Supporting informations

S1. Rationale for Variable Selection of this study
Variable selection was guided by established theoretical frameworks and published empirical evidence linking climatic, sociodemographic, healthcare, and vaccination factors to measles transmission and outbreak risk at the subnational level.
i. Spatio-temporal variables
Year, district identifier, and geographic coordinates were included to account for the hierarchical, nested structure of the data and to enable spatial lag construction. District-level analysis is the primary administrative unit for public health surveillance and response in Bangladesh, and incorporating geographic centroids allowed spatial autocorrelation to be explicitly modelled[1].
ii. Climatic variables
Measles exhibits pronounced seasonal and climatic sensitivity. Temperature at 2 m (mean, minimum, and maximum) was included because low ambient temperatures are associated with prolonged airborne survival of the measles virus, increased indoor crowding, and dry mucosal surfaces that enhance respiratory transmission, a pattern documented across sub-Saharan Africa, South Asia, and China[2-3]. Meteorological factors including temperature and humidity have been shown to exert nonlinear effects on measles incidence, with high-incidence periods coinciding with cold and dry seasons[2-3]. Relative humidity at 2 m was included given evidence that low humidity compromises mucosal defences and promotes respiratory pathogen transmission. Precipitation was selected because the rainy season is associated with lower risk of measles case reporting in sub-Saharan Africa, likely through agricultural mobility patterns and population density dynamics. Surface pressure was included as a complementary atmospheric covariate that covaries with temperature inversions affecting aerosol dispersion. All climatic variables were sourced from NASA POWER at district-centroid level to ensure spatial consistency[2-3].
iii. Sociodemographic variables
GDP and poverty headcount ratio were included because economic deprivation concentrates measles risk through reduced vaccination access, poor nutrition, and overcrowding. The poorest quintiles bear a disproportionate share of measles morbidity, and immunisation programmes produce the largest protective benefits in lower socioeconomic groups. Average household size is a direct proxy for contact intensity; mean household size has been identified as a key covariate associated with measles case-fatality ratios and transmission intensity in low- and middle-income countries. Adult literacy rate was included as a validated proxy for health-seeking behaviour, vaccine acceptance, and care-seeking for febrile illness in children, with lower literacy consistently associated with reduced vaccination uptake. Total population and population growth rate capture the size of the susceptible pool and the rate at which unvaccinated birth cohorts accumulate. Access to electricity was included as a composite development indicator correlated with cold chain maintenance, health facility functioning, and media-based health communication[4].
iv. Healthcare variables
Measles outbreaks have been proposed as indicators of under-resourced health systems, with gaps in healthcare infrastructure directly linked to pockets of susceptible individuals. Hospital bed density and physician count per district reflect the capacity to deliver routine immunisation, manage outbreak responses, and conduct case detection. Pediatrician and physician density is positively and significantly associated with measles vaccination coverage at the subnational level. Nursing and midwifery density was included because frontline health workers are the primary deliverers of child immunisation in Bangladesh. Government health expenditure as a percentage of GDP captures public investment in health system capacity. The UHC Service Coverage Index (SDG 3.8.1) provides a composite measure of equitable health service access and was included to reflect system-level coverage beyond any single indicator[5].     
v. Vaccination variables
MCV1 and MCV2 coverage were included as the most proximal determinants of population immunity against measles. Achieving and sustaining 95% two-dose coverage is the WHO-recommended threshold for measles elimination. Measles is currently spreading globally owing primarily to reduced vaccination coverage, disrupted immunisation programmes, and growing vaccine hesitancy. The gap between MCV1 and MCV2 coverage creates cohorts of partially immune individuals, whose accumulation over time can seed outbreaks even in settings with nominally high first-dose coverage. Both variables were obtained from the WHO Immunization Data Portal[6].


Table S1. Description of spatio-temporal, climatic, sociodemographic, healthcare, and vaccination variables used for district-level measles prediction in Bangladesh, 2017–2024
	 Variable
	Description of the variables
	Unit / Scale
	Spatial resolution
	Sources

	Saptio-temporal variables

	Year
	Observation period (2017–2023)
	Annual
	
	

	District
	Administrative unit identifier
	Nominal (n=64)
	
	

	Latitude/Longitude
	Geographic centroid coordinates of district
	Decimal degrees
	District level
	

	Target variable

	Measles case count
	Annual confirmed measles incidence per district
	Count (outcome)
	District level
	

	Climatic variables

	Temperature at 2 m (mean)
	Average ambient air temperature at 2 m height
	°C
	District level
	NASA

	Temperature at 2 m (minimum)
	Lowest recorded air temperature at 2 m height
	°C
	District level
	NASA

	Temperature at 2 m (maximum)
	Highest recorded air temperature at 2 m height
	°C
	District level
	NASA

	Relative humidity at 2 m
	Atmospheric moisture content at 2 m height
	%
	District level
	NASA

	Precipitation corrected
	Bias-corrected daily rainfall accumulation
	mm/day
	District level
	NASA

	Surface pressure
	Atmospheric pressure at ground level
	kPa
	District level
	NASA

	Sociodemographic variables

	GDP
	Total economic output of the district
	Billion US$
	National level
	World  Bank: https://data.worldbank.org/indicator/NY.GDP.MKTP.CD?locations=BD

	Total population
	Resident population size
	Count
	District level
	

	Poverty headcount ratio
	Share of population living below the poverty line
	%
	District level
	An Investigation of Social Safety Net Programs as Means of Poverty Alleviation in Bangladesh : https://doi.org/10.5539/ass.v9n2p139

	Adult literacy rate
	Proportion of adults (≥15 yrs) who can read and write
	%
	District level
	The Daily Star: https://www.thedailystar.net/frontpage/adult-literacy-rate-hits-12-year-high-1425082

	Population growth
	Annual rate of population change
	% per year
	District level
	World Bank: https://data.worldbank.org/indicator/SP.POP.GROW?locations=BD

	Average household size
	Mean number of persons per dwelling unit
	Persons
	District level
	dghs

	Access to electricity
	Population share with access to electrical supply
	%
	District level
	World Bank: https://data.worldbank.org/indicator/EG.ELC.ACCS.ZS?locations=BD & https://borgenproject.org/access-to-electricity-in-bangladesh/

	Healthcare variables

	Hospital beds
	Inpatient bed availability per district
	Count
	District level
	World Development Indicators

	Physicians
	Number of registered medical doctors per district
	Count
	District level
	https://data.who.int/indicators

	Government health expenditure
	Public spending on health as a share of GDP
	% of GDP
	National level
	https://data.who.int/indicators

	Nursing & midwifery density
	Nursing workforce concentration per population
	Per 10,000 pop.
	District level
	https://data.who.int/indicators/i/B54EB15/5C8435F

	UHC service coverage index
	Universal health service access score (SDG 3.8.1)
	Index 0–100
	National level
	https://www.who.int/data/gho/data/indicators/indicator-details/GHO/uhc-index-of-service-coverage

	Vaccination variables

	MCV1
	Measles-containing vaccine, 1st dose
	
	National level
	https://immunizationdata.who.int/global/wiise-detail-page/measles-vaccination-coverage?CODE=BGD&ANTIGEN=&YEAR

	MCV2
	Measles-containing vaccine, 2nd dose
	
	National level
	https://immunizationdata.who.int/global/wiise-detail-page/measles-vaccination-coverage?CODE=BGD&ANTIGEN=&YEAR=



Table S2. Sensitivity analysis assessing model robustness prior to imputing variables with less than 5% missingness and after excluding nationally uniform predictors (MCV1, MCV2, GDP, Government Health Expenditure, UHC Index)
	Model
	Decision
	Accuracy (95%CI)
	Precision
	Recall
	F1 Score (95% CI)
	AUC-ROC
	Specificity
	NPV
	PPV
	MCC
	CV F1 (Mean ± SD)
	CV AUC (Mean ± SD)

	
	Threshold
	
	
	(Sensitivity)
	
	
	
	
	
	
	
	

	pre-imputation robustness check

	LightGBM
	0.2
	0.70 (0.62-0.79)
	0.65
	0.96
	0.80 (0.712–0.852)
	0.82
	0.41
	0.93
	0.65
	0.48
	0.80 ± 0.029
	0.90 ± 0.050

	XGBoost
	0.4
	0.80 ( 0.71- 0.83)
	0.76
	0.9
	0.81 (0.73–0.88)
	0.838
	0.74
	0.83
	0.8
	0.63
	0.813 ± 0.045
	0.898 ± 0.042

	Excluding nationally uniform predictors

	LightGBM
	0.2
	0.68 (0.60–0.77)
	0.63
	0.94
	0.77 (0.685–0.838)
	0.8
	0.39
	0.91
	0.63
	0.44
	0.78 ± 0.033
	0.88 ± 0.054

	XGBoost
	0.4
	0.80 (0.72–0.86)
	0.77
	0.89
	0.82 (0.741–0.879)
	0.821
	0.69
	0.83
	0.77
	0.6
	0.801 ± 0.048
	0.881 ± 0.045




S2.  Machine Learning Model Specifications, Feature Engineering, Hyperparameter Tuning, and Cross-Validation Framework for Measles Outbreak Prediction in Bangladesh
[bookmark: _GoBack]S2.1. Outbreak Definition and Data Partitioning
The binary outbreak label was defined using the median district-level measles incidence calculated exclusively on the training set (2017–2021) as the classification threshold. This threshold was then applied to both the training and test sets (2022–2023) to prevent data leakage from the test period. Districts with annual measles cases ≥ 3.0 were classified as outbreak (y = 1); those below were classified as non-outbreak (y = 0). Temporal train–test splitting was applied: training on 2017–2021 (5 years) and independent testing on 2022–2023 (2 years). This approach prevents data leakage and preserves temporal ordering[1].

Table S3. Sensitivity analysis of classification robustness across alternative measles outbreak definitions
	Outbreak
Definition
	Accuracy
	Precision
	Recall
(Sensitivity)
	F1 Score
	AUC-ROC
	Specificity

	25th Percentile
	0.760
	0.800
	1.000
	0.750
	0.706
	0.000

	Median (50th)
	0.810
	0.778
	0.800
	0.800
	0.823
	0.820

	Mean
	0.750
	0.417
	0.714
	0.526
	0.800
	0.810

	75th Percentile
	0.800
	0.500
	1.000
	0.652
	0.790
	0.800



S2.2. Class Imbalance Handling: SMOTE
Synthetic Minority Oversampling Technique (SMOTE) was applied exclusively to the training set prior to model fitting to address class imbalance. For each minority-class sample xᵢ, k = 5 nearest neighbours were identified in feature space. A synthetic sample was generated as:

where xᵣ is a randomly selected neighbour. SMOTE was applied only to the training data, never to the validation or test sets, to ensure unbiased performance estimation. StandardScaler was fitted on the SMOTE-resampled training data and applied to scale the test set for models requiring standardised inputs (SVM, Naive Bayes, GLM Elastic Net). Tree-based models (Decision Tree, Random Forest, LightGBM, CatBoost, XGBoost) received unscaled features.
S2.3. Feature Engineering
In addition to 15 original predictors (4 climatic: C2–C5; 6 sociodemographic: S1–S4, S6–S7; 5 healthcare: H1–H5) and vaccination coverage (MCV1, MCV2), nine engineered features were derived as described in Table A2 below.

Table S4. Engineered features derived from primary predictors for measles outbreak prediction.
	Feature Name
	Description
	Derivation Formula
	Rationale

	Lag1_Measles
	Lagged outcome (t−1)
	df['Measles'].shift(1) per district
	Captures temporal autocorrelation in measles transmission

	Lag2_Measles
	Lagged outcome (t−2)
	df['Measles'].shift(2) per district
	Captures longer-lag epidemic memory effects

	Rolling_Mean3
	3-year rolling mean
	Rolling window of 3 on Measles per district
	Smooths short-term noise; reflects medium-term trend

	Vacc_Effect
	Effective vaccine coverage
	(MCV1 + MCV2) / 2
	Mean coverage across both doses

	Susceptibility
	Population susceptibility index
	100 − Vacc_Effect
	Proxy for proportion unprotected against measles

	Vacc_x_Pop
	Susceptibility × population
	Susceptibility × Total Population
	Interaction: absolute number of susceptible individuals

	MCV1_x_Lag1
	Vaccine–lag interaction
	MCV1 × Lag1_Measles
	Interaction between MCV1 coverage and prior-year cases

	Susc_x_Lag1
	Susceptibility–lag interaction
	Susceptibility × Lag1_Measles
	Joint effect of susceptibility and prior epidemic burden

	Roll_x_Susc
	Rolling mean × susceptibility
	Rolling_Mean3 × Susceptibility
	Interaction capturing susceptibility in epidemic-trend context



S2.4. Cross-Validation and Hyperparameter Optimisation Framework
A nested cross-validation (CV) framework was implemented. The inner loop (5-fold stratified CV) was used exclusively for hyperparameter tuning via GridSearchCV or RandomizedSearchCV, using AUC-ROC as the scoring metric. The outer loop (5-fold stratified CV) was used to evaluate generalisation performance across multiple decision thresholds (0.1 to 0.9 in steps of 0.1). The independent test set (2022–2023) was withheld throughout all tuning procedures and used solely for final performance reporting. For models with large hyperparameter spaces (Random Forest, LightGBM, CatBoost), RandomizedSearchCV (n_iter = 15–25) was used in place of exhaustive grid search. All random seeds were fixed at 42 for reproducibility[10].
S2.5 Performance Evaluation Metrics

Table S5. Performance evaluation metrics with formulae. 
	Metric
	Formula

	Accuracy
	

	Precision (PPV)
	

	Recall (Sensitivity)
	

