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Objectives: Brain iron deposition and microstructural changes in brain tissue are
associated with Parkinson’s disease (PD). However, the correlation between these
factors in Parkinson’s disease has been little studied. This study aimed to use
quantitative susceptibility mapping combined with diffusion kurtosis imaging to
investigate the effects of iron deposition on microstructural tissue alterations in the brain.

Methods: Quantitative susceptibility mapping and diffusion kurtosis imaging were
performed on 24 patients with early PD, 13 patients with advanced PD, and 25
healthy controls. The mean values of magnetic susceptibility and diffusion kurtosis were
calculated for the bilateral substantia nigra, red nucleus, putamen, globus pallidus, and
caudate nucleus, and compared between the groups. Correlation analyses between
the diffusion kurtosis of each nucleus and its magnetic susceptibility parameters in PD
patients and healthy controls were performed.

Results: The study found a significant increase in iron deposition in the substantia nigra,
red nucleus, putamen and globus pallidus, bilaterally, in patients with PD. Mean kurtosis
values were increased in the substantia nigra but decreased in the globus pallidus; axial
kurtosis values were decreased in both the substantia nigra and red nucleus; radial
kurtosis values were increased in the substantia nigra but showed an opposite trend in
the globus pallidus and caudate nucleus. In the substantia nigra of patients with PD,
magnetic susceptibility was positively correlated with mean and radial kurtosis values,
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and negatively correlated with axial kurtosis. None of these correlations were significantly
different in the control group. In the putamen, magnetic susceptibility was positively
correlated with mean, axial, and radial kurtosis only in patients with advanced-stage PD.

Conclusion: Our study provides new evidence for brain iron content and
microstructural alterations in patients with PD. Iron deposition may be a common
mechanism for microstructural alterations in the substantia nigra and putamen of
patients with PD. Tracking the dynamic changes in iron content and microstructure
throughout the course of PD will help us to better understand the dynamics of iron
metabolism and microstructural alterations in the pathogenesis of PD and to develop
new approaches to monitor and treat PD.

Keywords: Parkinson’s disease (PD), quantitative susceptibility mapping (QSM), diffusion kurtosis imaging (DKI),

iron content, microstructure

INTRODUCTION

Parkinson’s disease (PD) is characterized clinically by rest
tremor, bradykinesia, rigidity, and postural instability. The main
pathological change in PD is dopaminergic neuron degenerative
death in the nigrostriatal system due to iron deposition (Dexter
et al,, 1987; Jin et al., 2011; Kalia and Lang, 2015; Xu et al,
2021). The link between excessive iron deposition and the
pathophysiology of PD has been shown in recent studies that
revealed that ferrous iron promotes both oxidative stress and
a-synuclein aggregation (Wolozin and Golts, 2002; Barnham
et al.,, 2004). Several studies have demonstrated that a variety
of microstructural changes occur in the brains of patients
with PD (Taylor et al, 2018). In addition to the loss of
dopaminergic neurons, there is an accumulation of Lewy bodies
(LBs) and Lewy neurites (LNs) (Covell et al., 2017; Ghosh et al.,
2017), neuroinflammation (Kumar et al.,, 2012), and glial cell
proliferation (Batassini et al., 2015). Non-invasive understanding
of pathological changes by imaging is important for early
detection of the disease and guidance of effective treatment.
Although iron deposition can lead to microstructural changes
in the gray matter nuclei, studies investigating associations
between brain iron deposition and microstructural changes in
the brain in PD are rare and the associations have not been
evaluated using imaging techniques. Quantitative susceptibility
mapping (QSM) is a new post-processing technique that
provides a robust magnetization measurement that correlates
significantly with brain iron content, enabling quantitative tissue
magnetization measurement (He et al., 2015; Du et al., 2016).
This approach detects magnetic tissue properties more sensitively
than traditional quantitative-based iron imaging techniques (R2,
R2*, and R2’) and has been used to identify several human brain
substructures that are partially indistinguishable when using
Gradient Echo (GRE)-based comparisons (Wieler et al., 2015;
Guan et al., 2017b).

