Original Article

L))

Check for
updat

Different iron deposition patterns in Parkinson’s disease subtypes:
a quantitative susceptibility mapping study
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Background: Parkinson’s disease (PD) is a heterogeneous neurodegenerative disorder with various
subtypes and uncertain pathogenesis. Iron deposition is considered to be involved in the pathological
mechanisms of PD. The present study aimed to investigate the iron deposition in deep gray matter in
patients with different PD subtypes using quantitative susceptibility mapping (QSM).

Methods: Forty-six PD patients and 22 healthy controls (HCs) were recruited for the study. PD patients
were allocated to the tremor-dominant (TD) group (n=22), postural instability and gait disorder-dominant
(PIGD) group (n=19), and intermediate group (n=5). Susceptibility values in deep gray matter nuclei
measured by QSM among the PD-TD and PD-PIGD groups and the HCs, as well as the relationship
between iron accumulation and clinical motor features, were investigated.

Results: Susceptibility values in the dentate nucleus (DN) were greater in the PD-TD (118.73+70.45)
group than in the PD-PIGD (72.14£39.85, P=0.02) group and HCs (78.26+41.38, P=0.042). Further, a
significant positive correlation was observed between the DN susceptibility values and tremor scores (r=0.324,
P=0.028). Compared with the HCs (182.60+85.35), both the PD-TD (282.00£102.49, P=0.006) and PD-
PIGD groups (284.91+118.54, P=0.007) exhibited greater susceptibility values in the substantia nigra (SN)
pars reticulata. The susceptibility values in the SN pars compacta were also greater in the PD-PIGD group
(164.51£89.44) than in the FICs (107.78263.11, P=0.048).

Conclusions: The present study demonstrated various iron deposition patterns in different PD
phenotypes. These findings give insight into the pathophysiology underlying different PD phenotypes, and
potentially illustrate the involvement of iron deposition in the PD-TD and PD-PIGD subtypes.
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Introduction

Parkinson’s disease (PD) is a common neurodegenerative
disorder that manifests with varying combinations of resting
tremors, rigidity, bradykinesia, and postural instability.
Marked heterogeneity has been demonstrated in the clinical
manifestations, disease progression, and prognosis of the
disease (1). PD has been increasingly recognized to be a
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heterogeneous neurodegenerative disorder with various
subtypes and underlying neuropathological mechanisms
(2,3); therefore, disease-modifying and symptomatic
treatment is essential. To date, several methods have
been used to categorize PD patients into clinical subtypes
based on motor and non-motor features. According to
the differences in motor symptoms assessed by the ratio
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of tremor score and postural instability and gait disorder
(PIGD) score of the Movement Disorder Society Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS) (4), PD
individuals are subdivided into three subtypes: tremor-
dominant (TD), PIGD-dominant, and the intermediate
subtype. These subtypes differ greatly in course, clinical
manifestation, disease progression, responsiveness to
therapy, and prognosis (2,5). Patients with the PD-
TD subtype have a slower rate of progression, fewer
motor symptoms, and better prognosis than those with
the PD-PIGD subtype (2,6). However, the underlying
pathophysiology of the clinicopathological heterogeneity in
PD remains obscure.

Iron overload has been shown to contribute to the
development of some neurodegenerative diseases. Iron
homoeostasis is indispensable to normal physiological brain
function, because iron participates in oxygen transportation,
activation and storage, myelin synthesis, neurotransmitter
synthesis, and metabolism (7,8). However, iron
dysregulation can potentially cause neuronal degeneration,
or even death. Excessive iron catalyzes the oxidation of
dopamine, thereby exacerbating the formation of other
neurotoxic byproducts (9). The latest findings suggest that
iron dysregulation is also closely related to a-synuclein and
the autophagy-lysosome pathway in PD (10,11). Recent
studies have drawn the same conclusion that regional iron
levels in the substantia nigra (SN) are greater than those in
healthy controls (HCs) (12-14).

Quantitative susceptibility mapping (QSM) is a new,
non-invasive technique that quantifies iron deposition,
as demonstrated in various studies of the liver and
brain, particularly in deep gray matter nuclei, which was
confirmed by a post-mortem validation study (15,16). QSM
is considered to have higher sensitivity and precision than
traditional methods, such as R2* mapping (17). Although
QSM has been widely used to study iron accumulation in
PD, to the best of our knowledge, no study has reported any
differences in iron deposition patterns between the PD-TD
and PD-PIGD subtypes using QSM previously. Therefore,
in the present study, we employed QSM to systematically
investigate the susceptibility difference between the PD-
TD and PD-PIGD subtypes.

