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ABSTRACT

Grey matter and white matter changes in epilepsy detected by Voxel-based morphometry (VBM) and Tensor-
based morphometry (TBM) show notable similarities and differences to date. Therefore, a direct comparison of
results using VBM and TBM is necessary to understand how different methods are sensitive in detecting structural
brain changes in epilepsy. 45 patients with epilepsy (27.62 +12.8 years old) and 46 healthy controls (34.25 +16.0
years old) were scanned using a 3 Tesla MRI scanner. T1 weighted brain images were acquired, pre-processed,
and further analyzed using Computational Anatomy Toolbox (CAT12). For VBM, voxel-wise grey matter volumes,
white matter volumes and cerebrospinal fluid volumes were computed and smoothed (Full width at half maximum,
FWHM= 8 mm) for each participant. For TBM, voxel-wise Jacobian determinant images were obtained and
smoothed (FWHM= 8 mm). The group differences between patients and healthy controls were obtained using
two-sample T-tests. Conjunction analyses were performed to explore the sensitivity of different methods in
detecting grey matter and white matter. Our results showed that although both methods detected widespread
structural changes, there are similarities and differences in grey matter and white matter findings detected by
different methods. Only 35.07 % of grey matter (cerebellum, right temporal gyrus, left cuneus and left superior
frontal) were commonly detected by VBM and TBM while only 26.08 % of white matter (anterior lobe of
cerebellum, left occipital, frontal, and right temporal regions) were commonly detected by VBM and TBM.
Therefore, we conclude that VBM and TBM are differently sensitive in detecting structural brain changes in

epilepsy.
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A systematic characterization of structural brain changes in epilepsy using magnetic resonance imaging.

1. INTRODUCTION

Epilepsy is identified as a neurological disorder that
leads to altered brain activity, causing seizures,
sensations, and loss of consciousness. Around 50
million people from the world population suffer from
epilepsy, and it has become one of the most common
neurological diseases globally and 80% of epilepsy
patients are reported in low and middle-developing
countries. It seems that this neurological condition is
leading to a significant effect on patients’ health as
well as their wellbeing (Goldenberg, 2010, Sidhu et
al., 2018).

Based on current evidence, neuroimaging scientists
believe that structural and functional alterations in the
brain may cause cognitive and behavioural
abnormalities in patients with epilepsy. Many efforts
have been made during the last few decades to map
the structural and functional brain changes in epilepsy.
More importantly, magnetic resonance imaging (MRI)
based computational anatomy and imaging has
received significant attention in searching the
neuroanatomical substrates of epilepsy (Sidhu et al.,
2018, Kini et al., 2016). Two methods, Voxel based
morphometry (VBM) (Yasuda et al., 2010, Bernasconi
et al., 2004) and Tensor based morphometry (TBM)
(Tosun et al., 2011) have been extensively used to
extract voxel level morphological information of the
epileptic brain.

VBM is a fully automated technique in which spatially
normalize the individual brains to a standard template
and segment the different tissue types and then
compute voxel-wise concentrations or volumes as
GM, WM, and CSF (Ashburner and Friston, 2000,
Beal et al., 2013). TBM characterizes voxel-wise gross
volume changes following the deformation fields
which are derived by normalizing the individual brains
to a standard template. Further, it is a methodological
alternative to detect gross volume changes of brain
without computing volume information separately for
different tissue types (Ashburner et al., 1998). The
above two methods have been used to detect brain
changes in epilepsy and they are evidenced with
certain changes in focal and whole brain changes
associated with epilepsy. Notably, apart from overall
grey matter volume reduction of the entire brain, GM

volume reductions in hippocampal region and
thalamus has been suggested for underlying hallmark
symptoms of epilepsy. In addition, there may be more
extensive sclerosis in surrounding structures like
amygdala and para-hippocampal gyrus (Malmgren and
Thom, 2012). Reports of juvenile myoclonic epilepsy
confirm thalamus and frontal cortex as mostly affected
areas by its condition (Kim et al., 2007). Furthermore,
literature confirms that above GM changes are not
existing alone and may be associated with many WM
changes including inferior longitudinal fasciculus, and
superior longitudinal fasciculus, corpus callosum and
uncinate fasciculus (Xu et al., 2018). Regional gross
volumetric deficits in the hippocampus have also been
well documented in many TBM studies (Kim et al.,
2011, Kim et al., 2013).

