CNS Neuroscience & Therapeutics

WILEY

CN'S Neuroscience & Therapeutics

| oRIGINAL ARTICLE CEIEED

Gradients of Nigrostriatal Iron Deposition in Healthy Aging
and Synucleinopathies

Jiagi Wen!2 | Tao Guo? | Xiaojie Duanmu®? | Chenging Wu'? | Haoting Wu'? | Cheng Zhou'? | Qianshi Zheng!? |
Weijin Yuan!? | Jianmei Qin'? | Zihao Zhu'? | Jingjing Wu'? | Jingwen Chen!? | Jingjing Xu'?> | Yaping Yan® | Jun Tian3 |
Baorong Zhang® ® | Hongjian He* | Minming Zhang’? ® | Xiaojun Guan'?© | Xiaojun Xu'?

!Department of Radiology, the Second Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, China | 2Joint Laboratory of Clinical
Radiology, the Second Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, China | 3Department of Neurology, the Second Affiliated
Hospital, Zhejiang University School of Medicine, Hangzhou, China | “Center for Brain Imaging Science and Technology, College of Biomedical
Engineering and Instrument Science, Zhejiang University, Hangzhou, China

Correspondence: Xiaojun Guan (xiaojunguan1102@zju.edu.cn) | Xiaojun Xu (xxjmailbox@zju.edu.cn)
Received: 19 December 2024 | Revised: 7 March 2025 | Accepted: 17 March 2025

Funding: This work was supported by the “Pioneer” and “Leading Goose” R&D Program of Zhejiang Province (Grant no. 2025C02111), the National
Natural Science Foundation of China (Grant nos. 82171888, 82371906, 82271935, 82202091, 82302132, 82202089, and 82402208), and the Project Supported
by Scientific Research Fund of Zhejiang University (XY2024032).

Keywords: gradient | iron | multiple system atrophy | Parkinson's disease | quantitative susceptibility mapping

ABSTRACT

Aims: To investigate the gradients of nigrostriatal iron deposition in aging, Parkinson's disease (PD), and multiple system atro-
phy (MSA).

Methods: This study included 100 young healthy controls, 171 old healthy controls (OHC), 231 PD, and 24 MSA patients. The
brain iron content was quantified by quantitative susceptibility mapping. A spatial function method was employed to map the
iron gradient along the principal axis of the subcortical structure. General linear models were used to compare differences in
iron gradients between groups. Partial correlation was used to analyze the relationship between iron content and symptoms of
synucleinopathies.

Results: Nigrostriatal iron deposition in all gradient directions was observed during aging (p <0.05). Compared to OHC, iron
deposition was significant in nearly all substantia nigra (SN) segments in both PD and MSA (p <0.05). MSA showed significant
iron deposition in the posterolateral putamen compared to PD (p <0.05). Iron deposition in the SN in PD and putamen in MSA
correlated with disease severity.

Conclusion: Iron deposition in all gradient directions occurred in the nigrostriatal system during healthy aging, and this was
more evident in the SN in both PD and MSA, with MSA displaying additional iron deposition in the posterolateral putamen.

1 | Introduction primary target [5]. Clinically, PD and MSA patients share similar

parkinsonism motor symptoms including bradykinesia, rigidity,

Parkinson's disease (PD) and multiple system atrophy (MSA) are
classified as synucleinopathies, in which age is a significant risk
factor [1, 2]. The core pathology of PD and MSA involves the ag-
gregation of misfolded a-synuclein in neurons and oligodendro-
cytes, respectively [3, 4], with the nigrostriatal system being a

and tremor. Additionally, MSA patients present more significant
autonomic dysfunction, rapid disease progression, and shorter
survival time [6]. It is evident that PD and MSA overlap in patho-
logical and clinical features. Until now, the distinct patterns of
nigrostriatal neurodegeneration that differentiate these two
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conditions, as well as their connection to clinical symptoms, are
yet to be fully understood.

