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Global burden and trends of
testicular cancer in adolescents and
young adults from 1990 to 2021,
with predictions to 2035
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Testicular cancer predominantly affects adolescents and young adults (AYAs) aged 15-39 years. This
study analyzed the global, regional, and national burden of testicular cancer among AYAs (1990 to
2021). Data from the Global Burden of Disease study was used to calculate age-standardized rates of
incidence (ASIR), prevalence (ASPR), and disability-adjusted life years (ASDR). Trends were assessed
using the Joinpoint regression and Bayesian age-period-cohort models, with projections up to 2035.
Results showed the global ASIR of 4.05 (95% Cl: 3.80—4.35), ASPR of 31.05 (95% Cl: 28.88-33.68), and
ASDR of 24.82 (95% Cl: 22.99-26.91) per 100,000 in 2021, respectively. From 1990 to 2021, ASIR and
ASPR increased, while ASDR remained relatively stable. Significant geographical disparities were
observed, with Europe and Latin America showing higher burdens compared to Asia and Africa. The
25-29 age group had the highest age-specific rate of incidence (5.58; 95% Ul: 5.25-5.97) and disability-
adjusted life years (34.09; 95% Ul: 31.55-37.11) per 100,000, while the 30-34 age group had the
highest age-specific prevalence rate (43.12; 95% Ul: 40.51-46.56) per 100,000 in 2021. By 2035, the
global numbers of incidence and prevalence cases were projected to increase, with DALYs and age-
standardized rates declining. These findings are crucial for informing global strategies in testicular
cancer prevention.

Keywords Testicular cancer, Adolescents and young adults, GBD 2021, Average annual percentage change,
Decomposition analysis, Bayesian age-period-cohort model

Testicular cancer (TC) is an uncommon malignancy, accounting for just 1% of adult cancers and 5% of urological
cancers!. Despite this, it is the leading cancer among adolescents and young adults (AYAs) aged 15-39 years>>.
In the histological classification of TC, testicular germ cell tumors make up around 98%, with seminomas being
the most common at 50-60%, followed by non-seminomas at 40-50%, and spermatocytic tumors at less than
1%*°. The mechanisms underlying the development of TC are not entirely elucidated. Associated risk factors
may include cryptorchidism, a familial predisposition to testicular cancer, hypospadias, and a reduced sperm
count®®.

In the past half-century, the management of germ cell tumors has seen substantial progress, with survival
rates for advanced cases escalating from around 25% in the 1970s to almost 80% currently’. Despite these
advancements, the global incidence of TC has witnessed a notable rise, increasing from 1.9 cases per 100,000
population in 1990 (95% uncertainty interval [UI]: 1.6-2.2) to 2.8 in 2021 (95% UI: 2.4-3.3)®, which positions
it a significant public health concern globally. Current studies on the burden of testicular cancer predominantly
focus on the general population®-8, with limited research on adolescents and young adults aged 15-39 years, who
are at the highest risk. This age group plays a vital role in socioeconomic activities and contributes substantially
to future population growth. Failure to control and prevent the disease could increase the burden on patients and
have long-term adverse effects on societal productivity and demographic trends. Moreover, TC has a profound
impact on the fertility, psychological health, and overall quality of life of young patients. Studies have shown
that survivors frequently face challenges such as fertility issues®, sexual dysfunction'®"'?, and psychological
stress'>13, particularly among younger patients. Therefore, it is essential to study the burden of TC in AYAs for
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understanding the epidemiology of the disease and developing targeted prevention and treatment strategies that
can improve patient outcomes and enhance quality of life.

In conclusion, the Global Burden of Disease (GBD) study has become an essential tool for understanding and
evaluating the global burden of diseases!'*~16. It offers comprehensive data across time periods, regions, and age
groups on various metrics such as incidence, prevalence, and disability-adjusted life years (DALYs)"”. By utilizing
the latest data from GBD 2021, our secondary research focused on the adolescent and young adult population,
systematically analyzing the incidence, prevalence, and DALYs of TC at global, regional, and national levels.
The study aims to provide new perspectives on the global burden and trends of TC in this age group and offers
scientific evidence for public health policy development, thereby advancing global health initiatives.

Methods

The GBD 2021 Study, conducted by the Institute for Health Metrics and Evaluation (IHME), represents the
most comprehensive effort to date in measuring global epidemiological levels and trends. It covers 21 GBD
regions and 204 countries/territories, examining 371 diseases, 288 causes of death, and 88 risk factors from 1990
to 2021'4!5. The methodology employed in the GBD 2021 has been refined in each cycle and was thoroughly
documented in prior research!*'>!'7. Detailed results from the GBD 2021 study, including estimates for all
diseases and injuries analyzed, are accessible through the Global Health Data Exchange platform (https://vizhu
b.healthdata.org/gbd-results/).

Data source

The diagnosis of TC in this study was strictly aligned with the clinical criteria and classifications prescribed by
the International Classification of Diseases (ICD)'4, including ICD-10 (C62-C62.9, D29.2-D29.8, D40.1-D40.8)
and ICD-9 (186-186.9, 222.0, 222.3, 236.4). In addition, our study focused on three major metrics: incidence,
prevalence, and DALYs associated with TC, and corresponding age-standardized rates. Location search
parameters were global, Socio-Demographic Index regions, Global Burden of Disease (GBD) regions, and
204 countries/territories. Based on epidemiological homogeneity and geographic contiguity, the GBD study
organized 204 countries and territories into 21 GBD regions, allowing for more detailed subgroup analyses'.
Throughout the process, our study strictly followed the Guidelines for Accurate and Transparent Health
Assessment Reporting (GATHER)! (Table S1).

Socio-demographic index

The Socio-Demographic Index (SDI) is an essential tool for assessing socio-economic development?*?!. The
score, ranging from 0 to 1, is derived from a combination of per capita income, education, and fertility rates. This
index categorizes regions into quintiles, from low to high, with the intervals for each quintile defined as: Low
SDI, Low-middle SDI, Middle SDI, High-middle SDI and High SDI (Table S2). Higher SDI values indicate better
socio-economic conditions. In this study, the SDI was employed to explore the relationship between socio-
economic status and disease burden, highlighting health disparities. Tables S3, S4 provide a detailed distribution
of SDI quintiles across regions and locations.

Statistical analysis
To standardize statistical indicators, we calculated the age-standardized rate (ASR) using age-specific weights
(Table S5), detailed by the subsequent formula (1)?>-2%;

N
a; W
ASR = 2+ x 100,000 (1)

Zi:lw"

(N represents the collective age groups, with i index the ith group. « is the rate specific to age group i, and W,
denotes the individuals in the standard population for that group®*).

APC = [#2£Y2] 5100 = (&7 — 1) x 100 )

(y represents the age-standardized rate, and x represents the calendar year of ASR, f3, represents the regression
coeflicient)

Z wy By

AAPC = | e 22" —1| x 100 (3)

(w;, in the formula denotes the width of each segment function interval [number of years], and B, corresponds to
the regression coefficient for each interval.)