The results found to date using VBM and TBM in
epilepsy show many similarities and differences. In
such ground, we believe that some areas of the
epileptic brain are affected more intensively and
therefore the tendency to detect such changes by both
methods are highly possible whereas some other areas
are affected in a specific way and may be detected by
either method. Therefore, a systematic and direct
comparison of the structural changes in epilepsy based
on VBM and TBM is required to test the above
hypothesis, which would enable an understanding how
different methods are sensitive in detecting structural
brain changes in epilepsy. However, such systematic
studies are very rare.

2. METHODOLOGY

Subjects

46 healthy controls (8 females; 34.25 £16.0 years old)
and 45 epilepsy patients (8 females; 27.62 +12.8 years
old) were included in the study. The study was
approved by the ethical review committees of National
Hospital of Sri Lanka and Faculty of Medicine,
General Sir John Kotelawala Defence University. MRI
brain scans which were confirmed as generalized
epilepsy were selected from the imaging database of
Department of Radiology, National Hospital of Sri
Lanka. The patients had been first diagnosed by
neurologists using diagnostic manual published by
International League Against Epilepsy (ILAE) by the
evaluations including patient history,
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electroencephalography  (EEG) recordings and
neuropathological examination. Healthy participants
with the absence of any neurological or psychological
illnesses were also included in the study.

Magnetic resonance image acquisition

All participants underwent brain MRI scans that were
performed using a 3 Tesla scanner (Philips Ingenia
3T) and 3D, T1-weighted images were acquired: echo
time (TE) = 3.1 ms; inversion time (T1) = 900 ms; flip
angle (FA) = 80; repetition time (TR) = 2200 ms;
matrix = 256 x 256; slice thickness = 1 mm; field of
view (FOV) = 226 mm x 290 mm; no gap; 188 sagittal
slices.

Image preprocessing

The orientation of three-dimensional T1W images was
checked for same orientation as the priors of SPM 12
(12th version of Statistical Parametric Mapping). They
were pre-processed (bias-corrected, noise removed,
intensity normalized) using the CAT12
(Computational Anatomy Toolbox- a powerful suite
of tools for morphometric analyses with an intuitive
graphical user interface) (Christian et al., 2022) and
SPM12 toolboxes. Then, the pre-processed images
were subjected to undergoing VBM and TBM
analyses using CAT12 toolbox.

Voxel Based Morphometry

For VBM, pre-processed images were spatially
normalized (this step is essential prior to performing
statistical analysis) to MNI (Montreal Neurological
Institute) template and then each brain was segmented
into GM, WM, and CSF tissue classes using
segmentation module of CAT12. Spatially registered
data were displayed as single slices of each participant
to check the quality of images and to detect possible
native volume artifacts. In addition, sample
homogeneity was also checked. We did not detect any
images as outliers and none of them were removed.
The segmented images were modulated to preserve the
total amount of GM, WM, or CSF in the original
image. This procedure resulted in volume images of
GM, WM, and CSF respectively. Each volume image
of participant was spatially smoothed using an
isotropic Gaussian kernel with 8-mm full-width at
half-maximum (FWHM). The total intracranial

volume (TIV) of each brain was used in the model of
subsequent statistical analysis to remove the inter-
individual differences to produce relative volumes
rather than absolute volumes.

Tensor Based Morphometry

For TBM, voxel-wise Jacobian determinants
(measuring the changes in regional tissue volumes
using the deformation field derived from warping the
MNI template to each individual brain) were obtained
and smoothed (FWHM = 8 mm). This TBM process
did not involve tissue segmentation rather it was
matched with the anatomical correspondence in
between the reference template and each image. Voxel
level volume changes and positional displacements
were originally recorded in deformation fields derived
by spatial matching. Then the local Jacobean
determinants were derived to quantify the local
volume changes for each voxel. Finally, the Jacobian
determinant values greater than one were taken as
volume enlargement, whereas Jacobian determinant
values less than one were taken as volume reduction
(Gaser et al., 1999).

Univariate Statistical Comparison

We conducted Two-sample t test to find out group
differences between patients with epilepsy and healthy
controls using the statistical module available in
CAT12. We used VBM-GM volumes, VBM-WM
volumes, VBM-CSF volumes and TBM gross
volumes separately at each statistical test comparison.
In this analysis, we used age and gender as covariates
in the model. For VBM, TIV was used as an
additional covariate (TIV was quantified using ‘Get
TIV’ module of catl2). It should be noted that TIV
should not be taken as an additional covariate for
TBM because inter-individual differences of brains are
originally removed when deriving the deformation
fields. The corrected results for family-wise error
(FWE) at voxel level (p< 0.05) were presented.