Non-heme iron is essential for maintaining normal cellular
functions and participating in key physiological processes
such as neurotransmitter synthesis, synaptic plasticity, and
myelination [2]. Iron homeostasis is critical for normal brain
function, yet it is disrupted in healthy aging and neurode-
generative diseases, leading to non-heme iron accumulation
outside storage complexes [2], which in turn triggers inflam-
mation and oxidative stress that damage cellular components
[7]. Post-mortem and in vivo studies have demonstrated se-
lective brain iron deposition during healthy aging, particu-
larly in the nigrostriatal system [7, 8]. Pathophysiologically,
excessive iron deposition in the substantia nigra (SN) could
facilitate a-synuclein fibril formation and induce ferroptosis
of neurons [9]. Increased iron concentration was observed in
the SN in PD and in the putamen in MSA, respectively [10-12].
Nigrostriatal iron deposition can be considered a common
pathophysiological feature in healthy aging and synucleinop-
athies (PD and MSA). Notably, the inferior SN of PD patients
and the posterolateral putamen of MSA patients showed
more pronounced iron deposition relative to other regions of
the same nucleus [13, 14], implicating inhomogeneity of iron
deposition within the nigrostriatal system [15]. The symptom-
atic manifestations of synucleinopathies may be related to the
selective deposition of iron within the nuclei. Therefore, it is
necessary to explore the spatial gradients of iron deposition in
this system in these synucleinopathies.

Quantitative susceptibility mapping (QSM) is an advanced
magnetic resonance imaging (MRI) technique that accurately
quantifies the spatial distribution of tissue magnetic suscepti-
bility, becoming the gold standard for in vivo quantification of
brain iron [16]. QSM has been widely applied to explore brain
iron content changes in healthy aging and age-related neuro-
degenerative diseases [17, 18]. Previous studies have employed
various methods to segment subcortical gray matter nuclei to
explore the uneven iron deposition within these structures. It
has been observed that iron deposition in the inferior and pos-
terior regions of the SN is more pronounced compared to other
areas [13, 19]. A meta-analysis revealed increased QSM values
at both the SN pars compacta and SN pars reticulata levels in
patients with PD [20]. These prior studies, while investigating
iron deposition in SN subregions, utilized a single-dimensional
spatial segmentation approach that inadequately revealed the
uneven distribution of iron within the nuclei and overlooked the
specific morphological features of the nuclei. The region of in-
terest (ROI) principal axis-based spatial segmentation method,
employing a singular value decomposition (SVD) algorithm, re-
defines the three-dimensional coordinates of the nuclei based
on the morphological structure and enables the performance of
equidistant segmentation. A previous study has demonstrated
the presence of microstructural gradients in the striatum and
their relevance to aging and PD, revealing posterior putaminal
degeneration linked to motor dysfunction [21]. However, this
study primarily focused on characterizing structural gradients
using multiparametric quantitative MRI without quantifying
iron deposition gradients. In conjunction with QSM technology,
this method enables comprehensive quantification of iron depo-
sition gradients with specificity to the nuclei [21].

In the present study, we integrate QSM with an ROI axis-based
spatial segmentation approach to investigate the iron gradients
in the nigrostriatal system during healthy aging and in different
types of age-related synucleinopathies and further explore their
impacts on clinical symptoms. We hypothesize that although
both PD and MSA involve the nigrostriatal system, the gradients
of iron deposition in these two synucleinopathies may differ,
which may potentially correlate with specific clinical symptoms.

2 | Materials and Methods
2.1 | Participants

AIINC, PD, and MSA patients signed informed consent forms in
accordance with the approval of the Medical Ethics Committee
of the Second Affiliated Hospital of Zhejiang University School
of Medicine (ethical approval numbers: 2012-26 and 2017-008).
An experienced neurologist (B.Z.) diagnosed PD according to
the UK Parkinson's Disease Society Brain Bank criteria [22] and
MDS clinical diagnostic criteria for Parkinson's disease [23], and
diagnosed MSA according to the Movement Disorder Society
Criteria for the Diagnosis of Multiple System Atrophy [14].

This study initially recruited 100 young healthy controls (YHC),
226 old healthy controls (OHC), 347 PD patients, and 26 MSA
patients. Exclusion criteria included (1) other neurological or
psychiatric disorders, (2) history of traumatic brain injury, (3)
claustrophobia, (4) presence of a cardiac pacemaker or any other
internal metal implants incompatible with MRI, and (5) signif-
icant brain abnormalities detected during MRI examinations,
such as severe brain atrophy, hydrocephalus, brain tumors, and
cerebral hemorrhage. Additionally, images with noticeable head
artifacts were excluded based on visual inspection. Sex and age
were matched between groups. Ultimately, a total of 100 YHC,
171 OHC, 231 PD, and 24 MSA patients (14 with MSA-C and 10
with MSA-P) were included in the following analyses [14].

