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Figure S1. Flowchart shows participant enrollment. LRRK2=leucine-rich repeat kinase 2 mutations; GBA=glucocerebrosidase.

Clinical Evaluations
All participants received the PPMI standard test battery of assessments. In addition to mutation type, other demographic variables were collected, including sex, age, and education. The clinical battery relevant to the analysis includes the Hoehn and Yahr (H-Y) stages, Movement Disorders Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS), Montreal Cognitive Assessment (MOCA), Geriatric Depression Scale (GDS), Epworth Sleepiness Scale (ESS), Rapid Eye Movement Behaviour Disorder Screening Questionnaire (RBDSQ), University of Pennsylvania Smell Identification Test (UPSIT), and Scales for Outcomes in Parkinson’s Disease-Autonomic Function (SCOPA-AUT). All participants were expected to have a dopamine transporter (DAT) scan to assess striatal binding ratios (SBR) in the caudate and putamen, and were analyzed according to the PPMI imaging technical operations manual.

Image Acquisition and Analysis
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]MRI data were collected on 3.0 T TrioTim/Prisma/Verio/Biograph/Skyra (Siemens, Germany) scanners, Achieva dStream/Ingenia (Philips Medical Systems, Netherlands) scanners, SIGNA Architect/DISCOVERY MR750 (GE Medical Systems, United States) scanners. Prior to data collection, the sites involved were provided with the software version specific electronic protocol to be imported into the MRI scanner. The DTI data were collected with the following parameters: 64 gradient directions with one b0 image, b = 1000 s/mm2, voxel size = 1.9831.9832.0 mm3, image matrix = 11611672, flip angle = 90°. The 3D-T1 data were acquired using magnetization prepared rapid gradient echo (MPRAGE) sequence with the following parameters: voxel size = 111 mm3, flip angle = 9°,TE = 2.93–2.98 ms, TR = 2300 ms, TI = 900 ms.
[bookmark: OLE_LINK22]The morphometry analysis was performed based on SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) and CAT12 (https://neuro-jena.github.io/cat/). The T1 images were segmented into different tissue types and warped to the standard space using Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL). The regions of interest (ROIs) of the cBF nuclei were defined according to the Julich-Brain Cytoarchitectonic Atlas,1 which is created from ultra-fine imaging of histologic sections of 23 postmortem brains. Based on cytoarchitecture, the cBF nuclei were separated into 2 parts: cholinergic nuclei 1, 2, and 3 (Ch123) and Ch4. To prepare for diffusion analysis, ROIs in the standard space were also transformed back to each subject’s structural space using the inverse deformation field derived from DARTEL. The preprocessing of DTI images was performed using MRtrix3 (https://www.mrtrix.org/) and FMRIB Software Library (FSL, v6.0, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki), including denoising, removing Gibbs artifact, motion correction, and eddy current correction. Afterwards, the free water model was estimated using the script provided by the MarkVCID projects (https://markvcid.partners.org/markvcid1-protocols-resources). Briefly, two compartments were estimated in this model: a free water compartment which models isotropic diffusion to predominantly highlight water molecules in the extracellular space, and a tissue compartment that reflects the tissue microstructure after removing the signal contributed by free water. The fractional volume of the free water compartment (i.e., the free water measure) reflects the relative contribution of free water in each voxel, ranging from 0 to 1. Each participant’s b0 images were co-registered to the T1 images using the epi_reg function in FSL. It is a tool designed to register functional or diffusion images to structural images, which utilizes boundary-based cost function to improve the precision of registration. The derived transformation matrix was then inversed and applied to the ROIs in the structural space, transforming them to the diffusion image space. To avoid possible contamination from adjacent white matter, we applied additional conditions to voxels included in the ROIs, following two previous studies 2, 3. For this purpose, the fractional anisotropy images were calculated using the dtifit function in FSL. For the cBF, we removed voxels with FA values larger than 0.3 2. Then, the mean free-water values were extracted from each ROI, and the values from bilateral ROIs were averaged. Finally, we harmonized free water values using the COMBAT method to eliminate the confounding effects of multi-site/scanner variability. 4, 5
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Table S1. Demographic and clinical characteristics and SBR and FW values between patients with Parkinson’s disease and Healthy Controls
	