Methods
Patients

PD patients and age- and sex-matched HCs were
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consecutively recruited between April, 2018, and August,
2019, from the Inpatient Department of Guangdong
Neuroscience Institute, Guangdong Provincial People’s
Hospital, China. Informed consent was obtained from all
patients. The study was approved by the Ethics Committee
of Guangdong Provincial People’s Hospital {No. 2018338H
[R1]} and was performed in accordance with the ethical
standards of the 1964 Declaration of Helsinki and its later
amendments.

The diagnosis of PD was made according to the MDS
clinical diagnostic criteria for PD, devised in 2015 by two
specialists with over 10 years of experience in movement
disorders (18). For each patient, demographic and clinical
data, including sex, age, years of education, duration of
illness, and Mini-Mental State Examination (MMSE) score,
were collected. The Hoehn and Yahr (H-Y) scale and MDS-
UPDRS III were used to assess the severity of PD by a
trained physician. Patients were requested not to take anti-
parkinsonian drugs for at least 12 hours overnight before
the assessments were conducted.

PD patients were allocated to the PD-TD group, PD-
PIGD group, or intermediate group according to the
ratio of the mean tremor score to the mean PIGD score,
as assessed by the MDS-UPDRS (MDS-UPDRS TD/
PIGD ratio). Based on a previously published method,
we set the TD/PIGD ratio at >1.15 for TD classification,
<0.9 for PIGD classification, and ratio >0.9 and <1.15 for
intermediate classification (4). Patients with a PIGD score of
0 were allocated to the PD-TD group, whereas patients with
a TD score of 0 were allocated to the PD-PIGD group.

The exclusion criteria were as follows: (I) a history
of cerebrovascular accidents, brain tumor, or other
neurological disorders; (II) with severe internal or surgical
diseases; (III) a history of severe anxiety, depression,
schizophrenia, or another psychosocial illness; or (IV)
unwilling or unable to undergo magnetic resonance
imaging (MRI) examination, or contraindications for MRI
examination.

None of the HCs reported a history of neurological or
psychiatric disorders, or any current medical problems.

Image protocol and postprocessing

All patients were scanned in a 3.0T MR machine (Signa
Excite, GE Medical System) with an 8-channel, phased-
array head coil. Standard T'1- and T2-weighted images
were obtained for structural observation. Meanwhile,
3D-enhanced gradient echo T2 star-weighted angiography
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Figure 1 Representative quantitative susceptibility mapping (QSM) images of the deep gray matter nuclei of a Parkinson’s disease (PD)

patient. CN, caudate nucleus; DN, dentate nucleus; GP, globus pallidus; PU, putamen; RN, red nucleus; SNc, substantia nigra pars

compacta; SN, substantia nigra pars reticulata.

sequences were acquired with 13 spaced echoes (repetition
time/echo time =89.2/2.6-36.4 ms, flip angle =30°, field of
view =240 mm x 240 mm, slice thickness =3 mm, number
of slices =72, voxel size =0.75x1.07x3 mm’, bandwidth
=62.5 Hz/pixel, matrix size =320x224). QSM reconstruction
was performed in MATLAB (version R2016b; MathWorks)
using the morphology enabled dipole inversion (MEDI)
algorithm (lambda =900, lambda CSF =10, merit =1, cg_
max_iter =100, cg_tol =0.01, max_iter =10, tol_norm_ratio
=0.1), according to previously published studies (19-22).
Briefly, the QSM image was obtained by unwrapping
the phase image, removing the background field, and
reconstructing the image through the MEDI algorithm.

Regions of interest (ROI) analysis

ITK-SNAP3.6.0 (www.itksnap.org) was used to perform the
manual segmentation and measure the magnetic susceptibility,
as described in a previously published study (23).
Data for each region were obtained from the maximal
visible slice. An experienced neuroradiologist, who was
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blinded to the patients’ information, was responsible for the
ROI analysis. We selected the bilateral globus pallidus (GP),
putamen (PU), caudate nucleus (CN), SN pars reticulata
(SNr), SN pars compacta (SNc), red nucleus (RN), and
dentate nucleus (DN) as the ROIs, and the sum of the
susceptibility values of the bilateral regions was calculated.
To investigate the reproducibility and reliability of the QSM
data, the same experienced neuroradiologist responsible
for the ROI analysis remeasured the nuclei 3 months later.
Representative QSM images of the deep gray matter nuclei
of a PD patient are shown in Figure 1.

