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Abstract

Background: Alzheimer’s disease (AD) is a neurological disorder where the hippocampus in the brain gets
affected severely. Hippocampus is a part of the limbic system, which is mainly responsible for forming
memories. The transition from Cognitively Normal (CN) to AD is having one intermittent stage, popularly
known as Mild Cognitive Impairment (MCI). In this study, segmentation operation has been performed first
to separate the hippocampus, and then an analysis has been made on the basis of changes in area and
atrophy in the hippocampus. A total of “2008” humbers of MR images have been analyzed for three different
subject groups consist of “210” different subjects (Male:105, Female: 105) namely, CN, MCI, and AD.

Objective: The objective of this study is to analyze the size and atrophy of the hippocampus due to AD and
MCI in comparison with CN patients.

Material and Methods: All the experiments have done using MATLAB tools. All the data used is acquired
from the online dataset “Alzheimer’s Disease Neuroimaging Initiative (ADNI)”.

Results: From the study, it is found that the average difference in the size of the hippocampus between CN
and MCI is 17.05%, between CN and AD is 31.90%, and between MCI and AD is 18.24%. The average
atrophy per year in the hippocampus is found to be as 4.62% for AD, 2.33% for MCI, and 1.10% for CN
subjects.

Conclusions: From the study, it is observed that, for AD patients, hippocampus atrophy is highest, and hence
they experience the highest memory loss followed by the MCl and CN patients.

Keywords: Alzheimer’s Disease (AD), Mild Cognitive Impairment (MCI), Hippocampus, Segmentation,
Atrophy, Magnetic Resonance Imaging (MRI), Cognitively Normal (CN)


mailto:arnab.maji@gmail.com
mailto:torabinami@sums.ac.ir

1. INTRODUCTION

Alzheimer’s disease (AD): AD is a progressive brain disorder caused by the damages of brain cells,
which leads to memory loss and a decline of intellectual ability [1] [2]. According to the research report
by the National Institute on Aging, about 6 million people from the U.S.A, aged about 60-70 are
suffering from AD [3]. In the U.S.A, AD is ranked as the sixth major cause of death for older people,
which may reach the third rank in the coming years [3]. According to the report of Alzheimer’'s and
Dementia Resources, in India, more than 4 million people have some form of dementia including AD.
Worldwide, at least 44 million people are living with dementia [4].

Mild Cognitive Impairment (MCI): MCl is an intermediate stage when a person is considered to be
in between CN and AD [5]. Although the symptoms of a person having MCI are not as serious as having
AD, they experience memory loss more than the normal people of their age [6]. According to the
researchers, although all people with MCI may not develop AD, but patients with MCl develop AD
faster than CN people [7]. According to a research article by Matthew Davis, et al., the approximate
probability to develop AD by the MCI subjects is around 22% [8].

In most neuropsychiatric disorders including AD and MCI, the hippocampus is one of the severely
affected areas in the brain [9]. Hippocampus is a small, curved, complex structure in the brain that
plays a significant role in regulating emotional responses, forming memories and navigation, etc. [10].
Hippocampus is also an important part of the limbic system, located in the medial region of the
temporal lobe. The damage of the hippocampus causes amnesia [11] and incapable of forming new
memories, especially related to time as well as the location [12].
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Figure 3. Left and Right Hippocampus of a male, AD subject
at the age of 60



Although the decay in the hippocampus occurs over the ages, the rate of hippocampal atrophy in
AD and MCl is higher than of normal aging [13]. According to a research [14], the average difference
in the size of the hippocampus between AD and CN patients is 32%, between MCI and CN patients is
19% and between MCI and AD patients is 15%. According to some other researchers, the average
hippocampal atrophy in AD is between 20% and 52% compared to CN patients [15], and the average
hippocampal atrophy in AD is between 16% and 27% compared to the MCI patients [16]. According to
research, the rate of atrophy in hippocampus volume is greater in AD subjects followed by the MCl and
then the CN subjects [13]. According to research [17], the annual atrophy in the hippocampus is 1.4%
for CN subjects and 4.6% for AD subjects. According to another literature [18], the hippocampus
atrophy per year for MCI patients is 2.53%, whereas 1.12% for CN patients. In figure 1 to figure 3, a
sample brain MR image containing the left and right hippocampus is shown for AD, MCI, and CN
subjects.