Using Joinpoint regression software?>, we calculated annual percentage change (APC) (formula 2) and
average annual percentage change (AAPC) (formula 3) for ASRs with trends categorized by their 95% CI relative
to zero?®?’. Using a grid search method, we identified joinpoints within the time series data of ASRs, while the
significance of these points was evaluated through Monte Carlo permutation tests. Joinpoints typically signify
notable shifts in trends or slopes, offering a systematic mean to quantify and describe the dynamics of data
trends over time. Furthermore, in order to highlight the temporal discrepancies and trends in global ASRs, we
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conducted an in-depth comparison of the AAPCs for the periods of 1990 to 1999, 2000 to 2009, 2010 to 2019,
the COVID-19 period of 2019 to 2021, and the overall period from 1990 to 2021.

Decomposition analysis?®?* was performed to quantify the contributions of population aging, population
growth, and epidemiologic changes to TC in AYAs from 1990 to 2021. Smoothing splines models assessed
the relationship between the ASRs of TC and the SDI in 21 GBD regions and 204 countries/territories, and
Spearman’s rank correlation analysis was conducted to calculate the r indices and p-values.

Frontier analysis was conducted to investigate the link between disease burden and sociodemographic
development. This method, which integrated ASDR and the SDI, enabled us to model the minimum expected
disease burden achievable at a given developmental level across 204 countries/territories’®>!. Following the
methodologies established in previous research®**!, we applied data envelopment analysis (DEA) under the
free disposal hull (FDH) model to outline nonlinear boundaries with data from 1990 to 2021. Uncertainty was
managed using 100 bootstrap samples, which involved random resampling with replacement from all countries
and territories for every year. Subsequently, the average frontier at each SDI value was computed from these
samples, and then Loess regression with a local polynomial number of 1 and a span of 0.2 was applied to smooth
the frontier. Countries exhibiting super-efficiency were removed from the frontier to mitigate outlier influence.
This analysis quantified the extent of unrealized health benefits by comparing current DALY with the frontier,
referred to as the effective difference. Such insights are instrumental in guiding effective interventions tailored to
the specific developmental context of each country or region.

Many models have been applied to forecast the burden of diseases, including Nordpred models, Joinpoint
models, and Bayesian age-period-cohort (BAPC) model. The BAPC model integrates the sample information
and priori information to estimate the posterior information, which is then used to infer unknown parameters.
Due to the continuity effect of adjacent time, the model uses second-order random walk to smooth the prior
distributions of age, period, and cohort effects, enhancing the reliability of predictions. Additionally, it employs
the Integrated Nested Laplace Approximation (INLA) algorithm to directly approximate the posterior marginal
distributions, without the need to address the mixing and convergence issues prevalent in conventional Bayesian
Markov chain Monte Carlo methods*>. As previous studies have shown, the BAPC model demonstrates a
relatively lower error compared to other models®*. Utilizing TC data (1990-2021), along with historical (1990~
2021) and projected (2022-2035) population data and world population age-standard data from the GBD
database!®3>%, we forecasted disease burdens from 2022 to 2035 using the R packages BAPC (v0.0.36) and
INLA (v23.04.24).

The statistical analyses were performed using R (v4.4.1) and the Joinpoint Regression Program? (v5.1.0.0),
with P <0.05 considered significant.

Ethics statement
No ethical approval was necessary for this investigation, which utilized the Global Burden of Disease (GBD)
database—a publicly available dataset with anonymized participant data.

Results

Global level

Globally, there were 61,596 (95% uncertainty interval [UI]: 57,749-66,175) incidence cases of TC among AYAs
in 2021, with ASIR of 4.05 (95% CI: 3.80-4.35) per 100,000 population, which represented an increase since 1990
of 2.64 (95% CI: 2.50-2.79) per 100,000 population (AAPC: 1.37, 95% CI: 0.99 to 1.76) (Table 1, and Figs. 1 and
2). The global ASIR exhibited significant upward trends from 1990 to 1999, 2000 to 2009, and 2010 to 2019, with
the fastest rise from 2010 to 2019 (AAPC: 1.88, 95% CI: 1.75 to 2.01) (Table S6). However, from 2019 to 2021,
the AAPC p-value was 0.6706, indicating no significant change in global ASIR. Joinpoint regression revealed
four distinct points—1993, 1997, 2002, and 2019—when there were significant changes in TC incidence (Fig. 1).
Moreover, there were 472,966 (95% UI: 440,012-512,848) prevalence cases of TC among AYAs in 2021, with
ASPR of 31.05 (95% CI: 28.88-33.68) per 100,000 population, which also represented an increase since 1990
(AAPC: 1.52,95% CI: 1.09 to 1.96) (Table 2, and Figs. 1 and 2). During 1990-1999, 2000-2009, and 2010-2019,
the global ASPR exhibited similar growth patterns (AAPCs: 1.68-1.80, all p <0.05). The AAPC value for the
period 2019-2021 was — 0.72, but the p-value was 0.7010, indicating a stable trend (Table S6). Utilizing Joinpoint
regression, notable prevalence variations of TC were identified at five specific years: 1993, 1997, 2003, 2007, and
2019. In addition, there were 376,564 (95% UT: 348,929-408,401) cases of DALYs in 2021, and the ASDR was
24.82 (95% CI: 22.99-26.91) per 100,000 population (Table 3, and Figs. 1 and 2). However, ASDR exhibited
significant fluctuations, with significant decreases from 1990 to 1999 and 2000 to 2009, and a significant increase
from 2010 to 2019 (Table S6). The overall trend of ASDR from 1990 to 2021 remained stable, with a p-value
of 0.0555, indicating no significant change. Overall, from 1990 to 2021, the AAPCs of ASIR and ASPR in TC
among AYAs continued to increase globally, while the AAPC of ASDR showed an irregularly shaped trend,
gradually declining from 1990 to 2007, gradually increasing after 2007, and finally peaking in 2019 (Fig. 1).

SDl level

Between 1990 and 2021, the ASIR and ASPR for TC in AYAs rose across all SDI regions, with Middle SDI regions
demonstrating the steepest increase in ASIR (AAPC: 4.37, 95% CI: 4.10 to 4.65) and in ASPR (AAPC: 6.61,
95% CI: 6.40 to 6.83) (Tables 1 and 2; Fig. 2). Despite the slowest growth in ASIR and ASPR from 1990 to 2021,
the High SDI region still recorded the greatest number of incidence cases (21,798; 95% CI: 20,201-23,544), the
highest ASIR (11.38; 95% CI: 10.55-12.3/ 100,000 population), the largest number of prevalence cases (198,512;
95% UI: 184,139-214,886), and the highest ASPR (103.70; 95% CI: 96.22-112.30/ 100,000 population) in 2021.
Interestingly, the High SDI regions exhibited a sustained increase in ASIR and ASPR between 1990 and 2021,
alongside a decline in ASDR (Fig. 2). Figure S1 reveals periods of stability for ASIR and ASPR from 1997 to
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Age-standardized Age-standardized
rate per 100,000 rate per 100,000 AAPC (Age-
Number of cases, 1990 | population, 1990 Number of cases, 2021 | population, 2021 | standardized rate,

