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Abstract

The aim of this study was to identify the brain’s structural differences between males and females and how they
relate to clinical manifestations of PD. Voxel-based morphometry (VBM) was used to detect the differences between
both sexes in PD and in healthy controls (HC). Also, a Pearson correlation coefficient was used to correlate depression
values to grey matter (GM) for PD and HC subjects and for males and females within each group. The VBM analysis
results have shown large loss of cortical and subcortical regions in males compared to females in the PD and HC
group. Moreover, multiple positive and negative correlations were found between depression and GM, and considered
significant at P<0.05. In addition, in PD group, depression scores were correlated positively to the right amygdala in
females and positively in males. These results can provide insights for clinicians and researchers who are investigating
PD structural differences in males and females and how they might influence PD clinical appearance, changes in motor
and non-motor areas might explain the clinical manifestations.
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Introduction

Parkinson’s disease (PD) is one of the most common
neurodegenerative and progressive diseases that is represented with
motor and non-motor system deficiencies [1]. The onset of the disease
is expected to be between 60 and 80 years of age on average [2,3]. In
most cases, the disease is not linked to a specific cause; however, there
are several known genes that can express forms of PD when mutated,
and 5% to 10% of PD patients had been diagnosed with PD after one
of these genes mutated [2,3]. Thus, there are two identified types of PD
(i.e., familial and idiopathic). Familial PD can be autosomal dominant
(AD) or autosomal recessive inheritance (AR). Parkinson’s disease
could result from the alteration of the genes’” functional biochemistry,
such as from oxidative stress, mitochondrial dysfunction, disturbance
in protein quality control, and altered kinase activity that results in a
range of neurological disorders [4,5] Furthermore, the effects of the
disease, such as some of the clinical symptoms, age of onset, penetrance,
severity, and disease progression, are thought to emerge in different
ways based on the genetic variations, idiopathic (sporadic) interaction
among genes, and environmental factors or dominance by single gene
[5]. There are a few genes identified as single dominant genes that cause
PD when mutated: SNCA-PARK1/PARK4 (alpha-synuclein protein),
PRKN (parkin), PINK1, DJ-1, and LRRK2 [5].

Idiopathic (sporadic) PD is the most common version of PD,
and it is the interest of this study. The disease is caused by hormonal,
biochemical, environmental, and psychological factors, which have
allowed investigators to explore those factors and provide different
hypotheses to understand the complexity of this version [6]. In addition,
other theories have been proposed by many investigators recently as
to what might cause PD. According to Brown et al. [7], patients who
are affected by inflammation in the brain due to stress caused by aging
and environmental toxins might develop the causal effects of PD.
Moreover, in other recent publications, the deterioration of the brain
neurons caused by this continuous inflammation was found to cause
neurological disorders [8,9]. The main pathological perspective is the
loss of dopaminergic neurons in the substantia nigra pars compacta
(SNpc) that will lead to the course of the disease symptoms [1].
Furthermore, it is thought that PD symptoms might not be revealed
until 60% of SNpc neurons are lost [6].

Motor and non-motor symptoms accompany the disease; motor
symptoms are revealed when the basal ganglia deteriorate due to the lack
of dopamine signals as a result of the neurons loss in SNpc; meanwhile, a
few non-motor symptoms might be expressed before motor symptoms
appear, such as cognitive decline, behavior or neuropsychiatric changes,
and autonomic dysfunction [1]. Four symptoms classically recognize
motor symptoms: resting tremor, rigidity, bradykinesia (slowness of
movement), and postural instability; however, there are additional
clinical features that could be classical motor symptoms, such as flexed
posture (late in the disease) and freezing [10]. On the other hand,
non-motor symptoms could have the same effects as motor symptoms
on PD patients [10]. These non-motor features include autonomic
dysfunction, such as orthostatic hypotension, sweating dysfunction,
sphincter dysfunction, and erectile dysfunction [11-13], cognitive and
neurobehavioral irregularities, such as dementia, depression, apathy,
anxiety, and hallucination [14,15], and sleep disorders, usually exhibited
by excessive sleepiness as well as rapid eye movement disorder [10,16].

Diagnosis of Parkinson’s disease

Diagnosis of PD is the most credible when there is a response to
PD drugs (e.g., levodopa) [8,17]. Moreover, a reliable and validated
biomarker that might help with revealing and diagnosing PD or its
progression is currently absent [18]. Furthermore, medical imaging
can only be used to discriminate PD from other neurological disorders
with similar characteristics [17]. For instance, magnetic resonance
imaging (MRI) might be useful in distinguishing PD from PSP, and
essential tremors could be differentiated from PD utilizing single-
photon emission computed tomography imaging [17]. Clinically, there

*Corresponding author: Abdullah A. Algarni, Department of Radiology and
Medical Imaging, Prince Sattam Bin Abdulaziz University, Alkharj 11942, Saudi
Arabia, Tel: 00966544441666; E-mail: abdullah.algarni.89@gmail.com

Received August 03, 2017; Accepted September 27, 2017; Published October
12,2017

Citation: Algarni AA (2017) Structural Brain Sex Differences in Parkinson’s Disease:
A Voxel-Based Morphometry Study. J Neurol Disord 5: 364. doi:10.4172/2329-
6895.1000364

Copyright: © 2017 Algarni AA. This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and
source are credited.

J Neurol Disord, an open access journal
ISSN: 2329-6895

Volume 5 « Issue 5 + 1000364



Citation: Algarni AA (2017) Structural Brain Sex Differences in Parkinson’s Disease: A Voxel-Based Morphometry Study. J Neurol Disord 5: 364.

doi:10.4172/2329-6895.1000364

Page 2 of 14

are specific symptoms that might help clinicians distinguish PD from
other neurological disorders; patients would have a better chance of
being diagnosed with PD if they show micrographia (handwriting
problems), which is linked to bradykinesia, a shuffling walk, and
difficulty with special motor tasks, such as opening jars, bed natural
turnovers, and standing from a chair-sitting position [19]. There are
opposite symptoms that indicate that patients would not have PD,
such as falls at onset, lack of reaction to levodopa, symmetrical resting
tremor or less tremors at the early stage of the disease, accelerated
rate of progression, and autonomic nervous system dysfunctions (e.g.,
orthostasis, constipation, dysphagia, urinary difficulties, and sexual
dysfunction) [20]. However, UK Parkinson’s Disease Society Brain
Bank are well established criteria that are made to help clinicians to
exclude symptoms that can complicate their decision [21].

Treatment of Parkinson’s disease (PD)

There is no known cure for PD, but the symptoms could be
controlled by using different types of pharmacological and non-
pharmacological interventions [22]. The most known drug to reduce
symptomatic clinical manifestations is Levodopa, it is thought that
morbidity and mortality and clinical symptoms are decreased with the
use of Levodopa [22,23].

Sex Differences in Parkinson’s disease (PD)

Sex differences in PD were identified in many studies. The disease
affects males more than females [24]. An exploratory study has shown
that males have a different pattern of risk factors compared to females;
occupational factors and the lifestyles of males, independently, are
major risk factors [25]. Furthermore, motor symptoms are thought to be
delayed in females compared to males [26,27]. According to Savica et al.
[25], hormonal factors protect females, mainly the estrogen hormone.
Other researchers supported this theory by emphasizing that a bilateral
oophorectomy before the time when females stop having their period
may naturally increase the risk of Parkinsonism due to reduced levels
of estrogen [28,29]. Additionally, it is thought that estrogen could cause
a lower striatal dopamine binding in males than females at the onset of
the disease [27].

Genetically, sex chromosomes may include genes thatare responsible
for PD when mutated. Chromosome X has been associated with genetic
susceptibility variants that might expound the sex factor differences in
PD [25,30]. For example, X-linked dystonia parkinsonism (XDP) is one
of the most aggressive genetic disorders that promotes Parkinsonism in
adult onset, and the rate of males affected by this disease is significantly
higher than females (male: female ratio 123:1) [30]. Dimorphism in
the brain may play a role in developing PD or the way that the brain
interacts with environmental factors [25]. Furthermore, multiple sex
variations may appear during the disease or precede it [27]. Males are
1.5-2 times more susceptible to PD than females [31,32]. Moreover, on
average, the onset of the disease is later in females by about 2.2 years
when compared to males [33]. Furthermore, the Unified Parkinson’s
Disease Rating Scale (UPDRS) showed that males are more affected by
motor symptoms than females, whereas dyskinesia was more prevalent
in females than males [34,35]. In addition, with the increase of the
disease’s duration, more Parkinsonian symptoms affected males [36].
According to Haaxma et al. [27], estrogen status may play an important
role before there are clinical manifestations of PD by delaying the
onset of the disease in females. Additionally, the slow progression of
the disease in females could be the reason for the predominant tremor
that presents more in females than males [27]. Additionally, according
to Martinez-Martin et al. [37], dyskinesia and depression symptoms

related to PD are more frequent in females than males, while males
have more often expressed rigidity and rapid eye movement compared
to females.

