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Advanced Magnetic Resonance Imaging and Quantitative Analysis Approaches

in Patients with Refractory Focal Epilepsy

Barbara Anne Katharina Kreilkamp
Abstract

Background
Epilepsy has a high prevalence of 1%, which makes it the most common serious neurological

disorder. The most difficult to treat type of epilepsy is temporal lobe epilepsy (TLE) with its
most commonly associated lesion being hippocampal sclerosis (HS). About 30-50% of all
patients undergoing resective surgery of epileptogenic tissue continue to have seizures
postoperatively. Indication for this type of surgery is only given when lesions are clearly
visible on magnetic resonance images (MRI). About 30% of all patients with focal epilepsy
do not show an underlying structural lesion upon qualitative neuroradiological MRI
assessment (MRI-negative).

Objectives
The work presented in this thesis uses MRI data to quantitatively investigate structural

differences between brains of patients with focal epilepsy and healthy controls using
automated imaging preprocessing and analysis methods.

Methods

All patients studied in this thesis had electrophysiological evidence of focal epilepsy, and
underwent routine clinical MRI prior to participation in this study. There were two datasets
and both included a cohort of age-matched controls: (i) Patients with TLE and associated HS
who later underwent selective amygdalahippocampectomy (cohort 1) and (ii) MRI-negative
patients with medically refractory focal epilepsy (cohort 2). The participants received high-
resolution routine clinical MRI as well as additional sequences for gray and white matter
(GM/WM) structural imaging. A neuroradiologist reviewed all images prior to analysis.
Hippocampal subfield volume and automated tractography analysis was performed in
patients with TLE and HS and related to post-surgical outcomes, while images of MRI-
negative patients were analyzed using voxel-based morphometry (VBM) and
manual/automated tractography. All studies were designed to detect quantitative differences
between patients and controls, except for the hippocampal subfield analysis as control data
was not available and comparisons were limited to patients with persistent postoperative
seizures and those without.

Results

1. Automated hippocampal subfield analysis (cohort 1):
The high-resolution hippocampal subfield segmentation technique cannot establish a link
between hippocampal subfield volume loss and post-surgical outcome. Ipsilateral and
contralateral hippocampal subfield volumes did not correlate with clinical variables such as
duration of epilepsy and age of onset of epilepsy.

2. Automated WM diffusivity analysis (cohort 1):
Along-the-tract analysis showed that ipsilateral tracts of patients with right/left TLE and HS
were more extensively affected than contralateral tracts and the affected regions within tracts
could be specified. The extent of hippocampal atrophy (HA) was not related to (i) the
diffusion alterations of temporal lobe tracts or (ii) clinical characteristics of patients, whereas




diffusion alterations of ipsilateral temporal lobe tracts were significantly related to age at
onset of epilepsy, duration of epilepsy and epilepsy burden. Patients without any
postoperative seizure symptoms (excellent outcomes) had more ipsilaterally distributed WM
tract diffusion alterations than patients with persistent postoperative seizures (poorer
outcomes), who were affected bilaterally.

3. Automated epileptogenic lesion detection (cohort 2):

Comparison of individual patients against the controls revealed that focal cortical dysplasia
(FCD) can be detected automatically using statistical thresholds. All sites of dysplasia
reported at the start of the study were detected using this technique. Two additional sites in
two different patients, which had previously escaped neuroradiological assessment, could be
identified. When taking these statistical results into account during re-assessment of the
dedicated epilepsy research MRI, the expert neuroradiologist was able to confirm these as
lesions.

4. Manual and automated WM diffusion tensor imaging (DTI) analysis (cohort 2):
The analysis of consistency across approaches revealed a moderate to good agreement
between extracted tract shape, morphology and space and a strong correlation between
diffusion values extracted with both methods. While whole-tract DTI-metrics determined
using Automated Fiber Quantification (AFQ) revealed correlations with clinical variables
such as age of onset and duration of epilepsy, these correlations were not found using the
manual technique. The manual approach revealed more differences than AFQ in group
comparisons of whole-tract DTI-metrics. Along-the-tract analysis provided within AFQ gave
a more detailed description of localized diffusivity changes along tracts, which correlated
with clinical variables such as age of onset and epilepsy duration.

Conclusions

While hippocampal subfield volume loss in patients with TLE and HS was not related with
any clinical variables or to post-surgical outcomes, WM tract diffusion alterations were more
bilaterally distributed in patients with persistent postoperative seizures, compared to patients
with excellent outcomes. This may indicate that HS as an initial precipitating injury is not
affected by clinical features of the disorder and automated hippocampal subfield mapping
based on MRI is not sufficient to stratify patients according to outcome. Presence of
persisting seizures may depend on other pathological processes such as seizure propagation
through WM tracts and WM integrity. Automated and time-efficient three-dimensional
voxel-based analysis may complement conventional visual assessments in patients with
MRI-negative focal epilepsy and help to identify FCDs escaping routine neuroradiological
assessment. Furthermore, automated along-the-tract analysis may identify widespread
abnormal diffusivity and correlations between WM integrity loss and clinical variables in
patients with MRI-negative epilepsy. However, automated WM tract analysis may differ
from results obtained with manual methods and therefore caution should be exercised when
using automated techniques.
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Table 2.1. Demographic, clinical and MR imaging information for all participants of
Studies 1 & 2.

Details of individual patients/controls can be found in Table 2.A (Appendix: Raw
Data). TLE = temporal lobe epilepsy; SD = standard deviation, SGTCS =
secondary-generalized tonic-clonic seizure; FC = febrile convulsions.
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Table 2.A.Raw data for patients and controls (Studies 1 & 2). FC = febrile
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SPS = simple partial seizure, SGTCS = secondary-generalized tonic-clonic seizure,
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no/yes. Empty cells indicate missing data. DTI = diffusion tensor imaging, T2STIR =
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f=female, m=male, SPS=Simple Partial Seizures, SGTCS=Secondary-Generalized
Tonic-Clonic Seizures, A=Absence Seizures, CPS=Complex Partial Seizures,
TL=Temporal Lobe, FL=Frontal Lobe, TP=temporoparietal, FT=frontotemporal.

Table 7.2. Lesions found in the most recent MRI and retrospective comparison to
previous MRI and reports. Epilepsy dedicated research protocol: 2-D coronal FLAIR
MRI with high in-plane resolution (~0.5 mm), 3D TIw/T2w/T2FLAIR imaging.
Technical reasons for previous MRI-negative report in italics.

Chapter 8: Automated Multimodal MRI Analysis for Diagnostic Purposes in
Patients with MRI-negative Epilepsy

Table 8.1. Results of statistical testing on T1w JCT/EXT images after application of
p<0.01 and p<0.05 FWE cluster correction.

The results show that the false positive rate lies between 18% and 53%, while the
true positive rate is high. It was at 100% for the combined JCT and EXT image
analysis. JCT = junction image; EXT = extension image.

Table 8.2. Summary of multimodal statistical testing based on >3.5 cm’® cluster
masks of T1w JCT/EXT testing.

Patients with neuroradiologically determined FCDs (first four rows) and all twelve
patients with no previously identified FCDs with at least one significant result (at
p<0.01 and p<0.05 FWE corrected) in one modality are presented. The arrowheads
indicate an increased (>) and decreased (<) signal in the respective patients' image
compared to controls. These were also the patients that were re-reviewed by a
consultant neuroradiologist. For three patients (34/49/86), none of the images tested
in the multimodal approach with their respective >3.5 cm’ cluster masks reached
significance.

Chapter 9: Manual and Automated Tractographv Approaches in Patients with
'nmon-lesional' and lesional Temporal Lobe Epilepsy

Table 9.1. Demographic and clinical information for all participants.
TLE = Temporal Lobe Epilepsy; SD = Standard Deviation; SGTCS = Secondary-
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Table 9.2. Correlations of whole-tract FA/MD values with variables for both
approaches.

Spearman rho values (R) are shown with FDR corrected p-values (p) for each type of
analysis (manual and automated). Boldface indicates significant effects. UF =
uncinate fasciculus; PHWM = parahippocampal white matter bundle; FA = fractional
anisotropy; MD = mean diffusivity; ipsi = ipsilateral; contra = contralateral.

Table 9.A. Whole-tract diffusion measures for manual (top) versus AFQ (bottom)
tractography.

Abbreviations: M = Mean; SD = Standard Deviation; TLE = Temporal Lobe
Epilepsy; C = Control; I = left; r = right; AFQ = Automated Fiber Quantification; FA
= fractional anisotropy; MD = mean diffusivity (in 10° mm?/s); UF = uncinate
fasciculus; PHWM = parahippocampal white matter bundle

Table. 9.B. Comparison of FA/MD values from all tracts between patient groups
according to sex, presence of HS, SGTCS and history of febrile seizures.

Mean and standard deviations (in brackets) are presented for each tract. No
significant effects were observed for either manual or AFQ generated tracts. UF =
Uncinate Fasciculus; PHWM = Parahippocampal White Matter Bundle; FA =
fractional anisotropy; MD = mean diffusivity; ipsi = ipsilateral; contra =
contralateral; HS = hippocampal sclerosis; SGTCS = secondary-generalized tonic-
clonic seizures.
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List of Figures

Chapter 1: Introduction

Figure 1.1. Clinical trajectory for patients presenting with seizures.
AED = anti-epileptic drug.

Figure 1.2. Pre-surgical Evaluation in TLE (from Immonen 2010). The trajectory of
the pre-surgical evaluation process is presented from top to bottom. EEG =
electroencephalography; MRI = magnetic resonance imaging; PET = positron-
emission tomography; SPECT = single-photon emission computed tomography;
MEG = magnetoencephalography; AED = anti-epileptic drug.

Figure 1.3. FCD in the left supramarginal gyrus (top) and superior parietal lobule
(bottom).

The related signal appears dark on Tlw and bright on T2w/T2FLAIR 3D volume
images. The WCFT neuroradiologist's report stated that the two dysplastic sites may
be interconnected. L = left.

Figure 1.4. Right HS shown on T2FLAIR and T1FLAIR.

The T2FLAIR image shows hyperintense signal in the hippocampal region, while the
T1FLAIR demonstrates hypointensity of the hippocampal formation with a marked
volume loss. The loss of internal architecture in the right hippocampus is only
marginally visible in both images. T1- and T2FLAIR both show blurring of the
parahippocampal WM, which is a frequent finding co-occurring with HS. Images
were acquired at WCFT. L = left.

Chapter 3: Neuroanatomy

Figure 3.1. Left lateral view of the brain showing the four lobes of the left cortical
hemisphere of the cerebrum, brain stem (light brown) and cerebellum (brown) (from
Human Anatomy Wiki 2017)

Ventrally, the Sylvian fissure separates the frontal lobe (orange) from the temporal
lobe (blue), while caudally this most anterior lobe (frontal lobe) is separated from the
parietal lobe (green) by the central sulcus. The occipital lobe is situated at the very
posterior end of the brain (red area), caudal to the temporal and parietal lobes and
separated via the parietal-occipital sulcus. Separations between lobes are also
indicated with the red lines.
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Figure 3.2. Medial aspect of right limbic lobe with the hippocampus (from
Duvernoy 2005).
The inset (modified from Krebs et al. 2014) shows the limbic lobe (white) with

relation to frontal (orange), temporal (yellow), parietal (green) and occipital (pink)
lobes.

