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ABSTRACT

Brain morphometry is a technique to study and analyse parameters such as the volume,
orientation, position, cross-sectional area, and thickness of the sub-cortical brain
regions. It is used to investigate the signature changes of brain regions or the brain
abnormalities and is a potential biomarker of diseases in clinical practice. Although
there are open source tools exist to perform the brain morphometry analysis, clinicians
do not have access of it due to the tools are hard to use and some of the tools do not
provide the normal group database for comparison. Clinicians require a visualization
and workflow tool in an easy to use format to allow them to investigate shape changes
in the subcortical region. In this thesis, we studied 20 healthy control subjects (10
females and 10 males, range of age:19-55). Their T1-weighted MRI data are pre-
processed via the FreeSurfer to get the automated segmentation file (aseg.mgz). The
hippocampus (left hippocampus:17, right hippocampus:53) is extracted out for further
processing. The medial shape analysis and boundary shape analysis are used to analyse
the shape changes of the region of interest. The visualisation tool is created to visualise
and compare between two subject. The visualisation tool allow users to rotate, move

and overlay two subject in order to find out the shape differences between two subjects.



ACKNOWLEDGEMENT

Foremost, |1 would like to grep this opportunity to express my greatest
appreciation to every people who guide, motivate and help me in completing my Final
Year Project (FYP). With their assistance and encouragement, 1 am able to complete
my FYP successfully.

| want to express my sincere thanks to my supervisor, Dr Ho Tatt Wei. He has
given me the tremendous support and acknowledgement throughout this period. He
has also spent his time to share his expertise and knowledge in this field of study.

I would like to show my gratitude to CASILab at The University of North
Carolina at Chapel Hill distributed by the MIDAS Data Server at Kitware, Inc for
providing me the T1-weighted MRI data of healthy subjects used in this paper.

Not to forget, | am indebted to everyone who helping me whenever | felt
difficulties. Last but not least, | also want to thank my dear family for their

understanding and supports on me during this period.



CHAPTER 1 INTRODUCTION

1.1 Background

In the last decade, shape analysis is a widely research topic with findings in several
fields such as agriculture, biology, and neuroscience. Brain morphometry is one type
of shape analysis that gets the hot interest in neuroscience recently since the magnetic
resonance imaging (MRI) technique is widely used in the clinical practice. The ability
of MRI is impressive for displaying the cross-sectional of brain and allow the clinician
to visualize epileptogenic brain lesions by using some techniques such as 3d
reformatting to enhanced the MRI image. The brain morphometry has been
hypothesized to have connection to various neurogenerative brain disorder [28][29].In
order to prove this, many research studies that are related to brain morphometry are
carried out. According to [1] and [2], a study of Temporal Lobe Epilepsy (TLE) is
done by analysing the shape of subcortical structures. The pathological findings in [1]
and [2], the shape of the hippocampus is observed to be atrophied in patients with TLE.
Since there exist many studies that have already proven the atrophy of hippocampus
region are related to TLE, this project is to create a software tool to observe, compare

and analyse the shape changes of hippocampus across different subject groups.

In this project, the T1-weighted MRI data was processed using the FreeSurfer tool, the
shape and volume changes across various brain structures are examined and analysed.
In this stage, the project is performed on hippocampus, but it is useful for other
subcortical regions of the brain. This project is also to further facilitate the
investigation and relate between structural brain phenotype and disease stage
progression. It is hoped that such tools will permit researchers and medical
practitioners to identify brain regions affected by disease and perhaps even work out

any causal or sequence of degradation and potential target areas for brain therapy.



1.2 Problem Statement

Brain morphometry analysis has the potential to precisely locate the brain
morphological changes between the healthy and pathological structures. Although
open source tools exist to compute these measurements, clinicians do not have access
to these tools in an easy to use format and neither does there exist a reference database
of normal patients to compare against. Since subcortical brain volume is affected, a
further question to be investigated is if specific morphological changes can be
identified for region of interest- this include shape specific atrophy and rotations.
There is a need to develop analytics, visualization, and workflow tools for clinicians

to enable investigation of the effect / correlation of the brain region morphology.



1.3 Objectives

The objectives of this projects are: -

» To develop visualization and workflow tool for clinicians to compare brain

region volume and position

» To incorporate population level reference images into the comparison tool in

(1) and to develop simple statistically analysis

» To develop advanced analysis of morphological parameters of sub-cortical

brain regions

1.4 Scope of the Project

Scope of study defines the limits or boundary for the particular project study. Hence,
it is very important for the scope to be within study and not out of topic. In this

project, several topics have been focused: -

» Automated software shape analysis to describe the shape and orientation of
the sub cortical brain regions, which mainly focus on hippocampus segment

» To compare the volume and shape between normal control group and patients



CHAPTER 2 LITERATURE REVIEW

2.1 Human Brain

The human brain is an amazing and important organ that located at the head and
protected by the skull. The weight of adult human brain is around 1.2 to 1.4kg which
occupied approximately 2% of the body[30]. According to [31], the average brain
volume of men (around 1260mm?3) is bigger than women (around 1130mm3). The
function of the brain is to controls all function in the body such as emotion, motion,
intelligence, memory, creativity, thought and speech. Generally, the brain receives the
information through five sense (smell, hearing, taste, sight and touch), interpret and
analysis it, store the information in memory and the decisions are send to the body to

act accordingly whenever it is necessary.

Undeniable, the human brain plays an important role in the nervous system. The
nervous system can be divided into two major parts which are central nervous
system(CNS) and peripheral nervous system(PNS). The CNS consists of human brain
and spinal cord. It is responsible for the analysis of information, body coordination
and decision making for human body activities. The PNS consists of nerves that branch
out from the spinal cord and from the human brain [32] and responsible for the
automatic nervous system activities such as heart rate, breathing rate, sweating,
secretion of hormones and digestion.

Central Nervous System
Brain

Spinal corg

Peripheral Nervous System
Ganghen

Neeve

Figure 1:Human nervous system [55]



There are many ways of dividing the brain anatomically into regions. One of the
common way is to divide the brain into three parts which are cerebellum, cerebrum

and brainstem[3-5].

a) Cerebrum

Largest part of the human brain is cerebrum and it can be divided into left and
right cerebral hemispheres which are covered by the cortex. It is mainly
responsible for memory, speech, learning, emotional responses and five senses.
The surface of the cerebrum is known as cortex which is made up of grey matter
and in folded appearance to increase the surface area to allow more neutrons
fitted inside the skull [33]. The fold for the cortex is known as gyrus while the
groove between the fold is known as sulcus. The white matter is located under
the cortex and made up by the axons which connect between neutrons, and
send information across different parts of brain areas.

