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Abstract

INTRODUCTION:Most individuals with isolated rapid eye movement sleep behavior

disorder (iRBD) develop dementia with Lewy bodies (DLB) or Parkinson’s disease (PD).

Brain biomarkers predicting specific phenoconversion trajectories are lacking.
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List of contributors involved in the ICEBERG

Study Group is available in the Appendix

section.
METHODS: In thismulticenter diffusionmagnetic resonance imaging study (261 iRBD,

177 controls), free water (FW) was measured in the nucleus basalis of Meynert (NBM)

and posterior substantia nigra (SN). Among 230 iRBD patients with follow-up, 64 con-

verted (16 DLB, 38 PD). Time-to-event analyses were performed to assess differential

phenoconversion.

RESULTS: Phenoconverters had higher FW in the NBM and posterior SN. Only FW

in the NBM predicted conversion to DLB over PD. NBM volume predicted DLB con-

version, but only FW remained significant when both were modeled. FW in the NBM

correlated with lowerMoCA scores in iRBD.

DISCUSSION: FW in the NBM is a sensitive biomarker of cognitive decline and

DLB progression in iRBD, outperforming volume and supporting its use in early

stratification.

KEYWORDS

biomarker, dementia with Lewy bodies, diffusion magnetic resonance imaging, free water,
Parkinson’s disease, prognosis, REM sleep behavior disorder

Highlights

∙ FW in the NBM specifically identifies conversion to DLB.

∙ Increased FW in the NBM is associated with lower global cognition in iRBD.

∙ FW in the SN in iRBD does not relate more to DLB than PD.

∙ FW in the NBM is a biomarker of differential phenoconversion in iRBD.

1 BACKGROUND

Isolated rapid eye movement (REM) sleep behavior disorder (iRBD) is

a parasomnia characterized by the loss of normal muscle atonia dur-

ing REM sleep, resulting in abnormal and often violent movements

and vocalizations.1 It is widely recognized as an early manifesta-

tion of synucleinopathies such as dementia with Lewy bodies (DLB),

Parkinson’s disease (PD), and multiple system atrophy (MSA) with

over 90% of individuals progressing to one of these diseases within

15 years.2 Patients with iRBD experience brain changes similar to

those seen in overt synucleinopathies, including brain atrophy,3–9

abnormal perfusion,10–14 and reduced striatal dopamine transporter

binding.15–17 Although existing imaging markers have been exam-

ined as potential predictors of disease progression, they have rarely

been tested in large multicentric studies or across varying magnetic

resonance imaging (MRI) parameters and often lack specificity in dis-

tinguishing between progression to pathology, such as DLB and PD.18

Given these limitations, there is a crucial need for novel biomarkers

that can stratify iRBD patients based on neurodegeneration severity

in targeted brain regions and predict differential progression to DLB

or PD. This could guide early targeted neuroprotective interventions,

potentially altering the course of the disease.

Free water (FW) quantification from diffusion MRI is a promis-

ing approach that quantifies extracellular isotropic diffusion FW to

reflect neuroinflammation, edema, and neurodegeneration.19 This

technique enhances traditional diffusion tensor imaging through a

bi-compartment model that separates the isotropic diffusion of extra-

cellular FW from the anisotropic, restricted diffusion within tissue.19

This approach has been applied in various neurodegenerative dis-

eases to detect increases in FW, including PD, where increased FW

content has been observed in the posterior region of the substan-

tia nigra (SN),20–26 a basal ganglia structure strongly associated with

parkinsonism and synucleinopathies.27 FW increase in the SN has

been associated with several disease markers and clinical features in

PD, including reduced dopamine binding in the striatum28 and motor

features, particularly bradykinesia.29 FW increases in the basal fore-

brain (specifically in the nucleus basalis of Meynert [NBM]) of PD

patients have also been reported in numerous studies and have been

associatedwith cognitive dysfunction, particularly attention andmem-

ory deficits.30–34 In DLB, similar FW alterations have been observed

in the NBM and associated with cholinergic deficits and cognitive

decline.35

Although FW imaging has been studied in PD and DLB, there are

limited data on its application in the prodromal phase, such as iRBD.

To date, only three single-center studies have investigated FWchanges

in the basal forebrain or posterior SN in iRBD patients (≤57 patients)

compared to healthy controls.28,31,36 Although one study did not find

changes between iRBD and controls,36 the others found increased

FW content, intermediate between those of controls and PD patients,

in the basal forebrain or posterior SN.28,31 This suggests that FW



HADDAD ET AL. 3 of 16

increases in iRBD reflect disease progression and early neurodegen-

erative changes. However, these studies were limited by the absence

of longitudinal data and multicentric validation, raising uncertainties

regarding the predictive value of FW for differential disease progres-

sion in iRBD. Understanding FW changes in the posterior SN andNBM

may reveal markers of motor and cognitive pathways associated with

phenoconversion from iRBD to PD or DLB.

