Supplementary Methods
This Supplementary Methods file provides implementation details to support reproducibility and to complement the main Methods section.
Supplementary Method S1. Data Description
Data source and extraction (GBD 2021).
We used estimates from the Global Burden of Disease, Injuries, and Risk Factors Study 2021 (GBD 2021), coordinated by the Institute for Health Metrics and Evaluation (IHME). We extracted annual estimates from 1990 to 2021 for 204 countries and territories, 21 GBD regions, SDI quintiles, and the global level via the IHME results tool.[1, 2] We extracted the following measures for the GBD cause “prostate cancer” (GBD cause mapping; ICD-10 code C61): incidence, deaths, and disability-adjusted life years (DALYs), including both absolute counts and rates (age-specific and age-standardized).
Because GBD outputs are provided in standard 5-year age bands, all age aggregation and rate calculations were performed consistently using the same GBD age bands and corresponding populations.[3]
Analytic population and inclusion/exclusion.
All analyses were restricted to males (prostate cancer is male-specific). We included all available GBD locations and years within 1990–2021. We excluded ages <20 and ≥55 years, and we did not include other cancer causes. Because this is a secondary analysis of modelled estimates, there were no individual-level inclusion or exclusion criteria beyond age, sex, cause, year, and location.
Supplementary Method S2. Country and Socio-demographic Index (SDI) Classification
Countries/territories were analyzed at the national level (204 countries and territories), and results were summarized additionally across SDI quintiles and the global level. SDI strata were based on the GBD 2021 SDI classification (low, low-middle, middle, high-middle, and high SDI).[1] For inequality analyses, countries/territories were ranked by SDI and assigned a fractional rank (ridit score), with population weighting applied to reflect the distribution of people across the SDI gradient.
Supplementary Method S3. Estimation of the Burden of EOPC
Operationalization of EOPC (age aggregation).
EOPC was operationalized as prostate cancer burden among individuals aged 20–54 years. GBD 2021 provides prostate cancer estimates in 5-year age groups; we aggregated the following bands: 20–24, 25–29, 30–34, 35–39, 40–44, 45–49, and 50–54 years.
Aggregation rules for counts and rates.
For each location-year stratum, aggregated counts (incident cases, deaths, DALYs) for ages 20–54 were calculated as the sum of age-band-specific counts across the seven 5-year bands. Aggregated population for ages 20–54 was calculated as the sum of the corresponding age-band populations. When aggregated age-specific rates for ages 20–54 were needed, we calculated them as aggregated counts divided by aggregated population.
Age standardization.
Age-standardized rates were calculated using direct standardization with the GBD 2021 standard population weights. Let ra​ denote the age-specific rate for age band a and wa​ the corresponding GBD standard population weight. The age-standardized rate (ASR) is computed as ASR=∑a​(wa​×ra​).[4] Rates are reported per 100,000 population. Age-standardized rates include ASIR, ASMR, and ASDR.
Uncertainty reporting (UI vs CI).
Uncertainty intervals (95% UI) for GBD-derived quantities (counts and rates) were taken directly from the GBD 2021 outputs. Confidence intervals (95% CI) for regression-based quantities (e.g., Joinpoint APC/AAPC, inequality indices when estimated via regression) were computed using the corresponding model-based or robust procedures described below. We maintain the distinction between UI (GBD posterior uncertainty) and CI (sampling/model uncertainty from our secondary analyses).
Supplementary Method S4. Health inequality
We evaluated SDI-related inequality in the DALY burden using the age-standardized DALY rate (ASDR) as the outcome. Countries/territories were ranked by SDI and assigned a fractional rank (ridit score). Analyses were population-weighted to reflect the distribution of people across the SDI gradient.
Slope Index of Inequality (SII): We estimated SII using regression of ASDR on the SDI rank. To improve robustness to heteroscedasticity and influential observations, we used robust linear regression in R (MASS::rlm).[5] SII can be interpreted as the modeled absolute difference in ASDR between the theoretical lowest and highest positions on the SDI rank scale.