Hippocampal body: Hippocampal tail:
1. Dentate gyrus (margo denticulatus) 13. Gyri of Andreas Retzius (intralimbic
2. Cornu ammonis gyrus)
3. Fimbria placed upwards (arrows) to 14. Fasciola cinerea prolonging the
show cornu ammonis dentate gyrus

15. Gyrus fasciolaris, extension of the
Hippocampal head (uncal part): cornu ammonis
4. Apex of the uncus 16. The gyrus subsplenialis prolongs the
5. Band of Giacomini (uncal extension of gyrus fasciolaris and is itself continued
margo denticulatus (1)) by the indusium griseum (17) on the

5' Uncal sulcus dorsum of the corpus callosum (18)

6. Gyrus uncinatus 19. Isthmus

20. Anterior calcarine sulcus
The anterior part of the uncus, belonging 21. Cingulate gyrus
to the parahippocampal gyrus (piriform 22. Cingulate sulcus

lobe) is composed of: 23. Subcallosal area

7. Semilunar gyrus 24. Anterior perforated substance

8. Prepiriform cortex 25. Anterior commissure

9. Gyrus ambiens 26. Fornix

10. Entorhinal area 27. Crus of the fornix

11. Parahippocampal gyrus

12. Collateral sulcus The dotted area indicates the limbic lobe.

The a-a line indicates the plane of the
section of Figure 3.8.

Figure 3.3. Stages of brain development (from Tau and Peterson 2010).
A timeline of major developmental events occurring in the development of the
human brain. Six stages are shown.

Figure 3.4. Cortical development (from Poduri et al. 2013)

(A) A neuroepithelial cell (red) at the VZ serves as progenitor for both a pyramidal
neuron (green-blue) as well as a radial glial cell (gold). (B) A newly differentiated
neuron (blue) migrates along a radial glial fiber. (C) Neurons (blue) continue to
migrate along the outer radial glial cells' process (brown) as intermediate progenitor
cells (small yellow) form. (D) Intermediate progenitor cells begin to generate
neurons (blue). (E) The progenitor cells in the ventricular zone begin to give rise to
astrocytes (dark green). Interneurons (purple) generated elsewhere migrate
tangentially. CP = cortical plate; [Z = intermediate zone; VZ = ventricular zone; oRG
= outer radial glial (outside of VZ).
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Figure 3.5. FCD as a result of suspected somatic mutation in a progenitor cell (from
Poduri et al. 2013).

Healthy progenitor cells (bottom row, blue) give rise to healthy neurons and glial
cells (top five layers, blue), while a progenitor cell with a somatic mutation (red)
generates unhealthy cells (top five layers, red), thus mutated cells are interspersed
with healthy neurons and glial cells. The respective produced funnel-shaped lesion in
the adult brain can be detected in the left frontal lobe on the axial T2w MRI as a
FCD characterized by GM thickening, GM/WM blurring and a transmantle sign
reflecting the funnel shape of the developmental process. However, the right frontal
lobe and other regions of the brain present a sharp GM/WM boundary, healthy GM
thickness and no transmantle sign. R = right.

Figure 3.6. Various types of malformations of cortical development shown on
conventional axial T1w MR images in four different patients.
A detailed description of the images can be found in the right panel. R = right.

Figure 3.7.Illustration of the internal structure of the hippocampus (left, from
Duvernoy et al. 2013) and a corresponding post-mortem view of the hippocampus
after opening of the temporal horn of the lateral ventricle (right, from Duvernoy
1998).

The CA and dentate gyrus (GD) form two interlocking U-shaped laminae. 1
hippocampal body, 2 hippocampal head, 3 hippocampal tail, 4 terminal segment of
the tail, 5 hippocampal digitations, 6 vertical digitations, 7 CA and GD in the medial
surface of the uncus, 8 band of Giacomini, 9 margo denticulatus. A = anterior; L =
lateral; M = medial; P = posterior.

Figure 3.8. Cross-sectional diagram (a) and 9.4T MRI (b) of the right human
hippocampus (from Duvernoy et al. 2013).

The right side of the image is the medial, while the left side is the lateral aspect of the
hippocampus. CA1-CA4, fields of the cornu ammonis with pyramidal cells. Cornu
ammonis: 1 alveus, 2 stratum oriens, 3 stratum pyramidale, 3' stratum lucidum, 4
stratum radiatum, 5 stratum lacunosum, 6 stratum moleculare, 7 vestigial
hippocampal sulcus (note a residual cavity, 7'); dentate gyrus (with granule cells)
with 8 stratum moleculare, 9 stratum granulosum and 10 polymorphic layer; 11
fimbria, 12 margo denticulatus, 13 fimbriodentate sulcus, 14 superficial hippocampal
sulcus, 15 subiculum (transition area of hippocampus and parahippocampal gyrus),
16 choroid plexuses, 17 tail of caudate nucleus, 18 temporal (inferior) horn of the
lateral ventricle.

Figure 3.9. Projections of the hippocampal and parahippocampal regions (from
Duvernoy et al. 2013).

A-E are parts of the neural chain forming the polysynaptic intrahippocampal
pathway. Cornu ammonis: 1 alveus, 2 stratum pyramidale, 3 Schaffer collaterals, 4
axons of pyramidal neurons (mainly to septal nuclei), 5 strata lacunosum and
radiatum, 6 stratum moleculare, 7 vestigial hippocampal sulcus. Dentate gyrus (GD):
8 stratum moleculare, 9 stratum granulosum. CA1, CA3 fields of the cornu ammonis,
SUB subiculum. ENT (Layer II of the entorhinal area) is the origin of this chain; its
large pyramidal neurons are grouped in clusters, giving a granular aspect at the
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entorhinal surface.

Figure 3.10. Left lateral views of major temporal lobe connections with the rest of
the brain (modified from Catani and de Schotten 2008, visualized through
tractography).

Figure 3.11. Hippocampus with Fimbria and Fornix (from RANZCRPart1 2015)

1: hippocampus, 2: fimbria, originating from the alveus within cornu ammonis; 3:
crus of the fornix; 4: hippocampal commissures; 5: body of the fornix; 6: column of
the fornix, post-commissural fornix; 7: pre-commissural fornix; 8: anterior
commissure; 9: mammillary body; S: superior; I = inferior; P = posterior; A =
anterior.

Chapter 4: Review on MRI Physics

Figure 4.1. MR Scanner (A) and the Spinning Proton (B) (from Ajtai et al. 2015).

As the person is lying in the scanner, a magnetic field is applied parallel to the
person's body (Z-axis), while a radio-frequency wave is applied, which deflects the
proton from the main magnetic field. This makes it possible to encode the proton's
phase (perpendicular Y-axis) while spinning about the axis of B0 (B) and to
determine the proton spin frequency (X-axis) (B, lower arrow) during precession.
Gradually the proton returns to only rotating about its own axis along BO (steady
state). The diagram in panel B and MR images in general have a different frame of
reference than depicted in panel A (see inset 'diagrams').

Figure 4.2. Conventional MRI sequences with radio-frequency pulses (from Elster
2017).

In order to acquire the MR signal within a spin-echo sequence, a 90° radio pulse is
applied. The echo (S) is caused by the 180° radio pulse, which acts like a magnetic
barrier and reflects the echo of the first 90° decay signal. For an inversion recovery
sequence another 180° radio pulse is added before the 90° and 180° pulses. The time
between the added 180° pulse and the 90° pulse is called TI. Apart from nulling the
signal from fat and water, the added 180" pulse also flips the sign of the
magnetization vector from z to -z. In both sequences, the time between the two 90°
excitation pulses is termed TR. S = Signal-readout/echo, TE = echo time, TR =
repetition time, TI = inversion time.

Figure 4.3. T1 relaxation time at 3T and derived T1w grayscale image (from Farrall
2015).

T1 relaxation times, defined as the time where 63% of net magnetization has been
regained (dashed line): Fat =370 ms; WM = 830 ms; GM = 1330 ms; CSF = 3600
ms (Gold et al. 2004, Wansapura et al. 1999). A signal readout time at 800 ms
reveals optimal contrast with the tissue-dependent T1 relaxation curves having an
optimal distance between each other (distinct signal differences across tissue types).
MRI was acquired at the WCFT. Figure used and modified with permission of
Professor Andrew Farrall at the Edinburgh Imaging Academy
(www.ed.ac.uk/edinburgh-imaging/academy). L = left; R = right.
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Figure 4.4. T2 relaxation times at 3T and derived grayscale T2w image (from Farrall
2015).

T2 relaxation times, defined as the time where 37% of all protons in the tissue have
lost precessional phase coherence: WM = 90 ms; GM = 100 ms; Fat = 180 ms; CSF
=190 ms. A signal readout time at 180 ms reveals contrast with T2 relaxation curves
having an optimal distance between each other (distinct signal differences across
tissue types). MRI was acquired at the WCFT. Figure used and modified with
permission of Professor Andrew Farrall at the Edinburgh Imaging Academy
(www.ed.ac.uk/edinburgh-imaging/academy). L = left; R = right.

Figure 4.5.Tlw and T2w signal patterns at different time points during brain
development (from National Institutes of Health 2012)

The GM/WM TIlw and T2w signal patterns at an age of one week is the reverse of
the pattern seen at an age of one year and older. Information on side of MRI was not
provided in source.

Figure 4.6. Anatomical T1w (top row), T2w (middle row) and T2FLAIR (bottom
row) images in axial, coronal and sagittal views (left to right).

The images were acquired at the WCFT as part of the epilepsy research dedicated
protocol. L = left.

Figure 4.7. Coronal T1- and T2FLAIR images.

These images allow a very accurate depiction of brain tissue within the coronal plane
due to the high in-plane resolution. Note the level of detail within the temporal lobe
(box) and hippocampus (arrow). Images were acquired at the WCFT. L = left.

Figure 4.8. Diffusion Weighted Imaging Sequence (from Le Bihan et al. 2006).

A gradient pulse pair (Ggirr) is used to cause spin phase shifts along their locations.
As in a conventional spin-echo sequence, a 90° pulse is applied and during the
application of another 180° pulse diffusing spins remain out of phase (pink circles) as
they are at a different location with respect to the diffusion-sensitizing gradient. All
other proton spins are brought to their initial phase (yellow circles) and emit higher
signals than spins that are out of phase because these respective protons have moved.
The signals of the spinning protons are measured by the readout gradient. Gy= slice
selection gradient, G,«= readout gradient, Gp....= phase-encoding gradient, Ggir=
diffusion gradient, RF= radio-frequency pulse.

Figure 4.9. Axial sections of whole brain diffusion data.

The first two images on the left of the first row show b0 images (no diffusion
weighting), while the remaining six pertain to volume imaging acquired with
different diffusion gradients (diffusion-weighted images). Note how voxel intensities
across b0 images are the same for the corresponding voxels in the other b0 image
(both b0 images look the same). This is not the case in diffusion-weighted images,
since the proton spins vary according to different diffusion gradients giving rise to
different intensities in these volumes when compared to each other. This is a
necessary feature for tensor estimation. Images were acquired at the WCFT (a subset
of 2 out of 6 b0 and 6 out of 60 diffusion-weighted volumes is presented). L = left.
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Chapter 5: Automated multi-sequence hippocampal subfield segmentation in
refractory temporal lobe epilepsy: Relation to clinical outcomes

Figure 5.1. Anatomical locations of segmented subfields on T1w (left) and T2STIR
images (right) in a patient with right TLE. The same slices are shown for both
images in the hippocampal head (A) and hippocampal body (B). R = Right; CA =
Cornu Ammonis; HATA = Hippocampus-Amygdala Transition Area.

Figure 5.2. Decreased contralateral hippocampal volumes in patients with right TLE
compared to patients with left TLE (hippocampal tail) and vice versa
(presubiculum/HATA). Blue boxplots indicate data distribution, with the median (red
line) and 95% confidence intervals (red triangles). *pEpr-com<0.1; **PpEprocom<0.05;
skskok

p(FDR-corr)<0-O 1 .

Figure 5.3. Significant correlations of ipsilateral hippocampal internal architecture
(HIA) ratings and ipsilateral subfield volumes extracted via Freesurfer. Linear least-
square lines were fitted to the data.

Chapter 6: TRActs Constrained by UnderLyving Anatomy (TRACULA) in
Patients with Refractory Epilepsv: Relation to Post-surgical Outcome

Figure 6.1. All reconstructed TRACULA tracts.

