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Brain and central nervous system (CNS) cancers are a major cause of cancer-related mortality and 
morbidity among adolescents and young adults (AYAs) aged 15–39, presenting significant global 
health challenges despite advances in treatment. This study assesses the global burden and future 
trends of CNS cancers in AYAs using data from the Global Burden of Disease (GBD) 2021 database. Data 
on incidence, mortality, and disability-adjusted life years (DALYs) from 1990 to 2021 were analyzed 
for 204 countries and territories. Age-standardized rates for incidence (ASIR), mortality (ASMR), 
and DALYs (ASDR) were calculated, with temporal trends assessed using Joinpoint regression and 
future projections estimated using the Bayesian Age-Period-Cohort (BAPC) model. Disparities were 
evaluated using the Socio-Demographic Index (SDI), a composite measure of income, education, 
and fertility rates. In 2021, global CNS cancer incidence among AYAs was 57,645 cases, with a 
prevalence of 271,770. The ASIR was 1.92 per 100,000, the ASMR 0.95 per 100,000, and DALYs totaled 
1,744,650. High-SDI regions reported higher ASIR but lower ASMR and ASDR. By 2040, case numbers 
are projected to rise, while age-standardized rates may stabilize or decline. This study highlights 
significant global disparities in CNS cancer burden, calling for investments in cancer registries, 
equitable healthcare access, and tailored prevention and treatment strategies.

Keywords CNS cancers, Adolescents and young adults, Global burden of disease, Incidence, Mortality, 
DALYs, Bayesian Age-Period-Cohort model, Health disparities, Socio-Demographic index

Brain and central nervous system (CNS) cancers represent a significant and growing public health concern 
worldwide, particularly among adolescents and young adults (AYAs) aged 15–39 years1. These cancers, which 
include malignant neoplasms of the brain, meninges, spinal cord, and other CNS components, are often 
associated with high morbidity and mortality, leading to a substantial burden of disease. CNS cancers are 
the leading cause of cancer-related deaths in children and young adults, with unique biological, clinical, and 
psychosocial challenges that differentiate them from cancers in older populations2.

The Global Burden of Disease (GBD) study provides a comprehensive framework for understanding the 
incidence, mortality, and disability-adjusted life years (DALYs) associated with a wide range of diseases, 
including CNS cancers3. Using data from 204 countries and territories, the GBD 2021 database offers an 
opportunity to explore global trends in CNS cancer burden, assess disparities across socio-demographic 
contexts, and predict future trends. In particular, this study focuses on the AYA population, a demographic 
that is often underrepresented in cancer research, despite the distinct challenges they face in terms of diagnosis, 
treatment, and long-term outcomes. One reason for this underrepresentation is the transitional nature of the 
AYA age group, which falls between pediatric and adult oncology4. As a result, AYAs often do not fit neatly into 
either pediatric or adult cancer research frameworks, leading to gaps in data collection, research focus, and 
clinical guidelines. Additionally, while CNS cancers in children have been extensively studied due to their early 
onset and aggressive nature, and cancers in older adults are a focus due to their high prevalence, the lower overall 
incidence of CNS cancers in AYAs has historically resulted in less research and fewer clinical trials targeting 
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this group5. This underrepresentation has significant implications, as AYAs face unique biological, psychosocial, 
and treatment-related challenges that differ markedly from those of younger or older patients. Addressing these 
gaps is critical for improving health equity and developing targeted interventions for this vulnerable population.

CNS cancers in AYAs are influenced by a complex interplay of genetic, environmental, and lifestyle factors. 
Genetic predisposition, such as familial cancer syndromes, plays a critical role in some cases, while environmental 
factors, including exposure to ionizing radiation and occupational hazards, are increasingly recognized as 
significant contributors to the rising incidence in certain regions6. Additionally, lifestyle factors, such as obesity, 
sedentary behavior, and dietary changes, may exacerbate the risk of developing CNS cancers, particularly in 
high-income countries undergoing rapid industrialization and urbanization7.

Despite advances in medical technology and treatment options, CNS cancers remain challenging to manage 
due to their location, complexity, and often aggressive nature. Early diagnosis is critical for improving survival 
rates, yet many low- and middle-income countries (LMICs) lack the necessary healthcare infrastructure for 
timely detection and treatment, leading to significant disparities in outcomes8. Furthermore, the long-term 
impacts of CNS cancers—ranging from cognitive impairment to physical disabilities—contribute to a heavy 
burden on patients, families, and healthcare systems9.