In this study, we leveraged the largest collection of diffusion MRI

scans from video-polysomnography (vPSG)-confirmed iRBD patients

and healthy controls, obtained from ongoing prospective, longitudinal

cohort studies across five sites worldwide. We processed the diffu-

sion MRI data to extract FW content from the NBM and posterior SN

and compared FW content between iRBD patients and controls. We

assessed the clinical correlations of FW content in iRBD patients and

investigated its predictive capability for determining specific disease

progression subtypes, including DLB and PD, or remaining disease-

free. Finally, we investigated whether FW predicted phenoconversion

independently of structural atrophy in the NBM. We hypothesized

that increased FW content in the NBM and posterior SN would be

predictive of specific phenoconversion in iRBD patients.

2 METHODS

2.1 Sample

This longitudinal,multicenter, prospective study includedpatientswith

vPSG-confirmed iRBD and healthy controls who underwent brainMRI,

namely, T1-weighted and diffusion-weighted scans. Recruitment was

conducted independently at five sites within well-established longitu-

dinal cohorts in sleep andmovement disorder clinics. The sites included

the Centre for Advanced Research in Sleep Medicine at the Hôpital

du Sacré-Coeur de Montréal and The Neuro,37 Montreal, Canada; the

First Faculty of Medicine at Charles University, Prague, Czechia; the

Oxford Discovery Cohort, Oxford, United Kingdom; the Movement

DisordersClinic at theHôpital de laPitié-Salpêtrière, Paris, France; and

the Parkinson’s ProgressionMarkers Initiative study.38

iRBD was diagnosed according to the International Classification

of Sleep Disorders (third edition) criteria, with all patients undergoing

one night of vPSG recording.39 Following diagnosis, patients under-

went neurological and cognitive assessments to confirm that RBD

was in its isolated phase, iRBD. Patients were excluded if they had

already developed an overt neurodegenerative synucleinopathy (DLB,

PD, or MSA) at the clinical evaluation closest to the MRI acquisi-

tion, as defined by established diagnostic criteria for DLB, PD, and

MSA.40–42 Additional exclusion criteria included any history of brain-

stem stroke, a diagnosis of epilepsy, epileptiformabnormalities onEEG,

antidepressant-triggered RBD, and RBD mimics such as sleepwalking,

night terrors, or untreated obstructive sleep apnea. All patients under-

went the Montreal Cognitive Assessment (MoCA) to evaluate global

cognitive functionand theMovementDisorder Society-sponsoredUni-

fied Parkinson’s Disease Rating Scale (MDS-UPDRS-III) to assess the

severity of parkinsonian motor features.43,44 Patients were monitored

RESEARCH INCONTEXT

1. Systematic review: The authors searched PubMed using

“free water,” “REM sleep behavior disorder,” and “synu-

cleinopathy.” FW imaging has emerged as a promising

biomarker of neurodegeneration, but previous studies in

iRBD were single-center and lacked longitudinal valida-

tion.

2. Interpretation: This study demonstrates that FW

increase in the NBM is a potential biomarker for identi-

fying iRBD patients at high risk of developing DLB. FW

in the NBM, but not the SN, predicted conversion to

DLB over PD. Increased FW is also associated with lower

global cognition in iRBD.

3. Future directions: FW in theNBMcould help selectmore

homogeneous patient groups for neuroprotective tri-

als targeting early DLB-related pathological mechanisms.

It may also serve as a brain-based biological endpoint

for assessing neuroprotective efficacy. Future research

should integrate FWwith other brain biomarkers in early

and manifest DLB to better understand its role in disease

progression and therapeutic response.

prospectively with annual neurological and cognitive examinations to

assess any conversion to PD, DLB, or MSA. This study was approved

by the research ethics committees at each participating site, with mul-

ticentric approval from the CIUSSS du Nord-de-l’Île-de-Montréal and

the McGill University Health Centre. All procedures adhered to the

ethical standards of the 1964 Declaration of Helsinki and its later

amendments. A subset of these participants was studied previously as

part of multicentric imaging studies using T1- or diffusion-weighted

MRI scans in iRBD.3,4,45,46

2.2 MRI processing

T1- and diffusion-weighted brain MRI scans were acquired at each

site using 3T MRI scanners, with acquisition parameters detailed in

the SupplementaryMaterial. All MRI scans were visually inspected for

artifacts before processing (Figure S1 for workflow). The T1-weighted

MRI scans were first processed using FreeSurfer (version 7.1.1), fol-

lowing established methods to segment the cortical and subcortical

structures.3 The segmented maps and surfaces from FreeSurfer were

then combined with the diffusion-weighted images and corresponding

bval and bvec files as inputs to the TractoFlow-Atlas-Based Segmen-

tation (TractoFlow-ABS) pipeline47 run on high-performance comput-

ing (HPC) resources. TractoFlow-ABS is an automated diffusion MRI

processing pipeline designed to perform artifact removal, preprocess-

ing, and tractography for robust, large-scale quantitative analyses.47

Key parameters for diffusion imaging processing included both
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single-shell and multishell data, and FW estimation was performed

using single-shell data. Fiber response functions were set adaptatively,

and tractography was conducted using local probabilistic tracking.

