Supplementary materials

1. Supplementary methods

Scanning parameters of the discovery and validation datasets

Discovery dataset
In discovery dataset, 3D T1-weighted image was acquired using a fast spoiled gradient-recalled sequence: echo time (TE) = 3.036 ms; repetition time (TR) = 7.336 ms; inversion time = 450 ms; flip angle (FA) = 11°; field of view (FOV) = 260 × 260 mm2; matrix = 256 × 256; slice thickness = 1.2 mm; number of slices = 196 (sagittal); scanning time = 5 min 53 s.

Diffusion tensor image was acquired using a spin echo-echo planar imaging sequence: TR = 8000 ms; TE = 80 ms; flip angle = 90 degrees; field of view = 256 × 256 mm2; matrix = 128 × 128; slice thickness = 2 mm; slice gap = 0 mm; number of slices = 67 (axial), scanning time = 5 min 12 s. Diffusion images were acquired from 30 gradient directions (b = 1000 s/mm2), and included five acquisitions without diffusion weighting (b = 0). An additional b = 0 acquisition with reverse phase-encode polarity was acquired for distortion correction. The acquisition plane was parallel to the AC–PC line.

Neuromelanin image was acquired using a T1-weighted fast spin echo sequence: TE = 18.6 ms; TR = 600 ms; FA = 77°; FOV = 220 × 220 mm2; matrix = 512 × 512; slice thickness = 3 mm; slice gap = 0 mm; number of slices = 17 (axial), scanning time = 10 min 27 s. Scanning coverage was set from the top of basal ganglia to the bottom of the medulla oblongata. The acquisition plane was orthogonal to the brainstem.

Three-dimensional pseudo continuous-arterial spin labeling image were acquired using a 3D fast spin-echo acquisition and background suppression: post-label delay = 1550 ms, TE = 10.5 ms; TR = 4632 ms; FA = 111°; FOV = 240 × 240 mm2; matrix = 128 × 128; slice thickness = 4 mm; slice gap = 0 mm; number of slices = 36 (axial); scanning time = 4 min 29 s. The acquisition plane was parallel to the AC–PC line.

Resting-state functional MRI data were acquired using a gradient-recalled echo–echo planar imaging sequence: TE = 30 ms; TR = 2000 ms; FA = 77°; FOV = 240 × 240 mm2; matrix = 64 × 64; slice thickness = 4 mm; slice gap = 0 mm; number of slices = 38 (axial); time points = 205; scanning time = 7 min. The acquisition plane was parallel to the AC–PC line.

Validation dataset
In the PPMI dataset, the 3D T1 image and diffusion tensor image were acquired on Siemens 3.0 T scanner.

The scanning parameters of 3D T1 image were as follows: TR = 2300 ms; TE = 2.98 ms; inversion time = 900 ms; flip angle = 90°; slice number = 176; acquisition matrix = 240 × 256 and voxel size = 1 × 1 × 1 mm3.

Diffusion tensor image was obtained with the following parameters: TR = 900 ms, TE = 88 ms, flip angle = 90°, voxel size = 2 × 2 × 2 mm3, slice number = 72, 64 gradient directions with a b-value of 1000 s/mm2. One non-gradient volume (b = 0 s/mm2) was also acquired.

Image processing

Diffusion tensor image processing

DTI data processing was performed using FMRIB’s Software Library (FSL, http://www.fmrib.ox.ac.uk/fsl). The skulls were first stripped from the DTI data for each participant. Then, topup and eddy were conducted to correct susceptibility-induced distortions, eddy currents, and movements in diffusion data1
. Then, diffusion parameters (i.e., fractional anisotropy [FA], mean diffusivity [MD]) of each subject were calculated. FA quantifies the microstructural integrity of brain white matter but lacks sensitivity for quantifying cortical microstructural changes related to neuropathology2
. As for MD, it quantifies the overall diffusion of water in the tissue, which is suitable for evaluating the damage of cortical and subcortical microstructure3
. MD increases reflect reduced integrity of brain microstructure
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. Consequently, we only extracted the cortical and subcortical MD values in the subsequent analysis.

