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* Global trends revealed a critical dual burden in GBTCs, with declining
age-standardized mortality and DALY's but rising absolute case counts.

* A distinct positive correlation was identified between age-standardized inci-
dence rates and socioeconomic development (SDI), alongside a persistent
male predominance in disease burden.

* Model projections indicated a continuing rise in age-standardized incidence
rates among males through 2040, thus underscoring the need for sex-specific
and development-stratified interventions.
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In brief

The global burden of GBTCs poses a
critical dual burden wherein decreas-
ing age-standardized mortality con-
trasts with rising absolute cases.
Analyses linked higher incidence to
greater socioeconomic development
and identified a persistent male pre-
dominance. Projections indicated
a continuing rise in male incidence
necessitating prevention strategies that
are both sex-specific and tailored to
different resource settings.
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Socioeconomic Gradient Analysis and

Projections for 2040

Yimao Wu'22, Guanyu Yang®?, Gokhan Zengin**, Shuai Ren®* and Mengyao Li'6*

Abstract

Background: Gallbladder and biliary tract cancers (GBTCs) are highly lethal malignancies with a heter-
ogeneous global burden. Most existing epidemiological studies have been regional and descriptive, and
have lacked systematic analysis of worldwide spatiotemporal trends, socioeconomic associations, and
future projections. Therefore, this study was aimed at comprehensively assessing global GBTCs burden
from 1990 to 2021, analyzing its association with socioeconomic development, and projecting trends to
2040.

Methods: Using data from the Global Burden of Disease (GBD) 1990-2021 study, we evaluated global
trends in GBTC incidence, mortality, prevalence, and disability adjusted life years (DALYs). Age stand-
ardization was applied for comparability. Analytical methods included joinpoint regression for tem-
poral trends, correlation analysis with the Socio-demographic Index (SDI), frontier analysis to bench-
mark performance, and AIMA modeling to project age-standardized incidence and mortality rates to
2040.

Results: The analysis revealed a dual burden pattern characterized by global declining age-standardized
mortality and DALY rates alongside rising absolute case counts attributable to population growth and aging.
Age-standardized incidence rates positively correlated with SDI. Males consistently carried a higher burden
than females across all metrics. Projections indicated a continuing increase in male age-standardized inci-
dence rates through 2040, whereas female rates were predicted to remain stable.

Conclusions: The global GBTC burden is characterized by a dual challenge of decreasing severity but
expanding scale, including sex and socioeconomic gradients. These findings support a need for differenti-
ated public health strategies. High-SDI regions should target metabolic risk factors and survivorship care,
whereas low- and moderate-SDI regions require enhanced efforts in early diagnosis and management of
traditional risk factors. Tailored, context-specific interventions are essential for effective global cancer
control.
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geographical distribution, with major dis-
ease clusters in East Asia, South America,
and parts of Eastern Europe [4]. The triad
of lethality, diagnostic elusiveness, and

Introduction

In contrast to many other malignancies,

GBTCs are highly aggressive malignan-
cies with among the poorest prognoses
across all oncologic entities [1]. Their
deep-seated anatomical locations and
absence of specific early symptoms lead
to delayed diagnosis; consequently, most
patients present with advanced, inoperable
stages [2]. The mortality-to-incidence ratio
remains persistently and alarmingly high,
and 5-year survival rates rarely exceed
15% [3]. Although GBTCs are classified
as rare globally, their absolute burden is
substantial and shows a strikingly uneven

focalized high incidence makes GBTCs a
persistent and complex global public health
challenge.

GBTC epidemiology is shaped by a
dynamic range of risk factors and strongly
correlates with social development stage
[5]. In low-resource settings, infectious
etiologies, such as chronic Opisthorchis
viverrini or Clonorchis sinensis infestation,
are classic predominant drivers. In con-
trast, in economically developed regions,
metabolic disorders (including obesity,
diabetes mellitus, and cholesterol gallstone
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disease) resulting from lifestyle changes are key risk factors
[6]. This remarkable epidemiological transition underscores
the intrinsic link between cancer burden and socioeconomic
context, and suggests that targeting socioeconomic-related
risk exposures might enhance the effectiveness of disease
prevention and control. However, because the precise nature,
magnitude, and temporal progression of this association
remain to be adequately quantified, the pathways through
which social development influences disease risk and out-
comes remain unclear; moreover, this knowledge gap hin-
ders the design of targeted prevention and control measures
[7].

The epidemiological literature on GBTCs has revealed
prominent deficiencies that prevent comprehensive under-
standing of the disease, and the promotion of practical
prevention and control measures. The research scope of
most studies has been confined to national or regional lev-
els, whereas global-scale integrated analyses reflecting the
global distribution patterns and overall evolutionary trends
in disease burden are lacking. Moreover, existing stud-
ies have focused on the epidemiological characteristics of
the disease itself, without systematically incorporating the
socioeconomic dimension into the analytical framework.
Consequently, the inherent link between social develop-
ment and disease burden remains to be fully understood,
and long-term longitudinal trend assessments are required
to elucidate the dynamic changes in disease burden. The
standardized analytical framework provided by the GBD
Study, which integrated indicators such as incidence, mor-
tality, and DALYs, together with the SDI, has enabled
cross-population and cross-period analyses, thus providing
an important tool to address the aforementioned limitations
and to explore the associations between social development
and GBTC:s [8].

Despite the powerful utility of the GBD data, two critical
and complementary analytical perspectives have been nota-
bly underexplored in GBTC research, thus resulting in core
methodological and theoretical gaps in the current literature.
First, the absence of frontier analyses based on the full spec-
trum of the SDI gradient has precluded accurate discrimi-
nation of variations in disease burden across regions with
distinct development levels, as well as adequate understand-
ing of the inequitable status quo of healthcare service perfor-
mance [9]. Second, most prior studies have been restricted
to descriptive assessments of past disease trends, whereas
few have used predictive models to estimate future disease
burden. However, such prospective analyses are essential for
proactive planning of healthcare systems and rational dis-
tribution of resources. Notably, integrating in-depth evalu-
ation of the socioeconomic gradient with long-term disease
burden forecasting is critical to close theoretical knowledge
gaps and increase research value.

To bridge the aforementioned theoretical and method-
ological gaps, we conducted a comprehensive, integra-
tive analysis of global GBTC burden from 1990 to 2021.
We aimed to systematically delineate the spatiotemporal
evolution of age-standardized incidence, mortality, and
DALYs; clarify the complex association between core
disease burden indicators and the SDI through correlation
analysis techniques and cutting-edge analyses; and predict

age-standardized incidence and mortality rates until 2024
by using the ARIMA model [10]. By integrating socioeco-
nomic gradient assessment with long-term predictive anal-
ysis, we provide a stratified and prospective evidence base
to serve as a reference for public health interventions target-
ing GBTCs across global regions with diverse development
backgrounds.