Conjunction analysis

Further, conjunction analyses were performed between
GM volume changes detected by VBM and TBM and
between WM volume changes detected by VBM and
TBM separately. We used grey matter and white
matter masks to extract grey matter and white matter
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information from gross volume changes detected by
TBM (Ediri Arachchi et al., 2020). Image processing

steps are shown in Figure 1.
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Figure 1: Image-processing workflow of Voxel-

based morphometry (VBM; grey in A) and Tensor-
based morphometry (TBM; red in B). GM, grey
matter; WM, white matter; CSF, cerebrospinal
fluid.

3. RESULTS
Univariate statistical comparisons

We found widespread volume reductions (Grey
matter, white matter, and gross tissue) in epileptic
brains compared to healthy controls covering both
hemispheres. The results are shown in Figure 2 and
summarized in tables 1 and 2. Compared with VBM,
TBM was more sensitive and was able to detect more
anatomical changes in the epileptic brain, more
specifically the white matter, compared with VBM
derived white matter.

The gross volume reductions were observed in the
regions of cerebellum, cuneus, middle occipital,
superior occipital, precuneus, lingual, middle
temporal, superior temporal, inferior temporal and

—~
Q
~

Gross Volumes (HC > EPI)

0
T value

z= 31mm z=40mm z= 44mm

(b) Grey Matter Volumes (HC > EPI)

z= 31mm z= 40mm

z= 44mm

(c) White Matter Volumes (HC > EPI)

2
[
E z=-35mm z=-23mm 16rnm 7mm
E
8
z
E
B

i! g T value

z=31mm 2= z= 44mm

Figure 2: Regional gross volume abnormalities in
patients with epilepsy compared to healthy controls
detected by Tensor-based morphometry (panel a).
Regional grey matter volumes (panel b) and white
matter volumes (panel ¢) detected by Voxel-based
morphometry. All detected areas, indicated in
black to white (corresponding to T values obtained
from two-sample t tests), had reduced volumes in
patients with epilepsy compared with healthy
controls. (p< 0.05, FWE Corrected).

inferior frontal. In addition, unilateral GM reductions
were found in left superior frontal, right fusiform,
right hippocampus, right superior parietal, right
inferior occipital, left postcentral, left thalamus, right
medial frontal, and right cingulate, left middle frontal,
left putamen and left insula. The main white matter
contribution was reported from cerebellum. In
addition, extra nuclear, sub lobar and sub gyral white
matter were highlighted from frontal and temporal
lobes (Figure 2 a).
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VBM has demonstrated several GM impairments in
the epilepsy group in comparison to healthy controls.
Bilateral grey matter volume reductions were found in
cerebellum, middle occipital, middle temporal gyrus
and superior occipital, cuneus and parahippocampus.
In addition, unilateral GM reductions were found in
right fusiform, left insula, right hippocampus, right
thalamus and left superior frontal (Figure 2 b). Apart
from GM findings, this study was also able to
distinguish white matter volume reductions in anterior
and posterior lobes of cerebellum. Compared to
cerebellum, slight WM reductions were noted in sub
gyral regions of frontal, left occipital, right temporal,
and left occipital (Figure 2 c). It should be noted that
we did not detect CSF changes in TBM or VBM.

Table 1: Regional gross volume reductions detected
by tensor-based morphometry (TBM) in
patients with epilepsy compared to healthy
controls.

Statistical significance was thresholded at p< 0.05, FWE Corrected.
Atlas regions were defined based on the AAL atlas. Age and gender
were used as covariates. MNI, Montreal Neurological Institute; L,
left; R, right.