\( " grey
matter

gyrus '
ﬁ / white

matter

\ @ Mayfield Clinic

Figure 2: Surface of cerebrum [56]
The cerebrum is divided into left and right cerebral hemispheres. The
left and right hemispheres are connected through by the bundle of fibres
which is known as the corpus callosum for sending the signal from one to
another hemisphere. Each of the hemisphere controls another side of the
body. Besides that, each of the cerebral hemisphere can be categorised into
four lobes which are frontal lobe, temporal lobe, parietal lobe and occipital
lobe. According to [34], the name of the lobes is based on the name of the
skull bones that overlie them. Each of the lobe is responsible for one or two
specific functions. However, the lobe does not operate alone. They work with

other lobes to provide a more complex system for human activities [35].
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Figure 4: The cerebrum can be divided into four lobes [56] Figure 3: Skull structures[56]

b) Cerebellum

The cerebellum is located below the cerebrum and it consists of a thinner
outer cortex. Same to the cerebrum, the outer part of cortex is grey matter
while the inner part of the cortex consists of the white matter and its surface
is richly folded. The cerebellum is connected to the brainstem by the superior
cerebellar peduncles [36]. The cerebellum is mainly to control the balance of

human body and to coordinate muscle movements.

Brainstem

The brainstem is made up by midbrain, pons and medulla which are located
at the back part of the skull. It connects the brain and the spinal cord [36]. It
is mainly responsible for the involuntary function such as respiration,

sweating, blood pressure, heart rate, vomiting, digestion and many other.



To many research studies, they classified the human brain into cortical and subcortical
regions. The cortical region is the surface of the brain which is known as cerebral
cortex. While the subcortical regions are the regions that locate below the cerebral
cortex which includes the brain stem, hypothalamus, limbic system, cerebellum,
thalamus and so on [37].

Figure 5 : Cortical and Subcortical region[37]

Although human brain is protected by skull, it can encounter damage. For example,
the neurodegenerative diseases cause damage. When some part of the regions in brain
are damaged, it causes abnormalities in functionality such as brain tumour or cancer
can affect lost of functions in hearing, sighting and motion. The Alzheimer’s disease
is evident for causing damage in hippocampus. According to the research, nerve cell
in the hippocampus is the first part in the brain that is damaged by the Alzheimer’s
disease [6]. Hippocampus belongs to limbic system and it can be divided into left and
right. Its plays important role in memory and navigation. The failure of hippocampus
results the memory loss, disorientation and unable to remember the new thing such as

location which are the symptoms of the Alzheimer’s diseases [7].



2.2 Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging (MRI) is a medical imaging technique that is commonly
used in radiology to generate the pictures of the body using a powerful magnetic
scanner. The MRI scanners use radio waves and magnetic field to create detailed
images of the region of interest across the body [43]. Unlike the computed tomography
scan (CT scan), MRI does not use x-rays. Although the hazard of x-rays is known for
its well-controlled in medical contexts, MRI is considered slightly better than CT scan
in term of its ability to differentiate different kinds of tissues. However, MRI takes

longer time to acquire images compared to the CT scan.

During MRI scan, people require removing their metal object because of the metallic
subject can affect the accuracy of MRI and cause blurry image. For acquiring the MRI
images, people lie inside a tunnel-shaped scanner which contains a strong magnetic
[44]. The MRI takes approximately 30 to 60 minutes to scan the regions of interest for
particular study. Typically, MRI creates hundreds of images and each of the image is
known as slice. It can be stored in the computer and reconstructed for the model in

three dimension [45].

MRI displays the image contrasts that depends on T1, T2 and proton density. In MRI
images, the bright colour is the area with high signal while the area with the low signal
is shown in dark colour. The grey colour show the area with intermediate signal. By
varying the sequence parameter such as Repetition Time(TR) and Time to Echo(TE),
different types of the MRI images are created. TR is an amount of time between the
RF pulse that applied to the same slice while the TE is the time between RF pulse and

echo received [57].

RF .I ll

TR - |
+TE +|
Signal ";Iw"" 'L”'ﬂl;'
g Wy 1]
151 2nd
echo acho

Figure 6: Sequence Parameter [57]



T1-weighted MRI and T2-weighted MRI are the MRI scans that are most commonly
used. The T1-weighted MRI is good for display the contrast between the white matter
and grey matter. The tissues that contain high fat (white matter) appear bright while
the tissue that filed with water (CSF) appear dark. The grey matter is shown in grey
colour. The T1-weighted MRI can be produced by using short TE and short TR [46].

Figure 7 : T1-weighted MRI [58]

The T2-weighted MRI is useful for displaying the contrast between brain tissues and
CSF. The tissues that contain high fat (white matter) appears in dark while the tissue
that filed with water (CSF) appears in bright. The T2-weighted MRI can be obtained
by set the sequence parameter (long TR and long TE) to minimize the T1 relaxation
effects [46].

Figure 8: T2-weighted MRI [58]



2.3 Brain Morphometry

Brain morphometry is the combination of the brain sciences and morphometry, which
focus on the measurement of the brain structures and analysis of the change of brain
in different points of aspect such as sex and age [8]. In short, brain morphometry is
used to analyse the physical shape and form of the brain. In order to do the brain
morphometry analysis, the magnetic resonance image (MRI) is required as the input.
Magnetic resonance image is the image of the brain that is generated using magnetic
field and radio waves and it allows clinicians to analyse brain structures based on
different aspects such as volume, surface, and shape [9,10]. Brain morphometry can

be carried out based on few approaches, which are: -

a. Voxel-based morphometry (VBM)

There are a lot of way to do morphometry analysis and one of the useful way
is to analyse the structural difference by comparing the local composition of
different brain tissues types such as grey matter. VVoxel-based morphometry
(VBM) is based on this way by comparing the local concentration of grey
matter between two subjects. VBM can be performed by spatially normalizing
the MRI images into standard place, then the grey matter is segmented and
extracted from the normalized MRI image. Statistical analysis can then be done
after grey matter image has been smoothed by convolving with an isotropic
Gaussian Kemel. The regions of grey matter that changes significantly among
the groups are shown in Statistical Parametric Map (SPM) which knowns as
the output of the VBM. [11-12]



Voxel-Based Morphometry

Pre-processing Overview
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Figure 9: VBM process [12]

Each of the images is required to be registered into the same template image in
order to align the images across each other into the stereotactic space. Next,
normalization is performed in two steps, which are linear transformation and
nonlinear transformation. In linear transformation, each of the image needs to
be matched into the same template using the 12-parameter affine
transformation which fits the overall shape and size by minimizing the square
distance of parameters with expected values and mean-squared difference
between the template image and source image [12].