Normal brain dimorphism

The interaction of biological and environmental factors influences
the developing human brain, which is thought to result in brain
dimorphism [38]. The size and weight of the human brain was
investigated. On average, male brains are larger than female brains,
with a 130 cm?® difference in the circumference [39]. Moreover, there is
10% increase in the size of male brains, including an increase in weight
by 11% to 12% [40]. Furthermore, it is presumed that height plays a
role in increasing the weight of the brain due to more neurons being
required to control bigger bodies [40,41]. Males and females have brain
regional differences regarding the volume of the brain cortex; frontal
and medial paralimbic cortices are larger in volume when correlated
to cerebrum size. Males have larger front medial cortex and amygdala
and hypothalamus volumes when correlated to cerebrum size [40]. Sex
steroids have a major impact on developmental studies because of their
role in changing the structure of the homologous structures in the brain
(40,42]. Sexual brain dimorphism was investigated in a recent meta-
analysis study that included 126 studies for overall volume analysis
and 24 studies that had performed voxel-based morphometry for
regional volume and density meta-analysis [43]. In Ruigrok et al. [43],
a descriptive overview of the brain’s overall volume was made for the
sexual brain dimorphism based on age categories. In addition, the data
have been divided into six categories: infants (0 to 1), early childhood
(2 to 6), late childhood (7 to 17), mature (18 to 59), senior (over 60),
and lifespan (all ages) [43]. However, underrepresentation in some of
these categories (infant and early childhood) has been noted in the
meta-analysis, while the most well-presented category was the mature
category [43]. Therefore, the mature category might have affected the
results of this meta-analysis due to the large sample of this category
[43]. An overall increase in the average of male brain volume compared
to female brain volume was found: intracranial volume (ICV; 12%),
total brain volume (TBV; 11%), cerebrum Cb (10%), GM (9%), WM
(13%), cerebrospinal fluid (CSF; 11.5%), and cerebellum (Cbl; 9%) [43].

In the regional meta-analysis, a coordinate-based meta-analysis was
performed on GM for regional volume and density [43]. Furthermore,
the percentage of male brains included in this process was slightly
higher than females by 3% [43]. Regarding regional volume and density
differences between both sexes, males presented with an increased
volume in bilateral limbic areas and left posterior cingulate gyrus and
increased densities in the left limbic regions, while females presented
with an increased volume in the language-related areas and some
limbic regions in the right insula and anterior cingulate gyrus cortices
[43]. Particularly, on average, the left amygdala, hippocampus, insular
cortex, and putamen had more volume and density; the Right VI lobe
of the cerebellum and the left claustrum had more density; bilateral
anterior Para hippocampal gyri, posterior cingulate gyri, precuneus,
temporal poles, and cerebellum areas in the left posterior and anterior
cingulate gyri and in right amygdala, hippocampus, and putamen had
larger volumes in male brains [43]. On the other hand, the left frontal
pole had more density on average in female brains, as well as having
increased volume in the right frontal pole, inferior, and middle frontal
gyrus, pars triangularis, planum temporal or parietal operculum,
anterior cingulate gyrus, insular cortex, and Heschl’s gyrus, bilateral
thalami and precuneus, the left Para hippocampal gyrus, and lateral
occipital cortex, on average, in female brains [43].

Depression in Parkinson’s disease (PD)

Depression is one of the symptoms that manifests in females
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in earlier stage than males [44]. Depression has been theoretically
linked to the amygdala because the amygdala plays an important role
in emotional memory [45]. It is thought that females exhibit higher
levels of depression more than males at the onset of PD [46]. Amygdala
volume has been investigated using structural neuroimaging to identify
whether there are any volume differences between depressed and non-
depressed subjects or not [45]. However, inconsistent results had been
reported in studies that had investigated the volume of the amygdala;
in these studies, the volume of the amygdala was smaller in depressed
subjects and larger in other studies compared to subjects with no
depression. Moreover, no differences were found in the volume of the
amygdala between the two groups in other studies [47-54]. According
to the meta-analysis conducted by Hamilton et al. [45], depression
medications could increase and protect the amygdala by increasing its
volume, whereas untreated depression may lead to a volume decrease
of the amygdala.

Study aims

This study has the aim of identifying the major areas of the brain
that are mainly affected by the disease, providing a reference for the
future investigation of PD. Thus, a large sample of male and female
subjects and healthy controls (HC), using whole brain voxel-based
morphometric analysis on MRI images, were used to accomplish the
aims of the study. Moreover, this study aims to illustrate sex dimorphism
that result due to PD impact on both sexes. In addition, previous
literature had suggested that PD-related depression is more prevalent
in females; thus, a correlation between the results of the depression test
and the findings from the VBM analysis will be performed to identify
what areas were associated with depression scores.

Hypotheses

Primarily, sexual brain dimorphism is recognized in male and
female brains due to genetical, hormonal, behavioral, and environmental
factors; thus, the volume and intensity would be different in many
regions in the brain. It is hypothesized that the symptoms of PD appear
differently due to the impact of atrophy caused by PD on the brain. The
major atrophied regions will be expressed differently in PD because of
sexual brain dimorphism and the results of the VBM analysis will show
different dimorphism of HC. Secondarily, it is hypothesized that PD-
related depression affects both males and females equally, however, the
correlation test will indicate different relations of depression and GM
areas in males and females.

Materials and Methods
Subjects

All clinical and MRI image data were obtained from the Parkinson’s
Progression Markers Initiative (PPMI) data base [55]. The PPMI project
is an international, multicenter study that is an observational and
comprehensive and used for identifying better interpretations of PD
etiology, biomarkers for PD progression, and improving the medicinal
trials for PD drugs [56]. The PPMI project has set an inclusion and
exclusion criteria for PD and control subjects. The inclusion criteria
for PD subjects were, firstly, having at least two motor symptoms from
the known Parkinson’s motor symptoms (resting tremor, bradykinesia,
and rigidity). Secondly, from a baseline, the PD patients must be Stage
1 or 2 according to the Hoehn and Yahr test. Thirdly, a deficiency
in dopamine transportation function screened by SPECT must be
present. Fourthly, PD medications were not needed during at least
6 months from the baseline. Lastly, participants were not included if
they were younger than 30 years of age. The exclusion criteria for PD

subjects included patients who were consuming PD medications at the
baseline or within 2 months after the baseline and if they had used any
experimental devices or drugs 60 days before the baseline [57]. Healthy
controls (HC) in the PPMI study were included if they were at the age
of 30 or over. The exclusion criteria for HC subjects were, firstly, being
clinically diagnosed of a neurological disorder whether it was recent
or active. Secondly, if one of the family members (parent, sibling, or
child) of the volunteer was a PD patient, the control was included [57].
A total of 572 subjects were included based on their brain scanning
methodology. For all 572 subjects, structural T1 images were used from
MRI scanners located at different centers around the world. However,
nine subjects were excluded during the data analysis due to quality and
software misdetection issues. The remaining 563 subjects were divided
into two groups; HC and PD. The HC group contained 176 subjects,
whereas the PD group included 387 subjects. Moreover, each group
was subcategorized into male and female categories in order to detect
the gender differences in the brain. The HC male subgroup involved
112 subjects, while the female subgroup involved 64 subjects. The PD
male subgroup contained 247 subjects, whereas the female subgroup
contained 140 subjects.

Clinical assessment

There are many clinical and neuropsychological tests that were
performed on the subjects to diagnose and assess them in the PPMI
project. Demographic data at the project’s baseline were examined
and included gender, age, number of relatives with PD, duration of
the disease, Hoehn and Yahr test score, Movement Disorder Society-
Unified Parkinsons Disease Rating Scale (MDS-UPDRS) test total
score, Modified Schwab and England Activities of Daily Living test
scores (Modified Schwab & England ADL), Montreal Cognitive
Assessment (MoCA), Scales for Outcomes in Parkinsons Disease-
Autonomic scores (COPA-AUT), and the University of Pennsylvania
Smell Identification Test (UPSIT). In addition, depression and its drugs
were examined. In this study, the Geriatric Depression Scale (GDS)
and Concomitant Medications records were analyzed to test the link
between depression and the subjects based on gender.

