DTI OF IDIOPATHIC REM SLEEP BEHAVIOR DISORDER

Diffusion Tensor Imaging in ldiopathic REM Sleep Behavior Disorder Reveals
Microstructural Changes in the Brainstem, Substantia Nigra, Olfactory Region,
and Other Brain Regions
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Study Objectives: Idiopathic rapid eye movement sleep behavior disorder (iRBD)—a parasomnia characterized by dream enactments—is a risk
marker for the development of Parkinson disease (PD) and other a-synucleinopathies. The pathophysiology of iRBD is likely due to dysfunction of
brainstem nuclei that regulate REM sleep. Diffusion tensor imaging (DTI) is @ method for studying microstructural brain tissue integrity in vivo. We
investigated whether DTI detects microstructural abnormalities in the brain of patients with iRBD—compared with age-matched control subjects—
as an in vivo potential indicator for changes related to “preclinical (premotor)” neuropathology in PD.

Design: N/A

Patients: Patients with iRBD (n = 12) and age-matched healthy control subjects (n = 12) were studied.

Interventions: At a 1.5T MRI maschine, whole-head DTI scans of fractional anisotropy, axial diffusivity (a potential marker of neuronal loss),
and radial diffusivity (a potential marker of glial pathology) were analyzed using track-based spatial statistics, and 2 types of group analysis tools
(FreeSurfer and FSL).

Measurements and Results: We found significant microstructural changes in the white matter of the brainstem (P < 0.0001), the right substantia
nigra, the olfactory region, the left temporal lobe, the fornix, the internal capsule, the corona radiata, and the right visual stream of the patients with
iRBD.

Conclusions: Changes were identified in regions known to be involved in REM-sleep regulation and/or to exhibit neurodegenerative pathology
in iRBD and/or early PD. The study findings suggest that iRBD-related microstructural abnormalities can be detected in vivo with DTI, a widely
available MRI technique.
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RAPID EYE MOVEMENT (REM) SLEEP BEHAVIOR DIS-
ORDER (RBD) IS A REM-PARASOMNIA THAT CLINI-
CALLY PRESENTS WITH NOCTURNAL SPEECH AND
motor activity reflecting the dream content of the patient during
REM sleep.'? Idiopathic RBD (iRBD), i.e., the occurrence of
RBD in the absence of other medical (neurologic) conditions,
is considered to represent a clinical risk marker, with the—at
present—highest positive predictive value for the subsequent
development of an a-synucleinopathy, i.e., for Parkinson dis-
ease (PD), dementia with Lewy bodies, or multiple system
atrophy.’ In the context of evolving PD, iRBD is thought to
be an early clinical correlate of a slowly progressing neuro-
degenerative process in the brainstem. Identification of such
a neurodegenerative process with a routinely available tech-
nique such as magnetic resonance imaging (MRI) could be of
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value for the preclinical (premotor) detection of PD and other
a-synucleinopathies.

During physiologic REM sleep, the activity of spinal
a-motor neurons is suppressed by a complex interaction of
superordinate brainstem nuclei (REM-on and REM-off areas,
including the sublaterodorsal nucleus®). In RBD, this interac-
tion between REM-on and REM-off areas is considered to be
disturbed, leading to a disinhibition of spinal a-motor neurons
and, subsequently, to movements during the dream phase. The
sublaterodorsal nucleus is presumably one major efferent path-
way for mediating muscle atonia during REM sleep,® pointing
to the brainstem as a potential area to be investigated for struc-
tural changes in iRBD.

