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Accepted 15 Dec. 2015 Objective: Several voxel-based morphometry (VBM) studies have

shown gray matter (GM) reduction as a result of Alzheimer’s disease
(AD). However, most of these have not considered GM atrophy in

ﬁfiz’zz’i' f;i}s isease relation to sex differences.

Sex ’ Material and Methods: In this paper, we investigate global and local
pattern of gray matter, differences of GM using the VBM technique on 3-Tesla 3D
Voxel-based morphometry, Tlweighted magnetic resonance imaging (MRI), in four groups of

Statistical analysts. people from the Alzheimer's Disease Neuroimaging Initiative (ADNI)

database': males with AD (M-AD, n = 34), age-matched healthy male
controls (M-HC, n= 34), females with AD (F-AD, n=34), and age-
matched healthy female controls (F-HC, n= 34). The main scope of
this research was to identify regions with significant GM loss in male
and female cohorts. Analysis of variance (ANOVA) was used to
compare means of GM differences between groups.

Results: The results indicate that sex plays a significant role in GM
atrophy in people with AD. M-AD revealed significant GM
reductions in the limbic lobe, the sub-lobar region, and parietal lobe,
compared with M-HC, whereas in F-AD, significant GM reductions
were located in the limbic lobe, the sub-lobar region, and several
areas of the temporal lobe, compared with F-HC. The GM pattern
differences between M-HC and F-HC, as well as between M-AD
and F-AD, remained.

Conclusion: The statistical results obtained by VBM plus DARTEL
showed that sex is an important factor in the pattern and severity of
GM volume atrophy. The observed different pattern of GM volume
reductions may help in understanding the root of AD mechanisms as
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Introduction

In older adults, Alzheimer’s disease
(AD) is the most common cause of dementia
associated with whole brain volume loss,
and the change in the region of the brain that
is responsible for memory, learning, and
higher executive functioning'™>. Tt is
estimated that 5.3 million American adults
will suffer from AD in 2015, and this
number is expected to increase to 16 million
by 2050°. In the United States, of the
estimated 5 million people over the age of
65 with the disease, 3.2 million are women®.
Therefore, almost two thirds of people with
AD in America are women®’. In addition to
the fact that sex influences AD statistics, it
also affects the character of the disease. Men
affected with AD are more likely to show
aggression, preoccupation with bodily
functions, and apathy®. In contrast, women
affected with AD show more reclusive
behavior, emotional lability, hoarding, and
refusal of helpg. Therefore, different
behaviors in people affected with AD differ
between men and women. Previous studies
have shown that males and females have
different brain structures and functions. Sex
differences in the brain, such as in brain
anatomy, age-related decline in brain
volume, and brain glucose metabolism, have
been documented, and may be important in
understanding the etiology of AD’'!. In
addition, males and females have different
hormonal physiology, and sex-specific
hormones are known to have effects on the
brain. Differences or similarities between
males and females in the onset and
progression of dementia may help to better
diagnose AD, which would help scientists
and clinicians to develop relevant, targeted
treatments. Sex differences research in AD
aims to improve early diagnosis, ensure a
better quality of life, and develop more
effective treatments. Among the various
neuroimaging techniques that are used to
reveal markers for the diagnosis of AD, such
as structural magnetic resonance imaging

(sMRI), functional magnetic resonance
imaging  (fMRI), positron  emission
tomography (PET), and single photon
emission computed tomography (SPECT),
sMRI is more widely used because of its
noninvasiveness, and its excellent spatial
resolution with good tissue contrast, and
without radionuclides or radiation exposure,
as is observed with PET or SPECT'*'*.
Voxel-based morphometry (VBM),
introduced by Ashburner and Friston, has
been developed to provide a powerful
method of making group-wise comparisons
between structural MRI scans showing
disease versus normal controls>'®. VBM
can be used to assess whole brain structure
with voxel-by-voxel comparisons, and has
been developed to analyze tissue

concentrations or volumes  between
participant groups to distinguish

degenerative diseases from dementia '>*'>!".