Data analysis

A whole brain analysis for the structural data is essential for
examining the grey matter changes between PD and HC, as well as
among the subgroups. In the present study, FSL-VBM was utilized to
execute the pre-processing of the structural data (http://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/FSLVBM) [58]. The instructions and commands at the
FSL-VBM website (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM) were
followed to achieve an optimized protocol [59] while using FSL tools
[60]. The data analysis was performed as follows: First, a directory
was created and specified to contain all of the structural images; each
group’s images were renamed in accordance to their categorical status
(HC, PD). Moreover, a template list, which is a text file that contains
the images’ titles, was created in the same directory so that the software
could process the data accordingly. Second, an extraction of the brain
was performed using the brain extraction tool (BET) command line,
which helps exclude the neck from the images and preventing any
confusion in this pre-processing step [61]. The results of this step
needed to be checked; two hundred and thirty-one subjects were
required to be re-processed because the BET did not work for cutting
the skull, even when several thresholds were applied. To solve this issue,
Free Surfer software was employed for cutting the skull. Basically, it
extracts the brain by stripping the image from other non-brain tissues
using a hybrid watershed or surface deformation procedure [62]. By the
end of the second step, five subjects’ images were excluded because they
had not been brain-extracted due to software errors.
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Third, all extracted brains were placed in a stereotactic space; then,
a full automated process was utilized to separate grey matter, white
matter, and cerebrospinal fluid [59]. GM images were concatenated and
averaged after the affine-registration to the GM ICBM-152 template. A
first pass was achieved after flipping the averaged results along the x-axis,
followed by re-averaging of the two mirror images. A concatenated 4D
image that holds all the GM images of the subjects was then produced
by non-linear registration, which applies another registration of the
GM images from the template list to the generated GM template. The
resulting image was averaged and flipped along the x-axis. In order to
create the symmetric study-specific template, both mirror images were
then automatically averaged. The resolution of the final template was a 2
x 2 x 2 mm?® in standard space. Subsequently, the 4D image was checked
for any unregistered GM images, and as a result, four subjects were
excluded. Fourth, another concatenated 4D image was generated using
non-linear registration to register the GM images to the study-specific
template, and this image was automatically placed in the statistics
directory so that the last step of the analysis could be performed.
However, GM regional changes could occur because of the previous
process; therefore, another automated processing was integrated to
correct the volumetric changes (modulation), which maintains each
voxel’s volume of GM [59]. Then, it was confined into the previous GM
4D image. Smoothing with a range of Gaussian kernels has been applied
to the image that was normalized, segmented, and modulated. For this
study, five GM 4D images that were normalized, segmented, smoothed,
and modulated were produced for each of the group comparisons (HC
vs. PD, females of HC vs. females of PD, males of HC vs. males of PD,
males of HC vs. females of HC, males of PD vs. females of PD), the 5
GM 4D images were derived from the GM 4D image that contain all
the GM data of the subjects and for time limits this step was done using
MATLAB code [63]. The final step was preparing the 4D images for the
automated statistic maps process. Furthermore, voxel wise statistical
maps were fully deducted using randomization methods that use the
standard general linear model (GLM) design to model and inference
them [64] (Figure 1).

Statistical analysis

Comparison was set within FSL general linear model for PD and
HC group and for comparisons between males and females in PD and
HC subgroups, age was used as covariate. A two-sampled student t test
was performed on the demographic data (age, sex, disease duration,
MDS-UPDRS, Modified Schwab and England ADL, UPSIT, MoCA,
COPA-AUT, GDS) of the PPMI subjects (All HC vs. All PD, PD
male vs PD female, HC male vs. HC females) at baseline, the test was
undertaken to evaluate the state of subjects at baseline. To evaluate the
relationship between depression and GM changes in males and females
in PD and HC categories, Pearson correlation was used. A two-tailed
P<0.05 was considered statistically significant. MATLAB code was
created to perform Pearson correlation [63]. A brain map was generated
containing the significant clusters only. In addition, a chi-square test for
categorical variables was performed to identify the sex differences of
the study.

Results

Demographic characteristics

The significance level was set at P<0.05 for the statistical analysis
of the demographic characteristics as a baseline. For age, there were no
significant differences when comparing all HC with all PD, between PD
males and females, and in HC males and females. Moreover, the chi-
square results showed no significant effect regarding sex differences.

BET (FSL and Registration FSL GM zibgmﬂ and
FreeSurfer) with FSL segmentation 9
modulation
Set contrast for statistical
comparison between male Statistical comparison Harvard-Oxford
and female using GLM with age as FSL atlases

were used to
localise the
clusters

covariate

Figure 1: Steps that were undertaken to perform the data analysis for the set
of data.

Furthermore, no differences in the disease duration were considered
significant between PD males and females. The total score of MDS-
UPDRS the test was analyzed at P<0.05, and there was a significant
difference in all PD subjects compared to HC subjects (P<0.00001).
However, there were no considerable variations between both sexes
within PD and HC categories. In the PD group, a significant difference
was not found between males and females for the Hoehn and Yahr
test. PD patients’ daily life activities were tested with the Modified
Schwab and England ADL examination; in comparison, no significant
differences between males and females were found. The University
of Pennsylvania Smell Identification Test (UPSIT) was used to test
smelling sense and was significantly higher in all PD subjects than in
HC (P<0.00001). Moreover, statistically, the score was considerably
higher in males than females in the PD group (P<0.000406), while no
significance was detected in HC group. Also, all PD subjects had showed
significantly higher cognitive defects than HC subjects (P<0.00001).
In the PD group, males were affected more than females by cognitive
deficiency (P<0.011593), while in the HC group, no significant
differences were detected. Furthermore, in the Scales for Outcomes
in Parkinson’s Disease-Autonomic examination (COPA-AUT), PD
subjects had a higher level of differences than HC subjects (P<0.00001).
Moreover, males in the HC group showed significant impairment of
the autonomic functions compared to females (P<0.033041), whereas
no significant variations were found between both sexes in PD.
For depression comparison, HC males showed a higher depression
significance level (P<0.00015), whereas no significance was detected
between PD and HC subjects or within the PD group between both
sexes (Table 1).

VBM results

As previously descried, the 563 subjects of this study were divided
into five groups: 1) 387 PD subjects versus 176 HC subjects; 2) 64 HC
females versus 140 females with PD; 3) 112 HC males versus 247 males
with PD; 4) 112 HC males versus 64 HC females; and 5) 247 males with
PD versus 140 females with PD. Moreover, the cluster-based correction
for all resulted images was at t>3. Statistical contrast was set within FSL
general linear model for comparison.

PD subjects versus HC subjects: The results from the VBM
showed a significant loss of brain tissue in PD subjects compared to HC
subjects, and no loss was found in HC. The main tissue loss was focused
in two large clusters; the first one indicates a significant loss in the
right amygdala (t=4.67, MNI coordinates: 30, 2, -22), the right planum
polare (t=3.25, MNI coordinates: 46, -6, -10), the right temporal pole
(t=3.329, MNI coordinates: 24, 8, -28), and the right Para hippocampal
gyrus (t=4.15, MNI coordinates: 28, 2, -20), whereas the second cluster
includes the right putamen (t=3.62, MNI coordinates: 26, 8, 10), the
right insular cortex (t=3.55, MNI coordinates: 34, 8, 8), the right central
opercular cortex (t=3.45, MNI coordinates: 38, 8, 10), and the right
inferior frontal gyrus (pars opercularis; t=3.67, MNI coordinates: 50,
8, 12) (Figure 2).
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i . Total Subjects PD HC P Value
Demographic Characteristics
PD/HC Males Females Males Females p<0.05
Age (years) 62.17 +9.8/60.5 + 9.8 62.7+9.8 61.2+9.7 61.6 +11.34 58.7+11.5 -
Sex 387/167 247 140 112 64 -
Disease Duration (months) 6.6 £ 6.6/- 6.5+6.24 6.8+7.3 - - -
MDS-UPDRS 31.9+129/45+29 | 3222+129 31.4+129 4.16 +3.48 514+49 PD vs HC:<0.00001
Hoehn and Yahr stage 1.5+ 0.5/- 1.5+05 1505 - - -
Modified Schwab and England ADL 93 +5.8/- 92.8+54 93.5+6.4 - - B
PD vs HC:<0.00001
UPSIT 22.5+8.3/34.11£4.6 21.3+82 24.48 +8.26 33.7+5 34.9+36 PDM vs PDF= 0.000406
PD vs HC<0.00001
MoCA Score 27 £2.29/28.2 +1 26.9+2.32 275+22 28.11+£1.11 284 +1 PDM vs PDF= 0.011593
PD vs HC<0.00001
COPA-AUT 9.35+5.8/5.6 +3.7 9.36+6 9.35+55 5.28 £3.13 6.5+ 3.69 HCM vs HCF= 0 033041
Education (years) 15.5+3/16 £ 2.9 15.7+2.9 15.23 £3.14 16.35+3 1548 +£2.8 -
GDS 54+15/45+2 .18 54+15 5.3+1.37 5+1.5 51+£13 HCM vs HCF= 0.00015

Table 1: Demographic characteristics of PD and HC subgroups and the results of the statistics tests (t-test, chi-square).

Figure 2: Identified clusters in the VBM comparison between PD < HC subjects.
Increased loss of GM identified by increasing warmth of colour. (Yellow is
warmer.)

Figure 3: Identified clusters in the VBM comparison between PD females <HC
females. Increased loss of GM identified by increasing warmth of colour in PD.
(Yellow is warmer.)

Figure 4: Identified clusters in the VBM comparison between PD males <HC
males. Increased loss of GMin males with PD was identified by increasing the

warmth of colour after the adjustment of threshold was moved from three to four
(t= 3-4). (Yellow is warmer.)

Figure 5: Identified clusters in the VBM comparison between HC males < males
with PD. Increased loss of GM was identified in HC males by increasing the
warmth of colour after adjusting the threshold from three to four (t = 3-4). (Yellow
is warmer.)

HC females versus females with PD: In the comparison between
female brains in PD and HC, brain tissue loss was significant in the
right side of the brain only. Furthermore, the loss was detected in
females with PD only in the right insula (t=4.2, MNI coordinates: 34, 0,
12), the right centeral opercular cortex (t=4.134, MNI coordinates: 40,
2, 14), and the right inferior frontal gyrus (pars opercularis; t=3.6, MNI
coordinates: 36, 10, 24) (Figure 3).

