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Background: Parkinson disease (PD) and multiple system atrophy (MSA) are neurodegenerative disorders
characterized by the accumulation of alpha-synuclein. Distinguishing between these conditions remains
a significant challenge. This study thus employed quantitative susceptibility mapping (QSM) to evaluate
subcortical iron deposition and its clinical implications in patients with PD or MSA and a group of healthy
controls (HCs).

Methods: The study included 26 patients with MSA, 40 patients with PD, and 35 HCs. We used magnetic
resonance imaging (MRI)—based QSM to measure iron accumulation in the substantia nigra pars compacta
(SNc), substantia nigra pars reticulata (SNr), and globus pallidus internus (GPi). We assessed differences
between groups, examined correlations with clinical scores, and conducted receiver operating characteristic
(ROC) curve analysis.

Results: Compared to those with PD, patients with MSA showed more severe motor and nonmotor
impairment. QSM analysis indicated a significant increase in iron levels in the SN¢, SNr, and GPi regions
in patient groups compared to HCs. In patients with MSA, a notable positive correlation was found between
SNec¢ QSM values and Non-Motor Symptoms Scale scores (r=0.4; P=0.043). In patients with PD, a positive
association was observed between iron levels in the SNc and Unified Parkinson’s Disease Rating Scale Part
IIT (UPDRS-III) (r=0.395; P=0.012) and Hamilton Depression Rating Scale scores (r=0.313; P=0.049).
Furthermore, iron content in the GPi inversely correlated with rapid-eye movement sleep behavior disorder
questionnaire-Hong Kong scores (r=-0.342; P=0.031). The SNr region demonstrated the best ability to
discriminate between MSA and PD with an area under the curve (AUC) of 0.67, followed by the GPi (AUC
=0.64) and SNc (AUC =0.57).

Conclusions: QSM effectively quantified subcortical iron deposition in the PD, MSA, and HC
groups. The correlations found between iron levels and clinical manifestations provide insights into the
pathophysiological processes of these disorders, highlighting the potential of QSM as a diagnostic tool for
differentiation.
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Introduction

Parkinson disease (PD) and multiple system atrophy (MSA)
represent two prominent neurodegenerative parkinsonian
disorders, with both being characterized by the aberrant
accumulation of alpha-synuclein protein (1). PD, the
more common of the two, predominantly manifests
with motor symptoms such as bradykinesia, rigidity, and
resting tremor. MSA, on the other hand, progresses more
swiftly, characterized mainly by autonomic dysfunction
and poor response to levodopa treatment (2). The clinical
presentations of PD and MSA overlap to some degree,
which significantly complicates their differential diagnosis.

From a pathological perspective, both PD and MSA
involve disturbances in subcortical iron balance and
oxidative stress, hinting at the potential involvement of iron
dysregulation in their pathogenesis (3). The evolution of
neuroimaging techniques, especially magnetic resonance
imaging (MRI), has given rise to quantitative susceptibility
mapping (QSM). QSM provides a noninvasive means
to measuring brain iron deposition. Prior research has
indicated increased iron accumulation in the substantia
nigra in both patients with PD and those with MSA (4-6).
Yet, the link between subcortical iron buildup and the
various clinical features of these disorders is not fully
understood.

Given this backdrop, our study aimed to achieve two
main goals: first, to compare the iron levels in subcortical
areas among patients with PD, patients with MSA, and
healthy individuals; and second, to investigate how iron
deposition correlates with the severity of both motor and
nonmotor symptoms in PD and MSA. Based on existing
literature and preliminary data, we hypothesized that the
patient groups would display elevated iron concentrations
in subcortical regions relative to controls. Furthermore,
we anticipated there to be a correlation between clinical
indices—both motor and nonmotor—and iron levels within
specific anatomical networks.