VBM has recently been applied to detect
early atrophic changes in AD '*'"*2* To
promote inter-subject registration of MRI
images, we applied Diffeomorphic
Anatomic Registration Through
Exponentiated Lie algebra algorithm
(DARTEL), which has been introduced to
optimize the sensitivity of such analyses by
using the Levenberg-Marquardt strategy, as
compared to standard VBM**?". Moreover,
the DARTEL algorithm leads to the
provision of precise, accurate localization of
structural damage on the MRI images '*'°.
Several recent studies have reported sex
differences in gray matter (GM) in healthy
individuals and healthy young''”***. The
current study used a cross-sectional analysis
to examine differences in GM atrophy in
AD by using the VBM technique plus the
DARTEL approach. In this context, overall
and regional structural GM alterations were
investigated on a voxel-by-voxel basis using
analysis of variance (ANOVA) among four
groups of participants. The four groups
included males with AD (M-AD, n = 34),
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age-matched healthy male controls (M-HC,
n= 34), females with AD (F-AD, n=34), and
age-matched healthy female controls (F-HC,
n= 34). The results obtained from 34
patients with AD were compared to 34 HC
in each cohort. Females with AD showed
more significant GM atrophy in the entire
brain and in different areas, compared to
males with AD. M-AD revealed significant
GM reductions in the limbic lobe, the sub-
lobar region, and parietal lobe, compared
with M-HC, whereas in F-AD, significant
GM reductions were located in the limbic
lobe, the sub-lobar region, and several areas
of the temporal lobe, compared with F-HC.
According to the literature, age, family
history, apolipoprotein E (APOE)-e4 and
genetics are the main factors in development
of AD ***3!. In addition to these factors,
using VBM analysis we show that sex is
another dominant factor related to the
distribution of GM atrophy in people with
AD.

The remainder of this paper is
arranged as follows: Section two gives
statistics regarding the data used in this
study; section three describes MRI
processing and data analysis; section four
presents the results of the statistical analysis
performed on the MRI data; a discussion
and suggestions for future research
prospects are presented in section five; and
section six is dedicated to conclusions.

Materials

MRI parameters

All MRI scans used in this study
were obtained from the Alzheimer's Disease
Neuroimaging Initiative (ADNI) database
(www.loni.ucla.edu/ADNI) wusing 3 T
scanners ~ manufactured by  Siemens.
Acquisition parameters on the Siemens
scanner are Acquisition Plane=Sagital,
Acquisition Type=3D, Coil=PA, Field
Strength=3.0 tesla, Flip Angle=9.0 degree,
Matrix X=240.0 pixels, Matrix Y=256.0

pixels, Matrix Z=176, Mfg Model=Skyra,
Pixel Spacing X=1.0 mm, Pixel Spacing
Y=1.0 mm, Pulse Sequence=GR/IR, Slice
Thickness=1.2 mm, TE=2.98 ms, TI=900
ms, TR=2300 ms, and Weighting=T1. The
scan protocols were identical for all MRIs.

Participant Characteristics

All participants initially underwent
several neuropsychological examinations,
resulting in several clinical characteristic
indicators, including Mini Mental State
Examination (MMSE) score and Clinical
Dementia Ratio (CDR) score .On the basis
of the aforementioned criteria (2.1 MRI
parameters), 200 samples were randomly
obtained from the ADNI database. A quota
sampling technique was then used to select
136 samples, which were matched on the
basis of age and clinical characteristics (e.g.
MMSE and CDR) and arranged in four
groups (Table 1). The first cohort contained
females that were divided into groups of
healthy individuals and those with AD. The
F-HC group contained 34 participants with
ages ranging from 66 to 84 years, MMSE
score ranging from 28 to 30, and a CDR
score of zero. A total of 34 females with AD
were selected for the F-AD group, and their
ages ranged from 61 to 89 years, while their
MMSE and CDR scores ranged from 16 to
25 and 0.5 to 2, respectively. The second
cohort contained males that were divided
into groups of healthy individuals and those
with AD. The M-HC group comprised 34
individuals with ages ranging from 60 to 82
years, while MMSE score ranged from 28 to
30, and CDR score was zero. A total of 34
males with AD were selected for the M-AD
group, and their ages ranged from 62 to 88
years, while their MMSE score ranged from
15 to 25, and their CDR score ranged from
0.5 to 2 (see Table 1). In a direct comparison
of the four groups, ANOVA showed no
significant difference in age
(F(3,135) = 0.08, p = NS). There were no
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significant differences in MMSE score (p =
NS) and CDR score (p = NS) between F-AD
versus M-AD and F-HC versus M-HC,
respectively.

