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Abstract
Aim: This study aimed to explore the long-term mortality trends in the mortality burden of
liver  cancer due to alcohol  use (LCA) from 1990 to 2021 and assess health inequalities
stratified  by  sex  and  location,  with  projections  to  2050.  The  contribution  of  population
growth,  age  structure  and  epidemiologic  changes  to  the  increase  in  deaths  will  also  be
assessed.

Methods:  Bayesian  age-period-cohort  model  was  applied  to  predict  age-standardized
mortality  rate  (ASMR).  Bayesian  spatiotemporal  model  was  utilized  to  characterize  the
spatiotemporal distribution of ASMR. Frontier analysis assessed national prevention and
control  capacity.  Decomposition  analysis  was  performed  to  clarify  driving  factors  of
mortality  growth.

                                                                                             

https://www.oaepublish.com
https://ucenter.oaepublish.com
https://dx.doi.org/10.20517/2394-5079.2026.29
https://dx.doi.org/10.20517/2394-5079.2026.29
https://crossmark.crossref.org/dialog/?doi=10.20517/2394-5079.2026.29&domain=pdf


Page 2 of 17 Tan et al. Hepatoma Res. 2026;12:31

Correspondence to: Dr. Yujiao Deng, Dr. Yuan Wang, Department of Hepatology, the Second Affiliated Hospital of Xi’an Jiaotong
University, Xi’an 710004, Shaanxi, China. E-mail: margeret223@xjtu.edu.cn; wangyuanwy1@126.com; Prof. Jian Zu, School of Mathematics
and Statistics, Xi’an Jiaotong University, Xi’an 710049, Shaanxi, China. E-mail: jianzu@xjtu.edu.cn

Results: Global LCA ASMR presented an upward trend during 1990-2021 (AAPC = 0.35). Europe yielded the highest
ASMR at 1.34, followed by Africa, while the Americas witnessed the fastest growth. National-level ASMR displayed
obvious spatial clustering, with hotspots concentrated in West Africa, Southern Africa and partial Southeast Asian
territories. Global LCA ASMR is projected to decline after 2022 and reach 0.93 by 2050. The Americas will undergo
an initial  rise  followed by a  subsequent  drop in  ASMR.  Population aging will  serve as  the predominant  driver  of
growing LCA mortality worldwide. Several nations including Brazil and Somalia are expected to attain relatively low
ASMR by 2050.

Conclusion:  LCA-related  ASMR  and  health  inequalities  have  aggravated  across  regions  and  countries.  Targeted
regional public health interventions are urgently required, particularly in the Americas and Africa.

INTRODUCTION
Liver cancer (LC) ranks among the most common and lethal malignant tumors globally, with its disease

burden steadily rising over recent decades
[1]

. Hepatitis B and C viruses constitute the leading etiological

factors, while excessive alcohol consumption has emerged as an increasingly prominent driver, driven by

prevalent alcohol abuse worldwide
[2]

.

Alcohol triggers hepatocellular injury, persistent hepatic inflammation, fibrosis and cirrhosis, ultimately

promoting malignant transformation
[3]

. Distinct from viral hepatitis, alcoholic liver disease progression is

closely modulated by drinking habits and genetic susceptibility
[4]

. Its clinical spectrum covers asymptomatic

early lesions to decompensated cirrhosis complicated with portal hypertension. Alcoholic liver disease

generally advances more rapidly and is frequently diagnosed at advanced stages
[5]

.

Unlike LC caused by viral hepatitis
[6]

 and non-alcoholic fatty liver disease
[7]

, LC due to alcohol use (LCA)

features an occult onset, accompanied by limited therapeutic options and difficult early detection
[8,9]

compared with liver cancer induced by viral hepatitis and non-alcoholic fatty liver disease. Relevant

prevention and management strategies remain underdeveloped. Given substantial interregional and

international disparities in liver cancer burden, targeted intervention formulation faces great challenges
[10]

.

Existing studies lack comprehensive assessments on LCA mortality patterns and geographic heterogeneity,

particularly long-term projections. This study therefore analyzed three-decade LCA mortality trends and

regional discrepancies, and predicted disease dynamics until 2050, aiming to furnish evidence for global

public health policy design and preventive strategy optimization.

METHODS
Statistical analysis and data source

This study employed a range of statistical methods to analyze and forecast the age-standardized mortality

rates (ASMR, per 100,000 persons) and LCA deaths at global, regional, national and gender levels from 1990

to 2021, with extended projections up to 2050. Derived from the Global Burden of Disease (GBD) 2021

dataset, the Bayesian age-period-cohort model was adopted to predict LCA ASMR across six World Health

Organization (WHO) geographical regions and 204 countries and territories during 2022-2050. The average

annual percent change (AAPC) was calculated to quantify temporal variations in ASMR. The Bayesian

spatiotemporal model was further applied to characterize ASMR trends in 1990-2021 and 2022-2050,

accounting for three variation sources: geographical spatial correlation, long-term temporal tendency and
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annual random fluctuations among individual nations. Frontier analysis was performed to evaluate national

performance and room for improvement in LCA mortality reduction. Decomposition analysis was utilized to

quantify the respective contributions of population aging, population growth and epidemiological shifts to

mortality fluctuations across WHO regions. All statistical analyses, including the Bayesian age-period-cohort

(BAPC), Bayesian spatiotemporal model, frontier analysis, and decomposition analysis, were performed

using R software (version 4.3.0). All figures in this study were generated using the same R version, primarily

utilizing the “ggplot2” and “sf” packages for data visualization and mapping. Additionally, the calculation of

AAPC was conducted using the Joinpoint Program (version 4.9). Detailed methods are presented in

subsequent sections and supplementary materials.