Cluster | Atlas region Peak MNI tValue | Cluster size
No. Coordinates (Voxels)
Gross Volume changes
1 Cerebellum, cuneus, middle occipital, | -31.5, -60, -37.5 |5.25 44790
superior occipital, precuneus, lingual,
cerebellar white matter
2 Left superior frontal, left middle | -37.5, 30, 22.5 4.53 15537
frontal, left putamen, left insula, left
inferior frontal, left middle temporal,
left superior temporal, sub lobar and
sub gyral white matter
3 Right middle temporal, right superior | 46.5, 3, -33 4.45 9714
temporal, right inferior temporal, right
fusiform, extra  nuclear, right
hippocampus
4 Right superior frontal, right medial | 15, 28.5, 31.5 3.93 5791
frontal, right cingulate, sub gyral white
matter
5 Right inferior frontal, sub lobar white | 27, 27, -12 3.53 969
matter, extra nuclear white matter,
6 Right superior parietal 21, -63, 66 4.24 762
7 Left inferior temporal -495, -3,-31.5 3.43 274
8 Right inferior occipital 27,-91.5,-19.5 3.50 254

Similarities and Differences
detected by different methods

in GM changes

Conjunction analysis revealed a considerable overlap
(35.07%) in the identified GM structural changes in
patients with epilepsy across VBM and TBM
methods. This overlap includes several regions such as
cerebellum, right temporal gyrus, left cuneus and left
superior frontal gyrus (Figure 3 a, brown areas).

Table 2: Regional grey matter (GM) and white
matter (WM) volume reductions detected by voxel-
based morphometry (VBM) in patients with
epilepsy compared to healthy controls.

Cluster | Atlas region Peak MNI t Cluster size

No. Coordinates Value | (Voxels)

GM Volume changes

1 Cerebellum, left middle occipital, left | -9, -94.5, 7.5 5.76 28718
superior occipital, Cuneus, left para
hippocampus, Left middle temporal,
right fusiform.

2 Left insula -37.5,-21,6 5.14 5274

3 Right middle temporal 45, 6, -36 4.69 2522

4 Right  hippocampus, right para | 22.5,-33, 1.5 4.13 1215
hippocampus

5 Right middle occipital, right superior | 16.5, -96, 10.5 4.16 998
occipital, right cuneus

6 Left superior frontal -27,63,-12 4.25 471

7 Right thalamus 6,-7.5,12 3.62 398

8 Right fusiform 28.5,-1.5,435 3.92 295

9 Right middle temporal 54,-34.5,-4.5 4.02 225

WM Volume changes

1 Left cerebellum posterior lobe, left | -37.5,-57,-37.5 | 4.58 2822
cerebellum anterior lobe.

2 Right cerebellum posterior lobe, right | 40.5, -51, -39 4.46 2426
cerebellum anterior lobe.

3 Sub gyral (Left frontal) -19.5, 48, 27 3.98 940

Statistical significance was thresholded at p< 0.05, FWE Corrected.
Atlas regions were defined based on the AAL atlas. Age and gender
were used as covariates. MNI, Montreal Neurological Institute; L,
left; R, right.

Apart from overlaps some regional GM structural
changes (27.03%) in volume space were only detected
by VBM, but not by TBM (Figure 3 a, red areas).
These areas include the left insula and right
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cerebellum. Further, several GM volume reductions
were only detected by TBM (37.88%), but not by
VBM (Figure 3 a, green areas). These regions include
the left putamen, middle occipital gyrus and superior
frontal gyrus.

Similarities and Differences
detected by different methods.

in WM changes

We noticed considerable overlaps of WM results
(26.08%) detected by VBM and TBM. Commonly
detected white matter areas were mostly associated
with anterior lobe of cerebellum, left occipital, frontal,
and right temporal regions (Figure 3b, brown areas).
Further, it should be noted that TBM alone has been
able to detect several scattered white matter volume
reductions (71.4%) covering frontal, occipital and
temporal lobes of the cerebrum (Figure 3b, green
areas). However, we did not find a significant amount
of WM reduction detected by VBM alone (2.5%).

Conjunction Analysis
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Figure 3: Conjunction analysis of grey matter
detected by Voxel-based morphometry and Tensor-
based morphometry (panel a) and white matter
detected by Voxel-based morphometry and Tensor-
based morphometry (panel b)

4. DISCUSSION

We used two popular methods (VBM and TBM) to
characterize structural brain changes in epilepsy. The
aim of the study was to investigate how different
methods are sensitive in detecting structural brain
changes in epilepsy. The main strengths of this study
are two folds. First, comparing results from different
studies does not allow direct comparisons between
results obtained using different methods due to the use
of different sample sizes, different stages of illness,
changes in medication level of subjects and distinct
data processing strategies applied in different studies.
Second, although structural changes detected by these
different methods are likely to be related to each other,
they also capture information from different aspects
and thus are likely to have different sensitivity in
detecting different types of structural changes.