	Healthy Controls
(n=98)
	Parkinson’s Disease (n=281)
	[bookmark: OLE_LINK5][bookmark: OLE_LINK6]p value

	Age (years), mean (SD)
	61.8(11.4)
	62.9(9.2)
	0.415

	Women, n (%)
	41(41.8)
	94(33.5)
	0.136

	Education (years), median (IQR)
	16(13-18)
	16 (14-18)
	0.411

	[bookmark: OLE_LINK3][bookmark: OLE_LINK4]H-Y stage, median (IQR)
	NA
	2(1-2)
	NA

	[bookmark: OLE_LINK25]Disease duration (months), median (IQR)
	NA
	5(3-11)
	NA

	[bookmark: _Hlk142254427]MDS-UPDRS Part I, median (IQR)
	2(0-3)
	5 (3-8)
	<0.001

	MDS-UPDRS Part II, median (IQR)
	0 (0-0)
	5 (2-8)
	<0.001

	MDS-UPDRS Part III, median (IQR)
	0(0-1)
	20(14.5-28.5)
	<0.001

	[bookmark: OLE_LINK64][bookmark: OLE_LINK65][bookmark: OLE_LINK62][bookmark: OLE_LINK63]UPSIT score, median (IQR)
	33(30-37)
	23(17-29)
	<0.001

	[bookmark: OLE_LINK1][bookmark: OLE_LINK2]MOCA score, median (IQR)
	28(27-29)
	28(26-29)
	0.028

	RBDSQ score, median (IQR)
	2 (1-4)
	3 (2-5)
	<0.001

	ESS score, median (IQR)
	5(3-8)
	5 (3-7)
	0.451

	SCOPA-AUT score, median (IQR)
	5(4-8)
	8(5-13)
	<0.001

	GDS score, median (IQR)
	5 (5-6)
	5 (5-6)
	0.325

	SBR-Cau, mean (SD)
	3.02(0.60)
	2.00(0.60)
	[bookmark: OLE_LINK9][bookmark: OLE_LINK10]<0.001

	SBR-Puta, mean (SD)
	2.19(0.52)
	0.87(0.29)
	<0.001


[bookmark: OLE_LINK11][bookmark: OLE_LINK12]H-Y=Hoehn and Yahr; MDS-UPDRS=Movement Disorders Society Unified Parkinson’s Disease Rating Scale; MOCA=Montreal Cognitive Assessment; RBDSQ=Rapid Eye Movement Sleep Behavior Disorder Screening Questionnaire; ESS=Epworth sleepiness scale; UPSIT=University of Pennsylvania Smell Identification Test; SCOPA-AUT=Scales for Outcomes in Parkinson’s Disease-Autonomic Function; GDS=Geriatric Depression Scale; SBR= striatal binding ratio; Cau=caudate nucleus; Puta=putamen; NA=not applicable; FW= free-water.
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]For variables presented as mean (SD), independent samples t-test was used. For variables presented as number (percent), χ2 test was used. For variable presented as median (IQR), Mann-Whitney test was used. 


[bookmark: _GoBack]

Table S2. Comparison of cholinergic nuclei free-water values between patients with Parkinson’s disease and Healthy Controls
	
	Healthy Controls 
	Parkinson’s Disease
	p value* 

	Ch4 FWV, mean (SD)
	0.457(0.086)
	0.476(0.089)
	0.064

	Ch123 FWV, mean (SD)
	0.476(0.066)
	0.473(0.062)
	0.648


FWV= free-water values














image1.tiff
Sporadic patients with PD (n=633), and healthy controls (n=247)
enrolled from PPMI dataset between June 2010 and October 2023.

Excluded:

LRRK2 or GBA mutation carriers in sporadic
patients with PD (n=22);

GBA mutation carriers in healthy controls (n=2).
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Idiopathic patients with PD (n=611), and healthy controls (n=245)
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Participants with baseline diffusion MRI scans finally were included.
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