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ABSTRACT: Background: Idiopathic rapid eye move-
ment sleep behavior disorder is an early sign of neurodegen-
erative disease. This study aimed to quantitatively evaluate
iron content in idiopathic rapid eye movement sleep behavior
disorder patients using quantitative susceptibility mapping
and to examine the potential of this technique to identify the
prodromal stage of a-synucleinopathies.

Methods: Twenty-five idiopathic rapid eye movement sleep
behavior disorder patients, 32 Parkinson’s disease patients,
and 50 healthy controls underwent quantitative susceptibility
mapping. The mean magnetic susceptibility values within
the bilateral substantia nigra, globus pallidus, red nucleus,
head of the caudate nucleus, and putamen were calculated
and compared among groups. The relationships between
the values and the clinical features of idiopathic rapid eye
movement sleep behavior disorder and Parkinson’s disease
were measured using correlation analysis.

Results: Idiopathic rapid eye movement sleep behavior dis-
order patients had elevated iron in the bilateral substantia
nigra compared with healthy controls. Parkinson’s disease
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patients had increased iron in the bilateral substantia nigra,
globus pallidus, and left red nucleus compared with healthy
controls and had elevated iron levels in the bilateral sub-
stantia nigra compared with idiopathic rapid eye movement
sleep behavior disorder patients. Mean magnetic suscepti-
bility values were positively correlated with disease duration
in the left substantia nigra in idiopathic rapid eye movement
sleep behavior disorder patients.

Conclusions: Quantitative susceptibility mapping can
detect increased iron in the substantia nigra in idiopathic
rapid eye movement sleep behavior disorder, which
becomes more significant as the disorder progresses. This
technique has the potential to be an early objective neuro-
imaging marker for detecting a-synucleinopathies. © 2019
International Parkinson and Movement Disorder Society
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Idiopathic rapid eye movement sleep behavior disorder
(iRBD) is characterized by the loss of muscular atonia
and dream-enacting behaviors."* Longitudinal studies
reported that 33.8% of clinically diagnosed iRBD patients
developed neurodegenerative disorders within 4 years,
especially a-synucleinopathies, such as Parkinson’s disease
(PD), dementia with Lewy bodies, and multiple system
atrophy.>® The conversion rate of iRBD to neurodegener-
ative disorders is 41% within 5 years* and 73.4% within
10 years.® Thus, iRBD is considered a prodromal stage of
a-synucleinopathies.

It has been shown that abnormal metabolism of brain
iron results in abnormal iron deposition in PD, which may
contribute to the damage of dopaminergic neurons and
the occurrence of typical clinicopathological lesions of
PD. In addition, abnormal iron deposition can be detected
using  iron-sensitive  magnetic  resonance imaging
(MRI).”1 It is thought that, as the prodromal stage of
a-synucleinopathies, iRBD patients may also have
increased iron deposition in the brain. A recent susceptibil-
ity weighted-imaging (SWI) study found loss of dorsolat-
eral nigral hyperintensity in two-thirds of iRBD patients."!
However, this study did not quantitatively analyze the iron
content. Further, the judgment of absence of dorsolateral
nigral hyperintensity is dependent on rater experience. In
contrast, a couple of studies quantitatively evaluated iron
content in iRBD using R2* mapping without finding a sig-
nificant difference between iRBD patients and healthy con-
trols (HCs).!>'® It has been suggested that quantitative
susceptibility mapping (QSM) is more sensitive, allowing

for better detection of increased iron in PD compared with
R2 and R2* mapping.>!*!*!* In addition, a postmortem
validation study showed there was a strong correlation
between iron content and magnetic susceptibility in gray
matter.”> Therefore, the purpose of this study was to
employ QSM to quantitatively measure iron content in the
gray matter of the brains in iRBD patients compared with
PD patients. We hypothesized that iron deposition in
iRBD patients would be higher than controls but lower
than PD patients. This study will help to clarify the poten-
tial role of QSM as an imaging marker for prodromal
a-synucleinopathies.

