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ABSTRACT: Background: Isolated REM sleep
behavior disorder (iIRBD) is considered a prodromal
stage of parkinsonism. Neurodegenerative changes in
the substantia nigra pars compacta (SNc) in parkinson-
ism can be detected using neuromelanin-sensitive MRI.
Objective: To investigate SNc neuromelanin changes
in iRBD patients using fully automatic segmentation.
Methods: We included 47 iRBD patients, 134 early
Parkinson’s disease (PD) patients and 55 healthy volun-
teers (HVs) scanned at 3 Tesla. SNc regions-of-interest
were delineated automatically using convolutional neural
network. SNc volumes, volumes corrected by total intra-
cranial volume, signal-to-noise ratio (SNR) and contrast-
to-noise ratio were computed. One-way general linear
models (GLM) analysis of covariance (ANCOVA) was
conducted while adjusting for age and sex.

Results: All SNc measurements differed significantly
between the three groups (except SNR in iRBD).
Changes in iRBD were intermediate between those in PD
and HVs.

Conclusions: Using fully automated SNc segmenta-
tion method and neuromelanin-sensitive imaging, iRBD
patients showed neurodegenerative changes in the
SNc at a lower level than in PD patients. © 2022 The
Authors. Movement Disorders published by Wiley Peri-
odicals LLC on behalf of International Parkinson and
Movement Disorder Society

Key Words: substantia nigra; neuromelanin; isolated
REM sleep behavior disorder; parkinsonism; con-
volutional neural networks; deep learning; artificial
intelligence
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Introduction

Isolated rapid eye movement (REM) sleep behavior dis-
order (iRBD) is characterized by abnormal behaviors and
loss of normal muscle atonia during REM sleep, without
daytime neurological disorders. Previous studies have
suggested that most iRBD subjects will develop
Parkinson’s disease (PD) or dementia with Lewy bodies
(DLB) with a median conversion time of 7 years."”* At
PD onset, 30% to 60% of the dopaminergic neurons in
the substantia nigra pars compacta (SNc) are already
lost.** Because most of the iRBD subjects are in a pro-
dromal parkinsonism stage, they present mild SN¢
impairment as shown using transcranial sonography,’
and magnetic resonance imaging (MRI) with a loss of the
dorsolateral nigral hyperintensity,®” diffusion changes,>®
and disruption of basal ganglia connectivity.” Reduced
striatal dopaminergic function was also reported.>'°
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Neurodegenerative changes in the SNc can be studied
using neuromelanin-sensitive MRI. Neuromelanin is a
pigment contained in SN¢ dopaminergic neurons that
acquires paramagnetic properties when associated with
metals, therefore, becoming visible using MRL."' Con-
cordant studies have reported reduced SNc size and sig-
nal intensity in PD wusing neuromelanin-sensitive
imaging with high diagnostic accuracy.'*'* Changes
predominated in the ventral posterolateral SN.'> Only
two studies have used neuromelanin-sensitive MRI to
study the SNc changes in iRBD in a small number of
patients without any comparison with PD patients,” or
in a larger number, but at a group level.'® Both studies
used manual SNc¢ segmentation, a method that is
dependent on the experimenter training.

Here, we investigated neuromelanin signal changes in
a large group of patients with iRBD as compared to PD
patients and healthy volunteers (HVs) by automatically
segmenting the SNc using a convolutional neural net-
work (ConvNet)-based architecture called the U-net.!”
For methodological validation, the automated measure-
ments were compared with the manual ones.

Subjects and Methods

Subjects were prospectively recruited from May 2015
to March 2020 as part of the ICEBERG study
(ClinicalTrials.gov: NCT02305147). For inclusion,
patients were clinically diagnosed by a movement disor-
der specialist, with an age range between 18 and
75 years, had no/minimal cognitive disturbances, and a
disease duration <4 years. Patients with iRBD met the
international diagnostic criteria for RBD and had no par-
kinsonism or cognitive disturbances, nor did they take
any drug that could increase muscle tone during REM
sleep.'®!"” We confirmed RBD using video poly-
somnography in all cases, following the International
Classification of Sleep Disorders-3 criteria, by sleep neu-
rologists (I.A. and S.L.S.). The isolated character of RBD
was ascertained in absence of the MDS criteria for PD,
multiple system atrophy and DLB, by three movement
disorders specialists (M.V., G.M., and J.C.C.). HVs had
no history of neurological or psychiatric disorders. The
local ethics committee approved this study and all sub-
jects provided written informed consent (IRB of Paris VI,
RCB 2014-A00725-42).

Subjects were scanned at 3 Tesla (PRISMA, Siemens,
Germany) using a 64-channel head coil. The MRI proto-
col included whole brain three-dimensional (3D)
T1-weighted (T1-w) imaging (sagittal MP2RAGE with
a 1-mm isotropic resolution) and two-dimensional
(2D) T1-w neuromelanin-sensitive imaging (axial turbo
spin echo [TSE] with pulse repetition time [TR]/echo
time [TE]/Alip angle: 890 ms/13 ms/180°, 3 averages,
voxel size: 0.4 x 0.4 x 3 mm?).