For the nonlinear transformation, a linear combination of low frequency
periodic basis functions is modelled for the global nonlinear shape differences
[13]. In order to minimize the squared difference between MRI image and
template image, the coefficients of the basic functions are needed to be
estimated and the smoothness of the deformations is enhanced at the same time.
The registration quality is important so that the final solution is not biased by
the template image that is chosen. Hence, the average of a great number of MR
images are in the similar stereotactic space which is an ideal template for many
research studies. The resolution of the spatially normalised images have to be
in high resolution which is 1 or 1.5 mm isotropic voxel so that partial volume

effects is not influenced by the segmentation of grey matter.



After spatial normalization, the image is then partitioned or segmented into
different brain tissues types such as grey matter(GM), white matter(\WWM) etc.
The issues of non-uniformity image intensity are corrected in this segmentation
step which is the result of position of cranial structures within the different
MRI coils [14]. The grey matter image is then smoothed by convolving with
an isotropic Gaussian Kernel. The size of the kernel is important and should
get approximated to the size of expected regional differences among the groups
of subjects. One of the reasons for smoothing is to make every voxel having
the average concentration of grey matter. Besides that, parametric statistical
test’s validity is enhanced by the smoothing step because of the data rendering

is distributed normally by central limit theorem. [12].

The last step of the VBM is performed the statistical analysis using the general
linear model (GLM). There are many tests, group comparison and grey matter
concentration identification are done in the GLM. The SPM consists all the
result of statistical tests that been done in GLM. Some of the corrections need

to be done for the multiple dependent comparisons [13].

One of the advantages of VBM is that it does not require priori assumption
about ROIs due to VBM is a whole brain analysis and has been fully automated.
VBM is not biased to anyone of the structures by giving comprehensive
assessment of anatomical differences throughout the brain [13]. Moreover, the
VBM technique can either be used with diseases subject or heathy subject. For
example, studies on structural brain differences utilizing this method have
already been carried out based on a variety of diseases such as Down’s
syndrome, Parkinson’s syndrome, Bipolar disorder, temporal lobe epilepsy and
etc. in recent years. According to [14], a study of Schizophrenia is done by
analysing the deficits in brain volume using VBM. In this experiment, there
were 390 patients with Schizophrenia taken as the objects compared with 364
healthy control group. Two finding can be concluded in this study, the most
significant finding is the left medial temporal lobe and left superior temporal
gyrus deficits in patients with Schizophrenia. Besides that, patients with
Schizophrenia lack of grey matter and white matter compared with normal

control group. Abnormality of brain regions in schizophrenia can be identified



by using the whole-brain analysis which is VBM and then validated it by using
ROl analysis.

According to [19], there is a research completed with this method to know the
effect of brain morphometry and the duration of illness on geriatric depression
based on VBM method. 30 patients with depression is compared to 47 normal
group in this research and found that the right side hippocampus’s volume of
the patients had smaller size than normal people. Another significant finding
was the hippocampal-entorhinal cortex’s volume is inversely proportional to
the duration of illness. The researches show that some of the diseases such as
Alzheimer’s and Schizophrenia belongs to distinctions of morphometry in

particular region.

Deformation-based morphometry (DBM)

Deformation-based morphometry is non-linear registration algorithms that use

deformation fields to analyse the position differences within the brains.

The process of spatially normalization registers each of the images to the same
template image in order to align the images into stereotactic space. Each of the
normalized image will have one deformation field which can be knowns as 3D
vector field (each point consists 3 element vector) and it is resulted by mapping
every voxel in the source image to voxel in the template image. Hence, each of
the lattice location corresponds to the location in the template image. In other
word, voxels that are located in each of the deformation field have the same
location in the un-warped images and statistical analysis can be performed by
comparing the position of the subject. The canonical variates analysis and

Multivariate analysis of covariance can be used produced the results [15].

The advantages of DBM is that it does not require priori assumption about
ROIs due to DBM is a whole brain analysis and fully automated which is

similar as VBM [16]. Again, DBM is not biased to anyone of the structures by



giving comprehensive assessment of anatomical differences throughout the
brain [15].

Surface-based morphometry

Surface-based morphology, one of the morphometry analyses, is to reconstruct
the surface based on the boundary between different classes of tissue after the
segmentation has been performed in the brain. The surface reconstruction can
be described as the process by which atoms at the surface presume not same in
construction than that of the bulk. It is so important for the morphometry
analysis to continue to the gyrification process. It can be used to study the
cortical thinking and the major depressive disorder (MDD) which is described
as the characteristic mood disturbances with the social functional impairment

in patients [17].

Diffusion-weighted MR-based brain morphometry

The development of Magnetic Resonance Imaging (MRI) has make the nerve
fibre-tracking techniques being the latest offspring of the MR-based
morphological approaches. Using this approach, the tract of the nerve fibres
can be delineated via the diffusion tensor imaging (DTI) by observing the
displacement distribution of the water molecules within each voxel in the entire
MRI scan. Since the DTI is powerful to extract and depict the diffusion
anisotropy effects on the fibre tracks, and fully illustrate the details on the brain
tissue microstructure, the DTI has been widely used in demonstrating the subtle

abnormalities in many diseases like schizophrenia and stroke [18].



2.4 Principal Component Analysis (PCA)

Principal Component Analysis(PCA) is a powerful and useful statistical technique that
has widely been used in computer sciences and neuroimaging. It is a common
technique for the applied linear algebra and non-parametric method in finding the
patterns from a high dimension data, extracting the information from it and reduce the
high dimensional date set to a lower dimension without much loss of data or
information. Perhaps some hidden information that underlie from the complex data set
can be found from it [22].

The purpose of PCA is to re-express a high dimensional or confusing data by
computing the most meaningful data. It is important and useful for the experimenter
to differentiate which dynamics are important, can be ignored or just redundant. PCA
combines the basics of linear algebra and statistical such as means, variance,

covariance, matrices, eigenvectors, and eigenvalues.

The PCA can be performed using the following steps. First, collect the data set and
perform the data pre-processing on it by calculating the mean for each features, types
or dimensions and then subtract the mean from each of the features, so this makes each
of the features now have exactly zero mean. This can be known as mean normalization.
i _ 1N @D
Mean , u’/ = NZi=1 X;
where x; are different dimensions or features ( e.g. x; is height of students, x, is

weight of students)

@ _ @ _ . j
X’ =X U

The reason of subtracting the mean from the data is to simplify the variance and
covariance equation and make sure the values of variance and covariance are not
affected by mean. After that, the covariance between 2 dimensions is calculated and
form the covariance matrix. From the covariance, the relationship between the two
dimension can be made. If the sign of covariance is positive means both dimensions
are increasing or decreasing together. In other words, a negative sign means one
increases while the other decreases, or vice-versa. If the covariance is zero indicates

both dimensions are independent to each other.



