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ARTICLE INFO ABSTRACT

Keywords: Idiopathic rapid eye movement (REM) sleep behavior disorder (iRBD) is a prodromal stage of a-synucleinopathies,
Quantitative susceptibility mapping such as Parkinson’s disease (PD), which are characterized by the loss of dopaminergic neurons in substantia ni-
Parkinson’s disease gra, associated with abnormal iron load. The assessment of presymptomatic biomarkers predicting the onset of

REM behavior disorder
Iron deposition
Neurodegeneration

neurodegenerative disorders is critical for monitoring early signs, screening patients for neuroprotective clinical
trials and understanding the causal relationship between iron accumulation processes and disease development.
Here, we used Quantitative Susceptibility Mapping (QSM) and 7T MRI to quantify iron deposition in Nigrosome
1 (N1) in early PD (ePD) patients, iRBD patients and healthy controls and investigated group differences and
correlation with disease progression. We evaluated the radiological appearance of N1 and analyzed its iron con-
tent in 35 ePD, 30 iRBD patients and 14 healthy controls via T2*-weighted sequences and susceptibility (y)
maps. N1 regions of interest (ROIs) were manually drawn on control subjects and warped onto a study-specific
template to obtain probabilistic N1 ROIs. For each subject the N1 with the highest mean y was considered for
statistical analysis. The appearance of N1 was rated pathological in 45% of iRBD patients. ePD patients showed
increased N1 y compared to iRBD patients and HC but no correlation with disease duration, indicating that iron
load remains stable during the early stages of disease progression. Although no difference was reported in iron
content between iRBD and HC, N1 y in the iRBD group increases as the disease evolves. QSM can reveal temporal
changes in N1 iron content and its quantification may represent a valuable presymptomatic biomarker to assess
neurodegeneration in the prodromal stages of PD.
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1. Introduction

Parkinson’s Disease (PD) is a progressive and disabling neurodegen-
erative disease with a higher prevalence in elderly people, character-
ized by striatal dopamine deficiency and motor symptoms as bradyki-
nesia plus muscular rigidity and/or rest tremor (Postuma et al., 2015a).
Pathological hallmarks of the disease are the loss of dopaminergic neu-
rons, mainly in substantia nigra (SN) pars compacta (SNc), and the
accumulation of intra-cytoplasmic Lewy bodies inclusions containing
misfolded a-synuclein (Fearnley and Lees, 1991; Gibb and Lees, 1988;
Spillantini et al., 1998). Evidence suggests that these pathological
changes appear years before the onset of symptoms (Fearnley and
Lees, 1991; Gibb and Lees, 1988) and that 68% of dopaminergic neu-
rons of the ventrolateral tier of the SNc are lost at the time of clinical
onset (Fearnley and Lees, 1991).

Current medical therapies aim to treat motor symptoms mainly
by restoring the striatal dopamine levels, whereas treatments to pre-
vent, halt or slow the rate of disease progression are not yet avail-
able (Balestrino and Schapira, 2020). The future availability of neu-
roprotective and disease-modifying drugs would represent a milestone
in the pharmacological treatment of PD. In this context, the presymp-
tomatic phase of PD is of huge relevance in the search for biomarkers
of neurodegeneration occurrence and of forthcoming phenoconversion
(Postuma et al., 2015b).

Recently, the idiopathic rapid eye movement (REM) sleep behavior
disorder (iRBD), a parasomnia characterized by loss of muscular atonia
during REM sleep and dream enacting behaviors (Schenck et al., 1986),
has been recognized as a prodromal condition of synucleinopathies
(Galbiati et al., 2019). Polysomnography-confirmed iRBD has a pooled
prevalence of 0.68% (Cicero et al., 2021) and patients have an in-
creased risk of developing parkinsonism compared to control popula-
tions (Yao et al., 2021). PD and Dementia with Lewy Bodies (DLB) are
the most common phenoconversion diagnosis of iRBD patients, with the
overall risk for neurodegeneration increasing over time and reaching
96.6% at 14 years follow-up (Galbiati et al., 2019).

Together with Lewy body inclusions and dopaminergic neuronal
loss, iron accumulation in the SNc is another hallmark of the neu-
ropathology of PD (Jellinger et al., 1990; Sofic et al., 1991). The
iron overload can be visible as T2* hypointensity and estimated us-
ing Quantitative Susceptibility Mapping (QSM) (Barbosa et al., 2015;
Costagli et al., 2016; He et al., 2015; Langkammer et al., 2012; Sun et al.,
2015), thus representing a potentially valuable marker in motor and pre-
motor stages of synucleinopathies.