	Specificity
	

	F1 Score
	

	NPV
	

	AUC-ROC
	

	MCC
	

	95% CI (F1, Accuracy)
	Wilson score interval: 



S2.6. Model-Specific Specifications, Equations, and Hyperparameter Configuration
Table A4 provides the complete specification for each of the eight machine learning models evaluated, including mathematical formulations, full hyperparameter grids, tuning strategies, optimised parameters, and preprocessing applied.
Table S6. Complete specifications for all eight machine learning models evaluated for measles outbreak prediction in Bangladesh (2017–2023).
	Model
	Mathematical Formulation
	Hyperparameter Grid
	Tuning Strategy
	Optimised Parameters
	Class Imbalance
	Input Scaling
	Best Decision Threshold

	Decision Tree
(DT)
	Classification Rule: Recursively partitions feature space by splitting at node t:

Node impurity (Gini):

Node impurity (Entropy):


	max_depth: {3, 5, 10, None}
min_samples_split: {2, 10, 20}
min_samples_leaf: {1, 4, 8}
criterion: {gini, entropy}
class_weight: balanced
	GridSearchCV
(5-fold inner CV)
Scoring: AUC-ROC
n_jobs = −1
	criterion: entropy
max_depth: 5
min_samples_leaf: 1
min_samples_split: 2
	Yes (k=5 neighbors, random_state=42)
	None (tree-based)
	0.3 (Best F1, inner CV on training data)

	Support Vector Machine
(SVM)
	Decision function:
f(x) = sign(Σᵢ αᵢ yᵢ K(xᵢ, x) + b)
Probability estimate (Platt scaling):
P(y=1|x) = 1 / (1 + exp(A·f(x) + B))
RBF Kernel:
K(xᵢ, xⱼ) = exp(−γ ||xᵢ − xⱼ||²)
Linear Kernel: K(xᵢ, xⱼ) = xᵢᵀ xⱼ
Objective: min ½||w||² + C Σᵢ ξᵢ,  s.t. yᵢ(wᵀΦ(xᵢ)+b) ≥ 1−ξᵢ
	C: {0.1, 1.0, 10.0, 100.0}
kernel: {rbf, linear}
gamma: {scale, auto, 0.01}
class_weight: balanced
probability: True
	GridSearchCV
(5-fold inner CV)
Scoring: AUC-ROC
	C: 10.0
kernel: rbf
gamma: scale
	Yes (k=5 neighbors, random_state=42)
	StandardScaler (fit on SMOTE training, transform test)
	0.2 (Best F1, inner CV on training data)

	Naive Bayes
(NB)
	Bayes classifier:
P(Cₖ|x) ∝ P(Cₖ) Πᵢ P(xᵢ|Cₖ)
Gaussian likelihood:
P(xᵢ|Cₖ) = (1/√(2πσ²ₖᵢ)) exp[−(xᵢ−μₖᵢ)² / (2σ²ₖᵢ + ε)]
ε = var_smoothing (stabilises variance estimates)
Decision: ŷ = argmaxₖ [log P(Cₖ) + Σᵢ log P(xᵢ|Cₖ)]
	var_smoothing: {1e-11, 1e-9, 1e-7, 1e-5}
	GridSearchCV
(5-fold inner CV)
Scoring: AUC-ROC
	var_smoothing: 1e-9
	Yes (k=5 neighbors, random_state=42)
	StandardScaler (fit on SMOTE training, transform test)
	0.1 (Best F1, inner CV on training data)

	Random Forest
(RF)
	Ensemble of B trees:
fₛᴷ(x) = (1/B) Σᵇ₌₁ᴺ fᵇ(x)
P(outbreak|x) = (1/B) Σᵇ Pᵇ(y=1|x)
Each tree trained on bootstrap sample (80% row subsample).
Node split: max_features = sqrt(p) features randomly sampled.
OOB error estimated from out-of-bag samples per tree.
	n_estimators: {200, 400, 700}
max_depth: {5, 8, None}
min_samples_split: {2, 10}
min_samples_leaf: {1, 4}
max_features: {sqrt, 0.3}
max_samples: 0.8
class_weight: balanced
	RandomizedSearchCV
(n_iter=25, 5-fold inner CV)
Scoring: AUC-ROC
random_state=42
	n_estimators: 400
max_depth: None
min_samples_leaf: 1
min_samples_split: 2
max_features: sqrt
	Yes (k=5 neighbors, random_state=42)
	None (tree-based)
	0.4 (Best F1, inner CV on training data)

	LightGBM
(LGBM)
	Gradient boosted ensemble:
Fₘ(x) = Fₘ₋₁(x) + ν · hₘ(x)
hₘ = argminₕ Σᵢ L(yᵢ, Fₘ₋₁(xᵢ) + h(xᵢ))
Log-loss: L(y,F) = −[y log σ(F) + (1−y) log(1−σ(F))]
Leaf-wise tree growth (best-first, not level-wise).
Gradient-based One-Side Sampling (GOSS) reduces instances.
Exclusive Feature Bundling (EFB) reduces features.
	n_estimators: {200, 400}
max_depth: {3, 6}
learning_rate: {0.03, 0.05}
subsample: {0.8, 0.9}
colsample_bytree: {0.8}
num_leaves: {31, 63}
min_child_samples: {10, 20}
class_weight: balanced
	RandomizedSearchCV
(n_iter=15, 5-fold inner CV)
Scoring: AUC-ROC
random_state=42
	n_estimators: 400
max_depth: 6
learning_rate: 0.05
subsample: 0.8
num_leaves: 63
min_child_samples: 10
	Yes (k=5 neighbors, random_state=42)
	None (tree-based; raw DataFrame input to preserve feature names)
	0.2 (Best F1, inner CV on training data)

	CatBoost
(CB)
	Gradient boosted ensemble:
Fₘ(x) = Fₘ₋₁(x) + ν · hₘ(x)
Objective: L = Σᵢ log(1 + exp(−yᵢ F(xᵢ))) + λΩ(hₘ)
Ordered boosting prevents target leakage during training.
Symmetric tree splits ensure consistent leaf predictions.
auto_class_weights = Balanced applied internally.
sklearn wrapper (SklearnCatBoost) used for pipeline compatibility.
	iterations: {200, 400}
depth: {4, 6}
learning_rate: {0.03, 0.05}
l2_leaf_reg: {3, 7}
subsample: {0.8, 1.0}
auto_class_weights: Balanced
	RandomizedSearchCV
(n_iter=15, 5-fold inner CV)
Scoring: AUC-ROC
random_state=42
	iterations: 400
depth: 6
learning_rate: 0.05
l2_leaf_reg: 3
subsample: 0.8
	Yes (k=5 neighbors, random_state=42)
	None (tree-based; sklearn compatibility wrapper applied)
	0.5 (Best F1, inner CV on training data)

	XGBoost
(XGB)
	Regularised gradient boosting:
Fₘ(x) = Fₘ₋₁(x) + ν · hₘ(x)
Obj = Σᵢ L(yᵢ, ŷᵢ) + Σₘ Ω(hₘ)
Ω(h) = γT + ½λ||w||² + α|w|
L = Σᵢ [−yᵢ log σ(ŷᵢ) − (1−yᵢ)log(1−σ(ŷᵢ))]
scale_pos_weight = neg_count / pos_count (post-SMOTE = 1.0)
gamma=0.1, reg_alpha=0.3, reg_lambda=1.2 (fixed)
	n_estimators: {200, 400}
max_depth: {3, 5}
learning_rate: {0.03, 0.05}
subsample: {0.8}
colsample_bytree: {0.8}
gamma: 0.1 (fixed)
reg_alpha: 0.3 (fixed)
reg_lambda: 1.2 (fixed)
scale_pos_weight: post-SMOTE ratio
	GridSearchCV
(5-fold inner CV)
Scoring: AUC-ROC
n_jobs=-1
	n_estimators: 200
max_depth: 3
learning_rate: 0.03
subsample: 0.8
colsample_bytree: 0.8
	Yes (k=5 neighbors, random_state=42)
	None (tree-based)
	0.4 (Best F1, inner CV on training data)

	GLM Elastic Net
(EN)
	Logistic regression with elastic-net penalty:
P(y=1|x) = σ(wᵀx + b) = 1/(1+exp(−(wᵀx+b)))
Loss: −(1/n)Σᵢ[yᵢ log σᵢ + (1−yᵢ)log(1−σᵢ)]
Penalty: P = αρ||β||₁ + ½α(1−ρ)||β||²₂
ρ = l1_ratio (0=Ridge, 1=Lasso, 0<ρ<1=Elastic Net)
α = 1/C (regularisation strength)
Solver: SAGA (handles large sparse datasets)
	C: {0.01, 0.1, 1.0, 10.0}
l1_ratio: {0.0, 0.25, 0.5, 0.75, 1.0}
penalty: elasticnet
solver: saga
max_iter: 3000
class_weight: balanced
	GridSearchCV
(5-fold inner CV)
Scoring: AUC-ROC
	C: 0.1
l1_ratio: 0.5
penalty: elasticnet
	Yes (k=5 neighbors, random_state=42)
	StandardScaler (fit on SMOTE training, transform test)
	0.3 (Best F1, inner CV on training data)


 All models were trained on temporally split data (2017–2021 training; 2022–2023 test) with SMOTE applied to the training set only. Hyperparameters were tuned using inner 5-fold stratified cross-validation (AUC-ROC scoring). Outer 5-fold stratified cross-validation was used for generalisation assessment. CV = Cross-Validation; SMOTE = Synthetic Minority Oversampling Technique; AUC-ROC = Area Under the Receiver Operating Characteristic Curve; MCC = Matthews Correlation Coefficient; GLM = Generalised Linear Model.
S2.7. SHAP-Based Explainability
SHapley Additive exPlanations (SHAP) were computed for the selected XGBoost model to quantify the marginal contribution of each predictor to individual and aggregate outbreak risk predictions. For a prediction f(x), the SHAP value φᵢ for feature i is defined as:

where M is the total number of features, S is a subset of features excluding feature i, and the summation is taken over all possible subsets. Feature importance was quantified using the mean absolute SHAP value (mean |SHAP|) averaged across all test-set observations. Category-level contributions were derived by summing mean |SHAP| values within each predictor category (Climatic, Sociodemographic, Healthcare)[1].
S2.8. Future Outbreak Prediction (2024–2028)
The final XGBoost model (best hyperparameters: n_estimators=200, max_depth=3, learning_rate=0.03, subsample=0.8, colsample_bytree=0.8) was retrained on the complete 2017–2023 dataset with SMOTE applied to the full training set. Future predictor values (2024–2028) were projected for each district using ordinary least-squares linear extrapolation fitted to the last three observed years (trend window = 3). Percentage-bounded features (Relative Humidity, Poverty Headcount, Adult Literacy Rate, Access to Electricity, UHC Index) were clipped to [0, 100]; count/rate features were clipped to [0, ∞). Lag features were rolled forward iteratively: Lag1 = previous year’s predicted measles (synthetic: threshold × 1.2 if outbreak predicted, threshold × 0.6 otherwise), Lag2 = two years prior, Rolling_Mean3 = mean of the last three measles values in the rolling buffer. Outbreak risk was categorised as: Low (P < 0.25), Moderate (0.25 ≤ P < 0.50), High (0.50 ≤ P < 0.75), Very High (P ≥ 0.75)[1].
S3. Rationale for Machine Learning Model Selection
The eight classifiers were chosen to represent a broad spectrum of algorithmic approaches rather than favouring any single family. This design ensures that model selection is driven by empirical performance on the study data rather than prior assumptions about which approach suits the problem best.
Decision Tree was included as an interpretable baseline with no distributional assumptions, providing a transparent reference against which ensemble methods could be compared. Naive Bayes served as a probabilistic benchmark given its established use in disease surveillance and efficient handling of high-dimensional inputs, despite its conditional independence assumption. Support Vector Machine was selected for its capacity to model nonlinear decision boundaries via the radial basis function kernel, which is relevant given the complex climatic and sociodemographic predictor space. GLM Elastic Net represented the regularised linear baseline, combining L1 and L2 penalties to control multicollinearity while remaining interpretable[1].
Random Forest was selected for its robustness to noisy predictors and resistance to overfitting through bootstrap aggregation, with a strong track record in public health prediction tasks. LightGBM and CatBoost were included as modern gradient boosting frameworks suited to mixed-type tabular panel data. LightGBM improves efficiency through leaf-wise growth and gradient-based one-side sampling, while CatBoost reduces target leakage through ordered boosting with symmetric tree structures. XGBoost was designated as the primary candidate based on its demonstrated superiority in measles outbreak prediction at the subnational level, achieving AUC-ROC values of 0.920 to 0.926 in county-level prediction in the United States and outperforming logistic regression substantially on positive predictive value and specificity. Its built-in L1 and L2 regularisation and scale_pos_weight mechanism further address the class imbalance inherent in outbreak datasets. Together, the eight models span simple, ensemble, boosting, and penalised regression families, ensuring comprehensive methodological coverage[1].