1
COU(X, Y) = m

Ly,

xy

NgE

i=1

The covariance matrix is a square symmetric m*m matrix and the diagonal terms of it
are the variance of each particular dimensions while the covariance between 2

dimensions are show in off-diagonal.

_[cov(x,x) cov(x,y)
[COV(y,X) cov(y,y)

Eigenvectors and eigenvalues of the covariance matrix need to be computed once the
covariance matrix is obtained. Eigenvector is a non-zero vector that remains its
direction when linear transformation is applied on it and it symbols is v ,while the

eigenvalue is scalar.
Av=Av
(A—1D.v=0
Where A = m*m matrix
V=m*1 non zero vector
A = scalar

The A in this equation known as eigenvalues which associated with the eigenvector v.
It can be concluded that the value of A is the eigenvalue of A while the vector v that
corresponds to the eigenvalues is the eigenvector of A. As you can see the eigenvalue
and eigenvector always come in pairs. Eigenvalues can be found by compute the roots
of (A — A.1) and each of the eigenvalues will have an eigenvector. It is important to
know the characteristic of eigenvectors which the eigenvectors can be found for the
square matrix only and not square matrix has eigenvectors. If the size of square matrix
is n*n, there are n numbers of eigenvectors and the eigenvectors are perpendicular to

each other regardless the dimension.

The number of dimensions can be reduced by ignoring the less significance
components which has the small eigenvalues. Although some of the information would
be lost, but the significant information is kept. The principal component of the data set
is the eigenvector with the most significance eigenvalue. The final data set can be

derived by using the following formulae:



Final Data= Row Feature VVector * Row Zero Mean Data

The feature vector is the matrix that contains a list of eigenvectors that are arranged
based on the corresponding eigenvalues in descending order which from the highest to
lowest. After that, the feature vector is transposed to make the eigenvectors represented
in row. The Row Zero Mean Data in the equation means the data after being subtracted

by the mean values.

In summary, PCA is a simple, non-parametric mathematical tool that use to reduce the
high dimension confused data set into lower dimension and extract the most significant
information from it. In this project, the PCA method is useful for determine the
orientation and the position of the sub cortical brain region (hippocampus) by compute
the principal component plane of the brain image.



2.5 Principal Geodesic Analysis (PGA)

Principal Geodesic Analysis is a generalization of principal component analysis.
Unlike the PCA which applied in linear transformation, PGA is used in a nonlinear
transformation. Figure 8 shows the difference between PCA and PGA of the P(X) for
dimension reduction. The blue line indicates PCA while the red line indicates PGA.
As you can see, the PCA cannot produce the principal component that located within
P(X) while the PGA can produce the geodesic components within the P(X) which can
be used for dimension reduction and high accuracy in analysis [24].

Om
W= Wasserstein Principal Geodesics ¢
= Euclidean Principal Components /

Figure 10:Difference of PCA and PGA [24]

The outcome of PGA is to produce the geodesic components from the manifold valued
data which give the maximized variance of data and the minimum loss of information.
The geodesic components also can be known as geodesic curve or geodesic sub
manifolds. The PGA can be performed by computing the intrinsic mean of the
manifold dataset {x;, x,, ... x,, } and finds the geodesic components [26]. The intrinsic
mean of manifold dataset is defined as minimizer in the manifold of sum-of-square
Riemannian distance to each of the point in dataset [25].

Algorithm 1: Intrinsic Mean

Input: x1,...,oxy € M

Output: o = M, the intrinsic mean

Ho = 11
Do .
Ap = x> Log,, =i
tj+1 = Exp,, (Ap)
While ||Ap|| > e

Figure 11: Intrinsic Mean Algorithm
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The algorithm above shows the method in computing the intrinsic means which will

be used later in performing the PGA. The tangent space of manifold at the intrinsic

mean are represented by T, M. By producing an orthonormal basis of tangent vector

vy, vy, ...€ T,M that span the tangent space, the result is known as the geodesic

components. The algorithm for principal geodesic analysis on manifold can be

computed by [25].

Algorithm 2: Principal Geodesic Analysis
Input: xq,...,. oy € M
Output: Principal directions. vy € T, M
Variances, A, € R
p = intrinsic mean of {x;} (Algorithm 1)
u; = Log,, (x;)
S = 3 ui]
{vi, AL} = eigenvectors/eigenvalues of S.

Figure 12: Principal Geodesic Analysis Algorithm

In this project, PGA is believed to be useful for the shape analysis such as the
analysis on thickness and the cross-sectional area of the sub-cortical brain regions.
However, the PGA haven shown clinical significant on the subcortical region in this

stage.



2.6 FreeSurfer

FreeSurfer is an open-source software that is created by Laboratory for Computational
Neuroimaging for the MRI analysis and visualization. FreeSurfer provides complete
solution for MRI processing including skull stripping, grey and white matter
segmentation, cortical surface reconstruction, labelling regions on cortical surface and
subcortical region, and measuring morphometric properties of the brain such as

volume, surface area and cortical thickness [21].

In order to process the data, FreeSurfer require a high quality T1-weighted MRI data
such T1 MPRAGE with approximately 1mm3 dimension and having excellent grey
matter and white matter contrast. The outputs of the FreeSurfer normally in MGZ
format which is a compressed MGH file. The MGZ file is similar to the Nifti file
format as it also can store 4D data which are rows,columes,slices and frames. The MRI
image can be construct by using the command recon-all command. This command
will run all the process and create a subject folder “subject id” in subject directory

and save all the data in the folder.
recon-all -all -i /path/to/input/data -s subject_id [47]

Basically, the FreeSurfer process can be divided into two processing stages which are
Volumetric Processing Stages and Surface Processing Stages. In this thesis, we only
focus on the volumetric processing stages since we only required the aseg.mgz which
is one of the output that generated in volumetric processing stages for further analysis
and processing. The table below show the steps of the volumetric processing stages

and the output that generated in each step [21].

Table 1: Volumetric Processing Stages

Process Step Output

Volumetric | 1. Motion Cor, Avg, Conform orig.mgz

Processing | 2. Non-uniform inorm nu.mgz

Stages 3. Talairach transform computation talairach/talairach.xfm
4. Intensity Normalization 1 T1.mgz
5. Skull Strip Brainmask.mgz
6. EM Register




7. CA Intensity Normalization norm.mgz
8. CA Non-linear Volumetric Registration

9. CA Label (Volumetric Labeling) aseg.mgz
10. Intensity Normalization 2 T1.mgz
11. White matter segmentation wm.mgz
12. Edit WM With ASeg

13. Fill and cut filled.mgz

The first step is to perform motion correction and averaging [48][47]. In this step,
FreeSurfer will correct the small motion and average them together if there a multiple
source volume.This step does not change the native resolution. After that, the conform
process is perform by resample the source data to 256*256*256 with 1mm3 resolution
and the output of this step is name as orig.mgz. During the NU intensity correction,
the non-uniformity T1-weighted MRI data is corrected and B1 bias field is removed
to improve the accuracy of brain segmentation using MINC tools [47]. The bias-free

data can be produced through an iterative process, four iteration are run by default [49].

