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Abstract 
Background: This study evaluated the global burden of tobacco-attributable intracerebral hemorrhage (ICH) from 
1990 to 2021, focusing on temporal trends, geographical disparities, and socio-demographic inequalities.

Methods: We calculated the estimated annual percentage change (EAPC) of age-standardized mortality rate 
(ASMR) and disability-adjusted life year rate (ASDR) to assess the changing trend. An age-period-cohort (APC) model 
was used to assess the effects of age, period, and cohort on the burden of ICH attributable to tobacco use, and 
the future trends till 2050 were further projected with a Bayesian age-period-cohort (BAPC) model. Cross-country 
inequalities were evaluated with the slope inequality index (SII) and the concentration index (CIx).

Results: In 2021, the ASMR and ASDR of tobacco-attributable ICH were 6.56/100,000 and 179.20/100,000. 
From 1990 to 2021, the EAPCs were −2.08 and −2.15, respectively. The highest burden was observed in middle 
sociodemographic index (SDI) countries, males, and Oceania. The EAPC analysis showed the fastest decline in 
high-SDI countries (ASMR: −3.57). The burden decreased more for females than for males. The age effects on 
global mortality and disability-adjusted life years attributed to tobacco increased with age, while period and cohort 
effects showed a continuous downward trend. Cross-country inequalities decreased significantly, although middle 
SDI countries remained heavily impacted.

Conclusion: Despite global progress in reducing the tobacco-related ICH burden, males and middle SDI countries 
remain disproportionately affected. Strengthening tobacco control policies and health education for high-risk 
populations is essential for further reductions and health equity.

Keywords: age-period-cohort analysis, Bayesian age-period-cohort model, disease burden, intracerebral hemorrhage

Highlights

	•		 Global tobacco-attributable intracerebral hemorrhage 
(ICH) burden declined significantly from 1990 to 
2021.

	•		 Males and middle sociodemographic index countries 
bear the highest burden of tobacco-related ICH.

	•		 Age effects on ICH mortality and disability-adjusted 
life years increased sharply with advancing age.

	•		 Period and cohort effects showed consistent down-
ward trends, especially in females.

	•		 Cross-country health inequalities in ICH burden nar-
rowed substantially by 2021.

	•		 Targeted tobacco control in high-risk populations and 
regions remains critical.

1. Introduction

In 2021, intracerebral hemorrhage (ICH) was a major 
cause of death and disability-adjusted life years (DALYs) 
worldwide.[1] Despite accounting for only 28.8% of all 
incident strokes, ICH constituted the largest proportion 
of all DALYs due to stroke (49.6%).[2] Research shows 
that only half of patients survive for 1 year after ICH, and 
those survivors often experience long-term sequelae that 
significantly impact their quality of life.[3] Globally, ICH 
was the sixth-leading cause of global DALYs at 79.5 mil-
lion, causing 3.31 million deaths. Consequently, ICH is a 
severe condition in which studies have demonstrated that 
ICH has resulted in a considerable social and economic 
burden and has emerged as a prominent public health 
concern.[4]

Tobacco smoking is a significant contributor to prevent-
able morbidity and mortality on a global scale.[5] There 
is substantial evidence that tobacco use is a major risk 

Abbreviations

APC 	 age-period-cohort 
ASDR 	 age-standardized disability-adjusted life 

year rate 
ASMR 	 age-standardized mortality rate 
ASR, age 	 standardised rates 
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CODEm 	 cause of death ensemble model 
DALYs 	 disability-adjusted life years 
EAPC 	 estimated annual percentage change 
EDU15+ 	 mean education for those aged 15 
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factor for the development of cerebral hemorrhage.[6–8] 
For example, the existing literature demonstrates that 
cigarette smoking not only increases the risk of ICH but 
also increases hematoma growth, results in worse out-
comes, and increases the risk of death from ICH.[9,10] 
Furthermore, the global burden of disease (GBD) 2021 
risk factors collaborators identified tobacco as one of the 
top 3 risk factors for ICH. This may be due to the tempo-
rary elevation of blood pressure triggered by smoking, as 
well as the disruption of the integrity of the blood–brain 
barrier by tobacco use, increased production of reactive 
oxygen species, and activation of proinflammatory path-
ways. Together, these factors increase the risk of ICH and 
its possible adverse consequences.[11–14]