Materials and Methods

Participants

This experiment was performed in accordance with
the Declaration of Helsinki and was approved by the
Institutional Review Board of Xuanwu Hospital. All
participants gave written informed consent prior to the
experiment. All subjects (25 iRBD, 32 PD) were rec-
ruited from the Movement Disorders Clinic of the
Xuanwu Hospital of Capital Medical University. PD
patients were diagnosed according to the MDS Clinical
Diagnostic Criteria.'® The International Classification
of Sleep Disorders-Third Edition (ICSD3) diagnostic
criteria for RBD were used to screen patients for iRBD,
which was later confirmed by polysomnography.” The
inclusion criteria for 50 HCs were (1) older than
40 years, (2) no history of neurological or psychiatric

TABLE 1. Demographic and clinical data of participants and mean QSM values in each ROI

P (post hoc)
HC (mean + SD) iRBD (mean £ SD) PD(mean + SD) ANOVA

n=>50 n=25 n=32 P HC vs iRBD iRBD vs PD HC vs PD
Sex (M/F? 21/29 14/11 16/16 0.502 0.328 0.79 0.503
Age (years) 62.02 £+ 7.52 62.48 + 6.063 61.59 + 6.52 0.891 1 1 1
RBDQ-HK 7.76 + 5.382 41.84 £ 14.041 17.47 +13.198 < 0.001° < 0.001° < 0.001° 0.001°
UPDRS I — 3.96 + 3.565 23.66 + 11.062 — — — —
Duration(years) —_ 4.16 + 2.661 3.959 + 3.42 —_ — — —
H&Y — — 1.75 + 0.67 — — — —
SN-L(ppm) 0.089 + 0.018 0.104 £ 0.016 0.121 £ 0.022 < 0.001° 0.003° 0.003° < 0.001°
SN-R 0.09 + 0.017 0.106 + 0.015 0.12 + 0.016 < 0.001° < 0.001° 0.004° < 0.001°
GP-L 0.096 + 0.011 0.099 + 0.019 0.111 + 0.016 < 0.001° 1 0.014° < 0.001°
GP-R 0.091 £ 0.013 0.099 + 0.02 0.103 £ 0.013 0.002° 0.075 1 0.002°
RN-L 0.095 + 0.014 0.104 + 0.024 0.115 + 0.024 <0.001° 0.305 0.09 < 0.001°
RN-R 0.094 + 0.014 0.101 + 0.022 0.106 + 0.022 0.025° 0.523 0.872 0.022°
hCN-L 0.062 + 0.01 0.066 + 0.011 0.063 + 0.01 0.205 0.227 0.868 1
hCN -R 0.059 + 0.012 0.064 + 0.011 0.06 + 0.015 0.365 0.504 0.807 1
PU-L 0.063 + 0.013 0.066 + 0.012 0.063 + 0.016 0.597 1 1 1
PU-R 0.062 + 0.015 0.066 + 0.011 0.057 £ 0.013 0.054 0.951 0.058 0.266

M, male; F, female; iRBD, idiopathic rapid eye movement sleep behavior disorder; PD, Parkinson’s disease; HC, healthy control; RBDQ-HK, the REM Sleep
Behavior Disorder Questionnaire-Hong Kong; UPDRS lll, the Movement Disorder Society Unified Parkinson’s Disease Rating Scale, part Ill; ppm, parts per million;
SN, substantia nigra; GP, globus pallidus; RN, red nucleus; hCN, head of the caudate nucleus; PU, putamen; L, left; R, right; ANOVA, analyses of variance; —,

not applicable.

2Pearson’s chi-square test.

P < 0.05.
°P < 0.005.
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diseases, (3) no family history of movement disorders,
and (4) no obvious cerebral lesions on MR structural
images. The iRBD patients were evaluated using the
Rapid Eye Movement Sleep Behavior Disorder
Questionnaire-Hong Kong (RBDQ-HK) and the Move-
ment Disorder Society Unified Parkinson’s Disease Rat-
ing Scale, part IIl (MDS-UPDRS K). PD patients were
evaluated using the MDS-UPDRS K scale while they
were not taking any medication for PD. In addition, the
Hoehn & Yahr (H&Y) scale was assessed in PD
patients. Demographic details are summarized in
Table 1.

