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Abstract

Mpyelinated white matter showing diamagnetic susceptibility is important for information transfer in the brain. In Parkinson’s
disease (PD), the white matter is also suffering degenerative alterations. Quantitative susceptibility mapping (QSM) is a
novel technique for noninvasive assessment of regional white matter ultrastructure, and provides different information of
white matter in addition to standard diffusion tensor imaging (DTI). In this study, we used QSM to detect spatial white matter
alterations in PD patients (n=65) and age- and sex-matched normal controls (n=46). Voxel-wise tract-based spatial statistics
were performed to analyze QSM and DTI data. QSM showed extensive white matter involvement—including regions adja-
cent to the frontal, parietal, and temporal lobes—in PD patients, which was more widespread than that observed using DTL.
Both QSM and DTT showed similar alterations in the left inferior longitudinal fasciculus and right cerebellar hemisphere.
Further, alterations in the white matter were correlated with motor impairment and global disease severity in PD patients.
We suggest that QSM may provide a novel approach for detecting white matter alterations and underlying network disrup-
tions in PD. Further, the combination of QSM and DTI would provide a more complete evaluation of the diseased brain by
analyzing different biological tissue properties.
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Introduction

Parkinson’ disease (PD) is a progressive neurodegenera-
tive disorder that causes extensive pathological alterations
throughout the brain. According to the Braak staging scheme
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for PD, the primary pathology occurs in the brainstem and
then progressively ascends through the brain to ultimately
reach the neocortex (Braak et al. 2003, 2004). The myeli-
nated white matter fibers in the brain, which form a complex
network to connect and relay information between different
grey matter regions, can also exhibit degenerative altera-
tions in PD.

Diffusion tensor imaging (DTI) is the most common tool
for assessing the structural integrity of white matter tracts
in PD brain. To date, DTI findings consistently showed
widespread abnormalities in PD patients with cognitive
impairment (Gallagher et al. 2013; Kamagata et al. 2013;
Agosta et al. 2014; Auning et al. 2014) while the results
were conflicting in the studies of non-demented PD patients
(Surdhar et al. 2012; Kamagata et al. 2013; Agosta et al.
2014; Worker et al. 2014; Chen et al. 2015). Though it is to
say that DTI could be used to quantify white matter myelina-
tion (Song et al. 2002), limitations exist. Signals from DTI
are influenced by numerous physiological processes includ-
ing underlying fiber organization, extracellular space, axon
diameter, and membrane permeability (Beaulieu 2002; Neil
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et al. 2002; Jones et al. 2013). Thus, DTI changes in the
white matter cannot be solely attributed to changes in myeli-
nation (Argyridis et al. 2013; Jones et al. 2013). Indeed,
a recent histological study reported no significant correla-
tion between DTI changes and myelination (Argyridis et al.
2013). Thus, new techniques are required to provide further
information on white matter alterations in PD.

The myelin sheath is the predominant source of suscep-
tibility contrast in the deep white matter, mainly because
of its diamagnetic property, which differs according to the
complexity of white matter fiber organization (Liu et al.
2011, 2015; Li et al. 2012; Lodygensky et al. 2012). It is
well established that quantifying the susceptibility of white
matter can be used to assess the trajectory of white mat-
ter development (Lodygensky et al. 2012; Argyridis et al.
2013; Li et al. 2014). Quantitative susceptibility mapping
(QSM) is a novel contrast technique for quantification of
magnetic susceptibility, which involves deconvolution of the
influence of neighboring voxels on changes in the magnetic
field (Liu et al. 2011; Li et al. 2012, 2014; Argyridis et al.
2013; Li and Liu 2013). QSM has been used to show nigral
iron deposition in PD patients (Du et al. 2015; He et al.
2015; Murakami et al. 2015; Guan et al. 2017a). In contrast
to paramagnetic iron, myelinated white matter tracts show
a low susceptibility value resulting from the diamagnetic
property of myelin, while demyelination is associated with
increased susceptibility. Previously, QSM has been widely
used to investigate the pathologic changes of white matter
during the progression of multiple sclerosis (Rudko et al.
2014). Given this relationship between magnetic susceptibil-
ity and myelin content (Argyridis et al. 2013), QSM may be
useful endogenous biomarker for assessing the intensity of
myelination in PD (Liu et al. 2011; Li et al. 2012; Argyridis
et al. 2013; Li and Liu 2013).

