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AIM: To assess whether multimodal magnetic resonance imaging (MRI) could detect
neuroanatomical substrates that are distinctive to hyposmic Parkinson’s disease (PD).
MATERIALS AND METHODS: Among 102 PD patients, 62 were hyposmic and 40 were nor-

mosmic. For each patient, a sagittal structural three-dimensional (3D) T1-weighted image was
obtained with the magnetisation-prepared rapid acquisition of the gradient-echo sequence
to generate subcortical grey matter masking templates and to perform a voxel-based
morphometry analysis of the subcortical grey matter volumes. A 3D multi-echo gradient
sequence was run to obtain axial magnitude and phase images to produce a quantitative
susceptibility map (QSM), and a diffusion-weighted image was acquired to generate an
apparent diffusion coefficient (ADC) map. The volumes and average QSM and ADC values of
the 15 subcortical grey matter structures were calculated, and the group differences were
evaluated using a one-way analysis of covariance with age and gender as covariates.
RESULTS: The QSM of the left thalamus significantly increased, while that of the right

thalamus significantly decreased in hyposmia. No effects on the cortical volume changes were
found other than aging.
CONCLUSION: The present results suggest that accumulation of disease-related substances in

the left and right thalamus and the increasing asymmetry between the two sides are associ-
ated with hyposmia in PD.

� 2019 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.
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Introduction

The olfactory system is composed of multiple neuronal
connections between primary olfactory structures and the
high-order cortex. The primary olfactory cortex, such as the
anterior olfactory nucleus, lateral entorhinal cortex, amyg-
dala, piriform cortex, and olfactory tubercles, receives
afferent inputs from the peripheral olfactory bulbs. The
medio-dorsal thalamic nucleus, which is associated with
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alertness, mood, affection, sensory functions, memory, and
cognition, transmits olfactory data from the primary olfac-
tory cortex to the high-order prefrontal cortex.1 Disruption
in these networks causes olfactory dysfunction for odour
detection, discrimination, and identification.

Hyposmia is relatively commonly found in the majority
of Parkinson’s disease (PD) patients and can precede the
onset of motor symptoms by many years. Neuronal
degeneration and a-synuclein pathology of the olfactory
bulbs, the anterior olfactory nucleus, and the primary ol-
factory system in whole or in part may cause hyposmia.
Although there is still some debate, olfactory dysfunction is
usually non-progressive in nature from the start of the PD
motor symptoms. In contrast to Alzheimer’s disease, olfac-
tory dysfunction manifests early in PD, and its pathology is
detected in an olfactory bulb and nucleus.2,3 Moreover, a
recent study has revealed that normosmic PD had a benign
clinical course and is a clinically distinct phenotype to
hyposmic PD, and that the hyposmic PD patients had lower
striatal dopamine transporter activities and more severe
motor symptoms than normosmic PD patients.4 Normosmic
PD, which has lower pathological burden in the peripheral
olfactory system than hyposmic PD, could be associated
with a more benign disease process.

Although a number of pathological studies have been
performed to characterise hyposmia in PD, an imaging
methodology for assessing MRI substrates may provide
another concept for understanding the disease process
and help identify prospective PD patients with olfactory
dysfunction. The hypothesis tested in the present study was
whether multimodal magnetic resonance imaging (MRI)
assessment could detect neuroanatomical substrates that
are distinctive to hyposmic PD. Quantitative susceptibility
mapping (QSM) is a novel imaging technique that helps
determine bulk magnetic susceptibility distribution in tis-
sues using gradient echo magnetic resonance phase im-
ages.5 Apparent diffusion coefficient (ADC) mapping is a
measure of the magnitude of water diffusion within tissues,
which is calculated using MRI with diffusion-weighted im-
aging (DWI).6 The present study evaluated the cortical and
subcortical grey matter structures of PD patients using
multimodal MRI techniques, including three-dimensional
(3D) magnetisation-prepared rapid acquisition of gradient-
echo (MPRAGE) images for volumetric measurements,
QSM and ADCmaps formagnetic susceptibility and diffusion
estimation, respectively.
Materials and methods

