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Abstract. The primary aim of the present study was to evaluate
abnormal iron distribution in specific regions of the brains in
patients with Parkinson's disease (PD) using quantitative suscep-
tibility mapping (QSM) and R2" mapping, and to compare the
diagnostic performances of QSM and R2" mapping in differ-
entiating patients with PD with that in normal controls. A total
of 25 patients with idiopathic PD and 28 sex-and age-matched
normal controls were included in the present study and their
brains investigated using a 3T scanner. Magnetic resonance
imaging techniques, namely, QSM and R2" mapping, were
applied to generate susceptibility and R2" values. The differ-
ences in susceptibility and R2" values in deep grey matter nuclei
between patients with PD and the normal controls were compared
using independent samples t-tests. The abilities of QSM and
R2" mapping to classify patients with PD and normal controls
were analyzed using receiver operating characteristic curves.
Correlation analyses between imaging parameters (e.g. suscep-
tibility and R2" values) and clinical feature (disease severity
assessed using the Hoehn and Yahr score) were performed.
The intra-class correlation coefficient (ICC) for susceptibility
(ICC=0.977; P<0.001) and R2" (ICC=0.945; P<0.001) values
between two neuro-radiologists were >0.81, showing excellent
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inter-rater agreement. The susceptibility values were signifi-
cantly increased in the substantia nigra (SN) and red nucleus, but
were decreased in the putamen of patients with PD compared
with that in the corresponding brain regions of normal controls.
However, increased R2" values were observed only in the SN in
patients with PD. QSM showed higher sensitivity and specificity
compared with R2" mapping to separate the patients with PD
from the normal controls. There were no significant correlations
between the susceptibility/R2" values and clinical features in all
targeted regions of the brains in patients with PD. In conclusion,
both QSM and R2" mapping are feasible to calculate the iron
levels in human brains, and QSM provides a more sensitive and
accurate method to assess regional abnormal iron distribution
in patients with PD.

Introduction

Parkinson's disease (PD) is a common neurodegenerative
disease whose primary clinical characteristics include tremor,
bradykinesia, muscle rigidity and abnormal posture and
pace (1). Approximately 1% of people over 60 years old in
industrialized countries have PD (2). The selective depletion
of dopaminergic neurones in the substantia nigra (SN) (3), the
primary region of the brain that is impaired in PD, the pres-
ence of a-synuclein containing Lewy bodies and increased
iron deposition in the SN, are the most common pathological
features of PD (4,5). However, the role of increased iron
deposition in the pathogenesis of PD is unclear and increased
iron deposition may be a cause or by-product of cellular death
or dysfunction in PD (6). A recent pooled iron-related gene
study suggested that increased iron deposition in PD-related
brain regions such as SN played a role in the aetiology of
PD (7). Sian-Hulsmann et al (8) and Andersen (9) reported
that iron-mediated cellular destruction is mediated primarily
via reactive oxygen and/or nitrogen species-induced oxidative
stress, which can induce neuronal vulnerability.

At present, the diagnosis of PD is based on the presence of
motor symptoms and a set of clinical evaluations [for example,
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Unified Parkinson's Disease Rating Scale (UPDRS)], but the
lack of objective and accessible diagnostic indicators may lead
to missed diagnosis, misdiagnosis and delayed treatment (1,10).
As a result, objective, accessible and non-invasive diagnostic
biomarkers are required. Several magnetic resonance imaging
(MRI) techniques, such as transverse relaxation rate (R2),
effective transverse relaxation rate (R2") and phase imaging,
have been used to evaluate iron content in the brain, as the
direct measurement of cerebral iron content in vivo is not
feasible. Hardy er al (11) compared the R2 and the tissue iron
concentration in selected grey matter regions of the brains of
12 female rhesus monkeys. Their results indicated that R2 was
highly correlated with the total iron concentration and that this
correlation appeared to depend upon the iron concentration.
Aquino et al (12) determined the values of iron accumulation in
the basal ganglia of healthy volunteers of different ages (range,
1-80 years) using R2" mapping and good correlation coefficients
were found for GP (R?=0.64), PT (R*=0.51), and SN (R*=0.53)
when compared with findings in a previous post-mortem
study (13). A multi-center study was performed to assess the
inter-scanner and inter-subject variability of R2" mapping. The
results indicated that R2" is a robust and reproducible measure
in a multi-center setting provided that a standardized MRI
protocol is used (14). Conventional gradient-echo (GRE) imaging
methods (e.g. phase imaging, R2" mapping) have demonstrated
increased iron content in the SN of PD patients (15,16), consis-
tent with previous post-mortem studies in PD (4,5). However,
there are several limitations in R2" mapping and phase imaging.
R2" values are susceptible to numerous additional factors, such
as the sizes and spacing of inhomogeneities, the rate of water
diffusion, field strength and echo times (17,18), and phase is
nonlocal and orientation dependent (19). A novel MRI tech-
nique, quantitative susceptibility mapping (QSM), overcomes
the limitations mentioned above and provides a reliable method
to evaluate the iron content in the brain (19-21). A post-mortem
study (22) demonstrated a strong linear correlation between the
chemically determined iron concentration and the magnetic
susceptibility in grey matter structures (r=0.84, P<0.001) and
QSM more effectively depicted deep grey nuclei compared with
current standard-of-care sequences (For example, T2-weighted,
T2 -weighted, R2" mapping, and phase images) (23).