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics
version 19.0 (Armonk, NY, IBM Corp). The Kolmogorov-
Smirnov test was used to analyze the normality of the
data. Demographic and clinical data are presented as mean
+ standard deviation (SD) and were compared between
groups by using the y’-test for sex; two-tailed Student’s #-test,
one-way analysis of variance (ANOVA), Mann-Whitney
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Table 1 Patients’ demographic and clinical data
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Variable PD-TD (n=22) PD-PIGD (n=19) HCs (n=22) Statistics (x2/F/Z/t) P value
Sex (male/female)’ 13/9 712 6/16 4.815 NS
Age at visit (years)* 61.14+8.75 62.47+7.07 59.59+9.40 0.587 0.056
Education (years)* 9.48+ 4.15 9.16+5.43 9.55+4.94 0.037 0.096
MMSE§ 26.91+2.88 26.42+5.00 28.36+1.65 3.727 0.155
Disease duration (years)" 4.47+3.60 3.62+3.40 -0.592 0.554
H-Y scale' 2.11+0.58 2.58+0.67 -2.123 0.034*
Tremor score’ 7.18+2.92 1.53+2.53 -4.632 0.00**
PIGD score' 2.32+1.96 3.90+2.71 -2.197 0.028*
MDS-UPDRS III"" 36.30+15.95 37.74+£14.64 -0.3 0.766

*, P<0.05; **, P<0.01. ", P value for sex distribution in the three groups was calculated using y2-test; ¥, P value was calculated using one-way
analysis of variance; 5, P value was calculated using Kruskal-Wallis H-test; ¥, P value was calculated using Mann-Whitney U-test; ™', P value
was calculated using two-tailed Student’s t-test. HCs, healthy controls; H-Y scale, Hoehn and Yahr scale; MDS-UPDRS lll, Movement
Disorder Society Unified Parkinson’s Disease Rating Scale part Ill; MMSE, Mini-Mental State Examination; PD, Parkinson’s disease; PIGD,

postural instability and gait disorder; TD, tremor dominant.

U-test, or Kruskal-Wallis H-test were used for continuous
variables, as appropriate, according to the normal
distribution type and the homogeneity of variance of the
data. ANOVA was also used to evaluate the susceptibility
values between the PD-TD and PD-PIGD groups and
HC:s. Post hoc tests with a Bonferroni correction for multiple
comparisons were performed to reduce type I errors for the
results. P<0.05 was considered statistically significant. The
relationship between susceptibility values and clinical motor
features (e.g., MDS-UPDRS III score, H-Y scale, tremor
score, and PIGD score) was analyzed by partial correlation
analysis, with age, sex, and the MMSE score as covariates.

Results
Participants’ demographics and clinical status

A total of 46 patients with PD fulfilled our study criteria
and were allocated to 3 groups: the PD-TD group (n=22,
47.8%), PD-PIGD group (n=19, 41.3%), and intermediate
group (n=5, 10.9%). The intermediate group manifested
without symptom preference and had a small sample size;
consequently, it was excluded from the intergroup QSM
value comparisons (3). For data continuity, we incorporated
all participants, including those in the intermediate group,
into the correlation analysis to evaluate the relationship
between iron deposition and clinical motor features.
Twenty-two HCs matched for age and sex were also
included in the study. The demographic and clinical features
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of the patients are summarized in Table 1. There were no
significant differences in age, sex, years of education, or
MMSE score between the participants (P>0.05). The PD-
TD and PD-PIGD groups had similar disease duration
and MDS-UPDRS III score (P>0.05); however, the PD-
TD subtype had greater tremor scores (P<0.01) and a
lower PIGD score (P=0.037) and H-Y scale score (P=0.02),

consistent with the clinical features of each subtype.

ROI analysis

ANOVA revealed different iron deposition patterns among
the PD-TD and PD-PIGD group and HCs in the DN,
as well as in the SN. In the DN region, the susceptibility
values were significantly greater in the PD-TD group
than in the PD-PIGD group (P=0.02) and HCs (P=0.042),
whereas the PD-PIGD group showed a non-significant
difference with the HCs (P=1.00) (Figure 2). Compared
with the HCs, the PD-TD (P=0.006) and PD-PIGD groups
(P=0.007) exhibited greater susceptibility values in the SNr
(Figure 2). Further, the PD-PIGD group showed greater
susceptibility compared to the HCs in the SNc region.
No significant difference was found in the GP (P=0.207),
PU (P=0.968), CN (P=0.195), or RN (P=0.321) regions.
A significant positive correlation (r=0.324, P=0.028) was
also observed between the susceptibility values of the DN
and the tremor scores in all PD patients, including the
intermediate group (Figure 3). No significant correlations

Quant Imaging Med Surg 2020;10(11):2168-2176 | http://dx.doi.org/10.21037/qims-20-285



2172

Il D

=1 PIGD
S [ HCs
400 — —

500 —

300 B

200 - o

100 —

Magnetic susceptibility (ppb)

SNr SNc DN GP PU CN RN

Figure 2 Comparison of susceptibility values in deep gray matter
nuclei between the tremor-dominant (TD) and postural instability
and gait disorder (PIGD) groups and healthy controls (HCs). **,
P<0.01; *, P<0.05. CN, caudate nucleus; DN, dentate nucleus; GP,
globus pallidus; PU, putamen; RN, red nucleus; SN¢, substantia

nigra pars compacta; SN, substantia nigra pars reticulata.

were found between the susceptibility values of other nuclei
and clinical features.