Among the 231 PD patients included in this study, 87 were
drug-naive, while the remaining 144 patients were receiving
optimized antiparkinsonian medications based on clinical rec-
ommendations. Their medication regimens included either a
single drug or a combination of levodopa, dopamine agonists
(pramipexole dihydrochloride), amantadine, catechol-O-methyl
transferase inhibitors, monoamine oxidase B inhibitors (sele-
giline), and trihexyphenidyl. For PD patients receiving anti-
parkinsonian treatment, clinical assessments, and MRI scans
were conducted in the morning following the withdrawal of
all antiparkinsonian medications overnight (for at least 12h,
referred to as the ‘drug-off status’). Additionally, we obtained
on-state UPDRS part III scores from a subset of 104 PD patients.
The on-state is defined as 1h after the levodopa challenge test
(administration of 200mg levodopa and 50mg benserazide).
We collected essential demographic data, including age, sex,
and education levels of all participants, and also documented
the disease duration in PD and MSA patients. Additionally,
the Hoehn-Yahr stage of PD patients and the subtype of MSA
patients were recorded. OHC, PD, and MSA patients under-
went evaluations using the Mini-Mental State Examination
(MMSE) and the Scales for Outcomes in Parkinson's Disease—
Autonomic (SCOPA-AUT). Additionally, PD and MSA patients
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FIGURE1 | Flow chart of QSM image reconstruction, ROIs segmentation, and QSM functions generation. The ESWAN images, including mag-

nitude and phase images, were acquired from gradient recalled echo sequence. The magnitude images were used to generate a brain mask (®).

The QSM image was reconstructed by using unwrapped phase images and the brain mask (@). The ROIs (substantia nigra, putamen, and caudate
nucleus) were segmented on the QSM image utilizing DeepQSMSeg (®). The ROI axis-based spatial segmentation approach (https://github.com/
MezerLab/mrGrad) was used to segment ROIs equidistant along three orthogonal axes, and QSM functions were finally generated (®). A, Anterior;
D, Dorsal; ESWAN, Enhanced susceptibility-weighted angiography; L, Lateral; M, Medial; P, Posterior; QSM, Quantitative susceptibility mapping;

ROIs, Regions of interest; V, Ventral.

were assessed symptoms using the Unified Parkinson's Disease
Rating Scale (UPDRS) and the Unified Multiple System Atrophy
Rating Scale (UMSARS), respectively.

2.2 | MRI Data Acquisition

All participants underwent scanning on a 3.0-Tesla MRI scan-
ner (GE Discovery 750) with an 8-channel head coil. To ensure
stability during MRI scanning, the head was secured using foam
pads, and earplugs were provided to minimize noise interfer-
ence. Enhanced susceptibility-weighted angiography (ESWAN)
was acquired to generate QSM. The ESWAN images were ac-
quired using a gradient recalled echo sequence. Sequence pa-
rameters are detailed in Appendix S1.

2.3 | QSM Data Processing and ROIs Segmentation

Susceptibility Tensor Imaging Suite V3.0 software package
(https://people.eecs.berkeley.edu/~chunlei.liu/software.html)
was used to calculate the susceptibility maps from the phase im-
ages [16, 24-26]. Detailed processing procedures are provided in
Figure 1 and Appendix S2.

A Deep Learning-based Sub-cortical Nucleus Segmentation
Tool (DeepQSMSeg) was utilized to automatically segment ROIs
including SN, putamen, and caudate nucleus in the native space
[27]. An experienced radiologist (X.G.) visually inspected all au-
tomatically segmented data and manually corrected it to ensure
segmentation accuracy.