Table S7. Yearly distribution of district-level measles cases in Bangladesh, 2017–2023
	Year
	N_Districts
	Min
	Q1
	Median
	Mean
	SD
	Q3
	Max
	Total_Cases

	2017
	64
	0
	1
	2
	12.938 
	32.233 
	6
	169
	828

	2018
	64
	0
	2
	3
	8.266 
	14.322 
	8.25
	92
	529

	2019
	64
	0
	3
	9
	31.063 
	59.555 
	24.5
	353
	1988

	2020
	64
	0
	1.75
	5.5
	28.297 
	56.734 
	25.5
	334
	1811

	2021
	64
	0
	1
	2
	3.656 
	6.629 
	3.25
	49
	234

	2022
	64
	0
	1
	2.5
	5.719 
	9.642 
	6
	58
	366

	2023
	64
	0
	1
	3
	4.375 
	6.741 
	5
	50
	280



Table S8. Descriptive statistics of district-level measles cases in Bangladesh during 2017–2023
	District
	Years
	Min
	Q1
	Median
	Mean
	SD
	Q3
	Max
	Total_Cases

	Lakshmipur
	7
	8
	19
	24
	119.857 
	154.770 
	208
	353
	839

	Cox's bazar
	7
	8
	12
	47
	79.714 
	76.061 
	155
	169
	558

	Maulvi bazar
	7
	0
	1
	35
	62.000 
	69.462 
	119.5
	158
	434

	Patuakhali
	7
	1
	2.5
	6
	59.429 
	78.604 
	100
	204
	416

	Sunamganj
	7
	1
	7.5
	14
	58.429 
	71.714 
	94
	191
	409

	Faridpur
	7
	2
	4.5
	6
	51.000 
	77.382 
	70.5
	199
	357

	Sylhet
	7
	2
	12
	21
	42.571 
	48.538 
	60.5
	130
	298

	Tangail
	7
	2
	4.5
	9
	23.286 
	27.226 
	35
	73
	163

	Dhaka
	7
	0
	1
	3
	23.143 
	27.474 
	49.5
	58
	162

	Jhenaidah
	7
	3
	8.5
	21
	22.143 
	17.189 
	32.5
	49
	155

	Gazipur
	7
	1
	2
	3
	17.000 
	22.971 
	28
	55
	119

	Kishoreganj
	7
	3
	6
	12
	15.571 
	14.808 
	18.5
	45
	109

	Chittagong
	7
	2
	8
	11
	14.571 
	11.058 
	19
	35
	102

	Pabna
	7
	1
	2
	4
	13.000 
	16.971 
	17
	48
	91

	Jessore
	7
	3
	3.5
	4
	12.714 
	16.510 
	14.5
	46
	89

	Khagrachari
	7
	1
	1.5
	2
	12.714 
	26.253 
	5.5
	72
	89

	Barishal
	7
	1
	2.5
	4
	12.143 
	18.916 
	11
	53
	85

	Rangamati
	7
	0
	2
	3
	12.143 
	21.098 
	9.5
	59
	85

	Habiganj
	7
	2
	3
	5
	11.571 
	13.024 
	16
	36
	81

	Bandarban
	7
	0
	1.5
	2
	10.714 
	17.452 
	10.5
	49
	75

	Gopalgonj
	7
	1
	1
	4
	10.000 
	11.314 
	18
	27
	70

	Khulna
	7
	2
	3.5
	6
	10.000 
	8.775 
	14.5
	26
	70

	Jhalokathi
	7
	0
	1.5
	3
	9.000 
	10.520 
	14.5
	28
	63

	Narail
	7
	0
	2
	2
	9.000 
	16.125 
	6
	45
	63

	Brahmanbaria
	7
	0
	1
	4
	8.286 
	10.095 
	13.5
	25
	58

	Jamalpur
	7
	0
	0.5
	4
	7.857 
	10.931 
	10
	30
	55

	Bhola
	7
	1
	2.5
	3
	7.571 
	8.142 
	11
	22
	53

	Noakhali
	7
	2
	3.5
	6
	7.571 
	6.051 
	10
	18
	53

	Feni
	7
	1
	2
	3
	6.714 
	7.740 
	10.5
	18
	47

	Barguna
	7
	0
	1
	4
	6.571 
	8.324 
	8.5
	23
	46

	Cumilla
	7
	0
	2.5
	8
	6.571 
	5.159 
	9.5
	14
	46

	Natore
	7
	1
	2
	2
	6.429 
	8.162 
	7
	24
	45

	Madaripur
	7
	1
	1
	2
	6.000 
	11.489 
	2.5
	32
	42

	Kushtia
	7
	2
	3
	5
	5.571 
	3.101 
	8.5
	9
	39

	Bogra
	7
	2
	2.5
	6
	5.286 
	2.928 
	7.5
	9
	37

	Satkhira
	7
	2
	2.5
	6
	5.286 
	2.870 
	8
	8
	37

	Bagerhat
	7
	1
	2
	3
	5.000 
	6.683 
	3.5
	20
	35

	Narshingdi
	7
	0
	1.5
	4
	4.714 
	4.309 
	7.5
	11
	33

	Chandpur
	7
	0
	2
	4
	4.571 
	3.457 
	7.5
	9
	32

	Mymensingh
	7
	0
	1
	1
	3.857 
	5.305 
	4.5
	15
	27

	Rajshahi
	7
	0
	0.5
	2
	3.857 
	4.413 
	6
	12
	27

	Meherpur
	7
	0
	1.5
	4
	3.571 
	2.637 
	5.5
	7
	25

	Shariatpur
	7
	1
	2.5
	3
	3.571 
	2.573 
	3.5
	9
	25

	Thakurgaon
	7
	0
	1.5
	2
	3.571 
	3.599 
	5
	10
	25

	Dinajpur
	7
	0
	2
	3
	3.143 
	2.795 
	3
	9
	22

	Magura
	7
	0
	0.5
	3
	3.143 
	3.237 
	5
	8
	22

	Narayanganj
	7
	0
	0.5
	2
	3.000 
	3.559 
	4.5
	9
	21

	Pirojpur
	7
	0
	1
	3
	2.857 
	2.268 
	4.5
	6
	20

	Rajbari
	7
	0
	1
	2
	2.571 
	2.070 
	4.5
	5
	18

	Kurigram
	7
	0
	1
	3
	2.429 
	1.988 
	3
	6
	17

	Sirajganj
	7
	1
	2
	2
	2.286 
	0.756 
	3
	3
	16

	Chuadanga
	7
	0
	0
	1
	2.143 
	3.237 
	2.5
	9
	15

	Joypurhat
	7
	0
	0.5
	1
	2.143 
	2.268 
	3.5
	6
	15

	Lalmonirhat
	7
	0
	1
	2
	2.143 
	1.676 
	3.5
	4
	15

	Nilphamari
	7
	0
	1.5
	2
	2.143 
	1.574 
	2.5
	5
	15

	Nawabganj
	7
	0
	0.5
	1
	1.857 
	2.116 
	2.5
	6
	13

	Netrokona
	7
	0
	1
	1
	1.714 
	1.380 
	2.5
	4
	12

	Sherpur
	7
	0
	0
	1
	1.714 
	1.976 
	3
	5
	12

	Rangpur
	7
	0
	0.5
	1
	1.429 
	1.272 
	2.5
	3
	10

	Gaibandha
	7
	0
	0
	0
	0.857 
	1.215 
	1.5
	3
	6

	Naogaon
	7
	0
	0.5
	1
	0.857 
	0.690 
	1
	2
	6

	Panchagarh
	7
	0
	0.5
	1
	0.857 
	0.690 
	1
	2
	6

	Munshiganj
	7
	0
	0
	0
	0.571 
	1.134 
	0.5
	3
	4

	Manikganj
	7
	0
	0
	0
	0.286 
	0.488 
	0.5
	1
	2



Table S9. Top 10 districts with the highest cumulative measles burden in Bangladesh, 2017–2023
	District
	Years
	Min
	Q1
	Median
	Mean
	SD
	Q3
	Max
	Total_Cases

	Lakshmipur
	7
	8
	19
	24
	119.857 
	154.770 
	208
	353
	839

	Cox's bazar
	7
	8
	12
	47
	79.714 
	76.061 
	155
	169
	558

	Maulvi bazar
	7
	0
	1
	35
	62.000 
	69.462 
	119.5
	158
	434

	Patuakhali
	7
	1
	2.5
	6
	59.429 
	78.604 
	100
	204
	416

	Sunamganj
	7
	1
	7.5
	14
	58.429 
	71.714 
	94
	191
	409

	Faridpur
	7
	2
	4.5
	6
	51.000 
	77.382 
	70.5
	199
	357

	Sylhet
	7
	2
	12
	21
	42.571 
	48.538 
	60.5
	130
	298

	Tangail
	7
	2
	4.5
	9
	23.286 
	27.226 
	35
	73
	163

	Dhaka
	7
	0
	1
	3
	23.143 
	27.474 
	49.5
	58
	162

	Jhenaidah
	7
	3
	8.5
	21
	22.143 
	17.189 
	32.5
	49
	155




Table S10. Top 10 districts with the highest reported measles cases in Bangladesh by year (2017–2023)
	Year
	District
	Total_Cases

	2017
	Cox's bazar
	169

	2017
	Sylhet
	130

	2017
	Sunamganj
	106

	2017
	Maulvi bazar
	96

	2017
	Lakshmipur
	82

	2017
	Habiganj
	36

	2017
	Jhenaidah
	26

	2017
	Bhola
	22

	2017
	Barguna
	12

	2017
	Jhalokathi
	12

	2018
	Patuakhali
	92

	2018
	Cox's bazar
	47

	2018
	Chittagong
	35

	2018
	Maulvi bazar
	35

	2018
	Faridpur
	23

	2018
	Lakshmipur
	23

	2018
	Tangail
	22

	2018
	Jhenaidah
	21

	2018
	Sylhet
	21

	2018
	Jhalokathi
	17

	2019
	Lakshmipur
	353

	2019
	Patuakhali
	204

	2019
	Faridpur
	199

	2019
	Cox's bazar
	152

	2019
	Maulvi bazar
	143

	2019
	Sunamganj
	82

	2019
	Tangail
	73

	2019
	Rangamati
	59

	2019
	Gazipur
	55

	2019
	Barishal
	53

	2020
	Lakshmipur
	334

	2020
	Sunamganj
	191

	2020
	Cox's bazar
	158

	2020
	Maulvi bazar
	158

	2020
	Faridpur
	118

	2020
	Patuakhali
	108

	2020
	Sylhet
	91

	2020
	Khagrachari
	72

	2020
	Bandarban
	49

	2020
	Tangail
	48

	2021
	Dhaka
	49

	2021
	Lakshmipur
	15

	2021
	Sunamganj
	14

	2021
	Cox's bazar
	11

	2021
	Thakurgaon
	10

	2021
	Bogra
	9

	2021
	Chuadanga
	9

	2021
	Narail
	9

	2021
	Faridpur
	6

	2021
	Jhenaidah
	6

	2022
	Dhaka
	58

	2022
	Kishoreganj
	45

	2022
	Lakshmipur
	24

	2022
	Chittagong
	20

	2022
	Mymensingh
	15

	2022
	Cumilla
	14

	2022
	Cox's bazar
	13

	2022
	Rajshahi
	12

	2022
	Jhenaidah
	11

	2022
	Sylhet
	10

	2023
	Dhaka
	50

	2023
	Pabna
	18

	2023
	Sylhet
	14

	2023
	Chittagong
	11

	2023
	Dinajpur
	9

	2023
	Kishoreganj
	9

	2023
	Chandpur
	8

	2023
	Cox's bazar
	8

	2023
	Lakshmipur
	8

	2023
	Natore
	8




Table S11. Significant Local Indicators of Spatial Association (LISA) clusters of measles incidence across districts in Bangladesh, 2017–2023
	Year
	District
	Cases
	Spatial_Lag
	Local_Moran_I
	Z_Score
	P_Value
	Cluster
	Significance

