Supplementary Materials

Supplementary Tables

Table S1: Supplementary Table S1. Post-hoc pairwise group comparisons for demographic and
clinical variables (Tukey HSD test, family-wise error rate controlled).

Variable Group 1 Group 2 Mean Diff 95% CI Adj. P Significant
ENROLL_AGE PDD PDMCI —1.45 [—4.31, 1.40] 0.456 No
ENROLL AGE PDD PDNC —5.49 [-8.14, —2.83] < 0.001 Yes
ENROLL_AGE PDMCI PDNC —4.03 [-5.47, —2.59] < 0.001 Yes
Disease Duration PDD PDMCI 3.54 [—12.08, 19.15] 0.855 No
Disease Duration PDD PDNC 7.58 [—7.29, 22.45] 0.455 No
Disease Duration PDMCI  PDNC 4.04 [-5.83, 13.91] 0.601 No
EDUCYRS PDD PDMCI 0.11 [-0.90, 1.11] 0.967 No
EDUCYRS PDD PDNC 0.31 [-0.62, 1.25] 0.714 No
EDUCYRS PDMCI PDNC 0.21 [-0.30, 0.71] 0.607 No
MoCA Total PDD PDMCI 5.15 [4.18, 6.11] < 0.001 Yes
MoCA Total PDD PDNC 7.40 [6.51, 8.30] < 0.001 Yes
MoCA Total PDMCI PDNC 2.26 [1.77, 2.74] < 0.001 Yes
VFLT PDD PDMCI 0.98 [-1.76, 3.72] 0.677 No
VFLT PDD PDNC 1.47 [-1.10, 4.03] 0.372 No
VFLT PDMCI PDNC 0.49 [-0.97, 1.94] 0.715 No
JLO Total PDD PDMCI —0.24 [-1.71, 1.23] 0.922 No
JLO Total PDD PDNC —0.49 [-1.87, 0.88] 0.678 No
JLO Total PDMCI ~ PDNC —0.25 [-1.03, 0.53] 0.730 No
GDS Total Score PDD PDMCI —0.60 [-1.08, —0.11] 0.011 Yes
GDS Total Score PDD PDNC —1.30 [-1.76, —0.85] < 0.001 Yes
GDS Total Score PDMCI ~ PDNC —0.71  [-0.95, —0.46] < 0.001 Yes
UPDRS Total PDD PDMCI —21.58 [—41.34, —1.81]  0.029 Yes
UPDRS Total PDD PDNC —40.93 [-59.98, —21.89] < 0.001 Yes
UPDRS Total PDMCI ~ PDNC —19.36  [-30.20, —8.51] < 0.001 Yes
ESS Total Score  PDD PDMCI —-1.36 [—2.62, —0.09] 0.032 Yes
ESS Total Score  PDD PDNC —3.56 [—4.74, —2.38] < 0.001 Yes
ESS Total Score  PDMCI PDNC —2.21 [-2.84, —1.58] < 0.001 Yes

Significant results (P < 0.05) are indicated as “Yes”.
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Supplementary Figures

Precision-Recall Curve (multi-class)

1.0 = pdnc (AP = 0.55)
—— pdmci (AP = 0.40)
—— pdd (AP = 0.03)
0.8
c 0.6
o
)
kv
L
204
0.2
0.0
0.0 0.2 0.4 0.6 0.8 1.0
Recall

Figure S1: Supplementary Figure S1. Precision—Recall curves for SVM baseline by class.
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Figure S2: Supplementary Figure S2. Precision—Recall curves for Random Forest baseline by
class.
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Figure S3: Supplementary Figure S3. Precision—Recall curve for Stage 1 classification. Aver-
age precision (AP) = 0.72.
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Figure S4: Supplementary Figure S4. Precision—Recall curve for Stage 2 classification. Aver-
age precision (AP) = 0.64.