Seeding was applied at the white matter/gray matter interface with 20

seeds per voxel. Spherical harmonics were set to order 6 for datasets

with fewer than 32 gradient directions and to order 8 otherwise. FW

fractions, ranging from0 to 1 per voxel, were calculated using the Free-

Water Flow tool19,48–50 and Python 3.8 with AMICO wheels on HPC

resources. Key parameters included an axial diffusivity of 0.001 in the

corpus callosum, a mean diffusivity of 0.0025 in the ventricles, and a

radial diffusivity range of 0.0001 to 0.0065,with specific regularization

settings.

To extract FW content, regions of interest (ROIs) were aligned

with the Montreal Neurological Institute (MNI152) template space.

Basal forebrain ROIs were derived using a probabilistic atlas from post

mortem data in the JuBrain Anatomy toolbox (version 2.2) with Mesu-

lam’s nomenclature. Two distinct basal forebrain ROIs were selected,

namely, the left and right NBM, as the primary ROIs. SN ROIs were

defined using an isotropic 2-mm box in MarsBar, with coordinates set

for left posterior SN (x=−11, y= −21, z =−13) and right posterior SN
(x = 11, y = −21, z = −13) as target areas, as well as left anterior SN
(x=−9, y=−15, z=−13) and right anterior SN (x= 9, y=−15, z=−13)
as additional control areas (Figure S1).

For mask registration, T1-weighted images were further processed

using the CAT12 toolbox in SPM12 (release 6906)51 under MATLAB

R2018B to produce whole-brain warped and modulated maps per

patient. This step involved segmentation into tissue classes, bias cor-

rection for intensity nonuniformity, and non-linear transformation to

MNI template space. Transformation maps for aligning ROIs to patient

space were generated using Advanced Normalization Tools with cus-

tomized codes. This procedure involved registering each mask to the

T1-warped image fromTractoFlowusing the antsApplyTransforms tool

with the NearestNeighbor function. MarsBar-defined ROIs were simi-

larly transformed. Customized scripts were then used to extract mean

FWvalues for each ROI. FW values close to 0 indicate restrictedwater

movementwithin tissue,while values near 1 reflect free diffusion in the

extracellular space, indicating neuroinflammation.

To determine whether FW content in the basal forebrain predicted

phenoconversion independently of regional atrophy, we also extracted

graymatter volume from the sameNBM regions in all participants. The

NBM ROIs were identical to those used for FW extraction. Masks for

the left and right NBMwere co-registered and resliced to theMNI152

template using SPM12. Gray matter volume estimates (in cubic mil-

limeters [mm3]) were then extracted from unsmoothed, modulated

graymattermaps using the “get_totals” script. Since volume scaleswith

head size, total intracranial volume was extracted for each participant,

and all volume measures were normalized by dividing each regional

volume by the corresponding total intracranial volume.

2.3 Statistical analyses

To address variability in multicenter data collected using different

scanners, the ComBat harmonization algorithm was applied to the

FW values to correct for scanner-related effects.52,53 This method

has been validated in neuroimaging studies, including diffusion MRI,54

and enables robust site-level adjustment while preserving biological

variability.

The primary outcome variable was phenoconversion status in iRBD

patients, categorized into three groups: iRBD converters to DLB,

iRBD converters to PD, and iRBD non-converters (disease-free at last

follow-up). For cross-sectional analyses, group comparisons of nor-

mally distributed demographic, clinical, and imaging variables (FW

and volume) were performed using independent sample t-tests for

continuous variables and chi-squared tests for categorical variables.

Non-normally distributed variables were assessed using the Mann–

Whitney U test. Correlations between FW values in the NBM and

posterior SN and clinical features (MoCA and MDS-UPDRS-III) were

assessed using Pearson’s r, followed by partial correlations controlling

for age and sex. Hemispheric differences in correlation strength were

assessed usingHotelling’s t-test and Zou’s confidence interval method.

For longitudinal phenoconversion analyses, multinomial logistic

regression was used to evaluate the predictive value of FW measures

on phenoconversion odds. Model 1 tested FW in the NBM, Model 2

tested FW in the posterior SN, and Model 3 included both regions

simultaneously, adjusting for age and sex in all models. To confirm

regional specificity, these models were repeated using the FW values

from the anterior SN as a control region. To examine whether FW pre-

dicted phenoconversion independently of structural atrophy, we also

tested whether NBM volume predicted conversion type and whether

FWpredicted phenoconversion when both FWandNBMvolumewere

added in the same regressionmodel.

To investigate time to phenoconversion, Kaplan–Meier survival

analyses were performed. The MRI acquisition date was considered

time 0, and follow-up time was computed as the interval to the latest

clinical evaluation (or date of phenoconversion). Patients were strat-

ified into high and low FW groups based on the median value within

the iRBD sample. Log-rank tests were used to assess group differences

in survival. Additional Kaplan–Meier curves were generated for spe-

cific conversion types (DLB vs PDvs non-converters). Cox proportional

hazards regression models were used to assess whether FW content

predicted time to phenoconversion independently from age, sex, and

clinical measurements. All FW values were z-scored to standardize

interpretation of odds ratios (ORs) and hazard ratios. Likelihood ratio

tests were used to evaluate model fit. All statistical analyses were con-

ducted using IBM SPSS Statistics (version 29.0) and RStudio (version

2023.06.2).