In the present study, we used QSM to examine the altera-
tions in white matter ultrastructure (by quantifying suscep-
tibility) in a cohort of PD patients and age- and sex-matched
healthy control subjects, and compared these findings with
typical DTI variables, including fractional anisotropy (FA),
mean diffusivity (MD), axial diffusivity (AD) and radial dif-
fusivity (RD) (Song et al. 2002; Auning et al. 2014). We
hypothesized that QSM would provide novel ultrastructural
data on white matter alterations in PD, and, to some extent,
QSM and DTI would provide similar disease information in
certain white matter.

Methods
Subjects

Informed consent was provided by each subject in the
study. The methods were performed in accordance with the

approved guideline and regulation, and experimental proto-
cols were approved by the Medical Ethic Committee of the
Second Affiliated Hospital of Zhejiang University School
of Medicine. Control subjects and PD patients with a his-
tory of neurologic or psychiatric disorders (e.g. infarction or
encephalatrophy), brain trauma, or general exclusion criteria
for MR scanning (e.g., metal implants) were excluded from
this study. One hundred and twenty-two subjects includ-
ing 73 PD patients diagnosed by an experienced neurolo-
gist according to the United Kingdom Brain Bank criteria
(Hughes et al. 1992) and 49 normal controls were initially
included.

The subscales of the Unified Parkinson’s Disease Rating
Scale (UPDRS), disease duration, and the Mini-Mental State
Examination (MMSE) scores were recorded for all patients
immediately after MR scanning. According to MMSE esti-
mated by the criteria suitable for Chinese population (Katz-
man et al. 1988; Zhang et al. 1990) (MMSE score < 17 for
illiterate subjects, < 20 for grade-school literate, and <23
for junior high school and higher education literate), all
our recruited patients were non-demented. Before clinical
assessments and MR scanning, PD patients who were under
medication terminated anti-parkinsonian medication for at
least 12 h. Demographic data of control subjects and PD
patients are shown in Table 1.

Scanning protocols
A three-dimensional (3D) multi-echo gradient-echo (GRE)

pulse sequence (termed enhanced T2 star-weighted angi-
ography [ESWAN]), Fluid-attenuated inversion recovery

Table 1 Group demographics and clinical status

Normal controls Patients p values
Number 46 65 -
Sex (male/female) 21/25 32/33 0.847
Age, y, mean +SD 57.8+9.4 55.5+9.5 0.211
Disease duration, y, - 47+3.9 -
mean + SD
H-Y stages,mean+SD - 23+0.7 -
MMSE,mean + SD - 27.8+22 -
UPDRS I scores, mean+SD — 1.9+2.6 -
UPDRS II scores, - 9.6+54 -
mean+SD
UPDRS III scores, - 27.1+144 -
mean + SD
Score from right side - 10.0+57 -
Score from left side - 9.31+6.6 -
UPDRS total scores, - 40.5+21.7 -
mean + SD
Head rotation angle, 12.2+5.6 13.4+5.7 0.256