Although many researchers have done similar works, they have not performed the comparison
according to the subject’'s age and gender. In this paper, we have performed the comparison
separately for different aged groups for both male and female subjects.

2. RELATED WORKS

AD causes damage in the hippocampus cells [19]. Many researchers have been doing research on
the size as well as the atrophy of the hippocampus in the human brain. A few of the related research
works are described below.

Henneman, W. J. P., et al. [20], have done research work with a total number of 64 AD, 44 MCI,
and 34 CN subjects. The coronal three-dimensional T1-weighted gradient-echo sequence data are
acquired from the 1.0 Tesla (Siemens Magnetom Impact Expert System, Siemens AG, Erlangen,
Germany). The authors have used the Show Images 3.7.0 software package for selecting and
segmenting the Region of Interest (ROI). The Structural Image Evaluation, using Normalization, of
Atrophy, Cross-sectional (SIENAX), and Structural Image Evaluation, using Normalization, of Atrophy
(SIENA), both are the part of FMRIB’s Software Library are used to calculate the hippocampal
volumetric changes per year. The authors have concluded that the hippocampus atrophy for the CN
subjects is around 2.2%, for the MCI subjects’ atrophy is around 3.8%, and for AD subjects the atrophy
is around 4.0%.

Seab, J. P., et al. [21], have done research work in a related field. The authors have acquired 10
AD subjects and 7 CN subjects for the study. However, the authors have not mentioned any information
about the dataset they have used. The study is done using the IBM/MIT/LBL 0.5-T NMR imager
software. After selecting the ROI, considered the hippocampus as an elliptical shape, and calculated
the volume of the ROI over the years. Finally, the authors have concluded that an AD patient
experiences a loss of around 40% of the hippocampal volume in his/her lifetime than of a normal
subject.

Similar research has been done by Liedes, Hilkka, et al. [22]. The authors have acquired the MRI
data from Alzheimer’s disease Neuroimaging Initiative (ADNI 1) and the Australian Imaging Biomarkers
and Lifestyle Flagship Study of Ageing (AIBL) databases. The authors have used the Tensor-Based
Morphometry (TBM), and Voxel-Based Morphometry (VBM) is used to extract the features from the
baseline MRI. Hippocampal volume change is determined by observing the changes that occurred in
the intensity levels of the hippocampus using the Extended Boundary Shift Integral (eBSI) method.
According to the authors, the annual atrophy in the hippocampus for the CN subjects is around
(1.1741.11)%, for Stable MCI (SMCI) subjects the annual atrophy in the hippocampus is around
(2.47+2.30)%, for Progressive MCI (PMCI) subjects the atrophy in the hippocampus is around
(4.43+2.36)%, and for the AD subjects the annual atrophy in the hippocampus is around
(5.84+2.97)%.

Uysal, Gokce, and Mahmut Ozturk proposed a novel approach [23] for the classification of AD based
on the hippocampus volume. The T1l-weighted MRI data are acquired from the ADNI data set. The
hippocampal volumetric information is obtained by using a semi-automatic separation software ITK-
SNAP. The borders of both the hippocampus are determined and labeled by the software in order to
segment it accurately. According to the research, the average size of the left hippocampus in AD is
approximately 26% smaller than MCI, and 42% smaller than CN subjects, whereas the average size of
the right hippocampus in AD is approximately 24% smaller than MCI, and 39% smaller than CN



subjects. The average size in the left hippocampus in MCI is approximately 20% smaller than CN, and
the average size of the right hippocampus in MCl is approximately 20% smaller than CN subjects.

Research on hippocampal atrophy in AD, and MCI subjects have done by Mueller, Susanne G., et al.
[24]. For the study, the authors have acquired 91 T-2 weighted MR images. From the input images,
the ROIs (i.e, the hippocampus) is manually selected and segmented by using the FreeSurfer software.
Multiple-Linear-Regression (MLR) analyses through the subfields, correspondingly hippocampus
volume, as well as the Intracranial Volume (ICV) as autonomous variables are used for identifying the
volumes. According to the authors, the average size of the hippocampus in AD is approximately 10%
smaller than MCI, and 16% smaller than CN subjects. The average size of the hippocampus in MCl is
approximately 7% smaller than CN subjects.

A related work has done by Wang, D., et al. [25]. The authors have acquired the data from 20 aMCl,
20 AD and 20 normal controls subjects. The authors have concluded that there is a significant
hippocampal volumetric difference between NC, MCI, and AD subjects. However, the number of
subjects (60) for the study is relatively small. Moreover, the authors have not performed any volumetric
comparison among the subject groups.