Although studies have examined the association 
between smoking and ICH, a significant gap remains 
in the comprehensive, dynamic, and forward-looking 
assessment of the smoking-attributable ICH disease bur-
den. While previous GBD-based studies have updated 
burden estimates, most are limited to describing trends 
in age-standardized rates (ASRs). They often lack decom-
position of the underlying age, period, and cohort effects 
driving these trends and fail to fully utilize model param-
eters for long-term forecasting. Furthermore, systematic 
assessments of health inequalities across regions with 
different socioeconomic development levels are nota-
bly insufficient. Therefore, this study aims to address 
the following critical knowledge gaps by integrating the 
full dataset from GBD 2021[1,15] and employing the age-
period-cohort (APC) model and Bayesian APC (BAPC) 
forecasting framework: First, to quantify the long-term 
trends and their driving factors (age, period, and cohort 
effects) of smoking-attributable ICH mortality and 
DALYs burden from 1990 to 2021 at the global, regional, 
and sociodemographic index (SDI) levels. Second, to proj-
ect the future disease burden from 2022 to 2050 based 
on historical trends. Third, to comprehensively evaluate 
the distribution disparities and health inequalities of the 
attributable burden across sexes and SDI regions. By pro-
viding this multidimensional, dynamic, and prospective 
analysis, this study aims to offer more precise empirical 
evidence for formulating targeted tobacco control poli-
cies and ICH prevention strategies.

2. Methods

2.1. Overview

The present study is based on the framework of the GBD 
2021 that provides systematic estimates of health loss for 
369 diseases and injuries and 88 risk factors across 204 
countries and 811 subnational locations, using standard-
ized and comparable methodology.[1,15] The core analyti-
cal tools include the cause of death ensemble model for 
mortality estimation and Bayesian meta-regression dis-
ease modeling software (DisMod-MR 2.1, Institute for 
Health Metrics and Evaluation, Washington) for nonfatal 
outcomes (incidence, prevalence, and disability weights). 
These methods ensure global comparability and allow for 

the decomposition of the burden into fatal and nonfatal 
components. The GBD database has been instrumental in 
facilitating numerous epidemiological studies on the bur-
den of various diseases, thereby providing an effective ref-
erence point for the formulation of adaptive public health 
decisions and the allocation of health resources in differ-
ent countries around the world.[16,17] This study directly 
extracted the relevant data on the burden of hemorrhagic 
stroke attributable to tobacco use from the GBD 2021 
output. Within a unified methodological framework, this 
study analyzed the ASRs of hemorrhagic stroke burden 
attributable to tobacco use from 1990 to 2021, with 
stratification by sex, age, geographic region, and country. 
The analysis systematically elucidates the contribution of 
tobacco use to the disease burden of hemorrhagic stroke.

2.2. Case definitions and attribution

In the GBD 2021 classification, ICH is defined as a rup-
ture of a blood vessel resulting in nontraumatic ICH 
(ICD-10 code: I61). The definition of ICH meets the 
World Health Organization (WHO) criteria for the 
rapid onset of clinical symptoms of cerebral dysfunc-
tion (usually focal) lasting more than 24 h or resulting 
in death.[18] In the GBD 2021 study, tobacco use was 
defined as encompassing the use of tobacco in any form, 
including smoking, chewing, and exposure to second-
hand smoke.[19] All estimates of the tobacco-attributable 
ICH burden used in this study (including ASRs and 
uncertainty intervals [UIs]) were directly sourced from 
the final GBD 2021 output. The attributable burden of 
ICH due to tobacco use was quantified by the Institute 
for Health Metrics and Evaluation (IHME), with the 
core method centered on multiplying the population-
attributable fraction by relevant disease outcome 
metrics. Detailed procedures are provided in the supple-
mentary materials.

2.3. Statistical analysis

2.3.1. Trend analysis.  In order to quantify the epidemic 
trends of ICH attributed to tobacco, the ASRs and 
their estimated annual percentage change (EAPC) were 
calculated. ASR is derived from a weighted average of 
rates at specific ages. To illustrate the long-term trajectory 
of the age-standardized mortality rate (ASMR) and 
disability-adjusted life year rate (ASDR) from 1990 to 
2021, we calculated the EAPC. The EAPC was derived 
from a regression model that was constructed by fitting the 
natural logarithm to the calendar year (Y = α + βX + ε), 
where Y represents the natural logarithm of the rate, 
X denotes the calendar year, and ε represents the error 
term. EAPC with its 95 % confidence interval (CI) was 
calculated on a log scale from the model 100 × (exp 
(β) − 1).[20]