mean + SD
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(FLAIR), DTI, and 3D T1-weighted images were acquired
on a 3.0-T MR scanner using an 8§-channel head coil (Signa
Excite; GE Medical Systems, Milwaukee, WI, USA).
During scanning, the head of each participant was stabi-
lized with restraining foam pads, and earplugs were pro-
vided to reduce noise. Data would be discarded or res-
canned if head motion appeared. The 3D-GRE ESWAN
parameters with a right/left frequency encoding direction
achieved in the continuous axial plane were: TR =45 ms,
echo numbers =8, TE,/spacing/TEg =5/5.02/40.14 ms,
flip angle =25°, matrix size =240 X 240, slice thick-
ness =2.8 mm, FOV =200 X 200 mm, reconstructed in-plane
resolution=0.78125x%0.78125, slices=52, ASSET =2,
and no gap. DTI data were acquired using a GRE-echo-
planar imaging sequence (GRE-EPI) with 15 noncol-
linear diffusion-sensitization gradients (b= 1000s/mm?)
in the continuous axial plane using the following param-
eters: TR=10 s, TE=86 ms, FOV =240 % 240 mm, matrix
size= 128 x 128, flip angle =90°, slice thickness =3 mm,
slice=38, and no gap. To calculate the fiber angle in all
subjects, 3D T1-weighted images were acquired in the sag-
ittal plane using the following parameters: TR =5100 ms,
TE=1.2 ms, FOV =240 % 240 mm, matrix size =256 X 256,
flip angle =15°, slice thickness =1.2 mm, slice =124, and
no gap. FLAIR images were also used to semi-quantify the
white matter hyperintensity (WMH), the parameters were:
TR =9602 ms, TE=146 ms, FOV =240 x 240 mm, matrix
size=512x512, flip angel =90°, slice thickness =5 mm,
slice=23. Of note, due to FLAIR data from one controls and
four patients were lost, a total of 106 subjects were included
in WMH scaling. These four modalities were obtained
sequence-by-sequence in each subject. The total scanning
time was approximately 14 min.

QSM reconstruction

QSM reconstruction was performed as previously reported
(Liet al. 2014; Guan et al. 2017b). A computer cluster run-
ning susceptibility imaging software (STI suite; https://
people.eecs.berkeley.edu/~chunlei.liu/software.html) was
used to process the phase images. Phase images of ESWAN
sequence were unwrapped using a Laplacian-based phase
unwrapping method (Li et al. 2011, 2015). The unwrapped
phase images from all coils were normalized by the cor-
responding echo times and averaged to determine the fre-
quency shift, which was used to remove the background
frequency by the V-SHARP method (with a spherical mean
radius increasing from 0.6 mm at the boundary of the brain
to 25 mm toward the center of the brain) (Wu et al. 2012;
Li et al. 2014). By using the susceptibility of cerebrospinal
fluid as a reference, QSM images were derived by computing
the resulting tissue phase using an improved sparse linear
equation and least-squares algorithm (Li et al. 2015) (Fig. 1).

@ Springer

Fig.1 Raw QSM map processed by susceptibility imaging software
(STI suite; University of California, Berkeley, CA, USA)

The measurement of QSM is influenced by fiber orienta-
tion in the magnetic field. Although most people have simi-
lar brain fiber structures, differences in the head position
in the scanner between subjects can result in differences in
fiber orientation. Thus, we calculated the head rotation angle
(HRA) relative to the BO field (Li et al. 2012). HRA values
were calculated using three steps: (1) structural images were
coregistered to the ESWAN images; (2) the coregistered
structural images were normalized into standard space; and
(3) HRA values were then calculated using the transforma-
tion matrix from step 2.

Tract-based spatial statistics processing

Diffusion-weighted images were analyzed using a brain
fMRI software library (FSL, v4.1.0; http://www.fmrib.ox.
ac.uk/fsl). First, the original data were converted to com-
pressed FSL NIFTT format, and then skull stripping was
performed using the brain extraction toolbox. After eddy
current correction, diffusion tensors were reconstructed
and the diffusion parameters were calculated. The result-
ing FA images were further processed using tract-based
spatial statistics, which performs voxel-by-voxel whole-
brain analysis. After aligning all individual FA images to
the Montreal Neurological Institute (MNI) standard space
template using nonlinear registration, the mean FA image
was calculated and compressed to form a mean skeleton
representing the topological features of all tracts derived
from the whole group. An FA threshold of 0.3 was set to
remove trivial tracts. Then, each subject’s aligned FA images
were projected onto the fiber skeleton template for statistical
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analyses. Meanwhile, QSM maps were coregistered with
DTI images through raw ESWAN images. We calculated
the other parameters like MD, AD and RD as well, espe-
cially the RD maps for it was reported to be closely cor-
related with myelination (Song et al. 2002). Finally, MD,
AD, RD, and QSM maps were normalized to the skeleton
using tract-based spatial statistics. Given that poor image
quality mainly resulting from motion artifact would lead to
coregistration failure, QSM and DTI data from 11 subjects
including eight PD patients and three normal controls were
discarded. Finally, PD patients (32 men, 33 women) with a
mean age of 55.5+9.5 years and healthy control subjects (21
men, 25 women) with a mean age of 57.8 + 9.4 years were
included in the further statistics analysis.