Figure 14 : orig.mgz [26] Figure 13 : nu.mgz [26]

Affine transform is computes to transform the orig volume to the MNI315 brain atlas
by using MINC program during the talairach transform computation [50]. Next, the
intensity normalization is performed on the orig volume and the output of this step is
T1.mgz. In this step, fluctuations in the intensity is corrected. All voxel intensities are
scaled so that the intensity of the white matter is 110 [47].This step will be perform
before and after the skull-strip.
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All the non-brain tissues such as eyes, neck and bones are removes in the skull-strip
step using skull-stripping algorithm [51]. After skull-stripping, the result is saved as

Brainmask.mgz and left the brain tissues only.

Orig Volume Brainmask Volume

Figure 15: Before and After Skull Strip [26]
EM registration is similar with the talairach transform computation which the
transform is computes to align the orig volume with the default atlas that can found in
the FreeSurfer. The volume file is then can use to perform the automatic volume
labelling. During this step, each of the voxel is labelled to a specific number and
specific RGB value based on the location, intensity and neighborhood relationships. It
is useful to determine the volumes of subcortical structures and easy for user to

segment out the region of interest.

Figure 16 : Automatic Segmentation File (aseg.mgz) [26]
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2.7 Spharm-pdm

Spharm-pdm is an automated set of algorithms that for statistical shape analysis based
on the spherical harmonic representation which developed by Neuro Image Research
and Analysis Laboratories, University of North Carolina. In other words, the Spharm-
pdm is a parametric boundary description that represent the subject of spherical

topology [52].

For all datasets

Segmentation: e.g. using InsightSNAP
Output: Binary 3D Image
|

Preprocessing: SegPostProcess
Cutput: Binary 3D Image

!

Parameterization: GenParaMeash
Output: Surface Mesh + Parameaterization

]
SPHARM-PDM: ParaToSPHARMMesh

Output: SPHARM Coefficients +
Aligned Surface Meshes

!

Statistical Testing: StatNonParamPDM
Output: Significance Maps (Raw, Corrected) +
Descriptive Statistics (Mean, Covariance)

Figure 17 : Spharm-pdm Workflow [53]

The Spharm-pdm take 3d binary segmented data which in nifty or gipl format as an
input. During the pre-processing step, heuristic methods is applied to make sure the
spherical topology of the segmentation [53].The 3d voxel mesh is mapping on the
sphere and minimize the angular distortion during the spherical parameterization step.
Besides that, the ParaToSPHARMMesh is used to computed the Spharm-pdm shapre
representation [53]. After that, the statistical testing will analysis the difference maps,

significant maps, means surfaces and covariance matrix [53][54].
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Volumetric analysis

n Shape analysis
= | SPHARM-PDM | Statistical
S5 N

Binary Segmentation |

o -

Figure 18 : Spharm-pdm shape analysis pipeline [53]
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CHAPTER 3 METHODOLOGY

3.1 Research Methodology

This project is mainly to develop a visualisation tool for the brain morphometric
analysis. The data that is used in this project is T1-weighted image which T1 flash and
T1 MPRage image format. Approximately 20 normal control group data are collected
from Midas100 [20]. The images are pre-processing by using an open source software
FreeSurfer which is developed by Athinoula A.Martinos Center for Biomedical
Imaging. FreeSurfer is a brain imaging software package that is useful in processing
and analysis of brain structure based on the volume and surface-based analysis [21].
The FreeSurfer takes brain MRI data and generates labelled cortical surfaces and
labelled cortical volumes. Run the command recon-all to process the T1-weighted
image($IMAGE) and set the output name as $SUBJECT. After the data has been
processed, the output files stored at the file name $SUBJECT.

recon-all -all -i $IMAGE -s $SUBJECT

The pair of hippocampus is then extracted using a defined algorithm written in python
from the aseg.mgz file which is one of the output file generated from FreeSurfer. The
processing time in this step might be long because 15 images of data need to be
processed and the estimate runtime for each data in FreeSurfer takes approximately 1

day.

After the hippocampus is extracted, the volume of the hippocampus can be calculated
by counting the number of voxel. The result is plotted in the histogram to observe the

difference in the volume.

The output of the hippocampus segmentation need to be convert the format from nifti
to STL mesh file using ITK-snap. The visualisation is created to visualise and compare
between two subject. The visualisation tool can rotate, move and overlay two subject

in order to compare the shape difference.

The boundary shape analysis and the medial shape analysis are used to analysis and
compare the shape of the region of interest. The PCA algorithms is implemented with

the visualization tools in order to show the first principal component of the



3.2 Project Activity

Project title selection and * Project title "Software tool for brain
allocation morphometry analysis"

Literature review and « Study type of brain morphometry,brain
background study structure

Collect the open source  T1 flash and T1 MPRage image file is
data for control group downloaded from Midas100

« Install the Open source software tool -
FreeSurfer into Virtualbox

« Setup Python virtual environment

Setup the pre-processing
software environment

Learning the python « Learning python3 programming
programming and « Learning the FreeSurfer process and tool
FreeSurfer command

* Pre-process the T1 image using FreeSurfer

« Extract the hippocampus from the aseg.mgz
file based on the mri_label

Acquire pre-process data
for normal group

Create the visualisation « To visualise the comparision between two
tool subject by overlapping

Developing algorithm to
analysis the hippocampus
based on the shape

« To analysis the shape of hippocampus using
SPHARM-pdm

Figure 19: Project Activity Flow
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3.3 Gantt Chart and Milestone of FYP

No ACTIVITY 1 2 3 El 5 6 7 8 9 10 | 11 | 12 | 13 | 14 1 2 3 El 5 6 7 8

—

Proposed Project *
Selection and Allocation
Literature review and
background study

]

Collection of open

L¥5]

source data for control
group

Setup the pre-processing
software environment
Python programming

3 and FreeSurfer Learning

6 Arquire pre-process data
for normal group
Extract the hippocampus
from T1

Create the visualisation
tool

7

% pca

10 Voxel Volume

1 Spharm-pdm

Figure 20: Gantt Chart for FYP
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3.4 Data Acquisition

The T1 weighted MRI datasets which in Metalmages format were acquired from the
open source database-Midas[20] to study and analysis the shape. The T1 weighted
MRI datasets that used in this study were collected by the CASILab at University of
North Carolina and distributed by the MIDAS at Kitware. Approximately 20 healthy
control subjects (10 female and 10 male, range of age:19-55) are obtained [38]. The
dimension of the T1-weighted MRI dataset is 176*256*176 and the voxel size is
Imm*1mm*1mm.The repetition time (TR) is 14 and the echo time(TE) is 7.7 with the
flip angle 30°.