2.3.2. Descriptive subgroup and inequality analysis.  
Subgroup analyses were performed by stratifying the 
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burden estimates (ASMR and ASDR) according to sex, 
geographical region, and SDI levels. The study collated 
ASR of ICH attributable to tobacco between 1990 and 
2021, disaggregated by sex, age, region, and country, along 
with the estimates and their 95% UIs for mortality and 
DALYs. The SDI was employed as a composite measure 
of the comprehensive development status of countries 
and regions. Proposed by the IHME, the SDI combines 
three components: lag-distributed income per capita, 
mean education for those aged 15 and older, and the total 
fertility rate under 25. For analytical purposes, the 204 
countries and territories were categorized into five groups 
(low, low-middle, middle, high-middle, and high) based 
on the quintiles of the country-level SDI estimates for the 
year 2021.

To assess global disparities in ASDR and ASMR, we 
employed the slope inequality index (SII) and concentra-
tion index (CIx) as standardized indicators.[21,22] The SII is 
a measure that quantifies the absolute degree of inequal-
ity in health indicators between the most advantaged and 
least advantaged groups of the population.[23] The CIx 
represents a quantitative measure of relative inequality, 
indicating the extent to which a given health indicator 
is concentrated among the disadvantaged or advantaged. 
A positive CIx indicates concentration in higher SDI 
countries, while a negative CIx indicates concentration in 
lower SDI countries.[23]

2.3.3. APC model analysis.  This study employs an 
APC model framework to analyze trends over time in 
mortality and DALY rates for smoking-attributable 
ICH and to decompose the underlying age, period, 
and birth cohorts[24] effects. The APC model effectively 
distinguishes and quantifies 3 fundamental and often 
intertwined temporal dimensions within long-term 
trends: the age effect, which reflects changes in disease 
risk associated with physiological aging; the period effect, 
capturing external factors that influence all age groups 
at specific historical points in time; and the cohort effect, 
revealing the unique risk profile of generations sharing a 
common birth year and thus similar early-life exposures 
and sociobehavioral patterns.[25] This distinction is crucial 
for understanding the drivers of disease burden and for 
formulating long-term public health strategies.

Regarding data preparation, in accordance with the 
study design, mortality and DALY data were organized 
into 15 consecutive 5-year age groups (from 25–29 to 85 
years and above) and six 5-year periods (1992–1996 to 
2017–2021). Corresponding birth cohorts were derived 
for analysis. The APC model estimates provide interpreta-
tion for the following key parameters: the drift, expressed 
as an annual percentage change, represents the overall 
average annual trend in the ASMR or ASDR, with its sign 
indicating an overall increase or decrease in disease bur-
den. The local drift quantifies the heterogeneity of this 
trend across different age groups, useful for identifying 
differences in the pace of disease burden change across 
the age distribution. The age effect is illustrated by the 

longitudinal age curve, depicting the intrinsic pattern of 
how disease risk changes with age after controlling for 
period and cohort influences. The period and cohort 
effects are presented as period relative risks (RRs) and 
cohort RR.[26] This study utilized a web-based APC model 
tool for parameter estimation. The statistical significance 
of trends was assessed using the Wald χ2 test, with a 
p-value < 0.05 considered statistically significant.[24]

2.3.4. Predictive analysis.  We employed a BAPC model 
using integrated nested Laplace approximations (INLA) 
to project disease burden from 2022 to 2050.[27,28] 
The model assumes that case counts follow a Poisson 
distribution and incorporates random effects for 
age, period, and cohort, each smoothed via second-
order random walk priors; all priors were set to their 
default specifications within the INLA framework. An 
independent and identically distributed random effect 
is also included to adjust for overdispersion. The BAPC 
model was selected primarily due to its relatively high 
prediction coverage and good calibration performance 
even with short observation periods, making it particularly 
suitable for trend extrapolation when long-term 
surveillance data is limited. Compared with traditional 
generalized linear models, generalized additive models, 
or the mixed-effects regression, bayesian, regularized, 
trimmed model (MR-BRT) commonly used in the GBD 
study, the BAPC model can simultaneously capture the 
structural influences of age, period, and cohort while 
providing a complete posterior predictive distribution to 
quantify uncertainty. The model relies on the following 
key assumptions: historical age, period, and cohort effects 
remain smooth and continue throughout the projection 
period; demographic changes are incorporated through 
age-specific population data; and no sudden impacts from 
major future policies or technological breakthroughs 
on incidence are considered. As the projection horizon 
extends, prediction uncertainty gradually increases, 
manifested by widening posterior standard deviations 
and broader credible intervals.[29] In this study, we 
utilized the BAPC package and the INLA package in the 
R programming language (R) to conduct BAPC model 
calculations and analyses.[30,31]