Discussion

In the current study, we employed QSM to investigate
regional differences in iron deposition between TD and
PIGD PD patients and HCs. The most important discovery
was the variability in the iron level among the groups in
the DN region, which presented as the DN of the PD-TD
group having significantly greater susceptibility values than
the DN of the PD-PIGD group and HCs. Furthermore,
the patients with the PD-PIGD subtype had increased iron
deposition in both the SNr and SNc¢ compared with the
HCs. Taken together, these findings revealed different iron
distribution patterns between the PD subtypes, thus giving
important insights into the pathophysiological mechanism
underlying the PD phenotype.

In accordance with previously published studies, we
found that the susceptibility values were significantly
greater in the DN of the PD-TD group than in that of
the HCs (3,24). Additionally, the susceptibility values in
the DN were positively correlated with tremor severity in
PD patients. Our observations indicated that parkinsonian
tremors may be associated with iron deposition in the
DN, which is the largest nucleus of the cerebello-thalamo-
cortical (CTC) circuit. The dysfunction of the basal ganglia
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Figure 3 Relationship between the susceptibility values in the

dentate nucleus and the tremor score.

(BG), triggered by SN degeneration, is considered to play
a key role in the generation of motor impairment through
the striatal- thalamo-cortical circuit (25,26). However, this
mechanism still fails to fully explain the pathophysiology
of tremors in PD. In their review of data from postmortem
and nuclear imaging studies, Helmich ez 4/. postulated that
tremors were an independent symptom in PD, and the PD-
TD subtype patients had milder cell loss and dopaminergic
dysfunction than non-tremor PD patients (27). The recent
discovery of a link between the cerebellum and BG, which
forms an integrated functional network (28), has aroused
interest in the role of the cerebellum in PD. According to
the dimmer-switch model, tremor episodes are triggered
by the BG, but tremor intensity is modulated in the CTC
circuit (27). Using a resting-state functional MRI (fMRI)
study, Chen et 4l. found that PD-TD patients had greater
low-frequency fluctuation values in the right cerebellum
than both the PD-PIGD patients and HCs, which supports
the notion that hyperactivity in the cerebellum is an
underlying feature in the pathophysiology of parkinsonian
tremors (29). In keeping with these findings, our results
supported the assumption that dysfunction of the CTC
circuit contributes to tremors. Furthermore, resting
tremors in PD usually show strong interindividual variation
in the therapeutic response to dopaminergic medication.
Using combined electromyography-fMRI, researchers have
reported that dopamine-resistant tremor patients showed
increased tremor-related activity in non-dopaminergic areas
(e.g., the cerebellum) (30). Combined with our results,
these findings indicate that other potential treatments for
dopamine-resistant PD tremors, such as iron chelators, are
worth investigating.
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Regarding parkinsonian gait and postural disturbance, we
found that the DN of the PD-PIGD group had significantly
lower susceptibility values than the DN of the PD-TD
group. Considering that the cerebellum is vital to ongoing
movement regulation and stable posture maintenance, ours
is an important finding that, to the best of our knowledge,
has not been reported before. A previous study that used
QSM to evaluate the whole-brain pattern of magnetic
susceptibility perturbations in PD reported a significant
QSM reduction in the cerebellar DN, which can possibly
be explained by the fact that the patient cohort recruited
was predominantly non-tremor-dominant PD (31). In a
previously published QSM study on the DN, He ez 4l. found
that QSM values in the DN were increased in the PD-TD
group, but tended to be decreased in the PD-AR group,
which suggested that there was a dependence of the motor
phenotype on iron deposition (3). Furthermore, Chen et al.
also postulated that hypoactivity in the cerebellum in the
PD-PIGD subtype, opposite to that in the PD-TD subtype,
may be involved in the gait/postural disturbance in PD (29).
Moreover, although the consequence of iron overload was
the focus of our investigation, the potential harm of iron
deficiency cannot be ignored (7). Taken together, our results
indicate that alterations in iron levels in the DN may be
an underlying feature in the pathophysiology of PD motor
phenotypes.