Bayesian spatiotemporal model

We analyzed the temporal trends and spatial distribution of ASMR for LCA across 204 countries and

territories using Bayesian spatio-temporal models
[11]

, which were developed based on observed ASMR from

1990 to 2021 and predicted ASMR from 2022 to 2050. Take the 1990-2021 analysis for example, y
it
 denoted

the ASMR in year t (t = 1990, 1991, ···, 2021) of the i
th 

(i = 1, 2, ···, 204) country/territory, let y
it
~Normal(μ

it
, σ2

),

then μ
it
 can be expressed as the formula:

μ
it 
= α + S

i
 + θ

t
 + δ

it
.

α was the intercept measuring the overall y
it
 over the 1990-2021. S

i
 represented the spatial effect, with S

i
 > 0

indicating the ASMR of i
th
 country/territory was above the overall level during the period. θ

t
 represented the

temporal effect, which captured the overall dynamic temporal trend common to all countries. δ
it
 is the

spatiotemporal interaction random effect, reflecting the remaining local dynamic characteristic of i
th
 country

in year t that cannot be explained adequately by S
i
 and θ

t
. A growing δ

it
 indicated that the upward trend of the

i
th
 country was stronger than the overall upward trend or the downward trend was weaker than the overall

downward trend, and a decreasing trend was just the opposite. The further details were shown in

Supplementary Methods.

Frontier analysis

Frontier analysis was applied to assess national efficiency and improvement potential in lowering

LCA-related ASMR. Based on the projected ASMR data of 204 countries and territories in 2050, data

envelopment analysis (DEA) and free disposal hull model were adopted for relevant evaluation
[11]

[Supplementary Methods]. The sociodemographic index (SDI) was conducted to reflect the comprehensive

national development level.

RESULTS
The ASMR and AAPC for LCA stratified by sex, region, SDI, income, and health system level during
1990-2021

From 1990 to 2021, the ASMR of LCA increased worldwide (AAPC = 0.35, 95%CI: 0.22-0.48). For six WHO

regions, ASMR of LCA decreased in the African region (AAPC = -0.48, 95%CI: -0.55 to -0.42), and was stable

in the Western Pacific region (AAPC = -0.23, 95%CI: -0.69-0.24), while the other four regions showed an

upward trend [Figure 1]. The African region had the highest ASMR in 1990 and carried the fastest decline

during 1990-2021 (AAPC = -0.48, 95%CI: -0.55 to -0.42), while the Americas region experienced the

fastest-growing ASMR (AAPC = 1.78, 95%CI: 1.45-2.11). In 2021, the European region had the highest

ASMR of LCA among males, whereas the Eastern Mediterranean region had the lowest. Females in the

African region sustained the highest ASMR over the past three decades [Table 1]. The high SDI quintile

consistently had the highest LCA deaths, whereas the quintile with the highest ASMR shifted from the low

SDI in 1990 to high SDI in 2021. Among females, the middle SDI quintile had the highest deaths, and the low
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SDI quintile had the highest ASMR. For males, both deaths and ASMR of LCA remained the highest in the

high SDI quintile [Table 1]. Geographically, the region with the highest ASMR of LCA transitioned from

Africa to Europe. In terms of health system levels, regions with limited health systems had the lowest ASMR,

while those with minimal health system capacity exhibited the highest ASMR. From the perspective of

economic levels, the highest LCA ASMR shifted from low-income areas in 1990 to high-income areas in

2021. Additionally, high-income areas consistently bore the highest burden of LCA-related deaths

throughout 1990-2021.

Future forecasts of ASMR for LCA during 2022-2050 by sex and region

The predictive analysis showed that the global ASMR of LCA will shift from a historical fluctuating upward

trend to a gradual downward trend after 2022, without considering future changes in alcohol exposure or the

implementation of new relevant policies. The global ASMR is projected to drop to 0.93 per 100,000

population by 2050, representing a 12.26% reduction from the 2021 baseline of 1.06 per 100,000 population

[Supplementary Table 1]. From 2022 to 2050, European males and African females are predicted to sustain

the highest sex-specific ASMRs worldwide [Figure 1]. Unlike most WHO regions that will follow the global

declining trend, the Southeast Asia region (AAPC = 0.39, 95%CI: 0.38-0.40) and the Eastern Mediterranean

region (AAPC = 0.38, 95%CI: 0.36-0.40) are projected to maintain continuous increases in ASMR

[Supplementary Table 1]. Regionally, males will consistently exhibit substantially higher ASMRs than females

across all WHO regions until 2050. Long-term forecasting ASMRs showed that the 95% uncertainty intervals

(UIs) for males and females will gradually widen and partially overlap, attributable to the cumulative

inherent uncertainty of predictive models. Nevertheless, a persistent absolute difference remains between the

projected mean ASMRs of males and females.