We observed two main findings with respect to each
tissue type. First, regarding the structural changes,
each tissue type is associated with wide-spread
volume reductions in epilepsy, but a portion of these
structural changes were commonly detected by both
methods. Second, in addition to overlaps we detected,
several regional volume reductions which are only
specific to the structural method applied were also
reported. For an example, significant amount of non-
overlapping or method specific regions in grey matter
were found by both TBM and VBM respectively.
Further, TBM was able to detect large amounts of
white matter regions which are independent from
overlapping. Therefore, it is obvious that although
structural changes detected by these different methods
are likely to be related to each other, they also capture
information from different aspects and thus are likely
to have different sensitivity in detecting different types
of structural changes.

Grey matter volume reductions detected in our study
(middle occipital, middle temporal, superior occipital,
cuneus, and para hippocampus) have been well
repeated by many previous studies in different extent
(Alvim et al., 2016, Tae et al., 2010, Latini et al.,
2015). However, apart from a majority of literature,
several regional grey matter volume reductions in our
study were only reported unilaterally (right fusiform,
left insula, right hippocampus, right thalamus and left
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superior frontal) (Jobst et al., 2019, Lu et al., 2022).
Amongst grey matter regions cerebellum was
specifically noted by both methods. Although the
cerebellum is not traditionally associated with epilepsy
there is plenty of evidence to show that cerebellum
plays a significant role in seizure networks (Streng and
Krook-Magnuson, 2021, Ibdali et al., 2021). Reduced
white matter volumes associated with cerebellum was
mostly highlighted and scattered reductions were
shown in frontal, occipital and temporal regions (Tae
et al., 2010, Slinger et al., 2016). Deformation based
studies conducted to date on epilepsy have revealed
more pronounced tissue volume reductions in frontal
parietal and temporal regions (Tosun et al., 2011).
Among sub-cortical regions hippocampus have been
the most featuring anatomical region in literature
whereas we did not detect bilateral volume reductions
in hippocampus with TBM, rather it was only
confined to the right side (Kim et al., 2013).

GM findings detected by VBM have been
considerably confirmed by gross volume changes
detected by TBM. But VBM has failed to confirm or
TBM has detected more white matter volume changes
in epilepsy. In addition to GM and WM, we were
interested in presenting possible CSF changes
associated with epilepsy. However, we did not observe
any significant changes in CSF. It is not surprising
that the literature has hardly reported the involvement
of CSF changes in epilepsy.

VBM approach applied in this study converts the
original density value of the GM (or the WM) into the
absolute volume of the given tissue type, and then
removes the effects of global brain volume by
regressing out the TIV during the statistical
comparisons and obtained relative volumes at voxel
level. The TBM approach applied in this study can
restrict information on deformation fields to local
volume changes, by using the local Jacobian
determinant of the deformation matrix at each voxel.
This can be seen as a shrinkage or enlargement of the
volume. It is important to note that TBM does not
distinguish different tissue types (GM, WM, and CSF)
within a particular voxel, but it quantifies the gross
volume changes at voxel level. As VBM and TBM are
closely related, one may expect close relationships
between the findings of grey matter and white matter.

For an example, one would expect that the gross
volume reductions detected by TBM may indicate
reduced GM volume, WM volumes and CSF volumes
(measured by VBM). Because theoretically the gross
volume of tissues comprises all three tissue types such
as GM volumes, WM volumes and CSF volumes.

We believe that the similarities and differences found
in the findings of the present study could be explained
by methodological properties or their sensitivities to
detect different structural information of brain. In
principle, TBM follows the method of mapping each
point of the template to corresponding point of the
image based on displacement vector and Jacobean
matrix. Therefore, the tendency of the occurrence of
registration errors at TBM is more prone than at
VBM. Therefore, we believe TBM contains more
noise in comparison to VBM. Further, the possibility
of the occurrence of errors would be much increased
when the registration uncertainty is higher. Apart from
that VBM is suggested as the more powerful method
of detecting local anatomical changes in comparison
to TBM (Davatzikos et al., 2001, Eckert et al., 2006,
Ediri Arachchi et al., 2020b, Khan et al., 2015,
Yushkevich et al., 2005, Borghammer et al., 2010). In
summary, inherent methodological alterations of
VBM and TBM could be directly related with the
finding derived from them.

5. CONCLUSION

We conclude that although both methods detected
widespread structural changes, there are similarities
and differences in GM and WM findings. Therefore,
we confirm that VBM and TBM are differently
sensitive in detecting structural brain changes in

epilepsy.
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