All statistical analyses except APC analyses were per-
formed in R version 4.3.3 (R Core Team under the aus-
pices of the R Foundation). The ASDR was reported per 
100,000 population along with a 95% UI. SII, CIx, and 
EAPC were all presented with their respective 95% CI. A 
2-sided p-value < 0.05 indicated statistical significance.

3. Result

3.1. Epidemic trends of ICH attributable to tobacco 
from 1990 to 2021

Table 1 and Table S1, Supplemental Digital Content, 
https://links.lww.com/CARES/A16, present the changes 
in ASMR and ASDR attributed to tobacco globally 
for ICH between the years 1990 and 2021. The rates 

https://links.lww.com/CARES/A16
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demonstrated a notable decline from 12.04/100,000 
and 337.56/100,000 in 1990 to 6.56/100,000 and 
179.20/100,000 in 2021, respectively. The EAPCs were 
−2.08 (95% CI: −2.22 to −1.93) and −2.15 (95% CI: 
−2.28 to −2.01), respectively. In 2021, the top 3 geo-
graphical regions with the highest ASMR and ASDR were 
Oceania, Southeast Asia, and East Asia. As illustrated in 
Table 1, between 1990 and 2021, Tropical Latin America 
saw the largest declines in ASMR and ASDR, with EAPCs 
of −5.46 (95% CI: −5.58 to −5.33) and −5.66 (95% CI: 
−5.79 to −5.52), respectively.

During 1990 to 2021, the ASMR and ASDR of coun-
tries with middle SDI remained the highest among all the 
SDI regions, ranging from 19.15/100,000 to 9.93/100,000 
and from 498.24/100,000 to 251.74/100,000, respec-
tively. In contrast, the high-SDI country displayed the low-
est ASMR and ASDR. All SDI-level countries displayed a 
decreasing trend in ASMR and ASDR, with EAPC values 
below zero. The EAPC for ASMR and ASDR was low-
est in high-SDI countries and highest in low-middle SDI 
countries.

Table S2, Supplemental Digital Content, https://links.
lww.com/CARES/A16, and Figure S1, Supplemental 
Digital Content, https://links.lww.com/CARES/A16, 
illustrate the gender distribution of the burden of 
tobacco-attributable ICH from 1990 to 2021. On a 
global scale, there was a significant decrease in the num-
ber of deaths and DALYs attributable to ICH for both 
men and women. However, the decline was more pro-
nounced for women. It is intriguing to observe that gen-
der differences emerge in countries with varying levels 
of SDI. In the middle SDI country, the EAPC for ASMR 
and ASDR was −1.66 (95% CI: −1.82 to −1.49) and 
−1.76 (95% CI: −1.90 to −1.62) in males, respectively, 
while it was −3.46 (95% CI: −3.63 to −3.29) and −3.53  
(95% CI: −3.67 to −3.39) in females, which is more than 
double the rate observed in males. Conversely, the dispar-
ity between male and female EAPC was less pronounced 
in low and high-SDI countries.

3.2. Cross-country inequality analysis of the ICH 
burden attributable to tobacco

In 1990, considerable absolute and relative SDI-related 
inequalities were observed in the ICH burden attribut-
able to tobacco. However, by 2021, these inequalities had 
diminished significantly (Fig. 1). In 1990, a higher preva-
lence was observed to disproportionately concentrate in 
countries with a lower SDI. The SII of mortality in 1990 
was −7.342, indicating that the countries with the highest 
SDI in 1990 had 7.342 fewer deaths (per 100,000 pop-
ulation) than the countries with the lowest SDI, and this 
indicator was reduced to 0.067 in 2021. Concomitantly, 
the CIx exhibited a downward trajectory from 1990 to 
2021. The CIx of mortality exhibited a notable decline 
from −0.1048 in 1990 to 0.0049 in 2021. The CIx of 
DALYs was −0.1029 in 1990 and subsequently decreased 
to −0.0131.