3. MATERIAL AND METHODS
3.1. PREPROCESSING

Since after the segmentation of 3D MRI, some post-processing steps are required to be performed,
which may be time-consuming, most of the researchers prefer to segment the MRI on 2D images [26].
In our work, we have converted the 3D MR images to 2D for the particular slice where the hippocampus
is located. All the images are resized to 256 x256 pixels.

The brain MR images also contain some unwanted pixels, which are also known as the skull [27].
For accurate segmentation of a region in the brain, it is necessary to strip the skull part from the MR
images [28]. After comparing the performance of five popular segmentation techniques namely
Region-growing [29], Region splitting & Merging [30], K - Means algorithm [31], Histogram-based
algorithm [32], and Fuzzy C Means [33] for 50 MRI images, it is found that the Histogram Based
Thresholding technique gives the highest accuracy among all these algorithms [34]. Hence, for skull
stripping, we have used the Histogram Based Thresholding technique. Python tool is used for skull
stripping. In figure 4, a sample input image, and in figure 5, the corresponding skull stripped output
image is shown.

Figure 4. Input MRI with skull

Figure 5. Output image, after removing the skull using
Histogram based Thresholding technique



3.2. HIPPOCAMPUS SEGMENTATION

Segmentation is an operation to separate the important parts from an object [35]. Segmentation of
the hippocampus from the brain is very important in order to study the changes that occur in different
neurological disorders like AD, MCI, etc [36] [37]. Although many researchers have proposed different
hippocampus segmentation techniques, accurate hippocampus segmentation is still considered as a
challenge for the researchers [38]. Matrix Laboratory (MATLAB) is a well-known tool in the area of
medical image processing, including the segmentation of medical images [39]. For analyzing the
hippocampus size for different subject groups, we have segmented the hippocampus using MATLAB
tool.
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Figure 6. Segmentation of hippocampus from brain MRI using MATLAB tool

All skull stripped MR images are resized to 256 x 256pixels and used as input images. From
the input images, Region of interest (ROI), i.e., the hippocampus is selected and segmented
automatically by the MATLAB tool as shown in fig 6. The shape of the hippocampus can be related to
the shape of an ellipse [40]. The average accuracy for the hippocampus segmentation is determined
with their corresponding ground truth images and found to be approximately 97%. To analyze the size
of the segmented hippocampus, the following algorithm is used:

Step 1: Determine the number of pixels in the major axis of the segmented area, N1.
Step 2: Calculate the number of pixels in major radius, m1= (N+2).

Step 3: Determine the number of pixels in the minor axis of the segmented area, N2.
Step 4: Calculate the number of pixels in minor radius, m2= (N 2+2).

Step 5: Convert the number of pixels in m1 and m2 to the size in “mm”, by using the following for-
mula:

rl = (25.4 +D) x m1 (1)
r2 = (25.4+D) x m2 (2)

Where, D= Dot per Inch (DPI) of the image, which is 96 for all the input images considered in this work.
Step 6: Calculate the approximate area of the segmented region by using the following formula:

a=nxrlxr2 (3)



A sample hippocampus segmentation using the binary mask is shown in Figure 6.

4. RESULTS AND DISCUSSION

Atotal of “2008” numbers of brain MR images for “210” numbers of different subjects are acquired
from the ADNI dataset. After segmenting the hippocampus (both left and right), we have analyzed the
size and the average atrophy for CN, MCI, and AD subjects (male/female) of different aged groups (i.e.,
60-64 years, 65-69 years, 70-74 years, 75-79 years, 80-84 years, and 85-90 years). The difference in
hippocampus size among CN, MCI, and AD subjects are shown in table 1 to table 3. The average
atrophy in hippocampus size among CN, MCI, and AD subjects are presented in table 4 to table 6.