2.4 | QSM Gradients Mapping
of Subcortical Nuclei

We employed an automated procedure (https://github.com/
MezerLab/mrGrad) [21] to generate QSM functions along the
principal axes of a subcortical structure at the individual sub-
ject level. The input data were all participants’ native QSM im-
ages, along with the ROI masks segmented by DeepQSMSeg and

manually corrected. Without the need for image rotation, this
method transitioned from image axes to ROI-based axes and
then extracted QSM values as a function of their spatial posi-
tions. The bilateral mean QSM gradients of SN, putamen, and
caudate nucleus were reported (Figure 1).

2.4.1 | Orthogonal Axis Calculation

With a given ROI mask, the algorithm calculates the SVD of
the voxel 3D image coordinates within the ROI to determine
the principal three orthogonal axes of the structure [21]. In the
present study, three orthogonal axes of the SN, putamen, and
caudate nucleus were identified as the anterior-posterior (AP),
ventral-dorsal (VD), and medial-lateral (ML) axes. The SVD al-
gorithm solution was described in detail in Appendix S3.

2.4.2 | Orthogonal Axis Segmentation

We partitioned the ROI with uniform spacing for each of the
three principal orthogonal axes. To achieve this, we designated
the data edges as the two hyperplanes determined by the two
outermost data points relative to the axis, with the axis as nor-
mal to the plane. Subsequently, the data were divided by n-1
parallel hyperplanes evenly distributed between the two data
edges. Voxels were then categorized into n segments. In our
study, we opted for n=7 for segmentation, based on previous
studies that used this method to segment subcortical nuclei [21]
(Figure 1).

2.4.3 | QSM Functions Along the Orthogonal Axes
of the ROI

Given a QSM map, we calculated a median value for each seg-
ment along every axis. This results in three ROI-based functions
representing spatial positions along the three principal orthog-
onal axes of the designated ROI. These spatial functions were
then averaged across subjects for each axis to establish group-
averaged functions of spatial variations within the ROI.
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2.5 | Statistical Analyses

A normality test was conducted for each group of data. The
Shapiro-Wilk test was adopted when the sample size was equal
to or less than 50, and the Kolmogorov-Smirnov test was ad-
opted when the sample size was more than 50.

The chi-square test was used for pairwise comparison of sex dif-
ferences between groups. When comparing age and education
between YHC and OHC, and disease course between PD and
MSA, the two independent samples T-test was used for data with
normal distribution, and the Mann-Whitney U test was used for
data with non-normal distribution. The general linear model
was used to compare age, education, MMSE, and SCOPA-AUT
scores between OHC, PD, and MSA, with additional correc-
tion for sex and age when comparing MMSE and SCOPA-AUT
scores. Then, post hoc with LSD correction was used to test the
difference between any two groups.

A general linear model was used to compare the difference in
nuclear iron gradients between YHC and OHC by controlling
for sex to explore brain iron deposition during healthy aging
[28-31]. A general linear model was used to explore intergroup
differences in the iron gradients among OHC, PD, and MSA by
controlling for sex and age to investigate brain iron deposition
in age-related synucleinopathies. P values were adjusted for the
false discovery rate (FDR) to control for false positive rates due
to multiple comparisons.

Partial correlation analysis was used to analyze the relationship
between iron content in ROI segments with significantly ele-
vated iron deposition compared to OHC and clinical symptoms
in the disease group, controlling for sex and age.

3 | Results

3.1 | Demographic and Clinical Characteristics
of the Study Population

Demographic and clinical information is detailed in Table 1.
There was no significant difference in age among the OHC, PD,
and MSA groups (F=0.505, pg;,,=0.604). Sex distribution did
not significantly differ among the four groups (OHC vs. YHC,
p=0.460; OHC vs. PD, p=0.110; OHC vs. MSA, p=0.984; PD vs.
MSA, p=0.464). While there was no significant distinction in
education level between PD and MSA (p=0.533), notable differ-
ences in education level were observed among the other groups
(OHC vs. YHC, p<0.001; OHC vs. PD, p<0.001; OHC vs. MSA,
p=0.003).

The MMSE scores in PD and MSA were significantly lower than
those in OHC (OHC vs. PD, p<0.001; OHC vs. MSA, p<0.001);
no significant difference was observed between PD and MSA
(p=0.295). In terms of SCOPA-AUT scores, both PD and MSA
showed a significant decrease compared to OHC (OHC vs. PD,
p<0.001; OHC vs. MSA, p<0.001), with MSA demonstrating
notably lower scores compared to PD (p <0.001). UMSARS part
I1T revealed the presence of orthostatic hypotension in MSA
patients.