Diftusion kurtosis imaging (DKI) is a state-of-the-art method
for quantifying non-Gaussian water diffusion (Jensen et al., 2005;
Coutu et al., 2014; Filli et al., 2014). An alternative, diffusion
tensor imaging, does not consider the isotropic nature of gray
matter structure (Pierpaoli and Basser, 1996). Therefore, DKI

is better suited for quantifying subtle pathological changes in
gray matter than diffusion tensor imaging (Jensen and Helpern,
2010). By measuring direction-specific kurtosis, DKI reflects
the complexity of neural tissue in normal, developmental, and
pathological states. Mean kurtosis (MK), axial kurtosis (Ka), and
radial kurtosis (Kr) are direction-specific kurtosis parameters.
It has been suggested that Kr decrease is associated with
demyelination, Ka changes reflect axonal degeneration (Cheung
et al.,, 2009), and increases in MK may indicate injury-related
microglial proliferation and increased axonal bead granulation
(Weber et al., 2015).

Magnetic susceptibility (MS) (Li et al.,, 2018; Uchida et al,,
2019, 2020) and diffusion kurtosis parameters (Wang et al., 2011;
Kamagata et al., 2017; Guan et al., 2019) have been shown in
past studies to reflect brain iron deposition levels and brain
tissue microstructural changes, respectively, in patients with
PD. The substantia nigra (SN), red nucleus (RN), and striatum
are the main nuclei involved in PD. We hypothesized that
there may be a correlation between excessive iron deposition in
these regions of the brain and alterations in apparent diffusion
kurtosis in patients with PD. To our knowledge, few previous
reports have combined QSM and DKI in the evaluation of PD.
Herein, we aimed to jointly apply QSM and DKI techniques to
investigate microstructural changes in the gray matter nuclei,
due to iron deposition, and identify the specific features of
observed changes. Enhancing our understanding of correlations
between the findings of magnetic susceptibility and diffusion
kurtosis may improve our knowledge of pathological changes in
PD and their effects on disease activity and contribute to early
detection and treatment.

MATERIALS AND METHODS
Subjects

All examinations in this study were performed with the written
consent of each participant, and the study was approved by
the Ethics Department of the Second Affiliated Hospital of
Xiamen Medical College. All processes were conducted in
accordance with the principles of the Declaration of Helsinki.
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In the study, we prospectively assessed 37 patients with PD
who attended the Department of Neurology at the hospital
between January 2019 and December 2020. All patients were
diagnosed with PD by a movement disorder neurologist (Dr.
Niu, with more than 30 years of experience), underwent MRI,
and met British Parkinson’s Disease Association Brain Bank
criteria. The following exclusion criteria were applied: atypical or
secondary PD, history of other neurological disease e.g., severe
head trauma or stroke, poor image quality, or general MRI scan
contraindications. All patients were older than 50 years, right-
handed, and underwent a thorough neurological examination.
Patients and their families provided detailed information on
the onset, course, and evolution of PD. Hoehn-Yahr (HandY)
stage and Unified Parkinson’s Disease Rating Scale (UPDRS)
were used to assess disease severity and motor function
(Greffard et al., 2006).

Patients were further categorized into early-stage PD
(ESPD) (HandY stage < 2.5; 12 men, 12 women; mean age,
63.0 = 7.4 years) and advanced stage PD (ASPD) (HandY
stage > 3; 8 men, 5 women; mean age, 71.1 £ 7.5 years) groups.
PD duration was defined as the time difference between first
motor symptom development and the study examination date.
The mental status of all patients was assessed using the Mini-
mental State Examination (MMSE) and the Montreal Cognitive
Assessment (MoCA) scores (Folstein et al., 1975).

Since both methods have unique characteristics, we
conducted two PD tests for each patient (Pinto et al., 2019).
Clinical evaluation and MRI imaging were performed at
least 12 h after discontinuation of all anti-PD medications.
Twenty-five age- and sex-matched healthy control (HC)
participants (10 men, 15 women; mean age, 67.0 = 9.3 years)
were recruited from a medical examination center. HC
participants met the following inclusion criteria: no history
of neuropsychiatric or neurodegenerative disease; no white
matter damage, such as epilepsy, multiple sclerosis, tumors,
trauma, cranial arteritis, or encephalitis; no history of alcohol
dependence or other psychoactive substance abuse; and MMSE
score > 28 points.