HC males versus males with PD: No differences were found
between males in both categories at the threshold given in this study
for all comparisons. However, when increasing the threshold in the
FSL view window and restricting it between three and four (t=3-4) for
the uncorrected images, it shows areas that were affected in PD males.
Areas that displayed this were the left VI of the cerebellum (t=3.8, MNI
coordinates: -14, -68, -14), the lingual gyrus (t=3.9, MNI coordinates:
-14, -64, -8), the left putamen (t=3.2, MNI coordinates: -28, -10, -8), the
precentral gyrus (t=3.7, MNI coordinates: 54, -4, 44), and the planum
polare (t=3.7, MNI coordinates: 60, 0, 2) (Figure 4). On the other hand,
males in the HC group presented with a loss of tissue in the uncorrected
image, with the same previous restriction used. HC males showed a
loss in the subcallosal cortex (t=3.306, MNI coordinates: 4, 12, -14) and
brain-stem (t=3.5, MNI coordinates: -10, -26, -34) (Figure 5).

HC males versus HC females: Loss of GM was significant in HC
males compared to HC females; multiple clusters across the brain
regions were detected in the VBM analysis. The loss of brain tissue in
males was significant in the brain stem (t=3.5 MNI coordinates: -2, -34,
-40), the frontal medial cortex (t=5.17, MNI coordinates: 0, 46, -20),
the sub-callosal cortex (t=3.27, MNI coordinates: 0, 26, -20), the right
frontal pole (t=4.8, MNI coordinates: 24, 38, -20), the bilateral frontal
orbital cortices (right: t=3.9 MNI coordinates: 14, 22, -18; left: t=4.045,
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MNI coordinates: -20, 22, -18), the bilateral hippocampus (right:
t=4.36, MNI coordinates: 28, -32, -10; left: t=5.17, MNI coordinates:
-28, -30, -10), the left superior temporal gyrus (t=3.6, MNI coordinates:
-54, -36, 2), the bilateral middle temporal gyrus (right: t=3.5, MNI
coordinates: 48, -42, 8; left: t=3.9, MNI coordinates: -54, -36, -2), the
bilateral planum polare (right: t=3.7, MNI coordinates: 42, -18, -2; left:
t=3.5 MNI coordinates: -44, -18, -2), the bilateral thalamus (right: t=4.8,
MNI coordinates: 6, -6, 6; left: t=4.19, MNI coordinates: -10, -18, 16),
the bilateral insular cortices (right: t=4.21, MNI coordinates: 38, -6, 12;
left: t=4.42, MNI coordinates: -38, -6, 10), the bilateral supramarginal
gyrus (right: t= -38, -40, 40; left: t=5.33, MNI coordinate: 42, -38, 40),
the bilateral superior parietal lobule (right t=6.101, MNI coordinates:
36, -42, 44; left: t=5.7, MNI coordinates: -36, -42, 44), the bilateral
cingulate gyrus (right: t=4.8, MNI coordinates: 4, 36, 16; left: t=4.6,
MNI coordinates: -2, 36, 12), and the left juxta positional lobule cortex
(t=3.26, MNI coordinates: -4, 0, 52) (Figure 6). Furthermore, HC
females showed no loss of brain tissue at the study threshold; however,
the threshold was adjusted between three and four (t =3-4) in the
uncorrected images, which resulted in showing one cluster that was
considered significant at this level, the right inferior temporal gyrus
(t=3.5, MNI coordinates: 54, -54, -16) (Figure 7).

Males with PD versus females with PD: In PD, females presented
with a smaller amount of GM loss compared to males. In females, there
was a significant loss in the anterior division of Para hippocampal gyrus
not including the amygdala (t=5.235, MNI coordinates: 18, -4, -32),
the brain stem (t=3.24, MNI coordinates: 0, -16, -32), and a very small
cluster in frontal orbital cortex (t=3.69, MNI coordinates: 12, 6, -20)
(Figure 8). Males exhibited significant GM loss across the brain in the
bilateral crus II of the cerebellum (right: t=3.66, MNI coordinates: 20,
-86, -38; left: t=3.54, MNI coordinates: -28, -86, -38), the bilateral crus I
of the cerebellum (right: t=4.6, MNI coordinates: 40, -74, -38; left: t=5.5,
-40, -78, -38), the left VIIb of the cerebellum (t=4.24, MNI coordinates:
-16, -74, -46), the bilateral VI of the cerebellum (right: t=3.5, MNI
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Figure 6: Identified clusters in the VBM comparison between male < female

in HC. Increased loss of GM was identified by increasing warmth of colour,
representing loss in male HC. (Yellow is warmer)
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Figure 7: Identified clusters in the VBM comparison between females < males
HC. Increased loss of GM was identified by increasing warmth of colour,
representing a loss in female HC after adjustment of the threshold from three to
four (t =3-4). (Yellow is warmer).

Figure 8: Identified clusters in the VBM comparison between females with PD <
males with PD. Increased loss of GM identified by increasing warmth of colour,
showing loss in PD females. (Yellow is warmer.)

Figure 9: Identified clusters in the VBM comparison between males with PD
< females with PD. Increased loss of GM identified by increasing warmth of
colour, showing a loss in PD males. (Yellow is warmer.)

coordinates: 10, -74, -24; left: t=3.22, MNI coordinates: -12, -68, -24),
the vermis VI of the cerebellum (t=3.59, MNI coordinates: -4, -66, -24),
the left V of the cerebellum (t=3.74, MNI coordinates: -8, -62, -10),
the bilateral occipital fusiform gyrus (right: t=5.15, MNI coordinates:
-22, -78, -10; left: t=4, MNI coordinates: 22, -78, -10), the left temporal
occipital fusiform (t=4.325, MNI coordinates: -28, -56, -8), the left
occipital cortex ( t=3.47, MNI coordinates: -46, -72, -6), the left I-IV
of the cerebellum ( t=3.026, MNI coordinates: -4, -50, -6), the bilateral
hippocampus (right: t=6.35, MNI coordinates: 28, -28, -12; left: t=5.5,
MNI coordinates: -28, -28, -12), the bilateral fusiform cortex (right:
t=3.5, MNI coordinates: 28, -32, -24; left: t=3.06, MNI coordinates:
-28, -32, -24), the bilateral middle temporal gyrus (right: t=4.126, MNI
coordinates: 48, -34, -2; left: t=3.36, MNI coordinates: -52, -36, -4), the
bilateral planum polare (right: t=5.116, MNI coordinates: 42, -18, -4;
left: t=4.7, MNI coordinates: -42, -18, -4), the bilateral amygdala (right:
t=4.147, MNI coordinates: 18, -8, -12; left: t=3.44, MNI coordinates:
-20, -10, -12), the right lingual gyrus (t=3.46, MNI coordinates: 16,
-42, -4), the bilateral insular cortex (right: t=3.9, MNI coordinates: 38,
-18, 0; left: t=3.77, MNI coordinates: -38, -18, 0), the bilateral superior
temporal gyrus (right: t=3.9, MNI coordinates: 52, -32, 0; left: t=3.77,
MNI coordinates: -52, -32, 0), the left cudate (t=4.7, MNI coordinates:
-14, 10, 8), the bilateral heschl’s gyrus (right: t=3.28, MNI coordinates:
38, -22, 8; left: t=3.22, MNI coordinates: -38, -22, 8),the left lateral
occipital cortex (t=4.4, MNI coordinates: -35, -90, 0), the bilateral
occipital pole (right: t=3.16, MNI coordinates: 10, -98, 0; left: t=3.6,
MNI coordinates: -18, -98, 0), the bilateral cingulate gyrus (right: t=4.4,
MNI coordinates: 2, 20, 26; left: t=4.39, MNI coordinates: -2, 20, 26),
the bilateral superior parietal lobule (right: t=5.3, MNI coordinates:
26, -52, 66; left: t=3.47, MNI coordinates: -26, -52, 66), the bilateral
postcentral gyrus (right: t=4.4, MNI coordinates: 38, -32, 66; left: t=5.4,
MNI coordinates: -38, -32, 66), the bilateral supramarginal gyrus (right:
t=3.8, MNI coordinates: 56, -32, 48; left: t=3.8, MNI coordinates: -56,
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-32, 48), the bilateral precuneus cortex (right: t=4.5, MNI coordinates:
12, -42, 48; left: t=4, MNI coordinates: -12, -42, 48), the bilateral juxta
positional lobule (right: t=3.3, MNI coordinates: 8, -12, 48; left: t=3.249,
MNI coordinates: -8, -12, 48), the bilateral precentral gyrus (right:
t=4.28, MNI coordinates: 38, -22, 54; left t=4, MNI coordinates: -38,
-22, 54), the left frontal pole (t=4.16, MNI coordinates: 6, 54, -26), the
right frontal medial cortex (t=5, MNI coordinates: 6, 44, -26), the right
subcallosal cortex (t=3.3, MNI coordinates: 6, 28, -26), the bilateral
frontal orbital cortex (right: t=5.8, MNI coordinates: -38, 34, -8; left:
t=4.17, MNI coordinates: 34, 32, -8), the left thalamus (t=3.8, MNI
coordinates: -18, -28, 10), the left superior frontal cortex (t=3.9, MNI
coordinates: -18, 36, 52), and the right paracingulate gyrus (t=3.2, MNI
coordinates: 8, 24, 34) (Figure 9 and Table 2).