	2017
	BANDARBAN
	0
	60
	-0.597
	-2.8049
	0.00503
	Low-High
	99%

	2017
	HABIGANJ
	36
	49.6
	1.0354
	2.9505
	0.00317
	High-High
	99%

	2017
	MAULVIBAZAR
	0
	83
	-0.8786
	-3.3466
	0.00082
	Low-High
	99%

	2017
	NETRAKONA
	2
	41.333
	-0.3029
	-1.7285
	0.08389
	Low-High
	90%

	2017
	SUNAMGANJ
	106
	45
	3.487
	2.5769
	0.00997
	High-High
	99%

	2017
	SYLHET
	130
	47.333
	4.6721
	2.5192
	0.01176
	High-High
	95%

	2018
	BANDARBAN
	11
	31.667
	0.4496
	3.0691
	0.00215
	High-High
	99%

	2018
	BARGUNA
	4
	19.6
	-0.2196
	-2.0078
	0.04467
	Low-High
	95%

	2018
	BARISAL
	4
	15.3
	-0.1418
	-1.9141
	0.05561
	Low-High
	90%

	2018
	BHOLA
	16
	30.5
	1.0311
	3.4223
	0.00062
	High-High
	99%

	2018
	COX'S BAZAR
	47
	23
	3.2185
	1.7748
	0.07594
	High-High
	90%

	2018
	KHAGRACHHARI
	1
	24
	-0.559
	-1.686
	0.0918
	Low-High
	90%

	2019
	BARISAL
	53
	66.3
	0.2861
	2.2743
	0.02295
	High-High
	95%

	2019
	BHOLA
	3
	157
	-0.9709
	-4.5374
	0.00001
	Low-High
	99%

	2019
	CHANDPUR
	9
	73.667
	-0.2612
	-1.9909
	0.0465
	Low-High
	95%

	2019
	NOAKHALI
	18
	68.167
	-0.1213
	-1.7542
	0.07939
	Low-High
	90%

	2020
	BHOLA
	6
	118.5
	-0.6179
	-3.4941
	0.00048
	Low-High
	99%

	2020
	CHANDPUR
	2
	63.5
	-0.305
	-1.7709
	0.07658
	Low-High
	90%

	2020
	NOAKHALI
	14
	63.667
	-0.1493
	-1.7856
	0.07416
	Low-High
	90%

	2021
	FARIDPUR
	6
	8
	0.2474
	2.0193
	0.04346
	High-High
	95%

	2021
	GAZIPUR
	1
	9.833
	-0.3676
	-2.3912
	0.01679
	Low-High
	95%

	2021
	MANIKGANJ
	0
	10.667
	-0.5789
	-2.708
	0.00677
	Low-High
	99%

	2021
	MUNSHIGANJ
	0
	8.714
	-0.4198
	-2.1335
	0.03289
	Low-High
	95%

	2021
	NARAYANGANJ
	1
	8.833
	-0.309
	-2.0074
	0.04471
	Low-High
	95%

	2021
	TANGAIL
	4
	8.667
	0.0511
	1.9594
	0.05006
	High-High
	90%

	2022
	BRAHAMANBARIA
	0
	14.4
	-0.5346
	-2.0887
	0.03674
	Low-High
	95%

	2022
	GAZIPUR
	2
	21.833
	-0.6333
	-4.2776
	0.00002
	Low-High
	99%

	2022
	MANIKGANJ
	0
	12.167
	-0.399
	-1.7167
	0.08603
	Low-High
	90%

	2022
	MUNSHIGANJ
	3
	13.286
	-0.2165
	-2.2027
	0.02762
	Low-High
	95%

	2022
	NARAYANGANJ
	7
	13.5
	0.1207
	2.0938
	0.03628
	High-High
	95%

	2022
	NARSINGDI
	4
	13.5
	-0.1367
	-1.6704
	0.09485
	Low-High
	90%

	2022
	NETRAKONA
	1
	22
	-0.8179
	-2.9777
	0.0029
	Low-High
	99%

	2022
	SUNAMGANJ
	6
	14.5
	0.0393
	1.8887
	0.05894
	High-High
	90%

	2022
	TANGAIL
	2
	13
	-0.2888
	-1.9427
	0.05206
	Low-High
	90%

	2023
	GAZIPUR
	3
	11
	-0.1949
	-2.5189
	0.01177
	Low-High
	95%

	2023
	MANIKGANJ
	1
	13.833
	-0.7004
	-3.5833
	0.00034
	Low-High
	99%

	2023
	MUNSHIGANJ
	0
	9.429
	-0.49
	-2.0845
	0.03711
	Low-High
	95%

	2023
	NARAYANGANJ
	0
	9.667
	-0.5128
	-2.0031
	0.04516
	Low-High
	95%

	2023
	TANGAIL
	5
	10.333
	0.0919
	2.2785
	0.02269
	High-High
	95%




Table S12. Annual summary of significant LISA cluster types and significance levels for measles incidence in Bangladesh, 2017–2023
	Year
	Cluster
	Significance
	Districts

	2017
	High-High
	95%
	1

	2017
	High-High
	99%
	2

	2017
	Low-High
	90%
	1

	2017
	Low-High
	99%
	2

	2018
	High-High
	90%
	1

	2018
	High-High
	99%
	2

	2018
	Low-High
	90%
	2

	2018
	Low-High
	95%
	1

	2019
	High-High
	95%
	1

	2019
	Low-High
	90%
	1

	2019
	Low-High
	95%
	1

	2019
	Low-High
	99%
	1

	2020
	Low-High
	90%
	2

	2020
	Low-High
	99%
	1

	2021
	High-High
	90%
	1

	2021
	High-High
	95%
	1

	2021
	Low-High
	95%
	3

	2021
	Low-High
	99%
	1

	2022
	High-High
	90%
	1

	2022
	High-High
	95%
	1

	2022
	Low-High
	90%
	3

	2022
	Low-High
	95%
	2

	2022
	Low-High
	99%
	2

	2023
	High-High
	95%
	1

	2023
	Low-High
	95%
	3

	2023
	Low-High
	99%
	1









Table S13. National coverage of first-dose (MCV1) and second-dose (MCV2) measles-containing vaccines in Bangladesh, 2017–2023
	Year
	MCV1 (%)
	MCV2 (%)
	Difference (MCV1−MCV2)

	2017
	92
	83
	9

	2018
	92
	83
	9

	2019
	92.8
	89
	3.8

	2020
	92.8
	89
	3.8

	2021
	92.8
	89
	3.8

	2022
	 98
	91
	7

	2023
	88.6
	89.1
	-0.5




Table S14. Comparative performance of machine learning models for measles outbreak prediction (outbreak threshold = median incidence, 3.0 cases).
	Model
	Decision
Threshold
	Accuracy (95%CI)
	Precision
	Recall
(Sensitivity)
	F1 Score (95% CI)
	AUC-ROC
	Specificity
	NPV
	PPV
	MCC
	CV F1 (Mean ± SD)
	CV AUC (Mean ± SD)

	Decision Tree
	0.3
	0.656 (0.570-0.733)
	0.644
	0.829
	0.725 (0.642–0.795)
	0.709
	0.448
	0.684
	0.644
	0.302
	0.788 ± 0.052
	0.858 ± 0.048

	SVM
	0.2
	0.695 (0.611-0.768)
	0.642
	1.000
	0.782 (0.703–0.845)
	0.657
	0.328
	1.000
	0.642
	0.459
	0.854 ± 0.055
	0.981 ± 0.019

	Naive Bayes
	0.1
	0.453 (0.370-0.539)
	0.500
	0.529
	0.514 (0.428–0.599)
	0.441
	0.362
	0.389
	0.500
	-0.110
	0.485 ± 0.093
	0.672 ± 0.030

	Random Forest
	0.4
	0.672 (0.587-0.747)
	0.635
	0.943
	0.759 (0.678–0.825)
	0.748
	0.345
	0.833
	0.635
	0.367
	0.779 ± 0.039
	0.857 ± 0.050

	LightGBM
	0.2
	0.719 (0.635-0.789)
	0.667
	0.971
	0.791 (0.712–0.852)
	0.818
	0.414
	0.923
	0.667
	0.477
	0.795 ± 0.031
	0.911 ± 0.050

	CatBoost
	0.5
	0.711 (0.627-0.782)
	0.681
	0.886
	0.770 (0.690–0.835)
	0.756
	0.500
	0.784
	0.681
	0.424
	0.839 ± 0.024
	0.900 ± 0.051

	XGBoost
	0.4
	0.813 (0.736–0.871)
	0.788
	0.900
	0.840(0.742–0.875)
	0.838
	0.707
	0.854
	0.788
	0.624
	0.813 ± 0.045
	0.898 ± 0.042

	GLM Elastic Net
	0.3
	0.703 (0.619-0.775)
	0.657
	0.957
	0.779 (0.700–0.842)
	0.690
	0.397
	0.885
	0.657
	0.438
	0.840 ± 0.021
	0.928 ± 0.026


Decision thresholds were selected by maximising F1 score within the inner five-fold cross-validation loop on training data (2017–2021) only; the pre-selected threshold was then applied once to the independent test set (2022–2023) shown here. SVM: Support Vector Machine; GLM: Generalized Linear Model; MCC: Matthews Correlation Coefficient; AUC-ROC: Area Under the Receiver Operating Characteristic Curve; NP: Negative Predictive Value; PPV: Positive Predictive Value; CV: Cross-Validation; SD: Standard Deviation; CI: Confidence Interval.



Table S15. performance of Decision Tree — Measles Outbreak Prediction 
	Decision
Threshold
	Cross-Validation (5-Fold) — Mean ± SD
	Cross-Validation — Median
	Independent Test Set (with 95% CI)
	Derived Metrics

	Threshold
	Accuracy
Mean
	Accuracy
SD
	Precision
Mean
	Precision
SD
	Recall
Mean
	Recall
SD
	F1
Mean
	F1
SD
	AUC
Mean
	AUC
SD
	Accuracy
Median
	Precision
Median
	Recall
Median
	F1
Median
	AUC
Median
	Accuracy
	Acc
95%CI Lo
	Acc
95%CI Hi
	Precision
	Recall
(Sens.)
	F1 Score
	F1
95%CI Lo
	F1
95%CI Hi
	AUC-ROC
	Specificity
	NPV
	PPV
	MCC

	0.1
	0.694
	0.045
	0.630
	0.035
	0.957
	0.039
	0.759
	0.027
	0.858
	0.048
	0.696
	0.622
	0.958
	0.767
	0.852
	0.625
	0.539
	0.704
	0.612
	0.857
	0.714
	0.631
	0.785
	0.709
	0.345
	0.667
	0.612
	0.237

	0.2
	0.725
	0.055
	0.662
	0.051
	0.939
	0.044
	0.775
	0.032
	0.858
	0.048
	0.723
	0.667
	0.957
	0.767
	0.852
	0.625
	0.539
	0.704
	0.612
	0.857
	0.714
	0.631
	0.785
	0.709
	0.345
	0.667
	0.612
	0.237

	0.3
	0.742
	0.079
	0.683
	0.080
	0.939
	0.044
	0.788
	0.052
	0.858
	0.048
	0.723
	0.667
	0.957
	0.767
	0.852
	0.656
	0.570
	0.733
	0.644
	0.829
	0.725
	0.642
	0.795
	0.709
	0.448
	0.684
	0.644
	0.302

	0.4
	0.764
	0.066
	0.728
	0.087
	0.870
	0.096
	0.787
	0.057
	0.858
	0.048
	0.783
	0.697
	0.826
	0.809
	0.852
	0.656
	0.570
	0.733
	0.655
	0.786
	0.714
	0.631
	0.785
	0.709
	0.500
	0.659
	0.655
	0.299

	0.5
	0.780
	0.023
	0.781
	0.066
	0.801
	0.102
	0.783
	0.030
	0.858
	0.048
	0.783
	0.762
	0.783
	0.792
	0.852
	0.633
	0.547
	0.711
	0.653
	0.700
	0.676
	0.591
	0.751
	0.709
	0.552
	0.604
	0.653
	0.254

	0.6
	0.780
	0.024
	0.798
	0.054
	0.758
	0.053
	0.775
	0.025
	0.858
	0.048
	0.787
	0.792
	0.783
	0.780
	0.852
	0.633
	0.547
	0.711
	0.653
	0.700
	0.676
	0.591
	0.751
	0.709
	0.552
	0.604
	0.653
	0.254

	0.7
	0.754
	0.028
	0.843
	0.096
	0.646
	0.072
	0.724
	0.032
	0.858
	0.048
	0.766
	0.813
	0.652
	0.723
	0.852
	0.625
	0.539
	0.704
	0.683
	0.586
	0.631
	0.544
	0.709
	0.709
	0.672
	0.574
	0.683
	0.257

	0.8
	0.724
	0.035
	0.839
	0.096
	0.577
	0.120
	0.670
	0.073
	0.858
	0.048
	0.739
	0.818
	0.565
	0.686
	0.852
	0.648
	0.562
	0.726
	0.778
	0.500
	0.609
	0.522
	0.689
	0.709
	0.828
	0.578
	0.778
	0.342

	0.9
	0.681
	0.045
	0.888
	0.096
	0.422
	0.104
	0.562
	0.096
	0.858
	0.048
	0.696
	0.857
	0.391
	0.563
	0.852
	0.586
	0.499
	0.668
	0.905
	0.271
	0.418
	0.336
	0.504
	0.709
	0.966
	0.523
	0.905
	0.319



Table S16. performance of SVM — Measles Outbreak Prediction 
	Decision
Threshold
	Cross-Validation (5-Fold) — Mean ± SD
	Cross-Validation — Median
	Independent Test Set (with 95% CI)
	Derived Metrics

	Threshold
	Accuracy
Mean
	Accuracy
SD
	Precision
Mean
	Precision
SD
	Recall
Mean
	Recall
SD
	F1
Mean
	F1
SD
	AUC
Mean
	AUC
SD
	Accuracy
Median
	Precision
Median
	Recall
Median
	F1
Median
	AUC
Median
	Accuracy
	Acc
95%CI Lo
	Acc
95%CI Hi
	Precision
	Recall
(Sens.)
	F1 Score
	F1
95%CI Lo
	F1
95%CI Hi
	AUC-ROC
	Specificity
	NPV
	PPV
	MCC

	0.1
	0.638
	0.093
	0.586
	0.062
	1.000
	0.000
	0.737
	0.050
	0.981
	0.019
	0.696
	0.622
	1.000
	0.767
	0.994
	0.648
	0.562
	0.726
	0.609
	1.000
	0.757
	0.676
	0.823
	0.657
	0.224
	1.000
	0.609
	0.369

	0.2
	0.827
	0.077
	0.759
	0.080
	0.983
	0.021
	0.854
	0.055
	0.981
	0.019
	0.830
	0.767
	1.000
	0.852
	0.994
	0.695
	0.611
	0.768
	0.642
	1.000
	0.782
	0.703
	0.845
	0.657
	0.328
	1.000
	0.642
	0.459

	0.3
	0.922
	0.042
	0.891
	0.053
	0.966
	0.031
	0.927
	0.038
	0.981
	0.019
	0.957
	0.920
	0.957
	0.957
	0.994
	0.695
	0.611
	0.768
	0.648
	0.971
	0.777
	0.698
	0.841
	0.657
	0.362
	0.913
	0.648
	0.432

	0.4
	0.914
	0.058
	0.949
	0.081
	0.880
	0.049
	0.912
	0.056
	0.981
	0.019
	0.935
	1.000
	0.870
	0.930
	0.994
	0.703
	0.619
	0.775
	0.657
	0.957
	0.779
	0.700
	0.842
	0.657
	0.397
	0.885
	0.657
	0.438

	0.5
	0.905
	0.021
	0.990
	0.020
	0.820
	0.039
	0.896
	0.024
	0.981
	0.019
	0.913
	1.000
	0.826
	0.905
	0.994
	0.688
	0.603
	0.761
	0.660
	0.886
	0.756
	0.675
	0.822
	0.657
	0.448
	0.765
	0.660
	0.376