Until now, structural brain changes have not been described
in patients with iRBD. Functional imaging studies have re-
ported normal or conflicting findings: a single-photon emission
computed tomography (SPECT) study showed that decreased
blood flow in the pons and in the superior frontal lobes of pa-
tients with iRBD,® whereas other studies have confirmed the
decreased perfusion in the frontal cortices, they have also found
an increased perfusion in the pons, putamina, and right hippoc-
ampus.” SPECT studies using ligands to visualize the presynap-
tic dopamine transporter have reported that tracer uptake in the
striatum is frequently reduced in patients with iRBD.*!" The lat-
ter finding must be interpreted in the context of iRBD as a pu-
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tative “preclinical (premotor)” stage of the a-synucleinopathy
PD, rather than as a finding that directly relates to the disrup-
tive nocturnal behavior of RBD-related pathophysiology. The
results of previous magnetic resonance spectroscopy studies
are conflicting, reporting either no metabolic changes' or a
pathologic choline/creatine ratio in the brainstem.'* Recently,
transcranial sonography has revealed hyperechogenicity in the
substantia nigra in a group of patients with iRBD,''* a sono-
graphic marker that is seen in 90% of all patients with PD. In
summary, in vivo imaging studies have not consistently demon-
strated disease-specific structural abnormalities in patients with
iRBD.

Diffusion tensor imaging (DTI) is a novel MRI technique
that enables noninvasive in vivo visualization of brain white-
matter microstructure. DTI has been applied successfully to
several neurodegenerative disorders, providing insights into
the pathophysiology of the respective disorders.'*'® Most DTI
studies have focused on fractional anisotropy (FA) as an unspe-
cific summary measure of brain-tissue integrity. More recently,
2 components of the diffusion signal, namely axial diffusivity
(AD) and radial diffusivity (RD), have been used to describe
different aspects of mechanisms of degeneration. In the current
study, the microstructural properties of the brains of patients
with iRBD and age-matched healthy volunteers were examined
using an automated whole-head analysis of the DTI measures
of FA, RD, and AD.

METHODS

The study protocol was reviewed and approved by the local
institutional review board. All enrolled subjects provided writ-
ten informed consent to participate in this study.

Subjects

Twelve patients with iRBD and 12 healthy age-matched vol-
unteers were included in the study. All enrolled patients with
iRBD had a videopolysomnographically confirmed diagnosis
of iRBD according to the revised version of the International
Classification of Sleep Disorders." Control subjects had no his-
tory of neurologic, psychiatric, or systemic illness and no family
history of neurodegenerative disorders. All patients underwent
a thorough neurologic examination, including Mini-Mental
State Examination (MMSE) testing and a threshold-discrimi-
nation-identification olfactory function test with Sniffin’ Sticks
(Burghart Medizintechnik, Wedel, Germany). Control subjects
were age matched, but not sex matched, because previous stud-
ies revealed age as being the most important variable influenc-
ing DTI results.”

MRI Acquisition

Microstructural brain-tissue integrity was assessed using
DTI measures of FA and diffusivity (AD and RD?***). The DTI
scans were collected on a Siemens 1.5-T Sonata MRI scan-
ner (Siemens Medical Solutions, Erlangen, Germany), using a
circularly polarized head array coil. A single-shot echo planar
sequence with a twice-refocused spin echo pulse, optimized to
minimize eddy-current-induced image distortions,* was per-
formed with the following parameters: TR/TE = 10600/104 ms,
TI = -1 ms, flip angle = 90°, b = 1000 s/mm?, 256 x 256 mm
FOW, 128 x 128 x 60 matrix, and voxel size =2 x 2 x 2.4 mm.
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Five T2 b0 images and 30 DWI b1000 images were collected
during 1 scan. To minimize motion artifacts, the subjects’ heads
were firmly fixed in the head coil. All images were determined
to be free of motion or ghosting or high-frequency or wrap-
around artifacts at the time of image acquisition.

DTI Preprocessing and Analysis

Image preprocessing was performed as has been previously
described®: diffusion volumes were motion corrected and aver-
aged using FLIRT (FMRIB’s Linear Image Registration Tool;
http://www.fmrib.ox.ac.uk/analysis/research/flirt/)** with mu-
tual information cost function to register each direction to the
minimally eddy-current—distorted T2-weighted b0 DTI volume
that had no diffusion weighting. Eigenvalues (A, A,,1,) and ei-
genvectors of the diffusion tensor matrix for each voxel were
computed from the DTI volumes for each subject on a voxel-
by-voxel basis using conventional reconstruction methods.?’*
The tools are included in the FreeSurfer package (FreeSurfer
version 4.2.0; http://surfer.nmr.mgh.harvard.edu/).