This study aims to provide a comprehensive analysis of the global burden of CNS cancers in AYAs using data 
from the GBD 2021 database. By examining incidence, mortality, and DALYs across different socio-demographic 
regions, we seek to identify key trends and disparities in CNS cancer burden. Additionally, the study utilizes the 
Bayesian Age-Period-Cohort (BAPC) model to predict future trends in CNS cancer incidence and mortality 
through 2040. Understanding these patterns is crucial for guiding public health strategies, improving early 
detection and treatment, and addressing the growing global burden of CNS cancers among AYAs.

Results
Global and National burden
In 2021, CNS cancers among AYAs aged 15–39 years posed a significant global health burden. The age-
standardized incidence rate (ASIR) was 1.92 (95% uncertainty intervals (UI): 1.62–2.22) per 100,000 population, 
the age-standardized prevalence rate (ASPR) was 9.05 (UI: 7.75–10.45) per 100,000 population, the age-
standardized mortality rate (ASMR) was 0.95 (UI: 0.79–1.12) per 100,000 population, and the age-standardized 
disability rate (ASDR) was 58.06 (UI: 48.42–68.81) per 100,000 population. These rates corresponded to 
approximately 57,645.1 (UI: 49,001.9–66,916.8) new cases globally, with a total prevalence of 271,770.1 (UI: 
232,723.8–313,870.6). Mortality was estimated at 28,589.7 deaths (UI: 23,897.8–33,927.1), and DALYs reached 
1,744,649.8 (UI: 1,455,357.1–2,068,272.4). Males exhibited slightly higher incidence rates (ASIR: 2.05, UI: 
1.52–2.58) compared to females (ASIR: 1.78, UI: 1.54–2.06), as well as higher mortality and disability rates. 
Specifically, the estimated number of new cases for males was 31,243.0 (UI: 23,149.5–39,469.2), while females 
accounted for approximately 26,402.1 cases (UI: 22,855.5–30,604.1) (Table 1). The 21 regions defined within the 
GBD framework were also presented in the table, highlighting regional variations in the burden of CNS cancers.

Substantial disparities in CNS cancer burden were observed across countries and regions with varying 
levels of development. Countries with a High Socio-Demographic Index (SDI) exhibited the highest ASPR and 
ASIR, while High-middle SDI countries had the highest ASMR and ASDR. In contrast, Low SDI countries 
demonstrated the lowest burden across all metrics. Regionally, the High-income Asia Pacific had the highest 
ASPR, while Western Europe displayed the highest ASIR. Central Asia experienced the highest ASMR and 
ASDR, reflecting the severe health burden in this region (Supplementary Table S1).

At the national level, Monaco, San Marino, and Norway exhibited the highest ASIRs, while Gambia, Mali, 
and Nigeria had the lowest. The ASDR were highest in Turkmenistan, Tajikistan, and Georgia, and lowest in 
Gambia, Mali, and the Cook Islands. Temporal trends revealed that Ecuador, Turkmenistan, and Kyrgyzstan 
experienced the fastest increases in ASIR and ASDR, while Greenland, Luxembourg, and Fiji showed the most 
significant declines (Supplementary Tables S2 and S3).

Joinpoint regression analysis
From 1990 to 2021, the global burden of CNS cancers demonstrated mixed trends in incidence, mortality, 
and disability rates. The ASIR increased overall, with an Average Annual Percentage Change (AAPC) of 0.5, 
particularly during 1990–1997 and 2012–2019. However, a slight decline was observed in recent years (2019–
2021). The ASMR showed a steady decline (AAPC = − 0.29), with significant reductions during 2001–2013 
and 2018–2021. This decline was more pronounced in males (AAPC = − 0.33) compared to females (AAPC 
= − 0.24), reflecting greater improvements in reducing mortality and disability rates among males. Similarly, the 
ASDR decreased slightly (AAPC = − 0.3), driven by reductions in 2001–2006 and 2018–2021. When stratified by 
sex, females exhibited a higher increase in incidence (AAPC = 0.55) compared to males (AAPC = 0.45). However, 
mortality and disability reductions were more pronounced in males, suggesting differential progress in treatment 
outcomes between sexes (Fig. 1, Supplementary Table S4).