To alleviate partial volume effects, we extracted the cortical MD values from the cortical skeleton by using the gray matter-based spatial statistics
 ADDIN EN.CITE 
5,6
. The steps were as follows: (1) the T1-weighted image in native space was linearly aligned to native B0 image; (2) the non-brain voxels of aligned T1-weighted image was removed; (3) the T1-weighted image were linearly and non-linearly aligned into Montreal Neurological Institute (MNI) standard space, and the transformation matrix was saved; (4) meanwhile, field bias correction and gray matter segmentation were conducted by using the native T1-weighted image; (5) the segmented gray matter probability maps were registered to MNI space by applying the transformation matrix, and then averaged; (6) the averaged gray matter probability maps was used to create a median gray matter skeleton with a threshold of 0.2 to minimize the contribution of voxels from white matter and cerebrospinal fluid
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; (7) the MD map in native space was linearly and non-linearly aligned into MNI space using the transformation matrix, and then (8) the aligned MD map was projected onto the median gray matter skeleton map so that the MD skeleton of each subject was obtained. (9) Finally, the MD values were extracted according to the boundaries and labeling of the Desikan-Killiany atlas.

In addition, the subcortical MD values were extracted in the native T1-weighted image space (segmented in freesurfer space). The B0 map was registered to individual T1-weighted image. The MD map was then aligned to individual native T1-weighted image. Finally, the subcortical MD values were extracted in the native T1-weighted image. Detailed processing pipeline of cortical and subcortical MD values extraction was described in Supplementary Figure 1.

Neuromelanin sensitive image processing
An author (C.Z.), who was blinded to the subjects’ information, performed two manual measurements with a time interval of one month. These measurements were conducted using ITK-SNAP (https://sourceforge.net/projects/itk-snap/). SN was generally visible in three contiguous slices. Round-like regions of interest (ROIs) for the SN were placed on 3 consecutive slices, starting from the most caudal slice with visible hyperintensity in the anatomic region of SN
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. Three ROIs with a size of 10 mm2 were placed at isometric lateral, central, and medial SN regions. The adjacent cerebral peduncle (CP) with a size of 30 mm2 was used as a contrast region (Supplementary Figure 2A)
 ADDIN EN.CITE 
9,10
. The mean and standard deviation (SD) of the signal intensity (SI) in SN and CP were calculated. The CNRSN was calculated as (SISN – SICP) / SDCP. The averaged CNRSN value from three slices on six divisions (bilateral central, medial, and lateral substantia nigra parts) and two assessments were used for final analysis
 ADDIN EN.CITE 
11,12
. The intraclass correlation coefficient for the intra-rater agreement was 0.895, which indicated a high consistency.
LC is located in the bilateral areas of the dorsal pons symmetrically, adjacent to the fourth ventricle. Locations with highest SI in three contiguous slices from the level of the inferior colliculi and extending to superior cerebellar peduncles were identified as LC. Circular ROIs were demarcated in the bilateral LC and the midportions of the pontine (PT) at the same slice (as a contrast area) 
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. The ROIs were placed at the predefined anatomical position of LC when the signal was significantly reduced. As shown in Supplementary Figure 2B, the size of the ROIs was 2 mm2 for LC and 20 mm2 for PT
 ADDIN EN.CITE 
10,14
. The mean and SD of the SI in bilateral LC and PT were calculated. The CNRLC was calculated using the following equation: (SILC − SIPT) / SDPT. Finally, the averaged CNRLC value from three slices on right and left sides and two assessments were used for the final analysis. The intraclass correlation coefficient for the intra-rater agreement was 0.892.

