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Abstract

Background: Isolated REM-sleep-behavior-disorder (iRBD) is one of the earliest manifestations 

of alpha synucleinopathies. Brainstem pathophysiology underlying REM-sleep-behavior-disorder 

has been described in animal models, yet it is understudied in living humans due to the lack of an 

in-vivo brainstem nuclei atlas and to the limited MRI sensitivity.

Objective: To investigate brainstem structural connectivity changes in iRBD patients by using an 

in-vivo probabilistic brainstem nuclei atlas and 7 Tesla MRI.

Methods: Structural connectivity of twelve iRBD patients and twelve controls was evaluated by 

probabilistic tractography. Two-sided Wilcoxon rank-sum test was used to compare the structural-

connectivity-indices across groups.

Results: In iRBD, we found impaired (Z=2.6, p<0.01) structural connectivity in 14 brainstem 

nuclei, including the connectivity between REM-on (e.g. subcoeruleus) and REM-sleep muscle-

atonia (e.g. medullary reticular formation) areas.

Conclusions: The brainstem nuclei diagram of impaired connectivity in human iRBD expands 

animal models and is a promising tool to study and possibly assess prodromal synucleinopathy 

stages.
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Introduction

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

characterized by the absence of muscular atonia and dream enactment behaviors during 

REM-sleep1. iRBD patients have up to 73.5% risk of developing a neurodegenerative 

synucleinopathy (including Parkinson’s disease, multiple system atrophy and dementia with 

Lewy bodies) after 12 years from iRBD-diagnosis2. Thus, iRBD allows the investigation 

of early, premanifest stages of synuclein-specific neurodegeneration when treatment can be 

most effective in arresting its progression. Changes in the brainstem nuclei microstructure 

and connectivity are expected in iRBD, based on studies in animals and in patients with 

brainstem lesions3. These changes are also expected based on ex-vivo human staging 

models of synucleinopathy progression4 (Fig. 1A), which predict early deposition of alpha-

synuclein in caudal brainstem nuclei in premanifest stages. Nevertheless, brainstem changes 

underlying iRBD are currently understudied in living humans due to difficulty in localizing 

brainstem nuclei in conventional images and lack of an in-vivo atlas of these regions.

The objective of our work was to investigate the presence of structural connectivity changes 

of brainstem nuclei in iRBD using high angular-resolution diffusion imaging (HARDI) 

at 7 Tesla, as well as a recently developed probabilistic structural atlas of brainstem 

nuclei of the arousal and motor systems in Montreal-Neurological-Institute (MNI) space5,6, 

expanded in the current work to include all brainstem nuclei relevant for iRBD/premanifest-

synucleinopathy.

Methods

Subjects

Twelve patients with iRBD (age 68±1.6) and twelve age/gender-matched controls (age 

66.3±1.6) underwent 7 Tesla-MRI under Institutional Review Board approval; written 

informed consent was obtained from all participants in accordance with the Declaration 

of Helsinki. iRBD was diagnosed after neurological examination based on the International 

Classification of Sleep Disorders-Third Edition (ICSD-3) diagnostic criteria. Controls had 

no history of sleep disorders or other neurological diseases. See Supplementary Table 1 for 

demographic data.

MRI Acquisition

T1-weighted MEMPRAGE image was acquired with a repetition-time (TR)=2.53s, echo 

times (TE)=2.39, 5.62 ms, inversion time=1.1 s, flip angle=7°, FOV=240×240×240 

mm, bandwidth=332 Hz/pixel, GRAPPA factor=2, isotropic spatial resolution=0.75 mm, 

acquisition time=6′34′′.
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For structural connectivity analyses, diffusion-weighted spin-echo EPI (HARDI) was 

acquired using a custom-built 32-channel receive coil, with parameters: 82 slices, unipolar 

diffusion-weighting gradients, TE=66.8 msec, TR=7.4 sec, phase-encoding direction: 

anterior/posterior, bandwidth=1456 Hz/pixel, partial Fourier=6/8, 60 diffusion directions 

(b-value=2500 s/mm2), seven interspersed “b0” images (b-value=0 s/mm2), isotropic spatial 

resolution=1.7 mm, acquisition time=8′53′′. To perform distortion correction, we also 

acquired seven “b0” images with opposite phase-encoding direction (posterior/anterior).