Image analysis was performed in MATLAB (vR2017b;
The MathWorks, Natick, MA, USA) using FSL (FMRIB
v5.0; Oxford, UK) and Statistical Parametric Mapping
(SPM12; London, UK). Image preprocessing and post-
processing were performed using MRtrix (v3.0.1).

For manual segmentation, SN¢ and background con-
tours were delineated using FreeSurfer viewer (v5.3.0;
MGH, USA) on the neuromelanin-sensitive images by two
independent trained raters blind to the subject’s clinical sta-
tus as described previously (Supplementary Fig. S1).>

For automatic segmentation, a deep learning pipeline
was implemented in Python 3.6.0 (Data S1). From the
236 manually segmented images, a random dataset of
60 images was randomly split into 54 principal training
images and six external validation images. We ran the
U-net model to predict the SNc¢ ROI fully automatically
on the remaining 176 external subjects that were
excluded during the training phase.

We calculated SNc volumes (Vol), corrected volume
(Cyol = Vol/total intracranial volume) to normalize for
the subject head size, signal-to-noise ratio (SNR) and
contrast-to-noise ratio (CNR) by normalizing the mean
signal in SNc relative to the background signal, as
described in previous studies (Data $1).%* Statistical
analyses were performed using R (R Core Team 2019,
v3.6.1) and MATLAB. The between-group compari-
sons of demographic and clinical variables were per-
formed using the parametric Student’s ¢ test. Sex
proportions were assessed using the x* test. Between-
group differences in Vol, C,y, SNR, and CNR were
evaluated using one-way general linear model (GLM)
analysis of covariance (ANCOVA) by keeping group
(iRBD, PD, and HV) as the only between-group factor
while treating both sex and age as covariates and also
by using post hoc ¢ tests. Receiver operating character-
istic (ROC) analysis was performed to obtain a diag-
nostic value. Dice similarity co-efficient and intraclass
correlation coefficient (ICC) was computed to evaluate
the overall segmentation performance by comparing the
automatic and manual segmentations.

We calculated the Pearson’s correlation coefficients
between the SNc¢ measurements and both age and clinical
scores. An approximate multivariate permutation test
was performed to adjust for multiple comparisons.*!

Results

We analyzed 236 participants comprising 47 subjects
with iRBD, 134 with PD, and 55 HVs. Patients with
iRBD were older than HVs (P < 0.001) and there was
no significant difference in age between PD and HVs.
There was a larger proportion of males among iRBD
and PD patients than in HVs (x> = 16.484, P < 0.001).
Using both methods, we observed a significant sex
effect in C,, between the three groups and in CNR
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FIG. 1. Box plot of corrected substantia nigra pars compacta (SNc) volume (C,)) between isolated REM sleep behavior disorder (iRBD), Parkinson’s dis-
ease (PD), and healthy volunteers (HVs) using both automatic and manual segmentation methods. [Color figure can be viewed at wileyonlinelibrary.com]

between iRBD and PD groups. All three groups had sig-
nificantly larger C,, in females than males
(F value = 23.40, P value<0.001). All SN¢ measure-
ments (Vol, C,., SNR, and CNR) differed significantly
between the three groups (Table 1). Furthermore, all
SNc measurements were significantly lower in PD than
in both iRBD and HVs and in iRBD than in HVs
except for SNR that did not differ between iRBD and
HVs (Fig. 1, Table 1).

The ROC analyses provided areas under the curve of
0.78 for Vol, 0.79 for C,., 0.56 for SNR, and 0.63 for
CNR between iRBD and HVs and 0.83 for Vol, 0.85
for Cyo, 0.79 for SNR, and 0.77 for CNR between PD
and HVs (Supplementary Table S1).

The same between-group differences were obtained
using the manual method. The ROC analysis results
were also similar (Supplementary Table S1).

Correlation study for automated method showed
the following results. Age did not correlate with any SN¢
measurements in any of the three groups. In the iRBD
group, there were significant positive correlations
between Vol and C,, and Movement Disorder
Society-Unified Parkinson’s Disease Rating Scale (MDS-
UPDRS) I and II scores and a trend for a positive correla-
tion between C,, and MDS-UPDRS III off. In PD, there
were significantly negative correlations between C, and
MDS-UPDRS 1II off score and a trend for Vol (Supple-
mentary Table S2). Correlations for manual measure-
ments are presented in Supplementary Table S2.

There was a high overall reproducibility between all
automatic and manual segmentations (n = 236, Dice,
0.80; ICC for SNR, 0.75; ICC for CNR, 0.82). Simi-
larly, high between automatic and manual

segmentations used in training (Dice, 0.80), and also
between the measurements performed by the two man-
ual raters (Dice inter-observer, 0.82, Dice intra-
observer, 0.85).

