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Interpretable machine learning identifies health system levers
for survival outcomes of patients with prostate cancer
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BACKGROUND: Advances in the care of patients with prostate cancer across the disease spectrum have resulted in substantial
survival gains over recent decades. However, global disparities in prostate cancer survival, stage at diagnosis, and access to timely
diagnosis and treatment remain among the greatest across all malignancies. We aimed to quantify country-level health system
correlates of the prostate cancer mortality-to-incidence ratio (MIR).

METHODS: We applied interpretable machine learning using CatBoost with SHAP (SHapley Additive exPlanations) to all 185
countries with prostate cancer MIR estimates in GLOBOCAN 2022. National age-standardized MIR estimates were linked to 11 health
system indicators from the World Health Organization Global Health Observatory, World Bank World Development Indicators,
United Nations agencies, and the Directory of Radiotherapy Centres. Model performance was evaluated using repeated leave-one-
country-out cross-validation with bootstrap-based uncertainty estimation. CatBoost handled missing predictor values natively,
allowing inclusion of all countries without imputation.

RESULTS: The model demonstrated strong predictive performance for prostate cancer MIR (R* = 0.80, RMSE = 0.078, MAE = 0.060,
Pearson correlation = 0.89). The health system features most strongly associated with lower MIR were gross domestic product per
capita, the universal health coverage (UHC) service coverage index, and radiotherapy infrastructure. Country-level SHAP
decompositions demonstrated heterogeneous feature contributions across settings, identifying context-specific priorities. Greater
radiotherapy capacity and more comprehensive UHC were consistently associated with lower MIR, whereas higher aggregate
health expenditure alone showed weaker associations with improved outcomes.

CONCLUSIONS: Interpretable machine learning identified radiotherapy infrastructure, universal health coverage, and national
wealth as the health system features most consistently associated with lower prostate cancer mortality-to-incidence ratios across
countries. These findings suggest that targeted investment in treatment capacity and service coverage may have greater relevance
to prostate cancer outcomes than increases in aggregate health spending alone. Although ecological and hypothesis-generating,

this framework may inform future health systems research, prospective evaluation, and global prostate cancer control.
Prostate Cancer and Prostatic Diseases; https://doi.org/10.1038/s41391-026-01156-x

INTRODUCTION

Advances in the care of patients diagnosed with prostate cancer
across the disease spectrum have resulted in immense survival
gains over the past several decades. However, global disparities in
prostate cancer survival, stage at diagnosis, and access to
treatment are among the starkest across all cancer types [1].
Prostate cancer is one of the leading causes of cancer-related
morbidity and mortality among men worldwide; while age-
standardized incidence continues to rise in many regions,
reductions in mortality have been more pronounced in countries

with advanced cancer care infrastructure, routine access to early
detection, and multimodal curative-intent treatment [2]. The
global burden of cancer, including prostate cancer, is expected
to rise substantially through 2050, particularly in countries with
limited resources for diagnosis and patient care, underscoring the
urgent need for actionable, health system-oriented strategies to
address persistent disparities in prostate cancer survival, stage at
diagnosis, and access to treatment [3].

Thus, efforts are needed to better understand how health
system factors may be associated with prostate cancer outcomes.
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Here, we applied explainable artificial intelligence (Al) to provide
an interpretable, country-level attribution of the health system
features most strongly associated with prostate cancer mortality-
to-incidence ratios. Our aim is to generate ecological, hypothesis-
generating signals that may help focus future policy analyses and
targeted health system investment, rather than to estimate causal
policy effects.

METHODS

We used the prostate cancer mortality-to-incidence ratio (MIR) as a
pragmatic ecological indicator of cancer control performance, enabling
benchmarking across diverse socioeconomic contexts. Although metrics
such as 5-year relative survival and net survival are generally preferred for
direct cross-country comparison of cancer burden, they are not reliably
available for prostate cancer across most low- and middle-income
countries because they require high-quality population-based cancer
registries with long-term active follow-up, linkage to national life tables,
and age-standardized expected survival estimates. By contrast, MIR can be
derived from the age-standardized mortality and incidence estimates
reported for virtually every country in GLOBOCAN 2022, making it the most
consistently available ecological proxy for global cross-country comparison
of prostate cancer outcomes [4]. MIR provides an ecological indicator for
cross-country comparisons but does not directly estimate patient survival
or treatment effectiveness [4, 5].