3.2 | Iron Deposition Gradient in the Nigrostriatal
System During Healthy Aging

The gradient of iron deposition differed along each ROI axis of
the SN and striatum. Specifically, an inverted U-shaped pat-
tern was observed along the SN-ML, SN-VD, and caudate-ML
axes (Figure 2B,C,H). The iron distribution along the SN-AP,
putamen-ML, and caudate-AP axes exhibited an S-shaped or
inverted S-shaped pattern (Figure 2A,E,G). In the putamen-AP
and putamen-VD axes, the iron distribution displayed a gradual
increase and decrease, respectively (Figure 2D,F). In the cau-
date-VD axis, YHC presented a gradual increase in iron distribu-
tion and OHC presented a U-shaped iron distribution (Figure 2I).

During healthy aging, significant iron deposition was detected
in all segments of the SN, caudate nucleus, and putamen (pgpg
<0.05), except for segment 2 of the SN-VD axis (pgpp, =0.051)
and segment 1 of the caudate-ML axis (ppr =0.175) (Figure 2,
detailed statistics can be found in Appendix S4).

3.3 | Iron Deposition Gradient in the Nigrostriatal
System of the Synucleinopathies

Iron deposition of the nigrostriatal system in PD and MSA
showed a similar gradient distribution to OHC but with differ-
ent extents. In PD and MSA, significant iron deposition was
observed in most segments of the SN compared to OHC (pppy
<0.05), except for segments 1 and 7 of the SN-AP axis, seg-
ments 1 and 7 of the SN-ML axis, segment 7 of the SN-VD axis
in PD, as well as segments 1 and 7 of the SN-AP axis, segments
6 and 7 of the SN-ML axis, and segment 7 of the SN-VD axis
in MSA (pgpy > 0.05). Moreover, iron deposition in MSA was
notably higher than in PD in segment 1 of the SN-ML axis
(Pppg =0.037). (Figure 3A-C, detailed statistics can be found
in Appendix S5).

In the putamen, compared to OHC, individuals with MSA ex-
hibited significant iron deposition in the posterolateral putamen
(segments 3-7 of the putamen-AP axis, pp,,=0.012, 0.001,
0.001, 0.004, 0.025; segments 5-7 of the putamen-ML axis,
Prpgr=0.006, 0.011, 0.032). These segments also displayed higher
iron levels than those in PD (segments 3-7 of the putamen-AP
axis, pppr =0.040, 0.008, 0.007, 0.001, 0.002; segments 5-7 of the
putamen-ML axis, pppp=0.013, 0.009, 0.022, respectively). In
PD, significant iron deposition was only observed in segment 3 of
the putamen-ML axis and segments 6 and 7 of the putamen-VD
axis compared to OHC (pgpy <0.05). (Figure 3D-F, detailed sta-
tistics can be found in Appendix S5).

In the caudate nucleus, iron deposition was lower in PD and
MSA than in OHC. Specifically, for PD, the iron content of seg-
ments 1-4 of the caudate-AP axis (ppp =0.006, <0.001, 0.001,
0.009), segments 1-4 of the caudate-ML axis (ppp <0.001,
<0.001, <0.001, =0.005), and segments 1,2,6,7 of the cau-
date-VD axis (Ppp, <0.001, <0.001, =0.007, <0.001) was lower
than OHC; for MSA, the iron content of segment 2 of the cau-
date-ML axis (p;;,=0.020) and segments 1-3 of the caudate-VD
axis was lower than OHC (P =0.030, 0.008, 0.043). The cau-
date nucleus showed no significant differences in iron content
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FIGURE2 | Iron deposition gradients in the nigrostriatal system during healthy aging. (A-C). Gradients of nigral iron deposition in the principal
axes of YHC and OHC; (D-F). Gradients of putamen iron deposition in the principal axes of YHC and OHC; (G-I). Gradients of caudate nucleus iron
deposition in the principal axes of YHC and OHC. During healthy aging, significant iron deposition was detected in all segments of the SN, caudate
nucleus, and putamen, except for segment 2 of the SN-VD axis and segment 1 of the caudate-ML axis. Curves represent the mean. Shaded areas rep-
resent +£1 SEM. The green line represents YHC and the yellow line represents OHC. Green * represents segments with statistically significant group
differences in iron content. A, Anterior; D, Dorsal; L, Lateral; M, Medial; OHC, Old healthy controls; P, Posterior; QSM, Quantitative susceptibility

mapping; V, Ventral; YHC, Young healthy controls.

between PD and MSA. (Figure 3G-I, detailed statistics can be
found in Appendix S5).

