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Abstract

Glaucoma is an optic neuropathy affecting the entire visual system. The
understanding of the glaucoma mechanism and causes remains unresolved.
Diffusion tensor imaging (DTI) has been used to analyze the optic nerve and
optic radiation showing global fiber abnormalities associated with glaucoma.
Nevertheless, the complex structure of the optic radiation and the limitations
of DTT make the localization of the glaucoma effect a difficult task. The aim
of this work is to establish a framework for the determination of the local
changes of the optic radiation due to glaucoma using DTI. The proposed sys-
tem utilizes a semi-automated algorithm to produce an efficient identification
of the optic radiation. Segmented optic radiations are transformed to a uni-
fied space using shape-based non-rigid registration. Using the deformation
fields that resulted from the registration, the maps of the diffusion tensor-
derived parameters are transformed to the unified space. This allows for
statistical voxel-wise analysis to produce significant abnormality maps. The
proposed system is applied to a group of 13 glaucoma patients and a normal
control group of 10 subjects. The groups are age matched to eliminate the
age effect on the analysis. Diffusion related parameters (axial, radial, and
mean diffusivities) and an anisotropy index (fractional anisotropy) are stud-
ied. The anisotropy analysis indicates that the majority of the significant
voxels show decreased fractional anisotropy in the glaucoma patients com-
pared to the control group. Additionally, the significant regions are mainly
distributed in the middle (in reference to anterior-posterior orientation) of
the optic radiation. Glaucoma subjects have increased radial diffusivity and
mean diffusivity significant voxels with a main concentration in the proximal
part of the right optic radiation. The proposed analysis provides a frame-
work to capture the significant local changes of the optic radiation due to
glaucoma. The preliminary analysis suggests that the glaucomatous optic
radiation may suffer from localized white matter degeneration. The frame-
work facilitates further studies and understanding of the pathophysiology of
glaucoma.



1. Introduction

Glaucoma is an optic neuropathy accompanied by visual disorder. It is
usually associated with damage of the retinal ganglion cells and the optic
nerve fibers which are responsible for transmitting the visual information
from the eye to the brain [1]. The progression of glaucoma results in visual
impairment that can reach complete vision loss if untreated. It is the second
leading cause of blindness in the world affecting more than 60 million people
and 8.4 million people suffering from bilateral blindness [2]. The vision loss
due to glaucoma is irreversible but if glaucoma is detected in an early stage,
the progression of glaucoma can be delayed or stopped.

As a systemic disease, glaucoma generally affects the entire visual system.
The human visual system consists of two major components, the eye and the
visual pathway inside the brain. The visual information captured by the
photoreceptors is transmitted through the retinal ganglion cells and their
axons, comprising the retinal nerve fiber layer, to the brain. The visual
pathway continues in the brain through the optic nerve projecting from the
retina through the optic chiasm and optic tracts to the lateral geniculate
nucleus (LGN). The optic radiation is a densely packed bundle of myelinated
axons that projects from the LGN to the primary visual cortex. The primary
visual cortex is responsible for the processing of the visual information [3, 4].

In experimental glaucoma the degeneration has been shown to be transsy-
naptic. i.e., atrophy is transmitted from diseased neurons to healthy nerve
cells through synaptic connections [5]. The neuronal degeneration of glau-
coma was shown to extend to different parts of the visual pathway spreading
to the intercranial optic nerve, lateral geniculate nucleus and visual cortex [6].
The integrity of the white matter fibers of the optic nerve and the optic
radiation is reported to be globally decreased assessed by diffusion related
parameters based on diffusion tensor imaging [7, 8]. Therefore, neuroimaging
techniques such as diffusion tensor imaging (DTI), allowing for non-invasive
in-vivo white matter fiber identification and quantification, have a great po-
tential in the understanding of neuronal diseases such as glaucoma.

Despite the extensive research on glaucoma and the valuable findings, the
causes of glaucoma remain uncertain and the pathophysiology mechanism is
not yet fully understood. Localizing the glaucoma effect on the visual system
could provide more insight into the mechanism and progression of glaucoma.
To the authors’ knowledge, the effect of glaucoma on the optic radiation is
studied through diffusion tensor-derived parameters only globally and it has



not been localized so far. The complexity of diffusion tensor imaging accom-
panied by inherited uncertainty and the complicated inter-subject variable
structure of the optic radiation make localizing the effect of glaucoma on
the optic radiation a difficult task. In this work, we propose a framework
that is able to capture the local changes of the optic radiation due to neu-
ronal diseases. The framework is applied to the glaucoma disease. The optic
radiation is identified on diffusion tensor images. The diffusion process is
sensitive to the underlying fiber structure, and consequently the diffusion
tensor-derived parameters are expected to change in cases of white matter
tracts damage due to neurological disorders. Thus, they are commonly uti-
lized to detect the degradation in the cerebral white matter health when
examining pathologies [9, 10, 11, 12].