Arterial spin labeling image processing

The cerebral blood flow (CBF) was calculated by using the GE workstation. First, non-brain voxels of the CBF map was removed and then linearly aligned to individual T1-weighted image. Then, the aligned CBF map was normalized to MNI space by using the estimated deformation fields derived from T1-weighted image normalization. Next, normalized CBF map was smoothed with a Gaussian kernel of 6 × 6 × 6 mm3. Finally, to remove the influence of individual hemodynamic variation, the CBF map was standardized by subtracting the mean and dividing by the SD of global values within the gray matter (normalization)
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. Participant showed bad image quality and bad normalization was excluded. In addition, 53 healthy controls have not conducted ASL scanning. Therefore, 151 patients and 63 healthy controls were included in the final analysis.
Resting-state functional image processing
The first 10 volumes were excluded from the analysis to allow for scanner stabilization and the participants' adaptation to the environment. The remaining 195 volumes were first corrected for within-scan differences in acquisition time between slices, followed by realignment to the middle volume to correct for interscan head motion. Subsequently, the processed images were registered to T1 images and spatially normalized to Montreal Neurological Institute standard template. Corrected images were smoothed with a Gaussian kernel of 6 × 6 × 6 mm3 and then detrended. Nuisance covariates, including white matter, cerebrospinal fluid, and 24 motion parameters were regressed. Finally, the temporal band-pass filtering (0.04 - 0.07 Hz) was conducted. The frequency range of 0.04 - 0.07 Hz for the bandpass filter is suitable for synchronization analysis16
. Subjects were excluded using the Jenkinson mean framewise displacement threshold of > 0.5 mm
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. Finally, 169 PD patients and 115 healthy controls were included.

Networks synchronization calculating

We applied a phase-based synchronization analysis to characterize the organization of the functional networks, which is good at depicting the extent of network-level synchrony, and avoiding the curse of dimensionality and underrating the synchronicity of functional connectivity
 ADDIN EN.CITE 
18,19
.

Processed rs-fMRI data were used for phase analysis. ﻿For each subject, the regional time series of each brain network20
 were extracted and represented as sj (t), where j is the number of network’s nodes (j = 1, 2, …), and t is the number of time points (t = 1, 2, …,195). The Hilbert transform H[sj (t)] was applied to sj (t) to obtain the associated analytical signals with instantaneous phase traces θj(t) QUOTE ,θ-j.(t) .
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The first and last ten time points were removed to minimize border effects inherent to the transform. Then the mean phase synchrony of each time point r(t) was measured using the Kuramoto order parameter 21
: 
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where n = 33 is the total number of nodes.

Finally, we quantified temporal averages of network’s synchronization by the mean order parameter:
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where L =175 is the total number of time points. 

< r(t) > is the network’s synchronization that used for the following analysis
 ADDIN EN.CITE 
16,22-25
.
Subtype and Stage Inference model construction

Feature selection

For MRI features, the volumes and MD values of all brain regions were integrated into 6 cortical regions according to the Desikan-Killiany atlas. Frontal lobe consists of the superior frontal, rostral and caudal middle frontal, pars opercularis, pars triangularis, and pars orbitalis, lateral and medial Orbitofrontal, precentral, paracentral, and frontal pole. Temporal lobe consists of the superior, middle, and inferior temporal, banks of the superior temporal sulcus, fusiform, transverse temporal, entorhinal, temporal pole, and parahippocampal. Parietal lobe consists of the superior parietal, inferior parietal, supramarginal, postcentral, and precuneus. Occipital lobe consists of the lateral occipital, lingual, cuneus, and pericalcarine. Cingulate lobe consists of the rostral anterior, caudal anterior, posterior, and isthmus. Detailed information could be found at https://surfer.nmr.mgh.harvard.edu/fswiki/CorticalParcellation.
Thirty-three features that showed significant damage in PD patients (p < 0.05) were included in the SuStaIn model. Detailed features were as follows: BSIT, RBDQ-HK, SCOPA-AUT, HAMD, HAMA, MoCA, SDMT, TMT, SF, AVLT, and FSS scores; the volumes and MD values of frontal, temporal, parietal, occipital, insula, amygdala, hippocampus, putamen, and thalamus; the volume of globus pallidus; the MD values of caudate; CNRSN, and CNRLC.
Twenty-two features that showed significant damage in PD patients (p < 0.001) were also included in the SuStaIn model to test the stability. Detailed features were as follows: BSIT, RBDQ-HK, SCOPA-AUT, HAMD, HAMA, MOCA, SDMT, TMT, SF, AVLT, and FSS scores; the volume of frontal, parietal, occipital, amygdala, hippocampus, and globus pallidus; the MD of temporal, parietal, occipital, and putamen; CNRSN, and CNRLC.
Validation dataset
In the validation dataset, the severity of motor symptoms was assessed using the Movement Disorders Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) and HY stage scale. Olfactory function was assessed using the University of Pennsylvania Smell Identification Test (UPSIT). Autonomic nerve function was assessed using the SCOPA-AUT. Sleep was assessed using the RBDQ and ESS. Emotion was assessed using the Geriatric Depression Scale (GDS) and State-Trait Anxiety Inventory (STAI). Global cognition was assessed using the MoCA. Detailed neuropsychological battery covering several cognitive domains were also assessed: (1) SDMT (attention); (2) 15‐item version of the Benton Judgment of Line Orientation test (BJLO, visuospatial function); (3) Letter‐Number Sequencing (LNS, attention); (4) semantic fluency test (SFT, executive function); (5) revised scale of Hopkins Verbal Learning Test (HVLT, memory). 
T1-weighted and DTI data were processed using the same procedures as the discovery dataset. A difference was that the DTI of the PPMI dataset have not conducted additional acquisition with opposing polarities of the phase-encode blips, so the susceptibility induced distortions could not be corrected. This could affect the accuracy of MD values.