Methods

Data source and preprocessing

The core data analyzed in this study were obtained from
the GBD 2021 database via the Global Health Data
Exchange (GHDx, URL: https://vizhub.healthdata.org/
gbd-results?params=gbd-api-2021-permalink/f77bf15b-
97f0bbdf030d43275d053f23). Key GBTC indicators from
1990 to 2021 were extracted from 232 countries and ter-
ritories worldwide. These indicators, including incidence,
mortality, and DALYs, were obtained in three numer-
ical formats: absolute numbers, percentages, and age-
standardized rates. To assess the influence of demographic
factors, we acquired the data in three distinct stratified
forms: all-age combined data for males and females;
sex-specific data; and data grouped into 5-year age brack-
ets ranging from 0—4 years to 95 years and above.

The SDI served as the core socioeconomic dimension
indicator, and was calculated as the geometric mean of the
total fertility rate among women <25 years of age, per capita
income, and the average educational attainment of individu-
als 215 years of age (ranging from O to 1, with higher values
indicating superior socioeconomic development, educa-
tional accessibility, and demographic structure). The SDI
was used to link disease burden data for gradient analysis.
Two correlation strategies were used. First, in annual match-
ing, each country’s annual SDI was paired one-to-one with
its corresponding disease data for the same period. Second,
in stratification grouping, countries were divided into five
tiers (high, high-moderate, moderate, low-moderate, or low)
by SDI, to enable dual assessment of temporal trends and
developmental gradients. The standard GBD classification
was used for the geographical dimension, and the analy-
sis focused on 232 countries and territories. All data were
merged, cleaned, summarized, and visualized in R 4.4.2
software (primarily with packages including ggplot2, tidyr,
dplyr, broom, reshape2, scales, RColorBrewer, circlize,
ComplexHeatmap, stringr, ggmap, maps, ggrepel, fore-
cast, and ggpubr), to provide a foundation for subsequent
analyses.

Explanation of data limitations

The GBD data used in this study have both aggregated
ecological data and summary data characteristics, and
encompass only collective information at national or
regional levels, without individual-level data on risk factor
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exposure (e.g., obesity or history of gallstones). Because
this inherent attribute precluded individual-level multivar-
iate adjustment analyses, this study focused only on mac-
ro-trend correlations at the population level. Moreover,
both aggregated ecological data and summarized data are
susceptible to the ecological fallacy, in which associations
observed at the group level might not apply to individu-
als, and details regarding individual differences can be lost
during the summarization process, thus further limiting the
exploration of individual risk mechanisms. These limita-
tions were integrated into the analysis design: individual
risk factors were not included in the model, and all conclu-
sions are based on trend inferences at the population level.

Core analytical methods

We integrated correlation analysis and time series modeling,
and conducted analyses through a progressive trend quan-
tification—correlation analysis—performance evaluation—-
future prediction framework. All statistical processes were
performed in R 4.4.2 software. Importantly, the analytical
methods were applied to pre-existing datasets, and no pri-
mary data collection was conducted. These methods are
described in the following sections in the same order pre-
sented in the results.

Age standardization and trend quantifica-
tion of GBTC disease burden

To eliminate interference due to differences in age struc-
ture among populations in the disease burden compari-
sons, we used the direct method for age standardization
(age-standardized rates, ASR) of incidence, mortality, and
DALYs. Calculations were based on GBD 2021 standard
population weights to ensure cross-country and cross-tem-
poral comparability, in line with the general methodological
guidelines for age standardization in cancer epidemiology
[11]. These weights were applied to calculate age-specific
rate estimates by 5-year age category (for example, from 0—4
years, 5-9 years, and so forth, to 95 years or older). This
method helped minimize potential bias arising from differ-
ences in age distribution.

For trend quantification, we used three complementary
methods, which were selected to meet the need for a com-
prehensive assessment covering short-term fluctuations,
long-term trends, and overall cumulative changes. First,
joinpoint regression was used to identify inflection points in
the temporal ASR trends. On the basis of a log-linear model
(adapted to the Poisson or exponential distribution charac-
teristics of epidemiological data) [12], the trend phases from
1990 to 2021 were divided with a grid search algorithm.
Inflection points were determined through 4500 Monte Carlo
permutation tests. The annual percentage change (APC) for
each phase was calculated to reflect short-term fluctuations,
whereas the average annual percentage change (AAPC) was
used to summarize the overall trend across the entire study
period [13]. Second, the estimated annual percentage change

(EAPC) was calculated to summarize the average annual
trend. A linear regression model was constructed with the
natural logarithm of the ASR (y = In[ASR]) as the dependent
variable and calendar year (x) as the independent variable (y
= o + Bx + ¢, where a is the intercept, {3 is the slope, and &
is the error term) [14]. Subsequently, EAPC was calculated
as EAPC = (ef—-1) x 100%, and its 95% confidence interval
was calculated from the regression model. If the EAPC was
not statistically significant or fell within the GBD uncer-
tainty interval, the trend was deemed stable; otherwise, it
was considered unstable. Third, the percentage change (PC)
was calculated to intuitively reflect the overall change mag-
nitude over the entire study period. The PC from 1990 to
2021 was computed as (ASR2021-ASR1990)/ASR1990 x
100%.

DALY estimation was performed in accordance with the
method established in the GBD study, by combining years
of life lost as a result of premature death and years lived
with disability [15]. Years of life lost were computed with
GBTC-specific mortality rates and reference life expectan-
cies, whereas years lived with disability were calculated by
integration of disability weights and the duration of illness
to measure non-fatal health losses [8]. These two indicators
together enabled comprehensive assessment of GBTCs.

Correlation analysis methods

Pearson correlation analysis was conducted to assess the
linear association between socioeconomic development and
GBTC burden, with a model design aimed at clarifying the
pathway through which macro socioeconomic factors affect
population-level disease burden [16]. The independent var-
iables included the SDI, comprehensively reflecting devel-
opmental levels, and the 2021 Human Development Index,
indicating healthcare quality [17]. The dependent variables
included the 1990 baseline ASRs (representing the base-
line disease burden); the EAPC of incidence, mortality,
and DALYs (quantifying trend magnitude); and the age-
standardized incidence rate (ASIR, characterizing disease
risk). The analysis was conducted in two steps: (1) visualiz-
ing bivariate associations through scatter plots and (2) calcu-
lating the Pearson correlation coefficient (r) and evaluating
statistical significance with a two-tailed test (o = 0.05).