MNI coordinates

Regions affected by tissue loss Y Z T score
Loss of tissues in PD males
Rt. crus |l of the cerebellum 20 -86 -38 3.66
Lt. crus Il of the cerebellum -28 -86 -38 3.54
RI. crux | of the cerebellum 40 -74 -38 4.6
Lt. crus | of the cerebellum -40 -78 -38 5.5
Lt. Vlib of the cerebellum -16 -74 -46 4.24
Rt. VI of the cerebellum 10 -74 -24 3.5
Lt. VI of the Cerebellum -12 -68 -24 3.22
Vormis VI of the cerebellum -4 -66 -24 3.59
Lt. V of the cerebellum -8 -62 -10 3.74
Rt. occipital fusiform gyros -22 -78 -10 5.15
Lt. occipital fusiform gyms 22 -78 -10 4
Lt. temporal occipital fusiform -28 -56 -8 4.325
Lt. occipital cortex -46 -72 -6 3.47
Lt. I-IV of the cerebellum -4 -50 -6 3.026
Rt. Hippocampus 28 -28 -12 6.35
Lt. hippocampus -28 -28 -12 5.5
Rt. fusiform cortex 28 -32 -24 3.5
Lt. fusiform cortex -28 -32 -24 3.06
Rt. middle temporal gyrus 48 -34 -2 4.126
Lt. middle temporal gyrus -52 -36 -4 3.36
Rt. planum polare 42 -18 -4 5.116
Lt. planum polare -42 -18 -4 4.7
Rt. amygdala 18 -8 -12 4.147
Lt. amygdala -20 -10 -12 3.44
Rt. lingual gyros 16 -42 -4 3.46
Rt. insular cortex 38 -18 0 3.9
Lt. insular cortex -38 -18 0 3.77
Rt. superior temporal gyrus -52 -32 0 3.9
Lt. super or temporal gyrus -52 -32 0 3.77
Lt. Cudate -14 10 8 4.7
Rt. heschi gyrus 38 -22 8 3.28
Lt. heschi gyrus -38 -22 8 3.22
Lt. lateral occipital cortex -35 -90 0 4.4
Rt. occipital pole 10 -98 0 3.16
Lt. occipital pole -18 -98 0 3.6
Rt. cingulate gyrus 2 20 26 4.4
Lt. cingulate gyrus 2 20 26 4.39
Rt. superior parietal lobule 26 -52 66 5.3
Lt. superior parietal lobule -26 -52 66 3.47
Rt. postcentral gyrus 38 -32 66 4.4
Lt. postcentral gyrus -38 -32 46 5.4
Rt. Supramarginal gyrus 56 -32 48 3.8
Lt. Supramarginal gyrus -56 -32 48 3.8
Rt. percuneous cortex 12 -42 40 4.5
Lt. percuneous cortex -12 -42 48 4
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Rt. juxta positional lobule 8 -12 48 3.3
Lt. juxta positional lobule -8 -12 48 3.249
Rt. precentral gyrus 38 -22 54 4.28
Lt. precentral gyrus -38 -22 54 4
Lt. frontal pole 6 54 -26 4.16
Rt. frontal medial cortex 6 44 -26 5
Rt. subcallosal cortex 6 28 -28 3.3
Rt. frontal orbital cortex -38 34 -8 5.8
Lt. frontal orbital Cortex 34 32 -8 417
LI. thalamus -18 -28 10 3.8
Lt. superior frontal cortex -18 36 52 3.9
Rt. paracingulate gyrus 8 24 34 3.2
Loss of tissue In PD females
Romedratn 4w s
The brain stern 0 -16 -32 3.24
Rt. frontal orbital cortex 12 6 -20 3.69

Note: Rt. (right); Lt. (left).

Table 2: Loss of cortical regions for PD subjects (Males, Females).

Correlation results

A Pearson correlation was performed to detect any significant
correlations between depression scores and the loss of GM tissue for
both sexes in PD and HC groups. The MATLAB code to show significant
clusters only (P<0.05). Generally, there were no strong correlations
between depression scores and GM in PD and HC. However, they were
considered significant because they met the significance level of the
study, P<0.05.

Depression correlation to grey matter in Parkinson disease (PD)
and healthy control (HC): For correlations between depression and
GM changes, without separating both sexes in the PD group, positive
correlations were observed in the anterior parts of the cerebellum in
bilateral IX (right: r=0.16, MNI coordinates: 8, -50, -40; left: r=0.17,
MNI coordinates: -6, -52, -40), the vermis IX (r=0.17, MNI coordinates:
0, -52, -34), the left VI (r=0.14, MNI coordinates: -30, -50, -26), the
right I-IV (r=0.17, MNI coordinates: 4, -50, -22),and the left V (r=0.14,
MNI coordinates: -14, -48, -22). Additionally, more regions with
positive correlations were presented in the posterior brain stem (r=0.16,
MNI coordinates: 6, -38, -26), the left temporal fusiform cortex (r=0.13,
MNI coordinates: -40, -40, -24), the right hippocampus (r=0.126, MNI
coordinates: 26, -12, -24), the frontal medial cortex (r=0.19, MNI
coordinates: -2, 38, -18), the subcallosal cortex (r=0.15, MNI coordinates:
-2, 24, -18), the bilateral insular cortex (right: r=0.18, MNI coordinates:
32, 20, -2; left: r=0.12, MNI coordinates: -32, 20,-2), the bilateral
thalamus (right: r=0.15, MNI coordinates: 18, -20, 4; left: r=0.13, MNI
coordinates: -18, -20, 4), the bilateral central opercular cortex (right:
r=0.11, MNI coordinates: 48, -6, 4; left: r=0.13, MNI coordinates: -48,
-6, 4), the bilateral heschl’s gyrus (right: r=0.136, MNI coordinates: 44,
-18, 10; left: r=0.11, -44, -18, 10), the bilateral intraciliary cortex (right:
r=0.15, MNI coordinates: 4, -68, 12; left: r=0.13, MNI coordinates: -4,
-68, 12), the bilateral precuneus cortex (right: r=0.17, MNI coordinates:
8,-62,18;left: r=0.16, MNI coordinates: -8, -62, 18), the bilateral anterior
cingulate gyrus (right: r=0.22, MNI coordinates: 4, -4, 40; left: r=0.23,
MNI coordinates: -4, 0, 40), the bilateral paracingulate gyrus (right:
r=0.17, MNI coordinates: 4, 46, 0; left: r=0.15, MNI coordinates: -4, 46,
0), the bilateral lingual gyrus (right: r=0.12, MNI coordinates: 10, -60,
0; left: r=0.12, MNI coordinates: 10, -60, 0), the right middle temporal
gyrus (r=0.16, MNI coordinates: 52, -28, -6), the right temporal pole
(r=0.12, MNI coordinates: 34, 18, -34), the bilateral frontal orbital
cortex (right: r=0.19, MNI coordinates: 38, 24, -8; left: r=0.129, MNI
coordinates: -32, 28, -2), and the bilateral frontal pole (right: r=0.139,
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MNI coordinates: 26, 36, -14; left: r=0.15, MNI coordinates: -28, 44,
-14). Moreover, negative correlations were observed in the inferior part
of the brain stem (r= -0.139, MNI coordinates: 8, -38, -48). Various
regions of the cerebellum demonstrated negative correlations, such as
in the bilateral VIIb (right: r= -0.14, MNI coordinates: 38, -62, -56; left:
r= - 0.15, MNI coordinates: -38, -62, -56), the bilateral crus II (right: r=
-0.146, MNI coordinates: 40, -62, -48; left: r= -0.13, MNI coordinates:
-40, -62, -48), the bilateral crus I (right: r= -0.16, MNI coordinates: 46,
-62, -42; left: r= -0.14, MNI coordinates: -46, -62, -42), the bilateral
VIIIa (right: r= -0.12, MNI coordinates: 32, -48, -48; left: r= -0.12,
MNI coordinates: -32, -48, -48), the bilateral occipital pole (right: r=
-0.18, MNI coordinates: 18, -100, -4; left: r= -0.16, MNI coordinates:
-18, -100, -4), the bilateral lateral occipital cortex (right: r=-0.15, MNI

MNI coordinates

Cortical area of correlations r score
X Y z
Positive

Rt. IX 8 -50 -40 0.16

Lt. IX -6 -52 -40 0.17

vermis IX 0 -52 -34 0.17

left VI -30 -50 -26 0.14

right I-IV 4 -60 -22 0.17

left vV -14 -48 -22 0.14

brain stem 6 -38 -26 0.16

left temporal fusiform cortex -40 -40 -24 0.13
right hippocampus 26 -12 -24 0.126
frontal medial cortex -2 38 -18 0.19
subcallosal cortex 2 24 -18 0.15

Rt. Insular cortex 32 20 -2 0.18

Lt. Insular cortex -32 20 -2 0.12

Rt. Thalamus 18 -20 4 0.15

Lt. Thalamus -18 -20 4 0.13

Rt. Central opercular cortex 48 -6 4 0.1
Lt. Central opercular cortex -48 -6 4 0.13
Rt. heschl's gyrus 44 -18 10 0.136