Cross-national inequality
The analysis of 204 countries reveals significant absolute and relative inequalities related to SDI in the AYA 
population for CNS cancers. From 1990 to 2021, the Slope Index of Inequality (SII) for ASIR increased from 
2.24 (95% CI: 1.85–2.62) to 2.90 (95% CI: 2.48–3.32), indicating a growing disparity in incidence rates between 
low- and high-SDI countries. In contrast, the SII for ASDR and ASMR showed a decline, with ASDR decreasing 
from 68.89 (95% CI: 56.16–81.62) to 53.20 (95% CI: 41.41-65.00), and ASMR falling from 1.12 (95% CI: 0.91–
1.33) to 0.86 (95% CI: 0.66–1.05), suggesting improvements in reducing mortality and disability disparities, 
particularly in lower-SDI countries. The Concentration index (CI) for ASIR increased slightly, from 0.27 in 1990 
to 0.31 in 2021, indicating that incidence has become more concentrated in high-SDI countries. Meanwhile, 
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the CI for ASDR and ASMR remained stable at 0.16 from 1990 to 2021, reflecting that the burden of mortality 
and disability has not shifted significantly between SDI groups. These trends suggest ongoing improvements in 
cancer treatment globally (Fig. 2, Supplementary Fig. S1, Supplementary Fig. S2).

SDI correlation analysis
From 1990 to 2021, a correlation analysis between SDI and CNS cancer burden (measured by ASIR, ASMR, 
and ASDR) revealed a strong positive relationship. Higher SDI was consistently associated with higher CNS 
cancer incidence, with a strong correlation for both the total population (R = 0.85) and across genders (R = 0.84 
for males and R = 0.85 for females). Mortality rates also showed a moderate correlation with SDI (R = 0.58 for 
the total population, R = 0.61 for males, and R = 0.54 for females), while disability rates followed a similar trend 
with moderate correlations (R = 0.59, R = 0.61, and R = 0.55, respectively). However, some regions deviated from 
these trends. Sub-Saharan Africa and parts of South Asia exhibited lower CNS cancer burdens despite rising 
SDI, while Eastern Europe and Central Asia showed disproportionately higher burdens relative to their SDI 
levels, suggesting the influence of regional factors beyond socioeconomic development. Overall, the analysis 
highlights a global pattern of increasing CNS cancer burden with higher socioeconomic development, with 
notable regional exceptions (Fig. 3, Supplementary Fig. S3).

Bayesian Age-Period-Cohort model for prediction
Based on the BAPC model, the global burden of CNS cancers in AYAs is projected to rise by 2040, with the 
total number of prevalent cases expected to reach 306429.13 (UI: 136474.36-476383.88) and the annual number 
of new cases increasing slightly from 2021, reaching 61458.91 (UI: 28839.56-94078.27). Despite this rise in 
prevalence and incidence, the ASIR, ASMR, and ASDR are all projected to decline. By 2040, ASIR is expected to 
decrease to 1.81(UI: 0.91–2.71) per 100,000 population, ASMR to 0.80 (UI: 0.42–1.17) per 100,000 population, 
and ASDR to 49.16 (UI: 26.41–71.90) per 100,000 population. Notably, for males, these rates are projected to 
continue their steady decline over the next 20 years (Fig. 4, Supplementary Table S5, Supplementary Fig. S4).

Fig. 1. Global trends in CNS cancer burden among AYAs from 1990 to 2021 using joinpoint regression 
analysis. This figure illustrates the ASIR, ASMR and ASDR of brain and CNS cancers among AYAs globally 
from 1990 to 2021. Joinpoint regression analysis was used to identify significant shifts in trends. A Global ASIR 
of CNS cancers for both sexes. B Global ASIR of CNS cancers for males. C Global ASIR of CNS cancers for 
females. D Global ASMR of CNS cancers for both sexes. E Global ASMR of CNS cancers for males. F Global 
ASMR of CNS cancers for females. G: Global ASDR of CNS cancers for both sexes. H Global ASDR of CNS 
cancers for males. I Global ASDR of CNS cancers for females.
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Discussion
This study, through a comprehensive analysis of the GBD 2021 database, provides a multi-dimensional perspective 
on the global burden of the CNS cancers in AYAs. The burden of CNS cancers among AYAs is increasing globally, 
and by 2040, the number of cases is projected to rise significantly. Despite this increase in total global cases, ASIR, 
ASMR, and ASDR are expected to decline, reflecting advancements in medical technology and improvements 
in cancer diagnosis and treatment. However, from an etiological standpoint, the trends observed are driven by a 
complex interplay of factors that vary significantly across different countries and regions.