Increased iron deposition in the SN of PD patients
has been confirmed by both biochemical and imaging
methods (4,5,24,25). The iron content in other deep grey nuclei
(For example, red nucleus and putamen) of PD patients has also
been measured, but the results have been conflicting (25,26). In
the present study, QSM was utilized to investigate iron homeo-
stasis disorder in PD patients compared with normal controls,
while a correlation analysis between observed susceptibility
changes and clinical features was conducted in PD patients.
To investigate the ability of QSM to measure brain iron,
conventional MRI-R2" mapping was also performed in the
present study. The diagnostic performances of QSM and R2"
mapping to separate PD patients from normal controls were
also determined.

Materials and methods

Subjects. A total of 31 patients diagnosed with idiopathic PD
were prospectively recruited from the Neurology Department
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of The First Affiliated Hospital of Jinan University from
July 2017 to December 2018. The patients were diagnosed by
two experienced neurologists according to the UK Parkinson's
Disease Society Brain Bank clinical diagnostic criteria (27).
The following inclusion criteria for patients with PD were
used: 1) Diagnosis with primary PD; ii) the presence of clear
cognitive ability according to a recent clinical assessment;
iii) no presence of any other neurological or psychiatric
disorder, such as depression or anxiety; and iv) no history
of cerebral trauma, cerebrovascular disease or intracranial
space-occupying lesions. A total of 6 patients were excluded
for poor image quality (e.g. considerable or significant motion
artefacts). Ultimately 25 patients with PD were recruited. A
total of 28 age- and sex-matched volunteers without a history
of neurological disease or brain trauma were recruited as
normal controls.

The Hoehn and Yahr (H and Y) score (28) was used by an
experienced neurological physician to assess disease severity
in the patients with PD. Disease duration was determined from
the first occurrence of PD-related symptoms to the date of the
study visit. All patients accepted dopaminergic replacement
therapy in the present study to improve symptoms. The ethics
committee of The First Affiliated Hospital of Jinan University
approved the present study, and all subjects provided written
informed consent.

MRI data acquisition. All participants underwent MR
examinations on a 3.0 T MR scanner (MR750; GE Healthcare)
equipped with an 8-channel phased-array head coil. During
MRI scanning, foam padding and earplugs were used by
the patients to prevent head movement and reduce scanner
noise. An axial three-dimensional multi-echo GRE sequence
was acquired for the reconstruction of QSM and R2" maps.
The following imaging parameters for the multi-echo GRE
sequence were used: Repetition time (TR), 49.3 msec;
ten echoes (echo time, 4.2, 8.8, 13.4, 18.0, 22.7, 27.3, 31.9,
36.5, 41.1 and 45.7 msec); bandwidth, 62.5 Hz/pixel; flip
angle, 20; field of view, 24x24 cm; matrix, 512x512; resolu-
tion, 0.47x0.47x2.0 mm?; acceleration factor, 1; and slices,
62. Furthermore, routine MR images, including T1-weighted
images, T2-weighted images and T2-weighted fluid-attenuated
inversion recovery, were acquired for scanning cerebrovas-
cular diseases.