The proposed framework for the localization of the glaucomatous dam-
age on the optic radiation is object oriented. It processes the optic radiation
rather than the whole brain. Whole brain analysis is subject to many sources
of inaccuracies and therefore avoided. The framework uses a semi-automated
algorithm for identifying the optic radiation to limit the user intervention and
increase the reliability of the results. In addition, relying on diffusion tensors
or related parameters in the calculation of the similarity in the registration
step is not suitable for dealing with glaucoma. This is because different pa-
rameters were shown to be affected by glaucoma and consequently the whole
diffusion tensors. Thus, an automated shape-based registration approach is
incorporated to overcome this limitation. The analysis is restricted to the
main fiber bundle of the optic radiation where there is a high degree of shape
similarity. This simplifies and facilitates the registration leading to improved
inter-subject alignments.

2. Background and Related Work

The Brownian motion of the water molecules within white matter fibers
is restricted by the cell membranes and myelin sheaths surrounding the ax-
ons. Diffusion weighted imaging (DWI) relies on modulating the magnetic
resonance signal by the self-diffusion of the water like molecules. The most
common mathematical formalism for extracting quantitative data from the
diffusion process is the diffusion tensor [13, 14, 15]. The diffusion within a
voxel is modeled as a Gaussian process and represented by a diffusion tensor.

The spectral decomposition of the diffusion tensor leads to information
regarding the local fiber orientation, which is assumed to coincide with the



principal diffusion direction (PDD) in simple regular fiber structure. More-
over, parameters have been derived from the diffusion tensor to describe
different aspects of the diffusion process. Diffusivity is described along the
PDD by the axial diffusivity (AD) and perpendicular to the PDD by the ra-
dial diffusivity (RD). The average diffusivity within a voxel is characterized
by the mean diffusivity (MD). Increased radial diffusivity is hypothesized to
reflect the demyelination degree and this assumption was validated in clinical
studies on mouse brain [11, 16] while MD represents the magnitude of the dif-
fusion within a voxel. Fractional anisotropy (FA) [17] indicates the degree of
deviation from isotropic diffusion at each voxel. In clinical applications, FA
is widely assumed to represent the organization degree of white matter fibers
reflecting white matter integrity. Reduced FA values could be interpreted as
compromised fiber coherence (degree of cellular structure alignment within
a voxel) and possible defects in myelin [9, 10, 12].

Diffusion tensor imaging opened a new dimension in the field of neu-
roimaging enabling the reconstruction of the brain white matter structure
in-vivo [18, 19]. It allows for building an atlas of white matter fibers [20].
Moreover, DTI received a lot of attention due to its clinical applications.
Among DTI applications [21] are the ability of diffusion weighted imaging
to early detect cerebral diseases such as acute strokes [22, 23] as well as the
demonstrated sensitivity of diffusion tensor-derived parameters to different
neuropathologies including Alzheimer disease [24, 25] and multiple sclero-
sis [26].

Different approaches exist for tracking the white matter fibers from DTI
data. Algorithms were developed to reconstruct the human visual path-
way [27] and to identify parts of it such as the optic radiation [28, 29]. This
enables the analysis of the effects of ophthalmological and systemic neuro-
logical diseases on the visual pathway.

Analysis of diseases using DTT follows two major approaches. The anal-
ysis is performed between a diseased group and a control group. Histogram
analysis represents the first approach and is based on statistically analyzing
the different features of the histogram of diffusion tensor-derived parame-
ters on a specified region of interest [30, 31]. Features of the histogram may
include mean, median, location of the peak, etc. This approach gives the
global significant differences between the two examined groups but it lacks
the ability to localize these differences. Voxel-based morphometric analysis
examines the local changes of tensor derived-parameters to produce a map
of significant abnormalities in the presence of neurological diseases such as



optic neuritis, amyotrophic lateral sclerosis [32, 33]. Studying hemispheric
asymmetry due to aging effect or pathologies such as schizophrenia is another
application of voxel-based analysis [34, 35, 36].