Age, gender, education, and center information were regressed for all features. The influence of total incranial volume on volume features was also regressed. Finally, sixteen features were included in SuStaIn model. They were UPSIT, RBDQ, SCOPA, GDS, STAI, SDMT, HVLT, SFT, MoCA, and the volume of temporal, occipital, amygdala, hippocampus, caudate, putamen, and thalamus.
2. Supplementary results

Supplementary Tables

Supplementary Table 1. The differences in clinical characteristics between healthy controls and Parkinson’s disease patients. 
	Discovery dataset
	Healthy controls (n = 118)
	Parkinson’s disease (n = 201)
	p-value

	BSIT
	7.86±2.11
	5.52±2.52
	<0.001

	SCOPA-AUT
	5.15±3.58
	9.3±6.36
	<0.001

	RBDQ-HK
	11.49±7.9
	19.65±15.64
	<0.001

	HAMD
	3.48±3.78
	4.47±4.8
	0.056

	HAMA
	5.03±5.25
	5.63±4.98
	0.308

	MoCA
	23.75±3.94
	23.16±5.62
	0.319

	DST
	11.23±2.66
	11.22±2.91
	0.976

	SDMT
	33.03±14.58
	30.91±14.25
	0.203

	AVLT-N1-N3
	16.3±6.3
	15.63±5.48
	0.320

	AVLT-N4
	5.29±3
	4.88±2.72
	0.209

	AVLT-N5
	4.81±3.14
	4.36±2.77
	0.184

	AVLT-Rec
	21.01±3.06
	20.58±3.12
	0.231

	BNT
	21.53±5.07
	22.77±4.32
	0.021

	SF
	15.46±5.16
	14.62±5
	0.156

	TMT-A
	83.85±47.37
	86.41±51.44
	0.658

	TMT-B
	210.14±100.81
	209.1±95.2
	0.927

	PSQI
	5.14±3.97
	5.12±4.14
	0.959

	ESS
	6.63±4.87
	7.31±5.45
	0.381

	FSS
	27.48±15.85
	31.46±16.47
	0.092

	Validation dataset
	Healthy controls (n = 60)
	Parkinson’s Disease (n = 151)
	p-value