Characteristics (95% UI) (95% CI) (95% UI) (95% CI) 95% CI) P

Global 28,499 (27,000-30,124) | 2.64 (2.50-2.79) 61,596 (57,749-66,175) | 4.05 (3.80-4.35) 1.37 (0.99 to 1.76) <0.001
High SDI 16,470 (15,350-17,668) | 9.06 (8.45-9.72) 21,798 (20,201-23,544) | 11.38 (10.55-12.3) | 0.82 (0.26 to 1.39) | 0.0041
High-middle SDI 7005 (6245-7970) 3.04 (2.71-3.45) 17,345 (14,796-20,701) | 7.3 (6.19-8.76) 2.97 (2.72 to 3.23) <0.001
Middle SDI 3099 (2860-3370) 0.84 (0.78-0.91) 15,045 (13,643-16,472) | 3.16 (2.87-3.46) 4.37 (4.1 to 4.65) <0.001
Low-middle SDI 1450 (1157-1778) 0.68 (0.54-0.83) 5655 (4799-6693) 1.42 (1.21-1.69) 2.42 (2.27 to 2.58) <0.001
Low SDI 434 (296-581) 0.52 (0.36-0.69) 1677 (1322-2078) 0.82 (0.64-1.01) 1.46 (1.38 to 1.54) <0.001
High-income Asia Pacific 1854 (1421-2402) 5.47 (4.19-7.08) 1771 (1386-2163) 6.49 (5.08-7.91) 0.62 (—0.78 t0 2.04) | 0.3855
High-income North America | 5873 (5447-6346) 9.87 (9.16-10.67) 9210 (8403-10125) 14.47 (13.2-1591) | 1.4 (0.58 to 2.22) <0.001
Western Europe 9192 (8232-10265) 12.27 (10.99-13.7) 9933 (8623-11509) 14.44 (12.54-16.74) | 0.61 (=0.23 to 1.46) | 0.1555
Australasia 566 (422-749) 13.71 (10.22-18.16) 872 (600-1203) 15.77 (10.86-21.75) | 0.61 (0.15 to 1.07) 0.0093
Eastern Europe 1578 (1421-1761) 3.55 (3.2-3.95) 2644 (2365-2933) 7.11 (6.36-7.9) 2.52 (14810 3.56) | <0.001
Central Europe 1896 (1677-2162) 7.92 (7.01-9.04) 3229 (2744-3788) 17.18 (14.6-20.16) | 2.74(227t032) | <0.001
Southern Latin America 654 (493-857) 7.02 (5.3-9.18) 2756 (2089-3596) 20.93 (15.86-27.33) | 3.69 (2.8t04.59) | <0.001
East Asia 1215 (996-1464) 0.43 (0.35-0.52) 3398 (2609-4453) 127 (0.97-1.67) | 3.64 (2.87 to441) | <0.001
Central Asia 191 (152-247) 1.37 (1.09-1.76) 443 (362-548) 2.25(1.84-2.79) | 1.52 (1.01t02.03) | <0.001
North Africa and Middle East | 1430 (921-2220) 2.18 (1.41-3.37) 9121 (6880-12391) 6.87 (5.17-9.35) | 3.78 (3.48 t0 4.07) | <0.001
Andean Latin America 107 (68-167) 1.47 (0.93-2.28) 740 (486-1080) 5.38(3.53-7.85) |4.24(339t05.11) | <0.001
Southeast Asia 550 (444-683) 0.59 (0.48-0.73) 1981 (1514-2560) 1.39 (1.06-1.8) 2.76 (2.58 10 2.95) | <0.001
Tropical Latin America 417 (367-478) 1.35 (1.19-1.54) 2263 (1939-2633) 5.00 (436-5.92) | 4.65(4.4t04.91) | <0.001
Southern Sub-Saharan Africa | 64 (49-81) 0.66 (0.5-0.82) 178 (141-221) 1.04 (0.83-1.29) 1.32 (0.79 to 1.84) <0.001
Caribbean 24 (19-31) 0.34 (0.27-0.43) 193 (147-251) 2.11(1.61-274) | 6.11(3.94t08.32) | <0.001
Central Latin America 783 (720-849) 2.41 (2.22-2.61) 5372 (4764-6048) 10.79 (9.57-12.15) | 4.98 (4.41 to 5.55) <0.001
South Asia 1828 (1460-2240) 0.87 (0.7-1.06) 6228 (5130-7475) 1.56 (1.29-1.88) 1.9 (1.73 to 2.06) <0.001
Central Sub-Saharan Africa 35 (21-55) 0.36 (0.22-0.57) 155 (91-251) 0.61 (0.36-0.99) 1.74 (1.56 to 1.93) <0.001
Oceania 5(3-7) 0.35(0.22-0.53) 10 (7-15) 0.36 (0.24-0.52) 0.09 (—0.33t0 0.51) | 0.6693
Western Sub-Saharan Africa | 81 (62-102) 0.25(0.19-0.32) 272 (201-355) 0.33 (0.24-0.43) 0.88 (0.69 to 1.06) <0.001
Eastern Sub-Saharan Africa 157 (106-215) 0.51 (0.34-0.69) 826 (613-1075) 1.05 (0.78-1.37) 2.39 (2.23 t0 2.55) <0.001

Table 1. Burden (incidence) of testicular cancer in adolescents and young adults and their temporal trends
from 1990 to 2021, using Joinpoint analysis.

2003 and 2009 to 2012, with a stable for ASDR from 2013 to the present. Additionally, the Middle SDI region
demonstrated the most significant increase in ASDR, and particularly between 2010 and 2019 (APC: 2.77,
95% CI: 2.53-3.01). This resulted in the largest DALYs burden (126,951; 95% UI: 115,969-138,193) and the
highest ASDR (26.74; 95% CI: 24.43-29.08/ 100,000 population) in 2021 (Table 3; Fig. 2). Furthermore, the
ASDR remained stable in the Low SDI regions, with P-values indicating no significant alterations at 0.0650.
Concurrently, the Low SDI region experienced the lowest ASRs and case numbers across incidence, prevalence,
and DALYs in 2021. In summary, the disease burden of TC among AYAs across the five SDI regions exhibited
significant temporal and geographical disparities from 1990 to 2021.

GBD regional level
Across the 21 GBD regions, the ASIR, ASPR, and ASDR in 2021 were the highest in Southern Latin America,
with values of 20.93 (95% CI: 15.86-27.33), 181.03 (95% CI: 130.83-238.04), and 110.66 (95% CI: 88.83-134.71)
per 100,000 population, respectively. The second highest ASIR and ASPR was in Central Europe, with the values
0f 17.18 (95% CI: 14.60-20.16) and 149.50 (95% CI: 124.83-177.26) per 100,000 population. The second highest
ASDR was in Central Latin America, with the value of 101.23 (95% CI: 91.27-111.41) per 100,000 population.
The lowest ASIR and ASPR were found in Western Sub-Saharan Africa, with values of 0.33 (95% CI: 0.24-0.43),
1.03 (95% CI: 0.60-1.57) per 100,000 population, respectively. The lowest ASDR was found in Oceania (8.01;
95% CI: 5.31-11.67) per 100,000 population (Tables 1, 2 and 3; Fig. 2). Besides, Western Europe reported the
greatest numbers of incidence cases (9933; 95% UL 8623-11,509) and prevalence cases (91,302; 95% UI: 79,230-
105,941) in 2021, with South Asia showing the largest number of DALYs (107,816; 95% UT: 88,503-131,204).
From 1990 to 2021, no significant decline was observed in ASIR or ASPR of TC in AYAs across all 21 GBD
regions (Fig. 2). Notably, the Caribbean had the greatest increase in ASIR, while three regions—High-income
Asia Pacific, Western Europe, and Oceania—demonstrated stability in ASIR (Fig. 2). Meanwhile, Central Latin
America experienced the most significant increase in ASPR, with High-income Asia Pacific and Western
Europe showing stable trends (Fig. 2). Furthermore, ASDR across the 21 GBD regions demonstrated significant
variation, with the Caribbean recording the largest increase and Western Europe the largest decrease (Fig. 2).
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Fig. 1. Joinpoint regression analysis of ASIR, ASPR, and ASDR of testicular cancer in adolescents and
young adults in global from 1990 to 2021. (a) Age-standardized incidence rate (ASIR); (b) Age-standardized
prevalence rate (ASPR); (c) Age-standardized disability-adjusted life years rate (ASDR). * Indicates that the
Annual Percent Change (APC) is significantly different from zero at the alpha=0.05 level.