The pathogenesis of the CNS cancers is multifaceted, involving genetic, environmental, lifestyle, and 
immunological factors. One of the critical drivers of CNS cancer is genetic susceptibility and gene mutations. 
Familial cancer syndromes, such as Li-Fraumeni syndrome, neurofibromatosis, and retinoblastoma, significantly 
increase the risk of CNS tumors10. These syndromes are often associated with mutations in tumor suppressor 
genes, including TP53, NF1, NF2, and RB1, which play crucial roles in cell cycle regulation and DNA repair11. 
High-income countries have advanced genetic screening and mutation detection capabilities, allowing them to 
identify high-risk individuals at earlier stages, which may partly explain the higher incidence rates observed 
in these regions12. In contrast, low-income countries, lacking the necessary infrastructure for genetic testing, 
may underestimate the actual incidence of CNS cancers due to undetected genetic susceptibility13. Additionally, 
the interaction between genetic predisposition and environmental factors likely plays a significant role in CNS 
cancer development, particularly in more industrialized nations where environmental pollution may accelerate 
the carcinogenic process14. While this study explores several potential contributors to CNS cancer burden, 
it is worth noting that the GBD 2021 dataset does not include CNS-specific risk factor modeling. Factors 
such as genetic predisposition, environmental exposures (e.g., ionizing radiation, air pollution), and lifestyle 

Fig. 2. Global inequality in CNS cancer burden among AYAs from 1990 to 2021 using concentration index 
analysis. This figure presents the global inequality in the burden of CNS cancers among AYAs from 1990 to 
2021, based on the SDI. Concentration indices are provided to quantify inequality in CNS cancer burden 
across countries with different SDI levels. A ASDR by SDI in 1990 and 2021. B Cumulative distribution of 
DALYs by SDI in 1990 and 2021. C ASIR by SDI in 1990 and 2021. D Cumulative distribution of CNS cancer 
incidence by SDI in 1990 and 2021. E ASMR by SDI in 1990 and 2021. F Cumulative distribution of CNS 
cancer mortality by SDI in 1990 and 2021.
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changes remain underrepresented in current global estimates4. Future iterations of the GBD framework should 
incorporate these data to provide a more comprehensive understanding of the global burden of CNS cancers and 
their geographical variations.

Environmental exposure is another key factor contributing to CNS cancer risk, particularly ionizing radiation. 
Research has consistently shown that ionizing radiation is a well-established risk factor for brain tumors, and 
cancer survivors who have undergone radiation therapy are at increased risk of developing secondary CNS 
malignancies15. While high-income countries are equipped with advanced medical technologies, radiation 
therapy remains a significant contributor to secondary brain tumors16. Moreover, long-term exposure to air 
pollution, particularly fine particulate matter (PM2.5) and chemical pollutants (e.g., formaldehyde and benzene), 

Fig. 3. Correlation between SDI and CNS cancer burden in AYAs from 1990 to 2021. This figure demonstrates 
the correlation between the SDI and the ASIR, ASMR, and ASDR of CNS cancers among AYAs, with separate 
analyses for both sexes, males, and females. Pearson correlation coefficients (R) and p-values are provided to 
assess the strength and significance of the relationships. A Correlation between SDI and ASIR of CNS cancers 
for both sexes. B Correlation between SDI and ASIR of CNS cancers for males. C Correlation between SDI 
and ASIR of CNS cancers for females. D Correlation between SDI and ASMR of CNS cancers for both sexes. 
E Correlation between SDI and ASMR of CNS cancers for males. F Correlation between SDI and ASMR of 
CNS cancers for females. G Correlation between SDI and ASDR of CNS cancers for both sexes. H Correlation 
between SDI and ASDR of CNS cancers for males. I Correlation between SDI and ASDR of CNS cancers for 
females.
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has been linked to an increased risk of CNS cancers. The carcinogenic mechanism of air pollution likely 
involves chronic inflammation and oxidative stress, which affect the nervous system and may promote tumor 
development17. The industrialization and urbanization of high-income countries exacerbate environmental 
pollution, which could explain the rising incidence of CNS cancers in these regions. Occupational exposure to 
harmful substances, such as organic solvents, pesticides, and petrochemicals, further increases the risk of CNS 
cancers, particularly in highly industrialized areas18.