Imaging Protocol
All participants underwent MRI examinations on a 3 T
scanner (Discovery MR750, GE Healthcare, Milwaukee, WI,
United States) equipped with an eight-channel phased array
receiver coil. Participants were instructed to relax and avoid
any motion during the test. Noise-proof earplugs and foam
pads were applied to minimize acoustic scanner noise and
motion artifacts, respectively. Auto shimming was employed
at the start of each scan to ensure uniformity of the static
magnetic field. Before QSM and DKI imaging, routine images,
including T1-weighted imaging, T2-weighted imaging, fluid-
attenuated inversion recovery (FLAIR) images, and diffusion-
weighted imaging (DWI), were acquired. They were used to
confirm the absence of structural abnormalities, and to exclude
secondary Parkinson’s syndrome caused by severe vascular
disease, multisystem atrophy, trauma, or encephalitis.

Diffusion kurtosis imaging images were obtained using a
single-shot spin-echo echo-planar imaging (SE-EPI) sequence

with the following parameters: repetition time (TR) = 3,000 ms;
echo time (TE) = 60 ms; slice thickness/gap = 5/1.5 mm; field of
view (FOV) = 240 x 240 mm; matrix size = 128 x 128; number
of excitations (NEX) = 1; b-values = 0, 1,000 (30 directions),
and 2,000 (30 directions) s/mm?; number of slices = 15;
total scan time = 3 min 2 s. QSM source images, including
magnitude and phase images, were obtained using a three-
dimensional multi-echo fast spoiled gradient recalled echo
(FSPGR) sequence with the following parameters: TR = 23.7 ms;
TE = 3.4/5.8/8.1/10.5/12.8/15.2/17.5/19.9 ms; flip angle = 12°;
slice thickness/gap = 1/0 mm; FOV = 256 x 256 mm; matrix
size = 256 x 256; NEX = 1; number of slices = 140; total
acquisition time = 5 min 1 s. Two experienced neuroradiologists
provided diagnostic support. All sequences were acquired in
the axial plane parallel to the anterior commissure-posterior
commissure (AC-PC) line. All images were carefully reviewed
after scanning to ensure image quality, and poor image quality
due to motion artifacts prompted rescanning.

Image Analyses and Region-of-Interest

Selection

Raw DKI and QSM data were transferred to the Advantage
Workstation 4.6 (GE Healthcare) and post-processed by the
FuncTool software. Specifically, DKI parameter maps, including
MK, Ka, and Kr, were calculated by using the following equation
(Jensen et al., 2005):

3 3
In [S(n,b)/SQ] = =b z Z ninle.j

i=1j=1
1 3 3 3 3
21—2
PSS S S
i=1j=1k=11=1

S (nb) denotes the diffusion encoding direction n and the
diffusion signal intensity of the diffusion-weighted b-value, Sy
denotes the diffusion signal intensity of by, and Dj; and Wi
represent the components of the diffusion tensor and the
diffusion kurtosis tensor, respectively. We have also used this
DKI analysis method in our earlier studies (Zheng et al., 2017;
Yang et al, 2021). Multi-echo QSM data were processed by
Laplacian-based phase unwrapping, and V-SHARP background
field removal (Li et al, 2014b), and improved the sparse
linear equation and least squares (iLSQR) method (Li et al.,
2015b) to generate MS maps, based on the images of the
last three echoes.

Regions of interest (ROIs) were delineated three times
manually by two independent, double-blinded neuroradiologists
with BO images as references, and values were recorded each
time to reduce offset errors (Supplementary Figure 1). The
average of the six time delineation for the ROI values was
taken as the final value. Each nucleus side was recorded as a
separate sample. The mean parametric values of the bilateral SN,
RN, globus pallidus (GP), putamen, and caudate nuclei were
used for further analysis. The intraclass correlation coefficient
(ICC) was used to assess the agreement between the two
neuroradiologists for the MS, MK, Ka, and Kr measurements
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(Landis and Koch, 1977). Usually, ICC values > 0.75 are
considered good correlation. To minimize deviation due to
partial volume effects, the following criteria were applied: (1)
choose the clear boundary and the largest display area of each
nucleus to outline the ROI, and carefully avoid blood vessels and
cerebrospinal fluid; (2) when delineating the nucleus boundary,
move one pixel inward to ensure that the ROI is within the range
of the nucleus.