MRI Data Acquisition

MRI data were acquired using a 3T scanner
(MagnetomSkyra, Siemens, Germany) with a 20-channel
receiver head and neck joint coil (16 channels open for
scanning). PD patients were scanned after not taking their
medication for a minimum of 12 hours. Whole-brain sagit-
tal 3-dimensional (3-D) T1 magnetization-prepared rapid
gradient-echo imaging was acquired with the following
parameters: slice thickness, 1 mm; repetition time (TR),
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2530 milliseconds; echo time (TE), 2.98 milliseconds; flip
angle, 7°; display field of view (DFOV), 256 x 256 x 192
pixels; voxel size, 1 x 1 x 1 mm?; scanning time, 5 minutes,
13 seconds. A 3-D single-echo gradient echo sequence was
performed with the following parameters: slice thickness,
1.5 mm; TR, 25 milliseconds; TE, 17.5 milliseconds; echo
number, 1; flip angle, 15°; DFOV, 256 x 256x 80 pixels;
voxel size, 0.667 x 0.667 x 1.5 mm?; scanning time,
5 minutes, 6 seconds.

Image Analysis
QSM Reconstruction

QSM reconstruction was performed using MATLAB-
based susceptibility imaging software (STT Suite; https://
people.eecs.berkeley.edu/~chunlei.liu/software.html).!”
The corrected and combined phase images were acquired
by weighting the magnitude of the corresponding chan-
nel with the vendor-provided combination method'® and
were unwrapped using a Laplacian-phase unwrapping
method.'”"” Then, the phase-unwrapped images were
used to remove the background field using the V-SHARP
method.?® To reduce extreme streaking artifacts caused

FIG. 1. The definition of regions of interest (ROIs). The ROIs included the substantia nigra (SN), globus pallidus (GP), red nucleus (RN), the head of the

caudate nucleus (hCN), and putamen (PU) bilaterally.
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by large veins, susceptibility maps were generated in
the process of field-to-susceptibility inversion by using
an improved sparse linear equation and least-squares
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algorithm (streaking artifact reduction for QSM,
STAR-QSM).!

Image Processing

Image processing was performed using Advanced
Normalization Tools (http:/picsl.upenn.edu/software/
ants/). The registration and normalization processes
were completed as follows: (1) the magnitude and
T1-weighted images were first skull-stripped using Brain
Extraction Tools, and the QSM images were skull-
stripped in the QSM reconstruction process (using STI
Suite); (2) after the images had been skull-stripped, all
magnitude images were coregistered to the individual

10

Region-of-Interest Analysis

T1-weighted images using a linear registration algo-
rithm. Next, all the QSM images were brought directly
to the individual T1-weighted space.

We selected 10 gray-matter brain areas as regions of
interest (ROIs), including the substantia nigra (SN),

globus pallidus (GP), red nucleus (RN), head of caudate
nucleus (hCN), and putamen (PU) bilaterally (Fig. 1).
The ROIs were manually plotted on each subject based
on the anatomic structure of native space-reconstructed
QSM images using DtiStudio and ROIEditor software
(available at www.MriStudio.org). The SN was defined
as the high-contrast region surrounded by tissue dorsal
to the cerebral peduncle and ventral to the red
nucleus.”” We abided by the following principles when

(A) HC vs. iRBD (B) iRBD vs. PD (C) HC vs. PD
1.0 - 1.0 - 1.0 -
/ ¥ = SN_L
RN_L
o p / GP_L
0.8 0.8 0.8 PUL
hCN_L
2z 06 Z 06 Z 06
= / = ik = P
[ = " 4 ! 4 Pa - ¥
B 04 B 04 $ 04
0.2 0.2 0.2
0.04< 0.0 0.0Y
00 02 04 06 08 10 00 02 04 06 08 1.0 00 02 04 06 08 1.0
1-Specificity 1-Specificity 1-Specificity
SN.L RN_L GP_L PU_L hCN_L SN.L RN_L GP_L PU_L hCN_L SN.L RN.L GP_L PU_L hCN_L
AUC 0.736 0.679 0.624 0.599 0.605 0746 0610 0692 0.390 0.435 0.890 0.762 0.784 0473 0.543
D | E | F
( )1.0 HC vs. iRBD i ( )1.0 iRBD vs. PD . ( )1.0 HC vs. PD . SN.R
RN_R
I GP_R
0.8 0.8 0.8 PU_R
hCN_R
2 06 2 06 Z 06
| = P2 = )4 c //
& 04 & 04 $ 04
02| fr 0.2 02
0.0% 0.0 0.0
00 02 04 06 08 1.0 00 02 04 06 08 10 00 02 04 06 08 1.0
1-Specificity 1-Specificity 1-Specificity