Figure 22 : T1-weighted MRI (sagittal plane)

B: Normal002-T1-Flash

Figure 23 : T1-weighted MRI (coronal plane)
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3.5 Data Pre-processing

The images are pre-processing by using an open source software FreeSurfer which is
developed by Athinoula A.Martinos Center for Biomedical Imaging. FreeSurfer is a
brain imaging software package that is useful in processing and analysis of brain
structure based on the volume and surface-based analysis [21]. The FreeSurfer takes
T1-weighted MRI data as an input and reconstruct a three-dimensional volume of the
subject based on the MRI data.

In order to perform all the freesurfer reconstruction process, the command recon-all is
used process the T1-weighted image($IMAGE) and set the output name as $SUBJECT.
After the data has been processed, the output files stored at the file name $SUBJECT.

It takes approximately one to finish the whole process for each subject.

recon-all -all -i $IMAGE -s $SUBJECT

Motion Correction,Averaging
and Conform

Non-uniform inorm

Talairach transform
computation

Intensity Normalization 1

Skull Strip

EM Register

CA Intensity Normalization

CA Non-linear Volumetric
Registration

CA Label (Volumetric
Labeling)

Figure 24 : Data Pre-processing Flow
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The first stage of the FreeSurfer is to perform the motion artefact correction on the
subject to correct for the small motion. Motion artifacts will affect the accuracy of the
results[39]. After that, the FreeSurfer will resample the data and change the dimension
into 265*265*265 with 1mm?3 voxel size. Then, skull strip process is performed which
the non-brain tissues such as skull, eyes and ears are eliminated. Next ,the FreeSurfer
perform the automatic VVolume Labelling process which label the subcortical region
based on the location and the intensity [40]. The output of this process (aseg.mgz) is

then use for further analysis and process.

Figure 26 : Before Skull Strip Figure 25 : After Skull Strip



3.6 Subcortical Segmentation

In order to compare a particular subcortical region, the segmentation process need to
be done by extract the region of interest from the aseg.mgz file. Each of the subcortical
region is label to a specific number which is easy for extract the region of interest.For
example, the left hippocampus is been label as 17 while the right hippocampus is label
as 53.Before the segmentation process is done, the aseg file need to convert into nifti
format. The region of interest is segment out using a python script which set the region
of interest into one else set to zero. The result is saved in nifti format and it can be
consider as binary file. The result is then used for Spharm-pdm analysis and volume

analysis.



3.7 Principal Component Analysis (PCA)

After the segmentation step, the output is used to perform the PCA analysis to compute
the first three principal components. The PCA can be compute by using following
steps. The PCA algorithms is then applied to the visualization tool to show the first
principal component of the region of interest.

Read the segmentation
file

convert to 3d array

compute mean and
covariance

Compute the first three
principal component

plot the first three
principal component

Figure 27 : PCA Flow
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3.8 Spharm-pdm

The Spharm-pdm is used for boundary shape analysis and medial shape analysis.
Spharm-pdm take the output of subcortical segmentation as an input. It only accepts
the nifti file format and gipl file format. The 3d segmentation file must in binary format.
Spharm-pdm allow user to run multiple data at the same time, so the input data path
need to save in the csv file. The output directory need to be set by user and all the
output from the Spharm-pdm will save in the folder. During post processed
segmentation, the spacing parameter need to be set to determine the resolution of data.
In this case, the spacing parameter is set 0.5mm for x, y and z-axis. In the
ParaToSpharmMesh, the medial mesh option is selected, so that the Spharm-pdm will
compute the medial axis of the data. The number of theta iteration and phi iteration is
corresponding to the number of sample used to compute the medial mesh. After setting
the parameter required, the Spharm-pdm can be run. Each of the data take

approximately 10 min to complete.

Input File PHARM_Tutorial_Data_July2015/SPHARM Tutorial_Data_luly2015/small_sample.csv |+ E] (...
Randomize Inputs [

Output Directory [ D:/SPHARM_Tutorial_Data_July2015/SPHARM Tutorial_Data_July2015/fyp_ketum_4 5 | l

Vierbose mode

¥ Post Processed Segmentation

Cverwrite
Rescale

SX

sy

52
Label Murmnber

value ; ' E

[ ¥ Generate Mesh Parameters

Overwrite

Mumber of Iterations B 1| 1000 E I

[ ¥ Parameters To SPHARM Mesh

Owerwrite

SubdivLevel value i 1 E
SPHARM Degree value i 1 E
Mumber of theta iterations [ 100 |$]
Mumber of phi iterations [ 100 |$]

Build the medial mesh b4

Figure 28 : Spharm-pdm parameter
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Binary Segmentation File

Put the input file location

into csv file

Set the output directory

Set spacing parameter in the
post processed segmentation

Set the number of theta and

Build the medial mesh

run Spharm-pdm

phi

Figure 29: Spharm-pdm flowchart
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CHAPTER 4 RESULTS AND DISCUSSION

4.1 Data Pre-processing

The normal group data is pre-processed using the open-source tool called FreeSurfer.

T1 weighted image is used as the input of the FreeSurfer. In this project, aseg.mgz is

the file that is required for further analysis. The aseg file consists of 40 subcortical

regions and each of the subcortical region is labelled a specific number and colour.

Figure 30 shows the aseg file, the region that colour in light green is right cerebral

white matter with the label 41 which the region that in grey colour is brain stem with

the label 16.

Right  Cerebral
White Matter
(41)

Right
Hippocampus
(53)

Figure 30: Snapshot of aseg file that show the label 41

Left
Hippocampus
17)

Brain Stem (16)




4.2 Subcortical Segmentation

As stated in the scope of study, this project mainly concerns the subcortical region of
hippocampus. So, a pair of hippocampus is identified in the pre-processing stage. After
pre-processing, each part of the brain is assigned the labels to indicate different unique
subcortical regions. To the left hippocampus of subject, the label is 17 while the right
hippocampus is 53. To extract the hippocampus out from the brain, a python script is
developed to set all the coordinates that have been labelled of 53 and 17 into 1 and else
set into 0. Having binarizing the data, the image of a pair of hippocampus can be
displayed in greyscale based on the ‘1’ threshold. The output file is saved to ‘nifti’
format which can be used for further analysis. The figure below shows the

hippocampus being extracted using the python script.

sub002_aseq

10 cm

Figure 31: Hippocampus Segmentation (front view)

sub00Z_aseq

10 cm



Figure 32:Hippocampus Segmentation (side view)

10 cm

Figure 33:Hippocampus Segmentation (top view)

Figure 34: Hippocampus Segmentation (3d view)



4.3 Principal Component Analysis (PCA)

The PCA script is created to calculate the first three eigenvectors. The first eigenvector
is the principal component of the data set with the most significance eigenvalue
followed by second eigenvector and third eigenvector. The figurel5 shows the first
three eigenvectors of the hippocampus. The hippocampus is plotted in points because
the image data is converted to numpy array before performing PCA. With the values
of eigenvectors and the eigenvalues, they are useful when working with the VTK
library. Based on the values obtained via the PCA algorithm, the visualization tool

developed from the VTK library shows the most informative plane of the object by
default for neuroimaging assessment.