Image reconstruction. QSM images were reconstructed as
previously described (20). In brief, the phase image for each
channel of the coil was acquired and fitted; then, phase unwrap-
ping was performed using the Laplacian method (20,29). As the
significant background phase was mixed with the true tissue
phase contrast, the sophisticated harmonic artefact reduction
for phase data was used to remove the background phase before
calculating the tissue susceptibility distribution, and the filter
radius was set as 8 (30). Finally, the resulting true tissue phase
image was used to compute the susceptibility maps using an
improved least squares with QR-factorization (LSQR) method
(iLSQR) (20,31) with a regularization parameter of 0.04 for
Laplace filtering. The magnetic susceptibility distribution
map reconstructed by the iLSQR method provided more local
details of the brain tissue with negligible streaking artefacts
compared to multiple orientation QSM reconstruction (31).
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R2" maps were reconstructed using the multi-echo GRE
magnitude images in the ADW 4.5 post-processing work-
station (GE Healthcare) and quantitative R2" values were
calculated with a mono-exponential fit in the Functool 9 plat-
form version 4.5 (GE Healthcare).

Image analysis. The regions of interest (ROIs) were manually
added onto the susceptibility maps using ImagelJ software 1.46
(National Institutes of Health) by two neuro-radiologists, who
were blinded to the information of subjects. The ROIs in the
deep grey nucleus covered the bilateral head of the caudate
nucleus (CN), SN, red nucleus (RN), globus pallidus (GP) and
putamen (PT). The same ROI was applied to obtain R2" values
in each region. To minimize measurement errors, the suscep-
tibility and R2" values for each nucleus were only obtained
from more representative slices in which the ROIs were clearly
visible and then the mean of the values from all slices in each
region and the bilateral cerebral hemispheres were calculated
for subsequent analysis. In the present study, the susceptibility
values obtained from the QSM images were used for direct
comparison without reference to any selected structure, which
is similar to previous studies (32,33).

Statistical analysis. To compare the differences in age and sex
distribution between the patients with PD and normal controls,
independent samples t-test and the Pearson ¥ test were used.
To evaluate the inter-observer reliability of the QSM and
R2" measurement by two neuro-radiologists, the intra-class
correlation coefficient (ICC) was calculated. An ICC>0.81
was considered for excellent agreement; 0.61-0.80, good
agreement; 0.41-0.60, moderate agreement; and <0.40, poor
agreement. The normality of the data was analyzed using the
Kolmogorov-Smirnov test. Measurement data were expressed
as mean + standard deviation. The group differences in the
regional susceptibility and R2" values between patients with
PD and normal controls were compared using an indepen-
dent samples t-test. When significant differences were found
between the two groups, the diagnostic characteristics of
QSM and R2" mapping were analyzed for the corresponding
region using receiver operating characteristic (ROC) curves. A
correlation analysis between susceptibility and R2" values and
clinical features in patients with PD was performed. Pearson's
correlation analysis was also utilized to investigate the correla-
tion between the average susceptibility or R2" values in each
targeted region for all the normal controls in the present study,
and the mean iron concentration in the corresponding regions
of normal individuals determined in a previous post-mortem
study (13). P<0.05 was considered to indicate a statistically
significant difference. SPSS v13.0 (SPSS, Inc.) was used for all
statistical analyses.

Results

Demographic and clinical data assessment. A total
of 25 patients (14 males and 11 females; mean age
65.28+8.32 years) with PD and 28 sex- and age-matched volun-
teers (10 males and 18 females; mean age 63.67+9.58 years)
were recruited in the present study. No significant differences
in age (P=0.521) or sex (P=0.152) between the patients with
PD and controls were found.
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Table I. Clinical data from patients with Parkinson's disease.

Disease duration, Hoen and Yahr

Patient number years stage

1 7 3

2 0.33 2

3 1 1

4 3 2

5 3 3

6 4 1.5

7 2 3

8 5 1.5

9 4 3
10 0.66 3
11 3 2.5
12 4 1.5
13 5 3
14 3 3
15 5 3
16 3 2
17 11 2
18 10 3
19 10 2.5
20 2 2
21 2 2
22 1 1.5
23 5 2
24 2 1.5
25 18 3

The primary clinical characteristics in patients with
PD include rest tremor, bradykinesia, muscle rigidity and
abnormal posture and pace (1). All of the 25 patients with
PD had varying degrees of the aforementioned symptoms.
Of the 25 cases, 6 had mild symptoms that involved only one
limb. A further 19 patients had bilateral limb involvement
and 10 had moderate symptoms. The disease duration and the
H and Y scores for the patients with PD are listed in Table I.

Brain iron distribution in QSM and R2" mapping. The targeted
deep grey matter nuclei in the basal ganglia and midbrain
appeared hyper-intense in both QSM and R2" images, and the
boundaries of the ROIs appeared clearer in the QSM images
compared with that in the R2" images (Fig. 1; images from
a patient with PD). Therefore, targeted structures could be
manually segmented directly on the QSM images (Fig. 2;
images from a normal control).