Patients

The institutional review board approved the study pro-
tocol. Each patient provided informed consent for partici-
pation. A total of 102 patients between January 2015 and
April 2016 were diagnosed with PD according to the UK
brain bank criteria,7 the presence of appropriate dopamine
transporter defects on 18F-N-(3-fluoropropyl)-2beta-carbon
ethoxy-3beta-(4-iodophenyl) nortropane (FP-CIT) positron-
emission tomography (PET), and the presence of PD drug
response during the 12-month follow-up period. Clinical
information including age, sex, disease duration, current
medications, and history of arterial hypertension, diabetes
mellitus, and cigarette smoking was collected. All patients
were evaluated using the Unified Parkinson’s Disease Rating
Scale (UPDRS) and the modified Hoehn and Yahr (H&Y)
stage. Patients (1) with dementia, (2) with neurological
abnormalities related to atypical PD or secondary Parkin-
sonism, and (3) with history of psychiatric diagnosis and
rhinological disorders, which can have a negative effect on
olfaction, were excluded from the study.

Hyposmia was defined by the Cross-Cultural Smell
Identification Test (CCSIT) result.8 Before CCSIT, nasal
problems that evoked olfactory dysfunction were checked
by the otorhinolaryngological evaluation.

Cognitive function and dementia severity were evaluated
with the Korean version of Mini Mental State Examination
(K-MMSE), Global Deterioration Scale (GDS), and Seoul
Neuropsychological Battery.9

Image acquisition

MRI images were acquired using a 3 T MR system (Mag-
netom Verio, Siemens, Erlangen, Germany) equipped with
an eight-channel sensitivity encoding head coil. The sagittal
structural 3D T1-weighted images were acquired with the
MPRAGE sequence for image registration and volumetric
measurement with the following acquisition parameters:
repetition time (TR)¼1,780 ms, echo time (TE)¼2.2 ms, flip
angle (FA)¼9�, field-of-view (FOV)¼256�256�256mm3,
acquisition voxel size¼1�1�1mm3. A fully first-order flow-
compensated 3D multi-echo gradient-echo (GRE) sequence
was used to acquire data for subsequent quantitative pro-
cessing based on axial magnitude and phase images to
create QSMs. The following parameters were used for image
acquisition: TR¼24 ms, TE¼4.92, 7.38, 9.84, 12.3, 14.76,
17.22, and 19.68 ms, FA¼15�, FOV¼173�230�144 mm3, and
acquisition voxel size¼0.72�0.72�2mm3. Finally, the high-
resolution DWI images with b-values of 0 and 1,000
s/mm2 using readout-segmented echo planner imaging was
acquired (TR¼4,900 ms, TE¼68 ms, FOV¼220�220�156
mm3, and acquisition voxel size¼1.38�1.38�5 mm3).

Subcortical grey matter segmentation using MPRAGE
images

The subcortical grey matters were segmented on the
MPRAGE images using FIRST, an automated segmentation
and registration tool from the FMRIB Software Library (FSL;
version 5.0, Functional Magnetic Resonance Imaging of the
Brain Analysis Group, Oxford University, UK). After reor-
ienting the sagittal MPRAGE images to match the orienta-
tion of the MNI152 standard template image, a total of 15
subcortical grey matter regions were extracted, including
the accumbens, amygdala, caudate, hippocampus, pallidus,
putamen, and thalamus of the left and right sides, and
brainstem. Briefly, the images were initially registered to
theMNI152 standard space template, and the inverse of this
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transformation was performed in order to implement seg-
mentation process. This software uses a Bayesian probabi-
listic model to search for the most probable shape of
the subcortical structures of the input images, and the
surface meshes of the subcortical structures are converted
to boundary corrected volumetric representations. Once the
successful segmentation for each input image was verified
visually, the volumes of each region were normalised by a
total intracranial volume of the same patient to compensate
for different brain sizes among the patients.

QSM and ADC map generation

The magnitude and phase images acquired at multiple
echoes from the 3D GE sequence were further processed
using STI Suite software version 2.2, a MATLAB-based soft-
ware package (MATLAB and Statistics Toolbox 2017b, The
Mathworks, Inc., Natick, MA, USA) to produce QSMs. The
software implemented a Lapacian-based phase unwrapping,
a V-SHARP method, an improved version of the sophisti-
cated harmonic artefact reduction (SHARP) method for
background phase removal.10 Removing background mag-
netic field contributions in MR phase images is an essential
step for generating final QSMs. To perform SHARP, a spher-
ical kernel radius and a regularisation parameter need to
be defined. V-SHARP, on the other hand, uses different
maximum radii for the spherical kernel and varying regu-
larisation parameters to avoid dependence on MR acquisi-
tion and processing schemes.11 The software also employed
an iLSQR method to produce final QSMs, which iteratively
removed streaking artefacts from the ill-conditioned k-space
of an initial susceptibility map estimated by the least-
squares-algorithm-based (LSQR) methods.12 Furthermore,
the ADC maps were generated by calculating mean diffu-
sivity from the two different diffusion-weighted images
acquired at b¼0 and 1,000 s/mm2.13