Voxel-based morphometry (VBM) is commonly used in a whole brain
analysis for localizing the abnormalities in the presence of pathologies. Brain
images from different subjects involved in the study are transformed to a
unified coordinate system by registering them to a template. This allows
for inter-subject voxel-wise comparisons because each location in the uni-
fied coordinate system should include corresponding voxels from all subjects.
Due to the complex structure of the brain and the highly inter-subject brain
structure variability, the registration is imperfect and significant voxels could
arise from the misalignment of images. Smoothing is incorporated to reduce
the inter-subject variability and misalignments by replacing the image in-
tensity value by a weighted average from neighboring voxels. Smoothing
increases the partial volume effects. Previous study showed that the mor-
phometry analysis depends on the degree of smoothing [37]. Tract-based
spatial statistics (TBSS) approach is proposed to avoid the mentioned prob-
lems of conventional VBM [38]. This approach is one of the well established
and applied techniques in morphometry analysis using DTI. TBSS operates
on FA images in a multi-step method. First, the FA brain images from dif-
ferent subjects are aligned using non-rigid registration. Then, the mean of
the registered FA images is computed and a skeleton of the white matter
tracts is calculated from it. Finally, the different subjects are projected onto
this alignment invariant tract and the statistical analysis is performed on the
voxels of the skeleton. TBSS does not require smoothing and is completely
automated and thus observer independent. However, TBSS processes FA
images which are affected by white matter degeneration caused by diseases
such as glaucoma. The spatial accuracy of the TBSS analysis is limited by
the skeleton and therefore does not provide detailed significant locations.
In addition, it compares skeletons of the extremely variable complete brain
white matter structures.

3. Materials

3.1. Subjects

The performed case-control study included 23 subjects categorized into
control and glaucoma groups. The control group consisted of 10 subjects
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(3 males and 7 females with a mean age of 62.8+13.6 years) while 13 pa-
tients (6 males and 7 females with a mean age of 64.7+11.5 years) diagnosed
with primary open angle glaucoma (7 patients) and normal tension glau-
coma (6 patients) constituted the glaucoma group. Subjects in both groups
were randomly selected from the patients in the clinic of the Department
of Ophthalmology at the University Erlangen-Nuremberg. The criteria for
primary open angle glaucoma (POAG) diagnosis were having an intraocular
pressure (IOP) > 21 mmHg associated with an open anterior chamber angle,
optic disk cupping and visual field defects > 2 dB. Criteria for diagnosis of
normal tension glaucoma were the same as POAG except for an IOP < 21
mmHg. The subjects in the normal groups did not show any abnormalities of
the glaucoma specific examination results. The acquired magnetic resonance
imaging (MRI) and DTI datasets were utilized for neurological examinations
to detect cerebral diseases or irregularly developed optic radiations.

3.2. Magnetic resonance and diffusion tensor imaging

A 3T high-field scanner (Magnetom Tim Trio, Siemens, Erlangen, Ger-
many) was used to obtain anatomical T'1-weighted images using 3D-MPRAGE
imaging sequence. The strength of the applied gradient field was up to 45
mT/m (72 mT/m effective). The imaging sequence parameters were TR =
900 ms, TE = 3 ms, and field of view (FoV) = 23 x 23 cm?. The acquisition
matrix size = 512 x 256 reconstructed to 512 x 512 with interslice resolution
of 1.2 mm.

Diffusion weighted images were acquired along 20 directions using a max-
imal b-factor of 1,000 s/mm?. Additional non-diffusion weighted scan was
performed with b = 0. The scanning image sequence protocol was a single-
shot, spin echo, echo planar imaging (EPI) with TR = 3,400 ms, TE = 93 ms,
FoV = 23 x 23 cm?, and partial Fourier acquisition = 60%. The acquisition
matrix size was 128 x 128 reconstructed to 256 x 256 and the number of
signal averages was 4. The axial intra-slice spatial resolution was 1.8 x 1.8
mm? with a slice thickness of 5 mm.

4. Methods

The schematic of the proposed framework is illustrated in Figure 1. The
main idea of the system is to spatially normalize the optic radiations from
different subjects to a unified space. The identification of the optic radiation
is performed automatically. The analysis is confined to the main bundles of
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Figure 1: Schematic of the analysis framework. The system analyzes the diffusion tensor
images of the optic radiation to produce localization maps showing regions with significant
differences between glaucoma and control groups. The schematic illustrates the different
steps including optic radiation identification and configuration, registration, and statistical
analysis.

the optic radiation. Thus, the inter-subject variability is reduced to be able
to accurately compare the fiber bundles from different subjects. This is done
manually by removing the highly variable fiber structures and correcting
the segmentation errors. The segmented optic radiations from all subjects
are non-rigidly registered to a reference template. After the registration, all
the segmented regions occupy the same space enabling location-based anal-
ysis. The diffusion tensor-derived parameters’ images are transferred to the
common space using the transformation fields obtained from the registra-
tion step. Finally, a statistical analysis is performed to detect the regions
which show significant differences between glaucomatous and normal optic
radiation groups. The software used in this work was mainly developed by
the authors under the Matlab environment (Mathworks, Inc., Natick, MA,
USA). In the following subsections, the various steps are described in detail.