Table 1. Difference in hippocampus size of CN vs. MCI subjects
Difference in hippocampus size of Average difference in hippocampus size of
Sex Age CN vs. MCI Subjects CN vs. MCI Subjects
Left Right Total Left Right Total
60-64 18.48% 17.52% 18.00%
65-69 23.62% 24.79% 24.21%
70-74 21.14% 22.12% 21.64%
M 7579 1354% 13.45% 13.49%  17-27% 17.42% 17.34%
80-84 11.39% 9.76%  10.55%
85-90 15.43% 16.86% 16.15%
60-64 15.53% 15.44% 15.48%
65-69 18.35% 18.50% 18.43%
70-74 14.69% 14.54% 14.62%
F 7579 17.99% 17.16% 17.57%  16:79% 16.73% 16.76%
80-84 16.62% 17.27% 16.94%
85-90 17.58% 17.46% 17.52%

Table 2. Difference in hippocampus size of CN vs. AD subjects
Difference in hippocampus size of Average difference in hippocampus size of
Sex Age CN vs. AD Subjects CN vs. AD Subjects
Left Right Total Left Right Total
60-64 32.12% 32.34% 32.23%
65-69 33.49% 33.59% 33.54%
70-74 33.69% 34.36% 34.03%
M 7579 3341% 31.71% 32.56%  32:37% 32.87% 32.63%
80-84 29.15% 31.84% 30.53%
8590 32.33% 33.41% 32.87%
60-64 23.29% 23.37% 23.33%
65-69 31.01% 34.15% 32.62%
70-74 30.51% 31.98% 31.26%
F 7579 3290% 33.06% 3298%  30:81% 31.53% 31.18%
80-84 29.77% 28.41% 29.10%
8590 37.39% 38.18% 37.79%



Table 3. Difference in hippocampus size of MCl vs. AD subjects

Sex

Table 4. Average atrophy in hippocampus for CN subjects

Sex

Age

60-64
65-69
70-74
75-79
80-84
85-90
60-64
65-69
70-74
75-79
80-84
85-90

Age duration

60-64
65-69
70-74
75-79
80-84
85-90
60-64
65-69
70-74
75-79
80-84
85-90

Difference in hippocampus size of Average difference in hippocampus size of

MCI vs. AD Subjects

Left

16.73%
12.92%
15.92%
22.98%
20.04%
19.99%
14.24%
15.50%
18.55%
18.18%
15.77%
24.03%

Right
17.96%
11.71%
15.73%
21.10%
24.46%
19.90%
14.39%
19.20%
20.41%
19.20%
13.47%
25.10%

Subjects: CN

3.50%
3.98%
5.06%
5.45%
6.53%
7.34%
4.55%
4.09%
4.57%
5.56%
6.20%
8.46%

Total

17.35%
12.32%
15.82%
22.04%
22.34%
19.94%
14.32%
17.39%
19.49%
18.69%
14.63%
24.58%

MCI vs. AD Subjects
Left Right Total

18.10% 18.48% 18.30%

17.71% 18.63% 18.18%

Total atrophy in hippocampus Average atrophy

per year in hippocampus

1.09%

1.11%



Table 5. Average atrophy in hippocampus for MCl subjects
Subjects: MCI
Sex Age duration  Total atrophy in hippocampus Average atrophy

per year in hippocampus

60-64 9.80%
65-69 11.14%
70-74 14.00%
M 7579 10.51% 2.32%
80-84 12.25%
85-90 11.90%
60-64 10.67%
65-69 10.05%
70-74 12.28%
F 7579 10.67% 2.34%
80-84 13.33%
85-90 13.25%

Table 6. Average atrophy in hippocampus for AD subjects
Subjects: AD
Sex Ageduration Total atrophy in hippocampus Average atrophy

per year in hippocampus

60-64 22.13%
65-69 18.29%
70-74 20.78%
M 7579 27.96% 4.70%
80-84 24.90%
85-90 26.96%
60-64 22.26%
65-69 20.77%
70-74 20.05%
F 7579 23.35% 4.54%
80-84 23.43%
85-90 26.37%

The average hippocampus (left and right) size and the average hippocampal atrophy per year of all
the subjects (male and female) are shown graphically in figure 7 to figure 10.



Average hippocampus (left+right) size of CN, MCl, and AD subjects (male)
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Average hippocampus (left+right) size of CN, MCI, and AD subjects (female)
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Hippocampus (left+right) atrophy per year in CN, MCI, and AD subjects (female)
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Figure 10. Average atrophy per year in hippocampus for CN, MCI, and AD female subjects

From figure 7 and figure 8, we can observe how the hippocampus size varies over the ages in CN,
MCI, and AD subjects (male and female). We can also observe that for some points in the x-axis
(subjects age), the hippocampus size is almost identical or very near to each other.