3 RESULTS

3.1 Participants

The multicenter iRBD cohort initially included 592 participants, com-

prising 289 vPSG-confirmed iRBD patients and 303 controls, each

with both T1- and diffusion-weighted brain MRI scans acquired across

five centers as part of this prospective study (Figure 1). The cohort

included 159 participants from Montreal, 140 from Prague, 132 from
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592 participants

438 participants

261 iRBD 177 controls

31 lost during FU

230 with clinical FU

64 converters 166 non-converters

16 DLB 38 PD 10 others

272 participants

129 controls 143 iRBD

122 with clinical FU

90 non-converters32 converters

166 exclusions

154 exclusions:
- 25 due to QC
- 129 due to age & sex matching

10 DLB

48 converters

30 PD 8 others

115 non-converters

67 with missing 
clinical info

21 lost during FU

163 with clinical 
data

86 with clinical 
data

24 converters

6 DLB 13 PD 5 others

62 non-converters

post-pSN QC post-NBM QC

36 with missing 
clinical info

group comparisons (iRBD vs. controls)

time-to-phenoconversion analyses

time-to-differential-phenoconversion analyses

9 DLB 17 PD 6 others

F IGURE 1 Flowchart illustrating participant selection and inclusion for NBM and pSN analyses. Participants were excluded based on quality
control, demographic matching, and availability of clinical measures. Time-to-differential-phenoconversion analyses were only done for the NBM,
as only FW in the NBMwas retained as a significant predictor when used alongside the pSN. DLB, dementia with Lewy bodies; FW, free water;
iRBD, isolated REM sleep behavior disorder; NBM, nucleus basalis ofMeynert; PD, Parkinson’s disease; pSN, posterior substantia nigra; QC,
quality control.

Oxford, 107 fromParis, and54 from theParkinson’s ProgressionMark-

ers Initiative study. All scans successfully passed initial diffusion MRI

processing; however, 25 were excluded during visual quality control

due to misregistration, resulting in 567 scans eligible for analysis. To

ensure comparability between iRBD and control groups, 129 scans

were excluded for statistical matching on age and sex. Most exclu-

sions occurred in the control group, with 126 controls and 28 iRBD

patients excluded. All MRI processing and FW estimation were per-

formed prior to matching to prevent post hoc quality control from

introducing imbalances. A total of 438 participants (261 iRBDpatients,

177 controls) were therefore retained for analyses involving the pos-

terior SN, with no further exclusions, as all scans showed satisfactory

alignment.

In this sample, iRBD patients had a mean age of 66.3 years (SD:

6.5), with 32 (12%) identifying as female. The mean MoCA score was

25.4 (SD: 3.0), and the mean score on the MDS-UPDRS-III was 6.4

(SD: 5.5) (Table 1). iRBD patients had significantly lower MoCA scores

and higher MDS-UPDRS-III scores compared to controls (p < 0.001).

As expected, based on the initial group compositions, demographic

comparisons between included and excluded participants reflected

the effects of matching. Excluded controls were significantly younger

(58.1 years, p < 0.001) and more often female (72%, p < 0.001),

while excluded iRBD patients were older (73.9 years, p < 0.001). No

significant differenceswere observed inMoCA scores (p= 0.24),MDS-

UPDRS-III (p= 0.91), or sex (p= 0.20) among excluded versus included

iRBDpatients. Following a strict quality control procedure for theNBM

due to its anatomical proximity to cerebrospinal fluid (CSF), which

can contaminate FW estimates, 272 MRI scans were retained for this

region, comprising 143 iRBDpatients and129 controlswith similar age

(p=0.62) and sex distribution (p=0.13). Patientswith iRBD included in

theNBM (n= 143) and posterior SN analyses (n= 261) did not differ in

age (p = 0.33), sex distribution (p = 0.73), MoCA scores (p = 0.40), and

MDS-UPDRS-III scores (p= 0.50).

3.2 Free water does not distinguish between
iRBD patients and controls

We first investigated whether FW content in the NBM and posterior

SN differed between the overall group of iRBD patients and controls.

In the NBM, the mean FW value was 0.295 (SD: 0.07) for patients and

0.291 (SD: 0.07) for controls, with a non-significant mean difference of

−0.004 (95%confidence interval [CI]:−0.02 to0.01;p=0.61) (Figure2,

Tables 1 and S1 for center-specific demographic and clinical varibles).