3.3. APC analysis of the ICH burden attributable to 
tobacco use

The APC analysis revealed distinct patterns in tobacco-
attributable ICH burden globally (Fig. 2 and Tables  
S3–S6, Supplemental Digital Content, https://links.lww.
com/CARES/A16).

Age effects demonstrated a sharp, continuous increase 
in mortality rates with advancing age for both sexes. 
Male mortality rose from 0.43 (95% CI: 0.38–0.49) in 
ages 25–29 years to 92.13 (95% CI: 89.61–94.72) in ages 
≥ 85 years, while female mortality increased from 0.74 
(95% CI: 0.69–0.78) to 20.38 (95% CI: 19.97–20.79) 
over the same age range. The age effect on DALYs peaked 
earlier, at 55–59 years for females (368.64, 95% CI: 
363.68–373.67) and at 65–69 years for males (1,412.86, 
95% CI: 1,387.11–1,439.08).

Period effects showed a consistent global decline in 
both mortality and DALYs from 1992 to 2021, with a 
more pronounced reduction in females. Compared with 
the 2002–2006 reference period, the RR of mortality for 
females fell from 1.27 (95% CI: 1.25–1.28) in 1992–1996 
to 0.58 (95% CI: 0.57–0.59) in 2017–2021. A similar 
declining trend was observed for males. The RR dropped 
from 1.13 (95% CI: 1.11–1.15) in 1992–1996 to 0.70 
(95% CI: 0.68–0.71) in 2017–2021.

Birth cohort effects also indicated a sustained down-
ward trend in RR for successive cohorts, with a steeper 
decline among females. Relative to the reference cohort, 
the mortality RR for females born in 1905–1909 was 
3.03 (95% CI: 2.92–3.15), declining to 0.22 (95% CI:  
0.19–0.25) for those born in 1990–1994. For males, 
the RR decreased from 1.71 (95% CI: 1.60–1.83) 
in the 1905–1909 cohort to 0.47 (95% CI: 0.35–0.64) in 
the 1990–1994 cohort.

3.4. Projections of the global trends of ICH 
attributable to tobacco until 2050

As depicted in Figure 3 and Table S7, Supplemental 
Digital Content, https://links.lww.com/CARES/A16, 
projections indicate that both ASMR and ASDR will 
continue their downward trajectory over the next 3 
decades. Males are expected to maintain higher rates than 
females throughout this period. For females, the ASMR 
is forecasted to show a decline from 2.62/100,000 in 
2021 to an estimated 1.51/100,000 by 2050 (95% CI:  
0.52–2.50). In parallel, the ASDR for females is anticipated 
to drop from 68.58/100,000 in 2021 to 40.27/100,000 
by 2050 (95% CI: 14.58–65.96). By 2050, the male 
ASMR is projected to decline from 11.11/100,000 in 
2021 to 7.91/100,000 (95% CI: 2.26–13.56), while the 
male ASDR is expected to decrease from 298.56/100,000 
in 2021 to 219.56/100,000 (95% CI: 77.46–361.66).

4. Discussion

The burden of ICH attributable to tobacco exhibited 
significant spatial variation, with a 69-fold and 82-fold 

https://links.lww.com/CARES/A16
https://links.lww.com/CARES/A16
https://links.lww.com/CARES/A16
https://links.lww.com/CARES/A16
https://links.lww.com/CARES/A16
https://links.lww.com/CARES/A16
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difference in ASMR and ASDR, respectively, between the 
top and bottom-ranked countries. Furthermore, there 
are significant differences between countries with dis-
parate SDI levels. Nations with a moderate SDI exhib-
ited the highest ASR in comparison to other countries. 
Conversely, countries with high and low SDI exhibited 
the lowest ASR. This variation may be attributed to a 
complex interplay of multiple factors. Firstly, there is a 
substantial variation in tobacco exposure levels across 
different SDI levels. The study indicated China, India, 
and Indonesia as the countries with the highest number 
of smokers, collectively accounting for nearly half of 
the global smoking population. China is classified as a 
high-middle SDI country, while India and Indonesia are 
designated as middle SDI countries. This suggests that the 
proportion of smokers is more concentrated in countries 
with a middle or high-middle SDI.[32] Moreover, in com-
parison with high-SDI countries, middle-SDI countries 
frequently encounter challenges such as unequal resource 
distribution, an underdeveloped healthcare system, and 
inadequate health education, which result in deficien-
cies in the prevention, early recognition, and treatment 
of ICH.[33] The higher prevalence of ICH in middle SDI 
countries can be attributed to a number of factors, includ-
ing low levels of education, weak health awareness, diffi-
culties in accessing healthcare resources, and inadequate 