Co-registration of QSM and ADC maps into MPRAGE
images

The QSM and ADC maps of the individual patients were
co-registered to the MPRAGE images of the same patient
using FLIRT, a FMRIB’s linear affine image registration tool
for brain images. This fully automated tool performs affine
registration of an input image to a reference image by
calculating an affine transformation matrix and by applying
it to the input volume to be aligned with the reference
volume. Once the successful registration of QSM and ADC to
MPRAGE was achieved, the subcortical grey matter struc-
tures segmented from MPRAGE images were used as
masking templates to extract subcortical structures from
the QSM and ADC maps. The mean susceptibility in units of
parts per billion (ppb) from QSM and ADC value in units of
10�6 mm2/s from the 15 subcortical grey matter structures
were calculated from the segmented structures.

Data analyses

All statistical analyses of clinical characteristics were
calculated with a SPSS software version 24.0 for Windows
(IBM Corporation, New York, NY, USA). Statistical signifi-
cance was set at p<0.05. Patients with PD were sub-
grouped into hyposmic PD (CCSIT score <8) and normos-
mic PD (CCSIT score �8). Independent sample t-tests and
analysis of covariance (ANCOVA) were used to compare
group mean differences, and Pearson’s c2 tests were used to
compare frequencies for categorical variables.

Cortical grey matter analysis

The segmented cortical grey matter volumes of the
MPRAGE images were analysed using FSL-VBM, an opti-
mised voxel-based morphometry protocol executed with
FSL software. Briefly, the cortical greymatterwas segmented
and registered to theMNI152 standard space template using
non-linear registration. The MNI152 standard space tem-
plate is the average of 152 normal T1-weighted structural
MRI scans matched to the standard brain template created
by the Montreal Neurological Institute (MNI). The study-
specific grey matter template was created by averaging the
individual grey matter images from the 40 hyposmic and 40
normosmic PD patients. All individual grey matter images
were non-linearly registered to the study-specific template
and were modulated to correct for local variations due to the
non-linear component of the spatial transformation. The
modulated cortical grey matter structures were smoothed
with an isotopic Gaussian kernel with a sigma of 3 mm.

To investigate cortical grey matter differences between
the hyposmic and normosmic PD groups, a general linear
model was used to compare voxel-wise differences in
cortical grey matter volumes. For each individual patient, a
mean-centred age was added as a regressor to the model.
Non-parametric statistics were performed with 5,000 per-
mutations using a threshold free cluster enhancement
option. The results were thresholded at p<0.05 with a
family-wise error correction.

Subcortical grey matter analysis

The mean volumes (MPRAGE), mean susceptibility
(QSM) and diffusion (ADC) values of the 15 subcortical grey
matter structures of the hyposmic PD and normosmic PD
groups were compared using one-way ANCOVA with age
and gender as covariates with SPSS software. If the results
indicated the presence of significant differences, a post hoc
t-test with a Bonferroni correction was performed.

Results

Patients

Among the 102 PD patients, there were 62 patients with
hyposmia (60.8%) and 40 with normosmia (39.2%). Mean
CCSIT score of hyposmic patients was 5.2�1.6 and of
normosmic patients was 8.9�1. Clinical characteristics of
participants are summarised in Table 1. The clinical charac-
teristics were not different between the two groups
regarding sex, body mass index, disease duration, education
years, a family history of PD, diabetesmellitus, hypertension,



Figure 1 Representative slices of the MPRAGE images, ADC maps,
and QSM of normosmia (top row), hyposmia PD patients (middle
row) and representative images of the segmented deep grey matter
regions in three different views. A¼anterior, P¼posterior, S¼supine,
I¼inferior, R¼right and L¼left (bottom row).
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or smoking habits. Motor signs measured by UPDRS, UPDRS
sub-scores, and modified H&Y score, and cognitive scores
measured byMMSE and GDSwere not different between the
two groups.

Cortical grey matter analysis results

No statistically significant voxel-wise differences in
cortical grey matter volumes were found between hypo-
smia and normosmia with age as a covariate. Instead, the
cortical grey matter atrophy was negatively associated with
aging, and the decreased cortical volumes were found
throughout the whole brain regions with increasing
patients’ ages (Electronic Supplementary Material Fig. S1).