In the last decade the Nigrosome 1 (N1), an ovoid shape area
corresponding to the ventrolateral tier of SNc, was described as ab-
normally hypointense in T2*-weighted images in most PD patients
(Blazejewska et al., 2013; Cosottini et al., 2015, 2014) and in a vari-
able share of iRBD patients (Barber et al., 2020; De Marzi et al., 2016;
Frosini et al., 2017). The abnormal nigral iron storage has also been doc-
umented and estimated using QSM assessing altered susceptibility () in
the whole SN (An et al., 2018; Barbosa et al., 2015; Langkammer et al.,
2016; Murakami et al., 2015; Sun et al., 2020), in the SN pars reticulata
(Chen et al., 2019; Du et al., 2018; Xuan et al., 2017) and in the SN
pars compacta (Barbosa et al., 2015; Chen et al., 2019; Du et al., 2018;
Takahashi et al., 2018b; Xuan et al., 2017), but without purposely tar-
geting N1.

Recent studies showed that most iRBD patients with N1 hypointen-
sity have dopamine transporter single photon emission tomography
(1231-FP-CIT SPECT) evidence of nigro-striatal dysfunction (Bae et al.,
2018; Barber et al., 2020; Frosini et al., 2017) and thus are at higher
risk of forthcoming phenoconversion (Iranzo et al., 2017, 2010). There-
fore, MRI could represent a useful tool for improving our insight into
the presymptomatic stage of PD and N1 abnormality may be a marker
for short-term risk of overt synucleinopathy occurrence in iRBD patients
(Bae et al., 2018).

Neurolmage 260 (2022) 119454

Here we employed QSM at ultra-high magnetic field to investigate
differences in N1 iron deposition between early PD patients (ePD), iRBD
patients and healthy controls, and between specific subgroups of pa-
tients. Then, we explored the association between N1 iron accumulation
and disease duration in both iRBD and ePD patients.

2. Methods
2.1. Subjects

Patients with a diagnosis of PD or iRBD were clinically evaluated and
recruited at the Movement Disorders Center of the University of Pisa
during the period 2015-2020. Diagnosis of PD was performed based on
the UK Parkinson’s Disease Brain Bank criteria (Hughes et al., 1992).
The presence of RBD in PD patients was evaluated by single-question
screen for RBD (Postuma et al., 2012) and a semi-structured interview,
whereas the diagnose of iRBD was done according to the criteria of the
International classification of sleep disorders — third edition of the American
Academy of Sleep Medicine published in 2014 (American Academy of
Sleep Medicine, 2014). We included PD patients in early stages of dis-
ease (ePD; disease duration < 4 years) and with age at clinical onset >
45 years. Exclusion criteria were claustrophobia or any other contraindi-
cation to perform MRI at 7T, the presence of gene mutations associated
with PD or potential causes of secondary parkinsonism and, for iRBD
patients, the diagnosis of parkinsonism and/or dementia at the time of
the MRI procedure, other sleep disorders or neurological conditions and
current treatment with a drug known to induce RBD. According to these
criteria, 54 ePD patients (aged 65 + 8 [50-81] years old, 14 females /
40 males) and 36 patients with iRBD (aged 67 + 10 [32-83] years old,
6 females / 30 males) were enrolled in this study, together with a pop-
ulation of 16 healthy controls (HC) (aged 59 + 10 [43-77] years old,
7 females / 9 males) with no movement disorder and no neurological
or psychiatric diseases, and comparable sex and age distribution. This
study was approved by the local ethical committee and all participants
gave their written informed consent.

2.2. Clinical data

Patients were clinically evaluated by neurologists experienced in
movement disorders on the day of the MRI exam. For iRBD patients, age,
sex and disease duration (i.e., the time elapsed since symptom onset as
retrospectively evaluated by history) were recorded. For ePD patients,
age, sex, disease duration, disease severity according with the Hoehn
and Yahr (H&Y) score (Hoehn and Yahr, 1967), the presence of RBD,
the Levodopa Equivalent Daily Dose (LEDD) and the clinical phenotype
(i.e., Tremor Dominant -TD- or Postural Instability Gait Disorder -PIGD-
) (Jankovic et al., 1990) were recorded. For all patients, motor function
was assessed using the Unified Parkinson’s Disease Rating Scale mo-
tor item (UPDRS-III) (Fahn et al., 1987), while cognitive screening was
performed via Mini-Mental State Examination (MMSE) (Folstein et al.,
1975).