	0.6
	0.879
	0.021
	1.000
	0.000
	0.759
	0.041
	0.862
	0.026
	0.981
	0.019
	0.872
	1.000
	0.739
	0.850
	0.994
	0.664
	0.579
	0.740
	0.655
	0.814
	0.726
	0.643
	0.796
	0.657
	0.483
	0.683
	0.655
	0.317

	0.7
	0.862
	0.028
	1.000
	0.000
	0.725
	0.056
	0.839
	0.036
	0.981
	0.019
	0.851
	1.000
	0.696
	0.821
	0.994
	0.664
	0.579
	0.740
	0.659
	0.800
	0.723
	0.639
	0.793
	0.657
	0.500
	0.674
	0.659
	0.316

	0.8
	0.849
	0.026
	1.000
	0.000
	0.699
	0.053
	0.821
	0.036
	0.981
	0.019
	0.830
	1.000
	0.667
	0.800
	0.994
	0.656
	0.570
	0.733
	0.659
	0.771
	0.711
	0.627
	0.782
	0.657
	0.517
	0.652
	0.659
	0.299

	0.9
	0.823
	0.029
	1.000
	0.000
	0.646
	0.058
	0.784
	0.043
	0.981
	0.019
	0.826
	1.000
	0.652
	0.789
	0.994
	0.625
	0.539
	0.704
	0.645
	0.700
	0.671
	0.586
	0.747
	0.657
	0.534
	0.596
	0.645
	0.238



Table S17. performance of Naive Bayes — Measles Outbreak Prediction 
	Decision
Threshold
	Cross-Validation (5-Fold) — Mean ± SD
	Cross-Validation — Median
	Independent Test Set (with 95% CI)
	Derived Metrics

	Threshold
	Accuracy
Mean
	Accuracy
SD
	Precision
Mean
	Precision
SD
	Recall
Mean
	Recall
SD
	F1
Mean
	F1
SD
	AUC
Mean
	AUC
SD
	Accuracy
Median
	Precision
Median
	Recall
Median
	F1
Median
	AUC
Median
	Accuracy
	Acc
95%CI Lo
	Acc
95%CI Hi
	Precision
	Recall
(Sens.)
	F1 Score
	F1
95%CI Lo
	F1
95%CI Hi
	AUC-ROC
	Specificity
	NPV
	PPV
	MCC

	0.1
	0.617
	0.054
	0.771
	0.154
	0.371
	0.099
	0.485
	0.093
	0.672
	0.030
	0.609
	0.800
	0.391
	0.474
	0.661
	0.453
	0.370
	0.539
	0.500
	0.529
	0.514
	0.428
	0.599
	0.441
	0.362
	0.389
	0.500
	-0.110

	0.2
	0.608
	0.059
	0.766
	0.161
	0.354
	0.112
	0.464
	0.113
	0.672
	0.030
	0.587
	0.800
	0.348
	0.471
	0.661
	0.438
	0.355
	0.524
	0.486
	0.500
	0.493
	0.408
	0.579
	0.441
	0.362
	0.375
	0.486
	-0.138

	0.3
	0.604
	0.051
	0.764
	0.160
	0.345
	0.099
	0.457
	0.101
	0.672
	0.030
	0.587
	0.800
	0.348
	0.471
	0.661
	0.438
	0.355
	0.524
	0.486
	0.500
	0.493
	0.408
	0.579
	0.441
	0.362
	0.375
	0.486
	-0.138

	0.4
	0.595
	0.047
	0.755
	0.165
	0.328
	0.085
	0.441
	0.088
	0.672
	0.030
	0.587
	0.800
	0.348
	0.432
	0.661
	0.438
	0.355
	0.524
	0.486
	0.500
	0.493
	0.408
	0.579
	0.441
	0.362
	0.375
	0.486
	-0.138

	0.5
	0.591
	0.038
	0.761
	0.154
	0.310
	0.092
	0.422
	0.101
	0.672
	0.030
	0.565
	0.800
	0.348
	0.444
	0.661
	0.445
	0.362
	0.532
	0.493
	0.500
	0.496
	0.411
	0.582
	0.441
	0.379
	0.386
	0.493
	-0.121

	0.6
	0.586
	0.025
	0.762
	0.142
	0.293
	0.084
	0.406
	0.090
	0.672
	0.030
	0.574
	0.778
	0.348
	0.444
	0.661
	0.445
	0.362
	0.532
	0.493
	0.500
	0.496
	0.411
	0.582
	0.441
	0.379
	0.386
	0.493
	-0.121

	0.7
	0.582
	0.017
	0.757
	0.141
	0.284
	0.080
	0.396
	0.083
	0.672
	0.030
	0.574
	0.778
	0.304
	0.438
	0.661
	0.438
	0.355
	0.524
	0.486
	0.486
	0.486
	0.401
	0.571
	0.441
	0.379
	0.379
	0.486
	-0.135

	0.8
	0.578
	0.021
	0.751
	0.148
	0.276
	0.075
	0.387
	0.080
	0.672
	0.030
	0.565
	0.778
	0.304
	0.424
	0.661
	0.438
	0.355
	0.524
	0.486
	0.486
	0.486
	0.401
	0.571
	0.441
	0.379
	0.379
	0.486
	-0.135

	0.9
	0.573
	0.027
	0.747
	0.154
	0.258
	0.066
	0.371
	0.076
	0.672
	0.030
	0.565
	0.778
	0.292
	0.412
	0.661
	0.438
	0.355
	0.524
	0.486
	0.486
	0.486
	0.401
	0.571
	0.441
	0.379
	0.379
	0.486
	-0.135




Table S18. performance of Random Forest — Measles Outbreak Prediction 
	Decision
Threshold
	Cross-Validation (5-Fold) — Mean ± SD
	Cross-Validation — Median
	Independent Test Set (with 95% CI)
	Derived Metrics

	Threshold
	Accuracy
Mean
	Accuracy
SD
	Precision
Mean
	Precision
SD
	Recall
Mean
	Recall
SD
	F1
Mean
	F1
SD
	AUC
Mean
	AUC
SD
	Accuracy
Median
	Precision
Median
	Recall
Median
	F1
Median
	AUC
Median
	Accuracy
	Acc
95%CI Lo
	Acc
95%CI Hi
	Precision
	Recall
(Sens.)
	F1 Score
	F1
95%CI Lo
	F1
95%CI Hi
	AUC-ROC
	Specificity
	NPV
	PPV
	MCC

	0.1
	0.539
	0.018
	0.520
	0.009
	1.000
	0.000
	0.684
	0.008
	0.857
	0.050
	0.532
	0.522
	1.000
	0.686
	0.825
	0.563
	0.476
	0.645
	0.556
	1.000
	0.714
	0.631
	0.785
	0.748
	0.034
	1.000
	0.556
	0.138

	0.2
	0.656
	0.060
	0.598
	0.040
	0.974
	0.035
	0.740
	0.031
	0.857
	0.050
	0.652
	0.595
	1.000
	0.737
	0.825
	0.602
	0.515
	0.682
	0.579
	1.000
	0.733
	0.650
	0.802
	0.748
	0.121
	1.000
	0.579
	0.264

	0.3
	0.733
	0.069
	0.673
	0.064
	0.939
	0.035
	0.781
	0.042
	0.857
	0.050
	0.739
	0.677
	0.913
	0.778
	0.825
	0.641
	0.555
	0.719
	0.605
	0.986
	0.750
	0.668
	0.817
	0.748
	0.224
	0.929
	0.605
	0.335

	0.4
	0.754
	0.050
	0.712
	0.050
	0.862
	0.033
	0.779
	0.039
	0.857
	0.050
	0.766
	0.731
	0.870
	0.776
	0.825
	0.672
	0.587
	0.747
	0.635
	0.943
	0.759
	0.678
	0.825
	0.748
	0.345
	0.833
	0.635
	0.367

	0.5
	0.780
	0.048
	0.781
	0.066
	0.793
	0.085
	0.782
	0.048
	0.857
	0.050
	0.787
	0.778
	0.783
	0.800
	0.825
	0.664
	0.579
	0.740
	0.655
	0.814
	0.726
	0.643
	0.796
	0.748
	0.483
	0.683
	0.655
	0.317

	0.6
	0.768
	0.035
	0.862
	0.065
	0.646
	0.086
	0.733
	0.053
	0.857
	0.050
	0.761
	0.857
	0.696
	0.739
	0.825
	0.656
	0.570
	0.733
	0.724
	0.600
	0.656
	0.570
	0.733
	0.748
	0.724
	0.600
	0.724
	0.324

	0.7
	0.699
	0.056
	0.897
	0.089
	0.449
	0.106
	0.592
	0.101
	0.857
	0.050
	0.696
	0.875
	0.417
	0.563
	0.825
	0.547
	0.461
	0.630
	0.773
	0.243
	0.370
	0.291
	0.456
	0.748
	0.914
	0.500
	0.773
	0.207

	0.8
	0.591
	0.027
	0.889
	0.141
	0.216
	0.056
	0.342
	0.069
	0.857
	0.050
	0.587
	1.000
	0.174
	0.296
	0.825
	0.500
	0.415
	0.585
	0.875
	0.100
	0.179
	0.123
	0.255
	0.748
	0.983
	0.475
	0.875
	0.170

	0.9
	0.500
	0.015
	0.267
	0.389
	0.017
	0.021
	0.032
	0.039
	0.857
	0.050
	0.500
	0.000
	0.000
	0.000
	0.825
	0.453
	0.370
	0.539
	0.000
	0.000
	0.000
	0.000
	0.029
	0.748
	1.000
	0.453
	0.000
	0.000



Table S19. performance of LightGBM — Measles Outbreak Prediction 
	Decision
Threshold
	Cross-Validation (5-Fold) — Mean ± SD
	Cross-Validation — Median
	Independent Test Set (with 95% CI)
	Derived Metrics

	Threshold
	Accuracy
Mean
	Accuracy
SD
	Precision
Mean
	Precision
SD
	Recall
Mean
	Recall
SD
	F1
Mean
	F1
SD
	AUC
Mean
	AUC
SD
	Accuracy
Median
	Precision
Median
	Recall
Median
	F1
Median
	AUC
Median
	Accuracy
	Acc
95%CI Lo
	Acc
95%CI Hi
	Precision
	Recall
(Sens.)
	F1 Score
	F1
95%CI Lo
	F1
95%CI Hi
	AUC-ROC
	Specificity
	NPV
	PPV
	MCC

	0.1
	0.681
	0.066
	0.616
	0.049
	0.991
	0.017
	0.759
	0.038
	0.911
	0.050
	0.681
	0.611
	1.000
	0.746
	0.936
	0.656
	0.570
	0.733
	0.616
	0.986
	0.758
	0.677
	0.824
	0.818
	0.259
	0.938
	0.616
	0.368

	0.2
	0.746
	0.053
	0.674
	0.053
	0.974
	0.035
	0.795
	0.031
	0.911
	0.050
	0.761
	0.676
	1.000
	0.792
	0.936
	0.719
	0.635
	0.789
	0.667
	0.971
	0.791
	0.712
	0.852
	0.818
	0.414
	0.923
	0.667
	0.477

	0.3
	0.806
	0.041
	0.743
	0.050
	0.948
	0.051
	0.831
	0.029
	0.911
	0.050
	0.809
	0.767
	0.957
	0.828
	0.936
	0.719
	0.635
	0.789
	0.693
	0.871
	0.772
	0.692
	0.836
	0.818
	0.534
	0.775
	0.693
	0.436

	0.4
	0.827
	0.057
	0.800
	0.071
	0.887
	0.081
	0.837
	0.048
	0.911
	0.050
	0.848
	0.815
	0.870
	0.844
	0.936
	0.734
	0.652
	0.803
	0.750
	0.771
	0.761
	0.680
	0.826
	0.818
	0.690
	0.714
	0.750
	0.463

	0.5
	0.841
	0.059
	0.855
	0.074
	0.827
	0.079
	0.838
	0.060
	0.911
	0.050
	0.826
	0.850
	0.826
	0.810
	0.936
	0.727
	0.644
	0.796
	0.769
	0.714
	0.741
	0.659
	0.809
	0.818
	0.741
	0.683
	0.769
	0.454

	0.6
	0.823
	0.045
	0.872
	0.044
	0.758
	0.086
	0.809
	0.058
	0.911
	0.050
	0.826
	0.870
	0.826
	0.826
	0.936
	0.711
	0.627
	0.782
	0.811
	0.614
	0.699
	0.615
	0.772
	0.818
	0.828
	0.640
	0.811
	0.447

	0.7
	0.776
	0.046
	0.891
	0.038
	0.629
	0.105
	0.733
	0.074
	0.911
	0.050
	0.766
	0.882
	0.625
	0.732
	0.936
	0.664
	0.579
	0.740
	0.865
	0.457
	0.598
	0.512
	0.679
	0.818
	0.914
	0.582
	0.865
	0.407

	0.8
	0.733
	0.040
	0.926
	0.092
	0.508
	0.038
	0.656
	0.050
	0.911
	0.050
	0.739
	1.000
	0.478
	0.647
	0.936
	0.648
	0.562
	0.726
	0.931
	0.386
	0.545
	0.459
	0.629
	0.818
	0.966
	0.566
	0.931
	0.418

	0.9
	0.612
	0.037
	0.917
	0.105
	0.249
	0.071
	0.386
	0.095
	0.911
	0.050
	0.596
	1.000
	0.261
	0.387
	0.936
	0.531
	0.445
	0.616
	0.857
	0.171
	0.286
	0.215
	0.369
	0.818
	0.966
	0.491
	0.857
	0.218