Similarly, in the bilateral posterior SN, the mean FW value was 0.216

(SD: 0.10) for patients and 0.221 (SD: 0.10) for controls, with a non-

significant mean difference of 0.006 (95% CI: −0.01 to 0.02; p = 0.54)

(Figure 2 and Table 1). Furthermore, no significant difference in FW
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F IGURE 2 FW levels in iRBD patients and controls. (A) Box plots and violin plots showing distribution of FW content in NBMand pSN for iRBD
patients (red) and healthy controls (blue). FW content is presented after harmonization for scanner effects, with values standardized to positive
values for visualization purposes. No significant differences were observed between groups in either region. (B) Box plots and violin plots showing
distribution of FW content in NBM and posterior SN for iRBD converters (dark red) and non-converters (light red). FW content in NBM and pSN
was significantly increased in iRBD converters compared to non-converters. FW, free water; iRBD, isolated REM sleep behavior disorder; NBM,
nucleus basalis ofMeynert; pSN, posterior substantia nigra.

content was observed between groups when the NBM and posterior

SN were separated into left and right hemispheres or when analyzing

the anterior SN as a control region (Figure 2, Table 1, and Figure S2).

Controls excluded after processing and matching had lower FW in the

NBM (0.24, p < 0.001), while excluded iRBD patients had higher NBM

FW (0.37, p= 0.013) (i.e., no bias introduced towards research hypoth-

esis), with no significant differences in the posterior SN or anterior SN

(p> 0.05).

3.3 Free water in NBM is associated with
cognitive decline

We examined whether FW content in the NBM and posterior SN was

correlated with MoCA and MDS-UPDRS-III scores in iRBD patients.

We observed a significant negative correlation between FW in the

NBM and MoCA scores in iRBD patients, with increased FW con-

tent associated with decreased MoCA scores (r = −0.25, p = 0.004)

(Figure 3). This association was significant in both hemispheres, with

a correlation of r = −0.27 (p = 0.002) in the left hemisphere and

r = −0.18 (p = 0.036) in the right hemisphere. The strength of

the correlation between FW and MoCA did not significantly dif-

fer between hemispheres (coefficient difference = −0.08, 95% CI:

−0.23 to 0.06, p = 0.23). However, after adjusting for age and sex,

the association remained significant only for the left NBM. In con-

trast, there were no significant correlations between FW content

in either the NBM or the posterior SN and MDS-UPDRS-III scores

in iRBD patients (p = 0.45 for NBM, p = 0.58 for posterior SN).

Additionally, FW content in the posterior SN did not show a sig-

nificant correlation with MoCA scores in iRBD patients (p = 0.59),

nor were there significant correlations with FW in the control group

(all p> 0.05).

r = -0.09
P= 0.33

-0.25
0.004

NBM FW content 

M
oC

A

12

16

20

24

28

Group
Control

iRBD

0.1 0.2 0.3 0.4

F IGURE 3 Scatter plot showing relationship between FW content
in NBM andMoCA scores in iRBD patients (red) and healthy controls
(blue). The shaded areas represent the 95% confidence intervals for
the regression lines. In iRBD, higher FW content in the NBMwas
significantly associated with lowerMoCA scores; no significant
correlation was observed in controls. FW, free water; iRBD, isolated
REM sleep behavior disorder; MoCA,Montreal Cognitive Assessment;
NBM, nucleus basalis ofMeynert.

3.4 Increased FW is associated with higher risk of
phenoconversion in iRBD

To assess whether FW may be associated with disease progression

in iRBD, we compared FW content in the NBM and posterior SN

between iRBD patients who progressed to an overt synucleinopa-

thy during follow-up versus those who remained disease-free. Of

the 261 patients, 31 (12%) were lost to follow-up, resulting in a

sample of 230 iRBD patients followed longitudinally. There were no
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F IGURE 4 Kaplan–Meier survival curves showing survival probabilities (i.e., remaining disease-free at the latest clinical follow-up compared
to receiving a diagnosis of neurodegenerative disease) over time based on FW content in (A) NBM and (B) the pSN. High FW content based on
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significant differences in FWvalues between patients lost to follow-up

and those followed longitudinally for the NBM (p = 0.56), poste-

rior SN (p = 0.45), anterior SN (p = 0.55), or in age (p = 0.06), sex

(p = 0.06), and MDS-UPDRS-III score (p = 0.38). However, a signifi-

cant differencewas observed inMoCAscores (p=0.002),with patients

lost to follow-up showing lower cognitive performance compared to

those retained (23.7 vs 25.7, p = 0.002). Patients were followed for

a median of 8.4 years (range: 4 months to 16 years). At their latest

clinical examination, 64 (28%) patients had converted to a neurodegen-

erative disease (converters), while 166 (72%) remained disease-free

(non-converters). There were no significant differences between con-

verters and non-converters regarding age at MRI scan (p = 0.52),

sex (p = 0.65), and MDS-UPDRS-III score (p = 0.28) (Table 1). How-

ever, iRBD converters had lower scores on the MoCA (p = 0.028)

(Table 1).