After the MRI session, iRBD patients were clinically followed-up and
both the follow-up duration (i.e., the time elapsed since symptom onset
to the last follow-up available) and conversion time to synucleopathies,
when applicable, were also recorded.

2.3. MRI acquisition hardware

All subjects underwent an ultra-high field MRI examination using a
GE Healthcare Discovery MR950 7T MRI system (GE Healthcare, Mil-
waukee, WI, USA). The scanner was equipped with a two-channel trans-
mitter/32-channel receiver head coil (Nova Medical, Wilmington, MA,
USA) and a gradient system with maximum amplitude = 50 mT/m and
slew rate = 200 T/m/s.
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2.4. MRI imaging protocol

The MRI protocol included two 3D Gradient Recalled Multi-Echo
sequences (Susceptibility Weighted Angiography — SWAN, GE Health-
care). One was acquired for the qualitative evaluation of the substantia
nigra and had the following parameters: Repetition Time TR = 55.7 ms;
eight equally spaced echoes with Echo Time TE;: ATE : TEg = 5.57 :
5.1: 41.5 ms; acquired voxel size = 0.5 x 0.5 x 1.2 mm?; reconstructed
voxel size = 0.313 x 0.313 x 1.2 mm?; Flip Angle FA = 8°; in-plane
FOV = 160 x 160 mm?; through-plane coverage = 24 mm; parallel
imaging ASSET (Array Coil Spatial Sensitivity Encoding) acceleration
factor = 2, scan duration = 4’02”. The acquisition targeted the midbrain
and was oriented in the plane perpendicular to the floor of the fourth
ventricle. This T2*-weighted sequence will be hereafter referred to as
“morphological”.

The second sequence was acquired to perform a quantitative as-
sessment of iron deposition via QSM, and will be hereafter referred to
as “complex-valued” dataset. The acquisition parameters were set as
follows: TR = 54.1 ms; seven equally spaced echoes with TE;: ATE :
TE, = 5.6 : 6.0 : 41.8 ms; voxel size = 0.6 x 0.6 X 0.6 mm?; FA = 15°%;
in-plane FOV = 160 x 160 mm?; through-plane coverage = 36 mm; par-
allel imaging ASSET (Array Coil Spatial Sensitivity Encoding) accelera-
tion factor = 2, scan duration = 5’04”. This sequence covered the brain
from the ponto-mesencephalic junction to the splenium of the corpus
callosum and was prescribed perpendicular to the floor of the fourth
ventricle. Both the real and imaginary parts of the images obtained at
each echo were saved and converted into magnitude and phase data.

2.5. QSM reconstruction pipeline and visual inspection

To obtain magnetic susceptibility maps, the processing of the
“complex-valued” dataset was performed as follows. The raw phase im-
ages of individual echoes were unwrapped using a Laplacian-based al-
gorithm (Li et al., 2012; Schofield and Zhu, 2003). A brain mask was
generated using FSL 5.0.9 Brain Extraction Toolbox (bet) (Smith, 2002)
(FMRIB Software Library, Oxford Centre for Functional MRI of the
Brain, Oxford, UK) on the T2*-weighted image averaged across echoes
and then used for the removal of the background field via V-SHARP
(Schweser et al., 2011). QSM images were obtained by applying the
iLSQR (Li et al., 2015, 2011) method separately to each echo, and
then averaged to obtain one susceptibility map with higher signal-to-
noise ratio (SNR) for statistical analyses (Denk and Rauscher, 2010).
The Laplacian-based algorithm for phase unwrapping, V-SHARP and
iLSQR are implemented in STI Suite (MATLAB toolbox, available at
https://people.eecs.berkeley.edu/~chunlei.liu/software.html from UC
Berkeley, Berkeley, CA, USA).

The TE-averaged magnitude images of the “complex-valued”
datasets were evaluated by a neuroradiologist and graded based on
the severity of motion artifacts into three categories: “none/mild” cor-
responding to non-visible or little motion artifact, “moderate” for de-
tectable motion and “severe” for extreme motion artifacts. Images af-
fected by “severe” motion artifacts were excluded from the analysis.