4.1. Automated identification of the optic radiation

The diffusion tensors were calculated from the diffusion weighted images.
The brain images were interpolated by upsampling the diffusion tensors at
non-grid locations. The individual components of the diffusion tensors were
trilinearly interpolated in the Log-Euclidean space [39]. The spectral com-
ponents of the interpolated diffusion tensors were obtained using eigenvalue
decomposition. The decomposition results included the eigenvalues of the
interpolated diffusion tensors which were used to calculate the diffusivity
parameters (AD, RD, and MD) and the anisotropy index (FA) using the
following equations:

AD = )\ (1)
RD =221 ; As 2)
MD =\ = (A1+A32+A3) (3)
T/ - =27+ (g = A’
kA= \/7 AQ VAV ES Y EY A2 + A2 @)

where A\;, Ao and A3 are the diffusion tensor eigenvalues in descending
order.

The previously developed algorithm for automated segmentation of the
optic radiation based on DTI data by El-Rafei et al. [29] was used to identify
the optic radiation. The algorithm is automated and thus eliminates the
necessity for user intervention avoiding inter-user variability. Moreover, the
ability of the algorithm to identify the optic radiation in both normal and
glaucoma subjects with high efficiency was demonstrated by El-Rafei et al.
[29]. Therefore, it is suitable to be incorporated into the proposed framework
and specifically for the glaucoma analysis.

The segmentation algorithm was applied as follows: First, the DTT im-
ages were filtered anisotropically for reducing the noise and incrementing the
coherency within the fiber bundle of the optic radiation while maintaining
the bundle edges. This was performed by applying a Perona-Malik filter [40]
to the individual elements of the diffusion tensors. After the filtering step,



the optic radiation was initialized. Physiological properties of the optic radia-
tion such as the dominant main diffusion direction were used to delineate the
optic radiation automatically. In this step, the voxels with dominant anterior-
posterior directions were identified and connectivity analysis was performed.
Only voxels with high anisotropy (FA values greater than 0.3) were consid-
ered in this analysis. The optic radiation was initially identified as the largest
connected object with dominant anterior-posterior diffusion direction. Then,
the estimated optic radiation initialized a statistical level set engine that was
iteratively evolved to produce the segmented optic radiation. The level set
formulation was based on partitioning the image space into foreground (the
optic radiation) and background (the remaining image space). The posterior
probabilities of partitioning were modeled as Gaussian distributions within
each partition. The level set was evolved by seeking the optimal segmentation
that maximized the posterior probability while preserving the smoothness of
the segmentation [41]. The level set formulation was extended to work with
the Log-Euclidean framework. This maintained the simplicity of the calcu-
lations and speed efficiency while avoiding the drawbacks of the Euclidean
framework when dealing with the diffusion tensor space. Finally, the mid
brain was roughly identified and its relative position to the optic radiation
was utilized to refine the segmentation eliminating anterior connected coher-
ent tracts such as the optic tracts. A sample of a segmented optic radiation
is demonstrated on an axial brain slice in Figure 2.

4.2. Configuring the optic radiation

In the axial slice that includes the largest part of the LGN and clearly
identifies the intersection between the optic tracts and the optic radiation,
there is a high degree of shape similarity of the optic radiation among nor-
mal and glaucoma subjects. Therefore, it was selected for further analysis.
The manual configuration targeted the minimization of the inter-personal
variability by restricting the analysis to the main fiber bundle of the optic
radiation in order to benefit from the shape similarity between subjects. The
results of the segmentation were compared to a white matter Atlas recon-
structed using DTT [42]. The comparison showed that most of the errors were
over-segmentation errors. The occipital part of corpus callosum medially pro-
ceeding the optic radiation and traces of the optic tracts were included in
the segmentation. Based on the comparison, the segmentation errors were
manually corrected by two DTI experts.

10



Figure 2: Sample automated segmentation of the optic radiation on an axial brain slice.
The left side shows the segmented optic radiation on a non-diffusion weighted image
(b=0). The corresponding diffusion direction color coded image weighted with fractional
anisotropy is shown on the right side. The structure of the part of the visual pathway
representing the main fiber bundle of the optic radiation and the lateral geniculate nucleus
(LGN) is clearly captured.

The LGN is a small object relative to the limited spatial resolution of
the DTI data. Thus, its appearance differs among different subjects which
results in shape inconsistency and could lead to inaccuracies in the registra-
tion. Therefore, the lateral geniculate nuclei were excluded from the analysis
and manually removed from the segmentation. The lateral geniculate nuclei
can be easily identified by tracing the optic radiation and locate its inter-
section with the optic tracts near the anterior end of the optic radiation.
The branching part of the optic radiation to the primary visual cortex was
eliminated from the analysis due to significant inter-subject variability and
measurement uncertainties in this region.

