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ABSTRACT

SURFACE BASED MORPHOMETRY IN ALZHEIMER’s
DISEASE

Alzheimer’s disease (AD) is a neurodegenerative disorder especially affecting the
elderly population which is growing worldwide. In this study, surface-based morphome-
try analysis was performed on anatomical MR images of patients with Alzheimer’s Dis-
ease (AD) and healthy control (HC) subjects using a computational anatomy toolbox
called CAT(Computational Anatomy Toolbox) on SPM (Statistical Parameter Map-
ping) platform. MR images were obtained from a database named Minimal Interval
Resonance Imaging in Alzheimer’s Disease (MIRIAD) consisting of 46 AD patients
and 23 HC subjects. The cortical thickness measurements were performed over 34 dif-
ferent regions on each hemisphere defined by Desikan-Killiany anatomical atlas. The
t-statistics parameters of the cortical thickness values were found to be decreased in
24 regions in AD patients compared with the HC subjects. Additionally, the linear
correlation values between the MMSE scores and cortical thickness values of AD and
HC individuals were estimated for each atlas region. Accordingly, 28 regions exhibited
a significant correlation between MMSE(Mini Mental State Examination) scores and
cortical thickness values. Significant regions that were affected by AD were observed to
be as parietal, temporal, frontal, cingulate and occipital lobes as reported in previous

studies.

Keywords: Alzheimer’s Disease, Magnetic Resonans Imaging, Surface Based Mor-
phometry, Cortical Thickness, Computational Anatomy Toolbox, Desikan-Killiany At-

las, Mini Mental State Examination.
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OZET

ALZHEIMER HASTALIGINDA YUZEY TABANLI
MORFOMETRI

Alzheimer hastaligi, 6zellikle diinya capinda sayica artan yash niifusu etkileyen
norodejeneratif bir hastaliktir. Bu caligmada, Alzheimer hastasi ve saglikli birey-
lerin anatomik manyetik rezonans (MR) goriintiileri ile, SPM (Statistical Paramet-
ric Mapping) platformunda igleyen ve Hesaplamali Anatomi Arac1 (CAT) adi verilen
hesaplamali bir anatomi araci kullanilarak, yilizey tabanli morfometri analizi yapildi.
MR goriintiileri, 46 Alzheimer hastasi ve 23 saglikh kigiden olugan MIRIAD (Mini-
mal Interval Resonance Imaging in Alzheimer’s Disease) veri tabanindan elde edildi.
Kortikal kalinlik hesaplamalari, Desikan-Killiany anatomik atlasinca tanimlanan her
yar1 kiire iizerindeki 34 farkli bolgede yapildi. Kortikal kalinlik degerlerine iligkin t-
istatistigi parametrelerinin Alzheimer hastalarinda, saglikli kontrol deneklerine kiyasla,
24 bolgede azaldigr bulundu. Ayrica, her atlas bolgesi i¢in Alzheimer hastasi ve sagliklh
kontrol gruplarun MMSE (Mini Mental State Examination) skorlar ile kortikal kalin-
lik degerleri arasinda dogrusal ilintiler hesaplandi. Buna gore 28 bolgede, MMSE sko-
rlar ile kortikal kalinlik degerleri arasinda anlaml ilinti oldugu gosterildi. Alzheimer
hastaligindan etkilenen énemli bolgelerin, ge¢gmis ¢alismalarda da belirtildigi gibi, pari-

etal, temporal, frontal, singulat ve oksipital loblar oldugu gozlemlendi.

Anahtar So6zciikler: Alzheimer Hastaligi, Manyetik Rezonans, Yiizey Tabanli Mor-
fometri, Kortikal Kalinlik, Hesaplamali Anatomi Araci, Desikan-Killiany Atlasi, Mini

Mental Durum Degerlendirmesi.
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1. INTRODUCTION

Alzheimer’s disease (AD) is a neurological disorder arising from the accumula-
tion of proteins in the brain as in the form of plaques [3]. Some of the major indications
of the AD are forgetfulness, confusing with time or place, change in behaviour and mood
and inability to do daily cognitive activities such as understanding visual images and

spatial relationships.