Statistical Analyses

All data were analyzed using SPSS Statistics Package, version
19.0 (IBM Corporation, New York, NY, United States). The
Kolmogorov-Smirnov test was used to confirm the normal
distribution of data. One-way analysis of variance (ANOVA) or
unpaired ¢-tests were used to compare demographic information
and clinical characteristics among the groups. Average MS values
and corresponding 95% confidence intervals of QSM imaging
data were calculated for each region, along with MK, Ka,
and Kr values from DKI. One-way ANOVA followed by false
discovery rate (FDR) correction, as described by the Benjamini-
Hochberg method, were used to compare the differences in MS,
MK, Ka, and Kr values using the R software package (R for
Windows v. 4.0.3)" in patients with different stages of PD to
HCs. For intergroup comparisons of non-normally distributed
data, the non-parametric Kruskal-Wallis test was used. Pearson
correlation analyses were used to investigate the relationship
between the MS of the nucleus and the MK, Ka, and Kr values
in patients with PD and HCs. Nuclei with good correlations in
prior assessments were further divided to investigate correlations
with different PD stages. We performed an FDR correction for
multiple correlation tests. Finally, the associations between the
QSM and DKI parameters and disease severity in the SN were
examined using the Pearson correlation test, with adjustments
for age and sex effects. For all analyses, values of P < 0.05 were
considered significant.

RESULTS

Demographics and Neuropsychiatric

Assessment

The demographic and clinical characteristics of the participants
are shown in Table 1. Although the proportion of males
with PD was higher than that of females, consistent with
the epidemiological characteristics of PD, no significant sex
differences were observed among the groups. Further, no
significant between-group differences regarding age, or MMSE,
MoCA, or UPDRS Part I and Part IV scores were observed.
The disease duration of patients with ASPD was significantly
longer than that of ESPD (p < 0.001). Meanwhile, the UPDRS-
total, UPDRS-II, UPDRS-III scores, and the HandY stage of
patients with ASPD were significantly greater than those of ESPD
(p < 0.05).

Uhttps://cran.r-project.org

Group Differences Assessed via
Quantitative Susceptibility Mapping and

Diffusion Kurtosis Imaging

The results of the ICC analysis of the QSM and DKI parameter
values for the left and right ROIs of HCs and patients with PD are
shown in Supplementary Table 1. The results showed that the
ICC values for both the HC and PD groups were >0.75, so the
consistency of measurement was reliable enough to continue with
the subsequent statistical analysis. MS and DKI values of deep
gray matter nuclei in HCs and patients with PD are presented
in Figure 1 and Supplementary Table 2. We found that the
MS of the SN in the healthy group was significantly lower than
that of the ESPD and ASPD groups (p = 0.003 and p < 0.001,
respectively), indicating that the SNs of patients with PD have
greater paramagnetism, and thus, greater iron deposition levels
than healthy people. We also found that MK and Kr values in
the SN in the PD group were higher than that of the control
group, while the Ka of the control group was higher than that
of the PD group. The MS of the RN was elevated in patients with
different stages of PD compared to HCs (p = 0.004 and 0.001,
respectively), while Ka in the ESPD group decreased more than
in the HCs (p < 0.001). Although the MS value of the putamen
in patients with ASPD was significantly higher than that of the
HCs (p < 0.001), diffusion kurtosis did not change significantly.
Compared with the HCs, the MS of the GP of ESPD and ASPD
patients increased (p < 0.001 and p < 0.001, respectively), while
MK (p = 0.004 and 0.02, respectively) and Kr (p < 0.001 and
p < 0.001, respectively) decreased. No significant differences in
Ka were found in this experiment. A slight decrease in the Kr of
the caudate nucleus in ESPD, compared to HCs, was observed
(p=0.02).