The complex structure of the white matter fibers complicates the con-
figuration process. Moreover, measurement uncertainties arise from partial
volume effects as well as limitation of the diffusion tensor model in describing
complex fiber situations such as branching or crossing of fibers. Indices were
developed to distinguish between prolate, oblate and spherical tensors [43].
Prolate tensors characterize homogeneous regions with high anisotropy and
relatively high certainty of fiber orientation coincidence with the PDD. In
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Figure 3: The optic radiation on an axial brain slice of two sample subjects after the
manual segmentation. The lateral geniculate nucleus (LGN) and the branching to the
visual cortex were removed.

contrast, intravoxel crossing and branching fibers result in reduced average
anisotropy and uncertainty of the underlying fiber orientation. These sit-
uations are characterized by oblate tensors. To reduce the inter-operator
variability and to systematize the configuration process, a graphical user in-
terface (GUI) was developed to facilitate the user interactions. The GUI
enables accurate manipulation of the segmentation results on a variety of
DTI-derived measures including FA, MD, linear anisotropy (CL) and planar
anisotropy (CP) images as well as principal diffusion direction color coded
images. Thresholding of the mentioned parameters can be performed to vi-
sualize only the voxels above or below a certain parameter value. This can be
used in conjunction with the linear and planar anisotropy indices to localize
branching and intersecting fibers of the optic radiation and facilitate the ma-
nipulation procedure. For example, the branching parts of the optic radiation
can be identified in a systematic way by increasing CL threshold gradually
until the branching fibers are disconnected from the main fiber bundle of the
optic radiation. Then these parts can be manually eliminated. Segmented
optic radiation can be visualized on the anatomical diffusion weighted images
for further comparison with the known anatomy.

12



4.3. Registration

The optic radiations from different subjects were transformed to a unified
space of a reference template. This allowed for voxel-wise comparison and
in turn significant region analysis. The sizes of the segmented optic radi-
ations from different subjects were calculated and the normal subject with
the maximum optic radiation area in the LGN-slice was selected as the ref-
erence subject. A non-rigid registration [44] was incorporated to transform
the optic radiations from all the subjects into the reference optic radiation
space. The used non-rigid registration algorithm did not require any land-
marks and was fully automated. The transformation consisted of two parts
representing an affine transform and a free-form deformation (FFD). The
affine transform modeled the global mapping between the subject to be reg-
istered and the reference while the free-form deformation modeled the finer
local mapping. In the affine transform, 12 degrees of freedom were utilized to
account for the translation, rotation, scaling and shearing. Prior to the FFD
calculation, the optimal affine transformation was estimated by minimizing
the sum of squared differences (SSD) between the binary masks of the optic
radiations from the subject to be registered and the reference subject. In
the free-form deformation part, B-splines were used to describe the image
domain. The B-splines were calculated on a mesh of control points cover-
ing the image domain. The deformation of the mesh points deformed the
corresponding B-splines and consequently the shape of the optic radiation.
The FFD transformation was obtained by optimizing the locations of the
mesh control points in order to maximize a cost function that corresponded
to the image similarity based on the SSD between images. The cost function
also included a smoothing term to ensure the smoothness of the free-form
transformation. The optimization of the cost function was performed in a
hierarchical approach by decreasing the spacing between the mesh control
points to align coarse to fine structures. The hierarchical optimization along
with the smoothing term in the cost function provided smooth deformation
fields and preserved the topology of the optic radiations. The registration
operated on the binary masks of the segmented optic radiation from different
subjects to align them with the binary mask of the reference optic radiation.
The transformation fields for each subject were stored. Working with binary
images made the registration independent from the diffusion tensors affected
by glaucoma and focused on the shape similarity.
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4.4. Transformation of the diffusion tensor-derived parameters to the unified
space

The transformation fields obtained from registration were used to trans-
form the diffusion tensor-derived diffusivity parameters (axial, radial and
mean diffusivities) and the fractional anisotropy to the unified space. This
enabled voxel-wise comparison between the normal and glaucoma groups
with regard to all examined parameters.

4.5. Statistical analysis

For each of the tensor-derived parameters, each voxel in the reference
optic radiation was analyzed using nonparametric Wilcoxon rank sum test.
A minimal smoothing was applied to the diffusion tensor indices prior to the
statistical analysis using a 3 x 3 Gaussian filter with a standard deviation of
0.5. The voxels were considered to show a significant difference with respect
to the parameter under investigation if the p-value (uncorrected for multiple
comparisons) was less than 0.05 corresponding to 95% confidence interval.

4.6. Reliability assessment of the inter-operator configuration of the optic
radiation

The manual configuration of the automatically segmented optic radiation
is operator dependent. Inter-operator variabilities could arise leading to false
significant regions. Thus, the inter-operator reliability needs to be evaluated.
The automatically segmented optic radiation was demonstrated on the GUI
created by the authors to two experts in the visual system neuroanatomy and
diffusion tensor imaging. The experts performed independently the manual
configuration of the optic radiation to remove the branching parts of the optic
radiation to the primary visual cortex and to remove the LGN. The direc-
tional color coded fractional anisotropy images were used as the basis for the
manipulation process with the possibility to examine the other tensor-derived
indices maps or anatomical images. The operators utilized the GUI capabili-
ties to threshold the anisotropy indices and to monitor the branching regions
of the optic radiation for a systematic approach for the manual manipulation.
The final optic radiations identified by both operators were compared using
the percentage of voxel overlap [45] using the following equation:

Voz1 N Vou
Overlap(%) = % x 100 (5)

oxl
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where V.1 and V.o are the processed optic radiations from the first and
the second operators, respectively.