National level

In 2021, Monaco exhibited the highest ASIR and ASPR among the 204 countries and territories, at 86.36 (95%
CI: 39.00-167.51), and 793.08 (95% CI: 358.35-1536.24) per 100,000 population, respectively (Fig. 3, Tables S8,
and S9). Mexico had the highest ASDR (149.33; 95% CI: 133.44-166.20) per 100,000 population. United States
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Fig. 2. Age-standardized rates in 1990 and 2021, and their AAPCs from 1990 to 2021 for testicular cancer
among adolescents and young adults at the global, 5 SDI regional, and 21 GBD regional levels. (a) AAPC of
ASIR; (b) ASIR in 1990 and 2021; (c) AAPC of ASPR; (d) ASPR in 1990 and 2021; (¢) AAPC of ASDR; ()
ASDR in 1990 and 2021. ASIR, age-standardized incidence rate; ASPR, age-standardized prevalence rate;
ASDR, age-standardized DALY rate; DALYs, disability-adjusted life-years. AAPC, average annual percentage
change. GBD regions are arranged from left to right based on SDI values, with lower values on the right.

of America showed the most incidence cases (7856; 95% UI: 7232-8538) and prevalence cases (71,475; 95% UL
65,665-77,662) (Tables S8, S9, and Fig. S2). India had the highest number associated DALYs (67,621; 95% UL
55,897-81,032) (Table S10 and Fig. S2).

Among the 204 countries and territories, Puerto Rico had the fastest growing ASIR from 1990 to 2021, with
Switzerland showing the largest decline (Fig. 3, Table S8). In addition, Ecuador showed the largest increase in
ASPR, with United Kingdom experiencing the largest decrease (Fig. 3, Table S9). Furthermore, Belize exhibited
the most significant increase in ASDR, while Luxembourg exhibited the most substantial reduction (Fig. 3 and
Table S10).

Relationship between SDI and TC burden

Figure 4 illustrates the correlation between ASRs and the SDI across 21 GBD regions from 1990 to 2021. The
results revealed an inverted U-shaped nonlinear relationship between ASIR and SDI, characterized by an initial
rise when SDI is below around 0.8, followed by a steep decline when SDI surpasses this level. A similar nonlinear
relationship was observed between ASPR and SDI. Meanwhile, the ASDR and SDI exhibited an inverted
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Age-standardized
rate per 100,000 Age-standardized AAPC (Age-
Number of cases, 1990 population, 1990 Number of cases, 2021 rate per 100,000 standardized rate,

Characteristics (95% UI) (95% CI) (95% UI) population, 2021 95% CI) P

Global 209,012 (195,998-223,138) | 19.38 (18.18-20.68) 472,966 (440,012-512,848) | 31.05 (28.88-33.68) 1.52 (1.09 to 1.96) <0.001
High SDI 144,555 (134,314-155,299) 79.53 (73.89-85.47) 198,512 (184,139-214,886) | 103.70 (96.22-112.30) 0.94 (0.38 to 1.51) 0.001
High-middle SDI 51,714 (44,747-60,214) 22.40 (19.39-26.08) 153,229 (129,664-184,367) | 64.51 (54.23-78.15) 3.40 (3.07 to 3.73) <0.001
Middle SDI 9265 (7598-11,210) 2.53 (2.08-3.06) 89,323 (77,506-101,909) 18.58 (16.11-21.23) 6.61 (6.40 to 6.83) <0.001
Low-middle SDI 2643 (1946-3677) 1.23(0.91-1.72) 25,659 (20,015-32,468) 6.47 (5.05-8.19) 5.58 (5.31 to 5.84) <0.001
Low SDI 546 (313-912) 0.66 (0.38-1.10) 5604 (3649-7939) 2.74 (1.78-3.88) 4.74 (4.23 t0 5.27) <0.001
High-income Asia Pacific 16,443 (12,348-21,616) 48.49 (36.42-63.74) 16,277 (12,735-19,891) 59.63 (46.64-72.73) 0.74 (—0.67 t0 2.17) | 0.3074
High-income North America | 52,513 (48,651-56,751) 88.27 (81.77-95.4) 83,921 (76,506-92,267) 131.85 (120.19-144.99) | 1.45 (0.64 to 2.27) <0.001
Western Europe 81,229 (72,368-91,343) 108.42 (96.59-121.92) 91,302 (79,230-105,941) 132.77 (115.23-154.07) | 0.73 (—0.11 to 1.59) | 0.0884
Australasia 5080 (3764-6770) 123.05 (91.13-164.08) 8006 (5515-11,027) 144.75 (99.77-199.41) | 0.70 (0.24 to 1.16) 0.0030
Eastern Europe 11,501 (10,140-13,190) 25.82 (22.76-29.59) | 22,068 (19,470-24,729) 59.44 (52.4-66.74) 2.72(157t03.89) | <0.001
Central Europe 12,955 (10,338-15,651) 54.19 (43.27-65.47) | 28,060 (23,410-33,282) 149.50 (124.83-177.26) | 3.26 (2.57 t03.95) | <0.001
Southern Latin America 4198 (2204-6194) 45.03 (23.69-66.39) 23,845 (17,237-31,337) 181.03 (130.83-238.04) | 4.66 (3.36 to 5.99) <0.001
East Asia 4214 (3191-5449) 1.51 (1.15-1.95) 29,174 (22,222-38,355) 10.85 (8.24-14.32) 6.74 (6.14t0 7.34) | <0.001
Central Asia 1034 (631-1550) 7.35 (4.47-11) 3193 (2340-4166) 16.20 (11.86-21.19) | 2.45(1.95t02.95) | <0.001
North Africa and Middle East | 12,020 (7598-18,833) 18.31 (11.6-28.64) 83,302 (62,814-113,404) 62.72 (47.22-85.57) 4.07 (3.77 to 4.37) <0.001
Andean Latin America 157 (54-462) 2.2 (0.75-6.50) 4206 (1790-7122) 30.67 (13.09-51.91) | 8.85(7.98t09.72) | <0.001
Southeast Asia 1931 (1141-2912) 2.05(1.21-3.09) 13,222 (9493-17,833) 9.30 (6.68-12.54) 5.01 (4.65 to 5.38) <0.001
Tropical Latin America 1094 (624-1800) 3.59 (2.04-5.88) 12,484 (8958-16,220) 27.92 (20.02-36.31) 7.10 (6.33 to 7.87) <0.001
Southern Sub-Saharan Africa | 183 (108-283) 1.87 (1.1-2.88) 872 (574-1210) 5.09 (3.35-7.07) 3.23 (2.90 to 3.56) <0.001
Caribbean 122 (58-194) 1.73 (0.83-2.72) 1415 (959-1922) 15.44 (10.46-20.99) | 7.27 (4.21t0 10.41) | <0.001
Central Latin America 774 (575-1160) 2.47 (1.81-3.72) 16,721 (11,700-22,836) 33.79 (23.68-46.09) 8.86 (8.32t0 9.41) <0.001
South Asia 3198 (2235-4414) 1.52 (1.06-2.1) 30,865 (23,942-39,106) 7.76 (6.02-9.82) 5.41 (4.95 to 5.87) <0.001
Central Sub-Saharan Africa 39 (16-101) 0.41 (0.17-1.06) 501 (190-1104) 1.98 (0.75-4.35) 5.29 (4.77 to 5.81) <0.001
Oceania 14 (6-29) 1.06 (0.43-2.14) 41 (20-73) 1.46 (0.69-2.56) 1.08 (0.44 to 1.72) <0.001
Western Sub-Saharan Africa | 117 (69-194) 0.36 (0.21-0.6) 856 (501-1310) 1.03 (0.6-1.57) 3.41 (2.97 to 3.85) <0.001
Eastern Sub-Saharan Africa 197 (111-351) 0.64 (0.36-1.14) 2636 (1515-4195) 3.38 (1.95-5.36) 5.59 (5.18 t0 6.01) <0.001