National age-standardized MIR estimates for prostate cancer in men
were derived from GLOBOCAN 2022, and were linked to health system
indicators drawn from the World Health Organization Global Health
Observatory, the World Bank World Development Indicators, United
Nations agencies, and the Directory of Radiotherapy Centres (DIRAC).
Predictor variables included GDP per capita (current USS), the Universal
Health Coverage (UHC) service coverage index, radiotherapy treatment
centers per 1000 population (DIRAC), physicians per 1000 population,
nurses and midwives per 1000 population, surgical workforce per 1000
population, presence of national pathology services, current health
expenditure as a percentage of GDP, out-of-pocket expenditure as a
percentage of current health expenditure, the Human Development Index
(HDI), and the Gender Inequality Index.

GLOBOCAN 2022 reports prostate cancer MIR estimates for 185
countries, all of which were included in the final analytic sample
(n=185). Country-level completeness across the 11 health system
predictors ranged from 77.8% (surgical workforce per 1000 population)
to 100% (GDP per capita, radiotherapy centers per 1000 population, and
presence of national pathology services), with most predictors at >90%
completeness; predictor-specific completeness is summarized in Supple-
mentary Table 1. In the primary analysis, missing numerical predictor
values were handled using CatBoost's native missing-value processing, and
no country was excluded because of missing health systems predictors [6].
Within each training fold, prior to model fitting, we applied iterative
variance inflation factor (VIF) selection (threshold 10), removing the most
collinear feature one at a time on the training countries only and then
refitting CatBoost on the retained features; this fold-internal selection was
applied to limit redundancy among health system indicators (e.g., between
GDP per capita, HDI, and UHC index) without leaking test-country
information. To accommodate nonlinear, context-dependent relationships
and the sparse, mixed-type nature of country-level health system data, we
implemented a CatBoost gradient-boosted regression ensemble with
ordered boosting to mitigate target leakage. Model performance was
estimated using repeated leave-one-country-out (LOCO) cross-validation
with 10 repeats using different random seeds, yielding 1850 country-fold
models in total. For each repeat, every country was held out once as the
test fold while the remaining 184 countries were used for training; out-of-
fold predictions were aggregated per country across the 10 repeats.
Hyperparameters (number of iterations, learning rate, tree depth, L2 leaf
regularization, random strength, bagging temperature, per-level column
subsampling, and border count) were tuned via Optuna’s tree-structured
Parzen estimator (TPE; an approximate Bayesian optimization) on inner
GroupKFold splits of the training countries only, with early stopping on a
held-out inner validation split, so that no test-country information was
used during tuning.

Uncertainty intervals for R>, RMSE, correlation, and per-country predic-
tions were derived from the empirical distribution of fold-level metrics and
bootstrap resampling (2000 replicates) of the out-of-fold predictions,
reported as 95% percentile intervals [6]. SHAP (SHapley Additive
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exPlanations) values were computed for each country using TreeSHAP
on every included model run, and both mean absolute SHAP values (global
importance) and signed per-country SHAP values (directional contribu-
tions) were aggregated by averaging across all cross-validation runs in
which a given country appeared in the test fold; only these included runs
contributed to the reported SHAP summaries [7].

This framework supports country-level prediction of prostate cancer MIR
and ecological characterization of the relative contribution of system-level
features across heterogeneous national contexts. To assess robustness,
pre-specified sensitivity analyses repeated the primary modeling stratified
by World Bank income group (high-income vs. low- and middle-income
countries) using complete-case filtering within each stratum to ensure
stable model fitting; consistency of the leading SHAP predictors was
compared across strata. Additional planned sensitivity analyses (registry-
quality restriction and Cook’s distance outlier exclusion) are deferred to
future work given the modest analytic sample size.

RESULTS

All 185 countries with a GLOBOCAN 2022 prostate cancer MIR
estimate were included in the final analytic sample, with
CatBoost's native missingness handling applied to individual
health system predictors. Out-of-fold predictions showed strong
agreement with observed country-level MIR for prostate cancer
(Fig. 1), with R*=0.796 (95% Cl: 0.732-0.844), RMSE = 0.078 (95%
Cl:  0.070-0.087), mean absolute error=0.060 (95% Cl:
0.053-0.068), and Pearson correlation =0.892; complementary
metrics (R%, RMSE, MAE, and correlation together) were used rather
than RMSE alone to better characterize both bias and variance. A
pre-specified sensitivity analysis stratified by World Bank income
group (high-income, n=45; low- and middle-income, n=79;
complete-case within each stratum) showed that the leading
SHAP predictors (GDP per capita, radiotherapy center density, UHC
index) remained consistent across strata; the corresponding
scatter plots of observed versus predicted MIR are provided in
Supplementary Fig. 1 (LMIC) and 2 (HIC). Additional planned
sensitivity analyses (registry-quality restriction and Cook’s distance
outlier exclusion) are deferred to future work given the modest
analytic sample size.

