meet the UN Sustainable
Development Goal of reducing premature mortality from non-
communicable diseases by one third by 2030 (41).

This regional imbalance reflects differences in the effectiveness
of global LC management, influenced by factors such as accessibility
to health services, policy support, and economic conditions. Our
trends are consistent with the 2019 GBD data study (42). This
result also indicates that the global COVID-19 pandemic has not
caused an increase in the burden of LC in AYAs (43). COVID-
19 mainly affects middle-aged and older adult who have weaker
immunity, while its impact on AYAs with LC is less evident. The
pandemic poses unprecedented challenges to global healthcare,
severely impacting LC diagnosis, treatment, and management in
resource-limited areas, with 50% of centers halting LC treatments
(44). Global LC screening coverage has declined, resulting in early
cases being missed. LC development from hepatitis or fatty liver
takes 10-30 years, so current monitoring may miss outbreak risks,
and the impacts of an HCV surge won’t be clear until after
2030 (45).

However, in high-income regions like Australasia, North
America, and Western Europe, incidence rates have increased,
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potentially due to several contributing factors. High-income
countries may face the transmission of HBV and HCV associated
with drug use, sexual transmission, and untested blood products,
with hepatitis viruses being one of the main triggers for LC (46, 47).
Moreover, young people in these regions may have experienced
significant lifestyle changes, including altered dietary habits, lack
of exercise, and rising obesity rates (48-50). Immigration may
bring health risks from different regions, and the lifestyle of young
people may be influenced, especially if they come from countries
or regions with a high burden of LC (51-53). As the population
ages and liver diseases increase, such as alcoholic liver disease
and metabolic liver disease (like non-alcoholic fatty liver disease),
these conditions may lead to an increased risk of LC among AYAs.
Although healthcare systems in developed countries are relatively
strong, issues such as uneven distribution of medical resources and
insufficient focus on specific health problems may still exist. This
may lead to some young people not receiving timely liver disease
screening and treatment, thus affecting their health status.

In 2021, countries with a middle SDI accounted for over 40%
of global cases, mortality, and DALYs among AYAs, highlighting
significant challenges in managing this disease. In contrast, high-
income countries have a relatively low ASR of LC, suggesting
that their healthcare systems and health policies for screening,
diagnosis, and treatment are more advanced. Countries such as
Australia have successfully incorporated HBV into their childhood
immunization schedules, resulting in a reduction in HBV infection
rates and subsequent LC incidence (54). Monitoring of high-
risk groups in Italy has improved survival rates (55). Key factors
that make these regions more successful in implementing these
initiatives include access to health care, public awareness, and a
robust health care infrastructure.

At the same time, it has been observed that in middle and
high SDI countries, the incidence, mortality, and DALYs of LC
have declined from 1990 to 2021, showing positive progress in
public health interventions and medical technology development
(56). Despite the overall positive trend, it is crucial to focus on
the persistently high incidence of LC in certain high-risk areas.
The research results also indicate that the incidence of LC in East
Asia, sub-Saharan Africa, and certain high-income Asia Pacific
regions is higher than expected. These regions may face specific
health risks, including high transmission rates of hepatitis viruses
and insufficient vaccination coverage and screening measures.
Enhancing the capacity for LC management in these regions will
be an important public health challenge (57). Additionally, there
must be a strengthened focus on the prevention and management
of liver disease in LMICs countries to narrow the regional gap.

The issue of gender disparities in LC among AYA is receiving
increasing attention. Different genders may encounter varied risk
factors for LC. Prior studies have established that the burden of LC
in males significantly surpasses that in females globally (58). This
study corroborates such findings, suggesting that AYA’s males are
not only more susceptible to LC but also endure a greater disease
progression burden. A cohort study of 5.24 million adults in UK
has further confirmed the significant modulation of LC incidence
by gender (59). Higher testosterone levels in male may increase the
risk of persistent HBV/HCYV infection by activating hepatic stellate
cells, promoting fibrosis and suppressing the immune response
(60, 61). In addition, differences in exposure to risk behaviors in
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males are closely related to the development of LC, the global
alcohol consumption rate of males is more than twice that of
female, and heavy drinking and smoking synergistically increase
the risk of LC (62). At the same time, males are more likely to be
exposed to aflatoxin (agriculture, storage industry) and chemical
carcinogens (such as vinyl chloride), which superposes the basis of
chronic liver disease and accelerates cancer (63). It is noteworthy
that although there is a trend of increasing cases in females from
1990 to 2021 and for the foreseeable future. This is primarily
attributed to females specific metabolic and hormonal factors, as
well as sociocultural and medical inequalities. Females tend to
rely more on high-sugar snacks to alleviate stress, and insufficient
exercise time due to family care responsibilities exacerbates their
metabolic burden. Furthermore, female in low-income countries
have lower access to LC screening and treatment compared to
males. In response to this trend, it is recommended to pay special
attention to the risk of LC in female AYAs in order to prevent the
continued widening of health inequalities.