Estimated probability tracts from TRACULA are overlaid on Tlw (native space,
control) and shown in sagittal (A), axial (B) and coronal (C) views at 20% of
maximum probability. TRACULA tracts analyzed: CAB, SLFt, ILF and UF.
R=Right; L=Left; CC-MIN=corpus callosum (forceps minor); CC-MAJ=corpus
callosum (forceps major); ATR=anterior thalamic radiations; UF=uncinate
fasciculus; ILF=inferior longitudinal fasciculus; CAB=cingulum angular bundle;
SLFt=superior longitudinal fasciculus (temporal segment); SLFp=superior
longitudinal fasciculus (parietal segment); CST=corticospinal tract; CCG=cingulum—
cingulate gyrus bundle.

Figure 6.2. FA Values from TRACULA Tracts ILF, SLFt, UF and CAB.

The plot shows mean center tract FA distributions along with error bars for left and
right tracts of patients with left TLE (red bars), controls (gray bars) and patients with
right TLE (blue bars). Asterisks and bars show significantly reduced FA values for
patients when comparing to controls and between the two patient groups.
*p<0.05;**p<0.01;***p<0.001, corrected for multiple comparisons.

Figure 6.3. MD Values from TRACULA Tracts ILF, SLFt, UF and CAB.

The plot shows mean center tract MD distributions along with error bars for left and
right tracts of patients with left TLE (red bars), controls (gray bars) and patients with
right TLE (blue bars). Asterisks and bars show significantly reduced MD values for
patients when comparing to controls. *p<0.05;**p<0.01;***p<0.001, corrected for
multiple comparisons.
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Figure 6.4. Waypoint comparison p-values along the tracts.

Differences between the patient groups and controls are shown projected onto a T1w
template. Red regions show significantly reduced FA (first row) and increased MD
(second row) relative to controls. Changes are more pronounced in MD than in FA
and patients with left TLE are more bilaterally affected than patients with right TLE.
TLE = Temporal Lobe Epilepsy; FA = fractional anisotropy; MD = mean diffusivity;
SLFt = superior longitudinal fasciculus - temporal segment; CAB = cingulum
angular bundle; ILF = inferior longitudinal fasciculus; UF = uncinate fasciculus.

Figure 6.5. Waypoint correlation p-values along the tracts according to side of
seizure onset.

Relationships between the DTI-metrics and clinical variables are shown projected
onto a Tlw template and mean tract pathways. Red regions show significant
correlations with reduced FA (first row) and increased MD (second row).
Relationships between duration (corrected for age) and FA/MD of ipsilateral anterior
UF and ILF regions and correlations between age at onset (MD of UF/ILF) and
seizure burden (FA of UF) were found. FA = fractional anisotropy; MD = mean
diffusivity; SLFt = superior longitudinal fasciculus - temporal segment; CAB =
cingulum angular bundle; ILF = inferior longitudinal fasciculus; UF = uncinate
fasciculus.

Figure 6.6. Waypoint comparison p-values along the tracts according to outcome.
Differences between the patient groups and controls are shown projected onto a T1w
template. Red regions show significantly reduced FA (first row) and increased MD
(second row) relative to controls. Changes are more pronounced in MD than in FA
and patients with ILAE II-VI are affected in the contralateral SLFt (increase of MD
relative to controls) whereas patients with ILAE I did not show this change. TLE =
Temporal Lobe Epilepsy; FA = fractional anisotropy; MD = mean diffusivity; SLFt
= superior longitudinal fasciculus - temporal segment; CAB = cingulum angular
bundle; ILF = inferior longitudinal fasciculus; UF = uncinate fasciculus.

Chapter 7: Neuroradiological Findings in Patients with 'non-lesional' Focal
Epilepsy Revealed by Research Protocol

Figure 7.1.Patient 22: right HS and Small-Vessel Disease. In 2014 this patient
received a dedicated epilepsy protocol at WCFT. Although the TIFLAIR coronal
sequence shows a comparable quality relative to the most recent 2015 TIFLAIR,
Small Vessel Disease and right HS were not detected by the neuroradiologist. HS
and WM lesions related to small vessel disease are increasingly conspicuous on the
most recent T2FLAIR image relative to the 2014 T2FLAIR image, the latter of
which suffers from lower SNR. R = right.

Figure 7.2. Patient 24: right HS. While early images do not show clear evidence of
HS, the expert neuroradiologist termed this as “small right hippocampus” without
explicitly diagnosing HS. This was inappropriately documented and this information
did not reach the consultant neurologist. In the later image right HS was re-
diagnosed. R = right.
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Figure 7.3. Patient 25: bilateral HS. The images from 2009 show bilateral HS as
demonstrated by hyperintensity on T2FLAIR and volume loss on TIFLAIR; this was
referred to as “bilateral small hippocampi” by the expert neuroradiologist. This was
inappropriately documented and the information did not reach the consultant
neurologist. In 2015 the patient was diagnosed with bilateral HS. R = right.

Figure 7.4.Patient 38: left HS. Despite signal hyperintensity on T2FLAIR and
volume loss on T1FLAIR, HS was only diagnosed in 2015. Lesion conspicuity was
similar for both MRI sessions. R = right.

Figure 7.5. Patient 66: left HS. This patient received comparable quality of epilepsy-
dedicated imaging in March and November 2015. However, HS was only diagnosed
on the later images, which show hyperintensity on TIFLAIR and HA on TIFLAIR.
Lesion conspicuity was similar for both MRI sessions. R = right.

Figure 7.6. Patient 56: right HS with parahippocampal WM blurring. In 2012 this
patient received imaging at a general hospital (left: T2w; right: Tlw Inversion
Recovery) with an angulation not orthogonal to the long axis of the hippocampus.
HS and parahippocampal WM blurring are more conspicuous on the epilepsy
research image of 2015 (left: T2FLAIR; right: TIFLAIR), particularly relative to the
contralateral hemisphere. R = right.

Figure 7.7. Patient 61: left temporal encephalocele. Left temporal encephalocele was
diagnosed based on a 3D volume T2w acquisition, which is not routinely acquired in
the evaluation of patients with epilepsy at the WCFT but was part of the study's
dedicated epilepsy research protocol. Note how the lesion is more conspicuous on the
T2w image (below) compared to the T1w (top). Diagnosis was later confirmed with
computed tomography imaging. Older MRIs (all 2D) with large slice thickness (~5
mm) from 2009 failed to reveal this abnormality. L = left; R = right.

Figure 7.8. Patient 65: FCD / gliosis in right superior frontal gyrus. Diagnosis was
made based on the 3D T2FLAIR image of 2015 (green image borders). The
abnormality was not reported on the previous 2D axial T2w image (red image
borders) where only one slice showed the small abnormality. R = right.

Figure 7.9.Formerly 'non-lesional' cases showing lesions using the epilepsy
dedicated research protocol. Numbers refer to patient IDs. Please refer to Table 7.1
for details on each lesion identified. R = right.

Chapter 8: Automated Multimodal MRI Analysis for Diagnostic Purposes in
Patients with MRI-negative Epilepsy

Figure 8.1. Procedure for obtaining T1w junction and extension images (Huppertz et
al. 2005).

Raw T1w images were intensity corrected, normalized and segmented into WM/GM
maps. These were used to obtain GM/WM voxel intensity thresholds. Any voxels
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with intensities of half a standard deviation higher/lower than the mean GM/WM
intensities were saved to a binarized junction image, which was cortex-masked
('AAL' in SPM12). The GM segment was also masked and served as the extension
image. Both resulting images were smoothed with a 6mm FWHM smoothing kernel.
The data of patient 59 is featured here. L =left.

Figure 8.2. General workflow of the applied statistical tests in TIw JCT and EXT
maps.

This graph shows the generation of the binarized cluster masks based on T1w used to
restrict statistical testing for all other imaging modalities to regions that are
potentially dysplastic. Patient 59 is given as an example (cluster in the JCT map). In
the case that any one of the remaining imaging modalities showed a significant
effect, the site was again reviewed by a neuroradiologist. TIV = total intracranial
volume; JCT = T1w junction image; EXT = Tlw extension image. FWE = family-
wise error. T-scores: yellow/red bars. L = left.

Figure 8.3. Four patients with dysplasia and true positive findings: results from
individual statistical testing against 40 controls using T1w JCT and EXT maps.
Green bars indicate single patients with two sites of dysplasia. T-scores are
represented for JCT and EXT results. From top to bottom: patients with IDs 51, 56,
59 and 65. JCT = T1w junction image; EXT = T1w extension image. L = left.

Figure 8.4 Reduction of the false positive rate within the patient sample.

An example patient (59) is featured with all clusters found in EXT and these have
been numbered (dorsal — ventral). Based on the statistical test with p<0.01, FWE-
cluster correction at p<0.05, 23 patients presented with false positives (first box).
Cluster extent thresholding at >3500 (>3.5 cm’) voxels reduced this number by eight
patients (second box). Note the reduction of false positives within a single patient.
Using the cluster masks derived from single patients, statistical testing was
performed on other imaging modalities. Three patients had insignificant findings in
all other imaging modalities and were deemed to be non-dysplastic sites (third box).
Overall, the false positive rate was reduced from 53% to 28%. The sites found by the
automated tool in these remaining twelve patients were re-reviewed by a
neuroradiologist. EXT = extension; JCT = junction; FP = false positive; FA =
fractional anisotropy; MD = mean diffusivity; GM/WM = gray/white matter; L =
left.

Figure 8.5. Results of combined >3.5 cm® cluster masks based on Tlw JCT/EXT
analysis.

All clusters of the twelve patients are shown. The corresponding sites in
T1w/T2w/T2FLAIR images were re-reviewed by a consultant neuroradiologist and
clusters (in red) were used as masks in multimodal analysis. HS = hippocampal
sclerosis; 1 = left; r = right; OL/PL/TL/FL = occipital/parietal/temporal/frontal lobe;
JCT = junction; EXT = extension.
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Chapter 9: Manual and Automated Tractographv Approaches in Patients with
'nmon-lesional' and lesional Temporal Lobe Epilepsy

Figure 9.1. Manual delineation of UF (left) and PHWM (right) tracts.

Tracts were delineated using ROIs drawn on the subjects’ FA image in native
diffusion space. 'AND' ROIs (green, purple and orange) served as ROIs where tracts
were allowed to pass through, while NOT' ROIs (red and blue) were used to define
the end of tracts. Tract colors define the principle direction of diffusion for single
fibers (red = left/right, blue = inferior/superior, green = anterior/posterior).

Figure 9.2. Dorsal views of the brain showing all bilateral cleaned (left) and clipped
UF and PHWM AFQ tracts (right).

The colors of the tracts denote the principle direction of diffusion for the midpoint of
the particular fiber (red = left/right, blue = inferior/superior, green =
anterior/posterior). Image rendered in standard ICBM space with MRIcroS tool,
version 2015 (https://www.nitrc.org/plugins/mwiki/index.php/mricros:MainPage). L
= left.

Figure 9.3. Whole-tract diffusion measures for manual (left) versus AFQ (right)
tractography.

For each group and tract median FA/MD values are presented along with respective
standard errors. Using manual tractography, patients with left TLE had significantly
reduced FA values in the left UF and right PHWM and increased MD values in left
and right UF and PHWM, while patients with right TLE had an increase in MD in
the left PHWM compared to controls (top left and bottom left). AFQ was only able
to identify the FA decrease in the right PHWM and MD increase in the right UF for
patients with left TLE (bottom right). FA = fractional anisotropy; MD = mean
diffusivity; UF = uncinate fasciculus; PHWM = parahippocampal white matter
bundle; I = left; r = right. . *p<0.05, corrected for multiple comparisons.

Figure 9.4. Comparison of Patients with right and left TLE versus controls.

The Tlw overlay in standard space shows areas of the UF where patients had
decreased FA (left, red areas) and increased MD (right and inset, red areas). rTLE =
right TLE; ITLE = left TLE; FA = fractional anisotropy; MD = mean diffusivity.

