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Background: Primary liver cancer is a leading cause of cancer-related mortality
worldwide. Despite its significant disease burden, long-term trends in primary
liver cancer mortality across diverse demographic and geographic populations
in the United States (U. S.) remain insufficiently characterized.

Methods: We analyzed national mortality data from the Centers for Disease
Control and Prevention Wide-ranging Online Data for Epidemiologic Research
(CDC WONDER) database from 1999 to 2020. Deaths were identified using
International Classification of Diseases, Tenth Revision (ICD-10) codes
C22.0-C22.9, encompassing hepatocellular carcinoma (HCC), intrahepatic
cholangiocarcinoma (ICC), and other specified or unspecified liver cancers.
Age-adjusted mortality rates (AAMRs) were calculated and stratified by sex,
ethnicity, census region, urbanization, and state. Temporal trends were assessed
using joinpoint regression to estimate annual percent change (APC) and average
annual percent change (AAPC).

Results: Between 1999 and 2020, AAMRs increased steadily from 9.96 to 14.52 per
100,000 in males and from 4.56 to 6.35 per 100,000 in females, with consistently
higher rates in males. Ethnic disparities were evident: non-Hispanic White (NH
White) individuals had the lowest AAMRs but showed significant long-term
increases (AAPC = 2.02%), whereas non-Hispanic Other (NH Other) populations
experienced a decline (AAPC = —1.05%). Hispanic and non-Hispanic Black (NH
Black) populations maintained persistently elevated mortality. Geographically,
the South and West exhibited the highest AAMRs, although modest declines
emerged in some regions after 2015. Both metropolitan and nonmetropolitan
areas showed rising mortality, with steeper increases among nonmetropolitan
populations. Substantial heterogeneity was observed across states, with most
demonstrating positive AAPCs.

Conclusion: Primary liver cancer mortality in the U. S. has risen markedly
over the past two decades, with pronounced disparities by sex, ethnicity,
region, urbanization, and state. These findings highlight the influence of
sociodemographic and structural determinants on liver cancer outcomes.
Efforts to reduce mortality should focus on equitable access to prevention, early
detection, and treatment, particularly for high-burden populations.
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1 Introduction

Primary liver cancer is the sixth most commonly diagnosed
cancer and the third leading cause of cancer-related mortality
globally (1). The burden of primary liver cancer has grown
substantially over recent decades, driven by aging populations,
persistent hepatitis B and C infections, increasing prevalence of
alcohol-associated liver disease, and the rising epidemic of
nonalcoholic fatty liver disease (2, 3). In the United States (U. S.),
primary liver cancer incidence and mortality have escalated faster
than many other malignancies, posing a growing public health
challenge (4).

Despite this burden, long-term trends in primary liver cancer
mortality across demographic and geographic subgroups remain
incompletely characterized. Previous studies have largely focused on
incidence or survival, with limited attention to mortality patterns that
directly reflect the combined influence of prevention, detection,
treatment, and comorbidities (5). Moreover, disparities in primary
liver cancer outcomes by sex, ethnicity, socioeconomic status, and
geography are increasingly recognized but not fully quantified at the
national level. A comprehensive assessment of primary liver cancer-
related mortality in the U. S. is therefore critical to identifying high-
risk populations, informing public health strategies, and guiding
healthcare resource allocation.

To address these gaps, we analyzed over two decades of national
mortality data from the CDC WONDER. By examining temporal
trends in AAMRs across demographic, regional, urbanization strata,
and state, we aimed to provide an updated and detailed
understanding of the evolving landscape of primary liver cancer
mortality in the U. S.

2 Methods
2.1 Data sources

Mortality data for primary liver cancer (International
Classification of Diseases, Tenth Revision [ICD-10] codes C22.0-
C22.9) were obtained from the CDC WONDER database. These
data
information on causes of death in the U. S., making them well suited

provide nationally representative, population-based
for surveillance of long-term mortality trends. The study period
spanned 1999-2020 and included underlying cause-of-death
information from U. S. death certificates. Population denominators
were derived from U. S. Census Bureau estimates to calculate

mortality rates.