FA and Diffusivity Map Calculation

The primary measure acquired from the DTI data was the
FA, a scalar metric unit describing the white-matter microstruc-
ture. FA is dependent on the orientational coherence of the dif-
fusion compartments within a voxel.”” FA was calculated using
the standard previously defined formula.*® We additionally cal-
culated measures of AD (A,) and RD ([, +A,]/2).2">

T2 b0 images were obtained using the same parameters as
those used for the diffusion sensitive images except without any
diffusion weighting. Those images were analyzed to determine
whether changes other than those in tissue microstructure con-
tributed to the observed effects, such as technical artifacts or in-
dividual large-scale signal changes such as white-matter signal
abnormalities (e.g., hyperintensities).

Nonlinear Registration and Tract-based Spatial Statistics
Voxelwise statistical analysis of the FA data was carried out
using tract-based spatial statistics (TBSS; tract-based spatial
statistics®'), which is part of the FSL data-analysis suite (FSL
4.1.2; http://www.fmrib.ox.ac.uk/fsl/).* First, the T2 b0 images
were brain extracted using the BET-tool of the FSL stream.
Those extracted brains were used to mask the FA images. All
subjects’ masked FA data were then aligned into a common
space using the nonlinear registration tool FNIRT,*® which uses
a b-spline representation of the registration warp field.* The
common space was given by the automatically selected subject
that was most representative of the whole group. This subject
was affinely registered to the T1 template in MNI 152 stan-
dard space. Next, a mean FA image was created and thinned
to create a mean FA skeleton, which represents the centers of
all tracts the group has in common. A threshold of FA greater
than 0.2 was applied to the skeleton to include only major fiber
bundles. Each subject’s aligned FA data was then projected onto
this skeleton. Data along the skeleton was smoothed utilizing
an anatomic constraint to limit the smoothing to neighboring
data within adjacent voxels along the skeleton. For smoothing,
the neighboring voxels within a cube of 6-mm edge length were
used to calculate the mean. The smoothing step was performed
using Matlab (Matlab 7.6.0.324, MathWorks, Aachen, Germa-
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ny). All analyses were masked to display regions only with FA
values of greater than 0.2 as an additional procedure to avoid
examination of regions that are likely comprised of multiple
tissue types or fiber orientations. The exact transformations de-
rived for the anisotropy maps were applied to the AD and RD
volumes for matched processing of all image volumes.

Group Analysis
Two data-analysis approaches (FreeSurfer and FSL) were
used for group analysis.

FreeSurfer approach

The resulting skeletonized images were fed into voxelwise
cross-subject statistics. For the group analysis, we used the tool
mri_glmfit of the FreeSurfer stream. The data was fit into a gen-
eralized linear model, and an unpaired t test was performed.
The resulting data were corrected for multiple comparisons
by a permutation-based approach.’ Therefore, 12.000 simula-
tions were performed under the null hypothesis; this approach
was based on the AFNI null-z simulator (AlphaSim; http://afni.
nimh.nih.gov/afni/doc/manual/AlphaSim). Last, the data were
clustered; in this step, several connected voxels were searched
and merged into 1 cluster. For the clustering, we considered
only voxels with a minimum significance of P < 0.01. To dis-
play the results, all figures were made with the exact same
parameters, showing clusters with a significance of P < 0.01;
all regions were dilated for better visualization using the dilM
function of the FSL tool fslmaths. (Figure 1) The correction
for multiple testing was performed with the mri_glmfit-sim tool
of the FreeSurfer package. Results were summarized in tables
showing the localization of the clusters and their significances
(Tables 2-4)

FSL standard approach

For comparison of identified regions, data were also ana-
lyzed using the established standard FSL approach for group
statistics. The skeletonized images resulting from the TBSS
procedure were processed using the randomize GLM tool of
the FSL stream. For this procedure, we followed the standard
instructions for performing a GLM test: First, a design matrix
and a contrast matrix were created with the FSL-tool design
ttest2, then the tool randomize from the FSL stream was applied
with the standard parameters for the TBSS-analysis. The cor-
rection for multiple testing was performed using the FSL tool
randomize using the same parameters as for mri_glmfit-sim.
Again, 12.000 permutations were performed, and, afterward,
the results were clustered. To display the results, all figures
were calculated with the exact same parameters as in FreeSurf-
er, showing voxels with a significance of P < 0.01. All regions
were dilated for better visualization, using the dilM function of
the FSL tool fslmaths.