Figure 9.5. Patients with HS compared to controls and patients without HS (inset).
The T1w overlay in standard space shows areas of the UF where patients with HS
had decreased FA (top and inset, red areas) and increased MD (bottom, red areas).
FA = fractional anisotropy; MD = mean diffusivity. HS = hippocampal sclerosis.

Figure 9.6. Correlations of DTI-metrics with demographic and clinical variables.
There were correlations between FA (top row) and age, age of onset, seizure burden
and epilepsy duration corrected for age. All FA correlations were negative except for
the correlation with age of onset, which was positive (marked with an asterisk,
younger age of onset was associated with decrease in FA of the ipsilateral PHWM).
There were also correlations between patient MD values (bottom row) and age of
onset (negative, marked with an asterisk) and epilepsy duration corrected for age
(positive).
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Keywords, Glossary and Definitions

Atrophy

Atrophy is the reduction of brain tissue volume during neuropathological processes,
characterized by decreased neuronal density due to degeneration of neuronal cells in

the affected area.
Contralateral
Related to the opposite side of seizure onset / hippocampal sclerosis. See antonym

“ipsilateral”.

Cryptogenic Focal Epilepsy

Synonymous with focal epilepsy (see below) with no known cause.

Cytoarchitecture

This is the arrangement of cells in cortical tissue. Cytoarchitectural investigations
allow the characterization of every cell by location, function and the relation to other

cells.

Diffusion Magnetic Resonance Imaging

Diffusion magnetic resonance imaging allows the non-invasive visualization of
hydrogen proton movement (diffusion) in living internal body tissue. As white matter
only allows diffusion in certain directions (anisotropic diffusion), the structure and
anatomy of white matter tracts may be inferred by this imaging technique using the

related computational method (tractography).

Electrophysiological Recordings

Electrophysiological recordings are part of pre-surgical evaluations to investigate
intractable seizures. Non-invasive (scalp) and invasive EEG recordings are used to

identify the source of epileptogenic ictal and interictal neuronal activity.
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Epileptogenic Zone

The epileptogenic zone denotes the region of cortex that generates epileptic seizures.

Focal Epilepsy

Brain disorder characterized by origination of seizures from a single area of the brain
causing the seizures (= epileptogenic area). Focal epilepsy may originate from an

epileptogenic lesion such as hippocampal sclerosis or focal cortical dysplasia.

Focal Cortical Dysplasia

Circumscribed brain area characterized by abnormal appearance due to
malformations during neuronal development giving rise to abnormal
cytoarchitecture. Focal cortical dysplasia may appear as thickened/thinned cortex,
cortical surface malformation and may have a blurred gray and white matter

boundary.

Gray Matter

Gray matter is the darker tissue of the brain, consisting mainly of nerve cell bodies
(somata), unmyelinated axons and branching dendrites. These cells make up three
types of cortex arranged in concentric rings: allocortex (limbic cortex), mesocortex
(neuronal layer between allocortex and neocortex forming the transitional zone
between the two) and neocortex (makes up most of the cerebral cortex, also termed

isocortex).

Gray Matter Volume Analysis

Gray matter volume of patients and healthy controls are compared via voxel-based

morphometry based on T1w images.

Hippocampal Atrophy

Reduction of hippocampal volume, which may be qualitatively (by
neuororadiologists) and quantitatively (using statistical MR image analysis) assessed.
In patients with temporal lobe epilepsy, it may be an indicator of hippocampal

sclerosis.
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Hippocampal Axis

This is the long axis of the hippocampus, running parallel to the midline of the
temporal lobe. In order to correctly diagnose hippocampal sclerosis characterized by

atrophy, it is beneficial to realign the raw MR image perpendicular to this axis.

Hippocampal Sclerosis

Hippocampal sclerosis is a lesion to the hippocampus associated with temporal lobe
seizures, the epileptogenic lesion is characterized by neuronal loss co-occurring with

hippocampal subfield volume reduction and gliosis.

Hippocampus

The hippocampus is located in allocortex of the medial temporal lobe and serves
memory and navigational functions. Frequently this structure is affected by a loss of
neurons in patients with temporal lobe epilepsy and this lesion (hippocampal

sclerosis) has been associated with causing seizures.

Ictal

Relating to a seizure.

Inter-ictal

Relating to an interval between seizures.

Ipsilateral

Related to the same side of seizure onset / hippocampal sclerosis. See antonym

“contralateral”.

Modulation

Modulation is used during voxel-based morphometry analysis to compensate for
warping effects that occur when non-linearly registering individual brain MR images
to a standard space brain template (normalization). Specifically, the images are

scaled according to the amount of contraction needed during normalization in order
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to give a more accurate volume measurement.

Morphology

Form, shape, structure and size of the brain or any of its substructures.

Morphometry

Morphometry allows the three-dimensional statistical investigation of brain

morphology using computer algorithms.

Magnetic Resonance Imaging

Magnetic Resonance imaging allows the non-invasive high-resolution visualization
of living internal body tissue, structure and anatomy by measurements of physical

responses of protons to a magnetic field and radio-frequency pulses.

Neuropathology

Neuropathology is the branch of medicine concerned with disorders of the nervous
system characterized by anatomical or neurophysiological abnormalities (=

neuropathological abnormalities).

Neuropsychology

Neuropsychology is a branch of psychology that aims to identify the relationship

between an individual's behavior, emotion and cognition and his/her brain function.

Pre-surgical Evaluation

Pre-surgical evaluation is the medical and neuropsychological investigation of
patients to determine the suitability for (resective) brain surgery to treat a

neurological disorder such as epilepsy.

Spatial Normalization

Spatial normalization is the process of co-registering individual brain MR images to
a template brain image. This is performed before group-wise voxel-based statistical

comparisons can be made so that the MRI brain areas correspond across all study
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participants.

Temporal Lobe Epilepsy

Temporal lobe epilepsy is a neurological disorder and the most common type of
epilepsy. In these patients, the temporal lobe contains the epileptogenic tissue that
generates seizures and this ictal activity may propagate to other regions within the

temporal lobe and other extra-temporal lobe structures.

Vozxel-Based Morphometry

Voxel-based morphometry is an automated statistical approach that allows three-
dimensional analysis of whole brain morphology in individuals or in a group of

patients compared to a control/patient cohort based on voxel-wise statistical testing.

Wada Test
The Wada test is a neuropsychological tool within the pre-surgical evaluation
protocol that allows the assessment of language and memory lateralization in

patients.
White Matter

White matter is the paler tissue of the brain, consisting mainly of nerve fibers with

their myelin sheaths.
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Abbreviations

2D Two-Dimensional

3D Three-Dimensional

A Absence Seizure

ACPC Anterior Commissure Posterior
Commissure Realignment of MRI
AFQ Automated Fiber Quantification
C Controls

CA Cornu Ammonis

CAB Cingulum Angular Bundle (=PHWM)
CB Complications at Birth

CNR Contrast-to-Noise Ratio

CPS Complex Partial Seizure

CSF Cerebrospinal Fluid

DTI Diffusion Tensor Imaging

EEG Electroencephalography

EXT Extension Image

F Female

FC Febrile Convulsions

FCD Focal Cortical Dysplasia

FDR False-Discovery-Rate

FF Fimbria-Fornix

FL Frontal Lobe

FLAIR Fluid Attenuated Inversion Recovery
fMRI Functional Magnetic Resonance
Imaging

FSE Fast Spin Echo

GM Gray Matter

GS Generalized Seizure

HA Hippocampal Atrophy

HS Hippocampal Sclerosis

ICV Intracranial Volume (=TIV)
ILAE International League Against Epilepsy
ILF Inferior Longitudinal Fasciculus

JCT Junction Image

L Left

M Male

MAP Morphometric Analysis Program
MDT Multi-disciplinary Team

MNI Montreal Neurological Institute
MR Magnetic Resonance

MRI Magnetic Resonance Imaging
PET Positron Emission Tomography
PHWM Parahippocampal White Matter
Bundle (=CAB)

R Right

ROI Region Of Interest

SGTCS Secondary-Generalized Tonic-Clonic
Seizure

SLFt Superior Longitudinal Fasciculus
(Temporal Segment)

SNR Signal-to-Noise Ratio

SPGR Spoiled Gradient

SPM Statistical Parametric Mapping
SPS Simple Partial Seizure

STIR Short TI Inversion Recovery
SVD Small-Vessel Disease

TIV Total intracranial volume (=ICV)
TL Temporal Lobe

TLE Temporal Lobe Epilepsy

TMI Total Motion Index

TP Temporoparietal

UF Uncinate Fasciculus

VBM Voxel-Based Morphometry
WCFT Walton Centre Foundation Trust
WM White Matter
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1.1 Context and Outline of Thesis

Epilepsy forms an important challenge to scientific and clinical advancement since
about 1% to 2% of the general population is affected by this disorder (WHO 2016,
Neligan et al. 2012, Ngugi et al. 2010). This is especially true for patients with focal
epilepsy, who continue to have seizures despite taking anti-epileptic drugs (AEDs).
This is the case in approximately 30% of all patients (Kwan and Brodie 2000,
Dichter and Brodie 1996). Some patients may be candidates to undergo resective
surgery for removal of the epileptogenic tissue. Surgical resection may completely or
substantially reduce seizure frequency (Wiebe et al. 2001). Patients with focal
epilepsy are more likely to have an underlying structural abnormality, are more likely
to be refractory to medical treatment (Kwan and Brodie 2000) and if the lesion has
been identified on MRI and found to be consistent with the likely seizure onset zone,

these patients are more readily referred for surgery (Wiebe and Jette 2012b).
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However, again in about 30% of patients with focal epilepsy, who would otherwise
be suitable candidates for resective surgery to alleviate seizure frequency, no
underlying epileptogenic lesion is identified (Kwan and Brodie 2000, Dichter and
Brodie 1996). Postoperative outcome is significantly worse in patients without an
identifiable lesion on clinical MRI (Bien et al. 2009, Tellez-Zenteno et al. 2010, Jehi
et al. 2007) and patients are less likely to be referred to surgery. However, despite
careful evaluation of surgical candidacy, 30-40% of all patients will continue to
experience seizures at a follow-up of five years (Annegers et al. 1979, Cockerell et
al. 1995, Cockerell et al. 1997, Janszky et al. 2005). This number may be even higher
(de Tisi et al. 2011) with only 38% of patients being completely seizure-free after
one-year follow-up (Wiebe et al. 2001). It is not completely clear why this is the
case, but recurrence of seizures may be due to occult epileptogenic lesions in the

brain not previously seen on Magnetic Resonance Imaging (MRI).

This thesis presents different studies pertaining to advanced MRI analyses performed
on data of patients with refractory focal epilepsy: (i) patients with temporal lobe
epilepsy (TLE) who have presented with hippocampal sclerosis (HS) and have had a
good/poor response to surgery; (ii) patients who are not considered for surgery as
their MRI investigations remained inconclusive (MRI-negative). However, the
research objectives for the studies based on two independent datasets are
substantially different: the first project allowed the study of outcome correlates by
analysis of pre-surgical structural changes between patients with excellent and poor
response to surgery, while the latter facilitated a more detailed
qualitative/quantitative MR analysis of patients with debilitating seizures despite

being MRI-negative.