Frontier analysis methods

We used frontier analysis to construct a benchmark frame-
work for assessing the performance of GBTC disease bur-
den control, thus enabling comparisons between regions
and top-performing counterparts with comparable socioec-
onomic characteristics [18]. This method was aimed at iden-
tifying gaps in disease burden management and screening
regions that have effectively implemented optimal control
strategies. Scatter plots were constructed with the SDI on
the x-axis and the age-standardized DALY rate (DALY ASR,
reflecting disease burden) on the y-axis. A color gradient was
used to represent the temporal changes from 1990 to 2021.
Frontier regions (benchmarks for optimal performance)
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were defined as those with the lowest DALY ASR at a given
SDI level in a specific year. Through comparison against this
benchmark, we determined whether the disease burden in
other regions was higher than expected according to their
developmental level, thereby identifying areas requiring
enhanced interventions.

Future trend prediction (ARIMA model)

The ARIMA model was used to predict age-standardized
rates of GBTC incidence and mortality from 2022 to 2040.
The model was selected according to the need for stationar-
ity of time series data and the goal of accurate trend predic-
tion. ARIMA can address data temporal dependence through
autoregressive (p), differencing (d), and moving average (q)
components, and its effectiveness has been verified in simi-
lar disease burden prediction studies [19].

The model assumptions and parameter optimization pro-
cess were as follows. First, the premise assumption was
that the macro trends from 1990 to 2021 (e.g., the associa-
tion pattern between socioeconomic development and dis-
ease burden) remained relatively stable during the predic-
tion period, without interference from sudden major public
health events (such as large-scale infectious diseases or
disruptive medical technologies). Second, parameters were
identified by minimizing the Akaike Information Criterion
(where L is the maximum value of the likelihood func-
tion, and K is the total number of estimated parameters);
subsequent visual inspection and the augmented Dickey-
Fuller test confirmed that the original GBTC data series
was non-stationary. Therefore, first-order differencing (d
= 1) was applied to achieve data stationarity. The tailing
phenomenon of the autocorrelation function indicated a
moving average order (q) of 0—1, whereas the truncation of
the partial autocorrelation function at lags 1-2 suggested
an autoregressive order (p) of 1-2. The optimal parameters
were determined by minimization of the Akaike Information
Criterion (balancing model fit and complexity [20]) as
follows: (2,1,1) for male ASIR, (1,1,0) for female ASIR,
(1,1,1) for male age-standardized mortality rate (ASMR),
and (2,1,0) for female ASMR. Finally, model validation
was performed with residual diagnostics (Ljung-Box Q

test), which confirmed that the residuals exhibited white
noise characteristics. The model output included predicted
values of age-standardized incidence and mortality rates
from 2022 to 2040, along with their 95% confidence inter-
vals (reflecting prediction uncertainty). The findings might
provide a reference for future trends in GBTC disease bur-
den and inform the formulation of long-term prevention
strategies.

Results

Quantitative assessment of key
metrics for GBTCs

The quantitative analysis results of four core disease burden
indicators (mortality, DALY, prevalence, and incidence) of
the global burden of GBTCs from 1990 to 2021 are summa-
rized in Table 1. The core trend characteristics and in-depth
implications are described below.

Over the past 30 years, GBTCs exhibited a dual burden
globally, characterized by diminished severity but expanded
effects. This concept refers to a contradictory trend in which
lethality and damage to health decreased, but the scale of
affected populations continued to expand, thus challenging
global GBTC prevention and control measures. Specifically,
indicators reflecting disease severity improved: the mortal-
ity rates for males, females, and the total population con-
tinued to decline, and male deaths decreased by 45.20%.
DALYs showed a more pronounced improvement, includ-
ing a 59.10% decrease in male DALYs (AAPC = -3.33%).
These findings indicated that advances in global GBTC
diagnosis and treatment have effectively decreased disease-
related mortality risk. However, indicators reflecting the
scope of the disease’s effects showed an opposite increasing
trend: the male prevalence rate surged by 84.60%, and the
overall prevalence showed an average annual growth rate of
2.01%; although the incidence rate generally decreased (by
approximately 11.70% in new male cases), its rate of decline
was far lower than the growth in prevalence and therefore did
not offset the expansion of disease effects.

Table 1 Mortality, DALYs, Prevalence, and Incidence of GBTCs by Sex, 1990-2021: Counts, Percentage Change (PC), and
Average Annual Percentage Change (AAPC) with Uncertainty Intervals (Ul)

Sex Value, 1990 Value, 2021 PC AAPC UI

Male 8081 (5345, 11612) 19525 (11615, 27421) 141.60 2.99 (2.89, 3.09)
Female 9170 (6355, 12939) 18309 (11423, 24764) 99.70 2.16 (2.05, 2.26)
Both 17251 (13213, 22143) 37833 (26653, 49262) 119.30 2.57 (2.49, 2.66)
Male 221390 (145097, 311194) 459793 (269773, 651240) 107.70 2.52 (2.41, 2.63)
Female 230959 (158402, 322844) 397711 (248642, 540089) 72.20 1.70 (1.60, 1.79)
Both 452349 (341842, 581398) 857504 (601927, 1121113) 89.60 212 (2.03, 2.21)
Male 8792 (5766, 12289) 44801 (25705, 62876) 409.60 5.83 (5.55, 6.10)
Female 9188 (6276, 12800) 34887 (21146, 47646) 279.70 4.57 (4.35, 4.79)
Both 17980 (13589, 22713) 79688 (53151, 103929) 343.20 5.23 (4.99, 5.48)
Male 8138 (5378, 11476) 27797 (16110, 38966) 241.60 4.28 (4.12, 4.44)
Female 8940 (6147, 12548) 23923 (14698, 32562) 167.60 3.24 (3.10, 3.38)
Both 17077 (13003, 21744) 51720 (35618, 66848) 202.90 3.77 (3.63, 3.92)
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Further decomposition of indicator patterns revealed that,
among count-based indicators (reflecting the total number of
affected individuals), the prevalence count showed the most
significant increase (total PC = 343.20%, AAPC =5.23%) and
was followed by the incidence count (PC = 202.90%, AAPC
=3.77%). Among rate-based indicators (reflecting population
risk levels), the age-standardized prevalence rate increased
by 89.60% (AAPC = 2.12%), and the ASIR rose by 119.30%
(AAPC = 2.57%). These findings indicated that because the
population risk of GBTCs has continued to increase, enhanced
prevention and early screening efforts are necessary.