Fig. 4. Projected global trends in incidence, mortality, and DALYs for CNS cancers in AYAs, 1990–2040. 
This figure illustrates the observed and predicted trends in the age-standardized rates and total numbers for 
incidence, mortality, and DALYs of CNS cancers among AYAs. Predictions are based on the Bayesian Age-
Period-Cohort (BAPC) model, forecasting trends through 2040. A ASDR for CNS cancers, including observed 
data from 1990 to 2021 and predicted trends through 2040. B Total number of DALYs due to CNS cancers 
from 1990 to 2040, with observed and projected data. C ASMR for CNS cancers, including observed rates from 
1990 to 2021 and predicted rates through 2040. D Total number of deaths due to CNS cancers from 1990 to 
2040, including both observed and predicted figures. E ASIR for CNS cancers, including observed data from 
1990 to 2021 and projected trends through 2040. F Total number of new CNS cancer cases from 1990 to 2040, 
based on observed data and future projections.
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Viral infections and immune suppression are also closely related to the development of CNS cancers. 
Epstein-Barr virus (EBV) has been implicated in primary CNS lymphomas, and individuals with compromised 
immune function, such as those with HIV, are at a significantly higher risk of developing CNS tumors19,20. 
This association is particularly pronounced in sub-Saharan Africa, where the HIV/AIDS epidemic has led to 
increased immune suppression and, consequently, a higher burden of CNS cancers. The immune system plays 
a crucial role in recognizing and eliminating abnormal cells, including cancer cells. When immune function is 
impaired—whether due to HIV infection, organ transplantation, or long-term immunosuppressive therapy—
the body’s ability to clear cancerous cells diminishes, thereby increasing the risk of CNS cancer21. In low-income 
countries, where medical resources are limited and HIV prevalence is high, the burden of immune-related CNS 
cancers is likely underreported22.

Changes in lifestyle, particularly in high-income countries, may also act as driving factors in CNS cancer 
incidence23. Obesity and metabolic syndrome have been associated with various cancers, and while the direct link 
between obesity and CNS cancer remains unclear, obesity may indirectly increase cancer risk through chronic 
low-grade inflammation, insulin resistance, and oxidative stress. Dietary changes, particularly the increased 
consumption of high-fat and high-sugar foods, may further exacerbate these metabolic disruptions, contributing 
to the risk of CNS cancers24. Additionally, sedentary lifestyles have been identified as an independent risk factor 
for cancer. Lack of physical activity leads to metabolic dysregulation, fat accumulation, and an increased risk of 
chronic diseases, which may indirectly affect CNS cancer development. Residents of high-income countries are 
more exposed to these lifestyle risks, which could explain the rising cancer burden in these regions.

Socioeconomic and cultural differences also significantly influence the burden of CNS cancers. Residents 
of high-income countries typically have better access to healthcare services, including early screening, precise 
diagnostics, and advanced treatment options, resulting in higher incidence rates but lower mortality25. In 
contrast, low-income countries, with limited healthcare resources, often diagnose patients at later stages, leading 
to higher mortality rates26. In these regions, a lack of awareness about cancer further exacerbates the burden. For 
instance, in some cultural contexts, cancer may be perceived as an incurable disease, leading patients to delay 
seeking medical help or refuse treatment altogether27,28. Gender disparities also play a role in the burden of CNS 
cancers. In certain cultures, women may not receive adequate medical attention, which can result in delayed 
diagnosis and treatment, further increasing their disease burden29.

According to the BAPC model, although the total number of CNS cancer cases is expected to continue 
rising in the future, incidence rates, mortality, and disability rates are projected to decline. This trend reflects 
the progress in medical technology and the strengthening of preventive measures. In high-income countries, 
the widespread application of precision medicine, genetic testing, immunotherapy, and targeted treatments 
will likely further improve CNS cancer outcomes. Future prevention strategies should focus on reducing 
environmental exposure, promoting healthy lifestyles, and enhancing the control of viral infections, particularly 
in low-income countries where additional technological support and resource allocation are needed to address 
the growing health inequities associated with CNS cancers30–32.