RESULTS

The main demographic and clinical data of all enrolled sub-
jects are summarized in Table 1. We investigated 12 patients
with iRBD and 12 age-matched control subjects using whole-
brain DTI. Accordingly, in the neurologic examination, none of
the patients with iRBD fulfilled the UK Brain Bank Criteria for
the diagnosis of PD.*
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Figure 1—Sagittal view of the average b0 image, calculated from
all study subjects (or representing the average of all subjects in the
study), showing the white-matter skeleton all subjects have in common.
Significant increases in radial diffusivity can be observed in the fornix
and the olfactory region (P < 0.0001). A significant decrease in the axial
diffusivity can be seen in the pons (P < 0.0001). Results are displayed as
the negative decadic logarithm of the P value (P = 10*). The increase in
radial diffusivity is shown in red-yellow; the decrease in axial diffusivity,
in blue-light blue.

Table 1—Demographics and diagnostic findings among 12 subjects with
iRBD and 12 control subjects
Demographics Subjects with iRBD Control subjects
Men " 3
Age,y 59 +10.5 (38-71) 56.8 £ 10.6 (42-74)
Clinical scores

MMSE 29.2 £ 0.8 (26-30) NA
TDI sum score 23 £9.4 (8-35) NA
Imaging study results
FP-CIT SPECT tracer uptake?
Normal 3 NA
Reduced or asymmetric 4 NA

Data are shown as mean + SD (range) or number. MMSE refers to
Mini-Mental Status Examination; TDI, the threshold-discrimination-
identification in the Sniffin’ Stick Test (a TDI sum score = 30 is defined
as normosmia).®

®Data are from 7 subjects with idiopathic rapid eye movement sleep
behavior disorder (iRBD) who agreed to undergo '2I-N-Q-fluoropropyl-
2B-carbomethoxy-3p-(4-iodophenyl)-nortropane single photon emission
tomography (FP-CIT SPECT) scanning.

FA Results

Significant FA increases (corrected P < 0.0001) were found
in the internal capsule bilaterally (along the anterior thalam-
ic radiation) and in the olfactory region, whereas significant
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Table 2—Regions with significant changes in fractional anisotropy

Z refer to the corresponding MNI-atlas coordinates.

The results of the statistical tests were corrected for multiple testing, and regions with clusters
of several connected voxels (with a minimum significance of P < 0.01) were searched. X, Y, and

diffusivity were observed in the brainstem, i.e.,
in the pons and the right substantia nigra.

Maximum log- Corrected Changes also occurred in the corona radiata bi-
Region Size, mm® transformed P, 10* overallPvalue X Y Z laterally. Changes in AD are shown in Figure 1,
Right visual stream 483 (-)4.58 <0.0001 12 -93 12 supplementary Figure S2, and Table 3.
Fornix 158 (-)4.39 <0.0001 3 913 RD describes an average of the eigenvec-
Left superior temporal lobe 333 (-)4.16 <0.0001  -60-20 4 | tors perpendicular to the principal direction
Olfactory region ([A2 + A3]/2).22%3940 Regional increases in RD
Right 38 2.11 <0. 0001 8 32-18 are considered to be associated with changes in
Left 73 24 <0.0001 -5 39 -23 myelination or glial cell morphology.?>*4° In
Internal capsule our study, patients with iRBD had significantly
Right 37 2.05 <0.0001 19 9 8 increased RD (corrected P < 0.0001) in the for-
Left 199 3.74 <0.0001 -15 13 -5 nix, the right visual stream (V1,V2), and the left

superior temporal lobe. as shown in supplemen-
tary Figure S3 and Table 4.