	UPSIT
	33.7±4.5
	22.29±8.52
	< 0.001

	SCOPA-AUT
	5.81±3.71
	8.96±5.97
	< 0.001

	RBDQ
	2.26±1.48
	4.12±2.57
	< 0.001

	GDS
	1.07±1.66
	2.29±2.52
	0.001

	STAI
	57.09±13.89
	64.58±17.89
	0.005

	MoCA
	28.05±1.12
	27.61±2.02
	0.122

	BJLOT
	13.32±1.83
	12.86±2.03
	0.136

	HVLT-IR
	25.79±4.94
	24.84±5.24
	0.236

	HVLT-DR
	9.19±2.18
	8.46±2.6
	0.061

	HVLT-Rec
	11.46±0.85
	11.31±0.96
	0.304

	LNS
	11.33±2.47
	10.82±2.76
	0.222

	SFT
	50.98±9.76
	49.07±10.6
	0.235

	SDMT
	47.63±10.63
	41.65±10.08
	< 0.001

	ESS
	5.77±3.73
	5.79±3.29
	0.972


Raw p-values are provided. BSIT: Brief Smell Identification Test for Chinese; SCOPA-AUT: Scales for Outcomes in Parkinson's disease – Autonomic; RBDQ-HK: Rapid Eye Movement Sleep Behavior Disorder Questionnaire- Chinese University of Hong Kong version; HAMD: Hamilton Depression Scale; HAMA: Hamilton Anxiety Scale; MoCA: Montreal Cognitive Assessment; DST: Digit span test; SDMT: Symbol Digit Modality Test; AVLT: Auditory Verbal Learning Test (N1-N3: immediate recall; N4: short delayed recall; N5: long delayed recall; N-Rec: recognition); BNT: Boston Naming Test; SF: Semantic fluency Test - Animal; TMT: Trail Making Test; PSQI: Pittsburgh Sleep Quality Index; ESS: Epworth Sleepiness Scale; FSS: Fatigue severity Scale. UPSIT: University of Pennsylvania Smell Identification Test; GDS: Geriatric Depression Scale; STAI: State-Trait Anxiety Inventory; BJLO: 15‐item version of the Benton Judgment of Line Orientation test; LNS: Letter‐Number Sequencing; SFT: semantic fluency test; HVLT: revised scale of Hopkins Verbal Learning Test: (IR: immediate recall; DR: delayed recall; Rec: recognition).

Supplementary Table 2. The differences in clinical and imaging features enrolled in SuStaIn model between the two Parkinson’s disease subtypes in the discovery dataset.
	Discovery dataset
	Subtype 1
(n = 100)
	Subtype 2
(n = 74)
	p-value