Concentration Index (CI): We computed CI using Stata (conindex), with population weights. CI < 0 indicates relative concentration of burden in lower-SDI settings, whereas CI > 0 indicates concentration in higher-SDI settings. Where CIs were reported, they were derived using the variance estimation implemented in conindex (robust standard errors).[6] 
Supplementary Method S5. Joinpoint Regression Analysis
The segmented regression model was originally proposed by Kim et al.. This non-linear regression model consists of several consecutive linear segments and is commonly used to describe data trends. Joinpoint regression analysis (Joinpoint Regression Program, v5.3.0.0; National Cancer Institute) identified temporal trends in EOPC incidence, mortality, and DALYs.[7] Annual percent change (APC) and average annual percent change (AAPC) quantified trends.[8] Positive APC/AAPC with lower confidence interval (CI) bound >0 indicated increasing trends; negative values with upper bound <0 indicated decreasing trends; otherwise, trends were stable.[9] Formulas used: 
APCi = {exp(bi)-1} x 100
AAPC = {exp((∑(wi * bi))/(∑wi))-1} × 100
[bookmark: _Hlk192275457]Where bi represents the slope of the i-th segment, i denotes each segment within the study period, and wi represents the length of each segment in years.[10]
The COVID-19 period (2019–2021) was treated as a predefined subperiod for descriptive comparison, motivated by the timing of the pandemic. It was not defined post hoc based on detected joinpoints or data-driven inflection. We summarized changes during 2019–2021 separately and compared them with the preceding long-term period (1990–2019). For the 2019–2021 subperiod, we estimated a period-specific AAPC by fitting log-linear trends restricted to 2019–2021 (equivalent to a zero-joinpoint model over that interval). Results are presented in Table 2.
Supplementary Method S6. Decomposition Analysis
We used the Das Gupta decomposition to attribute changes in total incident cases, deaths, and DALYs between 1990 and 2021 to three components: (1) population growth (change in total population size), (2) population aging (change in the age distribution within 20–54 years), and (3) epidemiologic change (change in age-specific rates).[11-13]
Plain-language description: For each outcome, the total count in a given year can be written as the sum across age groups of (population in age group a) × (rate in age group a). The decomposition asks how much of the change from 1990 to 2021 would occur if only total population size changed, if only the age structure changed, or if only the age-specific rates changed, while holding the other components constant.
Percentage contributions: For each outcome, we define the net change as Δ = Outcome_2021 − Outcome_1990. The percentage contribution of each component is calculated as (component-specific absolute change / Δ) × 100. When components move in opposite directions or when Δ is small, percentage contributions may exceed 100% or be negative; therefore, interpretation should consider absolute contributions together with percentages.
Reporting: Absolute component contributions and corresponding percentages are presented together in Supplementary Tables S7–S9 for DALYs, deaths, and incidence, respectively.
Supplementary Method S7. Nordpred Prediction Model
We projected incidence, deaths, DALYs, and corresponding age-standardized rates from 2022 to 2045 using the Nordpred age–period–cohort (APC) framework in R.[14, 15] Because our input series was annual (1990–2021), we implemented Nordpred using 1-year calendar periods (year-period approach), rather than aggregating into 5-year periods.
Inputs: For each year, we assembled age-band-specific counts and populations for the seven 5-year age bands (20–24 to 50–54). Projected age-standardized rates were obtained by applying the same direct standardization approach as described above to the projected age-specific rates.
Internal validation (back-testing): We fitted the projection model using data from 1990–2015, generated forecasts for 2016–2021, and compared them with observed GBD 2021 estimates. Predictive accuracy was summarized using mean absolute error (MAE) and mean absolute percentage error (MAPE) for both counts and age-standardized rates. Validation plots and metrics are provided in Figure S1.
Software and reproducibility
All analyses were conducted in R (version 4.4.2) and Stata (version 16). Key R packages included epitools (age standardization), MASS (robust regression), and Nordpred (projections). Joinpoint analyses used the NCI Joinpoint Regression Program v5.3.0.0. Tables and figures were generated using scripted workflows to ensure consistent denominators, age aggregation, and reporting units.
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