The AAPC and spatiotemporal patterns of ASMR for LCA in 204 countries and territories, 1990-2021
and 2022-2050

LCA ASMR exhibited substantial geographical heterogeneity across 204 countries and territories worldwide.

Spatiotemporal model analysis revealed that the structured spatial variation (Mean ± SD = 4.22 ± 0.81) was

markedly higher than the unstructured variation (Mean ± SD = 0.41 ± 0.19). This finding indicates a

prominent spatial clustering of LCA mortality, with spatial dependence among adjacent regions serving as

the primary contributor to cross-country and cross-territory disparities in LCA ASMR [Supplementary Table

3]. Significant high-mortality clustering of LCA ASMR was concentrated in West Africa, Southern Africa,

and partial regions of Southeast Asia [Figure 2A]. The baseline ASMR for the period 1990-2021 was 1.50

(95%CI: 1.38-1.61). Temporal effect analysis demonstrated that LCA ASMR fluctuated minimally around this

baseline (± 0.03) throughout the study period, with a relatively high mortality level observed around 1997

[Figure 2B and Supplementary Table 3]. Although the spatiotemporal interaction coefficient was numerically

small, it reached statistical significance with its 95% confidence interval excluding zero. The United States,

China, India, Brazil, and Indonesia presented consistent spatiotemporal specificity in LCA mortality trends.

Specifically, their national ASMRs remained below the overall baseline in the early stage of the study period

and gradually rose to and exceeded the baseline level between 2005 and 2010 [Figure 2C]. Among these five

countries, the United States experienced the most severe deterioration in LCA mortality status. For the

projected period of 2022-2050, the overall baseline ASMR across the 204 countries and territories is

estimated to be 1.46 (95%CI: 1.22-1.69). Forecast results indicate weakened spatial similarity and dependence

in LCA ASMR among neighboring regions, accompanied by increased spatial random variation in mortality

distribution [Supplementary Table 3 and Figure 3]. The ASMR of LCA is predicted to decrease the fastest in

Singapore (AAPC = -6.44, 95%CI: -6.47 to -6.40), whereas it is predicted to increase the fastest in Venezuela

(AAPC = 7.34, 95%CI: 7.30-7.37). The top three countries with the highest ASMR in 2021 were Mongolia,

Gambia, and Mozambique [Figure 4A and Supplementary Table 2]. By 2050, Mongolia, The Gambia, and

Venezuela are predicted to become the top three countries with the highest ASMRs [Figure 4B and

                                                                               Supplementary Table 2]. For the historical period of 1990-2021, Mauritius had the most remarkable decline

in LCA ASMR, whereas Poland exhibited the fastest growth (AAPC = 4.30, 95%CI: 3.30-5.31, Figure 4C).
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Figure 1. Temporal trends in ASMR for LCA from 1990 to 2050. (A) Total population; (B) Female; (C) Male. The dashed vertical line
denotes the transition point between historical data (1990-2021) obtained from the Global Burden of Disease database, and future
projections (2022-2050) estimated by the Bayesian age-period-cohort model. ASMR: Age-standardized mortality rate; LCA: liver cancer
due to alcohol use.
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Table 1. Deaths, ASMR, change percents and AAPC for LCA during 1990 and 2021

Category

1990 2021 1990-2021

Deaths
(95%UI)

ASMR
(95%UI)

Deaths (95%UI)
ASMR
(95%UI)

Change in deaths
(95%UI)

AAPC
(95%CI)

Total

Global
38171
(31169-46199)

0.96
(0.78-1.15)

92227
(75053-112160)

1.06
(0.86-1.29)

141.61
(118.82-169.97)

0.35
(0.22-0.48)

WHO
regions

African region
3303
(2006-5020)

1.49
(0.91-2.29)

6454
(4669-8658)

1.28
(0.95-1.71)

95.38
(54.07-205.51)

-0.48 (-0.55 to
-0.42)

Eastern
Mediterranean
region

851 (582-1258)
0.47
(0.32-0.70)

2620 (1880-3600)
0.58
(0.41-0.79)

207.75
(116.37-299.28)

0.67
(0.44-0.89)

European region
11764
(9867-13846)

1.08
(0.90-1.26)

22309
(18272-26428)

1.34 (1.1-1.57)
89.63
(76.49-102.51)

0.69
(0.51-0.88)

Region of the
Americas

3650 (3169-4190)
0.59
(0.52-0.68)

13679
(11824-15689)

1.00
(0.87-1.15)

274.77
(256.49-290.98)

1.78 (1.45-2.11)

South-East Asia
region

4809 (3781-6110)
0.68
(0.54-0.86)

15962
(13095-19969)

0.87
(0.72-1.10)

231.89
(178.16-287.87)

0.82
(0.57-1.06)

Western Pacific
region

13615
(10876-16790)

1.15 (0.93-1.41)
30767
(23786-39559)

1.07
(0.83-1.37)

125.99
(88.62-176.42)

-0.23
(-0.69-0.24)

SDI
quintile

High
11989
(10070-14059)

1.08
(0.91-1.27)

28567
(23765-33858)

1.36 (1.13-1.61)
138.27
(119.53-154.43)