Statistics analysis

To perform demographic comparisons between PD patients
and healthy controls, we used independent t-test for age
and Pearson Chi square for sex. The scores of periventricu-
lar WMH (PWMH) and deep WMH (DWMH) assessed
according to a widely used specialized scale (Fazekas et al.
1987) were compared between PD patients and controls by
using Fisher exact test (details in supplementary materials
Table 1S and 2S).

DTI data were analyzed using independent two sample
t-test with the FSL randomize procedure with 5,000 per-
mutations. Although there was no difference in age and
sex between the groups, they were considered as covari-
ates to avoid any interference. In addition, to minimize
the influence of HRA on the mean magnetic susceptibility
(MMYS) (Lee et al. 2010; Li et al. 2012), HRA was added
as an extra covariate. Correction for multiple comparisons
was performed using a cluster-based thresholding method
(»<0.001, continuous cluster size > 10). The clusters from
QSM and DTI data survived by above threshold would
be extracted and overlapped in the MNI space to observe
whether these two modalities could detect similar disease
information in the present study.

To assess whether clinical features were associated with
white matter regions exhibiting significant differences in tis-
sue susceptibility and DTI variables, the average regional
values were extracted to perform correlation analyses. A
partial Pearson correlation analysis was performed between
clinical features and imaging indices. For analysis of DTI
variables, age and sex were included as covariates. For anal-
ysis of QSM, age, sex and HRA values were included as
covariates. Complementary, for PD is an asymmetric disease
with laterization, we also did correlation analyses between
the motor impairment from each side and the correspond-
ingly contralateral white matter regions. P <0.05 was con-
sidered statistically significant (without multiple comparison
correction as an explorative study). Statistical analyses were

performed with statistical software (IBM SPSS Statistics
v19.0; IBM Co., Armonk, NY, USA).

Results

Demographic and clinical features and WMH
distribution

PD patients were well matched to the healthy control sub-
jects for age (p=0.211) and sex (p=0.700). Further, there
was no difference in the HRA between the groups. Group
demographics and clinical status data are shown in Table 1.
No significant difference was observed in PWMH (p=0.079)
and DWMH (p=0.599) between two groups (details in sup-
plementary materials Table 1S and 28S).

White matter alterations in PD patients

QSM showed widespread involvement of the white matter,
including increased MMS, in PD patients compared with
control subjects (Fig. 2, QSM). The affected white matter
regions covered the frontal, parietal, and temporal lobes,
including the bilateral external capsule (EC), inferior lon-
gitudinal fasciculus (ILF), inferior fronto-occipital fascicu-
lus, left superior longitudinal fasciculus (SLF), right anterior
thalamic radiation, left cingulum (cingulate gyrus; Cg) and
the body of the corpus callosum. In contrast, regions with
decreased MMS included the bilateral deep white matter of
the frontal lobes and the right cerebellar hemisphere. There
were no differences in other white matter regions between
the groups.

PD patients showed a significant reduction in FA only in
the right uncinated fasciculus (UF) compared with healthy
controls (Fig. 2, FA), while there was a significant increase
in MD in the right EC and forceps minor, and in the left cin-
gulum (hippocampus; Ch) (Fig. 2, MD). In addition, there
was a significant increase in RD in the left Ch, left ILF, and
right SLF (Fig. 2, RD) and decrease in AD in the left Ch
and right ILF (Fig. 2, AD). We also observed a region of
decreased RD in the right cerebellar hemisphere. These data
were shown in Table 2 in detail. There were no regions of
increased FA or AD or decreased MD between PD patients
and healthy controls.