primary and secondary prevention measures.[34] With 
regard to the EAPC of ASR in different SDI countries, it 
is evident that the decline trend is most rapid in countries 
with high-SDI levels and least rapid in low-middle SDI 
and low SDI countries. This is attributable to the fact that 
high-SDI countries are able to benefit from a robust eco-
nomic foundation and advanced public health policies, 
which enable them to more effectively control the risk 
factors for ICH and achieve early diagnosis and effective 
treatment of the disease through a well-developed health-
care system.[35] The extensive health education and abun-
dant medical resources in these countries provide strong 
support for the comprehensive management of ICH. This 
concentration of burden highlights a critical public health 
imperative. Resource allocation and global health initia-
tives must be strategically directed towards middle SDI 
countries. The substantial population-attributable risk 
in these regions indicates that interventions successfully 
reducing tobacco use and improving hypertension control 
would yield disproportionately large benefits in reducing 
the overall global ICH burden.

The burden of ICH attributable to tobacco was found 
to be higher in males than in females. However, females 
have exhibited a more pronounced decrease in the ASR 
of ICH burden. It has been suggested that, compared 
with nonsmokers, the excess risk of stroke is at least as 

Figure 1.  Slope indexes and concentration indexes for ICH mortality and DALYs attributable to tobacco from 1990 to 2021 worldwide. 
(A) Health inequality regression curve for ICH mortality. (B) Health inequality regression curve for ICH DALYs. (C) Concentration curves for 
ICH mortality. (D) Concentration curves for ICH DALYs. DALYs = disability-adjusted life years; ICH = intracerebral hemorrhage.
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great among women who smoke as it is among men who 
smoke.[36] It can, therefore, be concluded that the gen-
der differences in ICH attributed to tobacco are mainly 
due to the differences in smoking rates between males 
and females. A review of the literature reveals that in 
2019, the smoking rate among males was 5 times that 
of females.[37] This discrepancy has direct implications for 
tailored public health messaging and clinical outreach. 
While male-focused campaigns remain crucial given their 
higher prevalence, the elevated RR in female smokers 
necessitates that cessation programs and health warnings 
actively address and engage women, ensuring they are not 
overlooked in tobacco control efforts.

The analysis revealed that age is a significant risk fac-
tor, as evidenced by the observed increase in the longitu-
dinal rates of ICH mortality with age. In all age groups, 
males consistently exhibited a higher mortality rate than 
females. This disparity may be attributed to the fact 
that the pathogenesis of ICH is influenced by a multi-
tude of factors that are intricately linked to the aging 
process. These include alterations in vascular structure 
and function, an augmented inflammatory response, and 
a compromised immune system.[38] From a public health 
perspective, the age-effect curve, which peaks in the 55 
to 60 age group, underscores a critical window for inter-
vention. This mandates targeted risk assessment and 
proactive patient education for individuals approaching 
and within this high-risk bracket. Healthcare providers 
should integrate intensified cardiovascular risk screen-
ing, including blood pressure monitoring and counsel-
ing on lifestyle modifications, into routine care for this 
demographic.

The period effect indicated a persistent downward trend 
in global mortality and DALYs. The ongoing decline may 
be largely attributed to the heightened public awareness of 
the detrimental effects of smoking,[39] in conjunction with 
the implementation of a series of comprehensive tobacco 
control policies, which have led to a reduction in smok-
ing rates and subsequently an impact on the incidence of 
ICH.[40] For example, the WHO proposed the Framework 
Convention on Tobacco Control and MPOWER mea-
sures.[41] A substantial number of countries have enacted 
national legislation aimed at reducing the prevalence of 
tobacco smoking.[42] Moreover, developments in medical 
technology, including more efficacious treatments and 
management strategies for ICH, have also played a piv-
otal role in shaping the prognosis of ICH across various 
time periods.[43] However, it is crucial to acknowledge 
that the rate of progress has slowed in a considerable 
number of countries, including those that had previously 
witnessed a notable decline in incidence, particularly over 
the past decade. Consequently, it is paramount that we 
reinforce the implementation of antismoking legislation 
and public health initiatives to sustain the momentum of 
this progress.