Comparison Between the 2 Data-Analysis
Methods

Two approaches for data analysis were used

Table 3—Regions with significant changes in axial diffusivity

Maximum log- Corrected
Region Size, mm*®  transformed P, 10~
Pons 425 3.37 <0. 0001
Corona radiata
Right 382 442 <0.0001
Left 153 2.89 <0.0001
Substantia nigra 9 1.98 <0.0001

Z refer to the corresponding MNI-atlas coordinates.

overallPvalue X Y Z

The results of the statistical tests were corrected for multiple testing, and regions with clusters
of several connected voxels (with a minimum significance of P < 0.01) were searched. X, Y, and

for group comparisons: the tool Randomize of
the FSL data analysis suite and the approach
using the mri_glmfit of the FreeSurfer package
identified the same pattern of microstructural

2-29-30 tissue alteration, as shown in the supplementary
Figure S4.

13 6 54

638 45 | DISCUSSION

14 -17 -14 Until now, no structural abnormalities have

been described in patients with iRBD using
MRI or other structural imaging techniques.
Here, we report focal microstructural brain
changes in the white matter of the brain of

patients with a videopolysomnographically

Table 4—Regions with significant changes in radial diffusivity

Z refer to the corresponding MNI-atlas coordinates.

The results of the statistical tests were corrected for multiple testing, and regions with clusters
of several connected voxels (with a minimum significance of P < 0.01) were searched. X, Y, and

confirmed diagnosis of iRBD using DTI with
a hypothesis-free approach. DTI measures the
diffusional motion of water molecules, which

Maximum log- Corrected is predetermined by the (sub)cellular microen-

Region Size, mm® transformed P, 10* overallPvalue X Y Z vironment. By this means, DTI can be used as
Right visual stream 979 4,08 <0.0001 36-79 -4 a sensitive measure of microstructural integ-
Fornix 165 2.86 <0.0001 411 13 rity. The diffusion within a single voxel can
Left superior temporal lobe 103 2.58 <0.0001 -60-18 3 | be expressed as FA, a metric measure ranging

from O (isotropic) to 1 (anisotropic). The FA is
high (close to 1) in regions in which diffusion
is restricted to 1 orientation, e.g., along highly
organized structures, like bundles of myelin-

decreases were found in the fornix, the right visual stream
(V1,V2), and the left superior temporal lobe. Figure 1, supple-
mentary Figure S1 (supplementary figures are available online
only at www.journalsleep.org), and Table 2 show the regions
with the main changes in FA.

AD and RD Results

AD describes the principal eigenvector (A1) and is assumed
to contribute information regarding the integrity of axons® or
changes in extraaxonal/extracellular space.*® Regional reduc-
tions in AD seem to represent regions with altered axonal integ-
rity.’” Significant decreases (corrected P < 0.0001) in the axial
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ated fibers, whereas the FA is low (close to 0)
in less-organized structures, such as regions of
cellular damage in which diffusion tends to be equally likely in
all directions (i.e., isotropic).

Localization of Microstructural Brain Changes

Alterations in microstructure were found in the iRBD group
compared with control subjects in brainstem regions known to
regulate REM sleep, as well as in the olfactory region, the tha-
lamic radiation in the anterior limb of the internal capsule, the
right substantia nigra, the left superior temporal lobe and the
right occipital lobe, and the fornix.

We found a widespread decrease in AD (indicating possible
axonal damage) in the brainstem, especially the pons, i.e., re-
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gions known to be involved in the regulation of REM sleep.*
Dysfunction of the respective structures is thought to be the
pathophysiologic correlate of RBD.® This assumption is com-
patible with the results of postmortem studies that describe
degeneration of monoaminergic neurons and the presence of
Lewy bodies in brainstem structures in patients with RBD.*#
Furthermore, structural brainstem lesions that affect the sublat-
erodorsal nucleus (its afferent or efferent pathways and linked
nuclei, respectively) have been shown to result in symptomatic
RBD.*-* Finally, experimental lesions in the ventral part of the
pons and the ventral mesopontine junction in animal models
can provoke an RBD-like phenotype as well.” The reported
morphologic in vivo changes seen in the brainstem of our iRBD
population overlap with anatomic regions that are thought to
be responsible for mediating muscle atonia during REM sleep.