Lt. heschl's gyrus -44 -18 10 0.11

Rt. Intracalcarine cortex 4 -68 12 0.15
Lt. Intracalcarine cortex -4 -68 12 0.13
Rt. precuneous cortex 8 -62 18 0.17
Lt. precuneous cortex -8 -62 18 0.16
Rt. anterior cingulate gyrus 4 -4 40 0.22
Lt. anterior cingulate gyrus -4 0 40 0.23
Rt. paracingulate gyrus 4 40 0 0.17
Lt. paracingulate gyrus -4 46 0 0.15
Rt. lingual gyrus 10 -60 0 0.12

Lt. lingual gyrus 10 -60 0 0.12

right middle temporal gyrus 52 -28 -6 0.16
right temporal pole 34 18 -34 0.12

Rt. frontal orbital cortex 38 24 -8 0.19
Lt. frontal orbital cortex -32 28 -2 0.129
Rt. frontal pole 20 30 -14 0.139

Lt. frontal pole -28 44 -14 0.15

Negative

Rt. Viib 38 -62 -56 -0.14

Lt. Vilb -38 -62 -56 -0.15
Rt. crus Il 40 -62 -48 -0.146

Lt. crus Il -40 -2 -40 -0.13

Rt. crus 1 46 -62 -42 -0.16

Lt. crus 1 -40 -62 -42 -0.14

Rt. Villa 32 -48 -48 -0.12

Lt. Villa -32 -48 -48 -0.12

Rt. occipital plate 18 -100 -4 -0.18
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Lt. occipital plate -18 -100 -4 -0.16
Rt. lateral occipital cortex 42 -82 -12 -0.15
Lt. lateral occipital cortex 42 -82 -12 -0.15
left middle temporal gyrus -64 -18 -12 -0.15
left inferior temporal gyrus -58 -60 -22 -0.15
Rt. angular gyrus 52 -54 26 -0.15
Lt. angular gyrus -58 -58 32 -0.12
Rt. superior parietal lobule 20 -50 8 -0.136
Lt. superior parietal lobule -20 -50 68 -0.13
Rt. precentral gyrus 18 -22 68 -0.16
Lt. precentral gyrus -18 -22 68 -0.148
Rt. postcentral gyrus 22 -36 68 -0.116
Lt. postcentral gyrus -22 -30 8 -0.126
Rt. superior frontal gyrus 20 12 66 -0.12
Lt. superior frontal gyrus -20 12 66 -0.16
Rt. frontal pole 10 52 40 -0.17
Lt. frontal pole -12 50 42 -0.18
left putamen -24 0 10 -0.12
Rt. Superior temporal gyrus 68 -34 10 -0.137
Lt. Superior temporal gyrus -68 -34 10 -0.15

Note: Rt. (right); Lt. (left).

Table 3: The results of the correlation between depression scores and the GM of
the PD group (not sex-specific).

coordinates: 42, -82, -12; left: r= -0.15, MNI coordinates: 42, -82, -12),
the left middle temporal gyrus (r= -0.15, MNI coordinates: -64, -18,
-12), the left inferior temporal gyrus (r= -0.15, MNI coordinates: -58,
-50, -22), the bilateral angular gyrus (right: r= -0.15, MNI coordinates:
52, -54, 26; left: r= -0.12, MNI coordinates: -58, -58, 32), the bilateral
superior parietal lobule (right: r= -0.136, MNI coordinates: 20, -50, 68;
left: r= -0.13, MNI coordinates: -20, -50, 68), the bilateral precentral
gyrus (right: r= -0.16, MNI coordinates: 18, -22, 68; left: r= -0.148,
MNI coordinates: -18, -22, 68), the bilateral postcentral gyrus (right: r=
-0.116, MNI coordinates: 22, -36, 68; left: r= -0.126, MNI coordinates:
-22, -36, 68), the bilateral superior frontal gyrus (right: r= -0.12, MNI
coordinates: 20, 12, 66; left: r= -0.16, MNI coordinates: -20, 12, 66), the
bilateral frontal pole (right: r= -0.17, MNI coordinates: 10, 52, 40; left:
r=-0.18, MNI coordinates: -12, 50, 42), the left putamen (r=-0.12, MNI
coordinates: -24, 0, 10), and the bilateral superior temporal gyrus (right:
r=-0.137, MNI coordinates: 68, -34, 10; left: r= -0.15, MNI coordinates:
-68, -34, 10) (Table 3).

In females of the PD subgroup, weak positive correlations were
detected in the right amygdala (r=0.2, MNI coordinates: 12, -8, -14), the
right superior temporal gyrus (r=0.228, MNI coordinates: 60, -18, -2),
the left precentral gyrus (r=0.28, MNI coordinates: -8, -20, 68),the left
occipital fusiform gyrus (r=0.2, MNI coordinates: -26, -80, -14), and the
left cuneal cortex (r=0.217, MNI coordinates: -4, -88, 26). Furthermore,
weak negative correlations were found in the right inferior temporal
gyrus (r= -0.2, MNI coordinates: 56, -42, -24), the left fusiform gyrus
(r=-0.2, MNI coordinates: -38, -44, -22), and the left precuneous cortex
(r=-0.2, MNI coordinates: -2, -56, -48; (Table 4).

Males in the same subgroup showed weak positive correlations in
the bilateral precentral gyrus (right: r=0.18, MNI coordinates: 2, -18, 62;
left: r=0.16, MNI coordinates: -2, -18, 62) and the right superior frontal
gyrus (r=0.24, MNI coordinates: 18, 26, 56). The negative correlations
were detected in PD males in the subcallosal (r=-0.14, MNI coordinates:
-2, 22, -24), the right precuneous cortex (r= -0.16, MNI coordinates: 6,
-44, 48), the right hippocampus (r= -0.15, MNI coordinates: 26, -34,
-4), the right amygdala (r= -0.14, MNI coordinates: 26, -2, -18), and the
right lingual gyrus (r= -0.135, MNI coordinates: 20, -46, -6) (Table 5).
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MNI coordinates

Cortical areas of correlations r score
X Y z
Positive

right amygdala 12 -8 -14 0.2
right superior temporal gyrus 60 -18 -2 0.228
left precentral gyrus -8 -20 68 0.28

left occipital fusiform gyrus -26 -80 -14 0.2
left cuneal cortex -4 -88 26 0.217

Negative

right inferior temporal gyrus 56 -42 -24 -0.2
left fusiform gyrus -38 -44 -22 -0.2

left precuneous cortex -2 -56 -48 -0.2

Table 4: The results of the correlation between depression scores and the GM of
females in the PD group.

MNI coordinates

Cortical areas of correlations r score
X Y z
Positive
Rt. precentral gyrus 2 -18 62 0.18
Lt. precentral gyrus -2 -18 62 0.16
Rt. superior frontal gyrus 18 26 56 0.24
Negative
Subcallosal -2 22 -24 -0.14
Rt. precuneous cortex 6 -44 48 -0.16
Rt. hippocampus 26 -34 -4 -0.15
Rt. amygdala 26 -2 -18 -0.14
Rt. lingual gyrus 20 -46 -6 -0.135

Note: Rt. (right); Lt. (left).

Table 5: The results of the correlation between depression scores and the GM of
males in the PD group.

In females of the HC subgroup, weak positive correlations were
presented in the right precuneus cortex (r=0.39, MNI coordinates: 6,
-62, 14), the bilateral thalamus (right: r=0.4, MNI coordinates: 8, -24,
14; left: r=0.3, MNI coordinates: -10, -14, 2), the brain stem (r=0.335,
MNI coordinates: 2, -38, -20), the right temporal pole (r=0.28, MNI
coordinates: 26, 8, -38), the left insular cortex (r=0.3, MNI coordinates:
-42, 10, -10), the right paracingulate gyrus (r=0.3, MNI coordinates:
6, 28, 36), the bilateral frontal pole (right: r=0.3, MNI coordinates: 26,
52, 4; left: r=0.3, MNI coordinates: -38, 40, 14), the left hippocampus
(r=0.3, MNI coordinates: -26, -10, -28), the left temporal fusiform
cortex (r=0.33, MNI coordinates: -34, -8, -44), the right IX of the
cerebellum (r=0.3, MNI coordinates: 4, -54, -58), and the right lingual
gyrus (r=0.33, MNI coordinates: 10, -62, -4). Moreover, weak negative
correlations were detected in the bilateral temporal gyrus (right: r=
-0.29, MNI coordinates: 58, -42, -10; left: r= -0.4, MNI coordinates:
-58, -42, -10), the bilateral inferior temporal gyrus (right: r=-0.34, MNI
coordinates: 52, -56, -22; left: r=-0.3, MNI coordinates: -58, -42, -22),
thebilateral lateral occipital cortex (right: r= -0.4, MNI coordinates: 14,
-76, 50; left: r=0.4, MNI coordinates: -40, -66, 46), the left crus II of
the cerebellum (r= -0.33, MNI coordinates: -48, -68, -48), the bilateral
frontal pole (right: r= -0.3, MNI coordinates: 8, 48, 50; left: r= -0.27,
MNI coordinates: -8, 48, 50), the right inferior temporal gyrus (r=-0.3,
MNI coordinates: 44, -32, -18), the bilateral precentral gyrus (right: r=
-0.3, MNI coordinates: 58, -2, 18; left: r= -0.39, MNI coordinates: -58,
-2, 18), the right superior frontal gyrus (r= -0.3, MNI coordinates: 12,
-2, 68), and the right VIIDb of the cerebellum (r= -0.3, MNI coordinates:
26, -70, -46).