When stratifying iRBD patients by phenoconversion status, we

found significant differences in FW content between converters and

non-converters. iRBD converters exhibited higher FW values bilater-

ally in the NBM compared to non-converters, with a mean difference

of −0.044 ± 0.013 (95% CI: −0.070 to −0.019, p < 0.001) (Table 1 and

Figure 2). This increase was significant in both the left (mean differ-

ence: −0.045 ± 0.015, 95% CI: −0.074 to −0.016, p = 0.003) and right

NBM (mean difference: −0.042 ± 0.038, 95% CI: −0.069 to −0.015,
p = 0.003) (Table 1). In the posterior SN, iRBD converters showed

increased FW only on the left side (mean difference: −0.034 ± 0.017,

95% CI: −0.068 to −0.002, p = 0.038) (Table 1 and Figure 2). To ver-

ify the specificity of these findings, we further assessed FW content in

the anterior SN as a control region and did not find significant changes

between groups (p= 0.48 on the left and p= 0.28 on the right) (Table 1

and Figure S3). When comparing iRBD converters and non-converters

to controls,we found that iRBDnon-convertershad similar FWcontent

in theNBM(p=0.34) andposterior SN (p=0.23) compared to controls.

Of the 230 iRBD patients with follow-up, 67 had missing clinical

information for time-to-event analyses, resulting in a post-quality-

controlled sample of 163patients (48 converted) for posterior SNanal-

yses and 86 patients (24 converted) for NBM analyses. Kaplan–Meier

survival analyseswere conducted to assesswhether FWcontent in the

NBM and posterior SN predicted time to phenoconversion (in years)

in iRBD (Table S2 for demographics). Patients were dichotomized into

high and low FW groups based on the median FW content across

the iRBD cohort. Survival curves revealed that higher FW content in

both the NBM (p = 0.016) and posterior SN (p = 0.00084) was associ-

ated with a significantly increased risk of phenoconversion over time

(Figure 4). When adjusting for age and sex using Cox proportional

hazards regression models, increased FW in both regions remained

significant predictors of phenoconversion. Specifically, higher FW in

the NBM was associated with a two-fold increased risk of conver-

sion (HR = 2.35, 95% CI: 1.36 to 4.05, p = 0.002) and increased

FW in the posterior SN was linked to a 1.3-fold increased conversion

risk (HR = 1.33, 95% CI: 1.00 to 1.77, p = 0.048) (Table S3). Among

patients with high FWcontent in theNBM, 80% remained disease-free

at 2 years compared to 95% of those with low FW content; survival

dropped to 68% at 4 years and 60% at 8 years (Figure 4A). Similarly, for

the posterior SN, 79% of patients with high FW content were disease-

free at 2 years (vs 94% with low FW), 67% at 4 years, and 58% at 8

years (Figure 4B). However, importantly, Cox regressionmodels includ-

ing FW in both the NBM and posterior SN, along with age and sex,

revealed that only NBM FW was a significant predictor of phenocon-

version in iRBD (HR = 2.30, 95% CI: 1.33 to 3.98, p = 0.003), and

not posterior SN (HR = 1.12, 95% CI: 0.74 to 1.69, p = 0.58) (Table
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S3). Furthermore, when adding bothMoCA andMDS-UPDRS-III to the

previously mentioned predictors, only NBM FWwas a significant pre-

dictor of phenoconversion in iRBD (HR = 2.57, 95% CI: 1.32 to 4.98,

p = 0.005) (Table S3). This indicates that while increased FW content

in the NBM or posterior SN was associated with a higher risk of phe-

noconversion in iRBD, only FW in the NBM predicted this risk when

considered simultaneously.

3.5 Free water in NBM predicts DLB over PD in
iRBD

We next investigated whether FW content in the NBM and posterior

SN could predict specific phenoconversion pathways (i.e., DLB vs PD)

in iRBD. Among the 230 iRBD patients with longitudinal follow-up, 10

(4%) converted to other neurodegenerative syndromes (e.g., MSA or

pure autonomic failure) and were excluded, yielding a sample of 220

iRBD patients. These were classified as converters to DLB (n = 16),

converters to PD (n = 38), or non-converters (n = 166). Model 1 (logis-

tic regression), testing FW in the NBMwhile adjusting for age and sex,

revealed that higher FW content significantly predicted conversion to

DLB compared to remaining disease-free (β = 1.94, p < 0.001), with an

OR of 6.92 (95% CI: 2.28 to 21.04) per one-SD increase in NBM FW

(Table 2). In contrast, NBM FWdid not significantly predict conversion

to PD (β = 0.51, p = 0.11, OR = 1.67, 95% CI: 0.89 to 3.15). However,

FW in the NBM did differentiate DLB from PD converters (β = 1.42,

p = 0.019), with an OR of 4.14 (95% CI: 1.26 to 13.55), suggesting

selective sensitivity to DLB progression (Table 2).