Table S20. performance of CatBoost — Measles Outbreak Prediction 
	Decision
Threshold
	Cross-Validation (5-Fold) — Mean ± SD
	Cross-Validation — Median
	Independent Test Set (with 95% CI)
	Derived Metrics

	Threshold
	Accuracy
Mean
	Accuracy
SD
	Precision
Mean
	Precision
SD
	Recall
Mean
	Recall
SD
	F1
Mean
	F1
SD
	AUC
Mean
	AUC
SD
	Accuracy
Median
	Precision
Median
	Recall
Median
	F1
Median
	AUC
Median
	Accuracy
	Acc
95%CI Lo
	Acc
95%CI Hi
	Precision
	Recall
(Sens.)
	F1 Score
	F1
95%CI Lo
	F1
95%CI Hi
	AUC-ROC
	Specificity
	NPV
	PPV
	MCC

	0.1
	0.690
	0.053
	0.625
	0.039
	0.974
	0.035
	0.760
	0.028
	0.900
	0.051
	0.702
	0.636
	1.000
	0.754
	0.906
	0.609
	0.523
	0.690
	0.583
	1.000
	0.737
	0.654
	0.805
	0.756
	0.138
	1.000
	0.583
	0.284

	0.2
	0.767
	0.068
	0.701
	0.072
	0.965
	0.033
	0.809
	0.042
	0.900
	0.051
	0.783
	0.697
	0.957
	0.821
	0.906
	0.664
	0.579
	0.740
	0.622
	0.986
	0.762
	0.682
	0.828
	0.756
	0.276
	0.941
	0.622
	0.384

	0.3
	0.810
	0.051
	0.760
	0.056
	0.913
	0.061
	0.828
	0.045
	0.900
	0.051
	0.830
	0.750
	0.913
	0.833
	0.906
	0.688
	0.603
	0.761
	0.647
	0.943
	0.767
	0.687
	0.832
	0.756
	0.379
	0.846
	0.647
	0.399

	0.4
	0.828
	0.036
	0.800
	0.048
	0.879
	0.051
	0.836
	0.033
	0.900
	0.051
	0.830
	0.808
	0.870
	0.852
	0.906
	0.688
	0.603
	0.761
	0.650
	0.929
	0.765
	0.684
	0.830
	0.756
	0.397
	0.821
	0.650
	0.392

	0.5
	0.845
	0.016
	0.867
	0.031
	0.818
	0.065
	0.839
	0.024
	0.900
	0.051
	0.848
	0.870
	0.783
	0.837
	0.906
	0.711
	0.627
	0.782
	0.681
	0.886
	0.770
	0.690
	0.835
	0.756
	0.500
	0.784
	0.681
	0.424

	0.6
	0.828
	0.042
	0.897
	0.042
	0.741
	0.074
	0.810
	0.055
	0.900
	0.051
	0.830
	0.875
	0.739
	0.826
	0.906
	0.664
	0.579
	0.740
	0.671
	0.757
	0.711
	0.628
	0.783
	0.756
	0.552
	0.653
	0.671
	0.316

	0.7
	0.794
	0.048
	0.908
	0.075
	0.655
	0.068
	0.759
	0.063
	0.900
	0.051
	0.783
	0.857
	0.696
	0.762
	0.906
	0.664
	0.579
	0.740
	0.721
	0.629
	0.672
	0.586
	0.747
	0.756
	0.707
	0.612
	0.721
	0.334

	0.8
	0.746
	0.056
	0.905
	0.081
	0.551
	0.102
	0.680
	0.090
	0.900
	0.051
	0.739
	0.882
	0.583
	0.683
	0.906
	0.609
	0.523
	0.690
	0.833
	0.357
	0.500
	0.415
	0.585
	0.756
	0.914
	0.541
	0.833
	0.318

	0.9
	0.647
	0.032
	0.930
	0.085
	0.319
	0.066
	0.471
	0.075
	0.900
	0.051
	0.652
	1.000
	0.304
	0.467
	0.906
	0.523
	0.437
	0.608
	0.846
	0.157
	0.265
	0.196
	0.348
	0.756
	0.966
	0.487
	0.846
	0.202



Table S21. performance of XGBoost — Measles Outbreak Prediction
	Decision
Threshold
	Cross-Validation (5-Fold) — Mean ± SD
	Cross-Validation — Median
	Independent Test Set (with 95% CI)
	Derived Metrics

	Threshold
	Accuracy
Mean
	Accuracy
SD
	Precision
Mean
	Precision
SD
	Recall
Mean
	Recall
SD
	F1
Mean
	F1
SD
	AUC
Mean
	AUC
SD
	Accuracy
Median
	Precision
Median
	Recall
Median
	F1
Median
	AUC
Median
	Accuracy
	Acc
95%CI Lo
	Acc
95%CI Hi
	Precision
	Recall
(Sens.)
	F1 Score
	F1
95%CI Lo
	F1
95%CI Hi
	AUC-ROC
	Specificity
	NPV
	PPV
	MCC

	0.1
	0.630
	0.045
	0.577
	0.027
	0.991
	0.017
	0.729
	0.023
	0.898
	0.042
	0.638
	0.579
	1.000
	0.721
	0.908
	0.617
	0.531
	0.697
	0.588
	1.000
	0.741
	0.659
	0.809
	0.838
	0.155
	1.000
	0.588
	0.302

	0.2
	0.716
	0.074
	0.648
	0.059
	0.983
	0.035
	0.778
	0.041
	0.898
	0.042
	0.739
	0.657
	1.000
	0.792
	0.908
	0.719
	0.635
	0.789
	0.663
	0.986
	0.793
	0.715
	0.854
	0.838
	0.397
	0.958
	0.663
	0.488

	0.3
	0.785
	0.053
	0.718
	0.060
	0.957
	0.027
	0.818
	0.036
	0.898
	0.042
	0.783
	0.710
	0.957
	0.815
	0.908
	0.727
	0.644
	0.796
	0.680
	0.943
	0.790
	0.712
	0.852
	0.838
	0.466
	0.871
	0.680
	0.475

	0.4
	0.813
	0.066
	0.788
	0.096
	0.879
	0.033
	0.813
	0.045
	0.898
	0.042
	0.809
	0.769
	0.870
	0.816
	0.908
	0.781
	0.702
	0.844
	0.750
	0.900
	0.840
	0.742
	0.875
	0.838
	0.707
	0.854
	0.788
	0.624

	0.5
	0.793
	0.055
	0.814
	0.075
	0.767
	0.066
	0.787
	0.058
	0.898
	0.042
	0.809
	0.800
	0.783
	0.810
	0.908
	0.766
	0.685
	0.831
	0.794
	0.771
	0.783
	0.703
	0.845
	0.838
	0.759
	0.733
	0.794
	0.529

	0.6
	0.798
	0.043
	0.889
	0.051
	0.681
	0.081
	0.768
	0.063
	0.898
	0.042
	0.809
	0.895
	0.708
	0.791
	0.908
	0.711
	0.627
	0.782
	0.824
	0.600
	0.694
	0.610
	0.767
	0.838
	0.845
	0.636
	0.824
	0.452

	0.7
	0.768
	0.044
	0.911
	0.057
	0.595
	0.093
	0.715
	0.070
	0.898
	0.042
	0.766
	0.923
	0.583
	0.718
	0.908
	0.656
	0.570
	0.733
	0.882
	0.429
	0.577
	0.490
	0.659
	0.838
	0.931
	0.574
	0.882
	0.405

	0.8
	0.711
	0.040
	0.917
	0.074
	0.466
	0.066
	0.615
	0.065
	0.898
	0.042
	0.702
	0.909
	0.435
	0.588
	0.908
	0.570
	0.484
	0.653
	0.895
	0.243
	0.382
	0.302
	0.468
	0.838
	0.966
	0.514
	0.895
	0.292

	0.9
	0.595
	0.033
	0.943
	0.114
	0.207
	0.052
	0.335
	0.072
	0.898
	0.042
	0.574
	1.000
	0.217
	0.333
	0.908
	0.500
	0.415
	0.585
	0.875
	0.100
	0.179
	0.123
	0.255
	0.838
	0.983
	0.475
	0.875
	0.170




Table S22. Top five predictors of measles incidence identified by SHAP analysis
	Variable Label
	Category
	Mean |SHAP|

	Temperature Min (°C)
	Climatic
	0.113180

	Avg Household Size
	Sociodemographic
	0.088536

	Poverty Headcount (%)
	Sociodemographic
	0.075487

	Physicians
	Healthcare
	0.069530

	Temperature Max (°C)
	Climatic
	0.068743



Table S23. Relative importance of predictor variables for measles prediction based on SHAP analysis
	Variable Label
	Category
	Mean |SHAP|

	Temperature Min (°C)
	Climatic
	0.113180

	Avg Household Size
	Sociodemographic
	0.088536

	Poverty Headcount (%)
	Sociodemographic
	0.075487

	Physicians
	Healthcare
	0.069530

	Temperature Max (°C)
	Climatic
	0.068743

	Precipitation (mm/day)
	Climatic
	0.065000

	Hospital Beds
	Healthcare
	0.062922

	Adult Literacy Rate (%)
	Sociodemographic
	0.062698

	GDP (Billion US$)
	Sociodemographic
	0.055749

	Relative Humidity (%)
	Climatic
	0.051848

	Total Population
	Sociodemographic
	0.020791

	Access to Electricity (%)
	Sociodemographic
	0.011881

	Nursing & Midwifery Density
	Healthcare
	0.009831

	UHC Service Coverage Index
	Healthcare
	0.005592

	Govt Health Expenditure (% GDP)
	Healthcare
	0.000000



Table S24. Category-wise contributions of predictor groups to measles incidence prediction based on aggregated SHAP values
	Category
	Aggregated
Mean |SHAP|
	% Contribution

	Sociodemographic
	0.315142
	41.37

	Climatic
	0.298772
	39.22

	Healthcare
	0.147876
	19.41




Table S25. District-level SHAP contributions of climatic, sociodemographic, and healthcare predictors to measles incidence prediction in Bangladesh
	District
	Total Mean |SHAP|
	Temperature Min (°C)
	Temperature Max (°C)
	Relative Humidity (%)
	Precipitation (mm/day)
	GDP (Billion US$)
	Total Population
	Poverty Headcount (%)
	Adult Literacy Rate (%)
	Avg Household Size
	Access to Electricity (%)
	Hospital Beds
	Physicians
	Nursing & Midwifery Density
	UHC Service Coverage Index

	Cox's bazar
	1.245 
	0.361 
	0.154 
	0.058 
	0.090 
	0.064 
	0.031 
	0.163 
	0.047 
	0.176 
	0.006 
	0.064 
	0.019 
	0.009 
	0.004 

	Dhaka
	1.216 
	0.287 
	0.149 
	0.033 
	0.228 
	0.050 
	0.005 
	0.101 
	0.015 
	0.208 
	0.005 
	0.045 
	0.066 
	0.013 
	0.009 

	Bhola
	1.211 
	0.474 
	0.075 
	0.056 
	0.240 
	0.075 
	0.040 
	0.069 
	0.029 
	0.096 
	0.014 
	0.016 
	0.010 
	0.007 
	0.009 

	Rajshahi
	1.121 
	0.038 
	0.092 
	0.172 
	0.091 
	0.129 
	0.037 
	0.084 
	0.034 
	0.117 
	0.031 
	0.137 
	0.135 
	0.014 
	0.009 

	Shariatpur
	1.106 
	0.439 
	0.074 
	0.046 
	0.231 
	0.049 
	0.041 
	0.081 
	0.043 
	0.062 
	0.007 
	0.009 
	0.004 
	0.017 
	0.004 

	Barishal
	1.104 
	0.454 
	0.096 
	0.021 
	0.102 
	0.037 
	0.041 
	0.109 
	0.067 
	0.102 
	0.008 
	0.020 
	0.029 
	0.011 
	0.007 

	Sylhet
	1.046 
	0.131 
	0.037 
	0.056 
	0.099 
	0.079 
	0.014 
	0.085 
	0.082 
	0.130 
	0.033 
	0.116 
	0.163 
	0.015 
	0.006 

	Kushtia
	1.043 
	0.024 
	0.092 
	0.083 
	0.082 
	0.113 
	0.033 
	0.078 
	0.076 
	0.099 
	0.044 
	0.125 
	0.171 
	0.018 
	0.006 

	Noakhali
	0.992 
	0.019 
	0.069 
	0.071 
	0.039 
	0.029 
	0.052 
	0.106 
	0.167 
	0.058 
	0.012 
	0.150 
	0.206 
	0.014 
	0.002 

	Khulna
	0.986 
	0.033 
	0.045 
	0.046 
	0.093 
	0.063 
	0.047 
	0.199 
	0.085 
	0.087 
	0.011 
	0.115 
	0.142 
	0.018 
	0.002 

	Bandarban
	0.970 
	0.123 
	0.084 
	0.027 
	0.127 
	0.040 
	0.029 
	0.112 
	0.066 
	0.120 
	0.009 
	0.105 
	0.122 
	0.004 
	0.002 

	Maulvi bazar
	0.966 
	0.408 
	0.124 
	0.016 
	0.027 
	0.027 
	0.033 
	0.075 
	0.062 
	0.139 
	0.008 
	0.019 
	0.013 
	0.010 
	0.007 

	Chandpur
	0.949 
	0.420 
	0.009 
	0.021 
	0.043 
	0.019 
	0.010 
	0.055 
	0.036 
	0.042 
	0.006 
	0.117 
	0.157 
	0.011 
	0.004 