According to the Braak pathoanatomic model of PD (which
is based on a cross-sectional cliniconeuropathologic study),*-*°
the olfactory bulb, as well as the medulla oblongata and the
pons, exhibit Lewy body pathology prior to the occurrence of
Lewy body pathology in mesencephalic neurons in the sub-
stantia nigra. Braak staging is not undisputed,® which is in part
due to the fact that Lewy body pathology can also occur in the
absence of any neurologic signs. Therefore, Lewy body pathol-
ogy in the lower brainstem might not unavoidably constitute
a preclinical stage of PD. Nevertheless, Braak staging is like-
ly to represent an approximate model for the development of
sporadic PD in a large number of cases. The Braak hypothesis
is compatible with retrospective clinical and neuropathologic
studies'** that show that iRBD can represent a premotor stage
of an underlying a-synucleinopathy.

Patients with iRBD also frequently show hyposmia,'®*? a fact
that is also compatible with the concept of iRBD as a premotor
manifestation of PD. In accordance with this clinical symptom,
we found a bilateral increase in global FA and a decrease in
RD in the olfactory region of patients with iRBD, suggestive of
disturbed microstructure and demyelination in this area.?>*-4
Previous DTI studies in patients with PD have not detected ab-
normalities in the olfactory region. This might be due to meth-
odologic aspects: brain regions adjacent to cerebrospinal fluid
(like the olfactory region) are prone to artifacts and registra-
tion errors, especially when using linear registration tools. We
tried to minimize those artifacts by using the novel technique
of TBSS and a nonlinear registration®' (for olfactory bulb, see
discussion of methodologic aspects).

Changes in AD were seen also in the right substantia nigra.
This finding supports the concept of iRBD as a preclinical stage
of PD and is in line with 2 recently published studies reporting
comparable FA changes in regions of interest in the substantia
nigra of patients with PD.'>!® The fact that we observed signifi-
cant changes in the substantia nigra on only 1 side might reflect
the typical asymmetric onset of PD and the potential transition
state from iRBD to PD in some of our patients.

Another brain region exhibiting structural differences (FA
changes and changes in RD) between iRBD patients and con-
trol subjects in our study is the fornix. FA changes in the for-
nix have already been described for patients with PD and are
thought to be involved in the generation of excessive daytime
sleepiness.> This may be of relevance because excessive day-
time sleepiness has also been described in the preclinical phase
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of PD.>* Furthermore, the results of experimental studies have
suggested that the perifornical region is involved in the regula-
tion of REM sleep.*>¢ Impaired color discrimination has been
described clinically in drug-naive patients with early-stage PD%’
as well as in patients with iRBD.*® Consequently, impaired
color discrimination is thought to be an early clinical feature
of the disorders that deteriorates over time* as the neurode-
generative process progresses. Impaired color discrimination in
patients with iRBD and PD has been explained by degeneration
of retinal neurons, yet there is still a lack of clear evidence con-
cerning the structural neuropathologic correlate of this clinical
sign. Our finding of FA changes and changes in RD in the right
visual stream (V2 area) raise the question of whether the ana-
tomic correlate for impaired color discrimination might be ad-
ditionally located in the visual pathway.

We found microstructural changes in the left anterior thalam-
ic radiation and in the left temporal lobe, which may account
for neuropsychological deficits in patients with iRBD. Indeed,
disruption of the left anterior thalamic radiation has been shown
to result in memory dysfunction®; in addition, the left temporal
lobe is involved in memory and verbal processing. The fact that
some of our findings were seen only unilaterally might reflect
the asymmetry of the neurodegenerative process in PD. How-
ever, the clinical impact of these findings remains speculative
and needs further validation.

Discussion of Methodologic Aspects

Our study was performed without any a-priori hypothesis
(i.e., predefined regions of interest). We used the method of
nonlinear registration (TBSS) to control for method-inherent
shortcomings of DTI, such as registration and spatial smooth-
ing errors. For technical reasons, we did not find changes in
small brain regions like the olfactory bulb. Due to its size and
location, the olfactory bulb is prone to susceptibility artifacts,
and the large degree of interindividual anatomy in the olfac-
tory bulb will lead to coregistration problems. Using TBSS, the
olfactory bulb will not be displayed because only brain tissue
with low intraindividual anatomic variability is included.