Associations Between Diffusion Kurtosis
Imaging and Magnetic Susceptibility
Parameters in the Nuclei of Patients With

Parkinson’s Disease

Figure 2 shows the correlation between the diffusion kurtosis
metrics and MS in different brain regions of patients with PD.
Figure 3 shows this relationship in the SN and putamen at
different stages of disease progression. In the gray matter nuclei of
patients with PD, MS, and DKI kurtosis values correlated only in
the SN and putamen. Further analysis showed that a correlation
between MS and DKI was only observed in the SN in ESPD.
In ASPD, there was a correlation between MS and DKI in both
the SN and putamen.

Associations Between Diffusion Kurtosis
Imaging and Magnetic Susceptibility
Parameters in the Nuclei of Healthy
Controls

Supplementary Figure 2 shows the correlation between diffusion
kurtosis metrics and MS in different nuclei of the HCs. Our
results showed that in HCs, only the Ka of the caudate nucleus
was positively correlated with MS. There was no significant
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TABLE 1 | Demographics of patients with Parkinson’s disease and healthy controls.

Variable Normal (N = 25) ESPD (N = 24) ASPD (N =13) p-Value
Male sex, N (%) 10.0 (42.7) 12.0 (50.0) 8.0 (61.5) 0.4432
Age, years [Mean (SD)] 67.0 (9.9) 63.0 (7.4) 71.1(7.5) 0.128P
Disease duration, years [Mean (SD)] - 3.5(5.7) 9.0 (7.3) <0.001¢
MMSE, [Mean (SD)] 22.4 (5.9) 18.9 (6.0) 0.225°
MoCA, [Mean (SD)] 18.4 (6.6) 16.0 (7.5) 0.460°
Hoehn-Yahr stage, Mean (SD) - 1.6 (0.5) 3.7 (0.8 <0.001¢
UPDRS score, Mean (SD) -

Total - 29.4 (12.0) 44.6 (12.7) 0.010°
Part | - 21(1.7) 2.1(2.0 0.798°¢
Part Il - 8.8 (4.8 15.0 (56.9) 0.010°
Part Il - 17.7 (7.8) 25.8 (5.9) 0.019°
Part Ivd - 1.9(1.8) 1.8(2.1) 0.904¢

ESPD, early-stage Parkinson’s disease; ASPD, advanced-stage Parkinson’s disease; SD, standard deviation; UPDRS, unified Parkinson’s disease rating scale; MMSE,
mini-mental state examination;, MoCA, montreal cognitive assessment. Bold values indicate statistically significant differences.

4According to Pearson chi-square test.
bAccording to One-Way ANOVA.
CAccording to Unpaired t-test.
9Provided for patients using levodopa.

correlation between QSM and DKI parameters in the SN, RN,
putamen, and GP of HCs.

Quantitative Susceptibility Mapping and
Diffusion Kurtosis Imaging Correlations
With Clinical Indices in the Substantia
Nigra

The results of our regression analysis are summarized in
Supplementary Figure 3. Magnetic susceptibilities and diffusion
kurtosis parameters within the SN correlated with the motor
and cognitive scores of patients with PD. In the SN of patients
with PD, there was a positive correlation between Ka and MMSE
(p = 0.0305), a positive correlation between Kr and UPDRS
III (p = 0.0355), and a negative correlation between MK and
MMSE and MoCA (p = 0.0069 and 0.0233, respectively). MS
was positively correlated with HandY staging and UPDRS III
(p = 0.0268 and 0.0036, respectively), and negatively correlated
with MMSE and MoCA scores (p = 0.0381 and 0.0399,
respectively). The remaining identified correlations were not
statistically significant.

Maps of Quantitative Susceptibility
Mapping and Diffusion Kurtosis Imaging

at the Midbrain Level

Maps of diffusion kurtosis and MS at the midbrain level
were successfully constructed. Figure 4 includes representative
DKI and QSM maps of the HC and PD groups, where
MS demonstrates an increasing signal, which was especially
pronounced in the SN of patients with PD. MK and Kr signals
in the SN gradually increase throughout disease progression,
and the diffusion range correspondingly increases, while Ka
decreases. In contrast, only the MS signal increased in the RN,
and there was no obvious change in diffusion signal or range.

DISCUSSION

We used DKI to identify microstructural changes in brain tissue
associated with brain iron deposition in patients with PD. We
found, for the first time, that microstructural alterations in the SN
and putamen have unique characteristics and may be associated
with brain iron deposition. In addition, we found that in ESPD,
changes in kurtosis correlated with paramagnetism exclusively in
the SN. We performed an etiological analysis of these interesting
results, which are described below.