2.6. Qualitative evaluation of T2*-weighted “morphological” images

The “morphological” T2*-weighted images were averaged across TEs
to increase SNR and CNR, by combining the contrast profiles of differ-
ent echoes, in order to facilitate the delineation of a small structure
such as N1. Then, they were visually inspected by two neuroradiolo-
gists experienced in neurodegenerative disorders and in ultra-high field
MR imaging. The anatomy of the substantia nigra of each subject was ex-
amined according to established criteria (Cosottini et al., 2014), which
assess the appearance of the trilaminar organization of the SN and the
presence of an oval-shaped hyperintensity located dorsolaterally in the
SN between two hypointense layers, corresponding to N1. In a consen-
sus reading the images were labeled as “normal” when these structures
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were clearly visible in both left and right SN, or “pathological” when
this was not the case in at least one side of the brainstem.

2.7. ROI creation

For the QSM-based quantitative analysis, we created an atlas of prob-
abilistic regions of interests (ROIs) covering right and left N1. To this
aim, we employed the following pipeline, also schematized in Fig. 1.
First, the ROIs were manually segmented on the high-resolution TE-
averaged T2*-weighted “morphological” images of healthy controls, on
a single slice in which they were more clearly visible. Then, these im-
ages were employed to build a study-specific template (Fig. 1, step A)
after bias-correction performed using 3dUnifize in AFNI (Cox, 1996) and
skull-stripping via bet in FSL 5.0.9. The template was created using ants-
MultivariateTemplateConstruction routine in ANTs (Advanced Normaliza-
tion Tools) with Greedy-SyN approach and cross-correlation similarity
metric (Avants et al., 2008). The ROIs of each healthy control were
warped to the study-specific template by applying the corresponding
transformation. As we are dealing with 2-D ROIs, we employed a lin-
ear interpolation method to avoid the loss of voxels belonging to the
mask falling in between slices in the template space. Then, the obtained
masks were binarized. Probabilistic ROIs were computed by averaging
the transformed ROIs across all healthy controls and then thresholded
to a probability of 0.4 (Fig. 1, step B).

2.8. Quantitative analysis

The TE-averaged magnitude image of the “complex-valued” dataset
of each subject was bias-corrected, skull-stripped, and aligned to the
corresponding “morphological” T2*-weighted image (Fig. 1, step C)
by computing an affine transformation using antsRegistration. The
bias-corrected skull-stripped “morphological” image of each patient
was warped to the template space (Fig. 1, step D) via antsRegistra-
tion with Greedy-SyN approach and cross-correlation similarity metric
(Avants et al., 2008). Then, these transformations were concatenated in
order to warp the QSM image of each subject onto the template space.

For each subject, we identified the N1 (left or right) showing the
highest mean susceptibility () and considered it for statistical analysis,
according to radiological criteria (Cosottini et al., 2014). Measured y
is reported in parts per million (ppm). To avoid assumptions on brain
areas impaired by the disease, we did not reference QSM values with
respect to any specific region (Acosta-Cabronero et al., 2016).

2.9. Statistical analysis

Statistical analysis was performed in MATLAB (MathWorks, Nat-
ick, MA, USA). Demographic and clinical data are expressed as mean
+ standard deviation [range]. Sex distribution of the populations (PD,
iRBD and HC) were compared using chi-square test. Age distributions
and QSM data were analyzed via non-parametric statistical tests, i.e.,
Kruskal-Wallis omnibus tests followed by Dunn’s test for post-hoc anal-
ysis and Dunn-Sidak correction for multiple comparisons. The area un-
der the curve (AUC) of the receiver operating characteristic (ROC) curve
was employed as a measure of diagnostic accuracy. The correlation be-
tween susceptibility values and disease duration was evaluated with the
Spearman rank correlation test. The threshold of statistical significance
was set to p < 0.05.