In this context, we specifically targeted the bilateral
substantia nigra pars compacta (SNc), substantia nigra pars
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reticulata (SNr), and globus pallidus internus (GPi) as our
regions of interest (ROIs). This selection was predicated
upon the hypothesis that the SNr and GPi, being areas
implicated in later stages of PD progression (7,8), may
exhibit differential involvement and extents of damage
in MSA compared to PD. This could potentially explain
the earlier impairment of motor circuits in MSA and its
inconsistent response to Levodopa treatment, a key aspect
of our investigation. We present this article in accordance
with the STARD reporting checklist (available at https://
gims.amegroups.com/article/view/10.21037/qims-24-168/rc).

Methods
Participants

This study included 26 patients with MSA [16 with
parkinsonian type (MSA-P) and 10 with cerebellar type
(MSA-C)], 40 patients with PD, and 35 healthy individuals,
all of whom were from Xuanwu Hospital of Capital
Medical University. Patients with MSA were diagnosed
by expert neurologists according to the recognized
“probable” MSA clinical criteria (9). Patients with PD had
an established diagnosis according to the clinical diagnostic
criteria of the Movement Disorder Society (MDS) (2). A
minimum five-year clinical follow-up after report of initial
motor symptoms was required for accurate diagnosis.
Participants with MRI contraindications, neuropsychiatric
comorbidities, or other neurodegenerative disorders or
those unable to complete assessments were excluded. This
study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013) and was approved by the
ethics committee of Xuanwu Hospital of Capital Medical
University (No. 2011-27). All participants provided written
informed consent prior to participating in the study and
undergoing MRI procedures.

Clinical assessments

Motor function was evaluated using the Unified Parkinson’s
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Disease Rating Scale Part III (UPDRS-III) (10). Nonmotor
symptoms were assessed using the Non-Motor Symptoms
Scale (NMSS) (11), the rapid-eye movement sleep
behavior disorder questionnaire Hong Kong version
(RBDQ-HK) (12), and the Hamilton Depression Scale
(HAMD) (13). Higher scores indicated increased symptom
severity. Cognitive abilities were assessed using the
Montreal Cognitive Assessment (MoCA) test (14), in which
lower scores denote cognitive decline.

MRI acquisition

Imaging was performed on a 3T Skyra scanner (Siemens
Healthineers, Erlangen, Germany) with a 20-channel head-
neck coil. Three-dimensional (3D) T1-weighted (T1w)
magnetization prepared rapid gradient echo (MPRAGE)
images were acquired under the following parameters:
repetition time (TR) =2,530 ms, echo time (TE) =2.98 ms,
inversion time (TT) =1,100 ms, flip angle =7°, field of view
(FoV) = 256x224 mm’, voxel size =1x1x1 mm?, and scanning
time =5 min and 13 s. QSM data were obtained using a
3D gradient echo (GRE) sequence under the following
parameters: TR =25 ms, TE =17.5 ms, flip angle =15°, FoV
=256x192 mm’, voxel size =0.667x0.667x1.5 mm?, and
scanning time =5 min and 6 s.

QSM processing

QSM maps were reconstructed from multiecho phase data
using MATLAB 2014a (Mathworks, Natick, MA, USA)
based on STT Suite software (STT Suite: https://people.eecs.
berkeley.edu/~chunlei.liu/software.html). The multiple-
phase images were unwrapped by a Laplacian-based
algorithm method and used to remove the background
field via the V-sophisticated harmonic artifact reduction for
phase data (V-SHARP) method. The magnetic susceptibility
was measured using streaking artifact reduction for QSM
(STAR-QSM). The bilateral SN¢, SNr, and GPi were
defined as ROIs based on the California Institute of
Technology’s 168 atlas of subcortical nuclei in Montreal
Neurological Institute (MNI) 152 space. Image registration
was performed using FMRIB Software Library (FSL) v.
6.0 (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Individual 3D
T1w imaging was first skull stripped and registered to the
GRE magnitude image using the FMRIB’s linear image
registration tool (FLIRT) tool to acquire the first warping
field. Subsequently, the 3D-T1w image was registered to
standard MINI 152 space using the FLIRT and FMRIB’s
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nonlinear image registration tool (FNIRT), and the
warping field from individual T1w image to standard space
was inverted to acquire the third warping field. The first
and third warping fields were combined to obtain the fourth
warping field for converting MNI 152 space to an individual
susceptibility map. Finally, the ROIs in the MNI 152 space
were registered to individual susceptibility maps and used to
calculate QSM values (Figure I).