Substantia Nigra

QSM data, shown in Figure 1D, are consistent with previously
reported findings, which revealed increased MS values in the
SN of patients with PD (Du et al, 2018; Bergsland et al,
2019). MS increases are considered indirect indicators of iron
deposition. Abnormal distribution of MS is consistent with LB
and LN regions previously identified in the SN of patients with
symptomatic PD, corresponding to Braak’s stage III (Braak et al.,
2003). Further, patients with PD show abnormalities in DKI
parameters (MK, Ka, and Kr), and these differences become
more pronounced with disease progression. Patients with PD had
elevated MK and Kr values compared to HCs, which is consistent
with some (Khairnar et al., 2015; Zhang et al., 2015), but not all,
prior reports (Guan et al., 2019). Reported changes in diffusion
kurtosis parameter values for PD vary considerably. A major
reason for this may be that prior studies did not consider iron
deposition levels.

Mean kurtosis elevation in the SN may be due to a
combination of several factors. First, following dopaminergic
neuronal injury and apoptosis (Zhang et al., 2014), damaged
axons may activate major histocompatibility complex class II-
positive microglia with phagocytic and trophic functions, leading
to elevated tissue structural complexity and kurtosis values
(Imamura et al., 2003). Second, loss of dopaminergic neurons in
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FIGURE 1 | (A-D) Histograms depicting intergroup comparisons of imaging parameters in the substantia nigra, red nucleus, globus pallidus, putamen, and caudate
nucleus (FDR-corrected). Error bars represent standard errors of the mean (*P < 0.05; **P < 0.01; ***P < 0.001). MK, mean kurtosis; Ka, axial kurtosis; Kr, radial
kurtosis; MS, magnetic susceptibility. The normal group is shown in blue, the early-stage PD group is shown in red, and the advanced-stage PD group is shown
in green.

the pars compacta of the SN enhances diffuse heterogeneity due
to nigrostriatal pathway deafferentation (Giannelli et al., 2012).
Third, LB and LN accumulation in the cytosol of neuronal cells
and axons reduces the free diffusion of water, which increases MK
(Giannelli et al., 2012).

As iron accumulates, microglia activate to release reactive
oxygen species, causing neurotoxicity, and eventually, fluid
accumulation in the myelin sheath, causing edema. Because
myelin travels directionally, water molecules within myelin do
not diffuse freely in each direction, elevating Kr (McGeer and
McGeer, 2004; Block et al., 2007).

Axial kurtosis decreases in the SN, which is revealed via
DKI in patients with PD and may be due to axonal atrophy
in the SN. First, in initial LN accumulation phases in axons,

axonal transport (especially reverse axonal transport) is inhibited,
which manifests as structural changes of axonal atrophy (Perlson
et al., 2010; Millecamps and Julien, 2013). Recently, an in vivo
high-resolution positron emission tomography study revealed
that synaptic density was significantly reduced in the SN,
RN, and locus coeruleus in PD (Matuskey et al., 2020).
Second, a-synuclein can inhibit axonal branching and growth
(Koch et al., 2015).

As shown in Figure 2A, MS was positively correlated with MK
and Kr, and negatively correlated with Ka in the SN of patients
with PD. In addition, staging analysis correlations revealed that
among all gray matter ROIs in patients with PD, correlations
between QSM and DKI parameters at an early stage were
only observed in the SN, and the association was consistent
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with that of the overall analysis (Figure 3). The correlations
in Figures 2A, 3A,B are consistent with SN parameter trends
throughout disease progression, shown in Figures 1, 4. The
mechanistic basis of disease progression remains increased levels
of iron deposition (Braak et al., 2003).

Our data showed that in the SN of patients with PD, MS
correlated positively with HandY staging, and, most significantly,
UPDRS III scores, and negatively with cognitive test (MMSE
and MoCA) scores, which is consistent with a prior report (He
et al.,, 2015; Langkammer et al., 2016; Guan et al., 2017a,c; Du
et al., 2018). It has been demonstrated that iron levels in both
the hippocampus and thalamus are higher in patients with PD
dementia than in PD and healthy groups (Li et al., 2018). We
suggest that the relationship between MS and cognitive scores
in Supplementary Figures 3C,D may be a manifestation of iron
overload in the SN during progression of brain histopathological
stages to the hippocampus (Braak’s stages 5-6) in patients with
PD, rather than an indicator that the SN is associated with
cognition (Braak et al., 2003).