The percentage of voxel overlap along with the intersection to union ratio
(IUratio) [45] as given by Eq. (6) were calculated for each subject and used
to evaluate the reliability between operators.

Va1 N Vo
[Uratio(%) = #{/2 x 100 (6)
oxl ox2

A third alternative metric for assessing the matching between the manip-
ulated optic radiations from the two operators was the modified Hausdorff
distance (MHD) [46]. The directed modified Hausdorff measure d(A, B) be-
tween region A and region B is the average of the Euclidean distances between
each point on the boundary of A to its nearest neighbor on the boundary of

B. The modified Hausdorff distance is the maximum of the directed distances
d(A, B) and d(B, A).

4.7. Evaluation of registration accuracy

An important aspect of the proposed framework is the ability of the reg-
istration algorithm to align the optic radiations from different subjects to
the reference. The residuals of the registration were used to represent the
degree of misalignment between the registered subjects and the reference.
The overlap, the intersection to union ratio and the modified Hausdorff dis-
tance between the reference and the registered optic radiations were used as
measures of the registration accuracy as well as the post-registration degree
of alignment.

5. Results

DTI-brain scans of the subjects were performed. The proposed framework
was applied to the DTI datasets and the significant regions were extracted.
Figure 4 shows the reference optic radiation and the regions that indicated
significant differences with respect to the fractional anisotropy, radial and
mean diffusivities.

The FA analysis showed that the glaucoma group had mainly signifi-
cant voxels with decreased fractional anisotropy in comparison to the normal
group. Moreover, the significant differences were located in the middle part
with regard to anterior-posterior orientation of the optic radiation as shown
in Figure 5. Radial and mean diffusivities had localized higher values in the
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Figure 4: Optic radiation of the reference subject (a) and the significant optic radiation
voxels based on the analysis of: (b) Fractional anisotropy (FA), (¢) Radial Diffusivity
(RD), and (d) Mean Diffusivity (MD) in the presence of glaucoma. The significant regions
are marked and the color code is as follows: Red: control group’s mean value greater than
glaucoma group’s mean value with p-value < 0.05, Yellow: control group’s mean value
greater than glaucoma group’s mean value with 0.05 < p-value < 0.1, Green: control
group’s mean value less than glaucoma group’s mean value with p-value < 0.05, Cyan:
control group’s mean value less than glaucoma group’s mean value with 0.05 < p-value <
0.1.
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Figure 5: Concentration of significant regions on the right optic radiation according to the
fractional anisotropy analysis (left) and according to the mean diffusivity analysis (right).
Color code is as follows: Red: control group’s mean value greater than glaucoma group’s
mean value with p-value < 0.05, Yellow: control group’s mean value greater than glaucoma
group’s mean value with 0.05 < p-value < 0.1, Green: control group’s mean value less than
glaucoma group’s mean value with p-value < 0.05, Cyan: control group’s mean value less
than glaucoma group’s mean value with 0.05 < p-value < 0.1.
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Table 1: Reliability analysis of the inter-operator configuration of the optic radiation

Group Overlap(%)  IUratio(%) Modif. Hausdorff(mm)
Mean SD Mean SD Mean SD

Glaucoma patients 96.82 2.66 90.22 3.82 0.29 0.13

Normal subjects 88.97 5.38 85.06 5.21 0.61 0.39

All subjects 93.41 5.62 87.98 5.09 0.43 0.31

glaucoma group than in the normal subjects. The proximal part of the right
optic radiation near the Meyer loop contained a concentration of significant
voxels with increased radial and mean diffusivities. In addition, a significant
abnormality region could be observed in the posterior part of the left optic
radiation with regard to MD analysis. This region was characterized as well
by increased MD. Figure 5 focuses on the optic radiation to show the concen-
tration of voxels with increased MD values in the proximal part. The effect
on the AD was scattered and no remarkable localization could be detected
(not shown).

5.1. Inter-operator configuration of the optic radiation reliability results

The overlap, [Uratio and the MHD of the two experts processed optic ra-
diations were calculated for each subject. The mean and the standard devia-
tion (SD) were calculated for the glaucoma, control groups and all subjects.
The results of the reliability analysis are summarized in Table 1. Table 1
shows that the mean overlap in all groups was more than 88%. The correla-
tion between operators as measured by overlap among all subjects is 93.41%
with a standard deviation of 5.62%. Subvoxel agreement between operators
was indicated by a Hausdorff distance of 0.43 mm for all subjects.