By following up on the hippocampus size of the same subject for more than 2 consecutive years,
we have analyzed the size of hippocampus loss per year, which is also known as the hippocampal
atrophy rate. The average hippocampal atrophy per year for CN, MCI, and AD subjects are shown
graphically in figure 9 and figure 10. From figure 9 and figure 10, in some points, the atrophy curve is

Figure 10: Average atrophy per year in hippocampus for CN, MCI, and AD female subjects
almost identical for CN, MCI, and AD subjects (male and female).

It can be concluded from figure 7 to figure 10, if a subject’'s age and hippocampus size or
hippocampal atrophy per year is known, from the graphs, sometimes it may be a challenge to decide
the subject’s stage (CN/MCI/AD). There are some zones in the graphs, which are marked by a
rectangular shape, where it is very difficult to determine the subject’s dementia stage (CN/MCI/AD).
To solve this issue, a fuzzy membership function can be used. From the membership value, the
subject’s stage can be predicted.

Based on the average hippocampal (left/right) size, three fuzzy sets are created namely AD, MCI,
and CN for subjects of different aged groups. The combination of triangular and trapezoidal
membership functions is used in this study. For the fuzzy sets AD, and CN, the trapezoidal membership
function is used, whereas the triangular membership function is used for the fuzzy set MCI. The
mathematical expression for the triangular membership function is shown in equation 4.

0, ifx < a
:1__2 a<x<m

(x) = 4
0, x=>b

Where, ‘a’ is the lower limit, ‘b’ is the upper limit, and ‘m’ is a value in lies in between a and b, for
which the degree of the membership function is 1 (or 100%), and umc (x) denotes the membership
value for any input ‘x’ in the fuzzy set ‘MCI'.

The mathematical expression for the trapezoidal membership function can be expressed as
equation b.



0, (x < a)or(x = d)
E, a<x<b

Hmei (X) = 1, hb<x<c¢ (5)
=, c<x<d

Where ‘@’ is the lower limit, ‘d’ is the upper limit, ‘b’ is the lower support limit, ‘c’ is the upper support
limit such that a < b < ¢ < d, and pao(x) denotes the membership value for any input value ‘X’ in the
fuzzy set ‘AD’.

The fuzzy membership functions for the average hippocampus (left + right) size are shown
graphically in figure 11 to figure 16.
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Figure 11. Degree of membership in fuzzy set AD, MCI, and CN for any subject (male/female) of
aged between 60-64 years, based on their hippocampus (left/right) size
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Mernbership function for different subjects, aged betwen 70-74 years
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Figure 13. Degree of membership in fuzzy set AD, MCI, and CN for any subject (male/female) of
aged between 70-74 years, based on their hippocampus (left/right) size
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Figure 14. Degree of membership in fuzzy set AD, MCI, and CN for any subject (male/female) of
aged between 75-79 years, based on their hippocampus (left/right) size
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aged between 80-84 years, based on their hippocampus (left/right) size



Membership function for different subjects, aged betwen 85-90 years
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Figure 16. Degree of membership in fuzzy set AD, MCI, and CN for any subject (male/female) of
aged between 85-90 years, based on their hippocampus (left/right) size

From figure 11 to figure 16, if a subject’'s age and hippocampal (left/right) size are known, the
degree of membership in the fuzzy sets CN, MCI, and AD can be obtained. Based on the degree of
membership value, it can be determined how much a subject belongs to a particular fuzzy set. If the
membership value for a fuzzy set ‘A’ is found to be as 1, then it implies that the subject is in the fuzzy
set ‘A’ with 100% belongingness. If the membership value is O, then the subject will not be considered
in the fuzzy set ‘A’, or the subject is said to be in the fuzzy set ‘A” with 0% belongingness. For any other
membership value (between 0 and 1), the subject will be considered in the fuzzy set ‘A’ partially. From
these 3 fuzzy sets, the dementia stage of any subject (CN/MCI/AD) can be predicted.

From the figure 11, it is found that a subject (male or female) ‘z’ aged in between 60-64 years can
be included in fuzzy set CN with membership value 1, if the size of its hippocampus (left + right) ‘h’ is
more than or equals to 48.68101 mmz2. Whereas the membership value of the subject is O, if ‘h’ is
less than 41.71 mm?2, and for any other value of ‘h’, the subject will be considered in the fuzzy set CN
partially with any membership value in between O to 1. Subject ‘Z’ can be included in fuzzy set MCI
with a degree of membership value as 1 if its ‘h’ is 41.71 mm?2. The degree of membership function in
MCl is O if ‘h’ is less than 35.29 mm?2 and more than 48.67 mm?2. The subject ‘z’ can be considered in
fuzzy set AD with the degree of membership 1, if ‘h’ is less than or equals to 35.29 mm?2, whereas the
degree of the membership function is O if ‘h’ is greater than or equals to 41.70 mm2.