Methods

In this section, we describe the
computational processes applied to the data.
The VBM process is summarized, and
details are provided with regard to its
application to AD.

Detection of gray matter pattern in AD:
VBM analysis

Data preprocessing was performed
using  Statistical Parameter = Mapping
software version 8 (http://www.fil.ion.
ucl.ac.uk/spm), and the VBM toolbox
(http://dbm.neuro.uni-jena.de/vbm) with
default settings. The VBMS8-toolbox uses the
unified segmentation model, in which
structural MRIs are  bias-corrected,
segmented into white matter (WM), gray
matter (GM), and cerebrospinal fluid (CSF)
components, and registered within the same
model****. The VBM technique has several
advantages compared to  volumetric
approaches, such as allowing for
investigation of structural differences in
areas with poorly defined structural
landmarks (e.g., prefrontal areas) and
explorative analysis of structural
differences™. Registration to standard MNI-
space (http://www.mni.mcgill.ca/) consists
of a linear affine transformation and a
nonlinear  deformation  using  high-
dimensional DARTEL normalization®. This
procedure uses the DARTEL template of
550 healthy control participants (defined by
default settings VBMS)*'**. In the present
study, the normalized segmented images
were modulated by applying a nonlinear
deformation. This allows the comparison of
absolute amounts of tissue corrected for
individual differences in brain size. Finally,
the segmented images were spatially

smoothed with an 8 mm Full-Width-Half-
Maximum (FWHM) Gaussian kernel. Total
GM volume (GMV), WM volume (WMV),
and CSF volume were obtained from the
VBMS toolbox, on the basis of segmented
images, and total intracranial volume (TIV)
was calculated as the sum of GMV, WMV,
and CSF volume. After spatial pre-
processing, the smoothed, modulated,
DARTEL-warped and normalized gray
matter datasets were used for statistical
analysis. Regional GM volume changes
were generated by voxel-based analysis over
the entire brain.

Statistical analysis

Morphological group differences for
normalized, segmented, smoothed,
DARTEL-warped, and modulated GM
images among four groups were analyzed
using analysis of variance (ANOVA) in
SPMS8. Age and TIV were applied into the
matrix design as nuisance variables. An
absolute threshold for masking of around 0.1
was used to avoid possible edge effects
between GM and WM or CSF. Group
comparisons were assessed by using Family-
Wise Error (FWE) at a threshold of p < 0.05,
corrected for multiple comparisons, and
statistical significance was determined using
an extent threshold of 100. Between-group
differences in demographics and clinical
parameters among or between groups were
examined using Statistical Package for
Social Sciences software (SPSS version
16.0, http://www.spss.com/). The norma-
lized GMV between groups was compared
using ANOVA followed by a Tukey
multiple comparison test, and p < 0.05 was
considered significant.