Almost two-thirds of the dementia cases are AD. The population of dementia
doubles every 20 years and the number of patients, which is about 50 million now, is
predicted to reach to 152 million by 2050. In areas where the elderly population is
rising, the rate of growth may rise up fivefold in 20 years. AD and dementia cost over
one trillion dollars in worldwide. There is no present cure for AD. Many experimental
drug studies are currently being performed, especially with AD patients in early stage.
The reason for this is to take precautions without further cell death in the brain and

attempt to slow down the course of the disease [4].

While the structural character of the AD was studied, the patients were also
discovered to have some modifications in their brain anatomy as a consequence of their
autopsy, in relation to their cognitive impairment. AD progression exhibits enormous
variability that can be connected with many variables such as genotype, age or gender.
In addition, the amount and type of data available for each patient can be significantly
different in real life. The histological analyses indicate a change in the neocortex with
the entorhinal cortex and the hippocampus being among the first affected brain areas
[5, 6]. Clinical examination and neurological anamnesis are the major determinants for

the diagnosis of AD.

Neuroimaging, specifically magnetic resonance imaging (MRI), as a non-invasive
method, has been gaining wider acceptance as a diagnostic tool especially in the early

phase of the AD. Structural MRI data are used in morphometric studies in dementia.



Cognitive decline correlates with cortical atrophy which can be quantified by morpho-
logical analyses of the MRI |7]. Cortical thickness decreases due to a loss in gray matter
which leads to cortical atrophy. A marker for AD-related cortical atrophy is established
by measuring cortical density across the entire cerebrum [8]. Disease-specific brain
atlases are important to detect cortical changes in AD and deformation analysis in lon-
gitudinal datasets are used estimate it [9]. The automated morphometry-based brain
tissue measurement methods can be handled in three ways: Voxel-based morphometry
(VBM), deformation-based (DBM) morphometry and surface-based methods (SBM).
In VBM, the concepts of gray matter density and gray matter concentration are central
for the interpretation of the results. Thus far, surface based methods have been used
more widely than the voxel based methods partly because of the computational burden
of the latter. Moreover, cortical thickness measurements have more reliability than the
VBM since different regions associated with the same volume element may sometimes
belong to remote regions considering the sulcal and gyral structure of the brain. Some

of the main software packages used for morphometric analysis are Statistical Parameter

Mapping (SPM), BrainSuite [10], BrainVISA [11] and FreeSurfer [12].

In order to estimate the cortical thickness from magnetic resonance (MR) im-
ages, the cortex is separated into a boundary between the gray matter (GM) and
the cerebrospinal fluid (CSF) and between the GM and the white matter (WM).
The human cerebral cortex is a heavily folded neuronal layer with an average thick-

ness of about 2.5 mm, ranging from 1 to 4.5 mm in separate areas of the brain [13, 12].

As a cross sectional study, we applied surface based morphometry on MR images
from the Minimal Interval Resonance Imaging in AD (MIRIAD) dataset consisting of
46 AD patients and 23 Healthy Controls (HC) using the Computational Anatomy
Toolbox (CAT) developed on SPM running on MATLAB®) environment. In addition
to the structural MRI, the subjects had their Mini Mental State Examination (MMSE)
as a measure of their cognitive performance. We used the Desikan-Killiany (DKA)
anatomical atlas as a basis for the parcellation of the cortical surface. We studied the
cortical thickness change between the patients and the healthy control subjects in 34

different regions belonging to each hemisphere defined by the atlas. We also estimated



the correlations between the cortical thickness and the MMSE of all the subjects over
the same atlas regions. It is observed that both the cortical thickness and the MMSE
scores correlate with the disease especially in a more pronounced way in certain brain

regions.

1.1 Thesis Outline

The thesis is organized as follows: In Chapter 2, we introduce our data, surface-
based morphometry and implemetation of CAT. The results are given in Chapter 3.
In Chapter 4, the discussions and conclusions with further recommendations are pre-

sented.



2. METHODOLOGY

2.1 Cortical Thickness in Alzheimer’s Disease

During the progression of neuropsychiatric disorders, certain features of the
human cortex, such as cortical thickness and gyrification seem to alter [14]. Cortical
thickness estimation using MRI is an essential technique for the diagnosis and following

the progression of the neurodegeneration in AD patients.