An interesting phenomenon was observed in the SN of
patients with PD, in which Ka was positively correlated with
MMSE scores; Kr was positively correlated with UPDRS III
scores, and MK was negatively correlated with MMSE and
MoCA scores. We hypothesize that some specific microstructural
alterations may be associated with clinical symptoms. The
presence of a relationship between neuropsychological symptoms
and imaging indicators should be investigated at more sites in
future studies. Therefore, QSM and DKI parameter abnormalities
are clinically significant and likely reflect PD symptom severity.

Red Nucleus
The RN is composed of dense cells and small myelinated axons
with a complex microstructure (Onodera and Hicks, 2009). The

ventrolateral magnocellular portion of the RN is directly involved
in motor control (Kennedy et al., 1986; Mewes and Cheney,
1994; Rodriguez-Oroz et al., 2008). The RN also contains high
levels of iron and may be affected by oxidative stress (Martin
et al., 2008). Figure 1D shows that RN MS values in both the
ESPD and ASPD groups were higher than that of the HCs.
This finding was different from that which was reported by
Du et al. (2018) an inconsistency that may have been due to
differing machine types or scanning parameters. Our results
validate the claim of Haacke et al. (2005) that the RN is one
of the tissues with a high iron concentration in the brain.
Although the Ka of the RN of the PD group (Figure 1B)
was lower than that of the HCs, only the difference between
ESPD and HC was significant. We suspect that similar atrophic
pathological changes occur in the RN and SN, which result in
decreased microstructural complexity or heterogeneity in areas
of maximal diffusion (Matuskey et al., 2020). In the RN, a
multiple comparison correction for multiple correlation revealed
no correlation between MS and MK, Ka, or Kr, either in the PD
or HC groups (Figure 2B and Supplementary Figure 2B). This
may mean that the damage associated with iron deposition in the
RN is relatively mild compared to the SN and putamen and did
not cause significant microstructure changes in the PD group.

Striatum

Throughout neuronal degeneration, the number of major
histocompatibility complex class II-positive microglia increased
in both the SN and putamen (Imamura et al., 2003). A prospective
study revealed MK elevation in the bilateral SN, putamen, GP,
and caudate nucleus in patients with PD (Wang et al., 2011).
In the putamen (Figure 1), only MS differences were observed
in patients with PD versus HCs. However, positive correlations
between MS and all three kurtosis indicators, especially, in
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FIGURE 3 | (A-D) Correlations between diffusion kurtosis parameters and magnetic susceptibility in the substantia nigra and putamen determined via univariate
analysis in patients with different stages of Parkinson’s disease (*P < 0.05; **P < 0.01; **P < 0.001; ns, no statistical significance). False discovery rate correction
was used for multiple correlations. MK (green, triangles), mean kurtosis; Ka (blue, circles), axial kurtosis; Kr (red, squares), radial kurtosis; MS, magnetic susceptibility;
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FIGURE 4 | Comparison of magnetic susceptibility and diffusion kurtosis imaging parameter mapping at the midbrain level in healthy participants and patients with
Parkinson’s disease. MK, mean kurtosis; Ka, axial kurtosis; Kr, radial kurtosis; MS, magnetic susceptibility; ESPD, early-stage Parkinson’s disease; ASPD,
advanced-stage Parkinson’s disease.
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the ASPD group were observed (Figures 2, 3). However, no
correlations were observed between MS and MK, Ka, and Kr in
the putamen of the HC group (Supplementary Figure 2C). This
may further indicate the characteristic nature of the correlations
in the putamen of the PD group. We hypothesize that since iron
accumulation in PD is progressive, iron levels in the putamen had
not accumulated sufficiently to cause microstructural differences
between the groups. Pathological changes in the putamen
correspond to BraaK’s stage IV with low levels of iron deposition
in the putamen in ESPD. Observed correlations were due to the
characteristics of the ASPD group (Braak et al., 2003).