Data Analysis

Definition of seed and target regions for HARDI-based connectivity 
analysis: As seed regions, we used the structural probabilistic atlas labels of 11 

brainstem nuclei5–7 relevant for iRBD/premanifest-synucleinopathy or involved in motor 

or arousal functions (Fig. 1B), mapped from IIT-MNI-space to native-space (using the 

coregistration transformations explained in Supplementary Materials). We expanded the 

in-vivo brainstem nuclei atlas, creating nine additional probabilistic nuclei labels relevant 

for iRBD/premanifest-synucleinopathy (Fig. 1C–D), using the same dataset as in5, and used 

them as seed regions. See Supplementary Materials and Supplementary Figs. 1–9 for a 

detailed description of the segmentation and validation procedure.

As target regions, we used the probabilistic atlas labels of these 20 brainstem nuclei, the 

superior olivary complex8, the inferior olivary nucleus, red nucleus, subthalamic nucleus5 

(for both brainstem nuclei seeds and targets, we thresholded the probabilistic labels at 

35%), as well as the cortical/subcortical bilateral regions obtained in each subject from 

the MEMPRAGE Freesurfer-parcellation (mapped to native space, see Supplementary 

Materials). We also used as targets the hypothalamus9 and the spinal cord (divided into 

ventral and dorsal parts) in IIT-MNI space; we registered these labels applying the same 

registration as for brainstem nuclei (see Supplementary Materials).

Single-subject HARDI-based connectivity analysis: We performed probabilistic 

tractography using MRtrix3 (pre-processing and tractography parameters described in 

Supplementary Materials). We computed a “structural-connectivity-index” (range: [0 1]) for 

each pair of seed-target masks (= fraction of streamlines propagated from the seed reaching 

the target mask).

Group HARDI-based connectivity analysis: We averaged across subjects the 

structural-connectivity-index of brainstem nuclei with target-regions to yield a group 

structural connectome of these nuclei. We displayed this connectome using a 2D 

circular diagram. For display purposes, Freesurfer cortical parcellations were grouped into 

anatomical lobes (frontal/temporal/parietal/occipital).

Statistical analysis: We ran a two-sample Shapiro-Wilk test for normality of the 

connectivity indices across subjects. Since at least 30.2% of the connectivity-indices did 

not follow a normal distribution across subjects, we used an unpaired Wilcoxon rank-sum 

test (two-sided, p<0.01) to compare the differences in connectivity indices between groups, 

and displayed them using 2D circular connectomes.
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Results

Figure 1C–D demonstrates the probabilistic atlas labels of nine newly delineated brainstem 

nuclei, and their validation.

The structural connectome of 20 brainstem nuclei (12 bilateral and eight midline 

nuclei, amounting to total of 32 nuclei) relevant for iRBD/premanifest-synucleinopathy 

demonstrated connectivity changes (specifically, in 14 out of 32 brainstem seeds) across 

groups (Z = 2.6, p < 0.01) mainly focused within the brainstem regions (Fig. 2A–B, see also 

Supplementary Figs. 10–12). Note that, except for one link with the frontal cortex, we did 

not achieve significant changes in connectivity in iRBD patients versus controls with areas 

other than the brainstem (Fig. 2A).

Figure 2 B–C shows connectivity maps and diagrams summarizing our results. Notably, 

decreased structural connectivity occurred mainly in the ponto-medullary brainstem nuclei, 

while increased connectivity was found in meso-pontine brainstem nuclei. The direct 

pathway between SubC and the spinal cord was preserved, while the indirect pathway 

through the medullary reticular formation displayed decreased connectivity. Interestingly, 

except for PnO-PnC, REM-off areas did not show differences in connectivity between 

groups.

Discussion

Current understanding of iRBD physiopathology knowledge derives mainly from animal 

studies because several factors have hampered the study of this sleep disorder in living 

humans, mainly lack of an atlas to precisely localize small brainstem structures in living 

subjects and limited sensitivity/resolution of diffusion MRI. Our work contributed to 

overcame both limitations, by mapping an original brainstem nuclei atlas5–8 to high-spatial 

resolution HARDI at 7 Tesla in living humans. Interestingly, we found that changes in 

anatomical connectivity in iRBD patients were mainly restricted to specific brainstem 

nuclei, results that expand knowledge from animal non-isolated RBD models3.

First, we found impaired connectivity in iRBD patients between REM-on and REM-

sleep muscle-atonia areas in the medulla. This is in agreement with animal non-isolated 

RBD studies10,11 showing weaker excitatory connectivity influences between REM-on 

regions and ventro-medullary nuclei, the latter projecting to spinal motoneurons critical 

for generating muscle atonia during REM-sleep (indirect pathway). In contrast, other 

studies12,13 have postulated that efferences from REM-on neurons may be responsible 

of REM atonia mainly by direct spinal projections to interneurons that inhibit spinal 

motoneurons.