Discussion

Using a robust fully automated ConvNet-based SN¢
segmentation method; this study confirmed that iRBD
presented reduced neuromelanin content and SNc¢ vol-
ume in a large number of subjects. The automated
method demonstrated significant differences between
both iRBD and PD and between iRBD and HVs sepa-
rately for all SN¢ measurements. Volumes and signal
changes were at an intermediate level between values in
HVs and PD patients. All female groups had larger C,
similar to previous HVs** and PD?" studies.

Neuromelanin-based SN¢ volume in iRBD decreased by
19.1% and SNR by 4.0% as compared to HVs. Changes
were milder than in previous study possibly because of
the differences in scanners, examiners, and subject charac-
teristics (examinations performed by different neurologists
using different clinical scales: UPDRS vs. MDS-UPDRS).?
Changes were also milder than in the PD group, in which
Vol decreased by 26.3% and SNR by 16.7%, in line with
previous studies in de novo PD patients.*>2°

SN changes observed using the automatic method
were comparable to the established ground truth that
was the manual method. Our model needed a small
training dataset. Furthermore, the untrained testing
dataset of 176 subjects was more than three times the
size of the training dataset. This demonstrated the
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robustness of our model that it has the potential to seg-
ment untrained external neuromelanin data from other
scanners as well. Recently, various artificial intelligence
(AI) models based on deep learning segmentation tech-
niques have made tremendous progress in the field of
quantitative neuroimaging analysis.'”*”*° Despite this
breakthrough, the potential has been limited because
the medical datasets were relatively small and training
any Al model is a difficult task with a relatively small
size of datasets.?”?° Here, the Dice coefficient between
the automatic and manual method was high, similar to
previous studies.”® We also obtained similar SNc vol-
ume decrease between HVs and PD of 26.4% in line
with a previous study using U-net model.>”

There was no correlation between SNc¢ neuromelanin
measures in the HVs or iRBD group and age using either
of the segmentation methods, in line with previous studies
demonstrating a plateau of neuromelanin in midlife from
the Sth to 6th decades.>*° In the iRBD group, MDS-
UPDRS I and II scores correlated positively with Vol and
Cyol and a trend was seen between C,o; and MDS-UPDRS
I off scores. These correlations were unexpected given
the negative correlations found in PD and hence, should
be interpreted with caution because of the limited number
of patients. These different correlations may be explained
by a hypothesis derived from animal model of PD.*°
According to this hypothesis, neuromelanin would first
accumulate in SN neurons (explaining the positive corre-
lation). Beyond a certain threshold, this accumulation
would compromise neuronal function and trigger PD-type
pathology (explaining the negative correlation).

In PD, SNc volume demonstrated a trend for Vol and
significantly negative correlation with MDS-UPDRS III
scores in line with previous studies.*'>® Many of the cor-
relations were found using both methods (eg, MDS-
UPDRS I with C, in iRBD, trend for MDS-UPDRS on
with Vol in PD), but not all (eg, SN measurements and
age in PD in the manual method as in our previous
study,*® but not in the automated method). Therefore,
although overall results were broadly similar between the
two methods, there were some differences that could be
because of the image resampling procedure or the greater
SNc segmentation provided by the automatic method.

The study had several limitations and can be improved
in several ways. First, it needs to be further validated
using external cohorts scanned with different scanners,
which could help us understand the scanner effect using
this model. Although such automatic methods have the
potential advantages of saving time and being more
reproducible, yet manual segmentation allows careful
image quality control and removal of areas containing
artifacts (eg, caused by blood flow or head motion). As
a result, experienced raters can deliver highly reproduc-
ible segmentations.’”*® Second, the implementation of
3D acquisitions may possibly increase the accuracy of
the results®® by enabling isotropic voxel acquisitions,

reducing partial voluming and eliminating or reducing
artifacts (eg, caused by cross-talk between slices in 2D
sequences). Moreover, more clinical assessments are
warranted to understand the clinical significance of SN¢
neuromelanin loss in iRBD.

Patients with iRBD showed a decrease in SN¢ volume
and signal intensity, and our results confirmed that
neuromelanin MRI signal is an early marker of SN¢
neurodegeneration in parkinsonism. Nonetheless, com-
parative MRI, histological and molecular studies are
needed to better understand the basis of neuromelanin-
based MRI signal changes in iRBD.

In summary, our proposed fully automated ConvNet
segmentation method showed comparable performance
with the manual method, was faster and user-indepen-
dent. Therefore, it could enable reproducible and fast seg-
mentation of the SNc in large patient cohorts, for
instance, in clinical trials. Several questions still remain
unanswered, in particular whether neuromelanin imaging
could serve as a predictor of conversion in these patients
or to estimate the time before the appearance of clinical
motor signs and the evolution of neuromelanin changes
in relation to the striatal dopaminergic function. ®
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