Similarly, from the figure 12, a subject ‘z1’ aged in between 65-69 years is considered to be in fuzzy
set CN with a degree of membership 1 if the size of the hippocampus (left + right) ‘h1’ is more than
45.70 mmz2, If ‘h1’ is less than 36.35 mm?2, then ‘z1’ can be included in CN with a degree of
membership of 0. Subject ‘z1’ is said to be in fuzzy set MCI with membership value as O, if ‘h1’ is less
than 30.93 mm2 and greater than 45.70 mm?2, whereas the membership value is 1 if the value of ‘h1’
is 36.34 mma2. If ‘h1’ is smaller than 30.93 mm?2, then ‘z1’ can be included in fuzzy set AD with a
degree of membership value as 1. If the value of ‘h1’ is more than 36.33 mm?2, then the membership
value of ‘z1’ in the fuzzy set AD is O.

From the figure 13, for a subject ‘z2’ aged in between 70-74 years, if its hippocampus (left + right)
size ‘h2’ is more than 39.90 mm?2, then it can be considered that ‘z2’ is in the fuzzy set CN with a
membership value of 1. If ‘h2’ is less than 32.64 mm?2, then the membership value of ‘z2’ in fuzzy set
CN is O. If ‘h2’ is determined as 32.64 mm?2, then ‘z2’ can be included in the fuzzy set MCI with a
membership value of 1. For ‘h2’ less than 26.88 mm?2 and greater than 39.90 mm2, the membership
value of ‘22’ in MCl is 0. In the fuzzy set AD, ‘z2’ can be included with a membership value of 1 if ‘h2’
is less than 26.88 mm2. If ‘h2’ is more than 32.63 mm?2, then the degree of membership value for ‘z2’
in AD is O.

From the figure 14, a subject ‘z3’ of aged in between 75-79 years can be included in the fuzzy set
CN with a degree of membership value of 1, if its hippocampus (left + right) size ‘h3’ is more than
32.03 mmz2. If the value of ‘h3’ is less than 28.63 mm?2, then the degree of membership value of ‘h3’
in the fuzzy set CN is 0. For ‘z3’, if ‘h3’ is found to be as less than 22.79 mm?2 and greater than 32.03
mm?Z2, then its membership value in the fuzzy set MCl is O, whereas for ‘h3’ equals to 28.62 mm?, the
degree of membership value in MCl is 1. If the value of ‘h3’ is less than 22.79 mm?Z, then ‘z3’ can be
included in the fuzzy set AD with a degree of membership value of 1, whereas for any value of ‘h3’
which is more than 28.61 mm?2, the degree of membership of ‘z3’ in AD is O.



From the figure 15, if the hippocampus (left + right) size ‘h4’ of a subject ‘z4’ aged in between 80-84
years is more than 28.72 mm?Z, then the membership value of the subject in the fuzzy set CN is 1,
whereas if the value of ‘h4’ is below 24.79 mm?Z, then the membership value of ‘z4’ in CN is O. If ‘h4’
equals to 24.78 mm?2, then ‘z4’ is in the fuzzy set MCI with a degree of membership value 1, whereas
for ‘h4’ is less than 20.17 mm?2 and more than 28.72 mm?, ‘z4’ is in the fuzzy set MCI with a degree
of membership value of O. If ‘h4’ is less than 20.17 mm?2, then ‘z4’ can be considered in the fuzzy set
AD with a membership value of 1, whereas if ‘h4’ exceeds 24.77 mm?2, the degree of membership
value in the fuzzy set AD is O.

From the figure 16, it can be observed that, for a subject ‘z5’ of aged in between 85-90 years, if its
hippocampus (left + right) size ‘h5’ is found to be as more than 24.10 mm?, then the subject can be
included in the fuzzy set CN with a degree of membership value of 1, whereas if ‘h5’ is less than 21.49
mm?Z2, then the degree of membership value for ‘z5’ in the fuzzy set CN is O. If the value of ‘z5’ equals
to 21.48 mm?2, then ‘z5’ is considered in the fuzzy set MCI with a degree of membership value of 1,
whereas if ‘h5’ is less than 15.71 mm?2 and more than 24.10 mm?, then the degree of membership
value for ‘z5’ in the fuzzy set MCl is 0. For the subject ‘z5’, if ‘h5’ is less than 15.71 mm?2, then the
subject is considered in the fuzzy set AD with a degree of membership value of 1, whereas for the
value of ‘h5’ more than 21.47 mm?2, the degree of membership value for ‘z5’ in AD is O.