Second, the majority of REM-off areas did not show differences in connectivity between 

groups. Interestingly, studies have shown that injury to REM-off regions increases the 

amount of REM-sleep and fragmentation of REM-sleep3,14–16. Our results are aligned with 

observations of similar latency and percentage of REM-sleep in iRBD patients compared 

with controls17.
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Third, ponto-medullary brainstem nuclei, known to be involved in REM atonia11, showed 

decreased structural inter-connectivity, possibly related to an underlying neurodegeneration 

process3,4. In contrast, meso-pontine regions showed overall increased inter-connectivity and 

with the frontal cortex. We speculate this might be associated to compensatory mechanisms. 

Interestingly, diffusion MRI has proven useful to identify white matter plasticity changes in 

humans18 both over short and long time scales.

Previous studies in iRBD patients demonstrate significant changes in diffusivity properties 

in the pons, LC, PTg, PAG and right SN19,20. Except for the PAG, these impairments are 

in line with our results. The result mismatch in the PAG might be related to different stages 

of iRBD progression across studies. Neuromelanin sensitive MRI in Parkinson’s disease 

patients with RBD shows structural changes in the LC and SubC21,22. This agrees with our 

findings of structural connectivity changes of the SubC present even in prodromal stages of 

alpha-synucleinopathies. Further, susceptibility-weighted imaging studies in iRBD patients 

describe a loss of the dorsolateral nigral hyperintensity, compatible with neurodegeneration 

of dopaminergic neurons in nigrosome-1 (a subregion of the SN pars compacta)23. 

Interestingly, we found an overall structural connectivity increase in SN2 (compatible with 

pars compacta), possibly related to early compensatory changes in midbrain regions. Further 

studies are needed to concurrently evaluate brainstem microstructure and connectivity 

pathways.

Limitations of this work are the small cohort size and the indirect measure of connectivity 

provided by diffusion MRI-based tractography. The generated structural connectomes may 

give a better understanding of the involvement of brainstem nuclei in iRBD, however 

MRI-based tractography cannot fully solve crossing fibers, nor distinguish directionality, 

thus precluding inferences regarding causality. Despite this, tractography is one of the 

few suitable methods for studying in-vivo structural connectivity and our results were in 

line with previous literature. In the current study we did not control for the presence of 

white matter/periventricular hyperintensities that could be related to aging or cognitive 

decline. Upon the development of tractography methods able to control for these structural 

abnormalities, future studies might improve the connectome accuracy. Further, the small 

sample size did not allow us to apply statistical correction for multiple comparisons, 

which future studies with larger samples might be able to address. Further, future 

studies investigating different clinical phenotypes of alpha-synucleinopathy should add 

olfactory function evaluation. Finally, due to the small sample size and the lack of a 

comprehensive cognitive assessment, we included two iRBD patients with MOCA scores 

slightly below the cut-off, possibly indicating mild cognitive disturbances. Further studies 

might include broader neuropsychological testing better assessing cognition. Future work 

will develop automatic rater-independent segmentations for broader applications and to 

reduce segmentation time of manual delineations, which currently require several hours per 

subject.

In summary, these results suggest that the structural brainstem nuclei connectome is a 

promising tool to study and possibly assess prodromal synucleinopathy stages.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) List of brainstem nuclei relevant for iRBD and/or for synucleinopathy progression 

(according to the Braak hypothesis4). These nuclei are involved in motor and/or arousal 

functions (as marked in the appropriate columns). B) Probabilistic atlas labels of 11 

brainstem nuclei relevant for iRBD/premanifest-synucleinopathy, previously published5–7 

and used as seeds and brainstem targets in this study. C) Additional probabilistic atlas labels 

of nine nuclei relevant for iRBD/premanifest-synucleinopathy generated in the current work 

(11 nuclei are shown because two nuclei, iMRt and sMRt, displayed two subregions, a 

lateral larger subregion – l – and a medial smaller subregion – m). Very good (i.e., up to 

100%) spatial agreement of labels across subjects was observed indicating the feasibility 

of delineating the probabilistic label of these nuclei. D) Validation of the nuclei displayed 

in C). Upper row: inter-rater agreement of nuclei labels (bar/error bar = mean/SE modified 

Hausdorff distance across 12 subjects). Middle row: internal consistency of nuclei labels 
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across subjects (bar/error bar = mean/SE modified Hausdorff distance across 12 subjects). 