Model 2, testing FW in the posterior SN alone, along with age and

sex, was not significant (p> 0.27) (Table 2). To rule out sample composi-

tion as a confounding factor,we repeated this posterior SNmodel using

the same subset of iRBD patients as included in the NBM analysis. In

this restricted sample, FW in the posterior SN also did not predict con-

version to DLB (p= 0.36) or PD (p= 0.75). Model 3, which included FW

in both the NBM and posterior SN, along with age and sex, confirmed

that NBM FW predicted phenoconversion to DLB versus remaining

disease-free (β = 1.90, p < 0.001, OR = 6.69, 95% CI: 2.22 to 20.19), as

well as DLB versus PD (β = 1.39, p = 0.021, OR = 4.00, 95% CI: 1.23 to

12.99) (Table 2). FW in the anterior SN (control region) was not associ-

atedwith phenoconversion in any of the analyses (Table S4). In terms of

time-to-event analyses (TableS5 fordemographics), Kaplan–Meier sur-

vival curves further indicated that iRBD patients with higher FW in the

NBM had a significantly greater likelihood of converting to DLB over

time compared to remaining disease-free (p= 0.023), with a trend also

observed for conversion to PD compared to remaining disease-free

(p = 0.051) (Figure 5). However, in Cox proportional hazards regres-

sion models adjusting for age and sex, only FW in the NBM remained

a significant predictor of DLB conversion (HR = 8.22, 95% CI: 2.00 to

33.80, p = 0.003), while association with PD was no longer significant

(HR= 1.59, 95%CI: 0.80 to 3.18, p= 0.19) (Tables S6 and S7). This indi-

cates that increasedFWcontent in theNBM is a specificmarker ofDLB

phenoconversion in iRBD.

3.6 NBM FW predicts conversion independently
of atrophy

Next,we investigatedwhetherFWin theNBMprovidedadditional pre-

dictive value over structural atrophy for identifying iRBD patients at

risk of phenoconversion.MeanNBMvolume (normalized for head size)

was significantly lower in iRBD patients (1.95 × 10−4 ± 1.80 × 10−5)

compared to controls (2.02 × 10−4 ± 1.56 × 10−5), with a mean

difference of 6.62 × 10−6 (95% CI: 3.36 × 10−6 to 9.88 × 10−6,

p < 0.001) (Table 1). Among iRBD patients, converters had lower

NBM volume (1.87 × 10−4 ± 1.60 × 10−5) than non-converters

(1.98 × 10−4 ± 1.84 × 10−5), with a mean difference of 1.11 × 10−5

(95% CI: 5.93 × 10−6 to 1.62 × 10−5, p < 0.001) (Table 1). Lower NBM

volume was significantly associated with increased odds of convert-

ing to DLB compared to remaining disease-free (β = −0.77, p = 0.044,

OR=0.46, 95%CI: 0.22 to0.98), but not toPD (β=−0.35,p=0.15), and

did not distinguish DLB from PD (β = -0.42, p = 0.30) (Table 3). When

both NBM FW and NBM volume were entered into the same model,

FW in theNBMwas a significant predictor ofDLB conversion (β=2.01,

p = 0.035, OR = 7.45, 95% CI = 1.15 to 48.24), while NBM volume

was no longer significant (β = −0.73, p = 0.16) (Table 3). These find-

ings demonstrate that FW in the NBM is a more sensitive and specific

marker of phenoconversion to DLB than structural atrophy.

4 DISCUSSION

In this study, we leveraged the largest collection of diffusion MRI

scans from vPSG-confirmed iRBD patients and healthy controls to

investigate whether FW content in the NBM and posterior SN pre-

dicted phenoconversion trajectories in iRBD. Our results demonstrate

that changes in FW within these regions are associated with disease

progression toward synucleinopathies. Although no significant group

differences were observed between iRBD patients and controls in

either the NBM or posterior SN overall, stratification by phenocon-

version status revealed that increased FW content in both regions

was present among converters. Importantly, increased FW in the NBM

was selectively associated with conversion to DLB, rather than PD

or remaining disease-free, indicating it may serve as an early marker

of DLB-specific progression. Although NBM volume was also signifi-

cantly reduced in iRBD patients and in converters, only FW remained

a significant predictor of DLB conversion when both measures were

entered into the same model. This suggests that FW in the NBM cap-

tures disease-relevant structural changes beyond atrophy, offering a

more sensitive biomarker of phenoconversion risk in iRBD.

Several studies have shown that increases in FW occur in overt

synucleinopathies, reflecting neuroinflammation, gliosis, axonal dam-

age, and cell loss.55 In PD, FW increases in the posterior SN and

basal forebrain have been associated with motor features, attentional

deficits, and memory impairments.20,28–30 In DLB, FW increases in the

NBM have been associated with cholinergic dysfunction and cognitive

decline.35 Importantly, these FW changes can be observed even in the
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F IGURE 5 Kaplan–Meier survival curves showing association of FW content in NBM to predict phenoconversion risk to (A) DLB and (B) PD
compared to remaining disease-free in iRBD. High FW content based onmedian FW level is represented in red, and low FW content is represented
in blue. Shaded areas indicate 95% confidence intervals for each group. DLB, dementia with Lewy bodies; FW, free water; HR, hazard ratio; iRBD,
isolated REM sleep behavior disorder; KM, Kaplan-Meier; NBM, nucleus basalis ofMeynert; PD, Parkinson’s disease; pSN, posterior substantia
nigra.

earliest stages of disease, with studies reporting increases within the

first year of diagnosis in de novo PD patients.20,56 In iRBD, a prodromal

synucleinopathy where over 90% of patients progress to either DLB

(43.5%) or PD (56.5%),1,2,57 FW imaging has yielded mixed findings.