Advances in computational imaging techniques, make it possible to measure the
atrophy across the human cortex with a fairly accurate and precise manner [15, 16].
Entorhinal cortex thickness, as assessed with the FreeSurfer, was reported to be thinner

in AD compared with HC groups [17, 18] yielding a difference in cortex volume ranging

from %79 to %98 [19, 20].

2.2 Surface - Based Morphometry

Surface - Based Analysis (SBA) is a commonly used technique to perform cor-
tical surface measurements [1]. There are several tools for SBA including Compu-
tational Anatomy Toolbox (http://www.neuro.uni-jena.de/cat/), Freesurfer (http://
surfer.nmr.mgh.harvard.edu), Brain Voyager (http://brainvoyager.com), and Brain Visa
(http:// brainvisa.info). The first step of the SBA is the extraction of the cortex from
the structural MRI data. The inner surface of the cortex is the white surface [21],
which is the boundary between the GM and the WM. The outer surface of the cortex
is the pial surface [22| which resides between the GM and the CSF. The surfaces can
be represented by the construction of triangular meshes in which the corners are called
as vertices. Then, these surfaces can be inflated after marking the gyri and sulci areas.
With these surfaces in hand, various morphometric paramaters such as surface area

measurements, gyrification, curvature and cortical thickness (the distance between the



white and pial surfaces) can be performed. Explicit surface models provide subvoxel
accuracy, high sensitivity and robustness under different measurement circumstances

determined by field strength, scanner type and brand [8].
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Figure 2.1 The cortex [1].

In Figure 2.1, the cortical macro-structure of the cortex is illustrated as a highly
folded sheet of the GM lying inside the CSF and surrounding the WM. Inward and
outwards foldings are denoted as sulci and gyri, respectively. Cortical thickness which
is defined as the distance between the inner and the outer boundary is directly re-
lated to the cortical development and its degradation leads to certain diseases such as

Alzheimer’s.

CAT is an automatic measurement program for segmentation, quantity and
thickness [9]. It is a toolbox operating on SPM and performs surface based morphom-
etry (SBM) analysis which has several benefits over the use of voxel based methods.
Surface based spatial registration is demonstrated to increase the accuracy of registra-
tion when compared with the volume-based approach. New forms of analyses, such as
gyrification index which measures the surface complexity in 3D or fractal dimension,
are also available in the software. Moreover, the functional activity in these regions
can be visualized by inflating the sulcal regions of the cortical surface and mapping

them on a sphere.



2.3 MRI Data

The MIRIAD is a database of volumetric MRI brain-scans of AD patients and
healthy control people. MIRIAD data documentation is systematic and well-arranged.
The anonymised scans, together with their demographic and neuropsychological data,
are made available to the researchers who work on developing new techniques [23]. We
employed structural T1 weighted (T1w) MR images avaliable in the MIRIAD dataset.
46 patients who were diagnosed with second grade, mild-moderate AD according to
the criteria set by the NINCDS (National Institute of Neurological and Communicative
Disorders and Stroke) and ADRDA (Alzheimer’s Disease and Related Disorders Asso-
ciation) and 23 healthy subjects were used. The overview of age, gender and MMSE
of the dataset is given in Tables 2.1, 2.2 and 2.3.

2.3.1 The Desikan-Killiany Atlas (DKA)

The Desikan-Killiany Atlas (DKA) is an automated, validated and reliable brain
surface labeling system developed for parcelling the human cerebral cortex into stan-

dard gyral-based neuroanatomic regions [2].

As shown in Figure 2.3, the top row displays the lateral and the bottom row
shows the medial views of the hemisphere. The white asterisk on the left shows the
cortex around the perimeter of the central sulcus within the gyri which makes it invis-
ible. The yellow asterisks on the right indicate the cortex around the perimeter of the

“Inflated” central sulcus which makes it visible.

34 cortical regions were identified in each of the hemispheres using a data set
of 40 MRI scans. DKA has been used for morphometric and functional studies of the
cerebral cortex in clinical trials; to monitor the evolution of disease-induced changes

over time, and to examine the response to treatment |24, 25].
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Figure 2.2 Desikan Atlas map, inflated (right) and pial (left) cortical regions in one hemisphere [2].

2.4 Surface - Based Morphometry using CAT

As a first step, the images were manually adjusted to a canonical average tem-
plate using the anterior commissure with + = 0, y = 0, z = 0 according to the
MNTI (Montreal The Neurological Institute) coordinate system (Figure 2.3). Exemplar
aligned HC and an AD MR images are shown in Figures 2.4 and 2.5, respectively.