On the SHAP summary (Fig. 2), GDP per capita was the most
influential predictor of country-level prostate cancer MIR, followed
by radiotherapy treatment center density (DIRAC, per 1000
population) and the UHC service coverage index. Additional
contributors, in descending order of mean absolute SHAP, were
the Gender Inequality Index, physicians per 1000 population,
current health expenditure as a percentage of GDP, nurses and
midwives per 1000 population, out-of-pocket expenditure as a
percentage of current health expenditure, surgical workforce per
1000 population, and presence of national pathology services. The
income-group stratified sensitivity analysis described above
(Supplementary Figs. 1, 2) showed that these leading SHAP
predictors remained consistent across high-income and low- and
middle-income strata.

DISCUSSION

These leading SHAP features (GDP per capita, radiotherapy center
density, and the UHC service coverage index) are broadly
consistent with prior pan-cancer analyses [4, 5] and highlight
the roles of treatment availability and service coverage in shaping
ecological MIR patterns for prostate cancer specifically. Country-
level SHAP decompositions then showed that the most important
features varied by setting. In higher-income countries, greater
radiotherapy and health workforce capacity were most often
associated with lower MIR, while in resource-constrained coun-
tries, lower UHC service coverage and weak treatment infra-
structure more commonly appeared among the features
contributing to higher predicted MIR. Previous linear model
analyses identified associations between health systems indicators
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Model Performance: Actual vs. Predicted MIR with Repeat-based Confidence Intervals

R’ = 0.796 (95% CI: 0.732 - 0.844)
RMSE = 0.078 (95% Cl: 0.070 - 0.087)
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Fig. 1 Model performance: actual vs. predicted prostate cancer MIR in males. Scatter plot depicting the relationship between actual versus
predicted prostate cancer mortality-to-incidence ratio (MIR) for males across countries. Each point represents a country’s mean MIR with
associated 95% confidence intervals. The model displayed strong predictive performance, with R = 0.796 (95% Cl: 0.732-0.844), RMSE of 0.078
(95% Cl: 0.070-0.087), and correlation of 0.892. The dashed line indicates perfect prediction (y = x), while the solid regression line with shaded

confidence band demonstrates the model fit.

and pan-cancer MIR [4]. Linear models, however, are more limited
in their ability to handle missing predictor data and may
disproportionately weight variables available mainly in higher-
resource settings, potentially introducing selection bias. The SHAP-
based CatBoost analysis better accommodates missingness and
nonlinear effects, providing a more representative view of the
country-level features associated with prostate cancer MIR. In prior
ecological work using a related dataset, a higher ratio of social-to-
medical health spending was modestly associated with lower
cancer incidence broadly, but showed a weaker association with
MIR [4, 5]. This is consistent with the present finding that
aggregate health expenditure as a share of GDP carried less
weight in the SHAP attribution than targeted infrastructure
indicators (radiotherapy center density and UHC service coverage),
suggesting that the composition and targeting of investment may
matter more for prostate cancer MIR than aggregate spending
levels alone.

As illustrative examples, Yemen and the United States occupied
opposite ends of the observed MIR distribution. For Yemen
(observed MIR 0.720, predicted 0.682), the country-level SHAP
decomposition identified low GDP per capita (mean absolute
SHAP contribution: 0.090) and high Gender Inequality Index
(SHAP: 0.073) as the largest contributors pushing predicted MIR
upward, followed by limited radiotherapy infrastructure (SHAP:
0.035) and low UHC service coverage (SHAP: 0.029). These are
model-derived associations and should not be interpreted as
causal estimates; external context, including Yemen’s ongoing
humanitarian crisis, healthcare system disruption, limited diag-
nostic capacity, and barriers to specialized oncology services, is
consistent with but not directly inferred from the model output
[8]. The United States, by contrast, had the low observed MIR
(0.107; predicted 0.163).