0.74
(0.51-0.97)

High-middle 9802 (8131-11665)
0.97
(0.81-1.15)

18544
(15108-22320)

0.92
(0.76-1.11)

89.18 (66.51-116.02)
-0.14
(-0.54-0.27)

Middle
9708
(7874-12146)

0.93
(0.75-1.16)

28334
(22395-35632)

1.04
(0.83-1.29)

191.86
(144.55-248.54)

0.38
(0.12-0.63)

Low-middle 3960 (3054-5162)
0.65
(0.50-0.85)

11579
(9277-14972)

0.80
(0.64-1.02)

192.42
(146.96-246.71)

0.69
(0.46-0.92)

Low 2664 (1729-3886)
1.19
(0.78-1.76)

5117 (3703-7020)
1.02
(0.74-1.40)

92.11 (56.47-179.58)
-0.51 (-0.66 to
-0.37)

Health
system
level

Advanced
17499
(14789-20400)

1.06
(0.89-1.23)

37352
(31088-44119)

1.31 (1.09-1.53)
113.45
(99.80-125.93)

0.66
(0.42-0.91)

Basic
14142
(11246-17767)

0.93
(0.75-1.17)

36927
(28584-47214)

0.96
(0.75-1.23)

161.12 (117.11-216.65)
0.10
(-0.14-0.34)

Limited 5158 (3968-6627)
0.65
(0.50-0.85)

15581
(12615-19463)

0.78
(0.63-0.97)

202.06
(152.95-268.21)

0.61
(0.45-0.77)

Minimal 1324 (773-2059)
2.27
(1.35-3.57)

2281 (1512-3324)
1.90
(1.26-2.75)

72.27 (30.68-181.31)
-0.57 (-0.71 to
-0.43)

World
Bank
income
level

High
15081
(12711-17633)

1.16
(0.98-1.36)

33395
(27687-39728)

1.42
(1.18-1.68)

121.44
(106.00-135.47)

0.63
(0.38-0.88)

Upper middle
13455
(10834-16555)

0.88
(0.71-1.08)

31736
(25170-39843)

0.89
(0.71-1.11)

135.87
(94.96-180.83)

-0.83 (-0.89 to
-0.76)

Lower middle
7598
(6028-9789)

0.72
(0.58-0.93)

23567
(18727-30273)

0.93
(0.74-1.18)

210.16
(157.34-275.60)

0.80
(0.67-0.92)

Low 1989 (1267-3016)
1.37
(0.87-2.10)

3442 (2338-4907)
1.06
(0.73-1.52)

73.05
(37.66-162.05)

0 (-0.29-0.30)

Male

Global
29020
(23918-35445)

1.59
(1.32-1.93)

71268
(58195-86613)

1.77
(1.45-2.13)

145.58
(120.16-181.45)

0.36
(0.25-0.47)
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WHO
regions

African region 2423 (1414-3645)
2.23
(1.32-3.38)

4542 (3255-6247)
1.92
(1.40-2.59)

87.45
(42.91-221.97)

-0.5 (-0.55 to
-0.44)

Eastern
Mediterranean
region

625 (443-923)
0.65
(0.46-0.97)

2027 (1457-2855)
0.87
(0.62-1.20)

224.15
(124.87-316.03)

0.91 (0.62-1.21)

European region
9244
(7770-10718)

2.12
(1.80-2.46)

18288
(15194-21403)

2.53
(2.11-2.95)

97.84
(83.04-114.00)

0.55
(0.36-0.74)

Region of the
Americas

2766 (2436-3125)
1.02
(0.90-1.15)

10878
(9503-12283)

1.74
(1.52-1.97)

293.33
(271.59-311.97)

1.84 (1.50-2.18)

South-East Asia
region

3889 (3012-4912)
1.07
(0.84-1.35)

12793
(10338-16520)

1.46 (1.18-1.87)
228.97
(172.60-292.03)

0.98
(0.64-1.32)

Western Pacific
region

9930
(7832-12547)

1.76 (1.41-2.19)
22392
(16812-29654)

1.66
(1.25-2.16)

125.49
(76.72-186.23)

-0.17
(-0.56-0.21)

SDI
quintile

High
9759
(8256-11278)

2.05
(1.74-2.37)

23698
(20022-27753)

2.46
(2.07-2.86)

142.84
(123.50-160.51)

0.59
(0.38-0.81)

High-middle 7272 (6052-8686) 1.68 (1.41-1.97)
13850
(11139-16808)

1.53
(1.24-1.86)

90.45
(66.13-122.89)

-0.28
(-0.69-0.14)

Middle 6918 (5514-8956)
1.36
(1.09-1.75)

21260
(16440-27630)

1.64 (1.28-2.11)
207.29
(151.32-280.87)

0.62
(0.34-0.90)

Low-middle 3009 (2346-4011)
0.96
(0.75-1.26)

8705 (6921-11459)
1.25
(1.00-1.64)

189.32
(143.37-249.00)

0.86
(0.62-1.10)

Low 2026 (1301-2903)
1.77
(1.16-2.55)

3685 (2632-5144)
1.49
(1.08-2.06)

81.90 (44.57-185.31)
-0.57 (-0.74 to
-0.41)

Health
system
level

Advanced
14018
(11886-16115)