On the other hand, males in the same subgroup showed weak
positive correlations in the bilateral temporal pole (right: r=0.4, MNI
coordinates: 30, 14, -34; left: r=0.2, MNI coordinates: -26, 14, -34), the

left middle temporal gyrus (r=0.29, MNI coordinates: -58, -20, -12), the
brain stem (r=0.35, MNI coordinates: -10, -24, -40), the left crus I of
the cerebellum (r=0.3, MNI coordinates: -48, -48,-32), the left VI of the
cerebellum (r=0.28, MNI coordinates: -22, -62, -32), the right inferior
temporal gyrus (r=0.26, MNI coordinates: 52, -14, -30), the bilateral
lateral occipital cortex (right: r=0.24, MNI coordinates: 14, -62, 64; left:
r=0.28, MNI coordinates: -32, -68, 58), the bilateral precuneous cortex
(right: r=0.3, MNI coordinates: 10, -52, 58; left: r=0.2, MNI coordinates:
-10, -52, 58), the left superior parietal lobule (r=0.29, MNI coordinates:
-34, -52, 52), the right postcentral gyrus (r=0.229, MNI coordinates: 34,
-32, 53), the right supramarginal gyrus (r=0.238, MNI coordinates: 52,
-40, 52), the left superior frontal gyrus (r=0.25, MNI coordinates: -28,
16, 60), the right middle frontal gyrus (r=0.28, MNI coordinates: 30, 16,
56), the juxtapositional lobule cortex (r=0.26, MNI coordinates: 0, 2,
68), the bilateral inferior frontal gyrus (right: r=0.2, MNI coordinates:
50, 12, 20; left: r=0.27, MNI coordinates: -50, 12, 20), the right thalamus
(r=0.2, MNI coordinates: 6, -2, 6), the left lingual gyrus (r=0.29, MNI
coordinates: -28, -46, -6), the left superior temporal gyrus (r=0.29,
MNI coordinates: -56, -22, -6), and the left central opercular cortex
(r=0.228, MNI coordinates: -56, -10, 10). Additionally, a negative
correlation for males of the HC subgroup between depression scores
and GM was found in the right precentral gyrus (r= -0.2, MNI
coordinates: 26, -20, 70).

Discussion

This study has been on the structural brain differences between
males and females with PD; A VBM analysis was performed between
the PD and HC groups and within each group to identify the major
areas that have been affected by PD in both sexes. Moreover, clinical
assessments have been investigated to demonstrate the sex differences
in the sample of the study. Furthermore, a correlation test was
performed to detect any relation between depression and GM changes
in PD and HC.

Demographics characteristics analysis

This study indicates that the loss of brain tissue affects males and
females differently. Additionally, the study indicates that the structural
differences in the brain between males and females influence the way
PD is presented clinically by showing more loss brain cortical areas
that participate in producing motor and non-motor functions. For
instance, males exhibited motor symptoms earlier than females because
they were affected by the loss of tissue in areas that have major roles
in providing motor control. Moreover, the complexity of the disease
relates to the contribution of different factors (e.g., genetical, hormonal,
and biochemistries factors) that cannot be covered in neuroimaging
studies only. However, studies that investigated the other factors have
indicated that females are more protected than males, and the delay of
the symptoms presented clinically between males and females is caused
independently of higher hazarded occupational factors, the lifestyles of
males, and the significantly higher rate of estrogen in females [25-29].
Thus, the results of this study can be shown to emphasize that gender
differences in the GM of PD patients exist, males with PD have shown
more atrophied cortical areas than females. However, the results from
the comparison between males with PD and HC males suggest that
this atrophy could be due to other factors such as age. Moreover, the
degeneration of brain tissue might be the start of the last effects, at
least the ones that can be tested clinically, of PD in patients because
it was noticed that motor symptoms present after the loss of 60% of
the dopaminergic neurons. Therefore, this study might have the
privilege to provide a map of the sex differences in the brain for other
researchers who want to investigate dementia or the progression of
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the disease regarding brain morphology, at a mean disease duration of
males 6.57 + 6.25 and females 6.8 + 6.3 (months). Furthermore, the
study was performed on a large sample of PD and HC subjects, which
might have strengthened the study. However, it must be considered that
PD is a heterogeneous disease, implying individual and demographic
variations might affect the results of any PD study.

In this study, the sex differences between the PD and HC groups
were noticed in several tests. Furthermore, males showed a significant
loss of function compared to females in different tests. There were no
significant differences between PD and HC subjects in age, as well as
between males and females in the PD subgroup. In addition, movement
defects were tested by the MDS-UPDRS, and it was expected that the
results would be higher in PD than HC because this has been found in
previous literature [57]. Moreover, significant differences between both
sexes were not found in the current study, and this might be related
to the short disease duration at the baseline of the study. However, in
a recent study that used a higher disease duration (total PD subjects
(years): 7.3 + 5.7; males (years): 7.4 + 5.7; females (years): 7 + 5.8),
males showed considerably higher movement defect scores than
females [65]. To evaluate the disease progression, the Hoehn and Yahr
test was performed as a baseline of the disease. At the baseline, the
disease duration was short, and this might clarify that no significant
result was found between males and females in this study. Additionally,
males and females had no difference when tested for daily life activities
using the Modified Schwab & England ADL examination as a baseline;
disease duration and the different lifestyles among the subjects might
be the reason behind this result.

Furthermore, smelling sense was tested using the University
of Pennsylvania Smell Identification Test (UPSIT) to identify any
significant differences between PD and HC subjects and between
males and females within the PD subgroup. At the baseline, PD
patients showed significantly higher loss of smell function than HC.
Additionally, this result was consistent with a previous study that had
studied olfaction in neurodegenerative diseases, including idiopathic
PD [57,66]. When comparing males and females with PD, significant
loss of smelling sense was found more in males than females; this result
was consistent with a recent large sample of non-motor symptoms [67].
Moreover, males with PD showed significant loss of GM in the frontal
area of the brain compared to females with PD, such as the right frontal
medial cortex, the right subcallosal cortex, the bilateral frontal orbital
cortex, and in associated areas of the limbic system and temporal lobe,
which might aid in the development of this issue [68]. Cognitive defects
between PD and HC subjects, as well as between males and females in
the PD subgroup, were tested using the Montreal Cognitive Assessment
(MoCA). PD patients had significantly higher defects than HC, as
expected [57]. Furthermore, loss of cognition function affected males
more than females, and this was based on the high level of significance
compared to females. The results were consistent with previous
literature that had investigated sex differences in PD, suggesting that
daily life activities might become affected by the cognitive decline in
males more than females [46,65,67]. Moreover, autonomic dysfunction
was found to be significantly higher in PD patients than in HC. This
result was consistent with previous studies [57,67]. In comparing PD
males and females, no significant results were found. Interestingly,
males in the HC subgroup had more autonomic dysfunction than
females, and a difference among the HC group was found, coinciding
with a previous study [67].

VBM analysis

The results of this study showed that different areas of the GM of the

brain are significantly atrophied because of PD. The overall differences
in PD and HC subjects were concentrated in two separated clusters on
the right side of the brain. Those clusters included the right amygdala,
the right planum polare, the right temporal pole, and the right Para
hippocampal gyrus. The second group of clusters included the right
putamen, the right insular cortex, the right central opercular cortex,
and the right inferior frontal gyrus (pars opercularis). The results were
inconsistent with other studies that have investigated GM using VBM.
The inconsistency in the current study might be caused by the increase
in the disease duration and the number of subjects included [69-72].

In the PD females versus HC females, the effects remained on the
right side of the brain. Moreover, the areas that were detected contribute
to language functions, social emotion functions, autonomic functions,
and movement [73,74]. The results of the comparison between males in
the PD and HC subcategory was unexpected. There were no differences
in the GM in PD and HC males at the corrected T threshold (t<3)
of the study. It is thought that aging affects males more than females
[59,75], that might explain the greater loss of cortical areas but show
the opposite of normal dimorphism [43]. However, after resetting
the threshold from three to four (t=3-4) on the uncorrected images,
multiple clusters appeared in the left VI of the cerebellum, the lingual
gyrus, the left putamen, the precentral gyrus, and the planum polare for
PD male brains, while there was a loss in the subcallosal cortex and the
brain-stem for HC male brains, these areas were found at uncorrected P
value, thus it might not be considered as significant findings.