Allindicators demonstrated consistent sex differences: males
showed consistently higher PC and AAPC than females across
the four core indicators (e.g., the PC was 141.6% for males
versus 99.7% for females, and the incidence rate increased by
241.6% in males versus 167.6% in females). Therefore, males
are the primary population driving the growth of GBTC dis-
ease burden, a finding potentially associated with higher risk
factor exposure rates among males than females.

In summary, the global GBTC disease burden showed an
overall increasing trend from 1990 to 2021, and its core char-
acteristics included a dual burden and male-dominated growth.

Statistical analysis of key
age-standardized rates for GBTCs

The age-standardized data (Table 2) eliminated the con-
founding effects of population aging and growth, thus fur-
ther verifying the dual burden characteristics of GBTCs and
providing a complementary interpretation to the trends in
absolute counts (Table 1).

Globally, both the age-standardized mortality rate (a 20.3%
decrease) and the age-standardized DALY rate (a 23.2%
decrease) showed statistically significant declines. Therefore,
after adjustment for population structure, the risk of disease-in-
duced death and the level of health damage at the population
level showed improvements. In contrast, the global age-stand-
ardized prevalence rate rose substantially (72.9% overall
increase), a finding further confirming that the expanding
scope of disease was not due to changes in population structure
and provided a true reflection of elevated population disease
risk. This result reinforced our primary conclusion regarding

the existence of a dual burden, i.e., that GBTC prevention and
control must simultaneously address two goals of decreasing
mortality risk and controlling the scale of prevalent cases.

Sex- and age-stratified distribution
of GBTC burden indicators

We used a unified visualization framework (a dual-panel
structure with a consistent color scheme of pink indicating
females and green indicating males) to systematically ana-
lyze the age and sex distribution characteristics of GBTC
burden (Figure 1A-H). The core patterns are summarized
as follows.

Regarding age-associated characteristics, all burden indi-
cators (DALY s, mortality, incidence, and prevalence) showed
an increasing trend with advancing age, and a marked accel-
eration in the growth rate was observed after middle age
(250 years). The burden peaks for males appeared primar-
ily between 65 and 84 years old (e.g., DALY peak at 65-69
years and mortality peak at 7074 years), whereas the peaks
for females emerged later and were milder in magnitude
(e.g., mortality peak at 65-74 years). Moreover, the male
peaks were significantly higher than the female peaks in the
advanced age group (280 years).

Analysis of the characteristics of the sex difference indi-
cated that the burden indicators (case counts and standard-
ized rates) for males remained consistently higher than those
for females across all age groups. The most prominent dif-
ferences were observed in the middle-aged and older pop-
ulation (50-69 years). Males showed systematically higher
values than females in all aspects: DALYs reflecting health
loss, mortality indicating fatal risk, incidence representing
disease occurrence, and prevalence measuring the scale of
prevalent cases. Additionally, these sex differences wid-
ened with increasing age. This pattern was consistent with
the conclusions in Section 3.1, in which males (particularly
those middle-aged or older) were found to be the key popula-
tion that should be targeted to decrease GBTC burden.

In summary, GBTC burden presented a stable distribution
pattern characterized by age-dependent growth and persis-
tent male predominance, thus providing precise targets for
formulating stratified prevention and control strategies.

Table 2 Age-Standardized Rates (per 100,000 Population), Percentage Change (PC), and Average Annual Percentage
Change (AAPC) with Uncertainty Intervals (Ul) for Mortality, DALYs, Prevalence, and Incidence of GBTCs by Sex, 1990-2021

Measure Sex Value, 1990 Value, 2021 PC AAPC UI

Deaths Male 2.38 (1.55, 3.5) 2.11 (1.26, 2.92) -11.30 -0.34 (-0.47, -0.22)
Deaths Female 2.32 (1.6, 3.24) 1.67 (1.04, 2.25) -28 -1.17 (-1.29, -1.04)
Deaths Both 2.32 (1.78, 2.97) 1.85 (1.29, 2.4) -20.30 -0.75 (-0.87, -0.64)
DALYs Male 52.86 (34.73, 75.75) 45.57 (26.8, 63.82) -13.80 -0.41 (-0.51, -0.31)
DALYs Female 52.85 (36.17, 73.76) 35.83 (22.37, 48.65) -32.20 -1.36 (-1.47, -1.25)
DALYs Both 52.61 (39.99, 67.15) 40.38 (28.21, 52.61) -23.20 -0.87 (-0.96, -0.77)
Prevalence Male 2.22 (1.45, 3.16) 4.47 (2.58, 6.19) 101.40 2.62 (2.44, 2.83)
Prevalence Female 2.16 (1.48, 3) 3.15(1.91, 4.3) 45.80 1.35 (1.2, 1.51)
Prevalence Both 2.18 (1.66, 2.74) 3.77 (2.51, 4.91) 72.90 2.04 (1.85, 2.22)
Incidence Male 2.21 (1.46, 3.23) 2.89 (1.69, 4) 29 1(0.88, 1.11)
Incidence Female 2.19 (1.51, 3.05) 2.17 (1.3, 2.95) -0.90 -0.04 (-0.14, 0.06)
Incidence Both 2.19 (1.68, 2.79) 2.49 (1.71, 3.21) 13.70 0.5 (0.4, 0.6)
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Figure 1 Comprehensive presentation of gallbladder and biliary tract cancer burden metrics: sex- and age-stratified distributions and global
age-specific patterns in DALYs, mortality, incidence, and prevalence, 1990-2021.

Age-standardized incidence,
mortality, prevalence, and DALYs

Figure 2 presents trends in the core age-standardized indi-
cators of GBTCs in China from 1990 to 2021. The results
demonstrated remarkable effectiveness of prevention and
control measures.

The age-standardized DALY rate (purple line) had the
highest value among the four indicators but showed a con-
sistent decrease, from approximately 5.3 million in 1990 to
approximately 4.0 million in 2020, thus reflecting a sub-
stantial decline in GBTC-related health loss in China. The
age-standardized incidence and mortality rates (light blue and
light orange lines, respectively) remained consistently low
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Figure 2 Age-standardized incidence, mortality, prevalence, and disability-adjusted life year rates of GBTCs in China, 1990-2021.

(approximately 0.2 million), with mild fluctuations. Although
the age-standardized prevalence rate (light pink line) exhib-
ited a moderate increasing trend (reaching approximately 3.5
million in 2020), it remained generally low overall.

The above trends indicated that China’s GBTC preven-
tion and control measures have achieved favorable outcomes
characterized by decreased health loss and stabilized fatal
and incidence risks, without the dual burden contradic-
tion observed at the global level. This finding reflects the
remarkable effectiveness of the management of this disease
in China.