SN_.R RN_.R GP_R PU_R hCN_R
0.904 0.643 0.738 0.386 0.506

SN_.R RN_.R GP_R PU_R hCN_R
0.671 0.706 0.570 0.601

SN_.R RN_R GP_R PU_R hCN_R
AUC 0.771 0.731 0491 0521 0.291 0.402

FIG. 2. Receiver operating characteristic (ROC) curves showing comparisons of the QSM values among the groups in each ROI. The diagnostic perfor-
mance of the QSM values was defined by the area under the curve (AUC). [Color figure can be viewed at wileyonlinelibrary.com]
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drawing the ROIs to avoid containing adjacent brain
regions from separate ROIs: (1) draw all successive
slices with a clear, visible boundary of the nucleus in
the axial plane; (2) remove the first and last layers of
the nucleus; (3) draw a pixel point inward to ensure
that the region drawn is within the scope of the
nucleus; and (4) avoid obvious vascular structures.
The QSM values (referenced to the susceptibility in the
bilateral posterior limb of the internal capsule, www.
brainlabel.org)**** were calculated. Mean QSM values
within each ROI in each group are shown in Table 1.
To assess the interrater reliability of segmenting ROls,
J.S. and D.Z. drew the ROIs independently. For the
intrarater reliability assessment, J.S. drew the ROIs
once and then drew them once again after 6 weeks.

Statistical Analyses

The normal distribution of data in each group was
confirmed by the 1-sample Kolmogorov-Smirnov test.
The Pearson chi-square test was applied for sex fre-
quency among the groups. Analysis of variance
(ANOVA) was performed to compare age and RBDQ-
HK among the groups. The intraclass correlation effi-
cient (ICC) was used to evaluate the intra- and inter-
rater reliability of segmented ROIs. An ICC of 0.81 to
1.00 was considered excellent agreement, 0.61 to 0.80
good agreement, 0.41 to 0.60 moderate agreement,
0.21 to 0.40 for fair agreement, and 0.20 or less poor
agreement.

Differences in the QSM values among the groups for
each ROI were analyzed with ANOVA. Post hoc tests

(A)
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IRON CONTENT IN IRBD
with a Bonferroni correction were used to control type
I error rate inflation for intergroup comparisons, and a
P < 0.005 was considered statistically significant at the
global level. In addition, a P <0.05 was used to find
the ROIs that had between-group differences. The dis-
criminative power of QSM values was evaluated with
the receiver operating characteristic curve.

The relationship between QSM value and clinical
assessment (RBDQ-HK, MDS-UPDRS K, disease dura-
tion, and H&Y stage) in iRBD and PD patients was
investigated using Pearson’s correlation analysis
(P < 0.005 was considered a significant correlation, and
P <0.05 was considered a correlation tendency). In
addition, a correlation between QSM value and bilat-
eral GP, hCN, and PU values was analyzed in the iRBD
and PD patients. Statistical analyses were performed
using IBM SPSS Statistics (version 25; IBM Corp.,
Armonk, NY).

Results

There were no statistically significant differences
between groups regarding age and sex; however, there
was a significant difference in RBDQ-HK score
(Table 1). Interrater agreement was excellent for each
ROI (all ICCs >0.9). Intrarater agreement was excellent
for 9 ROIs, except for the left GP (ICC, 0.772), which
achieved good agreement. The results of QSM analysis
are shown in Table 1. There was a significant difference
in QSM values among the groups in the bilateral SN,
bilateral GP, and left RN (P <0.005, ANOVA).