TLE is the most frequent form of medically refractory focal epilepsy (Almeida et al.
2012, Wiebe and Jette 2012a), but it may be amenable to resective surgery. A

controlled trial of surgery for refractory TLE showed that after a 1-year postoperative
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period, 58% of all patients were free from seizures impairing awareness, compared to
only 8% of patients that had been treated medically (Wiebe et al. 2001). TLE is
characterized by widespread GM/WM changes, which extend throughout the brain
(Bernhardt et al. 2013, Keller and Roberts 2008, Richardson 2012, Bonilha and
Keller 2015, Rodriguez-Cruces and Concha 2015, Gross 2011). Extensive brain
changes like these have given rise to the notion that TLE may be considered a brain
network disorder (Berg and Scheffer 2011). HS is the most common
neuropathological correlate of TLE and the preoperative detection of HS on MRI is
related to improved postoperative prognosis after temporal lobectomy (Spencer et al.
2005). Still, 40% of all patients with TLE and associated HS receiving resective
surgery to alleviate seizure frequency do not benefit from surgery (Wiebe et al. 2001,
Engel et al. 1993). It is unknown why some patients continue to experience seizures
after the potentially epileptogenic lesion has been removed surgically. It is likely that
some epileptogenic gray matter (GM) tissue has remained in the brain (Rosenow and
Liiders 2001, Zachenhofer et al. 2011, Surges and Elger 2013). This assumption is
supported by evidence from a study showing that post-surgical outcomes improved
after re-operation where the new surgical lacuna also included residual lesions
(Wyler et al. 1989). Other reasons may include incorrect localization of the seizure
focus at first surgery or post-surgical progression of the underlying disorder (Surges
and Elger 2013), which may also include brain network changes (Berg and Scheffer
2011). Histopathology studies have suggested that patients with HS type 1, which is
associated with a volume loss in hippocampal subfields Cornu Ammonis 1 (CA1)
and CA4 have an earlier initial precipitating injury such as a febrile seizure at an age
of two to three years old and superior outcomes over patients with HS type 2
(neuronal loss only in CA1) and those with HS type 3 (CA4 subfield volume loss)
who experience initial precipitating injuries at a later time point at age six and
beyond (Bliimcke et al. 2013, Bliimcke et al. 2007). For neuroanatomical details on
hippocampal subfields of healthy individuals see Chapter 3. However, apart from the
fact that patients present with different types of HS preoperatively, it is likely that
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patients have different epileptogenic networks linked to their individual clinical
history (e.g. duration of epilepsy) and predisposing them to varying surgical
outcomes. So far however, it is unclear whether HS is a driving factor for brain
network changes or if the epileptogenic network is influenced by other clinical
factors. It is therefore important to investigate, whether certain structural changes
occurring in epilepsy are related to post-surgical outcomes or the severity/chronicity
of the disorder. The objective of this study was to relate preoperative MR imaging
markers to clinical information and post-surgical outcome in order to assess whether
high-resolution preoperative imaging of the hippocampal formation can predict
surgical outcomes (Study 1) or if network disruption is related to HS, certain clinical
features of the disorder and postoperative outcome (Study 2). These correlations
were performed using T1w data for hippocampal structural analysis and Diffusion
Tensor Imaging (DTI) data was analyzed to reveal any disruption of white matter

(WM) structural brain connectivity.

Patients with focal epilepsy presenting without MRI-visible lesions are classified as
having cryptogenic focal epilepsy (older term, used within this thesis) or focal
epilepsy with no known cause (newer term). The presence of a brain abnormality on
MRI significantly predicts long-term (longer than five years) surgical outcomes
(Berkovic et al. 1995). Both the fact that certain neurons are epileptogenic, therefore
constituting the focal seizure onset zone, which is potentially discernible on
preoperative MRI as an abnormal GM structural alteration (e.g. abnormal patterns of
gyration, HS, GM/WM blurring, cortical thickening) and the fact that seizure activity
propagates via WM connections (epileptogenic network) are important clinical
factors. These should be used as a framework in order to develop neuroimaging
markers for the determination of potential epileptogenic regions in individual
patients. Lesion detection and conspicuousness using a dedicated epilepsy research
MRI protocol at a specialist surgical center may aid in this endeavor (von Oertzen et

al. 2002). However, many subtle image signal changes indicating FCDs may escape
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visual assessment on structural MRI or indeed may not be visible at all. Furthermore,
some MRI require quantitative analysis, as is the case with DTI data. The overall aim
of this study was to identify possible epileptogenic lesions via expert
neuroradiological reassessment of all images (Study 3) and supplementary automated
quantitative analysis (Studies 4 + 5). T1w, T2w, T2FLAIR and DTI data were used
to automatically quantify changes in individual patients as compared to healthy
controls (Study 4) and validated against neuroradiological assessment. Furthermore,
an automated tractography approach was used to identify disrupted structural
networks in patients with TLE on a group level (Study 5), which were compared
against a technique based on manual ROI placements considered the "gold standard"
(Hammers et al. 2007, Van Leemput et al. 2009, Schoene-Bake et al. 2014, Keller et
al. 2012) to identify temporal lobe tracts using tractography (Yeatman et al. 2012)

when histology as a true gold standard is not available.

Chapter 1 provides background information concerning the clinical phenotypical
manifestation regarding seizures/syndromes, diagnosis, pre-surgical evaluation and
treatment of focal epilepsy. The later parts of this chapter comprise a brief review of
the routine clinical sequences and advanced imaging techniques. The focus is on the
development and application of structural MRI and justifications for the used

analyses are provided.

Chapter 2 describes the methodology common to all studies (Chapters 5 to 9) while
providing an overview on the materials (acquired data), objectives and hypotheses.
The methodology specific to each individual study is detailed separately in the

relevant chapter.

As this thesis focusses on MR analysis of patients with TLE in a large sample (total
of 130 patients), Chapter 3 provides a review on gross brain structure and
neuroanatomy of the temporal lobe. In particular this chapter highlights the temporal
lobe's GM substructures and WM structural connections. Since the next largest

cohort of patients presented with potentially epileptogenic lesions, such as FCD
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resulting from cortical malformations during brain development, healthy

neurodevelopment is discussed.

Chapter 4 is a review chapter that provides information on general MR physics and
the specific sequences applied in the clinical/scientific evaluation of patients with

epilepsy. The sequences that form the basis for the studies are described in detail.

Chapter 5 describes the first study (Study 1) in patients with unilateral HS with a
diagnosis of TLE on data collected at a specialized epilepsy center in Bonn,
Germany. An automatic hippocampal subfield mapping technique is applied in order
to assess how different substructures of the hippocampus are affected in patients with

postoperative seizure freedom and those with persistent seizures.

Chapter 6 details a second study (Study 2) that is conducted on the same patient
population as in Chapter 5. Here, WM tracts diffusivity measures of patients with left
and right TLE were compared to controls and among these two patient groups.
Additionally, correlations of WM tract diffusivity measures with volumetric and
clinical data were investigated. This was done using automated probabilistic
tractography (TRActs Constrained by UnderLying Anatomy, TRACULA) rather

than time-consuming manual tract reconstruction methods.

Chapter 7 is the only qualitative study of this thesis (Study 3) and describes
individual patient cases with a focal onset of epilepsy, these patients have been
reported as presenting without a lesion on previous MRI (MRI-negative). This is the
first study within the thesis on data collected at the Walton Centre Foundation Trust
(WCFT) in Liverpool, United Kingdom. This study was conducted on patients that
have been identified with an epileptogenic lesion in context of the advanced MR
protocol used for this study and retrospectively earlier MRI reports were re-

reviewed.

Chapter 8 details results pertaining to an automated quantitative detection procedure
designed to identify focal cortical dysplasia (FCD) in the patients described in
Chapter 7 (Study 4).
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Chapter 9 describes diffusivity changes along WM tracts in the patient sample
described in Chapter 7 with focal epilepsy using the automated tool Automated Fiber
Quantification (AFQ) on a group level (Study 5).

Chapter 10 provides a discussion of the results together with relevant biological and
clinical implications. Pertinent methodological strengths and limitations are
discussed as well before it concludes with the implications of interpretations and

indicates where future work is still needed.

1.2 Background

This literature review details the characteristics of epilepsy as a neurological disorder
and information on the challenges epilepsy poses to the patients in its various forms
is provided. Section 1.3 and 1.4 describe surgical intervention and pre-surgical
evaluation using inter-ictal scalp electroencephalography (EEG), baseline
neuropsychological assessment, diagnostic MRI, and invasive EEG. Section 1.5
focuses on the specific scientific techniques used in development and application of

advanced structural and functional MRI. Section 1.6 describes the aims of this study.

Epilepsy is a neurological disorder characterized by recurrent unprovoked seizures,
which are involuntary movements of the body that can last from a few milliseconds
to several minutes. This is due to excessive or synchronous neuronal activity in the
central nervous system that may be either genetically determined (McNamara 1999)
or related to injury (Ramon y Cajal 1928). Epilepsy is a severe electrophysiological
disorder of the brain and seizures can have a long-lasting adverse effect on quality of
life of the affected patient (Lee et al. 2015b). Co-morbidities include psychiatric
(Gaitatzis et al. 2004, Gilliam et al. 2003) and cognitive impairment (Braakman et al.
2012), sleep disorders (Jacoby et al. 2015) and migraine (Toldo et al. 2010). A
significant proportion of patients with epilepsy are treated for a psychiatric disorder

(Kanner 2009). Distinct seizure types have been described by the International
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League Against Epilepsy (ILAE) based on characteristic symptoms and signs like
seizure type, cause, age of onset and electroencephalographic patterns (ILAE 1981).
For epilepsy to be diagnosed, the patient must have experienced a minimum of two

unprovoked seizures.

1.2.1 Epileptic Seizures

Broadly the different epileptic seizure types may be classified as being either focal
(with and without impairment of awareness) and generalized seizures (ILAE 1989,
Berg et al. 2010, Morimoto et al. 2004). Focal seizures originate from excessive
neuronal activity coming from one hemisphere of the brain and may be identified by
electrophysiological recordings (EEG) and their semiology, which is the specific
characteristic of the seizure to co-occur with specific movements and this allows
lateralization/localization of the seizure focus (Berg et al. 2010). The focus remains
the same for the recurrence of seizures in a given patient. These types of seizures
may affect awareness (complex partial seizures) or they may not (simple partial
seizures) (Morimoto et al. 2004, Berg et al. 2010). Focal seizures have the potential
to develop into secondary-generalized/convulsive seizures, meaning that the
excessive neuronal activity from the epileptogenic focus rapidly spreads to other
parts of the brain (Morimoto et al. 2004, ILAE 1989). Primary generalized seizures
cannot be located to one single focus as they show a bilateral ictal EEG discharge
(ILAE 1989). Various subtypes of seizures exist, including tonic, atonic, myoclonic
and absence seizures. Atonic seizures are characterized by a sudden loss of muscle
tone while awareness is usually not impaired, they are typically very short, lasting
between one and two seconds. The very brief and sudden involuntary shock-like
muscle contraction is a manifestation of the myoclonic seizure (Kojovic et al. 2011). A
tonic-clonic seizure may occur and manifests itself in ongoing (~1 minute) irregular
jerking (clonic phase) and rigidity (tonic phase), while awareness may rarely be
retained (ILAE 1989). Status epilepticus manifests itself in a similar manner,

however it lasts much longer (>30 minutes). 4 tonic-clonic seizure may be followed
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by atonia, resulting in a myoclonic-atonic seizure. A negative myoclonic seizure is a
seizure where the sudden and brief loss of muscle tone is compensated with a
voluntary movement (Kojovic et al. 2011). Absence seizures are characterized by a
loss of awareness and memory during the duration of the seizure. It is possible for
these seizures to last several minutes and develop into absence status epilepticus

(Meierkord and Holtkamp 2007).

This thesis focuses on patients with a focal onset of epileptic seizures who do not
respond to medical treatment (first line of treatment) and may benefit from resective
surgery to attain seizure freedom. Consequences of having a seizure involve injuries
and a negative impact on academic success as information cannot be processed by
the brain during a seizure or recovery. A lot of time is spent on avoidance of seizures
(medical treatment/appointments) and recovery, which may compromise the time
otherwise needed to study etc. These aspects may severely impact the patient's
quality of life it is therefore paramount to identify the most appropriate therapy for a
given patient. Surgery may be the only treatment option for patients who do not
respond to AED that may help these patients attain a worthwhile seizure reduction or

even seizure freedom.