Interrater agreement. The ICCs of regional magnetic suscep-
tibilities (ICC, 0.977; P<0.001) and R2" rate constants (ICC,
0.945; P<0.001) between two neuro-radiologists were >0.81,
revealing excellent inter-rater agreement.

Group differences as assessed by R2" mapping and QSM.
The regional magnetic susceptibilities and R2" values in the
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Table 1I. Regional magnetic susceptibilities and R2" values in patients with PD and normal controls.
Susceptibility, ppm R2" value, sec’

Region of interest PD NCs P-value PD NCs P-value
SN 0.116+0.025 0.100+£0.018 <0.001 45.63£9.32 41.81+£6.08 0013
RN 0.106+0.022 0.098+0.018 0.035 37.33+5.71 37.11+6.51 0.857
CN 0.039+0.015 0.039+0.011 0.961 26.06+4.89 26.31+4.84 0.792
PT 0.034+0.014 0.042+0.011 0.002 30.36+6.43 30.62+5.29 0.817
GP 0.123+0.032 0.115+0.027 0.164 51.35+13.13 48.95+9.82 0.286

The data are presented as the mean + standard deviation. PD, Parkinson's disease; NCs, Normal controls; CN, head of the caudate nucleus,

SN, substantia nigra, RN, red nucleus, GP, globus pallidus, PT, putamen.

Figure 1. Deep grey nuclei presented on susceptibility and R2" maps. The nuclei in the basal ganglia and midbrain appeared hyper-intense in (A) QSM and
(B) R2" maps in a patient with Parkinson's disease. The boundaries of the deep grey matter nuclei are clearer, and the signals are higher in the susceptibility

maps.

patients with PD and normal controls were successfully calcu-
lated and are listed in Table II. The susceptibility values were
significantly higher in the SN (P<0.001) and RN (P=0.035)
in the patients with PD compared with that in the controls
(Fig. 3). However, the susceptibility values in the PT were
significantly lower in the patients with PD (P=0.002; Fig. 3).
No significant differences in magnetic susceptibilities were
observed in any other region between the patients with PD
and normal controls. Increased R2" values were observed only
in the SN of the patients with PD compared with that in the
controls (P=0.013; Fig. 4).

Diagnostic performance of QSM and R2" mapping to classify
PD patients and normal controls. The abilities of QSM and
R2" mapping to classify patients with PD and normal controls
were analyzed in the SN, RN and PT using ROC curves (Fig. 5).

The area under the curve and respective standard deviations
are shown in Fig. 5. The QSM (SN area, 0.72+0.05; RN area,
0.61+0.05; PT area, 0.68+0.06) had higher sensitivity in clas-
sifying patients with PD compared with that for R2" mapping
(SN area, 0.6320.05; RN area, 0.51+0.06; PT area, 0.5320.06).

Regional susceptibility and R2" values correlate with brain
iron levels. Significant positive correlations were observed
between the regional susceptibility values and the iron concen-
trations (R?=0.92; P=0.009) as well as the R2" values and the
iron concentrations (R?=0.86; P=0.023) in normal individuals
(Data not shown). The iron concentrations were referenced to
the Hallgren study (13), who measured the iron concentrations
with biochemical methods in normal individuals. This finding
indicated that QSM and R2" mapping techniques accurately
calculated the regional iron levels in the human brain.
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Figure 2. Manual segmentation of ROIs on the susceptibility maps of a 55-year-old normal control. The ROIs covered the head of the CN, SN, RN, GP and PT.
CN, caudate nucleus; SN, substantia nigra; RN, substantia nigra; GP, globus pallidus; PT, putamen; ROI, region of interest.
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Figure 3. Bar chart of QSM values in all regions of interest in the patients
with PD and normal controls. The P-values were calculated using inde-
pendent samples t-tests. "P<0.05, “P<0.005. PD, Parkinson's disease; NCs,
Normal controls; CN, head of the caudate nucleus; SN, substantia nigra; RN,
red nucleus; GP, globus pallidus; PT, putamen; QSM, quantitative suscepti-
bility mapping.