Precision-Recall Curve (multi-class)
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Figure S5: Supplementary Figure S5. Precision—Recall curves for the final three-class classi-
fication. Average precision (AP): PDNC = 0.93, PDMCI = 0.75, PDD = 0.37.
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Figure S6: Supplementary Figure S6. Cross-validation learning behavior of the two-stage
pipeline. (a—c) Stage 1 (XGBoost): (a) fold-wise CV Fl-macro, (b) learning curve (training vs.
validation), (c) validation curve across nestimators- (d—f) Stage 2 (MLP): (d) fold-wise CV F1-
macro, (e) learning curve (training vs. validation), (f) validation curve across max_iter. These
plots demonstrate that hyperparameter optimization was performed strictly within the training
partition and that the independent 20% test set remained untouched during model development.
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Figure S7: Supplementary Figure S7. Distributions of macro-F1 (top-left) and class-wise
recall (top-right: PDNC; bottom-left: PDMCI; bottom-right: PDD) from 1,000 stratified bootstrap
replicates of the held-out test set. Red dashed lines indicate mean values; orange dashed lines denote
the 2.5th and 97.5th percentiles (95% confidence intervals). The analysis confirmed stable estimates
for macro-F1 (mean 0.787, 95% CI [0.71-0.86]), PDNC recall (1.00, 95% CI [0.98-1.00]), and
PDMCI recall (0.75, 95% CI [0.65-0.85]). PDD recall showed greater variability (mean 0.57, 95%
CI [0.35-0.80]) due to the small sample size (n = 79), highlighting the variance and generalization
challenge in this subgroup.
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Figure S8: Supplementary Figure S8. Stage 1 directional SHAP dependence patterns (PDNC
vs. non-PDNC). Higher MCATOT scores consistently contribute negatively to cognitive impair-
ment probability, demonstrating protective effects of preserved cognitive performance. Conversely,
NP1COG (cognitive complaints) shows positive contributions with threshold effects above score 2.0.
ESS1 and GDSMEMRY demonstrate non-linear relationships with inflection points corresponding
to clinical significance thresholds.

Stage 1 dependence patterns (Supplementary Figure S8) align with clinical expectations:
objective cognitive performance (MCATOT) demonstrates sigmoid protective effects with
critical inflection points around 24-26 corresponding to established MCI screening cutoffs.
Subjective cognitive complaints (NP1COG) show positive contributions to impairment clas-
sification, particularly above threshold values of 2.0.
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Figure S9: Supplementary Figure S9. Stage 2 directional SHAP dependence patterns (PDMCI
vs. PDD). The interaction term NP1COG_NP2HYGN shows threshold effects where values > 2 sharply
increase PDD probability, capturing synergy between cognitive complaints and functional depen-
MCATOT exhibits protective effects, while NPSBRADY demonstrates threshold-based

dence.
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Table S3: Supplementary Table S3. Training configuration and hyperparameters for the two-stage

classification pipeline.

Global settings

Random seeds
Train:test split
Cross-validation
Feature scaling

Missing-value handling

Feature selection
SMOTE strategy

42 (global, train-test split, SMOTE, XGB, MLP, CV)

0.8:0.2 (stratified)

5-fold, stratified, scoring = macro F1

z-score normalization (StandardScaler)

Features with >60% missing dropped; remaining imputed (median)
SHAP top-20 — RFE (final 10 features for Stage 1)

Stage 1: 0.8; Stage 2: {0:400, 1:350}

Stage 1: XGBoost (PDNC vs. non-PDNC)

Model type
Grid search space
Best parameters

CV performance
Decision threshold

XGBClassifier

Nestimators € {100, 150, 200}; max__depth € {3,4,5};

learning_rate € {0.01,0.05,0.1,0.2}; scale_pos_weight € {1,2,3};
reg__alpha, reg_lambda € {0,0.1,1.0}

learning_rate = 0.05; max__depth = 3; Nestimators = 200;
reg_alpha = 0.1; reg__lambda = 0.1; scale_pos__weight = 1
Fliyaero = 0.8572 £ 0.0176

0.203 (ensure non-PDNC recall > 0.85)

Stage 2: MLP (PDMCI vs. PDD)

Model type
Hidden layers
Activation
Solver

Alpha
Learning rate
Batch size
Max iterations
Other params

Decision threshold
CV performance

MLPClassifier

(100, 50)

relu

adam

0.0001

constant, init = 0.001

auto

500

shuffle=True, momentum=0.9, nesterov=True,
early_stopping=False, validation_fraction=0.1,
tol=le—4, n_iter_no_change=10

0.563

Flyacro = 0.9273 + 0.0293
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