3. Results

The study-specific template and the probabilistic ROIs were com-
puted from the “morphological” dataset of all HC. After visual inspection
and rating of the magnitude image of the “complex-valued” dataset, 19
ePD patients, 6 patients with iRBD and 2 controls were excluded from
QSM analysis due to severe motion artifacts. Then, the population used
for QSM analysis included 14 HC, 30 iRBD patients and 35 ePD patients.
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Fig. 1. Pipeline for template creation and QSM registration. ROIs encompassing N1 were manually drawn on the “morphological” T2*-weighted images of healthy
controls. These images were bias-corrected, skull stripped and used to create a study-specific template (A). The probabilistic N1 ROIs were obtained by averaging
the ROIs drawn on each control subject and warped to the template and were then threshold to 0.4 and binarized (B). The magnitude of the “complex-valued”
dataset of each subject was aligned to the corresponding “morphological” T2*-weighted image (C). Then, a transformation warp was computed to transform the
“morphological” image to the template space (D). Finally, the transformations were concatenated to warp the QSM image onto the template (C+D).

Table 1

Demographic and clinical information of the population used for QSM analysis. For the iRBD group, clinical scores
reported here refers to the baseline evaluation at the time of the MRI session. The reported y value refers to
the nigrosome 1 with the highest QSM value for each subject (i.e., either left or right side). H&Y: Hoehn e Yahr;
UPDRS-III; Unified Parkinson’s Disease Rating Scale part III; MMSE: Mini Mental Status Examination; PIGD: Postural
Instability and Gait Disorder; TD: Tremor Dominant; LEDD: Levodopa equivalent daily dose.

PD iRBD HC
N 35 30 14
Sex (Females) 10 6 7
Age (years) 64 + 8 [50-81] 66 + 10 [32-81] 58 + 10 [43-77]
Disease duration (years) 1.9 + 0.9 [0.5-3] 5+4[1-13] -
Follow-up duration (months) - 24 + 14 [5-50] -
RBD symptoms 18 30 0
Phenotype 9 PIGD / 24 TD / 2 indeterminate - -
H&Y 1.6 + 0.5 [1-2.5] - -
UPDRS-III 17.7 + 6.1 [7-33] 2.6 + 2.1 [0-7] -
MMSE 29.5 + 0.7 [27-30] 28.9 + 2.0 [20-30] -
Patients receiving treatment / LEDD [mg] 30 /200 + 125 [15-550] - -
N1 y [ppm] 0.071 + 0.025 0.044 + 0.027 0.047 + 0.015

The demographic and clinical information on the QSM population are
summarized in Table 1.

We found no significant differences in sex distribution between
groups. Age differences between groups were significant (p < 0.01):
specifically, age distribution of the iRBD group was different from that
of HC (p < 0.01). However, no significant correlation was found between
age and y values in N1 for any group.

Five iRBD patients (17%) developed PD (4 patients) or Dementia
with Lewy Body (DLB) (1 patient) by the end of the follow-up observa-
tion period.

3.1. Qualitative imaging results

The appearance of N1 in the “morphological” T2*-weighted images
was labeled as pathological in 29/35 (83%) ePD patients. In the iRBD

group, one patient was excluded due to motion artifacts in the “mor-
phological” image and 13/29 (45%) reported abnormal N1 appearance,
including the 4 iRBD patients that converted to PD; the iRBD patient
who converted to DLB had normal N1 appearance. In the control popu-
lation, 2/14 (14%) exhibited N1 alterations. Normative and pathological
imaging in exemplary subjects is displayed in Fig. 2.

3.2. Quantitative imaging results

After selecting the N1 ROI with the highest susceptibility for each
subject, we compared the average QSM values between groups. Sus-
ceptibility values measured in iRBD patients who converted to synu-
cleinopathies by the end of the follow-up period (iRBD-C) and in iRBD
patients who had not yet converted (iRBD-NC) were not significantly
different (Fig. 3A), therefore the two groups were considered together
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Fig. 2. “Morphological” T2*-weighted images of the nigrosome 1 in four representative subjects. In healthy controls (A), N1 appears as an oval-shaped hyperintensity
(white arrows) surrounded by two hypointense layers and located dorsolaterally in the SN. This structure is also visible in some patients with iRBD (B), while this is

not the case for other iRBD patients (C) and for most ePD patients (D).
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Fig. 3. Box plots showing comparisons of N1 susceptibility between groups: no significant differences were found between iRBD-C and iRBD-NC (panel A) and
between ePD patients with or without RBD (panel B). The p-value of the Dunn’s test is reported in the top-left corner of the corresponding plot.

for further analyses. Susceptibility in N1 was not significantly different
in ePD patients with or without RBD symptoms (Fig. 3B).