(B)

A7
[ ]
15
0
[
o 13 s ]
) ® ®
®©
> : [ J
=
%)
g M '
. ®
.09 [ ]
o )
.05
HC iRBD PD
Groups

FIG. 3. The QSM values in the bilateral SN. (A) The QSM values in the left SN. (B) The QSM values in the right SN.
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Patients with iRBD had significantly elevated iron con-
tent in the bilateral SN compared with the HCs
(P < 0.005, post hoc test Bonferroni corrected). PD
patients had significantly increased iron content in the
bilateral SN, bilateral GP, and left RN compared to
the HCs, and had significantly increased iron content in
the bilateral SN compared with the iRBD patients
(P < 0.005, post hoc test Bonferroni corrected). In
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FIG. 4. Correlations between the QSM values and clinical features in
iRBD patients. (A) Correlation between the QSM values and disease
duration in the left SN. (B) Correlation between the QSM values and dis-
ease duration in the right SN. (C) Correlation between the QSM values
and RBDQ-HK scores in the right GP. [Color figure can be viewed at
wileyonlinelibrary.com]

addition, in PD patients, the QSM values in the right
GP tended to be higher compared with the HCs,
whereas the QSM values in the left GP tended to be
higher compared with the iRBD patients (P < 0.05, post
hoc test Bonferroni corrected).

The discriminative power of QSM values in each
ROI is shown in Figure 2. We found that for the right
SN, the accuracy of discrimination between PD patients
and HCs was 0.904 (sensitivity, 0.969; specificity,
0.760); for iRBD patients versus HCs, accuracy, sensi-
tivity, and specificity were 0.771, 0.680, and 0.800,
respectively, whereas for iRBD versus PD patients,
accuracy, sensitivity, and specificity were 0.731, 0.688,
and 0.720, respectively. For the left SN, accuracy, sensi-
tivity, and specificity were 0.890, 0.781, and 0.900,
respectively, for PD patients versus HCs; 0.736, 0.760,
and 0.660, repectively, for iRBD patients versus HCs;
and 0.746, 0.594, and 0.840, respectively, for iRBD
versus PD patients. The QSM values in the bilateral SN
are shown in Figure 3.

In the iRBD patients, there was a significant positive
correlation between QSM value and disease duration in
the left SN (r = 0.554, P = 0.004; Fig. 4). In addition,
QSM value tended to positively correlate with disease
duration in the right SN (r = 0.519, P = 0.008; Fig. 4),
as well as RBDQ-HK scores in the right GP (r = 0.404,
P = 0.045; Fig. 4). In contrast, no significant correlation
was found between QSM value and any of the clinical
assessments (MDS-UPDRS X, H&Y score, or disease
duration) in the PD group. In addition, we did not find
any significant correlation between iron content and
volume of the striatum or pallidum in either the iRBD
or PD groups.

Discussion

The main findings of the present study were that iron
content is significantly elevated in the bilateral SN in
iRBD patients compared with HCs and that there is a
positive correlation between iron content and disease
duration. In addition, PD patients had increased iron
deposition in the bilateral SN, bilateral GP, and left RN
compared with controls and a more prominent increase
in iron content in the bilateral SN compared with iRBD
patients.

The abnormal metabolism of iron has been suggested
to induce an oxidative stress reaction and accelerate the
aggregation of a-synuclein, which in turn contributes to
the death of dopaminergic neurons in the SN, likely
progressing to the basal ganglia and/or cerebral corti-
ces.>>*® Loss of the dopaminergic neurons in the SN is
the pathological hallmark of PD. As approximately
40%-70% of dopaminergic neurons in the SN are lost
at PD onset,”” SN damage already exists before the
onset of PD. Studies with various imaging modalities,
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such as neuromelanin-sensitive MRL 2 SWI,'! diffusion
tensor imaging,'%*® and transcranial sonography,®*%-3°
have identified SN damage in iRBD patients. To the
best of our knowledge, this is the first study that has
quantitatively demonstrated increased iron content in
the SN in iRBD patients. Previous studies using R2*
mapping did not observe significantly increased iron
content in the SN in iRBD patients compared with con-
trols.'>'3 It has previously been shown that QSM is
more sensitive, allowing for better detection of
increased iron levels in PD patients, compared with
R2* mapping.>'%!** Our findings demonstrate that
QSM is able to quantitatively detect iron deposition in
the prodromal stage of a-synucleinopathies.