Biaxial combination chart (sex-time
distribution in China)

Figure 3 uses a dual-axis combination of bar charts (case
counts) and line charts (rate values) to illustrate the temporal
and sex-specific distribution of GBTC incidence and prev-
alence in China (Figure 3A, B). The key findings are elab-
orated upon from the perspectives of temporal trends and
sex-specific patterns as follows.

First, analysis of temporal trends indicated marked
increases in incidence and prevalence over time, and the
growth rate of incidence accelerated after 2010, thus demon-
strating a gradually increasing disease burden of GBTCs in
China.

Second, analysis of sex-specific patterns revealed sys-
tematically higher case counts, incidence rates, and prev-
alence rates in males than females. These differences
persisted throughout the entire study period. Regarding
incidence, both male case counts and rates showed a con-
tinual rise; moreover, the number of prevalent male cases
increased monotonically, and the age-standardized rate

remained consistently higher than that of females. This
result was consistent with the global sex difference pattern,
thus further confirming that males in China are the key
population for GBTC prevention and control.

Heatmap analysis (global regional
disparities and spatiotemporal
trends)

Figure 4 illustrates the global distribution and spatiotempo-
ral trends of disease burden associated with GBTCs across
various regions from 1990 to 2021. In this figure, darker
shading represents higher values. The core features are fur-
ther described below, from the perspectives of regional dif-
ferences and temporal trends.

In the analysis of regional differences, the colors corre-
sponding to the four indicators (DALY, number of deaths,
incidence, and prevalence) in regions such as East Asia
and South America were significantly darker than those in
regions such as high-income North America. Therefore,
these areas were high-burden clusters of global GBTCs,
whereas high-income North America consistently showed
lighter colors reflecting a relatively low disease burden.

In the analysis of temporal trends, the colors of the global
overall data, as well as those of high-burden clusters includ-
ing East Asia and South America, gradually deepened over
time. This finding indicated continually increasing trends
in health loss, number of deaths, new cases, and prevalence
scale in these regions, and suggested that the dual burden
feature was relatively more prominent in high-incidence
areas. In contrast, the trend in high-income North America
remained relatively stable and showed no clear signs of
exacerbation.
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A Incidence of Gallbladder and biliary tract cancer in China
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Figure 4 Global heat map of GBTCs burden: case counts and incidence rates, 1990-2021.

In conclusion, the GBTC disease burden in countries with
low socioeconomic development levels was higher than that
in countries with high socioeconomic development levels,
and showed an increasing trend.

World map

Figure 5 depicts the global geographical variation in the inci-
dence and prevalence of GBTCs according to data sourced
from the GBD database. Panels A (cancer incidence rate) and
B (cancer prevalence rate) show global distribution maps, in

which the shading intensity is proportional to rates per 100,000
population, and darker shades represent higher values.

The incidence distribution (Figure 5A) indicated signifi-
cant geographical variation in GBTC incidence rates world-
wide. Areas in East Asia, Europe, and parts of South America
were darker in color, thus suggesting relatively elevated risk
of new cases. In contrast, the central-southern part of Africa
and parts of the Middle East were relatively lighter in color.

The prevalence distribution (Figure 5B) showed several
similarities to the incidence pattern in terms of spatial con-
centration, as well as clear differences in value ranges. The
difference in shading patterns, for example in Australia and
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Figure 5 Global distribution of cancer incidence rates (CIR) and cancer prevalence rates (CPR).

North America, was likely to have represented regional dif-
ferences in patient survival times and case accumulation,
because prevalence is a joint effect of both disease incidence
and survival time.

SDI correlation analysis

Figure 6 analyzes the relationship between the ASIR of
GBTCs and the SDI across 204 countries and territories
from 1990 to 2021. The key findings were as follows.

The findings indicated a statistically positive correlation
between SDI and GBTCs ASIR (correlation coefficient r =
0.588, P < 0.001). Therefore, regions with higher socioeco-
nomic development, educational attainment, and life expec-
tancy had higher GBTC incidence rates. The scatter plot
distribution demonstrated that regions with high SDI, such
as Chile, South Korea, and Japan, generally displayed rela-
tively elevated ASIR values, whereas most low-SDI regions
showed lower ASIR rates. The overlaid curve visually val-
idated this positive correlation and highlighted a trend in
which the incidence rate of GBTCs rose with increasing
sociodemographic development.

Frontier analysis

Figure 7 shows a frontier analysis using the global surveil-
lance function of the GBD database, with the minimum
DALYs recorded at each SDI level serving as the perfor-
mance benchmark, to illustrate the spatiotemporal correlation
between DALY's of GBTCs and the SDI from 1990 to 2021.

Figure 7A presents two subpanels: the global distribution
of GBTCs DALYs by SDI from 1990 to 2021 (color-coded
by year, with red representing 1990 and green representing
2020), and the temporal changes in DALY trends across
regions, stratified by SDI. Low-SDI regions had high DALY
values (red color in the 1990s) and showed varied temporal
trends, whereas high-SDI regions generally maintained low
DALYs over time. The frontier line, the black line represent-
ing the minimum achievable DALY level at each SDI level,
revealed that, with increasing SDI, the growth trajectory of the
DALY frontier gradually decelerated and eventually stabilized
or even showed signs of improvement in high-SDI regions.

Figure 7B further displays the heterogeneity in the trends
within these regions, with green and red dots representing
increasing and decreasing trends, respectively. Some low-
SDI countries (e.g., Niger) showed increasing trends in
DALYs over time, whereas other low-SDI countries (e.g.,
South Sudan and Afghanistan) showed declining trends.
Similarly, in high-SDI countries, heterogeneous trends in
DALYs were observed over time.

These results indicated that socioeconomic develop-
ment, accompanied by improved healthcare accessibility
and refined disease control systems, helps curb the growth
of DALYs but cannot fully offset disease burden; conse-
quently, high-SDI regions still must optimize preven-
tion and control strategies to maintain low DALY levels,
whereas low-SDI regions must take targeted measures
to address the burden differences caused by unbalanced
development.

ARIMA analysis

Figure 8A-D illustrates the trends and predicted results of
ASIR and ASMR of global GBTCs from 1990 to 2040, on
the basis of the ARIMA model. The core sex-specific predic-
tions are detailed below.

Among males, the actual ASIR showed a continually
increasing trend from 1990 to 2020 and was predicted to
grow steadily after 2020. The actual ASMR stabilized after
fluctuations and showed an overall decreasing trend, and is
expected to remain stable after 2020.