The omnibus test revealed significant differences in N1 susceptibility
between ePD, iRBD and HC (p < 0.0001): in particular, ePD patients
showed increased y with respect to both HC (p < 0.01) and iRBD (p < 0.
001), as shown in Fig. 4A. The AUC obtained in discriminating ePD
from iRBD patients was 0.76, with a specificity of 0.80 and a sensitivity
of 0.74. Moreover, ePD and HC could be discriminated with an AUC of
0.81, a specificity of 0.86 and a sensitivity of 0.74 (Fig. 4B).

The iRBD population was then split into two subgroups: one includ-
ing patients with normal N1 appearance in the T2*-weighted image
(iRBD-) and one comprising those with pathological imaging (iRBD+).
Although y difference did not reach statistical significance, we mea-
sured higher QSM values in iRBD+ patients (Fig. 5A). This led to a non-
significant difference with the ePD group (Fig. 5B), in contrast to what
reported when considering the entire iRBD cohort (Fig. 4A). However,
no statistically significant difference is reported comparing iRBD+ to
HC.

Statistically significant positive correlation (r = 0.475; p < 0.01)
emerged between susceptibility in N1 and disease duration in iRBD pa-
tients (Fig. 6A). Instead, no significant correlation was found between
N1 y and disease duration in ePD patients (Fig. 6B).

4, Discussion

This study focused on exploring the potential of N1 magnetic sus-
ceptibility as a non-invasive biomarker for synucleinopathies and their
prodromal stages, such as iRBD. Specifically, we recruited ePD patients,
iRBD patients and healthy controls and acquired GRE sequences for vi-

sual inspection and susceptibility mapping of the SN on a 7T MRI sys-
tem. We measured susceptibility in order to detect group differences in
iron load and assess its increase as long as the disease progresses. To
the best of our knowledge, this is the first QSM study targeting N1 in a
population of iRBD patients at 7T.

Iron concentration in N1 was higher for ePD patients than for the
control group and most ePD patients had N1 hypointensity. This is
in agreement with previous studies that investigated susceptibility in
SNc (Barbosa et al., 2015; Chen et al., 2019; Du et al., 2018, 2016;
Takahashi et al., 2018b; Xuan et al., 2017) and in its dorsolateral por-
tion (Takahashi et al., 2018a), and the radiological appearance of SN
(Blazejewska et al., 2013; Cosottini et al., 2015, 2014; Kim et al., 2016;
Schmidt et al., 2017).

In PD patients, iron accumulation in SN is a well-documented find-
ing. Even though the temporal relationship between iron storage and the
death of neuromelanin containing dopaminergic cells has not been com-
pletely elucidated, the role of iron in the pathogenesis of PD is well sup-
ported (Sian-Hiilsmann et al., 2011). A number of mechanisms of iron-
related damage of dopaminergic cells have been suggested, probably
interplaying among each other, and the microglial activation may exac-
erbate the process (Sian-Hiilsmann et al., 2011). The increase of iron in
SN has been found in many different cell types including inflammatory
cells and melanized dopamine neurons of SNc (Jellinger et al., 1990;
Youdim and Riederer, 1993). In particular, numerous ferritin-positive
reactive microglia cells have been found in the area of degenerating
neurons (Jellinger et al., 1990), and this might be at least in part the
source of the susceptibility effect detected with MRI.

The spatial distribution of iron storage within SN matches with that
of dopaminergic neuron loss, further suggesting a relationship between
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Fig. 4. Box plot displaying group differences in N1 susceptibility between ePD patients, iRBD patients and HC (panel A). In the top left corner, we reported the
p-value of the omnibus Kruskal-Wallis test. Post-hoc Dunn’s tests reaching significance after Dunn-Sidak correction are indicated by asterisks (* p < 0.05, ** p < 0.01,
*** p < 0.001). Panel B shows the ROC curves computed when discriminating ePD from iRBD (solid line) and ePD from HC (dashed line). The dots represent the
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Fig. 5. Box plot displaying group differences in N1 susceptibility considering iRBD patients with normal (iRBD-) and pathological (iRBD+) qualitative imaging
separately. Although the difference does not reach significance, iRBD+ patients reported slightly higher y, on average, than those in iRBD- group (panel A). Similarly,
panel B shows that the difference in N1 y with ePD patients is not significant when considering iRBD+ patients only instead of the whole iRBD population (Fig. 4A). In
the top left corner, we reported the p-value of the omnibus Kruskal-Wallis test. Post-hoc Dunn’s tests reaching significance after Dunn-Sidak correction are indicated

by the asterisks (* p < 0.05, ** p < 0.01).

the two processes. Indeed, increased iron levels have been found in post-
mortem samples of SNc but not in SN pars reticulata (Jellinger et al.,
1990; Sofic et al., 1991), and the ventrolateral tier of the SN¢, which
corresponds to N1, is the first region affected by neuronal loss and the
most affected throughout the disease (Damier et al., 1999; Fearnley and
Lees, 1991). N1 is, therefore, the best target within the SN for an early
detection of the pathology.