Results

Global changes in volume of GM based
on sex

TIV and GM are expressed as mean
and standard deviation (SD) in volume (ml),
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and Figure la shows GMV (ml) for all
groups. In order to correct for variation in
head size, the GMVs of all the participants
were normalized by dividing the individual
value by the TIV of the respective
participants (see figure 1b). The ANOVA
showed significant differences between
normalized GM (GM/TIV) in the four
groups (F (3,135) =18.96, p < 0.001). In the
M-HC and M-AD groups, the normalized
GM was 0.414+0.02 and 0.39+0.02

MDP=0.02 ", - 0.05), respectively, and in
the F-HC and F-AD groups, the normalized
GM was 043£0.01 and 0.40+0.02,
respectively (MD = 0.032, p < 0.001). A
summary of the statistical analyses 1is
presented in Tables 2 and 3, and in Figure 1.
When we compared normalized GM in the
male cohort versus the female cohort, it was
clear that global normalized GM atrophy in
whole brain in females was significantly
more than in males (MD = 0.03 in females
and MD = 0.02 in males).

VBM of GM analysis

VBM comparisons of GM in M-AD versus
M-HC

In the male cohort, VBM plus
DARTEL revealed a significant decline of
GM volume in the right parahippocampal
gyrus, left lentiform nucleus, and right
supramarginal gyrus (see Table 4 and Figure
2a for more details). Figure 3.a illustrates six
three-dimensional voxel clusters of group
comparison representing relative gray matter
atrophy in patients with AD compared to
healthy controls in male cohort.

VBM comparisons of GM in F-AD group
versus F-HC group

The highest level of reductions of
GM volume of the F-AD group compared to
the F-HC group were located in the right
parahippocampal  gyrus, left lentiform
nucleus, left middle temporal gyrus, and left

middle temporal gyrus, respectively (see
Table 4 and Figure 2.b). Figure 3.b
illustrates six three-dimensional voxel
clusters of group comparison representing
relative gray matter atrophy in patients with
AD compared to healthy controls in female
cohort.

VBM comparisons of GM in M-AD versus
F-AD and M-HC versus F-HC

ANOVA showed the decline of GM
volume in M-AD compared to F-AD in the
left inferior semi-lunar lobule, the left
lentiform nucleus, and the left insula (see
Table 4 and Figure 2c for more details). In
addition, the most significant differences in
GM volume in the M-HC compared to the
F-HC were located in the right superior
frontal gyrus, left inferior semi-lunar lobule,
right postcentral gyrus, and left precuneus,
respectively (see Table 4, Figure 2.d). Six
three-dimensional voxel clusters of group
comparison representing relative gray matter
changes in M-AD compared to F-AD and
M-HC compared to F-HC are shown in
Figure 3.c and Figure 3.d, respectively. The
reverse contrast showed no significant
differences in GM volume change in F-AD
compared with M-AD, and F-HC compared
with M-HC, respectively.

Discussion

In this study, we examined sex
differences in GM pattern changes in people
with AD compared to healthy controls.
VBM plus DARTEL study of structural
MRI indicated different GM patterns in a
number of specific regions and severity of
GM atrophy in the males and females with
AD, compared to the healthy controls. The
results revealed that global GM reduction in
the female cohort (F-AD versus F-HC) was
around 1.4 times greater than GM reduction
in the male cohort (M-AD versus M-HC).
These results correspond to a 4.8%
reduction in GM in the male cohort
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compared to a 6.9% reduction in the female
cohort. Several significant explanations may
underlie our results. The first explanation is
due to structural differences. Males normally
have a larger head size and cerebral brain
volume than females (~ 10 %)**, so one
would anticipate that males are capable of
enduring more pathology, and have
significantly reduced AD severity at the
same level of pathology’. The second
explanation is due to functional differences.
Some recent studies have shown that males
have more pronounced cerebral metabolic
deficits compared to females at the same
level of cognitive impairment. Thus, it can
be suggested that the greater brain reserve in
males may aid them in enduring more
pathology than females®®®. The final
explanation is down to genetic differences.
The €4 allele of the APOE gene has a higher
tortuous effect on hippocampal pathology,
cortical thickness, and memory performance
in females with AD compared to males with
the disease ***. In addition, the Met66 allele
of the brain-derived neurotrophic factor
gene is correlated with an increased risk of
AD in females, but not in males’'. In
particular, we observed that GM volume
reduction in the male cohort was confined to
the parahippocampal gyrus, lentiform
nucleus, and supramarginal gyrus, whereas
the female cohort showed GM atrophy in
several regions, although it was primarily
located in the parahippocampal gyrus,
lentiform nucleus, and several parts of the
middle temporal gyrus. Our results showed
that there were no significant differences in
GM volume for the male cohort in the
middle temporal gyrus, thalamus, and
caudate head, which is given in*. The
highest GM reduction in both cohorts was
observed in the area contributing to memory
decline and other cognitive functions. This
finding is similar to***, but the female
cohort showed a greater peak Z-score of GM
reduction. In contrast to the male cohort,

