Supplementary Table S1 Adjusted comparisons of subcortical volumes and DaTSPECT binding ratios by ε4 carrier status within PD and HC.  
	Measure
	PD ε4 non-carriers

	PD ε4 carriers
	p
PD
	HC ε4 non-carriers

	HC ε4 carriers

	p
HC
	p
Diagnosis
	p
APOE
	p
Diagnosis × APOE

	Subcortical volumes (mm³)
	
	
	
	
	
	
	
	
	

	Accumbens
	1046 (998–1094)

	1049 (978–1120)

	0.942
	954 (891–1017)

	1028 (943–1113)

	0.160
	0.097
	0.256
	0.293

	Caudate
	6814 (6610–7018)

	6997 (6696–7298)

	0.310
	6817 (6549–7085)

	7018 (6656–7379)

	0.367
	0.935
	0.183
	0.951

	Pallidum
	3954 (3847–4060)

	4023 (3865–4181)

	0.465
	3872 (3731–4013)

	3987 (3797–4177)

	0.324
	0.437
	0.222
	0.759

	Putamen
	9190 (8911–9469)

	9548 (9135–9960)

	0.149
	9454 (9086–9822)

	9626 (9130–10121)

	0.573
	0.385
	0.180
	0.634

	Thalamus
	14511 (14184–14838)

	14385 (13902–14869)

	0.664
	14366 (13935–14797)
	14538 (13957–15118)

	0.631
	0.987
	0.921
	0.516

	DaT-SPECT
	
	
	
	
	
	
	
	
	

	Mean caudate SBR
	1.943 (1.793–2.093)

	1.842 (1.623–2.061)

	0.442
	2.810 (2.596–3.023)

	2.820 (2.558–3.082)

	0.951
	<0.001***
	0.675
	0.603

	Mean putamen SBR
	0.833 (0.743–0.923)

	0.800 (0.669–0.931)

	0.676
	1.990 (1.862–2.118)

	2.050 (1.894–2.207)

	0.552
	<0.001***
	0.829
	0.466


Note. Values are estimated marginal means (95% CI). volumes are left and right sums; DaTSPECT measures are left-right means. p PD and p HC refer to the prespecified ε4 non-carriers vs ε4 carriers contrasts within each diagnostic group. Models: volume analyses were adjusted for diagnosis, APOE genotype, diagnosis × APOE, age, education, sex, and estimated total intracranial volume. DaTSPECT analyses were adjusted for diagnosis, APOE genotype, diagnosis × APOE, age, education, and sex. *** p < 0.001. Abbreviations: SBR, specific binding ratio.

Supplementary Table S2 Exploratory partial correlations between mean diffusion values in clusters and clinical outcomesò
	
FA in significant clusters
	coefficient, p-value

	NfL
	ρ = -0.139, p = 0.264

	pTau
	ρ = -0.062, p = 0.630

	α-synuclein
	ρ = -0.017, p = 0.889

	Total Tau
	ρ = 0.085, p = 0.491

	Aβ42
	ρ = 0.110, p = 0.378

	MoCA
	ρ = 0.052, p = 0.662

	BJLO
	ρ = 0.285, p = 0.015*

	HVLT Immediate Recall
	ρ = 0.145, p = 0.223

	HVLT Recognition
	ρ = 0.055, p = 0.643

	LNS
	ρ = 0.213, p = 0.072

	SDMT
	ρ = -0.013, p = 0.914

	Semantic fluency (animals)
	ρ = 0.157, p = 0.187

	UPDRS Part II
	ρ = -0.350, p = 0.002**

	UPDRS Part III
	ρ = -0.227, p = 0.056

	MD in significant clusters
	

	NfL
	ρ = 0.226, p = 0.068

	pTau
	ρ = 0.022, p = 0.861

	α-synuclein
	ρ = -0.053, p = 0.662

	Total Tau
	ρ = -0.119, p = 0.335

	Aβ42
	ρ = -0.103, p = 0.410

	MoCA
	ρ = -0.100, p = 0.405

	BJLO
	ρ = -0.169, p = 0.156

	HVLT Immediate Recall
	ρ = -0.235, p = 0.047*

	HVLT Recognition
	ρ = -0.184, p = 0.121

	LNS
	ρ = -0.086, p = 0.472

	SDMT
	ρ = -0.053, p = 0.659

	Semantic fluency (animals)
	ρ = -0.103, p = 0.391

	UPDRS Part II
	ρ = 0.241, p = 0.041*

	UPDRS Part III
	ρ = 0.278, p = 0.019*

	RD in significant clusters
	

	NfL
	r = 0.339, p = 0.005**

	pTau
	ρ = 0.036, p = 0.777

	α-synuclein
	r = 0.010, p = 0.931

	Total Tau
	r = -0.061, p = 0.618

	Aβ42
	ρ = -0.141, p = 0.259

	MoCA
	ρ = -0.157, p = 0.188

	BJLO
	ρ = -0.220, p = 0.063

	HVLT Immediate Recall
	ρ = -0.182, p = 0.126

	HVLT Recognition
	ρ = -0.173, p = 0.145

	LNS
	r = -0.146, p = 0.221

	SDMT
	r = -0.048, p = 0.689

	Semantic fluency (animals)
	ρ = -0.108, p = 0.364

	UPDRS Part II
	ρ = 0.294, p = 0.012*

	UPDRS Part III
	ρ = 0.231, p = 0.053


Note. Partial correlations (Spearman or Pearson, according to pairwise normality) were adjusted for age, sex, and education, except those involving UPDRS scores, which were adjusted for age, sex, and disease duration. * p < 0.05, ** p < 0.01.