First three PCA directions

Joyanuable pIE

Figure 35:First Three PCA direction of hippocampus



4.4 3d Image Visualization

After the hippocampus is extracted, the output file is in nifty format. The next step is
to overlay two sets of hippocampi of two different subjects together to give qualitative
comparison in terms of shape changes. The output file from the hippocampus
segmentation script is converted into STL mesh file. The VTK based python script is
written to display two hippocampi. With the PCA algorithm, the most informative
plane is shown by VTK for the visualization and comparison study.

The figure 36 shows the hippocampus of two normal groups, the grey one is the subject
‘sub001” while the subject ‘sub002’ is shown in red colour. The visualization tool
allows the user to render it. Besides that, the tool also allows user to move or drag the

hippocampus overlapped with another, shown in figure 37 and figure 38.

Figure 36:3d visualization tool




Figure 37: 3d visualization of two hippocampus with rotation

Figure 38:3d visualization with two hippocampus overlay



4.5 VVoxel Volume

A python script is created to calculate the total number of voxel of the hippocampus.
The size for each voxel box is Imm*1mm*1mm. The input of this script is from the
output of the hippocampus segmentation which is in binary file. The non-zero voxel is
calculated and the volume of the hippocampus is calculated. The figure below shows
the voxel count for normal group subject. From Figure 39, the voxel count for the
hippocampus is 7496 voxels which means the voxel volume is 7496 mm3. The result
that is obtained from the python script is similar with the ITK-Snap computation which

indicates the result is accepted.

Figure 39: Voxel count for normal group subject 001

1'\ Volumes and Statistics - [TE-SMAP

Intensity Mean = 5D
(sub001_aseq)

o I Clear Label 16769720  1.677e-07 1.5993 28,549

Label Mame  Woxel Count | Volume {mm3)

1 M Label 1 74596 74596 34.5582+17.9958

Figure 40: Voxel Count for normal group subject 001 (ITK-Snap)

The figure below shows the voxel volume of the left hippocampus and right
hippocampus of 20 subject. The voxel volume of the sub001 is the smallest
compared to other. This is because of the age is believed to be the root cause of the
hippocampus atrophy in size for this subject001 who is a lady of age 55 [42]. On the
other hands, the size of the subject014 who is a boy of age 19 is the largest. The
underlying reason of this case is the hippocampus is considered largest at the puberty
period of the development. Hippocampus generates many cells during puberty period
compared to adulthood [41]. The size of the left hippocampus of majority of the
subjects is largest compared to the right. This is deduced that the larger size of the

left hippocampus is due to most of the subjects are right-handed.



Volume (mm*3)

Voxel Volume of Hippocampus for each Subject
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M Left Hippocampus M Right Hippocampus

Figure 41 : Voxel volume of hippocampus for each subject
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4.6 Boundary Shape Analysis via SPHARM

The boundary shape analysis with spherical harmonics SPHARM is adopted to
localize any shape deformation in hippocampus. Modelling the surface of each
hippocampus with the SPHARM requires three possessing pipeline, (1) Spherical
Parametrization, (2) SPHARM expansion, and (3) SPHARM registration. Through
SPARM, at every boundary point of the surface of the hippocampal subfield, a distance
map color-coded with RGB values significantly allows locating any shape differences
between the subject group and the template object.

sub002_|_hippo_pp_surfSPHARM_procalign.vtk sub003_|_hippo_pp_surfSPHARM_procalign.vtk

1

Color_Map_Phi Color_Map_Phi

sub002_r_hippo_pp_surfSPHARM_procalign.vtk sub003_r_hippo_pp_surfSPHARM_procalign.vtk

62
, | .57

Color_Map_Phi Color_Map_Phi

Figure 42 : Boundary Shape Analysis of sub002 and sub003(Top: Left hippocampus) (Bottom: Right
hippocampus)

The result of the SPHARM illustrated in the two figures above describes the magnitude
of difference as a colormap for the left hippocampal subfield of the subject_002 and
the subject 003 compared with the template object. Obviously as the colormap
describes, the green color of both of the subject 002 and the subject 003 indicates

there is Omm difference compared to the template at their left tail region. As the color
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approaches to red, it indicates the shape between the subjects exhibits increasing large
difference. The left vizualization of the hippocampus of subject_002 is red for his right
tail region, similar goes to the hippocampus of subject_003. This denotes that there
exists the shape difference of 0.28mm around the red regions of both the subjects,
compared between the subjects to the template, and between the subject_002 and
subject_003. The colour of both hippocampus is almost similar due to both subject is

under healthy control.So, the shape of the both subject is almost same.



4.7 Medial Shape Analysis

Figure 43 : Medial shape analysis of sub004

Unlike boundary shape analysis, the medial shape analysis is to provide the center
local position of the hippocampal subfield. This approach is significant for describing
the correspondence between points of two hippocampal shape. As the result of red and
blue line computed to represent the left and the right medial axis of the hippocampus
belong to the subject_004, the medial axis lines is quite symmetrical to each other.
Another usefulness based on the sampled medial representation is that it allows the
hippocampus model comparison by overlapping two medial axis of two subjects to
each other. It ensures the correspondence of the placement of two objects in

visualization and image analysis.

45



CHAPTER 6 CONCLUSION AND FUTURE WORK

Volume changes in region of interest is an intuitive feature of recognizing the atrophy
or dilation of the subcortical regions of brain, caused by diseases. However, the
structural changes at the location of the region of interests do not reflect the volume
measurement. Hence, it does not permit quantitative analysis. So, the shape analysis
of SPHARM-PDM is used together with the developed volume measurement

algorithm in this thesis.