2.2 Study variables

We examined primary liver cancer-related deaths by sex,
ethnicity (NH White, NH Black, Hispanic, and NH Other), census
region (6), state, and urbanization status (metropolitan vs.
nonmetropolitan, based on the 2013 NCHS Urban-Rural
Classification Scheme) (7). These variables were selected to capture
demographic and geographic heterogeneity that may contribute to
disparities in liver cancer mortality.
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2.3 Statistical analysis

AAMRs per 100,000 population were calculated using the
2,000 U. S. standard population to ensure comparability across
demographic groups and over time. Given the descriptive and
surveillance-oriented objectives of this study, trend analysis rather
than causal modeling was prioritized. Temporal trends were assessed
using the Joinpoint Regression Program (version 5.4.0; National
Cancer Institute, Bethesda, MD, United States) (8, 9), which allows
for the identification of statistically significant changes in trends over
time. The maximum number of joinpoints was set to 4, and a
log-linear model was used to estimate the APC and the AAPC, both
with 95% confidence intervals (10). Statistical significance was
defined as p < 0.05. Statistically significant values are marked with an
asterisk (*) in the results section. Analyses were stratified by
geographic variables to evaluate regional and urban-rural disparities
in mortality patterns. This methodological framework was chosen to
provide a robust, population-level description of mortality trends and
disparities over time, consistent with the study’s surveillance purpose
and the national public health relevance of primary liver
cancer mortality.

3 Results

3.1 Primary liver cancer-related patternsin
AAMR stratified by sex

From 1999 to 2020, the AAMR in males increased from 9.96
(95% CI: 9.74-10.19) in 1999 to 14.52 (95% CI: 14.31-14.73) in 2020,
with an AAPC of 1.77 (95% CI: 1.41-2.13). The APC for males varied
across time periods: 1999-2013: APC = 2.78% (95% CI: 2.59-2.97);
2013-2018: APC = 0.45 (95% CI: — 0.53 to 1.45); 2018-2020: APC =
—1.88 (95% CI: — 4.79 to 1.12). In female patients, the AAMR also
increased over the study period, from 4.56 (95% CI: 4.43-4.70) in
1999 to 6.35 (95% CI: 6.22-6.48) in 2020. The AAPC was 1.63 (95%
CI: 1.40-1.86). The APC by time period for females was: 1999-2008:
APC = 1.40 (95% CI: 1.11-1.70); 2008-2014: APC = 3.02 (95% CIL:
2.38-3.65); 2014-2020: APC =0.59 (95% CI: 0.18-1.01). All the
above changes are visualized in Figure 1 and further detailed in
Supplementary Table SI.

3.2 Primary liver cancer-related patterns in
AAMR stratified by ethnicity

Minor discrepancies were observed between the total number of
subjects and the sum across ethnic groups in 1999 and 2020.
Specifically, ethnicity information was missing for 31 subjects in 1999
and 70 subjects in 2020. The proportion of missing cases was minimal
(<0.3%) and is unlikely to have influenced the observed temporal
trends in age-adjusted mortality rates.

NH White consistently had the lowest AAMR among ethnic
groups, increasing from 6.02 (95% CI: 5.89-6.15) in 1999 to 9.13
(95% CI: 9.00-9.27) in 2020, with an AAPC of 2.02 (95% CI: 1.82—
2.22)*. APC by time period for NH White: 1999-2008: APC = 2.35
(95% CI: 2.22-2.49); 2008-2012: APC = 3.60 (95% CI: 2.95-4.26);
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FIGURE 1

_o. Both: 1998 10 2004 APC: 2.59 {2.28 t0 2.90); 2004 fo 2007 APC: 1.61 (0.37 lo 2.86), 2007 to 2012 APC: 3.45 {3.09 lo 3.82); 2012 fo 2016
APC: 1.32 (0.81 fo 1.83); 2016 to 2020 APC: -0.56 (-0.86 to -0.26)"

-»- Female: 1999 to 2008 APC: 1.40 (1.11 to 1.70); 2008 fo 2014 APC: 3.02 (2.38 lo 3.65); 2014 to 2020 APC: 0.59 (0.18 to 1.01)*
~»- Male: 1999 10 2013 APC: 2.78 (2.59 10 2.97); 2013 10 2018 APC: 0.45 {-0.53 lo 1.45); 2018 |0 2020 APC: -1.88 (-4.79 10 1.12)

Sex-stratified deaths due to primary liver cancer: Age-adjusted mortality rates per 100,000 in the U. S., 1999-2020. APC: Annual percent change.