The accumulation of iron in N1 in the iRBD group is comparable
to that in HC, in accordance with previous studies that observed no
differences in T2* in SN between iRBD patients and controls (Lee et al.,
2014; Pyatigorskaya et al., 2017) and with recent works that considered
average QSM values in the whole SN (Chen et al., 2021; Zhang et al.,
2021) or in its functional subregions (Biondetti et al., 2021). However,
another study reported higher susceptibility in iRBD patients compared
to HC, but significantly lower than in PD (Sun et al., 2020). Besides,

also the number of iRBD patients with N1 hypointensity noted in our
study is in line with the wide range of positive cases described in the
literature (Bae et al., 2018; Barber et al., 2020; De Marzi et al., 2016;
Frosini et al., 2017; Zhang et al., 2021). The slightly inconsistent results
reported so far can be accounted for by the different degree of striatal
dopamine deficiency in iRBD patients enrolled in each study, and by the
use of a reference region for susceptibility measures.

The variability of the quantitative and qualitative changes within
SN of iRBD patients could be related to the proximity to the conver-
sion. iRBD+ patients have a peculiar level of putaminal dopaminergic
SPECT activity as it has been found lower than in both iRBD- patients
(Barber et al., 2020) and healthy controls (Bae et al., 2018), but higher
than in PD patients (Bae et al., 2018). Moreover, iRBD patients with
dopaminergic dysfunction have an increased risk of short-term conver-
sion (Arnaldi et al., 2021; Iranzo et al., 2010). Taken together, these
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Fig. 6. Correlation of N1 y and disease duration. A significant positive correlation was found for iRBD (** p < 0.01; panel A) but not for the ePD group (panel B).

data suggest that iron may accumulate in SN later during the disease
process and iRBD- patients might have been imaged when the abnor-
mal iron accumulation had not yet occurred or had not yet enough to
be detected with MRI. Therefore, the number of patients with impaired
putaminal dopaminergic projections and the degree of the dopaminergic
deficiency could affect the results of both qualitative and quantitative
MR studies. This is also testified by the variable prevalence of patho-
logical MR imaging reported in iRBD patients, ranging between 27.5%
and 77% (Bae et al., 2018; Barber et al., 2020; De Marzi et al., 2016;
Frosini et al., 2017) and the lack of significant differences between sus-
ceptibility values measured in ePD and iRBD+ patients.

Methodological differences might influence the variable incidence of
SN changes in iRBD. In our analysis and in two other studies (Chen et al.,
2021; Zhang et al., 2021) susceptibility values were not referenced to
a specific anatomical area, because the populations considered in this
study may show a diffuse pattern of pathological alterations in both gray
and white matter: this strategy may lead to slightly different results from
those obtained with referencing (Biondetti et al., 2021; Sun et al., 2020).
In addition, we selected a small ROI covering only the nigrosome 1 while
in other studies the whole SN was explored (Chen et al., 2021; Sun et al.,
2020; Zhang et al., 2021). Further investigations are required to settle
this discrepancy.

The correlation between N1 y and duration of iRBD points out that
iron accumulation increases along with the disease evolution, confirm-
ing a previous observation (Sun et al., 2020). As no differences are re-
ported between ePD patients with or without RBD, we suppose that the
gradual increment in iron stores in N1 may happen prior to the emer-
gence of motor symptoms, irrespective of the presence of RBD. To con-
firm this hypothesis, longitudinal studies in the general population and
in patients at risk of developing synucleinopathies are needed. More-
over, we did not find any correlation between ePD duration and sus-
ceptibility in N1, so it can be assumed that further iron accumulation is
not significant once motor symptoms appear. Concerning this finding,
the literature provides inconsistent observations, as the positive cor-
relation of susceptibility in SN with disease duration was reported by
some previous works (He et al., 2015), especially for PD patients with
longer disease duration (Du et al., 2016) but not confirmed by others
(Sun et al., 2020). In this regard, one possible confounding factor relates
to the prevalence of PD patients with short disease duration generally
enrolled in these studies. In our work, PD patients had a disease duration
shorter than 4 years and potential long-term correlations would remain
undetected. Another possible explanation is the different percentage of