Subcortical grey matter analysis results

Fig 1 illustrates representative slices of the MPRAGE,
ADC, and QSMs of the normosmic and hyposmic PD pa-
tients, the segmented subcortical grey matter structures
from MPRAGE in three different orientations, and Table 2
presents the mean, standard deviation, and ANCOVA
results from the 15 subcortical grey matter structures
measured by MPRAGE, QSM, and ADC. The hyposmic PD
group showed relatively decreased volumes in most of the
subcortical structures except for the left accumbens, left
amygdala, and right putamen, but no statistically significant
differences were discovered among the measured struc-
tures. The magnetic susceptibilities values in themajority of
the hyposmic subcortical structures decreased, but those of
the left hippocampus, left thalamus, right accumbens, and
brainstem increased in hyposmia. The statistically signifi-
cant differences between the two groups were also
Table 1
Clinical characteristics of patients.

Hyposmia
(n¼62)

Normosmia
(n¼40)

p-
Value

Age, yeara 65.7�7.85 65.7�10.4 0.974
Male sexb 34 (54.8%) 14 (35.0%) 0.050
Body mass index (kg/m2)a 23.4�3.0 23.6�3.5 0.786
Disease duration, yeara 0.5�1.5 0.5�2.4 0.953
Education, yeara 10.6�4.4 11�4.3 0.674
Family history of PDb 8 (12.9%) 6 (15.0%) 0.764
Hypertensionb 23 (37.1%) 17 (42.5%) 0.585
Diabetes mellitusb 10 (16.1%) 6 (15.0%) 0.878
Current or ex-smokingb 17 (27.4%) 8 (20.0%) 0.395
UPDRS totala 26.2�14.5 25.6�15.9 0.835
UPDRS Ia 2.1�1.9 2.2�1.8 0.797
UPDRS IIa 7.2�4.3 7.8�7.0 0.619
UPDRS IIIa 16.8�10.8 15.7�8.6 0.574

H&Y scorea 1.8�0.7 1.7�0.7 0.660
MMSEc 27�2.6 27.2�2.6 0.849
GDSc 2.7�0.7 2.5�0.8 0.131
CC-SITc 5.2�1.6 8.9�1 <0.001

Values represent the mean�standard deviation and numbers of patients
(percentage).
PD, Parkinson's disease; UPDRS, Unified Parkinson’s Disease Rating Scale;
H&Y, Hoehn & Yahr; MMSE, Mini Mental Status Examination; GDS, Global
Deterioration Scale; CC-SIT, Cross-Cultural Smell Identification Test.

a Analyses were performed by independent sample t test.
b Analyses were performed by the chi-squared test.
c Analyses were performed by analysis of covariance controlling with age

and education.
discovered in the left and right thalamus. Although the
value was still negative, the QSM of the left thalamus
increased in hyposmia, and the difference was statistically
significant (F¼4.316, p¼0.045). For the right thalamus, the
QSM decreased, and the difference was also statistically
significant (F¼4.232, p¼0.047) between the two groups. It
should also be noted that there was no statistically signifi-
cant difference in thalamic QSM values between male and
female groups. No significant relationship between gender
and thalamic QSM was found within the normosmic group
and the hyposmic group, separately, as well. Fig 2 illustrates
the average and standard error of the mean QSM values of
the normosmia and hyposmia groups. It is to be noted that a
greater difference between the left and right thalami was
found in the hyposmic PD group than in the normosmic PD
group. Finally, the diffusion values in most of the hyposmic
subcortical structures increased, except for the left and right
hippocampus; however, no statistically significant differ-
ences between the two groups were found associated with
diffusion.

Discussion

The aim of the present study was to assess MRI sub-
strates for hyposmia in PD using multimodal imaging
techniques by evaluating the relative cortical grey matter
volume changes, and the volumes, magnetic susceptibility,
and diffusion of the subcortical grey matter structures using
MPRAGE images, QSM, and ADC maps, respectively. This



Table 2
The mean, standard deviation, and analysis of co-variance results of the MPRAGE, QSM, and ADC differences between the normosmia and hyposmia PD groups.