After the preprocessing, the following steps were implemented in CAT;

1. Segmenting the data into three basic tissues which are the GM, WM and CSF.
The boundary surfaces and the cortical thickness values are also determined for

the left and right hemispheres.

2. Interpolating and smoothing the surfaces for statistical analyses. As a suggested



Table 2.1
Age Distribution Overview in MIRIAD dataset.

Age
YEARS 57 -67 68-78 79 -89
Alzheimer Group 13 26 7
Control Group 7 13 3
Table 2.2

MMSE Score Distribution Overview n MIRIAD dataset.

MMSE (Mini Mental State Examination)

SCORE 24 - 30 20-23 10-19 0-9
Alzheimer Group 3 9 26 8
Control Group 23 0 0 0

level of smoothing, 15 mm full-width-half-maximum isotropic Gaussian kernel is

applied.

. Statistical analysis using the General Linear Model (GLM) which is a voxel wise
univariate approach in order to identify the regions that are significantly different

between the patients and healthy control subjects. The GLM is expressed as

Y=X3+e (2.1)

where Y is the observed data, X is the design matrix encoding the covari-
ates/confounds, ( is the parameter vector and e is the residual error which is

assumed to be zero mean. The t—statistics is determined as

CT
I o (2.2)
stdev(CT)p
where C = [1 — 1]7 is the contrast vector showing the difference between the

healthy controls and the patients. For the family-wise error control, the Random

Field Theory (RFT) [26] correction is applied as a standard method in SPM. A



Table 2.3
Gender Distribution Overview in MIRIAD dataset.

Gender
Female Male
Alzheimer Group 27 19
Control Group 11 12

statistical contrast map as a difference between the normal controls and the AD
patients are shown in Figure 2.6. The details of the statistical results are given

extensively in Figure 2.7.
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table shows 3 local more than 8.0mm apart

Height threshold: T = 4.27, p = 0.000 (0.050)

Extent threshold:

0 vertices

Expected vertices per cluster, <k> = 37.096
Expected number of clusters, <c> = 0.05

FWEp: 4.274, FDRp: 5.328, FWEC: 1, FDRc: 148

Degrees of freedom = [1.0, 67.0]

FWHM = 6.8 6.8 6.8 {vertices}
Volume: 59380 vertices = 189.4 resels
(resel = 313.59 vertices)

Page 2/2

272

Figure 2.7 Surface analysis statistic table.
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3. SURFACE - BASED MORPHOMETRY ANALYSIS
RESULTS

Our results reveal significant differences in cortical thickness between the two
groups analyzed. The mean cortical thickness was significantly reduced in AD patients

compared with the controls.

The cortical thickness measure of the superior parietal region defined in the
DKA for the left and right hemispheres are shown for the AD and HC groups (Figure
3.1). As is observed, the cortical thickness difference between AD and HC groups are

not the same for the same regions located at different hemisphere.

cortical thickness values
cortical thickness values
&

»

12
subjects *° a Lo 70 o 10 20 30 subjects *° 50 60 70

Figure 3.1 Cortical thickness values of AD patients and healthy controls in the Superior Parietal
Region in the left and right hemisphere defined in DKA.

The cortical thickness measure of the post central and lateral orbito frontal
regions defined in the DKA for the right and left hemisphere are shown for the AD and
HC groups (Figure 3.2). The cortical thickness difference between AD and HC groups

are visible for the different regions located at different hemispheres.

The statistical maps of the cortical thickness based on the contrast as a difference
between the HC and AD groups (HC > AD) mapped onto the DKA are shown in Figure
3.3. Six clusters are observed in the right hemisphere and three on the left. The black

boundaries overlayed on the cortex are denoting the DKA atlas regions.
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Figure 3.2 Cortical thickness values of AD patients and healthy controls in the post central (left
panel) in right hemisphere and lateral orbito frontal region (right panel) in the left hemisphere.

Desikan DK40
rh supénompariatal

001 00001 1e-08 1e-08 Te-1 Te-12 Te-14 te-16

p-value

Figure 3.3 Atlas border overlay according to Desikan-Killiany Atlas.