Table 2. Burden (prevalence) of testicular cancer in adolescents and young adults and their temporal trends
from 1990 to 2021, using Joinpoint analysis.

M-shaped curve, with a peak at an SDI of around 0.75 and a subsequent rapid decrease. Collectively, these
analyses underscore a significant relationship between ASIR (r=0.82, p<0.001), ASPR (r=0.86, p<0.001),
ASDR (r=0.24, p<0.001), and SDI.

In 2021, data from 204 countries and territories indicated that the ASIR and ASPR of TC in AYAs were
positively associated with the SDI, reflecting an upward trend in the ASIR and ASPR as SDI increased (Fig. S3).
Furthermore, Fig. S3 illustrated that the ASDR initially rises with increasing SDI, followed by a gradual decrease
at higher levels of SDI.

Decomposition analysis

Investigating the effects of population aging, growth, and epidemiological changes on the burden of TC in AYAs
from 1990 to 2021, we conducted a decomposition analysis of incidence, prevalence and DALYs. Globally and all
SDI regions, the increase in TC incidence, prevalence and DALYs among AYAs was largely driven by population
growth and epidemiological changes over this period. Conversely, in High and High-middle SDI regions, there
was a substantial decrease in the overall variation of DALY's (—33.67%; —12.11%), mainly due to epidemiological
improvements (—37.72%; —15.27%). Additionally, in low SDI regions, the influence of population growth on
the rise in incidence and DALYs was particularly significant (186.04%, 146.63%). Among the 21 GBD regions,
Eastern Sub-Saharan Africa experienced the highest contributions from population growth, with increases
of 233.53% in incidence, 477.95% in prevalence and 181.75% in DALYs. Meanwhile, Caribbean recorded the
highest impact of epidemiological changes, with incidence and DALY’ up by 589.54% and 218.79%, respectively,
while prevalence soared by 1895.06% in Andean Latin America. Overall, the contribution of population aging
to the overall burden of TC in AYAs was relatively minor compared with the impacts of population growth and
epidemiological changes (Fig. 5 and Table S11).

Frontier analysis

To gain insights into the potential to reduce DALY rate of TC in AYAs relative to a country’s developmental
status, we conducted a frontier analysis using data on ASDR and the SDI from 1990 to 2021. The top 15
countries demonstrating the most significant effective differences from the frontier (ranging from 67.95 to
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Age-standardized
Age-standardized rate rate per 100,000 AAPC (Age-
Number of cases, 1990 | per 100,000 population, | Number of cases, 2021 population, 2021 standardized rate,

Characteristics (95% UI) 1990 (95% CI) (95% UI) (95% CI) 95% CI) P

Global ggi:g%@&ﬁ“’ 26.02 (24.2-28.04) 376,564 (348,929-408,401) | 24.82 (22.99-2691) | —0.16 (~0.32 to 0) 0.0555
High SDI 70,161 (66,141-74,550) | 38.68 (36.46-41.11) 46,537 (42,067-52,050) 24.34 (22-27.22) —1.41 (-1.65to —1.16) | <0.001
High-middle SDI 71,625 (65,522-79,233) | 31.05 (28.41-34.34) 62,951 (56,073-70,763) 2637 (23.42-29.73) | —=0.57 (=0.91 to —0.23) | 0.001
Middle SDI 74,607 (68,671-81,166) | 20.06 (18.47-21.82) 126,951 (115,969-138,193) | 26.74 (24.43-29.08) | 0.91 (0.63 to 1.2) <0.001
Low-middle SDI 49,017 (38,477-61,173) | 22.67 (17.8-28.28) 97,261 (81,150-117,548) 24.48 (20.43-29.58) | 0.25 (0.15 to 0.36) <0.001
Low SDI 16,817 (11,466-22,529) | 19.86 (13.6-26.54) 42,541 (33,515-52,719) 2053 (16.18-25.42) | 0.10 (—0.01 to 0.20) 0.0650
High-income Asia Pacific 7064 (6430-7821) 20.82 (18.95-23.05) 3084 (2643-3652) 11.32 (9.70-13.40) —1.93 (—3.29 to —0.56) | 0.0060
High-income North America | 20,420 (19,108-21,994) | 34.45 (32.23-37.11) 20,314 (18,346-22,722) 31.96 (28.86-35.75) —0.12 (—0.33 t0 0.10) 0.2767
Western Europe 37,724 (34,853-41,177) | 50.39 (46.55-55.01) 17,033 (14,532-20,274) 24.82 (21.17-29.56) | =222 (—2.44to —20) | <0.001
Australasia 2006 (1639-2422) 48.67 (39.74-58.81) 1493 (1095-2035) 27.04 (19.77-36.95) | —2.07 (=2.49 to —1.65) | <0.001
Eastern Europe 17,849 (15,857-20,052) | 40.2 (35.76-45.14) 13,685 (11,863-15,809) 37.13 (32.18-42.91) | —0.27 (~0.88t0 0.34) | 0.3810
Central Europe 20,627 (19,065-22,499) | 86.34 (79.75-94.20) 12,480 (11,108-13,959) 66.26 (58.89-74.24) —0.77 (—1.42 to —0.12) | 0.0208
Southern Latin America 9774 (7670-12,344) 104.67 (82.24-132.06) 14,552 (11,690-17,701) 110.66 (88.83-134.71) 0.26 (—0.71 to 1.24) 0.5959
East Asia 34,578 (28,032-42,342) | 12.07 (9.80-14.78) 21,345 (16,642-26,521) 8.11 (6.29-10.11) —1.23 (—1.81 to —0.65) | <0.001
Central Asia 3244 (2677-3972) 23.15(19.14-28.22) 4779 (4011-5737) 24.35 (20.43-29.26) 0.12 (—0.42 t0 0.67) 0.6572
North Africa and Middle East | 9926 (6404-15,233) 15.16 (9.81-23.23) 18,849 (14,575-24,466) 14.16 (10.94-18.42) —0.26 (—0.52 to 0.00) 0.0532
Andean Latin America 3086 (2003-4667) 41.83 (27.22-63.17) 6896 (4843-9455) 50.12 (35.17-68.75) 0.51 (—=0.09 to 1.11) 0.0956
Southeast Asia 13,169 (10,908-16,008) | 13.99 (11.60-17.00) 23,078 (18,155-29,945) 16.24 (12.79-21.07) 0.48 (0.38 to 0.59) <0.001
Tropical Latin America 9092 (8188-10,113) 29.24 (26.35-32.51) 21,770 (19,291-24,440) 49.04 (43.42-55.09) 1.71 (1.38 to 2.03) <0.001
Southern Sub-Saharan Africa | 1656 (1271-2067) 16.75 (12.89-20.85) 3221 (2563-4037) 18.85 (14.99-23.63) 0.31 (0.06 to 0.56) 0.0162
Caribbean 357 (292-435) 4.98 (4.09-6.07) 1335 (1058-1684) 14.59 (11.57-18.42) | 3.61 (1.67 to 5.58) <0.001
Central Latin America 18,189 (17131-19,327) | 55.42 (52.2-58.89) 50,424 (45,475-55,480) 101.23 (91.27-111.41) | 1.94 (1.34 to 2.55) <0.001
South Asia 62,927 (49,896-77,774) | 29.62 (23.54-36.57) 107,816 (88,503-131,204) 27.02 (22.19-32.88) —0.30 (—0.44 to —0.15) | <0.001
Central Sub-Saharan Africa 1439 (854-2250) 14.70 (8.75-22.9) 4500 (2583-7398) 17.60 (10.1-28.87) 0.58 (0.44 t0 0.73) <0.001
Oceania 123 (74-186) 9.16 (5.61-13.80) 229 (152-334) 8.01 (5.31-11.67) —0.37 (—0.69 to —0.04) | 0.0282
Western Sub-Saharan Africa | 3015 (2327-3805) 9.17 (7.10-11.57) 7110 (5359-9217) 8.42 (6.35-10.92) —0.25 (—0.47 to —0.03) | 0.0258
Eastern Sub-Saharan Africa 6374 (4230-8737) 20.18 (13.47-27.53) 22,571 (16,687-29,404) 28.47 (21.15-37) 1.10 (1.03 to 1.18) <0.001