[bookmark: _Hlk239930601]Supplementary Table S3A Hierarchical models structure.
	Model
	Predictors

	M0
	APOE, age, sex, education¹ or disease duration² 

	M1
	M0 + diffusion in significant voxel-wise clusters

	M2
	M1 + cluster × APOE


Note. ¹ for biofluid biomarkers and cognitive scores ² for UPDRS Part II e III.

Supplementary Table S3B Hierarchical models results.
	Outcome
	Metric
	Partial r/ρ (p)
	R² M0
	M1: ΔR², p
	R² M1
	M2: ΔR², p 
	R² M2

	Serum NfL
	RD
	0.339 (0.005)
	0.382
	0.096, 0.001** 
	0.479
	0.003, 0.562
	0.482

	UPDRS Part II
	RD
	0.294 (0.012)
	0.104
	0.003, 0.657 
	0.107
	0.009, 0.422 
	0.115

	BJLO
	FA
	0.285 (0.015)
	0.185
	0.024, 0.148 
	0.210
	0.046, 0.044* 
	0.256

	UPDRS Part II
	FA
	−0.350 (0.002)
	0.104
	0.039, 0.080 
	0.144
	0.002, 0.666 
	0.146

	HVLT immediate recall
	MD
	−0.235 (0.047)
	0.184
	0.017, 0.226 
	0.202
	0.013, 0.301 
	0.214

	UPDRS Part II
	MD
	0.241 (0.041)
	0.104
	0.002, 0.693 
	0.106
	0.013, 0.312 
	0.120

	UPDRS Part III
	MD
	0.278 (0.019)
	0.100
	0.043, 0.069 
	0.143
	0.005, 0.530
	0.148


Note. M1 tested the contribution of the cluster-derived diffusion metric after adjustment for APOE and the relevant covariates. M2 tested the incremental contribution of the cluster-by-APOE interaction. Because each block added one term, the p-value for ΔR² is equivalent to the p-value of the corresponding cluster or interaction coefficient. * p < 0.05, ** p < 0.01.









Supplementary Table S4 Longitudinal models including baseline diffusion-cluster measures. 
	BJLO
	F
	p-value

	Age
	9.12
	0.003**

	Sex
	1.27
	0.262

	Education
	5.75
	0.019*

	Visits (Baseline, Year 2, Year 4)
	1.84
	0.162

	APOE
	3.03
	0.086

	FA clusters 
	1.88
	0.175

	Visits × APOE
	0.44
	0.645

	Visits × FA clusters
	2.03
	0.135

	APOE × FA clusters
	2.43
	0.123

	Visits × APOE× FA clusters
	0.69
	0.502

	Serum NfL
	
	

	Age
	32.07
	<0.001***

	Sex
	0.05
	0.824

	Education
	0
	0.981

	Visits (Baseline, Year 2)
	0.82
	0.367

	APOE
	2.51
	0.119

	RD clusters 
	14.61
	<0.001***

	Visits × APOE
	0.20
	0.655

	Visits × RD clusters
	2.12
	0.150

	APOE × RD clusters
	1.90
	0.171

	Visits × APOE× RD clusters
	0.19
	0.663























* p < 0.05, *** p < 0.001. 
FA clusters = Baseline FA in significant clusters. RD clusters = Baseline RD in significant clusters












Supplementary Table S5 Longitudinal UPDRS models.
	Outcome
	
	F
	p-value

	MDS-UPDRS Part II
	Age
	1.82
	0.181

	
	Baseline disease duration
	0.12
	0.727

	
	Sex
	1.16
	0.286

	
	Visit
	46.01
	< 0.001***

	
	APOE
	12.62
	< 0.001***

	
	Visit × APOE
	3.64
	0.029*

	MDS-UPDRS Part III
	Age
	2.61
	0.111

	
	Baseline disease duration
	0.58
	0.448

	
	Sex
	0.25
	0.618

	
	Visit
	16.47
	< 0.001***

	
	APOE
	0.69
	0.409

	
	Visit × APOE
	0.39
	0.676


Note. Visit was categorical (Baseline, Year 2, and Year 4). * p < 0.05, *** p < 0.001. MDS-UPDRS = Movement Disorder Society–Unified Parkinson’s Disease Rating Scale.