The t—statistics were calculated using the cortical thickness measures from 23
HC and 46 AD subjects and tested for each anatomical region defined in DKA. The
regions exhibiting a significant difference between the HC and AD group are shown in

Figure 3.4 for the right and Figure 3.5 for the left hemispheres.

When the atrophy distribution is mapped on the cortical surface its regional
specificity due to AD is clearly seen in Figure 3.6. The regions that show significant
difference in terms of cortical thickness between the HC and AD groups are overlayed

on the cortex together with their distribution on different brain regions defined by
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Figure 3.4 Right hemisphere t—statistics. Significant regions are denoted by *** (p<0.05).

DKA.

26 regions on the left hemisphere and 25 on the right showed significant difference
in cortical thickness change between the HC and AD groups. On the other hand, 8
regions on the left and 9 regions on the right hemisphere showed no such significant

change.

The relationship between the cortical thickness and MMSE scores were investi-
gated for each anatomical region. In Figure 3.7, scatter plot of the middle temporal
region for left and right hemispheres were shown. The linear correlation coefficient
was estimated as 0.64 (p<0.5) for the right and 0.70 (p<<0.5) for the left hemispheres.
The same correlation results for each of the 34 regions in the left and in the right

hemispheres are given in Figures 3.8 and 3.9.

29 regions on the left hemisphere and 28 on the right showed significant difference
in cortical thickness change between the HC and AD groups. On the other hand, 5
regions on the left and 6 regions on the right hemisphere showed no such significant

change.
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Figure 3.5 Left hemisphere t—statistics. Significant regions are denoted by (p<0.05).
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Figure 3.6 Overview of bilateral areas showing significant difference in cortical thickness between the
HC and AD groups on the Desikan-Killiany atlas (FWE-corrected). Overlap of the cortical thickness
change on the atlas regions are shown as percentages and the number of vertices.
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Cortical thickness values versus MMSE scores for the middle temporal region for left
(left panel) and right (right panel) hemispheres. The linear correlation coefficient was estimated as
0.64 (p<0.5) for the right and 0.70 (p<0.5) for the left hemispheres.
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4. DISCUSSION and CONCLUSIONS

Cerebral cortical thickness was evaluated in several studies and was determined
to be an important biomarker for normal neurological status, aging [27, 28| and patho-
logical changes in brain cortical structure |29, 30]. Temporal, orbitofrontal and parietal
regions of the brain are shown to be affected early and deeply during the course of the
disease as reported in MRI and histological studies [31]. The most prominent changes
were seen in the allocortical region of the medial temporal lobes serving as a boundary
for the parahippocampal gyrus, with a reduction more than 1.25 mm in its cortical

thickness [31].

In our study, an automated technique was used to evaluate the cortical thickness
in the brain to study the differences in AD patients and control subjects. Also estimated
were the correlations between cortical thickness and MMSE scores. The results clearly
demonstrated a reduction in cortical thickness associated with AD in several areas of

the brain. Most of these results have also been reported in former MRI studies [32, 28|.

4.1 Discussions

Significant positive correlations were estimated for cortical thickness in certain
areas such as bilateral medial parietal, supramarginal, lateral parietal and fusiform cor-
tices, in addition to superior, middle frontal and inferior lateral temporal cortex frag-
ments [32]. Similarly, we observed a significant cortical thickness decline in AD patients
with respect to the HC group in 24 regions, both in the left and in the right hemispheres
which are bankssts, caudal middle frontal, entorhinal, frontal pole, fusiform, inferior
parietal, inferior temporal, insula, isthmus cingulate, lateral orbito frontal, lingual,
medial orbito frontal, middle temporal, parahippocampal, pars opercularis, posterior
cingulate, precuneus, rostral middle frontal, superior frontal, superior parietal, superior

temporal, supra marginal, temporal pole, transverse temporal.
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On the other hand, no cortical thickness change was observed in 8 regions on
the left hemisphere i.e. caudal anterior cingulate, cuneus, paracentral, pars orbitalis,
perical carine, postcentral, precentral, rostral anterior cingulate and 9 on the right 7.e.
lateral occipital, pars triangularis, cuneus, paracentral, pars orbitalis, perical carine,

postcentral, precentral, rostral anterior cingulate.