1.2.2 Epilepsy Syndromes

Various types of epilepsy syndromes exist and may be broadly classified as
genetically/epigenetically determined (related to autoimmune responses or congenital
malformation in the brain) or provoked after injury/infection of the brain that alters
the brain structure and metabolism. Generally, epilepsy syndromes can either be
idiopathic (have a significant genetic component), symptomatic (seizures are due to a
brain lesion/injury) or cryptogenic (also thought to be symptomatic, but seizures
have an unknown cause). A time period of a few weeks to several years may elapse

between the brain insult and the emergence of the epilepsy (McNamara 1999).



Chapter 1: Introduction

According to the National Institute of Neurological Disorders and Stroke (2015),
about 2-5% of all infants and young children aged 5 and younger may experience
non-epileptic febrile convulsion, which is the occurrence of a seizure together with a
fever. Febrile convulsions have been associated with a higher risk for developing
epilepsy later in life (Walsh et al. 2017). Children in the first few decades of life may
be affected by Rasmussen's encephalitis, which is a rare and progressive form of
focal epilepsy (Rasmussen et al. 1958) that destroys one hemisphere through
repeated seizures. This disorder causes a progressive decline of neurological
functions that can stretch from a few months to years and the cause may lie in
aberrant auto-immune processes targeting an infection in the brain (Rogers et al.
1994). Another type of epilepsy, which affects children, is Juvenile Myoclonic
Epilepsy where multiple genes must be inherited to produce the phenotype
(McNamara 1999). Epilepsy secondary to FCD usually begins early in life and is
often refractory to AED therapy (Fonseca et al. 2012). The term FCD designates an
entire spectrum of abnormalities of the laminar structure of the cortex (Bliimcke et
al. 2011). In patients with frontal lobe epilepsy, FCD is one of the most frequently
found causes for epileptogenic neuronal activity (Kabat and Krol 2012) and may be
amenable to resective surgery (Lemer et al. 2009). In other patients any other lobe of
the brain may show epileptogenic activity (with or without detection of FCD) and the
epilepsy is termed according to the affected lobe. The most difficult to treat type of
epilepsy using AED is TLE, and the most common lesion associated with TLE is HS
(Wiebe and Jette 2012a).

1.3 Surgical Intervention
Approximately 30% of all patients with focal epilepsy are refractory to medical
treatment (Kwan and Brodie 2000). There is no single clear definition of

refractoriness, although a failure of trialing two appropriate AEDs has been

recommended (Berg 2009). Within this thesis, refractoriness was defined as a patient
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having failed at least two AEDs during a minimum course of at least a one-year
period after diagnosis. Consequently, alternative clinical treatments targeting a

seizure reduction become necessary in these cases (Figure 1.1).

st cai »1 No further seizures
1 seizure |-

Focus of Thesis

2" seizure | z 1 Seizures continue and poorly controlled
Seizures well controlled Poor No clear
by single AED response to surgical
surgery option
/\ (Cohort 1) v (Cohort 2)
AED withdrawal AED withdrawal tReSponse
and no relapse and relapse 0 surgery
) P (Cohort 1)

* in small % of patients seizure occurrence is well controlled after 2™ AED

Figure 1.1. Clinical trajectory for patients presenting with seizures.
AED = anti-epileptic drug.

Resective surgery of epileptogenic tissue is the most common choice if treatment
with AEDs has failed. A detailed interdisciplinary preoperative investigation initiated
and conducted by the members of the multidisciplinary team (MDT, consisting of
neurologists, neuropsychologists, electrophysiologists and surgeons) is necessary for
accurate identification of the seizure focus. Surgical margins have to be carefully
delineated so that a maximum of epileptogenic tissue is resected, while preserving
the functions of eloquent cortex (e.g. memory and language functions). Implantation
of a vagal nerve stimulator or brain stimulator may be considered instead if the
targeted brain region's function involves critical skills such as control of limbs or

production/understanding of language and resective surgery would severely impact
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these. Although vagal nerve stimulator seizure reduction rates are inferior to
resective surgery and complete seizure freedom is rarely achieved, results still show
worthwhile seizure reduction rates of a 50% decrease in seizure frequency (Wheeler
et al. 2011, Englot et al. 2011). In about 30% of all patients epilepsy may be
potentially amenable to surgery and so these patients are considered for pre-surgical
evaluation (Duncan 2010), while half of these patients are likely to have resective
surgery (Lhatoo et al. 2003). The presence of postoperative seizure symptoms may
be due to remaining epileptogenic tissue (Sisodiya et al. 1997). Further to
conspicuous epileptogenic lesions, additional cortical and subcortical grey matter
alterations (see reviews by Bernhardt et al. 2009, Keller and Roberts 2008,
Richardson 2012, Bonilha and Keller 2015) and WM tract alterations (see reviews by
Rodriguez-Cruces and Concha 2015, Gross 2011, Bernhardt et al. 2015) may reflect
additional epileptogenic tissue/networks. In particular, patients with temporal plus
epilepsy (primary temporal epileptogenic zone extending into other regions such as
the neighboring insular cortex) seem to more likely to be refractory to surgical
treatment and experience persistent postoperative seizure symptoms (Barba et al.
2017). It is therefore critical that pre-surgical evaluation identifies the epileptogenic
focus and rules out additional lesions or bilateral involvement during seizure

generation (Mansouri et al. 2012).

1.4 Pre-surgical Evaluation
In order to diagnose epilepsy, multiple steps are necessary (Figure 1.2). In a first step

the patient's history is assessed and this includes information on complications at

birth, previous neurological insult, any other illness and medication.
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Neurological Assessment
Patient history
Neurological and psychiatric examination
Seizure semiology
Surface inter-ictal EEG
High-resolution MRI
Baseline neuropsychological assessment

Structural Pathology (MRI-positive)
Conclusive and concordant results
in non-invasive evaluation

No Structural Pathology (MRI-negative)
Non-conclusive or discordant results
in non-invasive evaluation

Potential Use of Other Imaging Modalities
PET / inter-ictal or ictal SPECT / MEG / EEG-videotelemetry

Lateralization of Speech Dominance
Wada, functional MRI

Potential Use of Invasive Monitoring
Evaluation with intracranial electrodes (Subdural strips, grid, depth electrodes)
and EEG-videotelemetry

Resective Surgery
Tailored temporal lobe resection
Selective amygdalohippocampectomy
Only lesionectomy

No Indication for Resective Surgery
Optimizing AED therapy
Vagal Nerve Stimulation
Re-evaluation, if new evidence of focal
findings

Figure 1.2. Pre-surgical Evaluation in TLE (from Immonen 2010). The trajectory of the pre-
surgical evaluation process is presented from top to bottom. EEG = electroencephalography;
MRI = magnetic resonance imaging; PET = positron-emission tomography; SPECT = single-
photon emission computed tomography; MEG = magnetoencephalography; AED = anti-

epileptic drug.

In order to understand the nature of the seizures a neurological examination,

assessment of seizure semiology, surface (scalp) inter-ictal EEG and high-resolution

MRI are performed. Neuropsychological evaluation and psychiatric examination are

performed in patients being considered for surgery to (i) identify the damaged brain

region and (ii) to predict potential postoperative cognitive impairments and in some
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cases to rule out psychogenic non-epileptic seizures provoked by emotional states
rather than abnormal epileptogenic neuronal activity. Additional modalities for brain
imaging such as Magnetoencephalography (MEG), Positron Emission Tomography
(PET) and Single-Photon Emission Computed Tomography (SPECT) may be used
when available and especially in cases where scalp EEG and MRI remain

inconclusive.

Upon identification of the seizure onset zone (region of seizure origin), pre-surgical
evaluation of language lateralization/localization (Wada test) and functional MRI are
performed. Results of these investigations have critical importance in the success of
surgery, as peri- and post-surgical damage to brain areas that are indispensable for
defined cortical functions such as language, movement, vision and memory are to be
avoided. If the investigation indicates that it is unlikely that eloquent cortex will be
compromised, then surgery may be considered. Conversely, if the test does not
indicate this, additional invasive monitoring may be warranted before resective

surgery or implantation of stimulators is performed.

1.4.1 Surface Inter-ictal EEG

EEG is the true gold standard procedure for diagnosing epilepsy and allows
electrophysiological recordings of various cortical brain areas through placement of
measurement electrodes on the scalp. Inter-ictal scalp EEG relies on the occurrence
of spikes (electrical activity) in the time period between the occurrence of one
seizure to the next and as such demonstrates cortical hyperexcitability and
hypersynchrony (Pillai and Sperling 2006). Hypersynchronicity refers to a
synchronous bursts of action potentials involving several interconnected neurons and
occurs as a consequence of characteristic membrane depolarization, while
hyperexcitability refers to a state of neurons being unusually or excessively excitable.
EEG has a high temporal resolution in the range of milliseconds, so that these

electrophysiological recordings can simultaneously reflect underlying neuronal
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activity. When a focal ictal discharge is detected, this offers clues about the location
of the epileptogenic region and the specific epilepsy syndrome. Inter-ictal
background rhythms of the brain activity may also indicate what type of epilepsy the
patient may have (Pillai and Sperling 2006, Smith 2005). Additionally, baseline
neuropsychological testing is performed and invasive inter-ictal EEG may be
considered for clearer information on seizure focus localization (Figure 1.2).
Cessation of AED treatment and sleep deprivation can help to induce seizures to
increase the clinical yield of the subsequent EEG (Giorgi et al. 2014, Rizvi et al.
2014, Ellingson et al. 1984). It is not completely clear why sleep deprivation may
elicit epileptogenic activity within the brain (Samsonsen et al. 2016), however, this
procedure is common at clinical centers: surgery is only undertaken after long-term
video monitoring of seizure onset with an appropriate informative outcome (Cascino
2002). Given that the characteristics of an inter-ictal spike can be occasionally
misleading and difficult to localize (due to poor spatial resolution), it is essential to
put EEG findings in clinical context and consider aetiology, physical examination,

seizure semiology and neuroimaging findings (Pillai and Sperling 2006).

1.4.2 Assessment of Preoperative Functional Skills

Prior to surgery, baseline neuropsychological assessment and language lateralization
are performed. These procedures can inform about preoperative functional skills or
deficits and predict postoperative neuropsychological outcomes (Rosenow and
Liiders 2001). Memory and language are the most important cognitive skills that
need to be assessed and lateralized. This is especially true for TLE where verbal and
visual memory may be tested. Loring (2007) reported that side of surgery,
preoperative memory score and age can predict postoperative verbal memory
performance six years after surgery. Impaired postoperative verbal and nonverbal
memory skills have been reported in patients who had average or above average
memory and language skills at baseline (Helmstaedter and Elger 1996, Bonelli et al.
2010). Hermann et al. (1992) reported that patients with histologically proven and
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marked left mesial temporal sclerosis are less likely to show significant memory
decline after surgery. The authors further suggest that surgically induced impairment
of memory function can be avoided by using preoperative hippocampal volumetric
MRI as memory decline correlates with the degree of HS. Apart from these
psychometric tests prior to surgery, the invasive intracarotid sodium amobarbital
procedure, also referred to as the Wada test (Wada and Rasmussen 1960), has
traditionally been used to lateralize language function. The test results are essential
for successful planning of resective surgery. However, many clinical centers have
now replaced the invasive test with functional MRI testing as this forms a valid
alternative to the invasive Wada testing (Kloppel and Biichel 2005, Dym et al. 2011,
Binder 2010), which is still considered to be the clinical gold standard approach
(Pelletier et al. 2007, Alonso et al. 2016). MRI data was not related to pre- and

postoperative memory functions as this would have exceeded the scope of this thesis.