Statistical analysis

For the analysis of group differences in QSM values, three
specific ROIs—the SN¢, SNr, and GPi—were scrutinized.
We first performed intergroup comparisons between the
two MSA subtypes, cerebellar (C-type) and parkinsonian
(P-type), using nonparametric Mann-Whitney tests.
If differences were found, further analyses would be
conducted by comparing each subtype separately with the
PD and healthy control (HC) groups. If no differences were
found, the subtypes would be combined into an MSA group
for analysis. One-way analysis of variance (ANOVA) was
performed to assess intergroup differences among the MSA,
PD, and HC groups. If the ANOVA indicated significant
differences, post hoc tests, including Tukey or Bonferroni,
would be employed to identify the specific groups that
differed. Multiple comparison corrections were applied to
adjust the P values. To clarify the associations between QSM
values and clinical scores, Spearman rank-order correlation
and Pearson correlation coefficient were implemented. The
clinical evaluation scales considered in the study included
the HAMD, MoCA, NMSS, RBDQ-HK, and UPDRS-III.
Analyses were conducted separately for the MSA and PD
cohorts. P<0.05 was considered statistically significant.

An extended analysis of covariance (ANCOVA) was
employed to assess the impact of specific covariates—age,
gender, duration of the disease, and educational level—on
QSM values within the MSA and PD groups. The level of
significance for each covariate was set to P<0.05.

In our analysis, the discriminative capacity of the
individual and combined nuclei values (SN¢, SNr, and
GPi) for distinguishing MSA from HC, MSA from
PD, and PD from HC was evaluated. Initially, receiver
operating characteristic (ROC) curves were generated
based on individual nuclei values, with their performance
being quantified using the area under the curve (AUC).
Subsequently, logistic regression models were employed,
with these nuclei combinations being the input features. By
splitting the data into training and test sets, we assessed the
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Figure 1 Segmentation of the ROIs in the deep brain structures of a representative volunteer via the FMRIB Software Library. SNr,

substantia nigra pars reticulata; SNc, substantia nigra pars compacta; GP1, globus pallidus internus; ROIs, regions of interest.

model’s performance on unseen data. These models yielded
probability scores, from which ROC curves were drawn and
AUC values computed, offering insights into the optimal
nuclei combinations for patient differentiation.

In this study, the analysts of the QSM data were blinded
to the clinical information of participants, and similarly, the
assessors of the reference standard were not informed of the
index test results. This dual-blinding approach was adopted
to prevent bias and ensure objective data interpretation and
a robust and accurate evaluation, focused solely on imaging
findings. We addressed indeterminate results from both the
index test and the reference standard systematically. Any
ambiguous or unclear results were reviewed by a panel of
experts to reach a consensus. Missing data in the index test
or reference standard were managed by the imputation of
average values, with a focus on maintaining the consistency
and completeness of the dataset.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Results
Demographics

The cohort consisted of 26 patients diagnosed with MSA, of
whom 16 had the parkinsonian subtype (MSA-P) and 10 had
the cerebellar subtype (MSA-C). Additionally, 40 patients
with PD and 35 HC were included for comparison. No
statistically significant differences were observed among
the two types of MSA in terms of age (P=0.847), gender
(P=0.422), or QSM value of the three ROIs (SNc: P=0.257;
SNr: P=0.356; GPi: P=0.772). The subtypes would be
combined into an MSA group for analysis.