Progressive atrophy was reported to effect bilaterally the anterior frontal and
temporal lobes and the posterior cingulate [8] which confirms our results as given in

Figure 3.3 and Figure 3.6. In addition to that, we also noticed a change in the parietal

lobe.

MMSE is an important neurological test for an early diagnosis of AD which
assesses the cognitive performance of the patients. It consists of several constituents as
orientation, memory, attention, recall, calculation and language over a maximum scale
of 30. Scores less than or equal to 25 indicate a possibility for dementia. The test is easy
and fast to apply but it may yield false positives for subjects having poorer language
comprehension and false negatives for those having a higher educational background.
Previous studies reported a cortical volume decrease in AD patients correlating with
their poorer MMSE scores [33|. Gray matter atrophy was also shown to be related
with lower MMSE scores [34].

In particular, we investigated which parts of the cortical surface correlate with
MMSE scores across the AD and HC groups. Statistically significant correlations
between the MMSE scores and the cortical thickness in the HC and AD groups in
two different regions are presented in Figure 3.7. This shows that MMSE is related to

morphometric changes in the cortex associated with AD.

Our correlation results both in AD and HC groups showed that MMSE scores
were related to 28 common regions on both hemispheres namely bankssts, caudal ante-
rior cingulate, caudal middle frontal, entorhinal, frontal pole, fusiform, inferior parietal,
inferior temporal, insula, isthmus cingulate, lateral occipital, lateral orbito frontal, lin-

gual, medial orbito frontal, middle temporal, parahippocampal, pars opercularis, pars
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triangularis, posterior cingulate, precuneus, rostral anterior cingulate, rostral middle
frontal, superior frontal, superior parietal, superior temporal, supra marginal, tempo-
ral pole, transverse temporal (Figures 3.8 and 3.9). Except for 6 regions on the right
i.e. precentral, paracentral, postcentral, pericalcarine, parsorbitalis, cuneus and 5 on
the left i.e. precentral, postcentral, pericalcarine, parsorbitalis, cuneus, we observed a
strong correlation between MMSE scores and all the remaining regions. The highest
correlation on the right hemisphere was found to be as 0.6422 on the middle-temporal
region which was believed to be related with processes as estimating distance, recog-
nition of familiar images, and acquiring word meaning while reading. On the left
hemisphere, it was the inferior temporal cortex which was assumed to be responsible
for visual information processing and object recognition, that revealed a highest cor-
relation value of 0.7163. A very similar result was reported in [35] with the highest
correlation regions to be as inferior parietal and middle temporal with regard to infe-
rior temporal and middle temporal in ours. In the case of 8], significant findings with
cortical atrophy were found to be dominant on the left hemisphere whereas our results

indicated a higher number of correlated regions on the right hemisphere.

4.2 Conclusions

The MMSE was known to be related with macrostructural changes in the cortex
in AD [36]. Although MMSE and hippocampal volume were shown to be related, our
results demonstrated that there was a significant relation between the MMSE scores
and cortical atrophy associated with AD especially in large cortical and subcortical

brain regions.

As mentioned above, our study showed that patients with AD showed areas
of atrophy throughout the brain which was concentrated in areas related to learning,
memory, language understanding, information integration and other cognitive func-
tions. Our results also indicated that cortical thickness was reduced in the parietal,

temporal, frontal, cingulate and occipital lobes as reported in previous studies.
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The major advantage of the technique used in this study compared with other
methods used to analyze AD is its surface based description of the actual cortex yielding
a more accurate tissue quantification especially in gyral and sulcal regions. On the other
hand, as a fundamental pitfall, our method restricts itself to the cortical surface therby

missing the changes in subcortical structures.

4.3 Future Directions

Cortical thickness measurement may be used as a biomarker for neuronal loss
associated with the temporal progress of AD. The longitudinal analysis involving multi-
ple MRI of the same subject over a span of time can be used in AD normal populations
to establish the method. Our findings may be biased due to the limited sample size

which, therefore, may be replicated using a larger database [37].

The surface-based method can be extended to characterize the limiting values for
the healthy and pathological groups from a certain age, sex or educational background.
Normative data for specific disease groups may be used to set standards for cortical
thickness. This method may help in the diagnosis of early dementia. Furthermore,
cortical thickness analysis offers an extended quantification of the cerebral surface
which make it also a plausible technique to establish a differential diagnosis of various

sorts of dementia.
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