Among females, the actual ASIR from 1990 to 2020 fluc-
tuated but showed an overall decreasing trend. Predictions
indicated relative stability after 2020. The actual ASMR
exhibited a significant decreasing trend and was projected to
decline further beyond 2020.

In summary, the global GBTC burden is expected to pres-
ent a sex-specific pattern characterized by rising incidence
in males and continuing improvement in female mortality in
the future. The sustained increase in male ASIR may exac-
erbate the global disease burden, whereas the steady decline
in female mortality reflects the potential effectiveness of
targeted prevention and control strategies, thus providing a
clear direction for the priority allocation of prevention and
control resources in the future.
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Correlation analysis between ASIR and SDI
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Figure 6 Correlation analysis between SDI and age-standardized incidence rates (ASIR, new cases per 100,000 population) of GBTCs
worldwide, 1990-2021. Inflection points in the male ASIR trend (around 2010) and regions deviating from the SDI frontier (e.g., Niger with
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Figure 7 Spatiotemporal correlation between GBTC DALYs and SDI (1990-2021). (A) Global distribution (left: red = 1990; green = 2020) and
temporal trends by SDI tier (right, black frontier curve indicates minimum achievable DALY level). (B) Heterogeneity in national trends (green:
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Discussion

Core findings

The global epidemiology of GBTCs revealed a complex
interplay among socioeconomic development, demographic
transitions, and healthcare advancements extending far

beyond simple descriptive statistics. Our analysis uncovered
three fundamental mechanisms driving the observed pat-
terns: a paradoxical relationship between economic devel-
opment and cancer risk, potential inequalities reflected by
the performance frontier of disease control, and predicted
trends in future shifts in disease burden. Together, these
mechanisms explain why GBTCs pose a unique challenge
in global cancer control and provide a new perspective for
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Figure 8 ARIMA of age-standardized incidence and mortality rates for GBTCs in males and females worldwide, 1990-2040.

re-examining the relationship between development and dis-
ease burden.

The most important discovery in this study was that the
global disease burden of GBTCs showed a dual burden pat-
tern. First, the data clearly indicated significant decreasing
trends in both age-standardized mortality and DALY rates,
while the absolute values such as the number of deaths,
DALYs, new cases, and prevalent cases all increased substan-
tially. Notably, the age-standardized prevalence rate surged
by 72.9%, whereas the age-standardized incidence rate
showed a relatively modest increase of 13.7%. Reasonable
inferences drawn from the data indicated that the decline in
age-standardized mortality and DALY rates reflected a gen-
uine decrease in population-level risks of death and health
loss after controlling for demographic factors; the differ-
ence between the growth of age-standardized prevalence
and incidence rates suggested that increased survival rates
were the primary reason for the increase in patients with
prevalent disease. We speculate that the decrease in mortal-
ity risk might have been associated with advancements in
diagnostic technologies and improvements in surgical and
systemic therapies in the past three decades, and the increase
in absolute disease burden might have stemmed from global
population growth, population aging, and prolonged survival
time after diagnosis. That is, medical progress, combined
with demographic changes, might have led to many survi-
vors and ultimately to a continual rise in the total disease
burden borne by society.

Our findings also indicated striking heterogeneity in
GBTC burden by sex and geographical distribution. Males

had systematically higher values than females for all absolute
and age-standardized disease burden indicators. Moreover,
the male ASIR increased over time, whereas the female rates
were more stable or decreased. The geographical distribu-
tion showed a positive correlation between GBTC burden
and SDI: higher age-standardized GBTC incidence rates
were observed in high-SDI countries, a finding in sharp con-
trast to those for diseases such as cervical cancer or certain
infectious diseases, which are more prevalent in low-SDI
regions. Although this positive correlation between SDI and
incidence rate is intriguing, it can be interpreted through
biological and health system mechanisms supported by the
previous literature. This phenomenon is consistent with the
general pattern of modern cancer control summarized in the
review Cancer Treatment: Past, Present, and Future [21],
which has noted that contemporary cancer control measures
often result in concurrent rising incidence rates and declining
mortality rates. The increased incidence in high-SDI regions
was attributed primarily to enhanced diagnostic capabilities
and lifestyle transitions, whereas the decrease in DALY
reflected advancements in innovative treatment protocols
and comprehensive cancer care systems. This finding was
further corroborated by the observations in the study Global,
Regional, and National Burden of Gallbladder Cancer,
1990-2019: socioeconomic development drives a shift in
risk factor profiles, wherein dietary fat intake and gallstone
prevalence, both of which are key risk factors for GBTCs,
increase with rising SDI, while traditional infectious risks
(e.g., Clonorchis sinensis infection) decline with improved
sanitation. This transition explains why high-SDI regions
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such as East Asia and high-income Europe have main-
tained high incidence rates despite decreased parasitic expo-
sure. In addition, the study Socioeconomic Disparities in
Hepatobiliary Cancers: A Global Epidemiologic Perspective
has indicated that advanced diagnostic infrastructure in high-
SDI countries improves the detection of early-stage GBTCs
and might potentially lead to higher estimated incidence
rates than those for low-SDI regions, where underdiag-
nosis remains prevalent. Reasonable inferences regarding
the causes of the sex differences can be made according
to existing evidence: these differences might be associated
with differences in gallstone prevalence, metabolic differ-
ences, and exposure to behavioral risk factors (e.g., smok-
ing and alcohol consumption) between males and females.
These sex-specific differences might also reflect differences
in access to healthcare and screening, as well as biological
mechanisms such as estrogen-mediated bile duct protection,
all of which warrant further research to inform the develop-
ment of sex-tailored intervention strategies [22].

The positive correlation between SDI and GBTC inci-
dence rate requires particularly cautious interpretation. This
association is merely an ecological correlation directly pre-
sented by the data but cannot be directly inferred as a causal
relationship. Multiple reasons might explain the phenomena
and fit the existing data. First, under the detection effect,
advanced diagnostic infrastructures in high-SDI countries
might increase the detection rate of early-stage GBTCs,
whereas widespread underdiagnosis in low-SDI regions
might lead to overestimated incidence rates. Second, differ-
ences in coding standards, including variations in diagnos-
tic coding criteria for GBTCs across regions with different
SDI levels, might affect the statistical results of incidence
rates. Third, according to survival bias, longer survival times
among patients in high-SDI regions might indirectly influ-
ence the statistical classification of disease burden indica-
tors. On the basis of the previous literature, this correlation
might reasonably be speculated to be associated with the
shift in risk factors driven by socioeconomic development;
i.e., a westernized lifestyle in high-SDI regions might lead
to a high prevalence of obesity and metabolic syndrome (key
risk factors for GBTCs), whereas traditional infectious risks
(e.g., Clonorchis sinensis infection) might persist in low-SDI
regions. However, this speculation requires verification on
the basis of individual-level data, and the effects of the above
alternative explanations cannot currently be ruled out.