No significant differences were found among the three
groups concerning age, gender distribution, or educational
level (al P values >0.05). The median duration of illness
was longer in patients with PD [3 years, interquartile range
(IQR) 3 years] than in patients with MSA (2 years, IQR
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Table 1 Demographic data of study participants
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Parameter/characteristic MSA (n=26) PD (n=40) HC (n=35) P value
Age (years) 57.5£10.5 60+10.6 61+10 0.308
Gender (M/F), n 12/14 21/19 16/19 0.810
Years of education 10.5+6 10.5+5.8 11+3 0.975
Duration (years) 2+2.3 3+3 - 0.027
MoCA 24547 24545 2515 0.139
UPDRS-III 40+20 26+19 - 0.001
RBDQ-HK 25.5+12 15417 8+9 0.000
NMSS 55+20 19.5+24 8+14 0.000
HAMD 9+4 4.5+5 2+4 0.000

Data are presented as the median + interquartile range. MSA, multiple system atrophy; PD, Parkinson disease; HC, heathy control; M/F,
male/female; MoCA, Montreal Cognitive Assessment; UPDRS-III, Unified Parkinson’s Disease Rating Scale Part Ill; RBDQ-HK, rapid-eye
movement sleep behavior disorder questionnaire-Hong Kong; NMSS, Non-Motor Symptoms Scale; HAMD, Hamilton Depression Rating

Scale.

2.3 years), with a P value of 0.027 indicating statistical
significance (Table 1).

QSM analysis

In the assessment of QSM measurements across the SN,
SNr, and GPi regions, significant group differences were
noted. Although the SNc region did not demonstrate
any significant difference between MSA and PD (U=588;
P=0.376), the SNr region did (U=693; P=0.024). The GPi
region exhibited a difference, but this was not significant
(U=669; P=0.051). Both the SNc¢ (U=759; P<0.00001) and
SNr (U=823; P<0.00001) regions showed highly significant
differences between the MSA and HC groups, while
the GPi region showed a significant difference (U=714;
P<0.0001). Finally the PD and HC groups were significantly
different in the SNc¢ (U=1,149; P<0.00001), SNr (U=1,076;
P<0.0001), and GPi (U=984; P=0.0026) regions (Figure 2).

Correlations

For MSA, a significantly positive correlation was identified
between iron content in SNc¢ and NMSS scores (r=0.4;
P=0.043). However, no such associations were found with
the UPDRS-III, HAMD, or RBDQ-HK scores (all P values
>0.05) (Figure 3A4).

For PD, there was a positive correlation of SNc iron
levels with UPDRS-IIT (r=0.395; P=0.012) and HAMD
score (r=0.313; P=0.049). Moreover, iron content in the
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GPi negatively correlated with RBDQ-HK score (r=-0.342;
P=0.031), but there were no significant correlation with
NMSS score (P>0.05) (Figure 3B).

The ANCOVA results indicated that none of the
considered covariates (age, gender, duration, education) had
a significant association on the SN¢, SNr, and GPi measures
in either the MSA or PD groups.

Sensitivity and specificity analysis

In distinguishing MSA from PD, SNr had the highest
AUC of 0.67, indicating good discriminative power, which
was followed by GPi (AUC =0.64) and SNc (AUC =0.57)
(Figure 4A). In differentdating MSA from HC, SNr showcased
had the highest AUC of 0.90, followed by SNc at 0.83 and
GPi at 0.78 (Figure 4B). In differentiating between patients
with PD and HCs, SNc¢ and SNr exhibited AUCs of 0.82 and
0.77 respectively, suggesting potential utility, whereas GPi
(AUC =0.70) appeared less promising (Figure 4C). Both the
paired and triplet nuclei combinations yielded AUC values
less than 0.8. Moreover, their discriminative capacities were
inferior to that of the individual nuclei, suggesting a more
pronounced differentiation potential when nuclei were
assessed independently.

Discussion

In this study, no significant differences in age, gender, or
QSM measurements from the SN¢, SNr, and GPi regions

Quant Imaging Med Surg 2024;14(7):4464-4474 | https://dx.doi.org/10.21037/qims-24-168
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Figure 2 Boxplots representing the distribution of QSM values in the subcortical nucleus (SN¢, SNr, and GPi) across the MSA, PD, and

HC groups. P<0.05 was considered statistically significant. SNc, substantia nigra pars compacta; QSM, quantitative susceptibility mapping;

MSA, multiple system atrophy; PD, Parkinson disease; HC, heathy control; SNr, substantia nigra pars reticulata; GPi, globus pallidus

internus.
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Figure 3 Heatmaps representing the Spearman correlation coefficients between QSM values and clinical scores in the MSA and PD group.