MRI techniques (units) structures Normosmia Hyposmia F p-Value

MPRAGE (normalised volume in %) Lt accumbens 0.048�0.011 0.049�0.010 0.803 0.373
Lt amygdala 0.141�0.020 0.142�0.024 0.201 0.646
Lt caudate 0.309�0.026 0.300�0.024 1.741 0.229
Lt hippocampus 0.340�0.048 0.337�0.048 0.096 0.757
Lt pallidus 0.133�0.015 0.132�0.018 0.001 0.986
Lt putamen 0.326�0.044 0.330�0.030 0.632 0.454
Lt thalamus 0.546�0.051 0.531�0.049 0.776 0.390
Rt accumbens 0.039�0.008 0.039�0.009 0.127 0.739
Rt amygdala 0.140�0.015 0.138�0.019 0.045 0.834
Rt caudate 0.315�0.030 0.313�0.026 0.035 0.857
Rt hippocampus 0.358�0.042 0.351�0.040 0.004 0.954
Rt pallidus 0.130�0.013 0.128�0.014 0.130 0.728
Rt putamen 0.328�0.032 0.329�0.037 0.605 0.420
Rt thalamus 0.530�0.047 0.516�0.050 0.696 0.411
brainstem 1.840�0.177 1.810� 0.189 0.118 0.732

QSM (ppb) Lt accumbens 0.0190�0.0282 0.0117�0.0410 0.846 0.314
Lt amygdala �0.0069�0.0097 �0.0069�0.0102 0.000 0.977
Lt caudate 0.0298�0.0125 0.0255�0.0177 1.741 0.190
Lt hippocampus �0.0067�0.0081 �0.0054�0.0093 0.359 0.570
Lt pallidus 0.0824�0.0494 0.0630�0.0571 3.001 0.074
Lt putamen 0.0460�0.0193 0.0426�0.0237 1.333 0.177
Lt thalamus �0.0054�0.0081 �0.0017�0.0097 4.316 0.045
Rt accumbens 0.0132�0.0366 0.0189�0.0349 0.427 0.515
Rt amygdala �0.0052�0.0098 �0.0071�0.0110 1.360 0.236
Rt caudate 0.0298�0.0127 0.0249�0.0156 3.065 0.081
Rt hippocampus �0.0053�0.0086 �0.0085�0.0097 3.408 0.073
Rt pallidus 0.0704�0.0462 0.0690�0.0483 0.138 0.715
Rt putamen 0.0526�0.0244 0.0469�0.0272 1.478 0.213
Rt thalamus �0.0038�0.0080 �0.0069�0.0083 4.232 0.047
brainstem �0.0273�0.0114 �0.0231�0.0118 2.677 0.099

ADC (10�6 mm2/s) Lt accumbens 763.6�69.0 789�54.2 4.163 0.052
Lt amygdala 915.9�90.9 939.7�95.3 1.268 0.245
Lt caudate 1046.7� 128.1 1082.4�131.7 1.572 0.195
Lt hippocampus 1022.3�148.7 1017.6�114.7 0.526 0.475
Lt pallidus 693�56.3 696.6�59.6 0.030 0.883
Lt putamen 680.9�40.1 692.2�60.2 0.983 0.344
Lt thalamus 986.2�120.2 1016�116.5 1.051 0.306
Rt accumbens 800.9�63.8 815.3�58.7 1.420 0.260
Rt amygdala 959.9�105.9 966.7�89.0 0.055 0.842
Rt caudate 1140.9�140.5 1177.2�177.4 0.948 0.296
Rt hippocampus 1018.9�131.1 1018.1�118.8 0.334 0.564
Rt pallidus 693�58.4 696.8�61.4 0.033 0.861
Rt putamen 677.3�41.1 690.6�63.4 1.094 0.280
Rt thalamus 991.3�117.7 1024.2�113.9 1.236 0.276
brainstem 1123.8�130.8 1124�138.4 0.001 0.971

Values represent the mean�standard deviation.
MPRAGE, three-dimensional magnetisation-prepared rapid acquisition of gradient-echo; QSM, quantitative susceptibility map; ADC, apparent diffusion
coefficient; PD, Parkinson’s disease; MRI, Magnetic resonance imaging; ppb, parts per billion; Lt, left; Rt, right.
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study revealed not only that the magnetic susceptibilities
of the left and right thalamus in hyposmic PD changed
significantly from those of the normosmic PD group, but
also that the behaviours of the left and right sides were
opposite; the magnetic susceptibility of the left thalamus
increased, while that of the right thalamus decreased in
hyposmia. Consequently, a greater asymmetry between the
left and right sides was observed in the hyposmic thalamus.
In relation to the prior knowledge that the thalamus relays
olfactory sensory impulses from the peripheral receptors
to cortical receptive areas,1 the present findings suggest
that accumulation of the disease-related substances in
the left and right thalamus could contribute to the
abnormal relaying of the sensory signals, leading to
olfactory dysfunction in PD patients. Conversely, no effects
on the cortical volume changeswere found other than those
of aging (Electronic Supplementary Material Fig. S1).