SDI gradient, frontier gap, and 2040
trajectory: a practical perspective
on GBTC prevention and control

Transition in risk factors along the SDI
gradient

The positive correlation between SDI and GBTC incidence
underscores the complex association between socioeco-
nomic development and risk factor exposure. On the basis of
existing evidence, risk profiles in high-SDI countries might
reasonably be inferred to be dominated by lifestyle-related

risks such as obesity and metabolic syndrome, whereas low-
SDI regions might remain affected primarily by traditional
infectious risks such as liver fluke infection. However, this
gradient of differences describes only correlations at the
population level and cannot be directly generalized to the
individual level. Individuals with different socioeconomic
statuses within the same country can exhibit heterogeneous
GBTC risks, and the association between SDI and incidence
rate might be confounded by factors such as detection effects
and coding discrepancies. Future research should include
individual-level cohort studies to further clarify the causal
pathway between SDI and GBTC risk.

Guiding value of frontier analysis for
interventions in lagging regions

Frontier analysis revealed that the DALY frontier in low-
and moderate-SDI regions has declined slowly. We there-
fore infer that these regions are lagging in translating the
achievements of socioeconomic development into GBTC
control effectiveness, possibly because of inadequate health-
care infrastructure, limited prevention programs, and per-
sistent exposure to modifiable risk factors. From a practical
application perspective, this finding provides clear targets
for formulating intervention priorities: for lagging regions
such as sub-Saharan Africa and Central Asia, priority should
be given to supplementing basic medical resources (e.g.,
increasing the accessibility of ultrasound diagnosis) and pre-
venting traditional infectious risks (e.g., liver fluke deworm-
ing programs), rather than directly copying the screening
models of high-SDI regions. These efforts would ensure the
compatibility of intervention measures with the local devel-
opment level.

Implications of 2040 projections for pre-
vention priorities

Predictions from the ARIMA model suggested that the
male age-standardized incidence rate will continue to rise
after 2020, whereas the female incidence rate is expected to
remain relatively stable, and the mortality rate is expected
to continue to decline. From a practical application perspec-
tive, policymakers and clinicians could use these predic-
tion results in three aspects. First, in priority planning for
resource allocation, resource investment in screening for
high-risk factors of GBTCs (such as gallstones and obesity)
should be strengthened and should target males, particularly
in middle age, and incorporate male-specific prevention into
regional cancer prevention and control programs. Second,
for dynamic monitoring and adjustment, with the predicted
trends serving as a benchmark, prevention and control
strategies should be updated every 3-5 years in combina-
tion with actual incidence data to ensure timely correction
of deviations. Third, a stratified intervention design should
be adopted, focusing on preventing and controlling metab-
olism-related risk factors to slow the rise in male incidence
rates in high-SDI regions, and on improving basic diagnosis
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and treatment capabilities to decrease female mortality rates
in low-SDI regions. For females, the effectiveness of exist-
ing intervention measures requires further verification, and
early detection and treatment protocols should be continu-
ally optimized in clinical practice to demonstrate a consist-
ent downward trend in mortality rates.

Importantly, we caution that this prediction was based
on historical trends from 1990 to 2021 and has clear limita-
tions. This study did not include potential future intervention
measures, such as widespread implementation of ultrasound
screening in low-SDI regions, strengthened prevention and
control of metabolic risk factors in high-SDI regions, and
vaccination in liver fluke-endemic areas. In addition, it did
not consider uncertain factors such as sudden public health
events and disruptive medical technologies. Therefore, our
predictions serve only as a baseline scenario reference rather
than a deterministic result, and cannot directly provide an
absolute basis for policy planning.

Theoretical and practical
significance

Our findings provide a targeted direction for public health
policy design, by clarifying that the control strategy for
GBTCs should shift from solely focusing on decreasing
mortality to comprehensive whole-chain management
including prevention, diagnosis, treatment, and rehabili-
tation [23], with full consideration of the actual medical
resource conditions in different regions. At the level of
etiological prevention, differentiated measures must be
formulated according to the risk characteristics of regions
with varying SDI levels. High-SDI regions should prior-
itize the prevention and control of lifestyle-related risks,
such as obesity and metabolic syndrome, and should pro-
mote weight management and healthful diet interventions
through public health education and community health
management initiatives [24-26]. Low-SDI regions, in con-
trast, should prioritize controlling traditional risks such as
Clonorchis sinensis infection, strengthening the construc-
tion of sanitation facilities, and implementing targeted
deworming programs. Special attention should be paid
to the limitations of early detection: although advanced
endoscopic equipment (e.g., choledochoscopes) used in
high-SDI regions can improve the detection rate, they are
expensive and difficult to popularize in low-SDI regions.
Therefore, a low-cost detection method that can also
ensure high detection efficiency must be developed.
Regarding survivor management, as the numbers of
GBTC survivors increase, health systems should plan to
build comprehensive systems for long-term follow-up,
rehabilitation, and supportive care for chronic cancer
management. The development of these systems must be
aligned with regional medical system capacity: high-SDI
regions might leverage existing cancer centers to build
standardized follow-up networks incorporating services
such as nutritional support and psychological interven-
tion; in contrast, low-SDI regions might integrate primary
healthcare resources and use a centralized diagnosis and
treatment plus primary care follow-up model to decrease

management costs. For low- and moderate-SDI countries,
although socioeconomic development should be pro-
moted, early diagnostic capacity for GBTCs should be
expanded, so that surveillance and control outcomes can
be improved to decrease the gap with high-SDI countries.
The feasibility of expanding early diagnosis in low-SDI
countries must be contextualized according to current
healthcare resource capacity. Most low-SDI regions face
constraints including limited access to endoscopic equip-
ment (e.g., the choledochoscopes essential for biliary tract
lesion detection), insufficient pathological testing infra-
structure (e.g., a lack of specialized laboratories for GBTC
histopathological confirmation), and financial barriers to
screening programs, particularly for high-risk populations
that might not be able to afford the out-of-pocket costs of
diagnostic procedures. These resource gaps highlight the
need for tailored, resource-appropriate strategies rather
than direct use of high-SDI countries’ screening models.
To address this aspect, we propose context-specific early
detection strategies for low-SDI countries, First, high-risk
populations should be defined according to locally prev-
alent risk factors, including individuals with a history of
gallstones (confirmed via abdominal ultrasound, a more
accessible tool than endoscopy), chronic liver fluke infec-
tion (endemic in regions such as Southeast Asia), or a fam-
ily history of GBTCs; Second, the screening frequency
should be set at 2-3 years for high-risk groups, to balance
detection efficacy with resource constraints. Third, priority
should be given to low-cost and easily accessible screen-
ing technologies, such as abdominal ultrasound (for initial
detection of gallstones/lesions) and serum tumor markers
(e.g., CA19-9 for auxiliary screening), to avoid reliance on
high-cost endoscopic equipment. These strategies not only
align with the actual medical resource conditions in low-
SDI regions but also focus on core prevention and control
targets, and therefore have potential to increase interven-
tion efficiency and equity.