	Brahmanbaria
	0.947 
	0.114 
	0.045 
	0.032 
	0.015 
	0.127 
	0.041 
	0.086 
	0.063 
	0.119 
	0.027 
	0.160 
	0.096 
	0.013 
	0.007 

	Lakshmipur
	0.941 
	0.038 
	0.043 
	0.105 
	0.015 
	0.094 
	0.041 
	0.078 
	0.144 
	0.179 
	0.025 
	0.066 
	0.092 
	0.014 
	0.005 

	Jhenaidah
	0.928 
	0.253 
	0.026 
	0.051 
	0.036 
	0.043 
	0.034 
	0.122 
	0.137 
	0.146 
	0.009 
	0.005 
	0.051 
	0.014 
	0.004 

	Kishoreganj
	0.927 
	0.044 
	0.178 
	0.082 
	0.087 
	0.026 
	0.021 
	0.163 
	0.104 
	0.146 
	0.009 
	0.033 
	0.023 
	0.004 
	0.007 

	Tangail
	0.921 
	0.075 
	0.046 
	0.050 
	0.020 
	0.101 
	0.044 
	0.080 
	0.102 
	0.119 
	0.022 
	0.141 
	0.102 
	0.014 
	0.005 

	Narshingdi
	0.914 
	0.030 
	0.058 
	0.063 
	0.056 
	0.052 
	0.050 
	0.127 
	0.088 
	0.081 
	0.009 
	0.128 
	0.158 
	0.014 
	0.002 

	Gopalgonj
	0.890 
	0.058 
	0.116 
	0.113 
	0.104 
	0.060 
	0.017 
	0.119 
	0.084 
	0.100 
	0.010 
	0.006 
	0.082 
	0.017 
	0.004 

	Faridpur
	0.887 
	0.082 
	0.058 
	0.102 
	0.020 
	0.098 
	0.025 
	0.083 
	0.100 
	0.165 
	0.023 
	0.023 
	0.087 
	0.015 
	0.007 

	Madaripur
	0.879 
	0.357 
	0.057 
	0.033 
	0.066 
	0.025 
	0.011 
	0.030 
	0.016 
	0.042 
	0.006 
	0.110 
	0.119 
	0.003 
	0.004 

	Thakurgaon
	0.832 
	0.045 
	0.020 
	0.050 
	0.023 
	0.038 
	0.024 
	0.086 
	0.060 
	0.073 
	0.008 
	0.175 
	0.212 
	0.015 
	0.004 

	Barguna
	0.823 
	0.074 
	0.100 
	0.055 
	0.121 
	0.052 
	0.043 
	0.052 
	0.069 
	0.056 
	0.007 
	0.114 
	0.067 
	0.008 
	0.004 

	Bogra
	0.818 
	0.017 
	0.033 
	0.068 
	0.019 
	0.116 
	0.027 
	0.072 
	0.028 
	0.090 
	0.028 
	0.118 
	0.177 
	0.015 
	0.009 

	Pabna
	0.812 
	0.089 
	0.040 
	0.034 
	0.014 
	0.023 
	0.023 
	0.082 
	0.037 
	0.079 
	0.008 
	0.151 
	0.212 
	0.016 
	0.004 

	Natore
	0.811 
	0.089 
	0.114 
	0.071 
	0.030 
	0.044 
	0.017 
	0.128 
	0.072 
	0.119 
	0.007 
	0.001 
	0.097 
	0.014 
	0.007 

	Pirojpur
	0.786 
	0.347 
	0.004 
	0.036 
	0.087 
	0.041 
	0.022 
	0.058 
	0.039 
	0.092 
	0.004 
	0.026 
	0.018 
	0.005 
	0.007 

	Jessore
	0.779 
	0.027 
	0.065 
	0.067 
	0.050 
	0.138 
	0.023 
	0.070 
	0.083 
	0.122 
	0.042 
	0.013 
	0.059 
	0.011 
	0.009 

	Khagrachari
	0.773 
	0.044 
	0.133 
	0.054 
	0.037 
	0.043 
	0.010 
	0.089 
	0.032 
	0.117 
	0.005 
	0.102 
	0.097 
	0.007 
	0.004 

	Mymensingh
	0.772 
	0.029 
	0.057 
	0.064 
	0.025 
	0.090 
	0.001 
	0.084 
	0.126 
	0.051 
	0.023 
	0.077 
	0.126 
	0.013 
	0.007 

	Sunamganj
	0.761 
	0.031 
	0.118 
	0.108 
	0.017 
	0.040 
	0.009 
	0.067 
	0.035 
	0.162 
	0.008 
	0.105 
	0.046 
	0.007 
	0.009 

	Nawabganj
	0.760 
	0.339 
	0.036 
	0.023 
	0.085 
	0.059 
	0.017 
	0.037 
	0.012 
	0.085 
	0.004 
	0.019 
	0.030 
	0.004 
	0.009 

	Narail
	0.756 
	0.042 
	0.079 
	0.074 
	0.061 
	0.052 
	0.012 
	0.080 
	0.113 
	0.104 
	0.011 
	0.014 
	0.097 
	0.014 
	0.004 

	Satkhira
	0.721 
	0.080 
	0.048 
	0.083 
	0.045 
	0.025 
	0.015 
	0.084 
	0.080 
	0.060 
	0.010 
	0.130 
	0.044 
	0.013 
	0.004 

	Nilphamari
	0.708 
	0.061 
	0.057 
	0.017 
	0.041 
	0.065 
	0.029 
	0.036 
	0.052 
	0.063 
	0.016 
	0.139 
	0.122 
	0.007 
	0.005 

	Patuakhali
	0.701 
	0.050 
	0.133 
	0.060 
	0.055 
	0.041 
	0.008 
	0.108 
	0.081 
	0.117 
	0.005 
	0.017 
	0.010 
	0.011 
	0.004 

	Dinajpur
	0.680 
	0.032 
	0.049 
	0.073 
	0.127 
	0.124 
	0.015 
	0.062 
	0.037 
	0.073 
	0.027 
	0.018 
	0.027 
	0.009 
	0.009 

	Jhalokathi
	0.671 
	0.076 
	0.070 
	0.023 
	0.147 
	0.090 
	0.009 
	0.030 
	0.068 
	0.050 
	0.026 
	0.012 
	0.053 
	0.009 
	0.007 

	Feni
	0.656 
	0.096 
	0.085 
	0.049 
	0.026 
	0.041 
	0.024 
	0.074 
	0.065 
	0.071 
	0.009 
	0.010 
	0.087 
	0.017 
	0.004 

	Cumilla
	0.643 
	0.009 
	0.112 
	0.076 
	0.024 
	0.035 
	0.019 
	0.134 
	0.090 
	0.083 
	0.008 
	0.015 
	0.025 
	0.006 
	0.007 

	Sirajganj
	0.640 
	0.055 
	0.090 
	0.021 
	0.063 
	0.035 
	0.024 
	0.041 
	0.050 
	0.093 
	0.005 
	0.137 
	0.010 
	0.008 
	0.007 

	Chittagong
	0.632 
	0.079 
	0.080 
	0.041 
	0.024 
	0.022 
	0.008 
	0.088 
	0.093 
	0.117 
	0.006 
	0.030 
	0.024 
	0.015 
	0.004 

	Jamalpur
	0.628 
	0.074 
	0.024 
	0.039 
	0.042 
	0.036 
	0.027 
	0.047 
	0.011 
	0.151 
	0.005 
	0.013 
	0.139 
	0.010 
	0.009 

	Munshiganj
	0.624 
	0.071 
	0.057 
	0.039 
	0.093 
	0.121 
	0.012 
	0.030 
	0.039 
	0.084 
	0.023 
	0.017 
	0.021 
	0.007 
	0.009 

	Gazipur
	0.612 
	0.057 
	0.061 
	0.061 
	0.019 
	0.044 
	0.019 
	0.107 
	0.070 
	0.112 
	0.007 
	0.033 
	0.015 
	0.004 
	0.004 

	Rangamati
	0.588 
	0.064 
	0.070 
	0.057 
	0.038 
	0.061 
	0.017 
	0.020 
	0.040 
	0.055 
	0.013 
	0.072 
	0.071 
	0.002 
	0.007 

	Joypurhat
	0.581 
	0.069 
	0.057 
	0.058 
	0.050 
	0.035 
	0.011 
	0.077 
	0.088 
	0.058 
	0.008 
	0.017 
	0.035 
	0.012 
	0.004 

	Meherpur
	0.579 
	0.058 
	0.076 
	0.060 
	0.058 
	0.074 
	0.009 
	0.047 
	0.033 
	0.074 
	0.007 
	0.014 
	0.052 
	0.008 
	0.009 

	Sherpur
	0.552 
	0.067 
	0.075 
	0.003 
	0.134 
	0.055 
	0.015 
	0.055 
	0.055 
	0.041 
	0.008 
	0.030 
	0.006 
	0.006 
	0.004 

	Naogaon
	0.548 
	0.067 
	0.074 
	0.025 
	0.064 
	0.006 
	0.014 
	0.032 
	0.074 
	0.020 
	0.006 
	0.135 
	0.022 
	0.002 
	0.004 

	Magura
	0.547 
	0.062 
	0.049 
	0.050 
	0.053 
	0.047 
	0.010 
	0.063 
	0.048 
	0.110 
	0.005 
	0.036 
	0.009 
	0.002 
	0.004 

	Kurigram
	0.547 
	0.037 
	0.076 
	0.037 
	0.030 
	0.041 
	0.016 
	0.033 
	0.029 
	0.009 
	0.006 
	0.131 
	0.091 
	0.003 
	0.009 

	Rajbari
	0.541 
	0.056 
	0.086 
	0.027 
	0.055 
	0.063 
	0.023 
	0.048 
	0.040 
	0.080 
	0.008 
	0.030 
	0.011 
	0.005 
	0.009 

	Habiganj
	0.541 
	0.016 
	0.030 
	0.077 
	0.034 
	0.033 
	0.008 
	0.081 
	0.069 
	0.125 
	0.004 
	0.033 
	0.017 
	0.009 
	0.007 

	Chuadanga
	0.528 
	0.041 
	0.074 
	0.067 
	0.007 
	0.054 
	0.006 
	0.098 
	0.069 
	0.054 
	0.008 
	0.024 
	0.008 
	0.017 
	0.004 

	Gaibandha
	0.516 
	0.041 
	0.072 
	0.028 
	0.028 
	0.025 
	0.007 
	0.028 
	0.020 
	0.026 
	0.005 
	0.102 
	0.126 
	0.003 
	0.004 

	Narayanganj
	0.504 
	0.075 
	0.040 
	0.036 
	0.066 
	0.053 
	0.015 
	0.088 
	0.041 
	0.029 
	0.007 
	0.028 
	0.005 
	0.017 
	0.004 

	Panchagarh
	0.493 
	0.089 
	0.039 
	0.048 
	0.071 
	0.037 
	0.006 
	0.048 
	0.038 
	0.066 
	0.005 
	0.033 
	0.006 
	0.004 
	0.004 

	Rangpur
	0.474 
	0.073 
	0.029 
	0.015 
	0.064 
	0.005 
	0.007 
	0.033 
	0.058 
	0.093 
	0.003 
	0.029 
	0.060 
	0.001 
	0.004 

	Netrokona
	0.443 
	0.063 
	0.069 
	0.042 
	0.019 
	0.085 
	0.010 
	0.023 
	0.032 
	0.001 
	0.015 
	0.054 
	0.014 
	0.006 
	0.009 

	Lalmonirhat
	0.421 
	0.086 
	0.021 
	0.023 
	0.063 
	0.018 
	0.006 
	0.032 
	0.083 
	0.029 
	0.006 
	0.021 
	0.024 
	0.007 
	0.004 

	Bagerhat
	0.388 
	0.045 
	0.035 
	0.010 
	0.088 
	0.026 
	0.016 
	0.030 
	0.053 
	0.033 
	0.007 
	0.011 
	0.024 
	0.007 
	0.004 

	Manikganj
	0.376 
	0.064 
	0.034 
	0.034 
	0.052 
	0.034 
	0.002 
	0.045 
	0.053 
	0.006 
	0.003 
	0.032 
	0.010 
	0.003 
	0.004 



Table S26. Annual summary of predicted measles outbreak risk across districts in Bangladesh, 2024–2028
	Year
	# Outbreak Districts
	# No-Outbreak Districts
	Mean P(Outbreak)
	95% CI (Mean P)
	Max P(Outbreak)
	Min P(Outbreak)

	2024
	22
	42
	0.4027
	0.3841 – 0.4213
	0.8675
	0.0449

	2025
	32
	32
	0.4721
	0.4516 – 0.4928
	0.9168
	0.0628

	2026
	23
	41
	0.421
	0.4025 – 0.4398
	0.9309
	0.0572

	2027
	21
	43
	0.3733
	0.3569 – 0.3902
	0.8219
	0.1024

	2028
	22
	42
	0.3933
	0.3758 – 0.4110
	0.8368
	0.1528



Table S27. District-wise predicted outbreak probability (2024–2028)
	District
	2024
	2025
	2026
	2027
	2028