The heatmaps illustrate the Spearman rank correlation between subcortical nuclei values (SN¢, SNr, and GPi) and clinical assessment
scales (HAMD, MoCA, NMSS, RBDQ-HK, and UPDRS-III) in patients diagnosed with MSA and PD. *, statistically significant at a level
of a=0.05. MSA, multiple system atrophy; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; GPi, globus pallidus
internus; PD, Parkinson disease; HAMD, Hamilton Depression Rating Scale; MoCA, Montreal Cognitive Assessment; NMSS, Non-Motor
Symptoms Scale; RBDQ-HK, rapid-eye movement sleep behavior disorder questionnaire-Hong Kong; UPDRS-III, Unified Parkinson’s

Disease Rating Scale Part II1.

were observed between the MSA subtypes. A comparative
analysis between MSA and PD revealed notable disparities
in the SNr but not in the SNc. In MSA, a clear correlation
emerged between iron levels in the SNc and NMSS scores.
For PD participants, SNc iron concentrations positively
correlated with UPDRS-IIT and HAMD scores, whereas an
inverse relationship was noted between GPi iron levels and

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

RBDQ-HK scores. ANCOVA results suggested a minimal
influence of evaluated covariates on QSM readings in both
the MSA and PD groups. In differentiating MSA from
PD, the SNr emerged as the most discriminative region,
followed by the GPi and SNc.

Previous studies have demonstrated links between
abnormal iron regulation, ferroptosis, and PD pathogenesis.
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Figure 4 ROC curves evaluating the discriminative ability of QSM values (SN¢, SNr, and GPi) in distinguishing (A) MSA vs. PD,
(B) MSA vs. HC, and (C) PD vs. HC. MSA, multiple system atrophy; PD, Parkinson disease; SNc, substantia nigra pars compacta; SN,

substantia nigra pars reticulata; AUC, area under curve; GPi, globus pallidus internus; HC, heathy control; ROC, receiver operating

characteristic; QSM, quantitative susceptibility mapping.

Iron accumulation and dysregulation of iron metabolism

proteins such as transferrin receptor 2 (TfR2), divalent
metal transporter 1 (DMT1), and ferroportin (FPN-1)
are observed in the SN of patients with PD (15-17). Iron
buildup may promote ferroptosis through reactive oxygen
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species (ROS) generation via Fenton reactions (18).

Ferroptosis inhibitors such as ferrostatin-1 have shown

promise in mitigating dopaminergic neuronal death in
PD models (19,20). Additional evidence indicates that
a-synuclein aggregation and dopamine depletion in PD may

Quant Imaging Med Surg 2024;14(7):4464-4474 | https://dx.doi.org/10.21037/qims-24-168



Quantitative Imaging in Medicine and Surgery, Vol 14, No 7 July 2024

increase susceptibility to iron-dependent ferroptotic cell
death (21,22). Moreover, abnormal iron deposition, which
are significant iron stores in the brain, have been observed
in oligodendrocytes (23), and it has been suggested that iron
may play a critical role in alpha-synuclein aggregation (24).
Dysregulation of iron homeostasis can also markedly impact
oxidative stress responses in oligodendrocytes, which may
ultimately precipitate neurodegenerative changes (25).

Previous studies have reported increased magnetic
susceptibility in the SN of patients with MSA compared to
that of controls (26-29) but no significant changes in the
GP (28). Our study aligns with these findings, suggesting
iron accumulation, a-synuclein deposition, and glial
dysfunction in MSA. Interestingly, our results also revealed
increased GPi susceptibility in patients with MSA compared
to controls, possibly reflecting a more advanced disease
stage.

In most studies on PD, including ours, increased SNc
susceptibility has been observed (7,30,31) although some
discrepancies exist (32), and SNr and GPi findings vary
across studies (7,8,33). Guan et al. (8) noted early-stage PD
affecting iron deposition in the SNc, with late-stage PD
impacting the SNr and GPi.