	BSIT
	1.43±1.15
	1.15±1.16
	0.159

	SCOPA-AUT
	1.88±1.66
	0.72±1.22
	< 0.001

	RBDQ-HK
	2.61±2.28
	0.16±0.93
	< 0.001

	HAMD
	0.58±1.3
	0.25±1.3
	0.135

	HAMA
	0.51±1.01
	0.03±0.85
	0.003

	MOCA
	-0.02±1.25
	1.05±1.17
	< 0.001

	SDMT
	0.22±0.9
	0.74±0.88
	0.001

	TMT
	0.11±0.81
	0.68±1.15
	0.001

	SF
	0.19±1.04
	0.6±0.95
	0.014

	AVLT
	0.09±0.74
	0.43±0.75
	0.006

	FSS
	0.47±0.96
	0.16±1.1
	0.08

	CNRSN
	1.04±1.07
	1.37±1.34
	0.101

	CNRLC
	0.48±0.64
	0.06±0.83
	0.001

	Volume-Frontal
	0.38±0.88
	0.32±0.9
	0.789

	Volume-Parietal
	0.55±0.81
	0.54±0.87
	0.932

	Volume-Temporal
	0.36±0.96
	0.38±0.95
	0.932

	Volume-Occipital
	0.14±1.07
	0.79±1.08
	0.001

	Volume-Insula
	0.26±0.87
	0.25±0.89
	0.932

	Volume-Amygdala
	0.3±1.04
	0.54±1.01
	0.159

	Volume-Hippocampus
	0.15±1.04
	0.68±1.09
	0.003

	Volume-Putamen
	0.3±0.97
	0.21±0.9
	0.664

	Volume-Pallidum
	0.22±0.96
	0.42±1.11
	0.262

	Volume-Thalamus
	0.26±0.99
	0.25±1.08
	0.932

	MD-Frontal
	-0.05±0.81
	0.97±1.68
	< 0.001

	MD-Parietal
	0.18±1
	1.02±1.26
	< 0.001

	MD-Temporal
	0.38±0.84
	0.88±0.95
	0.001

	MD-Occipital
	0.2±1.1
	0.76±0.94
	0.001

	MD-Insula
	-0.07±0.72
	0.73±1.99
	0.001

	MD-Amygdala
	0.06±0.76
	0.34±0.81
	0.028

	MD-Hippocampus
	-0.04±1.05
	0.65±1.34
	0.001

	MD-Caudate
	-0.01±1.08
	0.68±1.15
	< 0.001

	MD-Putamen
	0.13±1.21
	0.88±1.47
	0.001

	MD-Thalamus
	0.05±0.89
	0.42±0.92
	0.012


The z-scores of clinical and imaging features enrolled in the SuStaIn model were displayed in this table. BSIT: Brief Smell Identification Test for Chinese; SCOPA-AUT: Scales for Outcomes in Parkinson's disease-Autonomic; RBDQ-HK: Rapid Eye Movement Sleep Behavior Disorder Questionnaire- Chinese University of Hong Kong version; HAMD: Hamilton Depression Scale; HAMA: Hamilton Anxiety Scale; MoCA: Montreal Cognitive Assessment; SDMT: Symbol Digit Modality Test; TMT: Trail Making Test; SF: Semantic fluency Test - Animal; AVLT: Auditory Verbal Learning Test; FSS: Fatigue severity Scale. CNRSN: contrast to noise ratio of substantia nigra; CNRLC: contrast to noise ratio of locus coeruleus; MD: mean diffusivity.
Supplementary Table 3. Demographic and clinical characteristics of the two Parkinson’s disease subtypes.

	
	Subtype 1 
	Subtype 2
	p-value

	Discovery dataset
	n = 100
	n = 74
	

	Gender (male/female)
	43/31
	60/40
	0.803 

	Age
	61.28±7.48
	58.82±11.29
	0.087 

	Education
	8.2±4.28
	8.42±4.73
	0.750 

	Disease duration
	4.71±3.42
	4.42±3.24
	0.561 

	LEDD
	365.78±264.27
	334.38±307.45
	0.489

	UPDRS-I
	2.07±1.77
	1.28±1.31
	0.001 

	UPDRS-II
	9.53±5.34
	9.61±5.62
	0.926 

	UPDRS-III
	22.75±12.02
	25±14.57
	0.267 

	HY stage
	2.09±0.56
	2.08±0.62
	0.965 

	SuStaIn stage
	6.52±5.44
	9.45±8.41
	0.006 

	Validation dataset
	n = 96
	n = 32
	

	Gender (male/female)
	58/38
	22/10
	0.403

	Age
	60.39±9.51
	61.42±9.8
	0.598

	Education
	15.48±3.1
	14.94±3.05
	0.392

	Disease duration
	1.81±1.29
	1.85±1.53
	0.88 

	MDS-UPDRS-I
	5.6±3.92
	4.03±3.52
	0.046

	MDS-UPDRS-II
	6.07±4.24
	3.66±2.51
	0.003

	MDS-UPDRS-III
	21.39±8.83
	20.34±9.04
	0.567

	HY stage
	1.58±0.5
	1.59±0.5
	0.918

	SuStaIn stage
	5.81±4.92
	6.47±4.24
	0.501

	DAT-caudate
	1.89±0.48
	2.01±0.49
	0.202

	DAT-putamen
	0.8±0.28
	0.83±0.28
	0.516

	CSF-amyloid-β42
	883.86±373.07
	845.07±267.82
	0.599

	CSF-α-synuclein
	1483.09±745.29
	1481.44±571.84
	0.991

	CSF-ptau
	14.42±4.65
	14.17±5.5
	0.808


LEDD: Levodopa equivalent daily dose; UPDRS: Unified Parkinson’s Disease Rating Scale; HY: Hoehn-Yahr; MDS: Movement Disorders Society. DAT: Dopamine transporter; CSF: Cerebrospinal fluid; ptau: Phosphorylated tau protein.

Supplementary Table 4. The differences in demographics and levodopa response between the two Parkinson’s disease subtypes in the discovery dataset.
	