The hippocampal atrophy is observed separately for the left and right hippocampus, for male and
female subjects, and for the subjects of different aged groups. Based on the hippocampal (left + right)
atrophy value, we have created three more fuzzy sets namely, CNS, MCIS, and ADS separately. The
fuzzy set CNS represents the CN subjects, MCIS represents the MCI subjects, and ADS represents the
AD subjects. The membership function of different subjects in the fuzzy sets CNS, MCIS, and ADS are
shown in figure 17 to figure 22.
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Figure 17. Degree of membership in fuzzy set ADS, MCIS, and CNS for any subject (male/female) of aged
between 60-64 years, based on their hippocampus (left/right) atrophy per year
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Figure 18. Degree of membership in fuzzy set ADS, MCIS, and CNS for any subject (male/female) of aged
between 65-69 years, based on their hippocampus (left/right) atrophy per year



Membership function for different subjects, aged betwen 70-74 years
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Figure 19. Degree of membership in fuzzy set ADS, MCIS, and CNS for any subject (male/female) of aged
between 70-74 years, based on their hippocampus (left/right) atrophy per year
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Figure 20. Degree of membership in fuzzy set ADS, MCIS, and CNS for any subject (male/female) of aged
between 75-79 years, based on their hippocampus (left/right) atrophy per year
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Figure 21. Degree of membership in fuzzy set ADS, MCIS, and CNS for any subject (male/female) of aged
between 80-84 years, based on their hippocampus (left/right) atrophy per year



Membership function for different subjects, aged betwen 85-90 years

CNs MCIs ADS

o o o
= > ®

Degree of membership function

o
N

0

1 1‘5 2‘ 2‘5 é 35
Average hippocampal atrophy per year in mm2

Figure 22. Degree of membership in fuzzy set ADS, MCIS, and CNS for any subject (male/female) of aged

between 85-90 years, based on their hippocampus (left/right) atrophy per year

From the figure 17, it can be observed that a subject (male or female) ‘s’ aged in between 60-64
years can be included in fuzzy set CNS with membership value 1, if its average loss in hippocampus
(left + right) size ‘a’ is less than or equals to 1.96 mm?2 per year. Whereas the membership value of
the subject is O, if ‘a’ is more than 2.39 mm? per year, and for any other value of ‘a’, the subject will
be considered in the fuzzy set CNS partially. Subject ‘s’ can be included in fuzzy set MCIS with a degree
of membership value as 1, if its ‘a’ is 2.40 mm?2 per year. The degree of membership function in MCIS
is O if ‘a’ is less than 1.96 mm2 and more than 3.21 mm?2. The subject ‘s’ can be considered in fuzzy
set ADS with a degree of membership 1, if ‘a’ is more than or equals to 3.20 mm?2 per year, whereas
the degree of the membership function is O if ‘a’ is less than or equals to 2.41 mm?2 per year.

From the figure 18, a subject ‘s1’ aged in between 65-69 years is considered to be in fuzzy set CNS
with a degree of membership 1, if the hippocampal (left + right) atrophy rate per year ‘al’ is less than
1.85 mma2. If ‘al’ is more than 2.51 mm?2, then ‘s1’ can be included in CNS with a degree of 0. The
subject ‘s1’ is said to be in fuzzy set MCIS with membership value of O, if ‘al’ is less than 2.73 mm?2
and greater than 1.85 mm?2, whereas the membership value is 1 if the value of ‘al’ is 2.52 mma?. If
‘al’is more than 2.71 mm?2, then ‘s1’ can be included in fuzzy set ADS with the degree of membership
value as 1. If the value of ‘al’ is less than 2.53 mm?2, then the membership value of ‘s1’ in the fuzzy
set ADS is O.