Direct comparisons of QSM values between MSA
and PD are scarce. Mazzuchelli er al. found that the
susceptibility of the SN is higher in those with MSA
versus those with PD. However, we did not find significant
differences, possibly since disease stage in MSA may not
only be associated with the UPDRS but also Unified
Multiple System Atrophy Rating Scale (UMSARS),
nonmotor symptoms, and disease duration. The younger
age and shorter disease duration of patients with MSA in
this study may explain the lack of differences in QSM in
the SN of patients with MSA compared to patients with
PD (28). Previously collected evidence also suggests greater
iron accumulation in the putamen of patients with MSA-P
compared to those with PD (28), warranting further study in
this area. However, some studies have reported there to be
differences in the GP between patients with MSA and those
with PD (27,28), which is consistent with our results, as the
GP is typically affected in the later stage of both diseases.
Different stages and subtypes of the disease may exhibit
different QSM values in the GP. Conversely, a significant
difference being observed in the SNr region underscores its
potential as a distinguishing factor in the pathology of MSA
compared to PD, possibly reflecting the distinct progression
mechanisms and the later-stage involvement in PD. This
observation is particularly intriguing, as it supports our

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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initial hypothesis that the SNr, alongside the GPi—despite
its nonsignificant P value—may exhibit unique patterns of
involvement in MSA that could underlie the distinct clinical
manifestations and poorer levodopa response observed in
this condition.

These links discovered between iron levels and clinical
scores can potentially connect neuroimaging findings with
clinical symptoms. In MSA cases, the positive correlation
between SNc iron content and NMSS scores ties nigral iron
accumulation to the worsening of autonomic dysfunction,
a key characteristic of MSA (34). In contrast, for PD, the
relationship between SNc iron levels and both UPDRS-
III and HAMD scores suggests iron’s role in influencing
motor functions and mood disorders (26). Interestingly, a
previous study noted that in PD, QSM values for various
brain regions, including the SN¢, SNr, and GP, did not
linearly correlate with the The Korean version of the NMS
scale (K-NMSS) K-NMSS total score (32), a finding echoed
in our research. In evaluating the association between
MoCA scores and susceptibility values in neurodegenerative
disorders, our study specifically investigated the SN¢, SNr,
and GPi nuclei in PD and patients with MSA. Unlike prior
studies indicating negative correlations between cognitive
scores and susceptibility in regions such as the caudate head
and cuneus (35,36), our study did not observe significant
correlations within these nuclei. This suggests a nuanced
role of iron deposition in cognitive impairment across
different brain regions and underscores the heterogeneity of
cognitive decline mechanisms in neurodegenerative diseases.
Our findings prompt further research for elucidating
these relationships that may potentially influence future
therapeutic strategies.

Our ROC curve analysis highlights the potential of QSM
values as biomarkers in neurodegenerative diseases. The
SNc’s ability to differentiate MSA from HC positions it as
a promising biomarker. In contrast, the GPi’s lower AUC
values in distinguishing PD from HC suggest its limited
effectiveness in this role. The utility of QSM values from
individual nuclei in differentiating MSA, PD, and HC
appears limited. An integrated approach, combining QSM
data with other clinical parameters or multimodal MRI
sequences, might enhance diagnostic precision.

Although our findings are insightful, we recognize
certain limitations to our study. The sample size, albeit
sufficient, could be larger in future studies to confirm our
conclusions. Longitudinal research is necessary to monitor
the progression of iron accumulation and its association
with clinical symptoms over time. Moreover, our study
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lacked pathological verification of the imaging findings
across various disease stages, and we did not consider the
impact of medications on clinical metrics. Future research
should include larger, multisite studies with autopsy
correlations to build upon these initial observations.

In summary, our study highlights QSM’s potential as a
diagnostic tool for distinguishing between MSA and PD.
The correlations we observed between iron content and
clinical scores offer a pathway for future investigations
to examine the mechanism underlying the relationship
between iron dysregulation and the progression of
neurodegenerative disorders.
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