All the nuclei displayed good spatial overlap across raters and subjects (the modified 

Hausdorff distance was smaller than the spatial imaging resolution, one-sided t-test, p < 

0.05), thus validating the probabilistic nuclei template. Lower row: The nuclei volume from 

the literature (for detail information see Supplementary Table 2) and the volume (mean ± 

SE across subjects) of each final label in native space are shown. Note that, except for sMRt 

nucleus, the latter did not differ from the former (two-sided t-test, p < 0.05), thus further 

validating the generated probabilistic atlas. Nuclei abbreviations: Locus coeruleus (LC), 

Laterodorsal Tegmental Nucleus- Central Gray of the rhombencephalon (LDTg-CGPn), 

Pontine Reticular Nucleus, oral part- Pontine Reticular Nucleus, caudal part (PnO-PnC), 

Subcoeruleus (SubC), Raphe Obscurus (ROb), Raphe Pallidus (RPa), Parvicellular Reticular 

nucleus Alpha-part (PCRtA), Inferior Medullary Reticular formation (iMRt), lateral (iMRtl) 

and medial (iMRtm) part, Superior Medullary Reticular formation (sMRt), lateral (sMRtl) 

and medial (sMRtm) part.
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Figure 2. 
A) Left: Structural tractography-based connectome of 20 brainstem nuclei relevant for 

iRBD/premanifest synucleinopathy (list of nuclei shown in Fig. 1A) in controls (average 

connectivity index across 12 controls displayed). Right: Statistically significant differences 

in structural connectivity between iRBD patients and controls (Wilcoxon test, p < 0.01, n = 
12); note that, except for a significant link with the frontal cortex, alterations of connectivity 

pathways in iRBD occurred exclusively within brainstem nuclei. Specifically, PnO-PnC and 

SN showed increased reciprocal connectivity bilaterally, as well as PMnR and MnR to SN 

subregion 2 in the left hemisphere. In the right hemisphere iMRt, sMRt and SubC showed 

decreased connectivity with PMnR and contralateral PTg and SubC among other nuclei 

in iRBD compared to controls. Further, other nuclei such as VSM, PTg, PCRtA (on the 

right hemisphere) and RMg showed decreased connectivity with ipsilateral LDTg-CGPn, 

ipsilateral SN subregion 1, contralateral CnF and right RN subregion 1 respectively. PTg 
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on the left hemisphere showed increased connectivity with ipsilateral frontal cortical areas 

(including central and paracentral gyrus) in iRBD compared to controls. B) Left: Pictorial 

summary of the decreased structural connectivity changes in iRBD patients in target gray 
matter regions overlaid on MNI-space. Count of decreased streamlines reaching each target 

region (cortical and subcortical, including brainstem nuclei), when propagated by any of 

our 20 brainstem nuclei seeds. Right: Pictorial view of white matter changes in iRBD 

versus controls. In red-yellow, the mean tract density in controls of all the brainstem nuclei 

relevant for iRBD/premanifest synucleinopathy. In blue-light blue, changes (both increases 

and decreases) in streamline count between iRBD and controls (Wilcoxon test, p < 0.05 

uncorrected for multiple comparisons, 14 brainstem seeds) overlaid on a FA-MNI-template. 

C) Diagram summarizing the structural connectivity changes in iRBD human subjects 

in the present study. The iRBD relevant nuclei/regions were color-coded based on their 

functions as previously reported in animal and human lesion studies of non-idiopathic 

RBD.3,11,17 Note that further studies are needed with regard to the homology of these 

anatomical areas between human and animal models. Unchanged structural connectivity 

between groups (indicated with *) among nuclei has been simplified to only display 

relevant connections for iRBD based on animal studies.3,12 Notably, decreased structural 

connectivity (possibly indicating neurodegenerative mechanisms) mainly occurred in ponto-

medullary brainstem nuclei previously postulated to be involved in REM atonia,11 while 

increased connectivity (possibly indicating compensatory mechanisms) was found in meso-

pontine brainstem nuclei. Moreover, the direct pathway between SubC and the spinal 

cord was preserved, while the indirect pathway through the medullary reticular formation 

(sMRt, iMRt) displayed decreased connectivity. Interestingly, REM-off areas (PAG, mRt 

(mesencephalic reticular formation), DR, LC and lateral hypothalamus) mostly did not show 

differences in connectivity between groups. Rather, our results showed mainly impaired 

connectivity in iRBD between REM-on (SubC, PnO, and REM-on modulatory areas LDTg 

and PTg) and REM-sleep muscle-atonia areas (mainly the medullary reticular formation 

nuclei sMRt, iMRt).
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