For the U.S., the SHAP decomposition attributed the model’s
relatively low predicted MIR primarily to higher radiotherapy
center density (SHAP: 0.043), higher current health expenditure as
a percentage of GDP (SHAP: 0.035), and higher UHC service
coverage (SHAP: 0.035) [9]. Contextually, and separate from the
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model output, prior U.S. policy investments in Medicare coverage
expansion, National Cancer Institute-designated comprehensive
cancer centers, and broad adoption of intensity-modulated
radiation therapy and advanced surgical techniques have
contributed to infrastructure supporting early detection and
definitive treatment [10]. The model’s modest overprediction of
U.S. MIR indicates that, within the feature set used here, the U.S.
observed MIR is lower than the model would predict from its
health system inputs alone. The causes of this discrepency cannot
be determined from the present ecological model.

Situated between these extremes, India’s prostate cancer
mortality-to-incidence ratio (0.49) reflects an intermediate out-
come profile amid the global spectrum. Highlighting this, India’s
recent launch and rapid expansion of the Ayushman Bharat
universal health coverage initiative stands as one of the largest
efforts worldwide to enhance population-level financial protection
and access to cancer care [11]. This program exemplifies the
critical role of health system strengthening in middle-income
countries seeking to improve cancer outcomes on a national scale.

The interpretability of SHAP allows country-level identification
of features most strongly associated with predicted MIR. In several
high-spending countries, for example, higher aggregate health
spending was not accompanied by proportionally lower predicted
MIR in the absence of higher radiotherapy capacity and UHC
service coverage, consistent with the hypothesis that directed,
infrastructure-oriented investment may be more relevant to
prostate cancer MIR than aggregate spending alone. Such
patterns, together with SHAP-informed national summaries, may
help ministries of health and global partners such as WHO and the
IAEA prioritize further evaluation of specific infrastructure gaps
associated with higher MIR. The framework is intended to support
reproducible, country-level hypothesis generation rather than to
directly identify causal policy effects; prospective, intervention-
specific studies remain necessary before using these outputs to
guide resource allocation. These approaches may complement
descriptive epidemiology by generating country-specific hypoth-
eses for prospective evaluation.
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Global Feature Importance (Mean Absolute SHAP, included runs only)

GDP per capita
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Fig. 2 Global feature importance for predicting prostate cancer MIR (mean absolute SHAP values). Bar plot showing the mean absolute
SHAP value for each predictor variable, averaged across all cross-validation runs in which a given country appeared in the test fold. Mean absolute
SHAP values summarize overall (global) feature importance only; per-country directional contributions for the leading predictors are illustrated in
the country-level SHAP decompositions described for Yemen and the United States in the main text.

Limitations

This study has several limitations inherent to an ecological, country-
level design. National MIR estimates do not reflect individual patient
trajectories and cannot establish causal mechanisms. Cancer
registry quality varies substantially between countries, particularly
in regions with limited resources for diagnosis and patient care, and
some GLOBOCAN MIR inputs are based on modeled rather than
directly observed data, which may bias between-country compar-
isons. Although we included all 185 countries with a GLOBOCAN
2022 prostate cancer MIR estimate, this sample is still relatively small
for a machine learning model and may limit predictive power and
generalizability, particularly for subtle nonlinear interactions or rare
covariate patterns across heterogeneous global contexts. To
partially address these concerns, an income-group stratified
sensitivity analysis is reported (Supplementary Figs. 1, 2). Although
SHAP enhances interpretability by quantifying predictor influence,
these results remain associational and hypothesis-generating, not
causally prescriptive. Unmeasured confounders, including screening
and PSA testing practices, oncology-specific provider density and
within-country workforce distribution, health-seeking behaviors,
cultural factors, and political context, as well as substantial
subnational disparities in infrastructure, are not captured in this
framework, and results may therefore mask important local
heterogeneity. Greater data granularity, careful stratification by
registry quality, integration of causal inference methods, and
additional sensitivity analyses will be important in future studies
to ensure robust, context-informed guidance for policy and
targeted intervention. Prospective, intervention-specific evaluation
remains essential before model-derived priorities can be translated
into cancer control action.

CONCLUSIONS

SHAP-informed machine learning can predict country-level
prostate cancer MIR with reasonable accuracy and highlights
radiotherapy infrastructure and the UHC service coverage index,
alongside GDP per capita, as the health system features most
consistently associated with lower MIR across countries. These
ecological findings suggest that targeted investment in radio-
therapy capacity and in the breadth of health coverage may be a
higher-priority hypothesis for prostate cancer mortality reduction
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than undifferentiated increases in aggregate health spending,
although this must be confirmed by intervention-specific pro-
spective evaluation. Together, the results support continued
attention to equity, access, and system-specific resource prior-
itization in global prostate cancer control.
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