2.04
(1.74-2.34)

30819
(25993-35907)

2.42
(2.04-2.81)

119.86
(104.66-134.04)

0.54
(0.31-0.77)

Basic
9986
(7914-13015)

1.37
(1.09-1.76)

27012
(20355-35741)

1.49
(1.13-1.94)

170.49
(117.49-236.95)

0.24
(0.01-0.48)

Limited 3934 (3061-5072)
0.95
(0.74-1.23)

11633
(9390-14808)

1.21
(0.98-1.53)

195.69
(146.82-271.12)

0.77
(0.56-0.98)

Minimal 1047 (598-1632)
3.63
(2.07-5.61)

1735 (1153-2538)
3.07
(2.04-4.42)

65.72
(23.07-198.30)

-0.55 (-0.70 to
-0.40)

World
Bank
income
level

High
12291
(10457-14177)

2.21
(1.89-2.54)

27828
(23513-32673)

2.59
(2.18-3.03)

126.41
(109.58-141.92)

0.50
(0.26-0.75)

Upper middle
9235
(7384-11759)

1.31 (1.05-1.64)
22518
(17398-28836)

1.36
(1.05-1.73)

143.83
(94.05-205.14)

-0.88 (-0.94 to
-0.82)

Lower middle
5940
(4697-7735)

1.14
(0.91-1.48)

18330
(14311-24338)

1.49
(1.18-1.94)

208.61
(156.71-282.25)

0.89
(0.75-1.04)

Low 1519 (941-2305)
2.16
(1.33-3.28)

2522 (1708-3666)
1.65
(1.13-2.35)

66.09 (28.31-176.61)
0.08
(-0.24-0.40)

Female

Global 9151 (7228-11508)
0.43
(0.34-0.54)

20960
(16643-25768)

0.45
(0.36-0.56)

129.04
(98.63-165.84)

0.17
(-0.08-0.41)

WHO
regions

African region 880 (530-1447)
0.79
(0.48-1.32)

1912 (1394-2556)
0.74
(0.53-0.97)

117.21
(51.79-204.96)

-0.24 (-0.36 to
-0.13)

Eastern
Mediterranean
region

226 (144-374)
0.27
(0.17-0.46)

593 (417-823)
0.28
(0.20-0.38)

162.40
(71.56-289.76)

0.06
(-0.09-0.21)

European region 2521 (1953-3189)
0.38
(0.30-0.48)

4022 (3087-5127)
0.42
(0.32-0.52)

59.55 (48.70-70.88) 0.28 (0-0.56)

Region of the
Americas

884 (732-1075)
0.26
(0.21-0.31)

2801 (2300-3422)
0.38
(0.31-0.46)

216.74
(197.94-234.03)

1.25 (0.90-1.60)

South-East Asia
region

921 (702-1160)
0.27
(0.21-0.34)

3169 (2493-4011)
0.34
(0.27-0.43)

244.21
(181.85-311.35)

0.74
(0.46-1.02)

Western Pacific
region

3684 (2861-4618)
0.60
(0.47-0.76)

8375
(6380-10631)

0.55
(0.42-0.70)

127.32
(79.96-194.56)

-0.27
(-0.85-0.32)
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SDI
quintile

High 2231 (1765-2807)
0.34
(0.27-0.42)

4869 (3769-6133)
0.41
(0.33-0.52)

118.30
(98.38-135.35)

0.59
(0.27-0.91)

High-middle 2530 (2042-3123)
0.45
(0.36-0.55)

4693 (3651-5882)
0.42
(0.33-0.53)

85.51
(55.00-125.57)

-0.17
(-0.58-0.23)

Middle 2790 (2197-3450)
0.53
(0.42-0.65)

7074 (5491-8692)
0.50
(0.39-0.61)

153.58
(103.56-221.71)

-0.16
(-0.44-0.12)

Low-middle 951 (678-1337)
0.32
(0.23-0.46)

2874 (2253-3604)
0.39
(0.30-0.48)

202.20
(130.12-277.20)

0.58
(0.37-0.79)

Low 638 (396-1024)
0.59
(0.37-0.97)

1432 (994-1974)
0.57
(0.40-0.79)

124.53
(72.53-196.76)

-0.12 (-0.20 to
-0.03)

Health
system
level

Advanced 3482 (2783-4329)
0.35
(0.28-0.44)

6533 (5087-8137)
0.40
(0.31-0.49)

87.64 (72.15-101.01)
0.38
(0.07-0.68)

Basic 4156 (3229-5228)
0.54
(0.42-0.68)

9915
(7676-12379)

0.50
(0.38-0.62)

138.58
(87.76-208.81)

-0.26
(-0.57-0.06)

Limited 1224 (860-1700)
0.33
(0.23-0.46)

3948 (3112-4835)
0.39
(0.31-0.48)

222.51
(148.01-299.85)

0.57
(0.40-0.75)

Minimal 277 (151-487)
0.95
(0.52-1.74)

546 (336-864)
0.89
(0.54-1.38)

96.97
(44.55-181.43)

-0.23 (-0.33 to
-0.14)

World
Bank
income
level

High 2790 (2213-3518)
0.37
(0.29-0.45)