Another finding of the present study was that the PD-
TD and PD-PIGD groups showed greater susceptibility
values in the SNr than the HCs. Further, the PD-PIGD
group showed greater susceptibility compared to the HCs
in the SNec. It is generally accepted that dopaminergic
neuron death and the reduction of neuromelanin (NM)
mainly occur in the SNc, and it has been reported that this
is accompanied by the deposition of iron (14). A previously
published study found that there are some inherent effects
of SN iron deposition on PD clinical symptoms (32). Jin
et al. suggested that nigral iron deposition, which was
correlated with decreased serum ceruloplasmin levels,
is a risk factor for PD across multiple motor phenotypic
expressions (33). Our finding was consistent with previous
neuropathological findings, which demonstrated more
severe SNc neuronal loss and faster progression among
PD-PIGD patients. However, we did not observe an
iron content increase in the pars compacta in the PD-
TD subtype when compared to the HCs, which was an
unexpected finding. One limitation of our work was the
relatively low spatial resolution, which could explain the
unexpected outcome. Precise ROI localization in the
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QSM was also challenging with manual segmentation.
Nigrosomes, distributing non-uniformly throughout the
SNc, are rich in NM. Melanin binds to a number of metal
ions, of which iron ions are the most abundant (34). Of
note, nigrosome 1 (N1) is considered to be the largest
nigrosome in the SNc. Therefore, we can assume that
the measurement of susceptibility value in the N1 can
reflect the iron level of the SN in PD more precisely. In a
recent study, Cheng ez /. reported that the N1 sign can be
consistently visualized using true susceptibility-weighted
images with a resolution of at least 0.67x0.67x1.34 mm’ (35).
We aim to adopt atlas-based auto-segmentation for deep
gray matter nuclei or novel and high-quality positioning
technology in our future research.

No statistically significant difference was observed in the
SNr or SNc between the two PD groups. This could be
because dopaminergic neuron death in the SN is a common
pathological feature of PD, regardless of the subtype (PD-
TD or PD-PIGD), which makes it helpful for diagnosing
PD, but not in differentiating between PD subtypes. Some
have argued that the PD-TD subtype can transform into the
PD-PIGD subtype with disease progression, indicating that
these subtypes could be the equivalent of different stages
of PD, rather than distinct biologic entities (1). Therefore,
the final outcome of the susceptibility values may not be
representative, as most PD-TD patients enrolled in our
study had accompanying PIGD symptoms. In subsequent
research, we may recruit PD-TD patients who manifest
without PIGD symptoms to further investigate the
susceptibility values in the SN between the two subtypes.
Besides, the small number of recruited patients may have
been a limitation of the present study.

Considering the previous discovery that dopaminergic
neuron loss and death in the GP were different among
the PD subtypes (36), we also compared the susceptibility
values in the GP. In contrast to the SN and DN, only a non-
significant susceptibility increment was observed in the
GP of the PD patients in our study. However, studies on
pallidal iron content are conflicting, which may be explained
by spatial and temporal dimensions. It is easier to obtain a
negative result when quantifying the susceptibility of the
entire GP, as iron content decreases in the pars interna and
increases in the pars externa in PD. Furthermore, pallidal
iron loading may not be obvious in the early stage of PD (31).
Another reason that should not be discounted is the
relatively smaller sample size of the PD-PIGD group in
the present study. Future research is required to confirm
whether iron deposition in the GP is different in the PD
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phenotype.
There were several limitations in the present study.

First, the small sample size may lead to uncertainty in the
results of the analysis; therefore, large cohorts are needed
to verify the outcome. Additionally, manual segmentation
of the ROIs may affect the accuracy of the results to some
extent. Atlas-based auto-segmentation for the deep gray
matter nuclei or novel positioning technology should be
considered in future research. Further limitations related
to disadvantages of the imaging technique, such as the
relatively low spatial resolution. High-quality image
technology, such as 7.0T MRI, is necessary to investigate
small structures in the future. Additionally, as the PD-TD
subtype may develop into the PD-PIGD subtype during the
processing of PD, a longitudinal study is warranted.

Conclusions

Our findings suggest that there are different patterns of
iron deposition in the PD-TD and PD-PIGD subtypes.
In contrast to the PD-PIGD subtype and the HCs, the
iron content was found to be greater in the DN in the
PD-TD subtype. The PD-PIGD subtype showed greater
iron deposition in both the SNr and SNec. These findings
suggest that iron dysregulation may contribute to the
pathophysiology of the PD phenotype. Longitudinal studies

are needed to confirm our results.
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