2010 2015 2020

Year

2012-2015: APC = 1.86 (95% CI: 0.69-3.06); 2015-2020: APC = 0.26
(95% CI: 0.02-0.51).

Among NH Other, AAMR decreased from 14.80 (95% CI: 13.76—
15.83) in 1999 to 12.66 (95% CI: 12.10-13.22) in 2020. The AAPC was
—1.05 (95% CI: —1.46 to —0.63). APC by time period: 1999-2013:
APC = —-0.33 (95% CI: —0.78 t0 0.13); 2013-2020: APC = —2.47 (95%
CI: —3.45 to —1.48).

The AAMR for NH Black increased from 9.27 (95% CI: 8.79-9.75)
in 1999 to 12.01 (95% CI: 11.61-12.42) in 2020. The AAPC was 1.28
(95% CI: 0.87-1.69)*. APC by time period: 1999-2013: APC = 2.69
(95% CI: 2.48-2.91); 2013-2017: APC = 0.24 (95% CI: —1.52 to 2.03);
2017-2020: APC = —3.74 (95% CI: —5.41 to —2.05).

Among Hispanic patients, the AAMR increased from 11.13 (95%
CI: 10.43-11.83) in 1999 to 13.57 (95% CI: 13.12-14.01) in 2020. The
AAPC was 1.01 (95% CI: 0.67-1.36). APC by time period: 1999-2013:
APC =1.77 (95% CI: 1.37-2.17); 2013-2020: APC = —0.48 (95% CI:
—1.26 to 0.30). See Figure 2 and Supplementary Table S1 for detailed
trends for all ethnic groups.

3.3 Primary liver cancer-related patternsin
AAMR stratified by census regions

All census regions showed an increase in AAMR over time,
particularly in the South, which saw an increase from 7.18 (95% CI:
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6.97-7.39) in 1999 to 10.74 (95% CI: 10.54-10.94) in 2020, with an
AAPC of 2.01 (95% CI: 1.79-2.22). APC by time period for the South:
1999-2015: APC=2.74 (95% CI. 2.57-2.92); 2015-2020:
APC = —-0.32 (95% CI: —1.08 to 0.45). The Northeast: 1999-2014:
APC =2.40 (95% CI: 2.18-2.62); 2014-2020: APC = —1.12 (95% CI:
—1.85 to —0.38). The Midwest: 1999-2016: APC = 2.45 (95% CIL:
2.22-2.69); 2016-2020: APC = —0.02 (95% CI: —1.71 to 1.69). The
West: 1999-2013: APC =2.62 (95% CI: 2.32-2.91); 2013-2020:
APC=0.03 (95% CIL: —0.61 to 0.67). Regional differences are
illustrated in Figure 3 and further detailed in Supplementary Table S1.

3.4 Primary liver cancer-related patterns in
AAMR stratified by urbanization

From 1999 to 2020, the AAMR in metropolitan areas increased
from 7.04 (95% CI: 6.90-7.17) in 1999 to 10.08 (95% CI: 9.94-10.21)
in 2020, with an AAPC of 1.73 (95% CI: 1.36-2.09)*. APC for
metropolitan areas: 1999-2004: APC = 2.81% (95% CI: 2.26-3.36);
2004-2007: APC=1.49 (95% CI: —0.70 to 3.73); 2007-2012:
APC =3.33 (95% CI: 2.68-3.98); 2012-2016: APC = 1.14 (95% CI:
0.24-2.04); 2016-2020: APC = —0.81 (95% CI: —1.34 to —0.28). In
nonmetropolitan areas, the AAMR also increased, from 6.54 (95%
CI: 6.26-6.81) in 1999 to 10.30 (95% CI: 10.00-10.61) in 2020. The
AAPC was 2.30 (95% CI: 1.75-2.85). APC by time period:
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FIGURE 2

Ethnicity-stratified deaths due to primary liver cancer: Age-adjusted mortality rates per 100,000 in the U. S., 1999-2020. APC: Annual percent change.