5.2. Registration accuracy evaluation results

The registered optic radiations from all subjects were overlaid on the ref-
erence optic radiation. The overlap, [Uratio and MHD were calculated for all
individual subjects. Table 2 demonstrates the results of the accuracy anal-
ysis. The mean residuals (complement of the overlap) from the registration
of all subjects did not exceed 7%. For the glaucoma and normal groups, the
[Uratio means were 87.36% and 89.38%, respectively. Maximum MHD of
0.41 mm for the normal group indicated the subvoxel degree of alignment
achieved.
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Table 2: Registration accuracy analysis

Group Overlap(%)  IUratio(%) Modif. Hausdorff(mm)
Mean SD Mean SD Mean SD

Glaucoma patients 94.69 2.25 89.38 3.95 0.34 0.13

Normal subjects 93.21 1.55 8736 192 041 0.07

All subjects 93.85 1.98 88.24 3.07 0.38 0.11

6. Discussion

The presented framework provides localized abnormality maps of the op-
tic radiation in glaucoma. The application to groups of normal and glau-
coma subjects indicates the potential localization capabilities of the system.
Furthermore, the system analyzes different relevant diffusion tensor param-
eters characterizing different properties of the underlying white matter fiber
structure of the optic radiation. Thus, regional structural changes of the
underlying white matter in the presence of glaucoma could be investigated.

Complexity of the white matter architecture of the human visual system
and its variability among subjects complicate the voxel-based analysis. Com-
mon VBM approaches aiming to match the highly variable complete brain
fiber structure, such as the implementation in statistical parametric map-
ping (SPM) - (Wellcome. Department of Cognitive Neurology, University
College. London, London, UK) and TBSS [38], face the challenge of large
registration residuals and misalignments. Therefore, whole brain analysis is
avoided. Object oriented analysis (e.g., the work by Xu et al. [47] to analyze
the callosal fibers) concentrating on a single object reduces the matching
complexity from the whole brain to a specified object. The object oriented
approach is adopted in this work with the optic radiation as the object to
be analyzed. Using tractography to identify the white matter fibers results
in a network of individual fibers which is highly dependent on the user in-
tervention for selecting the seed points or regions of interest. Additionally,
the reconstructed fiber tracts may need to be clustered in order to provide
fiber bundles. This could lead to another source of errors and affects the
voxel-wise comparison. Therefore, a segmentation technique is used for the
reconstruction of the optic radiation. So, the optic radiation is represented as
a segmented region which facilitates the registration and reduces the sources
of errors.

The validity of the results produced by the framework depends on the
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accurate identification of the corresponding optic radiation regions in all
subjects, the consistency between operators, and the ability to efficiently
align the optic radiations to the reference. Therefore, the validation of these
issues is crucial to the reliability of the results and to indicate the system
efficiency. The optic radiation has a highly complex fiber system [48, 49|
that complicates the identification and isolation of its fiber structure. This
problem is mitigated by restricting the analysis to the main coherent fiber
bundle of the optic radiation. The utilized segmentation algorithm targets
the coherent bundle. This is emphasized by the anisotropic filtering and the
initialization of the optic radiation using a fractional anisotropy threshold
of 0.3. The FA threshold primarily aims to avoid the inclusion of voxels
with intravoxel fiber orientational heterogeneity [50] and to disconnect the
optic radiation from interfering tracts by the attempt to exclude the voxels
representing crossing and branching situations. Moreover, the manual con-
figuration procedure ensures that corresponding optic radiation bundles from
different subject are to be compared. i.e., the coherent optic radiation bun-
dles following the LGN and projecting to the primary visual cortex (without
the heterogeneous branching tracts) on the LGN-slice.

The optic radiation is automatically determined to eliminate the neces-
sity of user intervention. The manual configuration of the optic radiation
is performed by two experts in a simple systematic approach. The LGN is
clearly located at the termination region of the optic tract and the begin-
ning of the visual pathway axons projecting to the visual cortex through the
identified optic radiation. The branching fibers of the optic radiation near
the posterior end of the optic radiation are located in the proximity of the
primary visual cortex. The fiber structure in branching and crossing situ-
ations is characterized by reduced anisotropy due to the limitation of the
diffusion tensor model. Thus, increasing the anisotropy threshold gradually
and monitoring the branching region can facilitate the systematic elimination
of the highly variable branching bundles. However, the user intervention in
this region is limited because the output from the automated segmentation
consists mainly of the coherent fiber bundle of the optic radiation. Following
these approaches in manually configuring the optic radiation, a high degree
of consistency between operators is achieved. Subvoxel inter-operator agree-
ment measured by the modified Hausdorff distance can be attributed to the
minimized intervention of operators in the LGN and near the posterior end of
the optic radiation. This leaves the majority of the optic radiation unaltered
and reduces the average shape deviation.