Overlaps of white matter alterations between QSM
and DTI

Although QSM and DTI describe different biophysical prop-
erties of the white matter, they can both be used to assess
white matter myelination. Thus, we performed a cross-val-
idation of white matter alterations observed with QSM and
DTI. Both QSM and DTI showed an increase in MMS and
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Fig. 2 Intergroup differences of quantitative susceptibility mapping (QSM) and diffusion tensor imaging (DTI) variables (p <0.001, cluster
size > 10). Results are shown overlaid on an MNI152 template and the mean fractional anisotropy (FA) skeleton (green)

RD in the left ILF, and a decrease in MMS and RD in the
right cerebellar white matter (Figs. 3 and 4). There were no
other regions of overlap between the two modalities.

Clinical relevance of regional white matter
alterations

Using QSM data, we assessed the clinical significance of
regional white matter changes in PD patients (Fig. 5). In the
right ILF, there was a significant correlation of increased
MMS with UPDRS total score (r=0.314, p=0.013). In the
right Cg, there was a significant correlation of increased
MMS with disease duration (r=0.282, p=0.026). Oppo-
sitely, there were also weak negative correlations of
decreased MMS in the left deep white matter of the frontal
lobe with motor score from right side of limbs (r = -0.300,
p=0.015, uncontrolled), UPDRS II score (r=-0.285,
p=0.021, uncontrolled) and disease duration (r=—0.265,
p=0.033, uncontrolled) while the only correlation with lat-
eralized motor score was survived after controlling for age,
HRA and sex (r = -0.259, p=0.042), suggesting a trend of
increase in myelin content with disease progression.

For DTI, there were significant correlations of increased
RD and MD in the Ch with disease severity including
UPDRS III score (r=0.328, p=0.009; r=0.3861, p=0.002,
respectively) and UPDRS total score (r=0.327, p=0.009;
r=0.378, p=0.002, respectively). In addition, significant
correlation between MD in the Ch and UPDRS II (r=0.303,
p=0.016) was observed. All analyses were controlled for
age and sex. RD and MD data were shown in Fig. 6.

No other correlation was observed in our PD cohort.

@ Springer

Discussion

In the present study, we describe the first use of QSM for in
vivo imaging of the brain white matter in PD patients, and
provide a comparison of the underlying white matter altera-
tions as assessed by QSM and DTI. A major finding was that
QSM was able to detect extensive white matter alterations
in PD patients, which occurred predominantly in regions
adjacent to the frontal, parietal, and temporal lobes. Further,
both QSM and DTI showed similar white matter alterations
in the right cerebellar hemisphere and the left temporal lobe.
Finally, regional changes in white matter MMS, RD, and
MD were significantly correlated with disease severity and
disease duration.

PD patients are known to develop white matter degen-
eration. In the present study, QSM demonstrated a spatially
extensive involvement of the white matter adjacent to the
frontal, parietal, and temporal lobes, the EC, body of the
corpus callosum, and the Cg. Normal myelin shows a low
MMS because of its diamagnetic properties (Liu et al. 2011,
2015; Li et al. 2012; Lodygensky et al. 2012), and MMS
also differs according to the complexity of white matter
fiber organization. Thus, in the present study, the increase
in MMS may reflect damage to the white matter and a reduc-
tion in myelin content, which was demonstrated that MMS
is only minimally influenced by white matter iron content
(Lodygensky et al. 2012).