Although two studies reported increased FW in the posterior SN and

NBM,28,31 another foundno significant FWdifferences in the posterior

SN between iRBD patients and controls.36 In our study, we similarly

found no group-level FWdifferences in theNBMor posterior SNwhen

comparing all iRBD patients to controls. However, when stratifying

iRBD patients based on their phenoconversion status, FW content in

both the NBM and posterior SN significantly differed between groups.

This indicates that FW changes are not associated with the mere pres-

ence of iRBD but rather with its progression, supporting the notion

that FW is better suited as a prognostic marker than a diagnostic one.

These FWdifferences parallel previous neuroimaging findings in iRBD,

including basal forebrain atrophy,58–60 reduced neuromelanin signal in

the SN,61 and decreased nigrostriatal dopaminergic function.62

Importantly, we observed that FW increases in the NBM were

specifically associated with disease progression toward DLB. Higher

FW content in the NBM consistently predicted conversion to DLB,

rather than PD or stable disease, even after adjusting for age and

sex. Even when considering FW in the posterior SN as a covari-

ate, ORs indicated that each SD increase in FW was associated with

a seven-fold higher risk of developing DLB compared to remaining

disease-free in iRBD and a four-fold higher risk of developing DLB

compared to developing PD, underscoring the strong predictive util-

ity of NBM FW for DLB conversion. These findings align with recent

multimodal brain-clinical models, such as a multivariate SPECT per-

fusion signature implicating the basal forebrain in predicting DLB

versus PD trajectories in iRBD.10 Similarly, basal forebrain atrophy in

iRBD has been reported9,63 and linked to cognitive impairment,58 and

reduced cortical acetylcholinesterase activity has been associatedwith

microglial activation in the SN.64 Longitudinal data further suggest that

cholinergic dysfunction in iRBD worsens over time,65 reinforcing the

vulnerability of the cholinergic system in prodromal DLB. Our results

are also in line with studies showing increased FW in the NBM of

patients with DLB.35 In addition, NBM atrophy has been observed in

iRBD patients with mild cognitive impairment,60 a condition consid-

ered a strong risk factor for DLB phenoconversion.66 Importantly, in

this study, we demonstrate that despite showing NBM atrophy, only

FW in the NBM is retained as a significant predictor of the devel-

opment of DLB in iRBD. This extends the literature by showing that

structural changes in the NBM, as indexed by FW, can serve as an early

and specific marker of conversion to DLB in iRBD. That FW content

in the posterior SN did not distinguish between DLB and PD convert-

ers may reflect the overlap in parkinsonian motor features shared by

both disorders, which are less useful for predicting differential clinical

trajectories.46

This study had some limitations. First, although it represents the

largest currently available cohort of brain MRI scans from vPSG-

confirmed iRBD patients and demonstrates the feasibility of using FW

as a biomarker across sites with heterogeneous imaging protocols, the

number of patients who had phenoconverted to PD or DLB remains

limited. Larger samples of converters and replication in independent

cohorts will be essential to strengthen the generalizability of our find-

ings. Second, we focused on phenoconversion to DLB and PD due to

the small number of patients who developed MSA (n = 4) or other

conditions (n = 6). Future studies should aim to include a more repre-

sentative sample ofMSA cases to better characterize the full spectrum

of phenoconversion trajectories. Third, only a single MRI time point

was available for each participant, which precludes the longitudinal

assessment of FW dynamics over time. Fourth, clinical phenotyping



HADDAD ET AL. 13 of 16

across sites was limited to common variables (MoCA and MDS-

UPDRS-III), and future multicentric efforts should harmonize more

comprehensive clinical and neuropsychological assessments to better

understand the clinical correlates of early FW changes. Fifth, APOE ε4
carrier status, despite its known association with faster progression to

DLB,67 was not available in this dataset and could not be considered

in the analyses. Sixth, region-specific challenges in quality control, par-

ticularly in the NBM due to its proximity to CSF-filled spaces, led to a

reduced sample size for this region. This highlights the need for robust

and automated segmentation tools tailored to deep basal forebrain

structures. Nevertheless, analyses of FW in the NBM and posterior

SN conducted in the same subset of participants yielded findings con-

sistent with those from the full sample, mitigating concerns about

selectionbias. Finally, this studydidnot assesshowFWchanges related

to other early neurodegeneration biomarkers (e.g., positron emission

tomography, neuromelanin MRI, or CSF markers), which may provide

additional insight into underlying pathophysiological processes.

In summary, this large, multicenter, prospective study highlights the

potential of FW imaging, particularly in the NBM, as a non-invasive

biomarker for identifying iRBD patients at increased risk of phenocon-

version toDLB. These findings support the integration of FWmeasures

into future prognostic frameworks for prodromal synucleinopathies.
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