Table 3. Burden (DALYs) of testicular cancer in adolescents and young adults and their temporal trends from
1990 to 2021, using Joinpoint analysis.

148.83) included Mexico, Monaco, Chile, Bulgaria, Uruguay, Argentina, Zambia, Montenegro, Hungary, Poland,
North Macedonia, Costa Rica, Slovakia, Bolivia (Plurinational State of), and Georgia (identified by black
labels). Conversely, the 10 countries with the lowest ASDR, considering their developmental status and hence
the smallest effective differences (ranging from 0 to 2.67), included Palau, Niger, Tajikistan, Nigeria, American
Samoa, Morocco, Cabo Verde, Somalia, Dominican Republic, and Oman. As shown in Fig. 6, countries and
territories with low SDI (<0.466) and low effective differences, such as Niger, Somalia, Papua New Guinea,
Yemen, and Solomon Islands, were indicated with blue labels. Meanwhile, countries and territories with high
SDI (>0.810) and notable developmental differences, including Monaco, Poland, Slovakia, Czechia, and Puerto
Rico, were marked with red labels (Table S12).

Age patterns

In 2021, the global incidence cases were 4237 (95% UI: 3912-4643) for those aged 15 to19 years, 11,323 (95%
UI: 10,593-12,284) for those aged 20 to 24 years, 16,601 (95% UI: 15,605-17,748) for those aged 25 to 29 years,
16,312 (95% UL 15,329-17,536) for those aged 30 to 34 years, and 13,121 (95% UI: 12,309-13,964) for those
aged 35 to 39 years(Table S13). The highest incidence cases and age-specific incidence rate was recorded in
the 25 to 29 years age group, which also showed the highest DALYs and age-specific DALY rate (Fig. S4 and
Table S13). Conversely, the highest prevalence cases and age-specific prevalence rates were observed in the 30
to 34 years age group (Fig. S4 and Table S13). As shown in Fig. $4, the disease burden of TC was predominantly
concentrated in the 25-29 and 30-34 age groups from 1990 to 2021. Across SDI regions, the 25-29 years age
group in High SDI regions demonstrated the highest age-specific incidence and prevalence rates, as well as the
highest absolute number of incidence and prevalence cases (Fig. S5). In contrast, the highest number of DALY
and age-specific DALY rate were recorded in the 25-29 years age group at Middle SDI regions (Fig. S5). Among
GBD regions, the 25-29 years age group in Southern Latin America exhibited the highest rates of age-specific
incidence, prevalence, and DALYs, and this age group in High-income North America recorded the greatest
absolute numbers of both incidence and prevalence cases (Fig. S6). Furthermore, the 25-29 years age group in
South Asia accounted for the highest absolute number of DALYs. From 1990 to 2021, the age-specific incidence
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(a) Age-standardized incidence rate (b) AAPC of age-standardized incidence rate
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Fig. 3. Age-standardized rates in 2021, and their AAPCs from 1990 to 2021 for testicular cancer among
adolescents and young adults across 204 countries and territories. (a) ASIR with top three countries; (b)
AAPC of ASIR with top three countries; (c) ASPR with top three countries; (d) AAPC of ASPR with top
three countries; (e) ASDR with top three countries; (f) AAPC of ASDR with top three countries. ASIR age-
standardized incidence rate, ASPR age-standardized prevalence rate, ASDR age-standardized DALY rate,
DALYs disability-adjusted life-years, AAPC average annual percentage change.

and prevalence rates of TC among AYAs increased across all age groups, with the greatest increase observed in
the 20-24 years age group (Table S13 and Fig. S7). Over the same period, the age-specific DALY rate for TC
either decreased or remained stable in all age groups, except for the 20-24 years age group, which saw a slight
increase (Table S13 and Fig. S7).
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(a) Age-standardized incidence rate (b) Age-standardized prevalence rate

2001

0=0.82 P<0.001 * 0=0.86 P<0.001 * 5

20+

_.
o
2

-
&

_.
=}
2

10+

Age-standardized rate per 100,000
Age-standardized rate per 100,000

50 A
54
01 04
0.4 0.6 0.8 0.4 0.6 0.8
SDI SDI
(c) Age-standardized DALYs rate
1259 5-0.24P<0.001 *, *
* ox ok location
8 * * o Gilobal @ Central Latin America
cg; 100+ a” A Central Asia ® Tropical Latin America
T + Central Europe @ North Africa and Middle East
?l)- @ X Eastern Europe = South Asia
T 751 & Australasia e EastAsia
8 v High-income Asia Pacific Oceania
"5 8 High-income North America Southeast Asia
§ 50 A % Southern Latin America Central Sub-Saharan Africa
% & Western Europe Eastern Sub-Saharan Africa
g ® Andean Latin America Southern Sub-Saharan Africa
< 25 4 % Caribbean Western Sub-Saharan Africa
04

0.4 0.6 08

SDI

Fig. 4. The association between age-standardized rates of testicular cancer in adolescents and young adults
and SDI at 21 GBD regional level from 1990 to 2021. (a) Age-standardized incidence rate (ASIR); (b) Age-
standardized prevalence rate (ASPR); (c) Age-standardized disability-adjusted life years rate (ASDR). SDI
sociodemographic index. Each point represents the SDI and ASRs values for the GBD region from 1990 to
2021.