there appeared to be more numerous and
more extensive GM abnormalities in the
female cohort, which indicates that the
progressive GM atrophy is sex-associated.
We also noted that those in the female AD
cohort compared to the F-HC showed a
reduced volume in the areas involved in
emotion. This might be the main reason why
females with AD show more reclusive
behavior, emotional lability, hoarding, and
refusal of help. ANOVA showed there were
no significant differences of GM volume
deficit in F-AD compared to M-AD and in
F-HC compared to M-HC, respectively. The
reason for this may be that, due to sex
chromosomes and hormones, females
typically have a higher percentage of GM in
several brain regions compared to males®”**.
In a direct comparison between M-AD and
F-AD, ANOVA showed some GM changes
in the posterior lobe and sub-lobar region. In
addition, ANOVA showed a GM deficit in
the frontal lobe, posterior lobe, parietal lobe,
and occipital lobe in M-HC compared to F-
HC. This finding concurs with those of
many previous studies, which reported that
the GM ratio was consistently higher in the
frontal, parietal, temporal, and occipital
lobes in females versus males* ™. A
reasonable assessment of our finding is that
although global GM decreases linearly with
age in healthy adults, male and female, this
decrease is steeper in males'®*.  The
reasons for these differences are not clear,
but may be related to female sex steroids. As
part of future studies on GM atrophy in
patients with AD exploiting gender
differences, we suggest considering the
effect of duration of  education,
socioeconomic status, risk behavior, social
and work-related stressors, and lifestyle®’.
Another priority for future studies will be to
use other registration methods, such as
LDDMM?". These methods could be further
used to evaluate the accuracy of inter-
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subject registration in GM volume changes
in patients with AD.

Conclusion

In conclusion, we used a statistical
analysis by VBM plus DARTEL to examine
global and regional GM atrophy patterns in
people with AD, according to sex. The
results have considerable implications for
the development of therapies for those with
this disease. The findings indicate that AD
causes different patterns of GM atrophy and
morphological changes in males and
females. The atrophy volume is less in
males, compared to females. Females with
AD show more widespread GM atrophic
changes in the different regions. Therefore,
we suggest to seclude patients with AD
based on the sex for future research. It is
worth noting that knowing the difference
between the male and female patterns of
GM atrophy may be significant in helping
researchers better decipher an individual’s
response to drug therapy.
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Table 1. Characteristics of patients with Alzheimer’s disease are compared with healthy controls
according to sex

F-AD

F-HC M-AD M-HC
Age 74.01+7.09 74.03+4.79 74.64+5.71 74.25+5.18
Number 34 34 34 34
MMSE 22.73+2.43 29.38+0.69 22.73+2.72 29.38+0.73
CDR 0.75+0.39 0.0+0 0.75%0.39 0.0+0

Note: All data are presented in mean + standard deviation mode. AD, people with Alzheimer’s

disease; CDR, Clinical Dementia Rating; HC, healthy control participants; MMSE, Mini-Mental
State Examination; F, Female; M, Male.

Table 2. Global volume measurement in the four groups

F-AD F-HC M-AD  M-HC
TIV(ml) | 1303:99 | 1286487 | 1499:123 | 1473£125
GM (ml) | 524242 | 558+41 | 591+71 610£50
n-GM | 0.40:0.02 | 0.430.01 | 0.39:0.02 | 0.41£0.02

Note: All data are presented in mean =+ standard deviation mode; F, Female; M , Male; AD,
people with Alzheimer’s disease; HC, healthy control participants; TIV, total intracranial
volume; GM, gray matter; n-GM , normalized gray matter (global GM/TIV).