1999-2007: APC = 1.75 (95% CI: 0.91-2.61); 2007-2013: APC = 4.15
(95% CI: 2.63-5.69); 2013-2020: APC = 1.35 (95% CI: 0.58-2.14).
See Figure 4 and Supplementary Table S1 for details.

3.5 Distribution of state-level mortality and
trends in the U. S.

In the spatial analysis, we mapped state-level total deaths
(Figure 5A) and AAMR (Figure 5B) in 2020, as well as the percentage
change in deaths (Figure 5C) and AAPC (Figure 5D) from 1999 to
2020. State-level distributions of deaths and AAMR were displayed
using discrete classification with fixed legends, ensuring comparability
across states. While some states reported the highest absolute number
of deaths in 2020, their corresponding AAMR values were not always
high, reflecting differences in population size and age structure
(Supplementary Table S1). The percentage change in deaths over 1999-
2020 was visualized with a warm color scale, highlighting substantial
heterogeneity in growth magnitude across states. Most states
experienced an increase, but the extent of change varied considerably.
Finally, the distribution of AAPC was represented on a blue-to-red
gradient, with negative values indicating a decline and positive values
indicating an increase. Most states exhibited positive AAPC, consistent
with a long-term upward trend (Supplementary Table S1).

Frontiers in Public Health

4 Discussion

Primary liver cancer remains one of the most prevalent malignant
tumors worldwide and represents a major public health challenge due
to its high incidence and mortality (1). Despite its substantial global
burden, important research gaps persist regarding primary liver
cancer-related mortality trends, particularly across demographic and
geographic subgroups (2, 11). To address this gap, we analyzed more
than two decades of comprehensive CDC mortality data (1999-2020),
providing an updated overview of long-term primary liver cancer
mortality patterns in the U. S.

Unlike previous studies, our analysis is explicitly mortality-
focused and covers the full ICD-10 C22.0-C22.9 spectrum. Adra et
al. (12) analyzed long-term incidence and mortality trends using
SEER-9, while Rehman et al. (13) examined only ICC with CDC
WONDER data. Our study extends these efforts by focusing on
mortality as the primary endpoint and integrating HCC, ICC, and
other/unspecified C22 codes to capture the combined effects of
prevention, detection, and treatment. We further stratify mortality
by sex, ethnicity, census region, urbanization level (2013 NCHS
classification), and state, creating a comprehensive disparity atlas
that identifies where mortality gaps are greatest—an actionable,
policy-relevant framework not previously available. By jointly
presenting total deaths and AAMR (with standardized legends),
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FIGURE 3

change.

Census regions-stratified deaths due to primary liver cancer: Age-adjusted mortality rates per 100,000 in the U. S., 1999-2020. APC: Annual percent

mapping AAPC and percent change, and distinguishing burden
from risk, we enhance interpretability and support evidence-based
prioritization. More specifically, our findings reveal several
noteworthy trends. First, primary liver cancer-related AAMRs
steadily increased across census regions, particularly in the South
(5). Consistent with prior literature, males exhibited higher mortality
rates than females throughout the study period, suggesting
sex-specific biological factors, behavioral and exposure patterns
(e.g., alcohol consumption, smoking, viral hepatitis exposure), as
well as disparities in disease management, may together contribute
to outcome differences between males and females (14-18).
Moreover, distinct ethnic, state and urban-rural disparities were
identified, highlighting the complex interplay of socioeconomic
determinants, healthcare access, and underlying risk exposures in
shaping primary liver cancer outcomes. The observed deceleration
or reversal in AAMR trends since approximately 2016 may reflect
multiple converging factors. First, improvements in viral hepatitis
prevention and management—including widespread adoption of
direct-acting antivirals for HCV and expanded HBV vaccination
coverage—have likely reduced the progression to cirrhosis and HCC
in recent years (19, 20). Second, public health initiatives promoting
reduced alcohol consumption and smoking cessation may have
contributed to the slower increase or even decline in liver cancer
mortality, particularly in urbanized and better-resourced regions
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(21). Third, the plateauing trends could reflect competing dynamics:
decreasing viral hepatitis-related cases alongside a rising burden of
metabolic liver disease, such as non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic steatohepatitis (NASH), which progress
more slowly to advanced disease (3, 22). Lastly, the COVID-19
pandemic toward the end of the study period may have influenced
mortality reporting and access to care, although its precise impact
remains to be determined (23, 24).