	Subtype 1 (n = 53)
	Subtype 2 (n = 44)
	p-value

	Gender (male/female)
	32/21
	28/16
	0.745

	Age
	61.44±7.52
	60.96±10.19
	0.791

	Education
	8.51±4.54
	8.16±4.4
	0.702

	Disease duration
	4.92±3.4
	4.91±2.92
	0.983

	UPDRS-IIIOFF
	23.62±12.13
	26.48±14.69
	0.297

	UPDRS-IIION
	16.11±9.88
	15.84±11.4
	0.9

	SuStaIn stage
	6.92±5.58
	9.39±7.99
	0.078

	(UPDRS-IIIOFF – UPDRS-IIION) / UPDRS-IIIOFF
	7.51±4.79
	10.64±7.3
	0.013

	UPDRS-IIIOFF – UPDRS-IIION
	0.34±0.19
	0.42±0.21
	0.033


Only 97 Parkinson’s disease patients conducted the levodopa challenge test according to personal willingness.

UPDRS: Unified Parkinson’s Disease Rating Scale; OFF: at least 12 hours after withholding dopaminergic medications; ON: one hour after administration of 200 mg levodopa and 50 mg benserazide; HY: Hoehn-Yahr; MDS: Movement Disorders Society.

Supplementary Table 5. Cerebral blood flow differences among healthy controls and two Parkinson’s disease subtypes in the discovery dataset.

	Anatomical location
	Peak MNI coordinate

(x, y, z)
	t-value
	Voxel size

	Subtype 1 < Healthy controls

	Putamen_L
	-24, 6, -6
	4.96
	78

	Subtype 2 < Healthy controls

	Postcentral_L

Supramarginal_L

Superior temporal_L
	-64, -28, 26
	4.296
	777

	Inferior frontal_L
	-48, 34, -10
	4.68
	335

	Rectus_L
	-4, 18, -20
	3.97
	132

	Supplementary motor area_L
	-4, 0, 66
	3.81
	65

	Putamen_L
	-26, 2, -6
	4.09
	63

	Precentral_L
	-22, -12, 70
	4.26
	58

	Calcarine_L
	-22, -60, 18
	3.71
	33

	Supplementary motor area_R
	10, -12, 74
	3.72
	28


MNI: Montreal Neurological Institute; L: Left; R: Right. No significant difference was found between the two Parkinson’s Disease subtypes after FDR correction.

Supplementary Table 6. The differences of clinical and imaging features enrolled in SuStaIn model between the two Parkinson’s disease subtypes in the validation dataset.