1.4.3 Invasive Inter-ictal and Ictal EEG

Invasive inter-ictal and ictal EEG may be performed when surface EEG does not
yield sufficient information on seizure focus localization. This is the case in about
30% of all patients with TLE (Spencer et al. 1985). Information gained through this
technique can contribute to avoidance of eloquent cortex during resective surgery
and confirm deep cortical seizure onset zones by characteristic spike discharges
(Spencer 2002). Furthermore, invasive EEG can detect unilateral seizure onset zones
in the case of bilateral inter-ictal surface discharges. If the epileptogenic zone
extends beyond visible lesions, inter-ictal EEG may even identify multifocal
epileptogenic lesions (Raymond et al. 1995). The invasive inter-ictal and ictal EEG
measurements are usually combined with simultaneous video recording, which is
then termed EEG video telemetry. This offers the advantage that a seizure can be
recorded on EEG with simultaneous video recordings of any related body
movements and occurrence of speech. The patients who are undergoing video

telemetry, visiting relatives or hospital personnel may mark the onset of a seizure as
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soon as they become aware of it. Subsequently, the event recorded on a videocamera
and any descriptions of the event can be directly related to the EEG recordings where

electrophysiological discharges may be detectable if a seizure occurred.

1.4.4 Standard Diagnostic MRI

Patients presenting with focal seizures will undergo structural MRI at the start of the
clinical investigation and if necessary also after standard EEG evaluation (to apply
specialized MR imaging techniques). According to the commission report of the
ILAE (Barkovich et al. 1998), neuroimaging for patients undergoing pre-surgical
evaluation should provide data on: “(i) Delineation of structural and functional
abnormalities in the putative epileptogenic region; (ii) Prediction of the nature of
structural pathology in the putative epileptogenic region; (iii) Detection of
abnormalities distant from the putative epileptogenic region and (iv) Identification of
brain regions important for normal function including primary sensorimotor function,
language and memory, and the relation of these regions to the epileptogenic region”.
Neuroimaging can also provide information on lesions not related to epilepsy, which
is important to rule out any other pathophysiological processes given that seizures
may be related to vascular malformations, tumor, infection or neurodevelopmental
structural alterations. Depending on the likely diagnosis, different MRI sequences
may be employed to identify an epileptogenic lesion. For example, 3D MRI
sequences T1-weighted (T1w), T2-weighted (T2w) and T2 fluid-attenuated inversion
recovery (T2FLAIR) are indicated for neocortical epilepsies as FCD may be detected
(Bliimcke et al. 2011, Figure 1.3).
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Tiw T2w T2FLAIR

Figure 1.3. FCD in the left supramarginal gyrus (top) and superior parietal lobule (bottom).
The related signal appears dark on T1w and bright on T2w/T2FLAIR 3D volume images.
The WCFT neuroradiologist's report stated that the two dysplastic sites may be
interconnected. L = left.

3D T1w and several imaging 2D coronal (T1FLAIR, T2FLAIR) sequences through
the long axis of the hippocampus are particularly useful in suspected TLE (Duncan
1997). HS is identified by increased cerebrospinal fluid (CSF) space within the
temporal horn of the lateral ventricles, loss of internal architecture (conspicuous on
2D TI1FLAIR/T2FLAIR images), volume reduction of the hippocampus
(conspicuous on 3D Tlw) and local signal intensity increase as seen on coronal
T2FLAIR images (Spencer 1994, Meiners et al. 1994, Mansouri et al. 2012). Images
depicting this lesion are shown in Figure 1.4. The identification of HS on
preoperative MRI is related to an improved post-surgical outcome in patients with

TLE, particularly if electrophysiological, radiographic and semiological information
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co-localize (Mansouri et al. 2012).

T2FLAIR T1FLAIR
. »-\

N

Figure 1.4. Right HS shown on T2FLAIR and T1FLAIR.

The T2FLAIR image shows hyperintense signal in the hippocampal region, while the
T1FLAIR demonstrates hypointensity of the hippocampal formation with a marked volume
loss. The loss of internal architecture in the right hippocampus is only marginally visible in
both images. T1- and T2FLAIR both show blurring of the parahippocampal WM, which is a
frequent finding co-occurring with HS. Images were acquired at WCFT. L = left.

1.5 Rationale for Advanced MRI of the Brain

In order to advance current standard diagnostic MRI for all patients and especially
for those patients with subtle lesions that may have remained undetected on previous
MRI, additional imaging and clinically informed neuroradiological assessment may
be necessary. This section briefly describes additional sequences along with

neuroradiological assessment and quantitative analysis techniques.

1.5.1 Additional Research Sequences

Functional magnetic resonance imaging (fMRI) sequences quantifying the blood
oxygen level dependent signal have been applied in patients with epilepsy during rest
(resting-state fMRI) and while performing a task (task-based fMRI). Task-based
fMRI is traditionally used in clinical settings to localize important memory and

language skills prior to surgery (Abou-Khalil 2007, Akanuma et al. 2003,
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Aldenkamp et al. 2003). Patients are presented with a specific task, for example to
memorize and recall words, while the blood oxygen level dependent signal is
measured across the whole brain and correlated with the performed task so as to
identify regions involved in task-related processing. The rationale for using research-
based resting-state fMRI without the application of tasks in patients with epilepsy is
to investigate possible regions of seizure onset and epileptogenic networks on an
individual level (Bettus et al. 2010, Dansereau et al. 2014). Compared to healthy
controls, regional altered blood flow and an altered network and functional
connectivity between different brain regions may be found in patients when
analyzing the data using whole-brain approaches. Another useful MR sequence is
Arterial Spin Labelling, which can measure blood perfusion. The rationale for its
application is that it is assumed that the epileptogenic region may have inter-ictal

hypo-perfusion relative to other regions of the patient's brain (Galazzo et al. 2015).

Apart from measuring task-based functional connectivity clinically to investigate
pre-surgical functions and to detect altered functional connectivity as compared to
controls in scientific studies, research on structural connectivity has continuously
gained interest. DTI is a technique, which enables researchers to quantify water
diffusivity along the axis of axons and infer structural brain connections and tissue
integrity between different brain areas. This became especially interesting since GM
disruption in patients with epilepsy was thought to affect WM connections close to
the seizure focus and in long-range connections between the seizure focus and other
parts of the brain. For instance, multiple studies to date have shown that patients with
left TLE seem to be more bilaterally affected than patients with right TLE when
compared to controls and that diffusivity alterations are more severe and extensive
ipsilateral to the side of seizure onset (Ahmadi et al. 2009, Yogarajah et al. 2008, Lin
et al. 2008, Imamura et al. 2015). This technique also allows researchers to
investigate correlations between clinical variables such as age of onset of epilepsy

and seizure frequency and WM structural disruption. Manual tractography has been
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the most widely applied technique to achieve mapping of structural connectivity
(Metzler-Baddeley et al. 2011, Wakana et al. 2007) . However, automated
tractography is gaining increased recognition in scientific investigations as they
require less time to implement and are reproducible and some of these automated
tools also allow analysis of correlations between GM and WM structural disruption
(Bonilha et al. 2010, Keller et al. 2017, Yeatman et al. 2012, Yendiki et al. 2011,
Kreilkamp et al. 2017).

Although useful for assessing structural and functional connectivity, underlying
pathobiological processes responsible for these alterations cannot be directly
established through DTI or fMRI analysis. Advanced quantitative mapping of myelin
in GM regions and WM tracts using T1w and T2w data (Van Essen et al. 2012) and
the application of an iron mapping sequence could potentially reveal the underlying
pathological process present in patients with epilepsy. Susceptibility-weighted
imaging (SWI) is used to quantify iron in the brain and is particularly interesting in
patients with epilepsy. Iron has been linked to febrile convulsions (Papageorgiou et
al. 2015, Sharif et al. 2015) and epilepsy (Tombini et al. 2013) and may be associated
with defects in the blood-brain-barrier and the deep GM nuclei that accumulate iron,

leading to deleterious effects (Zhang et al. 2014).

1.5.2 Quantitative Techniques

Quantitative techniques allow comparisons against healthy controls and may
complement traditional qualitative techniques employed by clinicians for first-hand
evaluation. All sequences and derived images listed in 1.5.1 allow qualitative
evaluation through visual assessment. This is a time-consuming process and
diagnostic yield may vary with the quality of MRI and training (Von Oertzen et al.
2002). Additional techniques based on three-dimensional MRI that can quantify
changes in the brain relative to healthy controls have important implications for

studies aiming to characterize side of seizure onset and develop individual
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diagnostics in a clinical setting (Martin et al. 2015).

Region of interest (ROI) analysis allows the a-priori investigation of brain regions
thought to be involved in a disorder. It is a method whereby trained individuals with
expert anatomical knowledge manually place the ROI on MRI of patients, this allows
signal quantification and comparison to ROI values obtained from controls. Through
statistical comparison, a decrease in structural volume or abnormally high/low signal
can be detected. Many studies in epilepsy have successfully utilized the volume-
based approach for the detection of HS (Jack 1994, Marsh et al. 1997, Matsufu;ji et
al. 2012) and disruption of temporal lobe WM integrity as measured by diffusivity
analysis (Ahmadi et al. 2009, Concha et al. 2005). Most frequently the relevant
studies have focussed on manual delineation of tracts performed by a trained
researcher based on a priori knowledge of neuroanatomy rather than using automated
techniques (Kreilkamp et al. 2017). In patients with TLE, research has focussed on
many temporal lobe tracts such as the cingulum angular bundle (CAB, otherwise
referred to as the parahippocampal white matter bundle, PHWM) (Ahmadi et al.
2009, Yogarajah et al. 2008, Concha et al. 2007), which is the major connection of
the hippocampus with other areas of the brain. The inferior and superior longitudinal
fasciculus (ILF and SLF; Ahmadi et al. 2009, Imamura et al. 2015, Concha et al.
2012, Lin et al. 2008) connect the ventral and dorsoposterior aspects of the temporal
lobe with the visual cortex and with the frontal lobe, respectively. The uncinate
fasciculus (UF; Diehl et al. 2008, Ahmadi et al. 2009, Lin et al. 2008, Concha et al.
2012) forming connections from the temporal pole to the dorsomedial prefrontal
cortex has also been studied. Finally, the fornix (Concha et al. 2007, Concha et al.
2010) has been investigated in patients with TLE as it belongs to the limbic system
and connects the hippocampus with the hypothalamus. More details on these tracts
and connections within the brain are presented in Chapter 3. However, manual
methods are time-consuming and suffer from low reproducibility and reliability,
which strongly justifies the development of newer automated methods that do not

have these disadvantages.

22



Chapter 1: Introduction

Automated techniques have a lower time-demand as they circumvent the need for
manual measurements by trained personnel (Leergaard et al. 2012). They are able to
provide higher reliability through reproducible results generated by the same
algorithm, whereas manual measurements may vary from one trained individual to
another. For these reasons, the automated techniques may be readily implemented for
the evaluation of patient MRI in clinical settings. Voxel-based morphometry (VBM)
is a fully automated quantitative technique that allows exploratory analysis of the
whole brain based on Tlw data. The approach can be implemented to analyze
various features of brain structure such as cortical thickness and subcortical atrophy.
In patients with epilepsy, it has been successfully applied for the detection of HS
(Bonilha et al. 2010) and FCD (Focke et al. 2008b, Huppertz et al. 2005) relative to
healthy controls. Alternatively, rather than analyzing the whole brain, the ROI
approach can be automated through the use of standard space templates and allows
both regional GM and WM analysis. This requires normalization of the patient's MRI
to a common template, this procedure is offered by many softwares and has been
primarily used to detect WM tract diffusivity alterations (Liu et al. 2014, Scanlon et
al. 2013). Atlas-based tractography works in a similar manner, however rather than
extracting and investigating regions close to tracts, this method allows the more
anatomically correct reconstruction of brain connections through voxel-by-voxel
tractography (Hagler et al. 2009). Although useful for group analysis in research,
these methods still need development before they can be applied to the analysis of

individual patient MR images.