Limitations and future directions

This study has several limitations. First, all analyses were
based on estimated data from the GBD database. The accu-
racy of these estimates depends on the quality and com-
pleteness of original data from each country and territory.
Regions with relatively underdeveloped medical systems
were more likely to have underestimates, whereas for
regions with missing data, the spatiotemporal modeling
imputation method used by the GBD might have intro-
duced uncertainty, particularly for rare cancers such as
GBTCs [27]. Second, the relationship between the SDI and
GBTC burden is an ecological correlation, which therefore
carries a risk of ecological fallacy, wherein the associa-
tion observed at the population level might not hold at the
individual level, and potential influences of confounding
factors such as detection effects and differences in coding
standards cannot be excluded. For example, although we
observed a positive correlation between national SDI and
GBTC incidence, this finding does not imply that individ-
uals with higher socioeconomic status within a country
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necessarily have elevated GBTC risk; individual-level
factors (e.g., personal dietary habits, access to healthcare,
or genetic susceptibility) might interact with societal SDI
in ways not captured by aggregated data. Third, the GBD
database provided limited information regarding GBTC
subtypes (gallbladder cancer or intra/extrahepatic cholan-
giocarcinoma). Because subtypes have varying risk factors
and prognosis, this limitation might affect the accuracy of
the results, and future studies should analyze these sub-
types individually [28]. Fourth, this study did not system-
atically evaluate individual risk factors such as obesity and
gallstones. Because of the lack of detailed individual-level
data in the GBD database, we were unable to quantify
their independent associations or distinguish the boundary
of their effects from those of socioeconomic and demo-
graphic factors. In summary, these limitations should be
considered in interpreting regional differences in the find-
ings, because such variations might reflect genuine epide-
miological differences and underlying differences in data
quality.

Future research should focus on three key areas. First,
individual-level cohort studies should be conducted to
link individual socioeconomic status and lifestyle fac-
tors with clinical outcomes, verify whether the ecolog-
ical association might be applicable to individuals, and
clarify the specific causal pathways through which the
SDI affects GBTC burden. Second, molecular epidemi-
ological studies should be strengthened to explore the
biological mechanisms underlying the sex differences in
GBTCs [29]. Third, efforts should focus on developing
and validating low-cost, high-efficiency screening tech-
nologies suitable for different resource environments,
conducting cost-benefit analyses to provide actionable
intervention tools for low-SDI regions, and formulating
evidence-based, cost-effective long-term management
strategies. These efforts will be crucial to address the
global burden of GBTCs.

Comparison with recent literature

GBTC epidemiology has been a focus of several recent
global and regional studies. Compared with the previous lit-
erature, this study substantially differed in analytical scope,
integration of socioeconomic factors, and practical applica-
tions of our predictions [30-32]. Regarding the analytical
scope, studies such as those by Cui et al. [31] and Jiang et
al. [23] focused on BRICS countries, whereas our analysis
covered 204 countries or territories to capture global differ-
ences, thus enabling more comprehensive capture of global
heterogeneity. Regarding integration of socioeconomic fac-
tors, Dai et al. [30] focused on exploring demographic or
healthcare workforce correlates, whereas this study used
the SDI and clearly distinguished ecological associations
between SDI and incidence rate (data results) from infer-
ence due to risk factor transition, and further provided
alternative explanations, such as detection effects, thereby
enhancing the rigor of the conclusions. Regarding predic-
tions, Liu et al. [32] and Zhan et al. [28] have forecasted to

2045 and 2030, respectively, whereas this study provided
predictions until 2040. More importantly, we provided key
warnings regarding the limitations of predictions and prac-
tical application guidelines rather than merely presenting
trends, to align the findings with policy needs. Whereas
Zhao et al. [11] focused on specific risk factors (e.g., high
BMI) or global trends but did not integrate frontier analysis
to identify performance gaps in disease control, our study
clarified the intervention lag in low- and moderate-SDI
regions through frontier analysis, thus providing a unique
reference for setting priorities.

Beyond these methodological distinctions, the robustness
and policy relevance of our findings were further strength-
ened by several key features of our study design. First, this
study’s use of data from the 2021 GBD database ensured
comprehensive geographical and temporal representative-
ness, by covering GBTC burden data from 204 countries
and regions in 1990-2021. Second, our integration of multi-
ple methods, such as joinpoint regression, frontier analysis,
and ARIMA modeling, enabled a multi-dimensional and
systematic investigation of epidemiological trends, socioec-
onomic drivers, and future trajectories. Third, this study’s
sex-specific and SDI-stratified analyses addressed limi-
tations of previous studies by providing detailed insights
required for the formulation of customized prevention
strategies.

Conclusion

This study demonstrated that the global burden of GBTCs
between 1990 and 2021 presented a dual burden scenario
comprising decreased age-standardized rates at the individ-
ual level due to advancements in medical care but a contin-
ual rise in absolute burden due to population growth and
aging. Our analysis confirmed the significant sex-based
heterogeneity and distinct socioeconomic gradient in the
distribution of disease burden. The increase in male inci-
dence rates and their positive correlation with the SDI
underscored the effects of sex-specific risk factors and soci-
oeconomic development levels. Predictions from ARIMA
modeling suggested that, without enhanced interventions,
the burden of male incidence will continue to rise through
2040. Consequently, tailored strategies are necessary: high-
SDI regions should concentrate on controlling risk factors
and improving long-term care systems, whereas low- and
moderate-SDI regions must strengthen their early diag-
nostic capabilities. These strategies should be informed by
regional context. For example, low-SDI countries might
benefit from task-shifting diagnostic training to primary
care providers, whereas high-SDI nations could integrate
GBTC risk assessment into routine metabolic disorder
screening. Additionally, cross-country knowledge sharing
between frontier and lagging regions might accelerate a
decrease in global burden. Future research should explore
the mechanisms of SDI’s influence and the biological basis
of sex differences to provide evidence for precision preven-
tion and control.
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