Prediction analysis of testicular cancer in AYAs till 2035

The BAPC model was applied to estimate the future burden of TC in AYAs from 2022 to 2035. The model
projected an increase in the number of incidence cases to 66,188 by 2035 from 61,585 in 2021, and the number
of prevalence cases to 513,978 by 2035 from 472,953 in 2021 (Fig. 7, Table S14). Additionally, the DALYs were
projected to decrease from 376,618 in 2021 to 360,086 by 2035 over the same period. Furthermore, the results
indicated a slight decrease in ASIR from 4.05 per 100,000 population in 2021 to 3.78 per 100,000 population in
2035, along with a reduction in ASPR from 31.05 per 100,000 population in 2021 to 28.56 per 100,000 population
in 2035, and a drop in ASDR from 24.82 per 100,000 population in 2021 to 21.29 per 100,000 population in 2035
(Fig. 7, Table S14).
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Fig. 5. Changes in incidence, prevalence, and DALY of testicular cancer in adolescents and young adults
according to the determinants at the population level of population growth, aging, and epidemiological
changes from 1990 to 2021. (a) At global, SDI regional level. (b) At GBD regional level. DALY disability-
adjusted life-years, SDI sociodemographic index. Black dots indicate overall percent difference, representing
the percent difference in the numbers of incidence, prevalence, and DALY's between 1990 and 2021 (overall
percent difference = [numbers, ,, —numbers 4o ]/numbers g *100%). GBD regions are arranged from top to
bottom based on SDI values, with lower values at the bottom.

Discussion

Given the high incidence of TC among AYAs aged 15-39%, this study, to our knowledge, is the first to focus
on the adolescent population. By employing decomposition analysis, frontier analysis, and the BAPC model,
we comprehensively evaluated the global, regional, and national burden and trends of TC in AYAs. Compared
to previous GBD studies”®*’, our research’s primary contribution was the use of the latest 2021 GBD database
and a specific focus on the high-incidence adolescent group. Additionally, we projected the global incidence,
prevalence, and DALY up to 2035, aiming to provide a more comprehensive understanding of disease trends.
In this study, we revealed several critical findings: (1) From 1990 to 2021, there has been a steady increase in the
number of TC incidence, prevalence, and DALYs among AYAs globally. In addition to the relative stability of
ASDR in TC among AYAs, the ASIR and ASPR were also gradually increasing from 1990 to 2021. However, a
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Fig. 6. Frontier analysis on the basis of sociodemographic-index and age-standardized DALY rate for
testicular cancer in adolescents and young adults across 204 countries and territories. (a) ASDR of 204
countries and territories from 1990 to 2021. (b) ASDR of 204 countries and territories in 2021. Cyan dots
indicate a decrease in ASDR between 1990 and 2021; Coral color dots indicate an increase in ASDR from 1990
to 2021. ASDR age-standardized DALY rate, DALY disability-adjusted life-years, SDI sociodemographic-

index.

decreasing trend of ASDR was observed in High-SDI and High-middle SDI regions. (2) Significant disparities
in the burden of TC persisted across regions, and the contributions of population aging, growth, and changes in
epidemiology varied significantly. (3) Among the five age groups, the 25-29 and 30-34 age groups bore a higher
disease burden of TC. (4) Between 2022 and 2035, the global ASIR, ASPR, ASDR, and DALYs for TC in AYAs
were projected to show a slight decrease. Nevertheless, the total number of incident cases and prevalent cases
was anticipated to increase.

An in-depth analysis of the GBD database 2021 indicated a notable increase in the ASIR and ASDR of
TC among AYAs worldwide from 1990 to 2021. This is consistent with the previous study on the increasing
incidence and prevalence in all age groups’. The results of decomposition analysis showed that epidemiological
changes being a primary driver, accounting for 64.44% of the incident cases increase and 72.59% of the prevalent
cases. Advancements in medical technology, including ultrasound diagnostics, biopsy techniques, and tumor
marker assessments, had played a key role in this trend by enhancing early detection. Evidence from numerous
studies suggests that MicroRNAs (miRNAs), notably miR-371a-3p, exhibits superior discrimination accuracy
in diagnosing, monitoring, and predicting the recurrence of germ cell tumors (GCTs), thereby positioning
miRNAs as prospective biomarkers!*®. The widespread adoption of these technologies has facilitated earlier
diagnosis, partially explaining the increase in testicular cancer cases. Furthermore, lifestyle changes, and
environmental factors might have also contributed to the rising incidence of testicular cancer®*. These factors
may act synergistically to increase risk, contributing to the overall rise in incidence and prevalence. Despite
the rising of ASIR and ASPR, the global ASDR for TC among AYAs showed a decline from 1990 to 2007. This
reduction was largely attributable to the introduction of cisplatin-based chemotherapy, which significantly
enhanced survival outcomes for TC. Additionally, the introduction of a staging system by the International
Germ Cell Cancer Collaborative Group (IGCCCG) in 1997, based on tumor location and serum tumor marker
levels, established a standardized framework for diagnosis and treatment*’. Technological advancements in
imaging, such as the use of magnetic resonance imaging (MRI) for detecting brain metastases and FDG-PET
for evaluating large residual masses (>3 cm) following chemotherapy, had also contributed to improvements in
testicular cancer management‘”. However, there has been a sustained increase in the global ASDR since 2007,
with particularly notable increases in Low Middle and Middle SDI regions. This trend might be linked to the
rapid rise in incidence and prevalence of TC in these regions, exacerbated by a lack of adequate healthcare
resources to effectively manage the disease burden. Strengthening healthcare infrastructure, promoting health
awareness among adolescents, training healthcare professionals, allocating resources in collaboration with
international health organizations and implementing evidence-based guidelines may reduce the disparities in
ASDR for TC among AYAs.