This study elucidates the long-term trends and cross-
national disparities in the burden of tobacco-induced 
ICH, providing an evidence-based foundation for for-
mulating public health strategies. The findings advo-
cate for a multi-pronged strategic framework. Within 
healthcare delivery systems, implementing targeted risk 
assessments alongside tailored patient education for 
high-risk demographics, particularly males aged 55 and 
above, is warranted. Geostrategic priorities should focus 

Figure 2.  Parameter estimates of age, period, and cohort effects on ICH mortality and DALYs attributable to tobacco from 1990 to 2021. 
(A) The longitudinal rates of ICH mortality. (B) The relative risk of ICH mortality. (C) The relative risk of ICH mortality. (D) The local drifts of 
ICH mortality. (E) The longitudinal rates of ICH DALYs. (F) The relative risk of ICH DALYs. (G) The relative risk of ICH DALYs. (H) The local 
drifts of ICH DALYs. DALYs = disability-adjusted life years; ICH = intracerebral hemorrhage.
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on middle SDI countries—such as high-burden regions 
in East Asia and Oceania—advancing beyond general 
tobacco control towards integrated interventions. These 
measures could combine enhanced hypertension screen-
ing and management protocols with intensive, culturally 
adapted smoking cessation programs, further reinforced 
by focused health education campaigns for key popu-
lations. Furthermore, addressing the recent stagnation 
in progress necessitates sustained policy innovation and 
investment. This includes strengthening the implementa-
tion of proven measures like the WHO MPOWER pack-
age while exploring complementary strategies such as 
digital cessation tools and fiscal policies. The systematic 
execution of this coordinated framework is anticipated 
to reduce smoking prevalence, safeguard vulnerable 
populations, and contribute to improved public health 
outcomes.

This study employs a comprehensive analytical frame-
work integrating EAPC, APC analysis, BAPC projection, 
and inequality indices (SII/CIx). The BAPC model is par-
ticularly advantageous, as it surpasses traditional time-
series models by explicitly modeling the age, period, and 
cohort effects essential for understanding ICH trends 
shaped by aging and generational smoking patterns. 
This “EAPC + APC + BAPC + SII/CIx” framework is also 
broadly applicable to the assessment of other tobacco-
related diseases.

Our study also has certain limitations. First, the mod-
eling methods and data quality relied upon for GBD esti-
mation may vary across different periods and regions, 
which could introduce certain biases into the burden 
of disease estimates. Second, this study is based on the 
GBD 2021 dataset, while the updated GBD 2023 results 
have already been released. Future research could further 
validate the current findings by incorporating the latest 
data. Third, it should be explicitly noted that the APC 
results are derived from GBD modeled rates rather than 
raw registry data, and, therefore, may reflect the mod-
eling assumptions and adjustments applied in the GBD 
estimation process. Fourth, this study employs APC anal-
ysis based on cross-sectional data rather than a longi-
tudinal follow-up design. Therefore, caution should be 
exercised when extrapolating population-level trends to 
individual-level interpretations. Finally, long-term trend 
projections are primarily based on extrapolations from 
historical data and assume that existing social, economic, 
and public health conditions remain largely unchanged. 
Thus, the projection results reflect more of a plausible sce-
nario based on current conditions.

5. Conclusion

Despite a notable reduction in the mortality rate associated 
with ICH due to tobacco use over the past 3 decades, the 

Figure 3.  Projections of the global trends of ICH attributable to tobacco until 2050 based on the BAPC model. (A) ICH mortality attrib-
utable to tobacco in males. (B) ICH mortality attributable to tobacco in females. (C) ICH DALYs attributable to tobacco in males. (D) ICH 
DALYs attributable to tobacco in females. BAPC = Bayesian age-period-cohort; DALYs = disability-adjusted life years; ICH = intracerebral 
hemorrhage.
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overall burden of ICH remains considerable, particularly 
in regions with middle SDI levels. The analysis demon-
strates that the decline in the burden of ICH attributable 
to tobacco has been more pronounced in females than in 
males, yet the death burden in males remains higher. Period 
and cohort effects indicate favorable trends, but the down-
ward trend is slowing. Furthermore, inequality between 
countries has fallen. In the context of ongoing global health 
challenges, our results emphasize the need for heightened 
attention and targeted strategies to mitigate the impact of 
tobacco-related ICH and protect public health.
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