5568 (4281-7002)
0.42
(0.33-0.52)

99.55
(82.49-114.58)

0.40
(0.15-0.66)

Upper middle
4220
(3309-5234)

0.52
(0.41-0.64)

9218 (7128-11467)
0.48
(0.37-0.60)

118.44
(75.20-180.40)

-0.47 (-0.58 to
-0.36)

Lower middle 1659 (1217-2224)
0.32
(0.24-0.44)

5237 (4101-6613)
0.40
(0.32-0.51)

215.72
(137.11-289.44)

0.72
(0.56-0.88)

Low 470 (282-777)
0.64
(0.38-1.07)

919 (604-1339)
0.55
(0.36-0.81)

95.55 (50.02-161.31)
-0.27
(-0.62-0.09)

ASMR: Age-standardized mortality rate; AAPC: average annual percent change; LCA: liver cancer due to alcohol use; UI: uncertainty interval; CI:
confidence interval; WHO: World Health Organization; SDI: sociodemographic index.

Frontier prediction of ASMR for LCA with different SDI countries and territories in 2050

Figure 5 illustrates the predicted improvement potential of LCA ASMR across countries and territories with

different socioeconomic development levels. The effective difference in ASMR increased alongside rising

SDI, suggesting that countries with higher socioeconomic development possess greater potential for

ameliorating LCA-related health burdens. Frontier analysis further indicated that higher-SDI countries could

attain lower LCA ASMR by 2050 through full utilization of existing health and socioeconomic resources.

Globally, the top ten countries with substantial effective differences were predominantly classified as

medium-to-high SDI regions. Among the five most populous countries, Indonesia, India, China, and the

United States exhibited varying degrees of potential for ASMR reduction, while Brazil is expected to reach its

achievable minimum. Additionally, several countries, including Somalia, Haiti, Hungary, and Niger, showed

zero effective differences in ASMR projections. This finding suggests that their predicted 2050 ASMRs will

approach the optimal achievable limit under current conditions, indicating highly efficient national health

resource utilization in these regions [Supplementary Table 4].

Impact contribution of population growth, age structure and epidemiological changes on LCA deaths

Decomposition analysis demonstrated that population growth and age structure were the predominant

drivers of increased global LCA deaths between 1990 and 2021. From 2022 to 2050, the age structure will

become the key point for the increase in LCA deaths except for the African region [Figure 6]. In Africa,

population growth remains the dominant factor accounting for temporal variations in LCA mortality across

the entire study and forecast period. For the Western Pacific and European regions, age structure transitions

constitute the primary determinant of LCA death trends throughout 1990-2050 [Supplementary Table 5].

Notably, epidemiological changes are expected to exert a beneficial effect, contributing to the global

reduction in LCA mortality during the 2022-2050 projection period.

https://file.oaecenter.com/published/pdf/7b5e911d5716733bb8b73a168fcab2e8/1782272186/hr12029-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/7b5e911d5716733bb8b73a168fcab2e8/1782272186/hr12029-SupplementaryMaterials.pdf
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Figure 2. Bayesian spatial temporal distribution of ASMR for LCA in 204 countries and territories, 1990-2021. (A) Spatial effects of 204
countries and territories; (B) The overall temporal effects, with the 95% credible interval shown as a shaded region; (C) Spatiotemporal
interaction effects of top five countries by population (including China, India, the United States, Indonesia, and Brazil). ASMR:
Age-standardized mortality rate; LCA: liver cancer due to alcohol use.

DISCUSSION
This study comprehensively analyzed the global, regional and national mortality burden of LCA from 1990

to 2021 and further predicted its epidemiological trends through 2050. Globally, LCA ASMR exhibited an

upward trend during 1990-2021, with the most rapid increase observed in the Americas and the highest

mortality level recorded in Europe in 2021. The high SDI quintile and high-income areas consistently bore

the greatest number of deaths. Population growth and age structure were the main contributors to rising

global LCA deaths, and population aging is projected to remain a dominant contributing factor through

2050. Substantial global heterogeneity in LCA mortality was identified across different populations, income

strata, healthcare capacities, and socioeconomic conditions. These findings demonstrate the evolving

epidemiological profile of LCA within the overall liver cancer mortality burden and underline the necessity

of targeted and tailored public health intervention strategies.
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Figure 3. Bayesian spatial effects of ASMR for LCA in 204 countries and territories, 2022-2050. ASMR: Age-standardized mortality rate;
LCA: liver cancer due to alcohol use.

The pronounced temporal and spatial disparities in LCA ASMR identified in this study highlight the urgent

demand for standardized and systematic frameworks for LCA prevention, early diagnosis, population

assessment, and clinical treatment. Overall, the global LCA mortality burden gradually increased during

1990-2021 but is projected to plateau and slowly decline in the future. The Americas showed the most rapid

growth in ASMR, and Europe held the highest ASMR in 2021, which were consistent with the distribution of

alcohol consumption
[12]

. In contrast, the Eastern Mediterranean region presented the lowest LCA ASMR,

which corresponded to local reductions in alcohol intake. Regional alcohol consumption patterns have

diverged substantially: per-adult alcohol consumption has risen sharply across Asia and Africa, while

declining in North America, South America, and Europe
[13]

. Although improved public health awareness and

reduced alcohol exposure have contributed to LCA mortality declines in several regions, low-income settings

and populations with insufficient access to healthcare continue to endure a disproportionately heavy LCA

mortality burden. Notably, African females sustained the highest LCA ASMR over the study period. This

observation is consistent with prior evidence documenting prominent socioeconomic inequities in the

prevalence and prognostic outcomes of alcohol-related liver disease
[14]

. Further in-depth research focusing on

epigenetic mechanisms, individual disease susceptibility, and gender-specific biological and social

determinants is warranted to elucidate the distinct gender disparities in LCA epidemiology.