At the regional level, our findings revealed significant geographic disparities in the ASRs for TC among AYAs.
From 1990 to 2021, regions such as Europe, North America, and Australia maintained relatively high ASIR and
ASPR levels. Despite the upward trend in ASIR and ASPR at most regions of Asia and Africa from 1990 to 2021,
they remained lower than the global average by 2021%2 This could be attributed to several factors. First, the
relatively high economic status of Europe, North America, and Australia facilitated comprehensive screening,
advanced early diagnostic techniques, and well-organized tumor registries. Second, racial disparities are evident
in the United States, where the incidence is five times higher among whites than African Americans*®. Third,
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Fig. 7. Trends of numbers and age-standardized rates for testicular cancer among adolescents and young
adults from 1990 to 2035 at global level predicted by BAPC models. (a) Numbers of incidence; (b) Age-

standardized incidence rate (ASIR); (c) Numbers of prevalence; (d) Age-standardized prevalence rate (ASPR);
(e) Numbers of DALYs; (f) Age-standardized disability-adjusted life years rate (ASDR). SDI sociodemographic
index, BAPC Bayesian age-period-cohort.

genetic factors account for 37.0-48.9% of the heritable risk of testicular cancer®»*°. Fortunately, there has been
a reduction in ASDR in regions that have typically exhibited higher ASIR and ASPR. This decline likely reflects
the progress made in preventive measures (such as health education and public health campaigns)*®and new
treatment modalities*”*®. Furthermore, ASIR and ASPR had significantly increased in the Caribbean and certain
regions in Latin America, with South Latin America surpassing Central Europe as the highest ranked region
globally by 20212, Concurrently, the ASDR has also shown varying degrees of increase in GBD regions. Limited
data are available on the causes behind the increased ASRs for TC in Caribbean and Latin American regions.
Several factors might account for this observation. First, economic shifts in these regions have increased exposure
to polyvinyl chloride (PVC) plastics and heavy metals in occupational and living environments. Second, the 2015
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report on drug use in the Americas indicated a growing trend in marijuana consumption among high school
students across various Latin American and Caribbean nations*®. Take Chile as an example, marijuana use was
most common among 20- to 24-year-olds, with a steady rise noted annually®’. However, research suggested
that individuals with a history of marijuana use are at a higher risk of developing Testicular Germ Cell Tumors
(TGCTs) compared to those who have never used the substance®'. Furthermore, economic development has
potentially strengthened cancer registry systems and diagnostic capabilities, like trans-scrotal ultrasonography
and serum tumor markers (AFP, BHCG, and LDH), which may also have contributed to the growing ASIR and
ASPR. From 1990 to 2021, significant regional differences in the burden of TC were also observed among the
five age groups across SDI regional and GBD regional levels. Nonetheless, the most significant disease burden
from TC was found in the 25-29 and 30-34 age groups. These results underscore the need for public health
interventions tailored to the distinct characteristics of each age cohort, such as improving lifestyle, staying away
from marijuana, increasing health awareness and regular self-examination.

At the national level, it is crucial to focus on the countries with the heaviest TC burden, namely Mexico,
Monaco, Chile, and Turkey. Furthermore, we should pay attention to those experiencing the fastest-growing
burden, like Puerto Rico, Grenada, Saint Kitts and Nevis, Belize, Saint Vincent and the Grenadines, Guyana, and
Ecuador, as these may be more vulnerable to the impact of TC due to limited healthcare resources. Obviously,
countries and regions from Latin America and the Caribbean exhibited a greater burden of TC among AYAs. As
highlighted by The Lancet Commission, improvements are needed in Latin American and Caribbean regions
to combat the cancer burden, including more investment in cancer control, expansion of universal health
coverage, adequate registries, early diagnosis, and treatment®. The results of frontier analysis indicated that
certain countries such as Niger, Somalia, Papua New Guinea, Yemen, and Solomon Islands, despite their low
SDI, exhibited the lowest DALY levels for TC in AYAs. This suggested that their burden closely aligned with
or even surpassed the best expected performance for their SDI levels. Conversely, some high-SDI countries
and territories, such as Monaco, Poland, Czechia, Slovenia, and Puerto Rico, were not meeting expectations.
High-income countries might reduce their ASDR through the following strategies: financing newer and more
expensive interventions; providing access to genomic testing and advanced pathology services; implementing
advanced radiation and surgical techniques; offering costly cancer medications; and developing high-quality
oncology delivery systems with the potential to allocate resources according to evidence-based medical™.
Nonetheless, further research is needed to identify the factors contributing to the success of high-performing
countries/territories and to understand the causes of higher DALYs in lower-performing regions. This may aid in
developing targeted strategies and interventions to reduce the global burden of TC in AYAs, thereby enhancing
health outcomes and quality of life.

Projections from the BAPC model revealed an opposing trend in the disease burden of TC among AYAs from
2022 to 2035: the absolute numbers of incident cases and prevalent cases were anticipated to rise, concurrent with
a projected decrease in DALYs. This trend may be partly attributed to effective public health interventions, and
advancements in cancer treatments. Interestingly, the results showed a slight decrease in global ASRs during the
same time period. A previous study by Charlotte Le Cornet et al. observed a potential stabilization or decline in
incidence rates at historically high-risk regions of Northern and Western Europe in 2010°*. Additionally, research
by Ariana Znaor et al. indicated that incidence rates for TC had peaked in Norway, Denmark, Switzerland, and
Austria before 2010, with forecasts for a quarter of European countries showing stable or decreasing rates from
2010 to 2035%. Globally, the European region is traditionally characterized by a high incidence and prevalence
of TC. However, with an aging population and a declining proportion of individuals aged 15-39 years, this trend
may influence future incidence rates®®. In contrast, Africa, where TC incidence remains comparatively low, is
expected to experience substantial growth in the population aged 15-39 years due to persistently high fertility
rates®. This demographic shift could contribute to global trends and potential shifts in the burden of TC across
regions and years. Further evidence is essential to validate these observations.

Limitations.

The GBD database provides a robust platform for global health research, yet there are several inherent
limitations in our secondary analysis. The primary limitation is the absence of detailed data on testicular
cancer subtypes. By aggregating all testicular cancer into a single category, the database obscures the distinct
epidemiological and clinical profiles of subtypes such as germ cell tumor and sex cord-stromal tumor. This lack
of specificity hampers our ability to analyze the burden and trends associated with each subtype. Additionally,
the variability in data quality across 204 countries and territories, particularly in low-income areas with
underdeveloped healthcare systems. The lack of robust cancer registries and limited access to diagnostic tools
can result in underreporting or misclassification of testicular cancer cases, thereby affecting the accuracy of
global estimates. Finally, the efficacy of BAPC model is heavily reliant on the quality of GBD data. Errors or
biases within GBD data can directly undermine the reliability of BAPC prediction results. Despite the fact that
the BAPC model is effective in capturing trends in existing data, the predictive power of the model may be
reduced when making long-term forecasts due to uncertain external factors, such as health policy changes and
environmental incidents (e.g., epidemics, war, nuclear leakage). However, the BAPC model does not permit
the incorporation of other influencing factors in its analysis process. Therefore, further research is needed to
improve the BAPC model and to accumulate more evidence to support its accuracy. Despite these challenges,
the GBD database remains a vital resource for public health. Its comprehensive scope and ability to provide
standardized estimates across diverse regions and populations offer valuable insights that are crucial for guiding
global health initiatives.

Conclusion
In conclusion, the findings of this study clearly indicated that the burden of TC among AYAs worldwide has
increased continuously from 1990 to 2021, with varying impacts from population growth, epidemiological
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changes, and aging demographics. Furthermore, significant disparities existed across age groups, geographic
regions, and SDI levels. These insights point to the critical need for heightened awareness of TC risk factors among
AYAs and the implementation of comprehensive primary and secondary prevention strategies. Additionally,
reinforcing healthcare infrastructure, especially in regions with lower and low - middle SDI, and ensuring the
application of effective treatment strategies are essential for alleviating the burden of testicular cancer among
adolescents and young adults.

Data availability
The data is obtained from a publicly available database, viewable through this link: http://ghdx.healthdata.org/
gbd-results-tool.
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