Table 3. Comparative mean of normalized gray matter in the four groups

Variable  F-AD F-HC Y M-HC |
n-GM MD MD MD MD |
F-AD -0.032** | 0.008 -0.012
F-HC | 0.032** 0.040** | 0.019*
M-AD -0.008 | -0.040%** -0.020*
M-HC 0.012 | -0.019* | 0.020*

F1 18.96*

Note: F, Female; M, Male; AD, people with Alzheimer’s disease; HC, healthy control

participants; n-GM, normalized gray matter (global GM/TIV); MD, mean difference; F1, F test;

*p < 0.05; **p < 0.001.
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Table 4. Regions of decreased gray matter volume in four groups

Cluster Cluster Talairach Z value

Location of peak voxels Hemisphere level P size (noof coordinates (peak
(corrected) voxels) (x,y,2) voxel)

Parahippocampal Gyrus R 0.000 1165 26 -10 -14 6.24
Male HC > 7 entiform Nucleus L 0.000 1297 | -25-14 8 | 6.16
Male AD
Supramarginal Gyrus R 0.000 345 58 -44 27 5.6
Parahippocampal Gyrus R 0.000 8415 32 -9 -16 7.13
Lentiform Nucleus L 0.000 4354 -25 -15 -8 6.72
Female HC -
> Eemnale Middle Temporal Gyrus L 0.000 246 -37 -1 -30 5.82
AD Middle Temporal Gyrus L 0.001 117 -53 -3 -12 5.44
Middle Temporal Gyrus L 0.002 481 -55 45 3 5.22
Middle Temporal Gyrus L 0.005 158 -46 -63 -2 5.08
Superior Frontal Gyrus R 0.000 583 4 53 -22 6.12
Inferior Semi-Lunar L 0.000 1102 | -13 -75 46 | 6.06
Lobule
Postcentral Gyrus R 0.000 672 28 -32 59 5.86
Female HC Precuneus L 0.000 551 -24 -75 35 5.59
> Male HC Precentral Gyrus R 0.001 428 -55 -8 34 5.46
Precuneus L 0.001 823 -1 -69 27 5.39
Middle Occipital Gyrus L 0.002 450 -49 -69 8 5.31
Superior Temporal Gyrus L 0.007 246 -52 -59 25 5.00
Inferior Parietal Lobule L 0.009 210 -48 -61 48 4.92
Inferior Semi-Lunar
Female AD Lobule L 0.003 440 -14 -72 -46 5.20
> Male AD Lentiform Nucleus L 0.003 460 -19 17 3 5.18
Insula L 0.003 358 -42 -29 20 5.17

Note: Anatomical regions were derived from the Talairach Client program; L, heft hemisphere;
R, right hemisphere; MNI , Montreal Neurological Institute; (FDR-corrected at p < 0.05 ).
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Fig. 1: Gray matter and normalized gray matter (a and b, respectively) for the four groups. AD, people with
Alzheimer’s disease; HC, healthy control participants; GM= gray matter; nGM (normalized gray matter) = gray matter
volume over total intracranial volume (TIV).
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a) Male HC >
Male AD

b) Female HC
> Female
AD

c¢) Female HC
> Male HC

d) Female AD
> Male AD

Fig. 2: Comparison of gray matter volume changes in the four groups by VBM using SPM8 plus
DARTEL (FWE corrected at p < 0.05 and extend threshold K = 100).
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Fig. 3: Three-dimensional reconstruction of the brain showing gray matter changes in four groups
using VBM technique plus DARTEL. The regions of gray matter loss are shown from anterior,
posterior, right lateral, left lateral, inferior and superior view, respectively. The red region
represents the region of gray matter loss. (a) Male HC > Male AD, (b) Female HC > Female AD, (c)
Female HC > Male HC and (d) Female AD > Male AD.
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