	Bagerhat
	0.0744
	0.2882
	0.3382
	0.2144
	0.2315

	Bandarban
	0.1398
	0.3273
	0.1571
	0.1595
	0.1630

	Barguna
	0.0783
	0.0782
	0.1278
	0.1786
	0.1824

	Barishal
	0.3826
	0.2332
	0.3004
	0.1786
	0.1861

	Bhola
	0.2003
	0.3961
	0.1183
	0.1337
	0.1528

	Bogra
	0.5317
	0.4490
	0.8578
	0.5353
	0.4708

	Brahmanbaria
	0.3993
	0.9168
	0.7538
	0.8024
	0.8368

	Chandpur
	0.6303
	0.6445
	0.8109
	0.5058
	0.5170

	Chittagong
	0.6887
	0.7903
	0.8934
	0.5314
	0.5314

	Chuadanga
	0.8266
	0.1643
	0.1438
	0.2797
	0.1670

	Cox's bazar
	0.6576
	0.7076
	0.8507
	0.5811
	0.5924

	Cumilla
	0.2408
	0.8999
	0.3128
	0.2714
	0.3362

	Dhaka
	0.8514
	0.7100
	0.9309
	0.5948
	0.6481

	Dinajpur
	0.8654
	0.5738
	0.8981
	0.6709
	0.6600

	Faridpur
	0.7213
	0.6724
	0.5700
	0.6515
	0.6609

	Feni
	0.4862
	0.3109
	0.1846
	0.1769
	0.1816

	Gaibandha
	0.1949
	0.1709
	0.3017
	0.1934
	0.1943

	Gazipur
	0.0642
	0.2436
	0.2923
	0.1614
	0.1676

	Gopalgonj
	0.6830
	0.3439
	0.2422
	0.3586
	0.1657

	Habiganj
	0.2306
	0.3219
	0.4837
	0.1884
	0.1924

	Jamalpur
	0.2523
	0.2162
	0.3388
	0.1846
	0.2059

	Jessore
	0.6683
	0.5996
	0.7821
	0.6960
	0.6960

	Jhalokathi
	0.5834
	0.5733
	0.2662
	0.8120
	0.6853

	Jhenaidah
	0.7469
	0.8961
	0.5353
	0.5666
	0.5666

	Joypurhat
	0.3382
	0.7772
	0.2173
	0.3712
	0.4536

	Khagrachari
	0.3164
	0.3364
	0.2065
	0.1981
	0.2076

	Khulna
	0.3348
	0.8800
	0.6051
	0.5929
	0.6783

	Kishoreganj
	0.4104
	0.6802
	0.7325
	0.3218
	0.6176

	Kurigram
	0.1268
	0.4737
	0.1067
	0.1570
	0.1797

	Kushtia
	0.7500
	0.7491
	0.8385
	0.7515
	0.7689

	Lakshmipur
	0.5218
	0.5227
	0.7771
	0.5527
	0.5963

	Lalmonirhat
	0.3445
	0.3187
	0.1946
	0.1857
	0.1857

	Madaripur
	0.2365
	0.5780
	0.0947
	0.3562
	0.4326

	Magura
	0.2029
	0.1964
	0.3444
	0.2184
	0.1967

	Manikganj
	0.0566
	0.1081
	0.1390
	0.1700
	0.1732

	Maulvi bazar
	0.0615
	0.0628
	0.0916
	0.1565
	0.1595

	Meherpur
	0.2716
	0.5368
	0.4058
	0.2907
	0.3865

	Munshiganj
	0.1785
	0.6551
	0.1593
	0.6115
	0.6254

	Mymensingh
	0.6011
	0.8891
	0.3394
	0.8219
	0.6019

	Naogaon
	0.3412
	0.3267
	0.1590
	0.1864
	0.1950

	Narail
	0.8560
	0.0919
	0.3252
	0.3937
	0.2108

	Narayanganj
	0.1680
	0.8026
	0.0601
	0.2093
	0.2752

	Narshingdi
	0.3910
	0.7101
	0.1181
	0.3689
	0.4399

	Natore
	0.4891
	0.3628
	0.8197
	0.1024
	0.2953

	Nawabganj
	0.0623
	0.1329
	0.1594
	0.1850
	0.2127

	Netrokona
	0.4408
	0.5350
	0.6553
	0.6399
	0.6813

	Nilphamari
	0.6149
	0.6413
	0.8734
	0.7940
	0.8104

	Noakhali
	0.5970
	0.5975
	0.6799
	0.5628
	0.5689

	Pabna
	0.8675
	0.6072
	0.8809
	0.4851
	0.7319

	Panchagarh
	0.0449
	0.3845
	0.1504
	0.1600
	0.1700

	Patuakhali
	0.0752
	0.3091
	0.2978
	0.1517
	0.1592

	Pirojpur
	0.2538
	0.1680
	0.2845
	0.1835
	0.1788

	Rajbari
	0.1478
	0.5203
	0.3320
	0.2287
	0.3203

	Rajshahi
	0.7043
	0.6147
	0.7996
	0.7036
	0.7132

	Rangamati
	0.2354
	0.3038
	0.4288
	0.3828
	0.3830

	Rangpur
	0.2167
	0.1327
	0.3182
	0.1815
	0.1857

	Satkhira
	0.3165
	0.8744
	0.2173
	0.3531
	0.4201

	Shariatpur
	0.1809
	0.5687
	0.1069
	0.2617
	0.3414

	Sherpur
	0.2258
	0.0930
	0.1136
	0.1557
	0.1594

	Sirajganj
	0.0727
	0.2273
	0.2885
	0.1777
	0.1834

	Sunamganj
	0.4018
	0.7309
	0.0572
	0.2282
	0.3093

	Sylhet
	0.7745
	0.6460
	0.9297
	0.7920
	0.7920

	Tangail
	0.4810
	0.4525
	0.6294
	0.1788
	0.4419

	Thakurgaon
	0.8653
	0.0913
	0.5152
	0.4434
	0.3386




Table S28. Division-wise predicted outbreak probability summary (2024–2028)
	Division
	Year
	Mean P(Outbreak) (Min–Max)
	# Outbreak Districts
	# Districts

	Barisal
	2024
	0.1519 (0.0752–0.2538)
	0
	4

	Barisal
	2025
	0.2378 (0.0782–0.3961)
	0
	4

	Barisal
	2026
	0.2071 (0.1183–0.2978)
	0
	4

	Barisal
	2027
	0.1619 (0.1337–0.1835)
	0
	4

	Barisal
	2028
	0.1683 (0.1528–0.1824)
	0
	4

	Chittagong
	2024
	0.4713 (0.1398–0.6887)
	4
	7

	Chittagong
	2025
	0.4996 (0.3038–0.7903)
	4
	7

	Chittagong
	2026
	0.5617 (0.1571–0.8934)
	4
	7

	Chittagong
	2027
	0.4103 (0.1595–0.5628)
	4
	7

	Chittagong
	2028
	0.4202 (0.1630–0.5963)
	4
	7

	Dhaka
	2024
	0.3179 (0.0566–0.8514)
	2
	11

	Dhaka
	2025
	0.5447 (0.1081–0.8026)
	8
	11

	Dhaka
	2026
	0.3679 (0.0601–0.9309)
	4
	11

	Dhaka
	2027
	0.3405 (0.1614–0.6515)
	3
	11

	Dhaka
	2028
	0.4276 (0.1676–0.6609)
	4
	11

	Khulna
	2024
	0.5048 (0.0744–0.8560)
	5
	10

	Khulna
	2025
	0.5277 (0.0919–0.8961)
	6
	10

	Khulna
	2026
	0.4536 (0.1438–0.8385)
	4
	10

	Khulna
	2027
	0.4357 (0.2144–0.7515)
	4
	10

	Khulna
	2028
	0.4322 (0.1670–0.7689)
	4
	10

	Mymensingh
	2024
	0.3597 (0.2258–0.6011)
	1
	3

	Mymensingh
	2025
	0.3994 (0.0930–0.8891)
	1
	3

	Mymensingh
	2026
	0.2639 (0.1136–0.3394)
	0
	3

	Mymensingh
	2027
	0.3874 (0.1557–0.8219)
	1
	3

	Mymensingh
	2028
	0.3224 (0.1594–0.6019)
	1
	3

	Rajshahi
	2024
	0.4259 (0.0623–0.8675)
	3
	8

	Rajshahi
	2025
	0.4372 (0.1329–0.7772)
	3
	8

	Rajshahi
	2026
	0.5228 (0.1590–0.8809)
	4
	8

	Rajshahi
	2027
	0.3433 (0.1024–0.7036)
	2
	8

	Rajshahi
	2028
	0.4070 (0.1834–0.7319)
	2
	8

	Rangpur
	2024
	0.4092 (0.0449–0.8654)
	3
	8

	Rangpur
	2025
	0.3484 (0.0913–0.6413)
	2
	8

	Rangpur
	2026
	0.4198 (0.1067–0.8981)
	3
	8

	Rangpur
	2027
	0.3482 (0.1570–0.7940)
	2
	8

	Rangpur
	2028
	0.3405 (0.1700–0.8104)
	2
	8

	Sylhet
	2024
	0.4689 (0.2306–0.7745)
	1
	3

	Sylhet
	2025
	0.5663 (0.3219–0.7309)
	2
	3

	Sylhet
	2026
	0.4902 (0.0572–0.9297)
	1
	3

	Sylhet
	2027
	0.4029 (0.1884–0.7920)
	1
	3

	Sylhet
	2028
	0.4313 (0.1924–0.7920)
	1
	3



Table S29. Division-wise predicted outbreak probability (2024–2028)
	Division
	2024
	2025
	2026
	2027
	2028

	Barisal
	0.1519
	0.2378
	0.2071
	0.1619
	0.1683

	Chittagong
	0.4713
	0.4996
	0.5617
	0.4103
	0.4202

	Dhaka
	0.3179
	0.5447
	0.3679
	0.3405
	0.4276

	Khulna
	0.5048
	0.5277
	0.4536
	0.4357
	0.4322

	Mymensingh
	0.3597
	0.3994
	0.2639
	0.3874
	0.3224

	Rajshahi
	0.4259
	0.4372
	0.5228
	0.3433
	0.4070

	Rangpur
	0.4092
	0.3484
	0.4198
	0.3482
	0.3405

	Sylhet
	0.4689
	0.5663
	0.4902
	0.4029
	0.4313




Table S30. District-wise average predicted outbreak probability across divisions (2024–2028)
	District
	Division
	Mean P(Outbreak) 2024-2028

	Sylhet
	Sylhet
	0.7868

	Kushtia
	Khulna
	0.7716

	Dhaka
	Dhaka
	0.7470

	Nilphamari
	Rangpur
	0.7468

	Dinajpur
	Rangpur
	0.7336

	Pabna
	Rajshahi
	0.7145

	Rajshahi
	Rajshahi
	0.7071

	Jessore
	Khulna
	0.6884

	Chittagong
	Chittagong
	0.6871

	Jhenaidah
	Khulna
	0.6623

	Faridpur
	Dhaka
	0.6552

	Mymensingh
	Mymensingh
	0.6507

	Chandpur
	Chittagong
	0.6217

	Khulna
	Khulna
	0.6182

	Noakhali
	Chittagong
	0.6012

	Lakshmipur
	Chittagong
	0.5941

	Bogra
	Rajshahi
	0.5689

	Kishoreganj
	Dhaka
	0.5525

	Thakurgaon
	Rangpur
	0.4508

	Munshiganj
	Dhaka
	0.4459

	Tangail
	Dhaka
	0.4367

	Satkhira
	Khulna
	0.4363

	Joypurhat
	Rajshahi
	0.4315

	Natore
	Rajshahi
	0.4139

	Meherpur
	Khulna
	0.3783

	Narail
	Khulna
	0.3755

	Rangamati
	Chittagong
	0.3468

	Sunamganj
	Sylhet
	0.3455

	Madaripur
	Dhaka
	0.3396

	Chuadanga
	Khulna
	0.3163

	Rajbari
	Dhaka
	0.3099

	Narayanganj
	Dhaka
	0.3031

	Shariatpur
	Dhaka
	0.2919

	Habiganj
	Sylhet
	0.2834

	Feni
	Chittagong
	0.2681

	Lalmonirhat
	Rangpur
	0.2458

	Naogaon
	Rajshahi
	0.2417

	Jamalpur
	Mymensingh
	0.2395

	Magura
	Khulna
	0.2318

	Bagerhat
	Khulna
	0.2293

	Pirojpur
	Barisal
	0.2137

	Gaibandha
	Rangpur
	0.2111

	Kurigram
	Rangpur
	0.2088

	Rangpur
	Rangpur
	0.2070

	Bhola
	Barisal
	0.2002

	Patuakhali
	Barisal
	0.1986

	Sirajganj
	Rajshahi
	0.1899

	Bandarban
	Chittagong
	0.1893

	Gazipur
	Dhaka
	0.1858

	Panchagarh
	Rangpur
	0.1820

	Nawabganj
	Rajshahi
	0.1505

	Sherpur
	Mymensingh
	0.1495

	Manikganj
	Dhaka
	0.1294

	Barguna
	Barisal
	0.1290





[image: Supplementary_Figure]
Figure S1. Distributional changes of study variables after pre-processing
[image: LISA_One_Legend_Maps]
Figure S2. Spatial autocorrelation and geographic clustering of measles across Bangladesh, 2017–2023.
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Figure S3. SHAP dependence plots of key predictors for XGBoost model (test set, 2022–2023).
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Figure S4. Local and global SHAP interpretation of XGBoost model predictions for measles outbreak risk (test set, 2022–2023). (A) SHAP waterfall plot for a representative observation showing local feature contributions. (B) SHAP heatmap of the top 10 features across all test observations, illustrating global feature impact and variability.
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Figure S5. Forecasted measles outbreak probability across districts of Bangladesh, 2024–2028.
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Figure S6. Forecasted division-level measles outbreak probability in Bangladesh, 2024–2028.
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Figure S7. District-level outbreak patterns and temporal classification of measles risk (2024–2028). (A) Top 10 districts with highest predicted outbreak probability. (B) Annual distribution of outbreak and non-outbreak districts from 2024 to 2028.
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