Correlations of QSM and of R2" mapping with clinical
feature. No significant correlations between the imaging
parameters (e.g., susceptibility and R2" values) and clinical
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Figure 4. Bar chart of R2" values in all regions of interest in the patients with
PD and normal controls. The P-values were calculated using independent
samples t-tests. “P<0.05. PD, Parkinson's disease; NCs, Normal controls;
CN, head of the caudate nucleus; SN, substantia nigra; RN, red nucleus;
GP, globus pallidus; PT, putamen.

features described by disease durations and the H and Y
stages were found in the patients with PD in any targeted
region (P>0.10).
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Figure 5. Receiver operating characteristic curve for quantitative susceptibility mapping and R2" mapping in the SN (A) RN (B) and PT (C) SN, substantia

nigra; RN, red nucleus; PT, putamen; 95% CI, 95% Confidence Interval.

Discussion

PD is a common neurodegenerative disease and its pathogenesis
is still unclear (2,10). A review published in 2006 reported that
the prevalence of PD increased with age, and that PD affects 1%
of the population >60 years old (2). One of the major pathological
changes in PD is iron deposition in the SN (4). Iron protein and
haemosiderosis in the brain are strong paramagnetic substances
that cause a strong reduction in T2" relaxation time (34).
Therefore, conventional GRE imaging approaches (magnitude-,
phase-, and R2"-imaging) have been used to assess iron changes
in the brains of patients with PD. The most commonly used
method is R2" mapping, which can be used for quantitative
measurement (15,18,35). QSM, as a novel technique, overcomes
several non-local restrictions of susceptibility-weighted and
phase imaging (For example, the nonlocality of the magnetic
field distribution) and provides a non-invasive and quantitative
method to assess diseases characterized by variations in iron
and/or myelin concentrations (25,36).

Elevated iron deposition in the SN of patients with PD
compared with that in controls was demonstrated by QSM in
the present study. Increased iron accumulation in the SN is
one of the major pathological changes that occurs in patients
with PD and has been reported in both post-mortem (4,5,37)
and MRI studies (25,26,38). Another major pathological
feature in patients with PD is a loss of dopaminergic neurons
in the SN (4). Neuromelanin (NM), a dark-coloured pigment
produced in the dopaminergic neurons of the human SN, has
the ability to bind a variety of metals, including iron, and
increased NM-bound iron has previously been reported in the
SN of patients with PD (39,40). The biochemical mechanisms
causing this phenomenon in PD are unclear; however, it is
hypothesized that redox-active iron could be released under
conditions of oxidative stress and high concentrations of
reactive iron lead to further oxidative damage, which induces
neuronal vulnerability (41,42).

Elevated susceptibility values were also observed in the
RN of patients with PD, which is consistent with previous
studies (24,26). A previous study identified higher R2" values
in both the SN and RN (34). The RN, located in the midbrain
near the SN, is similarly iron-rich (43) and is easily recog-
nized on QSM and R2" images. The RN receives significant

somatotopically organized input from the ipsilateral motor
cortex and contralateral cerebellum (44), thus serving as an
essential intersection between primary and cerebellar motor
pathways (45,46). Lewis et al (34) reported that as an integral
part of cerebellar circuitry, the RN might mediate PD-related
compensatory changes and the occurrence of dyskinesia. The
underlying biochemical mechanism for the increased suscep-
tibility values in the RN remains unclear. It is hypothesized
that this mechanism may be similar to that for the SN, due to
increased iron deposition in patients with PD. Further histo-
pathological and imaging studies are required to examine the
role of iron deposition in the RN in the pathogenesis of PD.

Notably, reduced susceptibility values in the PT were
observed in patients with PD when compared with that in the
controls. A consistently reduced iron level in the PT of patients
with PD has been reported in both post-mortem and MRI
studies (5,47). However, another study demonstrated increased
iron deposition in the PT of patients with PD (4), and numerous
additional studies did not find a significant difference in
iron levels in the PT between patients with PD and healthy
controls (5,24). Variations in the iron levels in sub-regions of
the PT and iron migration, through unclear pathways between
different brain regions during the progression of PD may be
the causes of these contradictory findings. Moreover, different
methods (For example, atomic absorption spectrophotometry,
R2" mapping and QSM) for quantifying brain iron levels and
the heterogeneity of patients with PD in these studies may also
be sources of this discrepancy.

In the present study, increased R2" values were only
observed in the SN of the patients with PD compared with that
in the controls and previous studies (25,26,34) have demon-
strated consistent findings. The increased iron deposition in
the SN of patients with PD has been confirmed by previous
studies (4,37). Iron is paramagnetic and causes a strong
increase in R2" relaxation rates (48). Therefore, it is feasible
to distinguish PD patients from healthy controls using R2"
mapping. The difference in R2" values in other regions was
not observed between the PD patients and normal controls.
This finding may indicate that R2" mapping is less sensitive
than QSM to iron changes in the brains of PD patients. The
R2" relaxation rate is affected not only by iron but also by
numerous additional factors, such as the size and spacing of
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the inhomogeneities, the rate of water diffusion, field strength
and echo times (17,18). These factors will reduce the sensi-
tivity and accuracy of R2" mapping in detecting susceptibility
changes caused by iron (25).