Compared with PD patients, iRBD patients had sig-
nificantly less iron content in the SN. In addition, QSM
values tended to be higher in the left GP in PD patients
compared with iRBD patients. This finding suggests
that there may be a progressive increase in iron deposi-
tion in the SN and basal ganglia from the prodromal to
the clinical stage of a-synucleinopathies, which is
supported by our correlational analysis. We found that
iron content in the left SN had a significant positive
correlation with disease duration, whereas iron content
in the right SN also tended to positively correlate with
disease duration. These results indicate that iron depo-
sition in the SN increases with the progression of iRBD.
Although iron content in the GP did not significantly
increase in iRBD patients, QSM value and RBDQ-HK
score tended to positively correlate in the right GP,
which indicates that iron deposition in the basal ganglia
is related to the disease severity>'*** of iRBD. As most
iRBD patients develop a-synucleinopathies,®>=? further
longitudinal studies with QSM imaging are needed to
investigate the relationship between gradually increased
iron content in the SN and basal ganglia and the
appearance of neurodegenerative symptoms. This will
help better understanding of the progression from the
prodromal stage to the clinical stage of
a-synucleinopathies.

PD patients had significantly increased iron content in
the bilateral SN, bilateral GP, and left RN compared
with the HC group, which is consistent with previous
reports.'>3*3> Excessive iron likely contributes to the
dysfunction of the nigrostriatal pathway,> which is
heavily involved in the motor deficits seen in PD
patients. We did not find a significant correlation
between iron content and any of the clinical assessments
in the PD group, which is inconsistent with some previ-
ous studies.'®***¢ However, a recent study also did not
find a correlation between iron content and clinical data
in PD patients.?” It is likely that we did not see a correla-
tion in the present study, as most of our PD patients
were in the early stages (average H&Y stage,
1.75 + 0.67). Given the narrow spread of clinical results,
the risk of false-negative associations is high. Future
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investigations regarding the relationship between QSM
values and clinical data will require greater statistical
power and more variance in the clinical data.

The QSM values in the bilateral SN showed high accu-
racy to discriminate PD patients from HCs (right SN,
0.904; left SN, 0.89) and moderate accuracy to discriminate
iRBD patients from HCs (right SN, 0.771; left SN, 0.736),
as well as to discriminate iRBD patients from PD patients
(right SN, 0.731; left SN, 0.746). Our finding that QSM
values in the SN can accurately discriminate PD patients
and HCs is consistent with previous reports.®'® As iRBD is
the prodromal stage of a-synucleinopathies, the QSM
values of iRBD patients were between those of HCs and PD
patients. Thus, it is not surprising that SN QSM values were
less accurate in distinguishing between iRBD patients and
HCs than they were for distinguishing between PD patients
and HCs. The QSM values in the SN showed some overlap
between iRBD patients and HCs (Fig. 3). Based on these
findings, the QSM values of the whole SN can distinguish
between iRBD patients and HCs at the group level; how-
ever, it is difficult to discriminate iRBD patients from HCs
on an individual level. In the future, we plan to analyze
QSM values in different subregions of the SN. We suspect
that iron deposition in some subregions (eg, nigrosome 1)
may be higher than in others and may show high accuracy
in discriminating between iRBD patients and controls. In
addition, the patients will be followed up to clarify whether
iRBD patients with lower QSM values in the SN will not
develop a-synucleinopathies or if the development of
a-synucleinopathies will take longer than other iRBD
patients.

There are some limitations to the current study. First,
the sample size was relatively small; thus, larger cohorts
are needed to validate the results. Second, because this
was a cross-sectional study, we were unable to evaluate
whether the iRBD patients developed a-synucleinopathies.
To look at this, longitudinal studies are needed. Third,
the nonisotropic resolution (0.667 x 0.667 x 1.5 mm?)
used in the current study can result in a loss of contrast in
the QSM images, as well as errors in the estimation of the
magnetic susceptibility values. However, with isotropic
resolution, the scanning time is significantly prolonged
compared with nonisotropic resolution. This is not ideal,
as PD patients usually have difficulty staying inside the
MRI scanner for long periods. In addition, long scanning
periods may be accompanied by significant head move-
ment in PD patients, thus resulting in worse image qual-
ity. Therefore, taking resolution and scan time into
account, the application of nonisotropic resolution is
accepted and has been applied in several studies on
PD, 10,3438

In conclusion, using the QSM method, we demon-
strated that iron content in iRBD patients is signifi-
cantly increased in the SN and increases further as the
disorder progresses. Our findings consequently suggest
that the QSM technique has the potential to be an
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objective neuroimaging marker for the detection of the
prodromal stage of a-synucleinopathies. ®
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