Supplementary Table S6 Longitudinal biomarkers models.
	Outcome
	
	F
	p-value

	Serum NfL
	Age
	31.33
	< 0.001***

	
	Sex
	0.82
	0.368

	
	Education
	0.01
	0.927

	
	Visit
	23.20
	< 0.001***

	
	APOE
	0.67
	0.416

	
	Visit × APOE
	0.45
	0.505

	pTau
	Age
	2.08
	0.154

	
	Sex
	3.39
	0.070

	
	Education
	5.42
	0.023*

	
	Visit
	5.74
	0.005**

	
	APOE
	0.00
	0.992

	
	Visit × APOE
	4.23
	0.018*

	Total Tau
	Age
	2.10
	0.152

	
	Sex
	2.47
	0.120

	
	Education
	2.88
	0.094

	
	Visit
	3.70
	0.028*

	
	APOE
	1.04
	0.311

	
	Visit × APOE
	2.40
	0.096

	Aβ42
	Age
	0.42
	0.521

	
	Sex
	0.05
	0.821

	
	Education
	0.44
	0.509

	
	Visit
	1.04
	0.360

	
	APOE
	5.40
	0.023*

	
	Visit × APOE
	1.07
	0.349

	α-Synuclein
	Age
	0.63
	0.431

	
	Sex
	3.89
	0.053

	
	Education
	2.01
	0.161

	
	Visit
	0.33
	0.569

	
	APOE
	1.10
	0.299

	
	Visit × APOE
	2.01
	0.162


Note. Outcomes were analyzed on the log-transformed scale. Each model included baseline age, sex, education, Visit, APOE genotype, and Visit × APOE as fixed effects, with a participant-specific random intercept. Visit was categorical. NfL and α-synuclein included Baseline and Year 2; the remaining biomarkers included Baseline, Year and Year 4. * p < 0.05, ** p < 0.01, *** p < 0.001
Supplementary Table S7 Longitudinal cognitive models.
	Outcome
	
	F
	p-value

	SDMT
	Age
	22.36
	< 0.001***

	
	Sex
	2.36
	0.129

	
	Education
	8.90
	0.004**

	
	Visit
	3.21
	0.044*

	
	APOE
	1.47
	0.229

	
	Visit × APOE
	0.66
	0.520

	Semantic fluency (animals)
	Age
	4.86
	0.031*

	
	Sex
	0.13
	0.718

	
	Education
	2.27
	0.137

	
	Visit
	1.33
	0.268

	
	APOE
	1.28
	0.262

	
	Visit × APOE
	0.19
	0.830

	BJLO
	Age
	7.69
	0.007**

	
	Sex
	1.66
	0.201

	
	Education
	6.24
	0.015*

	
	Visit
	0.20
	0.817

	
	APOE
	4.22
	0.044*

	
	Visit × APOE
	1.94
	0.147

	HVLT immediate recall
	Age
	8.70
	0.004**

	
	Sex
	3.15
	0.080

	
	Education
	1.46
	0.231

	
	Visit
	0.42
	0.657

	
	APOE
	0.34
	0.563

	
	Visit × APOE
	3.23
	0.043*

	HVLT recognition
	Age
	8.05
	0.006**

	
	Sex
	0.57
	0.454

	
	Education
	4.17
	0.045*

	
	Visit
	0.12
	0.887

	
	APOE
	0.68
	0.411

	
	Visit × APOE
	1.71
	0.184

	LNS
	Age
	10.46
	0.002**

	
	Sex
	1.37
	0.246

	
	Education
	0.55
	0.462

	
	Visit
	1.21
	0.302

	
	APOE
	1.12
	0.293

	
	Visit × APOE
	0.98
	0.378

	MoCA
	Age
	17.93
	< 0.001

	
	Sex
	2.11
	0.151

	
	Education
	2.03
	0.159

	
	Visit
	2.34
	0.100

	
	APOE
	1.00
	0.321

	
	Visit × APOE
	0.29
	0.752


Note. Visit was categorical (Baseline, Year 2, and Year 4). * p < 0.05, ** p < 0.01, *** p < 0.001. Abbreviations: SDMT = Symbol Digit Modalities Test; BJLO = Benton Judgment of Line Orientation; HVLT = Hopkins Verbal Learning Test; LNS = Letter–Number Sequencing; MoCA = Montreal Cognitive Assessment.




Supplementary Table S8 Contrast coding used for longitudinal comparisons.
	APOE genotype
	Visit
	Contrast 1
Baseline to year 2
	Contrast 2
Baseline to year 4

	ε4 non-carriers

	Baseline
	+1
	+1

	
	Year 2
	−1
	0

	
	Year 4
	0
	−1

	ε4 carriers

	Baseline
	−1
	−1

	
	Year 2
	+1
	0

	
	Year 4
	0
	+1


Note. Positive estimates indicate a greater increase, or a smaller decline, in ε4 carriers relative to non-carriers. For outcomes available only through year 2, only Contrast 1 was estimated.