The geographical distribution of the highest LCA ASMR has gradually transitioned from low-income to

high-income regions over the past three decades, whereas high-income settings have persistently exhibited

the greatest absolute number of LCA-related deaths. A similar epidemiological shift was also observed across

SDI stratifications. Population aging represents a critical risk factor for liver cancer, and the more severe

aging burden in high-income regions substantially elevates LCA mortality risk
[15]

. In addition, alcohol

consumption constitutes another predominant modifiable driver of LCA epidemiology, with higher per

capita alcohol intake commonly documented in high-income populations. Alcohol use disorder (AUD) can

cause a series of physical damages. However, the main cause of alcohol-related deaths is alcohol-associated

liver disease (ALD). In some countries, the mortality rate due to alcohol-related causes caused by ALD is

almost 90%
[13]

. Furthermore, the contribution of alcohol to the LC burden continues to rise, especially in

high-income countries
[16]

. These synergistic drivers underscore a transitioning epidemiologic landscape for

                                                                                                LCA. Continued trends may escalate ASMRs in high-income areas without coordinated prevention

strategies.



Tan et al. Hepatoma Res. 2026;12:31 Page 11 of 17

Figure 4. The ASMR and AAPC of LCA in 204 countries and territories. (A) Historical ASMR in 2021 (per 100,000); (B) Projected ASMR
in 2050 (per 100,000); (C) AAPC of ASMR during the historical period from 1990 to 2021. ASMR: Age-standardized mortality rate; LCA:
liver cancer due to alcohol use; AAPC: average annual percent change.
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Figure 5. Frontier analysis results based on the sociodemographic index and predicted ASMR for LCA in 2050. The black line represents
the frontier (i.e., the optimal ASMR achievable at each SDI level). Green dots represent countries and territories with the lowest predicted
ASMR. Red dots highlight the top ten countries with the greatest effective differences from the frontier. Orange dots represent the top five
countries by population including China, India, the United States, Indonesia, and Brazil. Light blue dots represent all other countries and
territories. The smaller the vertical distance between the point and the curve, the smaller the gap between the predicted ASMR value of
the corresponding country and the lowest achievable ASMR value, that is, the more efficient the use of national resources for disease
prevention and control. ASMR: Age-standardized mortality rate; LCA: liver cancer due to alcohol use; SDI: sociodemographic index.

Viral hepatitis (HBV and HCV) has historically been the predominant etiology of hepatocellular carcinoma

(HCC). With widespread HBV vaccination and the availability of potent direct-acting antivirals (DAAs) for

HCV, the viral contribution to liver cancer is gradually declining, leading to a more complex, multifactorial

epidemiological landscape. Accumulating evidence indicates that alcohol consumption and metabolic

dysfunction-associated steatotic liver disease (MASLD) have become the fastest-growing risk factors for liver

cancer worldwide
[2]

. These etiological factors often exert synergistic rather than independent effects, such

that alcohol exposure further elevates liver cancer risk in individuals with pre-existing metabolic or viral liver

diseases. Recent clinical data have further demonstrated the evolving epidemiology and prognostic profiles of

LCA
[17,18]

. Registry-based evidence from Florida has documented a continuous rise in LCA incidence, with an

annual percentage increase of 6.0% between 2010 and 2018, disproportionately affecting ethnic minorities,

particularly Puerto Rican and Mexican subgroups
[19]

. Alcohol-attributable mortality has also risen sharply,

with a notable surge during the COVID-19 pandemic
[20,21]

. Correspondingly, LCA has become a leading

indication for liver transplantation, accounting for 41% of all liver transplantations in 2022
[22,23]

. In patients

                                                                                                with mild-to-moderate AUD without critical complications, substantial alcohol reduction can yield clinical

benefits, whereas strict abstinence markedly improves survival in patients with alcohol-related cirrhosis
[5]

.

Integrated therapeutic strategies combining liver disease management and addiction treatment have also

achieved favorable outcomes in patients with advanced ALD
[24]

.
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Figure 6. Contributions of population growth, age structure, epidemiological changes to the increase in deaths from LCA, 1990-2021,
2022-2050. (A) Decomposition analysis for both genders, 1990-2021; (B) Decomposition analysis for both genders, 2022-2050; (C)
Decomposition analysis for males, 1990-2021; (D) Decomposition analysis for males, 2022-2050; (E) Decomposition analysis for females,
1990-2021; (F) Decomposition analysis for females, 2022-2050. Black dots represent the net change of deaths during each time period.
The magnitude of a positive value indicates a corresponding increase in deaths attributed to the factor, and the magnitude of a negative
value indicates a corresponding decrease in deaths attributed to the related factor. LCA: Liver cancer due to alcohol use.