Two different approaches were used for statistical-group
comparisons. Both techniques, FSL and FreeSurfer, identified
the same pattern of microstructural tissue alteration, supporting
the goal of the FSL and the FreeSurfer teams to make interop-
eration of FSL and FreeSurfer as easy as possible.

DTI is a technique that can quantify alterations in tissue
microstructure regardless of the underlying pathologic mech-
anisms. FA) is the most commonly used parameter in DTI
studies. FA is an unspecific measure of white-matter integrity.
Recently, studies have focused on the calculation of RD and
AD. Changes in these values might be more specific: previ-
ous work in animal models described a correlation between
axonal loss and a decrease in AD as well as a correlation be-
tween an increase in RD and demyelination.?>#6".¢263 Recently,
using combined radiologic and neuropathologic assessment of
unfixed brain tissue that was collected post-mortem, these hy-
potheses were confirmed in humans with multiple sclerosis.*
Nevertheless, detailed histopathologic validation in healthy hu-
mans is still missing.?2>

DTT is still a nonspecific measure that does not provide infor-
mation about the underlying causes for the reported microstruc-
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tural pathology. Nevertheless, our study hints at new potential
neuropathologic correlates of iRBD that need to be further
validated in postmortem studies. Likewise, future research is
necessary to determine the sensitivity and specificity of this
technique as a potential early marker for a neurodegenerative
process in iRBD as a predictor for a-synucleinopathies, such
as PD. In addition, long-term studies are needed to address the
question of whether the identified pathologic signals in FA, AD
and RD, change over time and whether these signals might be
useful to monitor disease progression.

CONCLUSION

In conclusion, our DTT study describes in vivo specific micro-
anatomic alterations in the brain of patients with the so-called
idiopathic form of RBD. Our findings are compatible with the
current hypotheses about the location of RBD pathology and its
association with PD. The observed changes in the pons are per-
haps representative of a structural correlate for the disruptive,
dream-enacting behavior during REM sleep. Changes seen in
the substantia nigra are in accordance with the assumption that
iRBD may represent a preclinical (premotor) stage of PD. Our
study suggests that RBD-related neuropathology can be detect-
ed in vivo with a widely available MRI technology.
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Figure S1—Regions with significant changes in fractional anisotropy, displayed as the negative
decadic logarithm of the P value (P = 10”). Panel A, internal capsule; panel B, fornix; panel C,
olfactory cortex; panel D, left temporal cortex; panel E, right visual cortex. Increases in fractional
anisotropy are shown in red-yellow; decreases in blue-green.
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Figure S2—Regions with significant changes in axial diffusivity, a potential measure of axonal damage. Significant changes are displayed as the negative
decadic logarithm of the P value (P = 10~). Panel A, pons; panel B, right substantia nigra. Decreases in axial diffusivity are shown in blue-green.
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Figure S3—Regions with significant changes in radial diffusivity, a potential measure of myelin damage. Significant changes are displayed as the negative
decadic logarithm of the P value (P = 10*). Panel A, fornix; panel B, left temporal cortex; panel C, right visual cortex. Increases in radial diffusivity are shown
in red-yellow.
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Figure S4—Sagittal view of the average b0 image and the overlaid white-matter skeleton (in green) showing the changes in radial
diffusivity (red-yellow) and axial diffusivity (blue-light blue) using the randomize tools from Freesurfer package (A) and the FSL stream
(B), as described in the methods section.

Annotations:
RBD REM sleep behaviour disorder
MMSE Mini Mental State Examination

NA not applicable
threshold-discrimination-identification in Sniffin’ Stick Test
(a TDI sum score = 30 is defined as normosmia) (Kobal et al., 2000)

FP-CIT 123I-N-Q-fluoropropyl-23-carbomethoxy-3p-(4-iodophenyl)-nortropane
SPECT single photon emission computed tomography

TDI
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