The regional susceptibility values were positively corre-
lated with the iron concentrations determined in previous
post-mortem studies (13) of healthy individuals (r=0.957,
P=0.011). Similarly, a post-mortem QSM study (22) also
demonstrated a strong linear correlation between chemically
determined iron concentrations and magnetic susceptibility
in grey matter structures (r=0.84; P<0.001). This finding
confirmed that the QSM was sensitive and reliable for
assessing the iron level in the human brain. A positive
correlation between R2" values and iron concentrations (13)
was also observed (r=0.904; P=0.035), but this correlation
was slightly weaker compared with the correlation between
susceptibility values and iron concentrations. The targeted
deep grey matter nuclei in the basal ganglia and midbrain
appeared hyper-intense in both QSM and R2" images, and
the boundary of the ROIs was clearer in QSM maps, consis-
tent with a previous QSM study (23). These findings indicate
that QSM can detect iron levels and depict the deep grey
nuclei in the human brain more effectively compared with
R2" mapping.

To date, only two studies (49,50) have analyzed the abili-
ties of QSM and R2" mapping to classify healthy individuals
and patients with PD in the SN using the ROC curve, which
displayed areas under the curve of 0.77 and 0.54 for QSM and
R2" mapping (50) and an area under the curve of 0.72 for R2"
mapping (49). In the present study, the ROC analysis displayed
an area under the curve of 0.72 and 0.63 for QSM and R2"
mapping in the SN. The diagnostic characteristics of QSM
and R2" mapping in the RN and PT were further investigated
in addition to the SN, as the susceptibility values in the RN
and PT were also significantly different between patients with
PD and normal controls. To the best of our knowledge, this is
the first time that the diagnostic characteristics of QSM and
R2" mapping in the RN and PT have been investigated. The
QSM showed higher sensitivity to classify patients with PD
compared with that for R2* mapping for all regions analyzed.
The area under the curve for QSM and R2" mapping in the
SN was also found to be higher compared with that in the RN
and PT.

There were no significant correlations between the imaging
parameters in all targeted regions and clinical features
described by disease duration and the H and Y stages in the
patients with PD. These results suggest that in patients with
different H and Y stages, and disease durations, the changes
in iron levels were not significant. Previous studies (16,50)
also did not find a significant correlation between the regional
iron levels and disease durations. He er al (26) reported a
positive correlation between increased susceptibility values
in the SN and disease duration in patients with PD, but the
elevated R2" values in the SN were not correlated with clinical
features. Langkammer et al (24) demonstrated that the SN
susceptibility values were correlated with H and Y stages but
were not correlated with disease duration in patients with PD.
However, the aforementioned correlation between increased
iron levels in the SN and the clinical features in patients with
PD was low (r=0.29). Therefore, it is debatable whether it is
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reliable to evaluate the progression of PD using QSM or R2"
mapping.

There are several limitations to the present study. First,
the sample size was small, so a contrast analysis between
patients with early-stage and advanced-stage PD was not
performed. PD is asymmetrical and patients with early-stage
PD often suffer from unilateral limb involvement (26). As
the number of patients with early-stage PD was limited, a
contrast analysis between the ipsilateral and the contralateral
regions was not performed. In future studies, more patients
with early-stage PD will be recruited and contrast analysis
between the ipsilateral and the contralateral regions will be
performed. Previous studies (51-53) separated the SN into
pars compacta and pars reticulata with ultra high-field, 7
Tesla MRI and showed iron deposition was primarily located
in the pars compacta; however, in the present study, the SN
was evaluated as a whole to analyse the clinical GRE data.
Another limitation of the present study is the lack of patho-
logical confirmation in the patients with PD. However, all
patients who may clinically have idiopathic PD undergo a
longitudinal clinical assessment and their assessment is reas-
sessed over time.

In conclusion, the results indicate that both QSM and R2*
mapping are feasible techniques to calculate iron levels in
human brains, although QSM provides a more sensitive and
accurate method to assess regional abnormal iron distribution
in patients with PD. QSM has a higher sensitivity in the clas-
sification of patients with PD from normal controls compared
with that in R2* mapping.
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