20



The robust semi-automated identification of the optic radiation and re-
lying on the remarkable shape similarity for the registration contribute to
the high degree of structure alignment. An average overlap between refer-
ence and registered optic radiation of greater than 93% is achieved with a
subvoxel accuracy of 0.4 mm. Furthermore, glaucoma has been shown to af-
fect tensor-derived parameters such as FA and MD in the optic radiation [7]
which in turn affects the whole tensor. Thus, the dependence on the tensor
or tensor-derived measures in the registration could result in inconsistency of
the analysis among different parameters. This issue is resolved by depending
on the segmented optic radiation shape similarity among subjects with and
without glaucoma. A registration based on shape similarity ensures consis-
tency when using the obtained transformations to transfer any tensor-derived
parameters to the unified space for voxel-wise comparisons.

The decreased FA values of the glaucoma group indicate that the fiber
coherency and directionality of water self-diffusion are degraded compared
to the normal group. This could be related to an impaired integrity of white
matter tracts as suggested by previous studies [9, 10, 12]. The concentration
of the significantly decreased FA voxels in the middle between the anterior
and posterior parts of the optic radiation demonstrates the localized glau-
coma effect in that region. The water diffusion in the direction perpendicular
to the PDD is thought to be restricted by the myelin sheaths and the ax-
onal cell membranes [51]. This transverse diffusion is represented by the RD.
The process of demyelination in the presence of neurological pathologies was
suggested to be associated with reduced RD by Song et al. [11, 16]. The
increased radial diffusivity in the glaucoma group concentrated in the proxi-
mal part of the right optic radiation suggests a possible demyelination process
near the Meyer loop. Mean diffusivity represents the average of the water
self-diffusion which is related to the obstacles restricting the diffusion. The
locations of significant increase in MD are similar to the results from the RD
analysis on the right optic radiation. However, additional major abnormality
area can be located in the posterior part of the left optic radiation.

The localization analysis shows approximately symmetric regions on both
the middle parts of the left and right optic radiation with respect to FA anal-
ysis. However, the abnormalities on the left optic radiation are differently
located than the abnormalities on the right optic radiation regarding the
RD and MD analyses. The asymmetry in the RD and MD results could
be attributed to the hemispheric white matter asymmetry reported previ-
ously [52, 53]. Moreover, glaucoma is commonly an advanced age disease [54].

21



This is reflected in the selection and age matching of the subjects in this
study. Aging is associated with brain atrophy which was shown to be asym-
metric in both brain hemispheres [55, 34]. As a part of the white matter,
the optic radiation could be concerned with the hemispheric asymmetry. An-
other factor affecting the symmetry of the results could be the limited spatial
resolution of the DTT modality which makes the asymmetric acquisition of a
complex fiber structure with variable course such as the optic radiation [56]
unavoidable.

Recently, the average FA and MD in the optic radiation was reported
to be decreased and increased, respectively in the presence of glaucoma [7].
The performed analysis is generally in agreement with these findings and
additionally provides a localization map of the deleterious effect of glaucoma
on the optic radiation.

The selection of the slice that represents the optic radiation and the man-
ual post-processing may influence the results of the analysis. This influence
is reduced by co-registering the DTI images with the anatomical MRI images
for the validation of the segmentation and slice selection. However, the slice
selection is done by two DTI experts to ensure consistency and reliability
of the selection. The small sample size used in this study restricts a strong
conclusive statement about the localization results of differences in diffusiv-
ity and anisotropy parameters between the normal and glaucoma groups.
Potential significant voxels with p-value > 0.05 and < 0.1 are also shown in
Figure 4 and Figure 5. The significant regions corresponding to a p-value >
0.05 and < 0.1 are in the neighborhood of the 0.05 p-value analysis regions as
shown in Figure 5. Nevertheless, the focus of this work is on the localization
framework.

7. Conclusion

In this article a framework is proposed for the localization of the dele-
terious glaucoma effect on the optic radiation. The system overcomes the
complexities of the diffusion tensor imaging and allows for efficient voxel-
based morphometric analysis. The framework is based on shape similarity
and can be applied to any neurological disease that does not influence the
shape topology of the fiber bundle under examination. DTT is a valuable tool
for the identification of white matter fibers as well as the characterization
and localization of diseases which can assist in understanding the patho-
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physiology of neuro-ophthalmologic diseases as glaucoma. The preliminary
analysis provides a map of localized fiber abnormalities in the optic radiation
associated with glaucoma. Future direction is to conduct a large population
study where different glaucoma entities and factors can be examined and dif-
ferentiated. Following the shape concept introduced in this work, volumetric
shape modeling of the optic radiation can be incorporated to perform three
dimensional analysis.
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