Despite the significant advantages of this study, several limitations must be considered. First, the cancer 
registration systems in some low-income countries are incomplete, leading to underreporting or inaccuracies 
in the data, which may underestimate the true burden of CNS cancers in these regions33. Second, this study 
does not differentiate between the various types of CNS cancers, which have distinct etiologies, prognoses, and 
treatment responses. Additionally, while the BAPC model provides valuable predictions for future trends, it is 
based on historical data and may not fully account for future social, economic, and technological changes. For 
instance, the broad adoption of emerging therapies, such as gene therapy or more advanced immunotherapies, 
could significantly alter CNS cancer treatment outcomes34. This study also did not explicitly adjust for potential 
confounders such as healthcare access or population growth, which could influence the observed patterns of 
CNS cancer burden. However, the GBD framework inherently accounts for some of these factors through its 
modeling processes (e.g., SDI as a composite index and DALYs adjusted for age structure), and future studies 
could incorporate more granular adjustments, such as the HAQ Index, to refine these analyses35. Finally, this study 
lacks a detailed analysis of individual risk factors, such as genetic predisposition, lifestyle, and environmental 
exposure. Future research should adopt a multidisciplinary approach, incorporating genetics, environmental 
science, and epidemiology to further explore the causes of CNS cancers, particularly the interaction between 
genetic susceptibility and environmental exposure.

In conclusion, this study fills a significant gap in the literature by offering a global, multi-dimensional analysis 
of the burden of CNS cancers and predicting future trends. However, the limitations related to data quality, lack of 
differentiation between CNS cancer types, and uncertainties in predictive modeling remain challenges. Further 
research should focus on improving data collection, refining the classification of CNS cancers, and enhancing 
etiological studies to better understand the global burden of CNS cancers and support the development of more 
targeted public health policies.

Methods
Data source
This descriptive epidemiological study is based on a secondary analysis of data from the GBD 2021 database, 
which provides standardized estimates of health outcomes globally. The GBD study integrates data from diverse 
sources, including vital registration systems, household surveys, hospital records, and disease registries, using 
advanced statistical modeling techniques to address data gaps and ensure comparability3. Key health metrics such 
as incidence, mortality, and DALYs are estimated through this rigorous process. The study focuses on malignant 
CNS cancers among AYAs aged 15–39 years across 204 countries and territories from 1990 to 2021. This age 
range was selected to capture the unique biological, clinical, and psychosocial characteristics of AYAs. CNS 
cancers were defined using ICD-10 codes C70 (malignant neoplasm of meninges), C71 (malignant neoplasm 
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of brain), and C72 (malignant neoplasm of spinal cord, cranial nerves, and other parts of the CNS)36. Inclusion 
criteria were cases meeting these definitions with complete data on incidence, mortality, and DALYs for the 
15–39 age group. Exclusion criteria included individuals outside this age range, non-CNS cancers, and countries 
or territories with incomplete or inconsistent data. By applying standardized definitions, age-standardization, 
and quality control, the GBD study ensures robust and comparable estimates across locations and time periods, 
forming the foundation for analyzing trends and disparities in CNS cancer burden.

Data standardization
Ensuring comparability across regions and populations required the use of age-standardized metrics, calculated 
using the World Health Organization Standard Population37. These metrics include the ASIR, ASPR, ASDR, 
and ASMR. Age standardization adjusts for differences in population age structures, allowing for meaningful 
comparisons over time and between regions. The calculations involved applying age-specific rates to the WHO 
standard population distribution, with population data sourced from the GBD 2021 dataset38.

Joinpoint regression analyss
Joinpoint regression analysis was used to assess trends in the incidence and mortality of CNS cancers in the 
15-39-year-old population from 1990 to 2021. This method identifies points where significant changes in trend 
occur and calculates the Annual Percentage Change (APC) for each segment, reflecting the rate of change over 
time. The number of joinpoints was determined using permutation tests, with statistical significance set at 
p < 0.05. Furthermore, the AAPC was calculated to summarize the overall trend across the study period. The 
application of joinpoint regression allowed for the identification of distinct periods of increase or decrease in 
CNS cancer burden39.