We also observed changes in DTI parameters in the white
matter of PD patients, including the UF, SLF, EC, forceps
minor, Ch, and ILF, as previously reported (Karagulle et al.
2008; Gattellaro et al. 2009; Rae et al. 2012; Zhan et al.
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Fig.3 Region of increased
mean magnetic susceptibil-
ity (MMS) and radial dif-
fusivity (RD) (red color,
increased MMS; green color,
increased RD) (p <0.001,
cluster size > 10). Results are
shown overlaid on an MNI152
template

Fig.4 Region of mean mag-
netic susceptibility (MMS)
and radial diffusivity (RD)
(blue, decreased MMS; yellow,
decreased RD) (p <0.001,
cluster size > 10). Results are
shown overlaid on an MNI152
template

2012; Agosta et al. 2013; Gallagher et al. 2013; Auning
et al. 2014). However, DTI is unable to characterize diffu-
sion in more than one direction in each image voxel, which
reduces its sensitivity, particularly in regions of compli-
cated white matter organization adjacent to the frontal lobe
(Tuch et al. 2002; Jeurissen et al. 2013). Using QSM, how-
ever, we detected changes in this white matter region in PD
patients. DTI data are also strongly affected by the extracel-
lular space, axonal diameter, and membrane permeability

@ Springer

(Beaulieu 2002; Neil et al. 2002; Jones et al. 2013). Thus,
our data suggest that QSM can improve the detection of
regional ultrastructural changes in the white matter of PD
patients.

Although QSM and DTI data reflect completely differ-
ent biophysical properties, we found similar changes in
MMS and RD using these techniques. For example, both
QSM and DTI showed decreased MMS and RD in the right
cerebellar hemisphere, and increased MMS and RD in the
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Fig.5 Clinical correlations

of regional mean magnetic
susceptibility (MMS). Age,
sex and head rotation angle
(HRA) value were regarded as
covariates

left temporal lobe, in patients with PD. Both MMS and
RD can detect the integrity of the myelin sheath, although
they reflect different tissue properties. MMS quantifies the
susceptibility contrast of myelin (Liu et al. 2011, 2015; Li
et al. 2012; Lodygensky et al. 2012), while RD from DTI
reflects the diffusivity of water molecules perpendicular to
axonal fiber tracts (Song et al. 2002). These results suggest
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that QSM and DTI may provide similar findings in certain
white matter regions in the same cohort of patients. Thus,
previous DTI studies with negative findings in patients
with PD (Surdhar et al. 2012; Kamagata et al. 2013; Ago-
sta et al. 2014; Worker et al. 2014; Chen et al. 2015) could
consider adding QSM for more complete assessment of
white matter involvement in PD.
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Fig.6 Clinical correlations of regional radial diffusivity (RD) and mean diffusivity (MD). Age and sex were regarded as covariates

We also examined the clinical relevance of regional white
matter alterations measured with MMS and DTI variables
in patients with PD, and found significant positive correla-
tions of MMS in the ILF with UPDRS total score (global
disease severity), and of MMS in the Cg with disease dura-
tion. Using DTI data, we also observed significantly posi-
tive correlations of increased MD and RD in the Ch with
disease severity. Taken together, our QSM and DTT data
demonstrated involvement of the ILF and Ch contributed to
motor impairment and global disease severity in PD. With
disease progression, the Cg, a part of posterior cingulum
that is highly related to cognitive function (Delano-Wood
et al. 2012), showed a continued decrease in myelin integ-
rity on QSM, although our patients showing normal clini-
cal cognition. Nevertheless, this may explain the cognitive
impairments commonly observed in advanced PD patients
(Aarsland et al. 2001; Hobson and Meara 2004; Williams-
Gray et al. 2009). Complementarily, excepting the corre-
lation between motor impairment from left side and deep
white matter of right frontal lobe (will be mentioned below),
no significant laterization correlation was observed in our
PD patients. We argued that lateralized neuronal degenera-
tion is the hallmark for PD and is more significantly corre-
lated with disease progression than white matter alterations
(Martin et al. 2008), which probably explains the unparallel
progression between lateralized white matter alterations and
disease progression.