dopaminergic neurons which die after clinical onset in the whole SNc
(where about 52% of cells are still alive) and in its ventrolateral tier
(where there is only about 32% of cells left) (Fearnley and Lees, 1991).
Even though the neuronal death continues exponentially, the influence
on susceptibility measures is expected to be greater for SNc than for
N1. On these premises, we may hypothesize that the iron load in N1
is not an index of disease progression, at least in the first years of PD,
but rather a marker of ongoing neurodegeneration in presymptomatic
stages. It is still unknown whether the trajectory of N1 iron accumu-
lation is different in iRBD patients who will convert to PD compared
to those who will progress to MSA or DLB. Longitudinal assessment of
iRBD patients is necessary to confirm N1 iron load as a marker of disease
progression and to investigate patterns of N1 y in the prodromal stages
of each synucleinopathy.

The absence of a correlation between N1 y and age in ePD patients,
iRBD and control subjects is in line with the age-related iron levels
in the SN, which are not expected to increase after the fourth decade
(Zecca et al., 2001), and with the limited age-related neuronal loss in
the ventrolateral tier of SNc (Fearnley and Lees, 1991). For this reason,
we would not expect the age difference between iRBD patients and HC
to significantly affect the results of this study.

From the methodological point of view, the ROIs covering N1 used
in this study were manually drawn by an experienced neuroradiologist
on a high-resolution T2*-weighted image of the control subjects. Then,
a probabilistic atlas was created and used to evaluate N1 y in all sub-
jects. The rationale for this approach concerned the absence of a pub-
lished N1 ROI and the critical issues in drawing it on structures with
pathological appearance. This semi-automated approach removed the
user’s discretionality in drawing the small N1 ROIs on the single pa-
tient. The probability threshold value of 0.4 was empirically chosen by
a neuroradiologist as the optimal tradeoff between the inclusion of most
N1 voxels and the exclusion of the neighboring tissues. To ensure that
the results were not affected by registration errors, a neuroradiologist
checked the alignment of each subject to the template. The N1 prob-
abilistic ROI created in this work can be applied to future studies and
translated to clinical field strength, provided that high spatial resolution
is achieved. This constraint is due to the small dimension of N1 and rep-
resents the rationale for performing this study on an ultra-high field MR
system.

An alternative approach for future studies may involve the usage of
histogram and pattern analysis on the whole volume of SN. This would
allow the exploration of the tails of the y distribution and of its fine
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spatial variations (Lancione et al., 2022; Zhang et al., 2020), so as to
also take into account N1 spatial variants (Cheng et al., 2020).

The choice of selecting and analyzing the N1 with the highest sus-
ceptibility is supported by clinical and radiological findings and aimed
to maximize the sensitivity in revealing neurodegeneration in both ePD
and iRBD patients. Motor symptoms of PD are, indeed, usually asymmet-
ric (Balestrino and Schapira, 2020) and this asymmetry matches with
the different N1 visibility (Noh et al., 2015). It is therefore commonly
accepted to define an imaging “pathological” in case of the loss of N1
hyperintensity in at least one side of the midbrain (Blazejewska et al.,
2013; Cosottini et al., 2014).

In conclusion, we reported that the iron content in N1 of iRBD pa-
tients is comparable to those in HC but it grows as the disease evolves.
On the contrary, ePD patients showed increased N1 iron load with re-
spect to iRBD and HC but our results suggest that it remains roughly un-
altered during disease evolution. Even though N1 iron content may not
be an index of PD progression, at least during its first stages, our work
suggests the potential of N1 iron load detection via QSM as a presymp-
tomatic biomarker for the assessment of PD and of ongoing neurodegen-
eration in its prodromal stages, such as iRBD. If this finding is confirmed,
the estimation of N1 iron may be used in clinical trials as a surrogate
marker to monitor the effectiveness of neuroprotective drugs. Longitudi-
nal studies are warranted to get further insights into the mechanisms of
iron accumulation and their causal relationship to disease development.
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