Health inequality analysis
To quantify disparities in the burden of CNS cancers across countries, multiple measures of inequality were 
employed, including the SII, the Relative Index of Inequality (RII), and the CI. The SII represents the absolute 
difference in burden (e.g., age-standardized rates of incidence, mortality, or disability) between the highest 
and lowest ends of the SDI spectrum, calculated using a population-weighted ordinary least squares (OLS) 
regression model40. The RII captures relative inequality, estimating proportional disparities using a generalized 
linear model (GLM) with a log-link function, where the dependent variable is the natural logarithm of the age-
standardized rate. Both indices were weighted by population size to ensure robust and unbiased estimates, with 
the SII reflecting absolute gradients and the RII representing rate ratios across the SDI continuum41. The CI 
was used to further assess inequalities by quantifying the extent to which a health outcome, such as incidence, 
mortality, or DALYs, is disproportionately concentrated among populations ranked by SDI. The CI ranges from 
− 1 to 1, where negative values indicate concentration of the burden in populations with lower SDI, positive 
values indicate concentration in higher SDI populations, and a value of 0 reflects perfect equality42. These 
complementary measures enabled a comprehensive evaluation of absolute and relative disparities, as well as the 
directional concentration of CNS cancer burden, providing a standardized framework to assess global health 
inequalities.

SDI correlation analysis
The SDI is a composite measure ranging from 0 to 1, based on total fertility rate, mean years of education 
among individuals aged 15 and older, and lag-distributed income per capita. In this study, SDI was treated 
as a continuous variable to assess its association with CNS cancer burden. For subgroup analysis, SDI was 
divided into five quintiles: low (0–0.35), low-middle (0.36–0.50), middle (0.51–0.65), high-middle (0.66–0.80), 
and high (0.81–1). These quintiles were used to explore disparities in disease burden across different levels of 
socio-demographic development30. A correlation analysis wasonducted to explore the relationship between SDI 
and the burden of brain and CNS cancers, using key metrics: ASIR, ASDR, and ASMR. The analysis included 
204 countries and territories and 21 regions. Pearson’s correlation coefficients were calculated to assess the 
strength and direction of the relationship between SDI and CNS cancer burden. Positive values indicate a direct 
relationship, while negative values indicate an inverse relationship. The statistical significance was tested with a 
p-value < 0.05.

Bayesian Age-Period-Cohort model for prediction
We applied the BAPC model to analyze CNS cancer trends, which decomposes temporal variations into age, 
period, and cohort effects while addressing the identifiability problem of traditional APC models. Using 
Bayesian hierarchical methods, the model employs random walk priors for smooth transitions and hyperpriors 
to control variability, ensuring robust estimates even with sparse data43. To achieve computational efficiency, 
we used Integrated Nested Laplace Approximations (INLA), which provides accurate and scalable posterior 
inference. This framework allows for disentangling temporal effects, projecting future trends44, and quantifying 
uncertainty, making it a reliable approach for large-scale analyses like the GBD study.

Statistical software and statistical analysis
The following software tools were used for data extraction, analysis, and modeling: R (version 4.2.0): For data 
analysis, trend estimation, and BAPC modeling. Joinpoint Regression Program (Version 4.9.1.0) from the 
National Cancer Institute (NCI):.For joinpoint analysis. GBD Results Tool & GBD Compare Visualization Tool: 
For data extraction and visualization of CNS cancer burden metrics. Statistical significance was determined at a 
threshold of p < 0.05. For estimates derived from the GBD 2021 database, UIs were used to assess the precision of 
the estimates, with non-overlapping UIs considered indicative of statistically significant differences.
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The GBD framework commonly adopts linear assumptions, particularly for inequality measures like SII and 
RII, which are based on linear gradients across population groups. The association between SDI and inequality 
measures is theoretically supported, as SDI typically exhibits a consistent linear relationship with health 
disparities in large-scale aggregated data45.

Data availability
The authors confirm that the datasets analyzed in this study are publicly available via the Global Health Data 
Exchange at https://vizhub.healthdata.org/gbd-results/ and https://ghdx.healthdata.org/ihme_data. This study is 
a secondary analysis of publicly accessible data from the Global Burden of Disease Study 2021. Processed data 
supporting the findings are provided in the article and supplementary materials.
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