Moreover, we observed a decrease in MMS and RD in
the left cerebellar hemisphere and a decrease in MMS in
the bilateral deep white matter of the frontal lobes, of PD
patients. A decrease in MMS and RD indicate an increase in

@ Springer

diamagnetic tissues and an increased barrier to water diffu-
sion in the radial direction, respectively. In the white matter
of the left cerebellar hemisphere, myelin content provides
the main source of changes in regional susceptibility and
radial water diffusion (Song et al. 2002; Liu et al. 2011,
2015; Li et al. 2012; Lodygensky et al. 2012). Thus, our
findings suggest an increase in myelination in this region,
potentially reflecting enhanced structural connectivity
between the cerebellum and cerebrum to improve cerebellar
function in PD (Yu et al. 2007; Sen et al. 2010). Conversely,
in the bilateral deep white matter of the frontal lobes, we
found no corresponding change in DTI, likely because of the
complexity of white matter directions within a single voxel
in these regions (Tuch et al. 2002; Jeurissen et al. 2013).
Interestingly, MMS in this region was negatively weakly
correlated with contralateral motor impairment, disease
duration and UPDRS II score. Exploratory trials suggested
that UPDRS II was the most informative for determining
baseline disease severity and subsequent disease progression
in PD (Harrison et al. 2009; Parashos et al. 2014). These
data suggest a partial increase in myelination in the frontal
white matter potentially to compensate for overall cerebral
dysfunction in PD, which demonstrated QSM provided more
information than DTI.

PD patients suffering from motor impairment are clas-
sified as Braak pathologic stage 3 or 4 when the substantia
nigra is involved (Braak et al. 2003, 2004). Lewy neurites
and Lewy bodies infiltrate in an ascending course in the
brain, involving the temporal, frontal, and parietal lobes
(Braak et al. 2003, 2004). Degenerative alterations in
white matter is considered to occur in PD progression. In
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support, using QSM we found underlying pathologic alter-
ations in the white matter adjacent to the temporal, frontal,
and parietal regions. As PD patients diagnosed with clini-
cal motor impairment are at moderate to advanced stages
of disease, QSM may be a sensitive imaging biomarker for
detecting underlying brain pathology, and to examine PD
progression and evaluate disease status.

There were several limitations in the present study.
First, it has been well known that the magnetic suscepti-
bility in white matter has its anisotropy (STI or COSMOS)
similar to the FA when using DTI (Liu 2010; Li et al.
2012; Liu et al. 2009, 2012; Li and Liu 2013). However,
in the present study, we calculated MMS rather than sus-
ceptibility anisotropy. To minimize the influence of brain
orientation with respect to the main magnetic field, we cal-
culated the HRA relative to the BO field, and used this as a
main covariate during voxel-based statistics and correla-
tion analyses. In current clinical practice, STI or COSMOS
have the disadvantage of increased scanning time, and are
also dependent on the ability to rotate patients’ heads
between scans, which limits their application. Second, 36
patients were accepting levodopa treatment. Therefore, its
long-term effects might be inevitable which would poten-
tially influence UPDRS scores, though all those patients
were asked to terminated anti-parkinsonian medication for
at least 12 h. Third, PD patients were examined at “off”
medication. Thus, there was a relatively low number of
diffusion directions acquired with the DTI data for the
time constraints, which probably had a potential influence
on the results. Fourth, although numerous studies, includ-
ing our own, have reported white matter involvement in
PD, there is limited pathologic confirmation in human
brain tissue. Thus, further studies in PD animal models
are required to assess the underlying pathologic changes
in the brain related to QSM findings. Finally, susceptibility
induced distortion in the DTI may, to some extent, influ-
ence the results in regions with large susceptibility gradi-
ents (e.g. frontal lobe, temporal lobe). To further validate
the usefulness of QSM in white matter assessment, this
problem should be solved in the future as a recently pub-
lished study (Langley et al. 2016).

In conclusion, our data suggest that QSM may be a
novel approach for detecting alterations in the white matter
and examining the underlying network disruption in PD.
Further, combination of QSM with DTI provides a more
complete evaluation of the diseased brain by analyzing
different biological tissue properties.
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