Interestingly, in the 15-19 age group, females show a slightly
higher disease burden than males. However, this trend changes in
older age groups, especially in the 35-39 range, where males surpass
females significantly in all measures. This reflects the age-specific
gender distribution characteristics of LC. In adolescence, females
may face certain risks of LC due to physiological and hormonal
changes (64). The rapid rise in obesity rates among adolescent
females has led to an accelerated transformation of NAFLD to
NASH (65). An increased prevalence of PCOS in young females
is also associated with insulin resistance and abnormal androgen
levels, which indirectly increases the risk of LC (66). However,
in some LMICs, where the coverage of mother-to-child blocking
measures is insufficient, females who were infected with HBV in
childhood may enter the stage of active hepatitis in adolescence due
to broken immune tolerance (67). Due to socioeconomic pressures
and behavioral changes, some adolescent girls from low-income
families face the coexistence of “undernutrition and obesity” and
the consuming cheap, high-sugar/high-fat foods, which increases
and exacerbates liver damage (68). As people age, males gradually
catch up to and eventually exceed females in risk levels due to
lifestyle changes and greater exposure to health risks. This suggests
the need to strengthen long-term monitoring and prevention across
the entire AYAs, especially for high-risk gender groups, to enable
timely detection and intervention.

The importance of NASH in the shifting etiology of LC is
profound. NASH, linked to metabolic syndrome, is a key driver
of LC. Global rises in obesity, diabetes, and metabolic syndrome
have increased NASH-related LC. Changes in lifestyle, particularly
due to high-calorie diets, lack of exercise, and sedentary behavior,
have significantly increased the rates of obesity and type 2 diabetes
(69). NASH progresses to cirrhosis and LC independently of viral
or alcoholic liver diseases. NASH has become the most common
type of chronic liver disease in developed countries, especially in
regions with high obesity rates such as North America, Europe,
and Asia (70, 71). Our research aligns with this observation that
NASH has become one of the fastest-growing causes of cancer,
particularly in high SDI regions. With the global economic growth
and the changes in dietary habits and lifestyles, the burden of NASH
is expected to increase further.
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However, until 2021, HBV remained a major pathogenic factor
for LC incidence and DALYs in the AYAs. This reaffirms that
HBYV is a significant global risk factor for LC. Despite 20-30 years
of universal vaccination efforts, chronic HBV infection remains
prevalent, particularly in LMICs (72, 73). South Africa reduced
the prevalence of HBV infection in children to <1% (74) through
a combination of universal neonatal vaccination and mother-to-
child blocking strategies, and East Asia (e.g., Taiwan Province)
implemented hospital-based and community-based hepatocellular
carcinoma screening and mass vaccination programs, resulting in
lower HBV-associated liver cancer rates (75, 76). However, there
have been some failures, such as uneven vaccine coverage and low
coverage of antiviral drugs in some countries in Eastern Europe
(77). And most LMICs lack long-term surveillance data to assess
the dose-response relationship between treatment coverage and
liver cancer incidence (78). As of 2021, HBV was responsible for
up to 72% of liver cancer-related deaths, highlighting its ongoing
significant impact on LC mortality. This result emphasizes the
importance of prevention and control measures against HBV in
reducing the burden of LC among AYAs. Although the HBV-related
age-standardized mortality rate declines each year, this trend varies
significantly across different SDI regions. In high SDI regions, the
HBV-related mortality rate decreased by 44.8%, indicating more
successful interventions. In contrast, the reduction in middle- and
low-SDI regions is relatively small, suggesting that these areas
still require more refined strategies for HBV management and
LC prevention and control. This suggests a need to enhance
awareness of metabolic liver diseases and implement public health
measures. In summary, understanding the main pathogenic factors
of LC and the trends over time is crucial for formulating public
health policies. Policymakers should prioritize large-scale screening
and vaccination programs for HBV while also focusing on the
management of emerging LC causes such as NASH. Strengthening
health education and improving basic medical facilities could
further reduce the burden of LC among AYAs in the future.

Despite the advantages of this study, some limitations must be
acknowledged. First, reliance on the 2021 GBD data may introduce
biases in data collection and reporting. Although the GBD offers
a systematic approach to estimating disease burden, variations in
data quality and completeness across regions still exist, since not
all regions have the same level of data availability or accuracy.
Many LMICs may lack comprehensive health data systems or
high-quality cause-of-death registries, leading to underreporting
or misclassification of certain diseases, particularly in rural or
marginalized areas, which may impact the accuracy of our findings.
Second, this study focused solely on AYA, excluding other age
groups that may also be significantly affected by LC. Future
research should aim to include a broader age range to provide a
more comprehensive perspective on LC epidemiology. Finally, the
study did not delve into the specific causes leading to regional
and gender differences in LC burden. Understanding the factors
contributing to regional and gender differences in LC burden
is essential for developing effective prevention and treatment
strategies. Future research should aim to explore these aspects
in more detail, possibly integrating genetic, environmental, and
lifestyle factors for a more comprehensive understanding of AYA
LC epidemiology.
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In conclusion, LC in AYA poses a significant challenge to global
public health. From 1990 to 2021, the global burden of LC in AYA
has decreased, particularly for cases caused by hepatitis viruses.
However, NASH is now the fastest-growing cause of LC cases
worldwide, and regional differences persist. Healthcare providers
should understand the significance of the changing causes of
LC in the AYAs. Additionally, healthcare strategies for primary
and secondary prevention should be customized to address the
specific needs of AYAs, considering factors such as age, gender,
and region.
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