When comparing HC males with HC females, men presented
a more significant loss of GM. There was no significant difference in
age between both sexes (males: 61 + 11.347; females: 58.7 + 11.5). The
results of this study indicate that aging affects males more than females.
According to Good [59], males had GM reduction in the frontal and
temporal regions, and females were affected in the hippocampus and
parietal lobe due to normal aging. There were consistencies between the
results of this study and the previously mentioned study that looked at
the bilateral superior parietal lobule, the insular cortices, the cingulate
gyrus, the bilateral planum polare, the thalamus, the hippocampus, the
middle temporal gyrus, the right frontal pole, the supramarginal gyrus,
the subcallosal cortex, and the left juxta positional lobule cortex. The
PD group was divided into males and females, and the VBM results
provided maps that showed more GM loss in males than females
(males<females). Moreover, the degree of GM tissue loss was expected
to be more in males due to the early appearance and the severity of the
clinical manifestations than what was seen in the females [25-29]. The
loss of the GM tissue affected the areas that are responsible for motor
functions, such as the cerebellum, the bilateral superior parietal lobule,
the bilateral postcentral gyrus, the bilateral supramarginal gyrus, the
bilateral juxta positional lobule, and the bilateral precentral gyrus
[76,77]. Also, areas of vision, speech, smell, learning, memory, and
cognition were affected in males more than females, including areas in
the occipital lobe, the bilateral occipital fusiform gyrus, the left occipital
cortex, the left lateral occipital cortex, the bilateral hippocampus, the
bilateral amygdala, the bilateral fusiform cortex, the bilateral middle
temporal gyrus, the bilateral planum polare, the right lingual gyrus,
the bilateral insular cortex, the bilateral superior temporal gyrus, the
bilateral heschl’s gyrus, the left cudate, the left thalamus, the bilateral
occipital pole, the bilateral cingulate gyrus, the bilateral precuneus
cortex, the left frontal pole, the right frontal medial cortex, the right
subcallosal cortex, the bilateral frontal orbital cortex, the left superior
frontal cortex, and the right paracingulate gyrus [78-83]. On the other
hand, females presented more atrophy in the anterior division of the
Para hippocampal gyrus, the brain stem, and the frontal orbital cortex,
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which involves visuospatial and subperceptual functions, motor skills,
recognition of emotions, and decision making [84-86]. In addition, the
results of the previous literature did not include any data on gender
differences; however, the results of the VBM analysis of the previous
study were consistent with the current study.

Correlations analysis

Pearson correlations were performed to reveal any correlations
between depression scores for males and females in the PD and HC
subgroups and GM volume, positive correlations indicate increased
cortical areas, while negative correlations indicate decreased GM. The
correlation between depression and GM volume in the PD subgroup,
males and females showed different correlations between depression
scores and GM volumes. In females, depression scores were positively
correlated with the volumes of the right amygdala, the right superior
temporal gyrus, the left cuneal cortex, the left precentral gyrus, and
the left occipital fusiform gyrus. The depression scores in females
were negatively correlated with the right inferior temporal gyrus,
the left fusiform gyrus, and the left precuneus cortex. In males,
depression scores were positively correlated with the volumes of the
bilateral precentral gyrus and the right superior frontal gyrus, and
they were negatively correlated with the right precuneus cortex, the
right hippocampus, the right amygdala, and the right lingual gyrus.
Additionally, the left precentral gyrus was the only area that showed
a similar positive correlation, whereas there were areas that presented
an inverse relationship in correlation and location between both sexes,
such as the amygdala and the precuneus cortex. In a recent study, a
negative correlation between depression and the bilateral hippocampus
and the amygdala was identified [87]. The correlation results in the
current study indicated this negative correlation between depression
and the right side of the hippocampus and the amygdala only in PD
males. Thus, this consistency of the results indicates a relation between
depression and volume changes in the hippocampus and the amygdala
during the progression of the disease which might emphasize the role
of the amygdala and the hippocampus in depression. Moreover, the
amygdala, especially, has been shown to affect PD [87-89]. Moreover,
a positive correlation between the anterior cingulate cortex and the
bilateral hippocampus and the amygdala was detected in previous
literature, which was not found in the current study. A positive
correlation between the bilateral orbitofrontal cortex and GM changes
in PD group was also found, while strong negative correlations
were found between the right medial temporal gyrus, the right Para
hippocampal gyrus, the medial and anterior cingular cortex, and the
right cerebellum [87,90]. However, the loss of tissue volume in the
hippocampus and amygdala is not linked directly to PD [87].

Furthermore, previous literature [87-90] did a comparison of
depression scores to cortical areas in the PD group without separating
males and females; therefore, a correlation analysis was applied between
depression and all PD subjects. A positive correlation was found in the
anterior parts of the cerebellum in the bilateral IX, the left VI, the right
I-1V, the left V, and the vermis IX. Also, more positive correlations were
found in the posterior part of the brain stem, the left temporal fusiform
cortex, the right hippocampus, the subcallosal cortex, the frontal medial
cortex, the bilateral insular cortex, the bilateral thalamus, the bilateral
central opercular cortex, the bilateral heschls gyrus, the bilateral
intracalcarine cortex, the bilateral precuneus cortex, the bilateral
anterior cingulate gyrus, the bilateral paracingulate gyrus, the bilateral
lingual gyrus, the right middle temporal gyrus, the right temporal
pole, the bilateral frontal orbital cortex, and the bilateral frontal pole.
Furthermore, a negative correlation between depression scores and
all PD subjects were detected in the inferior part of the brain stem.

Various regions of the cerebellum demonstrated negative correlations
in the bilateral VIIb, the bilateral crus II, the bilateral crus I, the
bilateral VIIIa, the bilateral occipital pole, the bilateral lateral occipital
cortex, the left middle temporal gyrus, the left inferior temporal gyrus,
the bilateral angular gyrus, the bilateral superior parietal lobule, the
bilateral precentral gyrus, the bilateral postcentral gyrus, the bilateral
superior frontal gyrus, the bilateral frontal pole, the left putamen, and
the bilateral superior temporal gyrus.

In the control subgroup, males and females presented with different
positive and negative correlations in regard to the volume of GM. In
females, the depression scores were positively correlated with the right
precuneus cortex, the bilateral thalamus, the right temporal pole, the
left insular cortex, the right paracingulate gyrus, the bilateral frontal
pole, the left hippocampus, the right IX of the cerebellum, the left
temporal fusiform cortex, the right lingual gyrus, and the brain stem.
The depression scores correlated negatively with the bilateral temporal
gyrus, the bilateral inferior temporal gyrus, the bilateral lateral occipital
cortex, the left crus II of the cerebellum, the bilateral frontal pole, the
bilateral precentral gyrus, the right superior frontal gyrus, and the right
VIIb of the cerebellum. In males, the depression scores were positively
correlated with the bilateral temporal pole, the left middle temporal
gyrus, the brain stem, the left crus I of the cerebellum, the left VI of
the cerebellum, the right inferior temporal gyrus, the bilateral lateral
occipital cortex, the bilateral precuneus cortex, the left superior parietal
lobule, the right postcentral gyrus, the right supramarginal gyrus, the
left superior frontal gyrus, the right middle frontal gyrus, the juxta
positional lobule cortex, the bilateral inferior frontal gyrus, the right
thalamus, the left lingual gyrus, and the left central opercular cortex.
The depression scores correlated negatively with the right precentral
gyrus. Furthermore, positive and negative correlations between
depression and similar cortical areas in one side or bilaterally were
found positively in the precuneus cortex, the thalamus, the temporal
pole, the lingual gyrus, and the brain stem; these scores correlated
negatively in the precentral gyrus. Additionally, areas that exhibited an
inverse correlation were identified in the right inferior temporal gyrus
and the right superior frontal; this was negative in females and positive
in males.

Furthermore, in the previous literature, positive correlations
between depression scores and GM volume were found in the bilateral
hippocampus, the bilateral putamen, the bilateral nucleus caudatus,
the bilateral insular cortex, and the left thalamus, whereas negative
correlations were shown in the bilateral medial orbitofrontal cortex
[91]. Moreover, there were some consistencies in the results of the
current study in regard to depressed HC in another study about the
effects of antidepressants on depressed subjects; there were strong
positive correlations between depression scores and structural brain
images in the left cuneus, the right calcarine gyrus, the left lingual
gyrus, and the cerebellum, whereas negative correlations were found in
the bilateral middle frontal cortex, the left superior frontal cortex, the
bilateral medial frontal cortex, the left inferior frontal cortex, the right
anterior midcingulate, the right pregenual anterior cingulate, and the
right orbitofrontal cortex [92].

Limitations of the study

Despite that the original structural data were acquired using
a standardized protocol, different scanners and their effects might
have affected the identicalness of the image parameters. Moreover,
patients who have used antidepressants were not excluded from the
study; therefore, the results of the correlation between depression and
GM changes might be affected due to the enhancement effects of the
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drugs [45]. Furthermore, although GLM was used to contrast gender
differences and age was used as covariate, the study has potential
confounds; the data were not corrected to brain volume, education, the
onset of the disease in both sexes, and age. Additionally, the lack of
spread of depression severity might confound the correlation results.

Conclusion

This study indicates that the structural differences in Parkinson’s

disease could influence the clinical manifestations; the structural brain
sex differences may suggest sexual brain dimorphism in PD. Moreover,
depression correlations to grey matter might confirm the role of the
amygdala and the hippocampus in depression-related Parkinson’s
disease. Furthermore, a collaborative study between neuroimaging and
other medical fields should be performed to identify the early effects of
PD before brain degeneration starts.
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