3.4 | Relationship Between Nigrostriatal Iron
Deposition and Symptoms of Synucleinopathies

In PD, the QSM values of significantly iron-loaded segments in
the SN and putamen were primarily positively correlated with
UPDRS I scores (p < 0.05); Significant positive correlations were
observed between QSM values of SN and putamen, and on-state
UPDRS part III scores (p <0.05), while only the QSM values of
segment 3 of the putamen-ML axis showed a significant posi-
tive correlation with off-state UPDRS Part III scores (p =0.003)
(Figure 4A, detailed statistics can be found in Appendix S6).

In MSA, the QSM values of significantly iron-loaded segments
in the putamen were mainly positively correlated with UMSARS
Part I scores (p <0.05); only the QSM values of segment 6 of the
SN-AP axis (p=0.008) and putamen-AP axis (p=0.029) showed
a significant positive correlation with UMSARS Part IV scores.
Furthermore, these correlated segments were concentrated in
the segments where there was a difference in iron deposition be-
tween MSA and PD. (Figure 4B, detailed statistics can be found
in Appendix S7).

4 | Discussion

The present study utilized a combination of QSM and spatial
methods to investigate the gradient of neurodegeneration in
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FIGURE 3 | Iron deposition gradients in the nigrostriatal system in synucleinopathies. (A-C). Gradients of nigral iron deposition in three prin-

cipal axes of OHC, PD, and MSA; (D-F). Gradients of putamen iron deposition in three principal axes of OHC, PD, and MSA; (G-I). Gradients of
caudate nucleus iron deposition in three principal axes of OHC, PD, and MSA. Compared to OHC, iron deposition was significant in nearly all SN
segments in both PD and MSA. MSA showed significant iron deposition in the posterolateral putamen compared to PD and OHC. Curves represent
the mean. Shaded areas represent =1 SEM. The blue line represents MSA patients; The purple line represents PD patients. The yellow line represents
the healthy elderly. Blue * represents the segments with statistically significant differences in iron deposition between MSA patients and healthy
elderly. Purple * represents the segments with statistically significant differences in iron deposition between PD patients and healthy elderly. Red *
represents the segments with statistically significant differences in iron deposition between MSA and PD patients. A, Anterior; D, Dorsal; L, Lateral;
M, Medial; MSA, Multiple system atrophy; OHC, Old healthy controls; P, Posterior; QSM, Quantitative susceptibility mapping; V, Ventral; YHC,
Young healthy controls.

the nigrostriatal system during healthy aging and in synucle-
inopathies. The key findings were as follows: (1) similar ni-
grostriatal iron gradients were consistently observed in the
YHC, OHC, PD, and MSA, but with variations in extent; (2)
significant iron deposition in all gradient directions was ob-
served in the nigrostriatal system during healthy aging; (3)
extensive iron deposition in the SN emerged as a consistent
feature in synucleinopathies, with significantly higher iron
content in the posterolateral putamen in MSA compared to
PD; (4) in PD, iron deposition in the SN predominantly cor-
related with disease severity (UPDRS part II scores) and on-
state motor symptoms (UPDRS part III scores); in MSA, iron

deposition in the putamen was primarily associated with dis-
ease severity (UMSARS part I scores).