Autopsy results of GP iron levels are controversial. Our results
and those of Chen et al. (1993) revealed increased levels of iron
deposition, but levels reported by Riederer et al. (1989) were
normal, and Dexter et al. (1991) observed a decrease. Differences
may be due to the use of different procedures and quantification
methods or measuring levels in the internal versus external GP
(Griffiths et al., 1999). Changes in MK are associated with changes
in myelin, axon, and neuronal density. Most current studies
suggest that increased MK reflects glial cell proliferation or an
increased density of myelin to cell ratio (Steven et al., 2014),
and decreased MK may reflect histological changes in neuronal
cell bodies or synapses, or mild demyelination changes (Gong
et al, 2013). An interesting phenomenon was found in our
results: PD compared to HCs showed opposite performances of
MK for both SN and GP although MS was elevated for both
(Figure 1). First, this may reflect a difference in pathological
alterations because major histocompatibility complex class II -
positive microglia proliferation occurs predominantly in the SN
(Imamura et al, 2003). Second, this may be because of the
different protein alterations in the SN and GP. Several amide
proton transfer imaging studies have validated this possibility
in terms of molecular imaging (Li et al., 2014a, 2015a, 2017).
The team suggests that the main reason for the opposite
signaling changes is that the SN is dominated by a reduction
in dopaminergic neurons and dopamine production (Braak
et al., 2003), whereas the GP is dominated by the deposition of
cytoplasmic proteins and peptides (Tong et al., 2010). Finally,
it is possible that axonal disintegration and cell loss play a
dominant role in microstructural changes in the GP, and thus
a decrease in MK. For example, two studies found a negative
correlation between the MK of GP and age (Litt et al., 2013; Gong
et al., 2014). After multiple comparison correction of multiple
correlations within each gray matter nucleus in the HC group,
only correlations between MS and Ka in the caudate nucleus were
found (Supplementary Figure 2E). We suggest that this may be
due to systematic errors such as the small size of the caudate
nucleus and the insufficient number of healthy controls included
in this study. We will continue to increase the sample size in
future studies to reduce the occurrence of such errors.

Study Limitations

The study has some limitations. First, iron in the SN
initially accumulates in the dorsal pars compacta; however,
in the present study, the entire SN was assessed, which
reduced sensitivity. Second, according to Braaks stage, iron
deposition initially occurs in the dorsal IX/X motor nucleus

and/or intermediate reticular zone, and gradually accumulates
in the coeruleus-subcoeruleus complex. By Braaks stage III,
a lesion forms in the SN, by which time clinical motor
symptoms are already present. The present study assessed the
correlation between iron deposition and tissue microstructure
in the major gray matter nuclei. The association should be
comprehensively studied in the future, considering all voxels
from the medulla oblongata to the neocortex. Finally, most
of the patients with PD included in the study were clinically
symptomatic, with disease that was more severe than Braak
stage IIL. It is not clear whether brain iron deposition in
patients with PD with pre-Braak stage III disease will have
a different kurtosis index profile. To address this problem,
a study with a greater sample size, with preclinical patients
with PD, is needed.

CONCLUSION

In recent years, many efforts have been made to examine
brain iron levels and their effects on patients with PD.
Our study provides new insights into iron overload and
associated microstructural alterations from a neuroimaging
perspective, which has the potential to integrate previous
findings. Tracking the dynamic changes in iron content and
microstructure throughout the course of PD will help us
to better understand the dynamics of iron metabolism and
microstructural alterations in the pathogenesis of PD and
to develop new approaches to monitor and treat PD. First,
we found that iron deposition in the SN and putamen
may have an impact on changes in brain microstructure in
patients with PD. Increased SN iron deposition was positively
correlated with MK and Kr, and negatively correlated with
Ka. Increased iron deposition in the putamen was positively
correlated with MK, Ka, and Kr. This was especially true for
the SN in which correlations were observable during early-
stage PD. In addition, magnetic sensitivity was significantly
higher in patients with PD, especially in the SN, RN,
putamen, and GP. Finally, we confirmed that iron deposition
in the SN affects brain microstructure, and, potentially,
motor function in PD.
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