From the figure 19, for a subject ‘s2’ aged in between 70-74 years, if its hippocampus (left + right)
size loss per year ‘a2’ is less than 1.93 mm?2, then it can be considered that ‘s2’ is in the fuzzy set CNS
with a membership value of 1. If ‘a2’ is more than 2.30 mm?2, then the membership value of ‘s2’ in the
fuzzy set CNS is 0. If ‘a2’ is determined as 2.31 mm?Z, then ‘s2’ can be included in fuzzy set MCIS with
a membership value of 1. For ‘a2’ more than 2.91 mm?2 and less than 1.91 mm?2, the membership
value of ‘s2’ in MCIS is 0. In the fuzzy set ADS, ‘s2’ can be included with a membership value of 1, if
‘a2’ is more than 2.91 mm2. If ‘a2’ is less than 2.30 mm?2, then the degree of membership value for
‘s2’in CNS is O.

From the figure 20, a subject ‘s3’ of aged in between 75-79 years can be included in the fuzzy set
CNS with a degree of membership value of 1, if its hippocampus (left + right) size loss per year ‘a3’ is
less than 1.77 mm?Z. If the value of ‘a3’ is more than 2.07 mm2, then the degree of membership value
of ‘s3’ in the fuzzy set CNS is O. For ‘s3’, if ‘a3’ is found to be as more than 2.91 mm?2 and less than
1.77 mmz2, then its membership value in the fuzzy set MCIS is O, whereas for ‘a3’ equals to 2.08 mm?2,
the degree of membership value in MCIS is 1. If the value of ‘a3’ is more than 2.91 mm?2, then ‘s3’ can
be included in the fuzzy set ADS with a degree of membership value of 1, whereas for any value of ‘a3’
which is less than 2.09 mm?, the degree of membership of ‘a3’ in ADS is 0.

From the figure 21, if the atrophy per year in hippocampus (left + right) size ‘a4’ of a subject '4’
aged in between 80-84 years is less than 1.83 mm?2, then the membership value of the subject in the
fuzzy set CNS is 1, whereas if the value of ‘a4’ exceeds 2.08 mm?2, then the membership value of ‘a4’



in CNS is O. If ‘a4’ equals to 2.09 mm?2, then ‘s4’ is in the fuzzy set MCIS with a degree of membership

value 1, whereas for ‘a4’ less than 1.83 mm?2 and more than 2.77 mm?2, ‘s4’ is in the fuzzy set MCIS
with a degree of membership value of O. If ‘a4’ is more than 2.77 mm?2, then ‘s4’ can be considered
in the fuzzy set ADS with a membership value of 1, whereas if ‘a4’ is below 2.10 mm?2, the degree of
membership value in the fuzzy set ADS is O.

From the figure 22, it can be observed that, for a subject ‘s5’ of aged in between 85-90 years, if its
hippocampus (left + right) size atrophy per year ‘a5’ is found to be as less than 1.90 mm?, then the
subject can be included in the fuzzy set CNS with a degree of membership value of 1, whereas if ‘ab’
is more than 2.07 mm?2, then the degree of membership value for ‘s5’ in the fuzzy set CNS is O. If the
value of ‘sb’ equals to 2.08 mm?2, then ‘s5’ is considered to be in the fuzzy set MCIS with a degree of
membership value of 1, whereas if ‘a5’ is less than 1.90 mm2 and more than 2.66 mm?2, then the
degree of membership value for ‘s5’ in the fuzzy set MCl is O. For the subject ‘sb’, if ‘ab’ is less than
2.68 mmz2, then the subject is considered in the fuzzy set ADS with a degree of membership value of
1, whereas for the value of ‘a5’ which is less than 2.09 mm?2, the degree of membership value for ‘s5’
in ADS is O.

5. CONCLUDING REMARKS

The average size of the hippocampus in the brain is studied using MATLAB tool for three subject
groups namely CN, MCI, and AD with an adequate number of MR images for both males and females
separately. The age group of the subjects further categorizes the study. From the study, it is found
that the average size of the hippocampus in the brain (both left and right hippocampus) is declined
over the age in the order of AD>MCI>CN subjects, hence the average size of the hippocampus is in
the order of CN>MCI>AD subjects. It is found that the average atrophy per year for the CN subjects is
approximately 1.10%. For the MCI subjects, it is nearly 2.33%, and for the AD subjects, the atrophy
per year is approximately 4.62%. From the study, it is also observed that the difference in the size of
the hippocampus between CN and MCI subjects is approximately 17.05%, whereas this difference
between CN and AD subjects is nearly 31.90%, and between MCI and AD subjects is 18.24%.
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