The upward trend in primary liver cancer mortality may be
explained by multiple converging factors (3). Improvements in
diagnostic capacity, clinical awareness, and death certification
practices likely contributed to more accurate recognition of primary
liver cancer-related deaths over time (25). Additionally, population
aging, coupled with the rising prevalence of chronic liver diseases—
including viral hepatitis, alcoholic liver disease, and nonalcoholic fatty
liver disease—likely contributed to the increased mortality burden
among older adults (2, 3, 26). Structural inequities in healthcare
access, particularly in underserved or rural communities, may further
exacerbate mortality, as patients with primary liver cancer often face
delays in diagnosis and barriers to effective treatment (27).
Socioeconomic determinants such as poverty, low educational
attainment, and unstable living conditions further compound these
disparities (28). In addition, comorbidities—including metabolic
disorders, cirrhosis-related complications, and cardiovascular
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FIGURE 4
Urbanization-stratified deaths due to primary liver cancer: Age-adjusted mortality rates per 100,000 in the U. S., 1999-2020. APC: Annual percent
change.

disease—are frequently associated with primary liver cancer and may
amplify the risk of adverse outcomes (29).

While this study provides valuable insights into long-term
trends in primary liver cancer mortality across the U. S., several
limitations merit consideration. Because the CDC mortality data are
aggregated, potential misclassification and underreporting cannot
be excluded (30), and the absence of individual-level information—
such as antiviral treatment adherence, alcohol consumption, and
lifestyle behaviors—precluded assessment of their specific
contributions to mortality trends. Furthermore, the analysis did not
evaluate the impact of therapeutic interventions on mortality nor
distinguish among causes of death within the primary liver cancer
population. Future research should extend this descriptive
framework by linking population-based mortality data with detailed
clinical, behavioral, and treatment information (e.g., SEER-Medicare
or institutional cohorts) and incorporating spatial regression or
multivariable modeling approaches to more precisely delineate the
contextual determinants underlying the observed disparities
(31-34).

From an epidemiological standpoint, males consistently show a
higher baseline risk of primary liver cancer, with a reported male-
to-female incidence ratio of approximately 2-3:1 (35). Consequently,
increases in shared risk factors—such as alcohol consumption,
obesity, and chronic viral hepatitis—tend to exert a stronger
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influence on men (36, 37). In contrast, females exhibit a lower
overall risk, potentially due to the protective effects of estrogens and
fewer harmful lifestyle exposures (16-18, 38). However, delayed
diagnosis and sex-related differences in disease progression may also
contribute to outcome disparities (39, 40). These patterns underscore
the importance of integrating sex as a key determinant in liver
cancer prevention and control strategies. Tailored interventions—
such as reducing alcohol use, managing obesity, and improving
screening for chronic hepatitis—are likely to produce greater
benefits when adapted to the distinct risk profiles of men and
women (41).

Building on these sex-specific insights, future research should
aim to identify modifiable risk factors and assess how inequities in
healthcare access affect management and survival, particularly
among marginalized populations (3, 27). Evaluating the
effectiveness of preventive and therapeutic measures—including
hepatitis B vaccination, antiviral therapies for hepatitis B and C,
lifestyle interventions, surveillance programs, and emerging
systemic treatments—will be crucial for reducing mortality (42,
43). A refined understanding of evolving mortality trends will
better equip policymakers, healthcare providers, and researchers
to design targeted, evidence-based interventions that mitigate the
and improve

growing burden of primary liver cancer

patient outcomes.
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5 Conclusion

From 1999 to 2020, primary liver cancer-related mortality in
the U. S. rose overall, with notable disparities by sex, ethnicity,
region, urbanization, and state. Males, non-Hispanic Black, and
Hispanic populations, as well as residents of the South and
nonmetropolitan areas, bore disproportionately higher burdens.
Although some subgroups have recently shown stabilization or
modest declines, the persistent overall increase highlights the
urgent need for targeted prevention, early detection, and equitable
access to treatment to reduce disparities and curb the growing
mortality burden.
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