In YHC, OHC, and synucleinopathies (PD and MSA), the ni-
grostriatal system iron distribution was not uniform within
the same nuclei. Despite this, different populations exhibited
similar iron deposition gradients, albeit with varying degrees.
To elaborate, an inverted U-shaped pattern was observed
along the SN-ML, SN-VD, and caudate-ML axes. The iron
distribution along the SN-AP, putamen-ML, and caudate-AP
axes exhibited an S-shaped or inverted S-shaped pattern. In
the putamen-AP and putamen-VD axes, the iron distribution
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FIGURE4 | Correlation heatmap of nigrostriatal iron deposition and symptoms of synucleinopathies. Partial correlation analysis of iron content
and clinical symptoms in PD (A) and MSA (B), controlling for sex and age. The analysis was performed in the segments with significantly increased
iron deposition in PD and MSA compared to OHC. The ROI segments framed in blue (B) were the segments with significantly increased iron depo-
sition in MSA compared to PD. r values that were statistically significant (p <0.05) are bold in red and marked with *. Iron deposition in the SN in
PD and putamen in MSA mainly correlated with UPDRS II and UMSARS I scores, respectively. Significant correlations between nigrostriatal iron
deposition and on-state UPDRS part III scores were observed, whereas the correlations in the off-state UPDRS part III scores were less obvious. A,
Anterior; D, Dorsal; L, Lateral; M, Medial; MSA, Multiple system atrophy; OHC, Old healthy controls; P, Posterior; PD, Parkinson's disease; QSM,
Quantitative susceptibility mapping; SN, Substantia nigra; UMSARS, Unified Multiple System Atrophy Rating Scale; UPDRS, Unified Parkinson's
Disease Rating Scale; V, Ventral.

displayed a gradual increase and decrease. These uniform damage in neurodegeneration [32], which were consistent
iron distribution patterns within the same nuclei might  with the heterogeneous deposition of iron found in several
imply that neurons in different regions of the nucleus differ =~ previous studies related to subregions of the nucleus [13, 19].
in the amount of physiological iron required and iron-related Our study further quantitatively mapped the gradient of iron
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deposition in the nigrostriatal system during healthy aging
and synucleinopathies.

During healthy aging, there was significant and extensive iron
deposition within the nigrostriatal system. The increase in
brain iron concentration with age may be attributed to various
factors, including increased permeability of the blood-brain
barrier, inflammation, redistribution of iron within the brain,
and changes in iron homeostasis [33, 34]. Previous studies in the
elderly population have found that iron is deposited in exten-
sive brain regions such as SN, putamen, caudate nucleus, globus
pallidus, and cortex [35-37]. This was consistent with the exten-
sive iron deposition observed in the nigrostriatal system in the
present study. Aging is a major risk factor for neurodegenerative
changes. Age-related iron deposition may be an important factor
contributing to neurodegenerative processes [2]. These findings
in brain iron content during healthy aging provided a reference
framework for investigating pathological iron deposition in age-
related synucleinopathies.

The iron deposition in the SN was more pronounced in both PD
and MSA relative to OHC, indicative of nigral iron deposition as
a characteristic feature of synucleinopathies, although it is not
exclusive to these disorders [38]. Of greater importance, the lat-
eral posterior putamen exhibited a greater degree of iron deposi-
tion in MSA compared to PD and OHC, consistent with previous
studies and further confirming the established neuropatholog-
ical differences between MSA and PD [39, 40]. The nigrostri-
atal system is a common target of damage in PD and MSA.
Anatomically, neurons in the SN send long axonal projections
to the striatum [41]. Our results suggested that excessive iron
deposition in the upstream SN represented a common patho-
logical injury in synucleinopathies, while in MSA, downstream
structures like the putamen showed a more severe iron deposi-
tion. Excessive iron deposition can induce oxidative stress and
activate microglia, promoting a-synuclein aggregation [42, 43],
which plays a crucial role in the neurodegeneration of MSA
[43, 44]. Prior susceptibility imaging research has disclosed sub-
stantial iron deposition in the putamen of MSA patients, par-
ticularly in the posterior region [18, 45-48], which is similar to
our findings and indicates an uneven pathological distribution
of iron within this structure. In MSA, the posterolateral por-
tion of the putamen is predominantly affected by neuronal or
axonal loss, gliosis, demyelination, and the deposition of ferri-
tin/Fe3* [49]. This study quantitatively confirmed a gradient of
iron deposition in the putamen of MSA, that was, iron content
gradually increased from the anterior medial to posterior lateral
putamen, with higher iron deposition in the posterior lateral re-
gion compared to PD and OHC. Whereas, iron deposition of the
putamen in PD was not prominent, with only a few segments
showing iron deposition. As the disease course of the two synu-
cleinopathies shows no difference, the higher iron content in the
posterolateral putamen of MSA compared to PD might indicate
more severe damage to neurons in MSA. Clinically, the present
study found that excessive iron deposition in the posterolateral
putamen of MSA was mainly positively correlated with disease
severity (UMSARS part I scores). Excessive iron deposition in
the SN in PD was mainly positively correlated with UPDRS
part II scores. Interestingly, we observed a significant correla-
tion between nigrostriatal iron deposition and on-state UPDRS
Part III scores, whereas the correlation in the off-state was less