Despite ongoing advances in the understanding and management of LCA, substantial regional disparities in

disease burden persist. Low-income countries and populations with restricted healthcare access continue to

bear a disproportionate LCA mortality burden, particularly African females, who consistently exhibit the

highest LCA ASMR. Therefore, intervention measures must combine clinical progress with socio-economic

factors. In regions with lower income levels, healthcare access remains a critical factor shaping LCA burden.

In the United States, ethnic disparities and income inequality and lower socioeconomic status are correlated
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with increased LC mortality, particularly in areas with high unemployment or housing issues
[25]

. In China,

geographical disparities in liver cancer mortality are driven by poverty, limited healthcare access, and

environmental pollution; industrial areas suffer higher mortality due to excessive alcohol consumption and

substandard healthcare infrastructure
[26]

. Notably, significant LCA mortality differences also exist between

geographically and demographically similar neighboring countries. In East Asia, for example, Mongolia and

South Korea have disproportionately high LCA ASMR. In 2022, South Korea recorded a per capita alcohol

consumption of 8.4 liters, exceeding 6.3 liters in Japan and 4.8 liters in North Korea
[27]

. South Korea also has

a markedly higher prevalence of heavy drinking, driven by high spirits (particularly soju) consumption,

which is closely associated with socioeconomic stress and prevalent workplace drinking norms
[28,29]

.

Cross-national disparities in LCA burden are collectively attributed to variations in healthcare system

capacity, obesity and metabolic syndrome prevalence, alcohol consumption patterns, and public health

policies. Mitigating global LCA-related health inequities requires addressing fundamental income inequality,

expanding healthcare access for vulnerable populations, and reforming high-risk drinking cultures and social

norms.

Frontier analysis revealed substantial cross-national disparities in the efficiency of LCA mortality control.

While countries such as Brazil have attained near-optimal ASMR reductions via effective public health

interventions, many low- and middle-income regions continue to face a heavy LCA mortality burden
[30]

.

LCA mortality is largely preventable through population-level policy restrictions on alcohol accessibility.

Although lifelong alcohol abstinence is critical for improving long-term clinical outcomes, sustained

abstinence remains challenging for ALD patients with comorbid AUD. This underscores the necessity of a

full-cycle, multidisciplinary management model involving hepatologists, addiction specialists, and social

workers to optimize patient care
[5]

.

Our findings provide a roadmap for region-specific public health interventions. Given the rapidly rising in

LCA burden in the Americas, local governments should prioritize WHO-recommended “Best Buys”

interventions, including higher alcohol excise taxes and stricter regulation of alcohol marketing.

Furthermore, considering that population aging will remain the dominant driver of LCA mortality through

2050, public health strategies should shift from universal health education to precise targeted surveillance.

Regular liver ultrasound and alpha-fetoprotein (AFP) screening are strongly recommended for elderly

populations with a long-term drinking history as part of routine physical examinations. For African regions

with persistent high LCA burden despite declining mortality trends, policy efforts should focus on

strengthening primary healthcare infrastructure to facilitate community-based early diagnosis and

standardized AUD management.

This study had several limitations that should be acknowledged. First, all analyses were based on GBD

modeled estimates, and the adopted predictive framework formed a “model-on-model” approach that

accumulates inherent modeling uncertainties. Results for low-data regions, including most African, Asian,

and South American countries as well as small island nations, were largely extrapolated rather than derived

from primary surveillance data, which may overestimate precision and requires cautious interpretation.

Additionally, GBD data may underestimate the true LCA burden in low-resource settings with incomplete

vital registration and weak healthcare systems. Treating large countries such as China as single analytical

units also masks substantial subnational heterogeneity in alcohol exposure and healthcare accessibility,

highlighting the need for future subnational-level studies. Although the Bayesian spatiotemporal and

decomposition models used in this study can generate robust population-level projections, long-term

forecasting inevitably involves uncertainties. Our 2022-2050 projections were based on demographic inertia

and assumed sustained current trends, without accounting for future changes in alcohol-related behaviors,

public health policies, and other potential confounding factors that may alter LCA mortality trajectories.
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Furthermore, the findings lack direct validation against real-world epidemiological data. GBD modeling

produces smoothed global epidemiological patterns that may reflect preset modeling assumptions rather

than actual localized heterogeneity. Integrating granular registry-based data and conducting regional and

local analyses in future research can further improve the accuracy and generalizability of burden estimates.

Finally, this study could not distinguish overlapping disease etiologies due to GBD data limitations. The

coexistence of multiple risk factors, such as concurrent viral hepatitis infection and hazardous alcohol

consumption, could not be quantified separately, which may obscure the independent and interactive effects

of different pathogenic drivers.

In conclusion, this study comprehensively analyzed the global, regional and national mortality burden of

LCA, systematically revealing temporal and spatial trends and regional imbalances. Global LCA ASMR

exhibited a sustained increasing trend from 1990 to 2021 and is projected to gradually stabilize and decline in

the future. Targeted public health interventions, including standardized alcohol control strategies and

optimized liver disease surveillance systems, are urgently needed to mitigate the rising LCA burden,

particularly in high-risk regions such as Africa and the Americas.
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