In this project, visualization software tool that is in easy to use format is developed for
the clinicians to compare the brain region morphometry between the individual
patients and normal group databases. In order to perform the brain morphometry
analysis, the T1 image need to be pre-processed and the region of interest is extracted
from the entire brain. After the data pre-processing stage is completed, the
hippocampus is segmented based on the assigned label of 17 and 54. The GUI for 3d
visualization is created and allow users to rotate and move the hippocampus. The PCA
algorithm is developed and is informative for the visualization tool. The voxel volume
of the hippocampus is calculated. The result is identical to the result presented by ITK
Snap, which is a popular neuroimaging examination tool. The medial shape analysis
and boundary shape analysis is carried out with SPHARM-PDM. The

The future work can be done by combining all the scripts together to make a complete
software tool. The visualization tool can be enhanced by adding more features such as
allowing users to add more subject and able to reset the hippocampus into the default
original position. Besides that, other morphometry parameter such as subcortical
thickness and orientation can be considered for future development. In a nutshell, brain
morphometry studied across the healthy subject and the patient subject is carried up.
Their hippocampi are observed and compared in the developed visualization tool. To

analyse any unusual shape changes, SPAHRM-PDM used.
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APPENDICES
Appendix A : Subcortical Segmentation
from medpy.io import load,header, save

from medpy.filter import otsu
import matplotlib.pyplot as plt

filename = 'sub025_aseg.nii.gz'
image data, image header = load(filename)
mrishape = image data.shape

#print image data

print mrishape

#print image header

mrivoxspacing = header.get pixel spacing(image header)
mrioffset = header.get offset (image header)

#thr image data = (image data == 53)
thr image data = (image data == 17)
#thr image data = (image data == 53) + (image data==17) # Extract the

hippocampus (17 is left, 53 is right)
#print "thr image",thr image data[0]
plt.imshow (thr image data[:,128,:])
plt.colorbar ()

plt.show ()

outpath = 'sub025_ 1 hippo.nii.gz'
save (thr image data, outpath, image header)
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Appendix B : PCA

import matplotlib.pyplot as plt

from mpl toolkits.mplot3d import Axes3D
from sklearn import datasets

from sklearn.decomposition import PCA
import numpy as np

import nibabel as nib

img = nib.load("sub00l1 output.nii.gz")
data = img.get data(()
print(len(data))

#print data
print data.shape
#print data[0] [1]

datalist=[]
for i in range(0,data.shape[0]):
for 7 in range(0,data.shape[l]):
for k in range(0,data.shape[2]):
if datal[i][j][k] ==
datalist.append([i,7,k])

print len(datalist)
N=len (datalist)
img data = np.asarray(datalist)

# To getter a better understanding of interaction of the dimensions
# plot the first three PCA dimensions

fig = plt.figure(l, figsize=(8, 6))

ax = Axes3D(fig, elev=-150, azim=110)

X reduced = PCA(n_components=3).fit transform(img data)
#ax.scatter (X reduced[:, 0], X reduced[:, 1], X reduced[:, 2],
cmap=plt.cm.Paired)

ax.scatter (X reduced[:, 0],X reduced[:, 1], cmap=plt.cm.Paired)
ax.set title("First three PCA directions")

ax.set xlabel ("lst eigenvector")

ax.w_xaxis.set ticklabels([])

ax.set ylabel ("2nd eigenvector")

ax.w_yaxis.set ticklabels([])

ax.set zlabel ("3rd eigenvector")

ax.w_zaxis.set ticklabels([])

plt.show ()
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Appendix C : Visualization Tools

import vtk
from vtk.util.colors import tomato

# create source 1
filename = "hippol.stl"
filename2="hippo2.stl"

reader = vtk.vtkSTLReader ()
reader.SetFileName (filename)

mapper = vtk.vtkPolyDataMapper ()
if vtk.VTKiMAJOR7VERSION <= 5:
mapper.SetInput (reader.GetOutput ())
else:
mapper.SetInputConnection (reader.GetOutputPort () )

# actor
actorl = vtk.vtkActor ()
actorl.SetMapper (mapper)

# outline
reader = vtk.vtkSTLReader ()
reader.SetFileName (filename?)

mapper2 = vtk.vtkPolyDataMapper ()
if vtk.VTK MAJOR VERSION <= 5:
mapper2.SetInput (reader.GetOutput ())
else:
mapper2.SetInputConnection (reader.GetOutputPort ())

actor?2 = vtk.vtkActor ()
actor2.SetMapper (mapper2)
actor2.GetProperty () .SetOpacity(0.4)
actor2.GetProperty () .SetColor (tomato)

HAFFHRAAAAFFRRARAFFRRAAAFFFRAAAFFHRAARAFFRRAAAAFFRAAAAFFRAAAAFFFRAAAAS

# create a rendering window and renderer
ren = vtk.vtkRenderer ()

renWin = vtk.vtkRenderWindow ()
renWin.SetSize (800, 600)
renWin.AddRenderer (ren)

# create a renderwindowinteractor
iren = vtk.vtkRenderWindowInteractor ()
iren.SetRenderWindow (renWin)

#ren.AddActor (actorl)

hippol = vtk.vtkOrientationMarkerWidget ()
hippol.SetOrientationMarker (actorl)
hippol.SetViewport(0.4,0,1.0,0.6);
hippol.SetInteractor (iren)
hippol.EnabledOn ()

hippol.InteractiveOn ()

ren.ResetCamera ()

#ren.AddActor (actor?2)

hippo2 = vtk.vtkOrientationMarkerWidget ()
hippo2.SetOrientationMarker (actor?2)
hippo2.SetViewport(0,0,0.6,0.6);
hippo2.SetInteractor (iren)
hippo2.EnabledOn ()

hippo2.InteractiveOn ()
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ren.ResetCamera ()

axesActor = vtk.vtkAxesActor ()

axes
axes
axes
axes

= vtk.vtkOrientationMarkerWidget ()

.SetOrientationMarker (axesActor)
.SetViewport (0.75,0.75,1.0,1.0);
.SetInteractor (iren)

axes.
axes.

EnabledOn ()
InteractiveOn ()

ren.ResetCamera ()

# enable user interface interactor

iren.

Initialize ()

renWin.Render ()

iren.

Start ()
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Appendix D : Voxel Volume

import matplotlib.pyplot as plt

from mpl toolkits.mplot3d import Axes3D

import numpy as np
import nibabel as nib

img = nib.load("6307_1 hippo.nii.gz")
data = img.get data()
print(len (data))

#print data
print data.shape
#print data[0] [1]

datalist=[]
for i in range(0,data.shape[0]):
for 7 in range(0,data.shape[l]):

for k in range(0,data.shape[2]):

if datali]l[j][k] ==
datalist.append([i,7,k])

#print len(datalist)

N=len (datalist)

img data = np.asarray(datalist)
print "Voxel count(L) =",6N

img = nib.load ("6307_r_ hippo.nii.gz")
data = img.get data()
print(len(data))

#print data
print data.shape
#print data[0][1]

datalist=[]
for i in range(0,data.shape[0]):
for 7 in range(0,data.shape[l]):

for k in range(0,data.shape[2]):

if datalil[j]l[k] ==
datalist.append([i,7,k])

#print len (datalist)

N=len (datalist)

img data = np.asarray(datalist)
print "Voxel count =",N
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