pronounced. This finding suggests that nigrostriatal iron depo-
sition reflected by QSM values could serve as a biomarker for
motor symptom progression in the on-state. Consistent with
our results, previous studies have reported a positive correla-
tion between increased nigral iron, reflected by susceptibility
or phase values, and on-state motor scores [50, 51]. However,
the relationship between SN iron deposition and both off- and
on-state UPDRS Part III scores has shown inconsistency across
studies [52-54], potentially due to variations in iron quantifica-
tion methods, differences in disease stage among included PD
populations, and disease heterogeneity. Notably, the magnitude
of correlations between brain iron levels and motor symptoms
was far greater for MSA than PD, perhaps suggesting that iron
accumulation in PD is more of a “tombstone” phenomenon
rather than etiologic. However, this remains debated, requiring
longitudinal studies to clarify the causal relationship and mech-
anistic investigations to uncover its role in disease pathogenesis.

However, current evidence does not support the routine use of
deferiprone in PD, as clinical trials have shown iron reduction
without symptomatic improvement [55, 56]. Current research
has yet to determine whether iron accumulation in the basal
ganglia is a causative factor in neurodegeneration or merely a
‘tombstone’ phenomenon. Differences in symptomatic treat-
ment and study design may have influenced these findings—
treated patients may mask disease-modifying effects [57-59],
while untreated patients may worsen due to the absence of ther-
apy [56]. These variations underscore the need for future studies
with appropriate population selection, adjustment for concom-
itant medications, and long-term follow-up to better evaluate
the therapeutic potential of iron-modifying therapies in PD and
MSA, as well as to clarify whether iron accumulation contrib-
utes to neurodegeneration or is a secondary consequence of dis-
ease processes.

In contrast to the SN and putamen, iron content in the partial
segments of the caudate nucleus was lower in both PD and MSA
compared to OHC, and there was no significant difference in
iron content in the caudate nucleus between PD and MSA.
Previous studies have found that the iron deposition in the cau-
date nucleus of PD patients tends to be reduced [60]. Currently,
our study further uses the gradient method to map the segments
of the caudate nucleus with significant iron deposition. The re-
duction in iron content in the caudate nucleus in synucleinop-
athies may be attributed to regional iron transport from the
caudate nucleus to the putamen, but the underlying pathophys-
iology remains unclear, requiring further neuropathological
studies and external validation to confirm this finding.

This study has several limitations: firstly, there was a small sam-
ple size of MSA patients, partially due to its classification as a
rare disease. Future research should aim to continue recruiting
participants to expand the sample size and validate the current
findings. Secondly, this was a cross-sectional study, and it is
necessary to conduct long-term follow-ups on existing partici-
pants to observe the trajectory of neurodegeneration in various
segments of the nigrostriatal system as the disease progresses.
Thirdly, the constraints of scanning time result in an anisotropic
voxel size for ESWAN images. In future studies, as technology
advances, we aim to refine the voxel size to achieve isotropic res-
olution, which will enhance the precision of QSM quantification.
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5 | Conclusion

This study highlighted the presence of a spatial iron gradient in
the nigrostriatal system during healthy aging and synucleinop-
athies. Iron deposition in all gradient directions occurred in the
nigrostriatal system during healthy aging, and this was more
evident in the SN in both PD and MSA, with MSA displaying
additional iron deposition in the posterolateral putamen. Our
findings offer new insights into the heterogeneous iron-related
neurodegeneration within key nuclei, revealing their relation-
ship with manifestations of synucleinopathies.
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