The significantly changedmagnetic susceptibilities of the
left and right thalamus in hyposmia suggest that olfactory
dysfunction in PD patients could be associated with accu-
mulation of the magnetic substances that are detectable to
QSM. Magnetic susceptibility refers to tissue magnetisation
that affects a main magnetic field inside MRI. Paramagnetic
materials such as deoxyhaemoglobin, gadolinium-based
contrast agents, irons and various metals are known to
increase the local magnetic field and QSM values, while
diamagnetic materials such as calcium and various types of
proteins including a-synuclein are known to decrease the



Figure 2 The average and standard error of the mean of the thalamic
QSM values in the normosmia and hyposmia groups. The statistically
significant differences were discovered in both left and right sides.
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local magnetic field and QSM values.14 Although the
detailed mechanism is not known, the statistically signifi-
cant changes in the hyposmic thalamus may infer the ac-
cretion of the disease-related substances associated with
olfactory dysfunction in PD patients.

The increased asymmetry between the left and right
thalamus in hyposmia as detected by QSM could be a char-
acteristic of olfactory deficits in PD patients. In normosmic
PD, the QSM values of the left and right thalamus were
relatively similar; however, the magnetic susceptibility of
the left thalamus significantly increased, while that of the
right side significantly decreased in hyposmia (Fig 2). The
present finding was consistent with the study reported by
Zucco et al., which claimed that unlike the age-matched
healthy controls who showed no nostril-related differ-
ences, the patientswith PDhad poorer functioning of the left
nostril and thus the olfactory deficit in PDwas asymmetric.15

The thalamic asymmetry of hyposmia may also suggest
separate roles of the left and right thalamus in olfactory
function. The present results regarding the opposite behav-
iours of the left and right thalamus in hyposmia, support the
previous study of Sela et al., which reported that the right
thalamus was associated with olfactomotor response
processes such as olfactory discrimination,while the left side
was related to olfactomotor control such as sniffing behav-
iours.16 Given that our criterion for hyposmia was set on the
CCSIT score, which measured the ability to discriminate
various types of odours, it could be suggested that the
diamagnetic shift of the right thalamus could identify
hyposmia,while its left sidewas also changed in the opposite
direction.

This study has several methodological strengths and
limitations. Ages and cognitive status were matched be-
tween the two groups. Because olfactory dysfunction and
the alternation of structural changes of MRI were associated
with aging and cognitive status, the effects of aging and
cognition on olfaction and the associated MRI changes could
be excluded. There were several limitations. First, the odour
identification in this studywasmeasured by CCSIT instead of
the 40-item University of Pennsylvania Smell Identification
Test (UPSIT), which is widely used for assessment of the
olfactory functions. Although CCSIT is less powerful to
measure olfactory functions, it is more suitable for Asians
who are less familiar with the items in UPSIT.7 A larger
number of patients and involvement of other ethnic groups
should be considered in future studies to strengthen the
results. Second, sex differences were not considered in this
study. Olfactory impairment has been reported to be asso-
ciated with sex and white/black races,17 even though the
differences were not confirmed in the Asian population. In
this study, a greater male predominancewas observed in the
hyposmic group than in the normosmic group; however, the
statistical tests showed no significant relationship between
gender and the thalamic QSM values. Third, no age-matched
healthy controls were involved in this study. Although the
present results demonstrated the relative differences be-
tween normosmic and hyposmic PD, no reference point was
provided to relate the present results to the behaviours of
the healthy controls. The inclusion of age-matched controls
would provide more information on hyposmic PD with
respect to the controls.

In summary, the present study assessed the cortical grey
matter volume changes and volumes, magnetic suscepti-
bility and diffusion of the subcortical grey matter structures
using multi-modal MRI techniques to examine the effects of
olfactory dysfunction in PD patients. The association found
between olfactory dysfunction and MRI abnormalities
suggests that in patients with PD, the accumulations of
disease-related materials in the left and right thalamus may
lead to hyposmia in PD.
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