	Validation dataset
	Subtype 1 

(n = 96)
	Subtype 2 

(n = 32)
	p-value

	UPSIT
	2.94±1.33
	1.39±1.28
	< 0.001

	SCOPA
	1.12±1.74
	-0.04±1.21
	0.001

	RBDQ
	1.53±1.85
	0.9±1.18
	0.070

	GDS
	0.85±1.68
	0.74±1.74
	0.751

	STAI
	0.77±1.52
	0.23±1.1
	0.071

	MoCA
	0.06±1.42
	1.53±2.16
	< 0.001

	SDMT
	0.56±1.11
	0.99±0.93
	0.049

	HVLT
	0.24±0.94
	0.48±0.95
	0.203

	SFT
	0.3±1.13
	0.39±1.2
	0.712

	Volume-Temporal
	0.1±1.1
	0.9±0.64
	< 0.001

	Volume-Occipital
	0.17±1.07
	0.66±1.03
	0.024

	Volume-Amygdala
	0.12±1.03
	0.79±0.89
	0.001

	Volume-Hippocampus
	0.06±1.22
	1.36±0.91
	< 0.001

	Volume-Caudate
	-0.12±0.9
	-0.11±0.63
	0.934

	Volume-Putamen
	0.07±1.22
	0.75±0.92
	0.005

	Volume-Thalamus
	0.08±1.11
	0.96±0.93
	< 0.001


The z-scores of clinical and imaging features enrolled in the SuStaIn model were displayed in this table. UPSIT: University of Pennsylvania Smell Identification Test; SCOPA-AUT: Scales for Outcomes in Parkinson's disease-Autonomic; RBDQ: Rapid Eye Movement Sleep Behavior Disorder Questionnaire; GDS: Geriatric Depression Scale; STAI: State-Trait Anxiety Inventory; MoCA: Montreal Cognitive Assessment; SDMT: Symbol Digit Modality Test; SFT: semantic fluency test; HVLT: revised scale of Hopkins Verbal Learning Test; MD: mean diffusivity.
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Supplementary Figure 1. The workflow to extract the cortical and subcortical mean diffusivity. The mean diffusivity values of cortical regions were extracted from cortical skeleton to alleviate the partial volume effect. The mean diffusivity values of subcortical nuclei were extracted from the labels defined in FreeSurfer.
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Supplementary Figure 2. The location of substantia nigra and locus coeruleus. Inside the red circles are substantia nigra and locus coeruleus. Inside the white circles are cerebral peduncles and pontine (reference regions).
R: Right; L: Left.
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Supplementary Figure 3. The positional density maps of two Parkinson’s disease subtypes in the discovery dataset and validation dataset. The color intensity reflects the row-wise positional density and confidence in the ordering. For each feature, the sum of positional density in all stages (a row) is equal to 1, and the location of highest color intensity means the most probable stage/sequence of this feature. If the location with highest color intensity close to the left (early SuStaIn stage), the abnormality of this feature is considered as an early occurred event. Different colors mean the degree of severity, which are represented by z-score (ranging from 1 to 3: red for a z-score of 1, pink for a z-score of 2, and blue for a z-score of 3). For example, in the classic subtype of the PPMI dataset, hyposmia is the earliest symptom, and the degree of severity is higher than 3 SD of healthy controls.
SCOPA-AUT: Scales for Outcomes in Parkinson's disease – Autonomic; RBDQ-HK: Rapid Eye Movement Sleep Behavior Disorder Questionnaire- Chinese University of Hong Kong version; HAMD: Hamilton Depression Scale; HAMA: Hamilton Anxiety Scale; MoCA: Montreal Cognitive Assessment; SDMT: Symbol Digit Modality Test; TMT: Trail Making Test; SF: Semantic fluency Test - Animal; AVLT: Auditory Verbal Learning Test; FSS: Fatigue severity Scale. CNRSN: contrast to noise ratio of substantia nigra; CNRLC: contrast to noise ratio of locus coeruleus; Vol: volume; MD: mean diffusivity; UPSIT: University of Pennsylvania Smell Identification Test; GDS: Geriatric Depression Scale; STAI: State-Trait Anxiety Inventory; SFT: semantic fluency test; HVLT: revised scale of Hopkins Verbal Learning Test.
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Supplementary Figure 4. The positional density maps of three Parkinson’s disease subtypes in the discovery dataset. Two of the subtypes showed high consistency which are both characterized by autonomic nerve dysfunction, hyposmia, RBD symptom and SN degeneration as the earliest manifestations.
SCOPA-AUT: Scales for Outcomes in Parkinson's disease – Autonomic; RBDQ-HK: Rapid Eye Movement Sleep Behavior Disorder Questionnaire- Chinese University of Hong Kong version; HAMD: Hamilton Depression Scale; HAMA: Hamilton Anxiety Scale; MoCA: Montreal Cognitive Assessment; SDMT: Symbol Digit Modality Test; TMT: Trail Making Test; SF: Semantic fluency Test - Animal; AVLT: Auditory Verbal Learning Test; FSS: Fatigue severity Scale. CNRSN: contrast to noise ratio of substantia nigra; CNRLC: contrast to noise ratio of locus coeruleus; Vol: volume; MD: mean diffusivity.
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Supplementary Figure 5. The positional density maps of two Parkinson’s disease subtypes in the discovery dataset after stricter feature selection criteria. Only 22 features that showed significant differences (p < 0.001) between patients and healthy controls were selected.

SCOPA-AUT: Scales for Outcomes in Parkinson's disease – Autonomic; RBDQ-HK: Rapid Eye Movement Sleep Behavior Disorder Questionnaire- Chinese University of Hong Kong version; HAMD: Hamilton Depression Scale; HAMA: Hamilton Anxiety Scale; MoCA: Montreal Cognitive Assessment; SDMT: Symbol Digit Modality Test; TMT: Trail Making Test; SF: Semantic fluency Test - Animal; AVLT: Auditory Verbal Learning Test; FSS: Fatigue severity Scale. CNRSN: contrast to noise ratio of substantia nigra; CNRLC: contrast to noise ratio of locus coeruleus; Vol: volume; MD: mean diffusivity.
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