1.6 Motivation and Goals of this Thesis

The overall objective of this thesis was to develop and apply image analysis

techniques in people with intractable focal epilepsy through advanced automated

quantitative MR imaging and analysis. The work presented in this thesis uses data
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collected from MRI-positive and MRI-negative patients to investigate the nature and
significance of structural brain alterations in patients with epilepsy. Advanced post-
processing image analysis techniques were applied to (I) characterize hippocampal
atrophy (HA) and temporal lobe tract abnormalities in patients with refractory TLE
and to investigate the relationship between these abnormalities and postoperative
outcome and (II) to perform a series of quantitative MRI studies in patients with
presumed MRI-negative refractory focal epilepsy to (Ila) implement a fully
automated tool for the detection of lesions in individual patients based on T1w data
and (IIb) to apply an automated tractography technique to DTI data of healthy
controls and patients with non-lesional and lesional TLE and identify WM tract

abnormalities between these groups.

1.6.1 Patients with TLE and Associated HS: Outcome Analysis

TLE is the most difficult type of epilepsy to treat medically, but considerably easier
to treat surgically (Spencer 2002). Electrophysiological recordings indicating a
temporal lobe seizure onset and the identification of HS during pre-surgical
evaluation are the most important factors that allow clinicians to confidently identify
an epileptogenic lesion, which may be amenable to surgery. The salient features that
indicate HS are hippocampal volume loss, MRI signal intensity alterations, loss of
digitations of the hippocampal head and disruption of internal architecture (due to
neuronal loss). So far, however, it is not possible to identify different types of HS by
expert neuroradiological assessment alone and clinicians are usually limited to the
clinically available 1.5 and 3.0 Tesla MRI. Quantitative methods for hippocampal
volume measurements can increase sensitivity in establishing the presence of HS
(Duncan 1997, Woermann et al. 1998). Recently, more detailed automated
quantitative hippocampal subfield mapping techniques based on multi-sequence MRI
have been developed, such as HippocampalSubfields (Iglesias et al. 2015) provided
within Freesurfer (Fischl 2012). It is unknown whether the multi-sequence automated

hippocampal subfield volume analysis:
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1. has any significance for seizure laterality,
2. reveals correlations between hippocampal subfield volume and any clinical
variables such as age of onset, duration and seizure frequency,

3. reveals correlations with postoperative seizure outcomes.

No study to date has yet established whether this automated hippocampal subfield
mapping is able to detect correlations with clinical variables or seizure laterality in
large patient datasets (Sone et al. 2016). Different types of HS identified through
histology have been shown to be related with post-surgical outcomes (Bliimcke et al.
2007), however, it remains unclear whether in-vivo MRI analysis approaches can
accomplish this in a similar way. Consequently, it is important to establish whether
preoperative automated mapping of hippocampal subfields can determine the type of

HS and could potentially predict surgical outcomes.

About 45% of patients undergoing resective surgery of the epileptogenic lesion often
present with seizures again during a follow-up of five years (de Tisi et al. 2011).
Recently, the importance of networks during seizure onset and propagation have
been acknowledged (Berg and Scheffer 2011) and this has led to a paradigm shift in
research and clinical practice. Epilepsy is no longer viewed as a sole GM disorder,
but seen in the context of the brain as a dynamic network. DTI data is frequently
used in clinics for neuroradiological assessment of gliomas (Inoue et al. 2005) and
may be used during pre-surgical evaluation in order to avoid damage to WM tracts
connecting eloquent cortex (Anastasopoulos et al. 2014, Bello et al. 2008), but DTI
has not yet found application in the clinical assessment of TLE to determine
disrupted WM connectivity. In order to achieve this, it is necessary to apply
quantitative tractography techniques. This method has been applied in epilepsy
research and requires a trained individual to make time-consuming measurements,
while more recent techniques allow automated measurements. Additionally, rather

than being limited to diffusion values extracted from whole tracts, this method allows
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along-the-tract (waypoint) diffusivity measurements. It is unknown whether the
automated tractography technique:

1. has any significance for seizure laterality,

2. could reveal correlations between diffusion values along temporal lobe tracts
and the extent of gross hippocampal volume loss,

3. could reveal correlations between diffusion values extracted using whole /
waypoint tract analysis and any clinical variables such as age of onset,
duration and seizure frequency,

4. could reveal correlations between diffusion values extracted using waypoint

tract analysis with postoperative seizure outcomes.

Given that automated tractography techniques provide substantial benefits for
analyzing structural connectivity in a time-efficient, reproducible and reliable way
over manual approaches, it is important to implement automated analysis
approaches. Once their usefulness has been established through scientific research,
these techniques may also be potentially readily implemented in clinical settings.
Although it is important to assess the underlying dynamic pathobiological process
underlying TLE with associated HS, the relationship between HA and WM tract
alterations has not yet been established (Rodriguez-Cruces and Concha 2015). For

these reasons, a study reported in this thesis was used to investigate this.

The above research questions were investigated in this thesis in an archival study,
which involved data collected on patients with TLE and associated HS and healthy
controls. The data for these studies had been acquired at a specialized epilepsy center
in Bonn, Germany and featured an extensive dataset where clinical variables and
post-surgical outcome were also documented. This allowed the characterization of
HA and temporal lobe tract abnormalities in patients with refractory TLE and to
investigate the relationship between these abnormalities, clinical variables and

postoperative outcome. Based on this data, multiple quantitative MRI studies were
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performed by the use of automated hippocampal subfield segmentation (Chapter 5)
and WM tractography analyses (Chapter 6).

1.6.2 Patients with MRI-negative Focal Epilepsy

Patients who do not present with an underlying lesion on MRI (non-lesional), are less
likely to achieve seizure freedom after epilepsy surgery: only 50% achieve short-
term seizure freedom (Cohen-Gadol et al. 2005, Khan et al. 2014). In these patients
with non-lesional epilepsy as determined by MRI, pre-surgical evaluation may only
rely on other clinical assessments such as semiology, (invasive) inter-ictal EEG and
video-telemetry. It is therefore important to utilize the most advanced MRI protocols
and expert neuroradiological assessments during the diagnostic process (see Chapter
7) in order to identify potentially epileptogenic lesions (Von Oertzen et al. 2002). In
patients with presumed MRI-negative refractory focal epilepsy, it is important to
establish whether subtle lesions may be detectable on advanced MRI using
quantitative methods, so that the best surgical seizure outcomes can be attained after
surgery. FCD is a common lesion associated with medically refractory epilepsy
(Sisodiya 2004, Fauser et al. 2004) and often epileptogenic (Fauser and Schulze-
Bonhage 2006). Many automated quantitative whole-brain analysis approaches have
been employed to identify potentially epileptogenic lesions such as FCDs. However,
so far it remains unclear:

1. whether previously neuroradiologically diagnosed FCDs could also be
identified by a fully automated integrated testing tool based on statistical
significant differences of individual patients as compared to healthy controls
(only T1w data),

2. how a newly developed automated multi-modal quantitative lesion detection

technique compares to expert neuroradiological evaluation.

Although previous studies have promoted the use of automated voxel-based lesion

detection approaches, clinical usefulness remains limited due to the necessity for
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expert neuroradiologists to re-evaluate the identified sites for true presence of FCDs
(Huppertz 2013). Therefore, this thesis presents the results of a study conducted with
the aim of applying statistical significance testing in order to identify sites of FCD
and implement multi-modal statistical testing through the use of the novel automated

approach.

However, for the reasons presented in Section 1.6.1 it is important to extend studies
in epilepsy from GM to WM analysis through structural connectivity analysis using
DTI tractography. Automated DTI tractography provides substantial benefits over
manual tractography techniques (see Section 1.6.1 and Chapter 6), while the manual
approach is considered gold-standard in the absence of neuroanatomical data
(Wakana et al. 2007). Automated tractography techniques are being increasingly
employed in research as they are readily available for efficient use. However,
previous studies have failed to complete extended validation of these methods and it
is therefore important to establish:

1. whether the automated WM tract analysis provides similar whole tract
diffusion characteristics to manual tractography in patients with TLE,

2. whether manual and automated tractography reveal similar correlations
between diffusion values of whole tracts and any clinical variables such as
age of onset, duration and seizure frequency,

3. whether the automated tractography technique can reveal additional
information through along-the-tract analysis,

4. whether differences between patients with lesional and non-lesional TLE can

be detected using automated tractography.

Previous research has only investigated correlations of FA values extracted from
manual versus automated approaches (Yeatman et al. 2012). To date, no information
has been provided with respect to comparisons between automated and manual

tractography with relation to whole tract location and shape. Additionally, a study
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comparing diffusion characteristics of WM tracts in healthy controls and patients
with non-lesional and lesional TLE based on automated tractography techniques has

not yet been performed.

The above research questions on patients with non-lesional and lesional epilepsy
were investigated in this thesis through the use of prospectively collected data. The
data for these studies was acquired at the WCFT in Liverpool, United Kingdom and
involved healthy controls and patients with focal refractory epilepsy whose previous
MRI did not indicate any lesions. Based on this data, multiple quantitative MRI
studies were performed in order to implement a fully automated tool for the detection
of lesions in individual patients (Chapter 8) and to apply an automated tractography
technique to DTI data of healthy controls and patients with non-lesional and lesional

TLE in order to identify WM tract abnormalities between these groups (Chapter 9).
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2.1 Organization of Chapter 2

The aims of this thesis can be classified into two different general categories: (i) the
investigation of neuroimaging correlates of persistent postoperative seizures in
patients with TLE and associated HS undergoing amygdalahippocampectomy to
alleviate seizures and (ii) the application of a dedicated MRI epilepsy research
protocol and quantitative analysis in patients with 'non-lesional' intractable focal
epilepsy in order to increase the number of patients with MRI-visible lesions. For
both categories, novel automated tools have been implemented on two separate
datasets in order to allow time-efficient and reproducible group- and individual-
based analyses that are potentially adaptable to clinical settings. Wherever possible,

quantitative comparisons were made between automated and manual techniques.
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This chapter details the aims, materials, participants, methodology and objectives of
all individual studies. As there are two different datasets, the first subsections of
sections 2.2 and 2.3 introduce the relevant research questions and present the
associated demographic and clinical information. The participant characteristics and
details pertaining to MR sequences presented in Section 2.2 include information
from these publications: Keller et al. (2015a), Kreilkamp et al. (2017), Elkommos et
al. (2016). Sections 2.2.2.3 and 2.3.2.3 detail the methodology common to all
quantitative MRI studies. The final subsections of 2.2 and 2.3 present the study
objectives and hypotheses for the analysis specific to each individual study. The
objective of Chapter 2 is to provide an overview of all studies conducted within this
thesis and how they relate. More detailed information about MR sequences, MR
analysis methods, their development and context within the clinical and scientific

literature can be found in Chapter 4.

2.2 Refractory Temporal Lobe Epilepsy with Hippocampal Sclerosis

2.2.1 Introduction

The objective of this study was to investigate the relationship between quantitative
preoperative MR imaging markers, clinical data and post-surgical outcomes in order
to assess whether preoperative imaging of the hippocampal formation can predict
surgical outcomes (Study 1) and whether WM tract disruption is related to HS,
clinical characteristics of the disorder and postoperative outcome (Study 2). These
investigations were performed using Tlw and T2 Short TI Inversion Recovery
(T2STIR) data for hippocampal structural analysis and diffusion tensor imaging

(DTI) data was analyzed to reveal any disruption of diffusion metrics in WM tracts.
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2.2.2 Methodology
2.2.2.1 Materials and Participants

Imaging data was acquired between July 2006 and January 2013 at the Life and
Brain Center and the University Hospital Bonn, Germany using a 3T Magnetom Trio
MR system (Siemens, Erlangen, Germany) with an eight-channel head coil. The
study was approved by the local ethical board. All participants provided written
informed consent (Keller et al. 2015b). Demographic and clinical data is presented in

Table 2.1.

Patients with Patients with

Variable left TLE right TLE Controls

N 73 40 58
Mean age (SD), years 40.6 (12.9) 41.4 (14.4) 39.6 (13.4)
Sex (female/male) 46/27 16/24 34/24
Mean age at diagnosis (SD), years 17.1 (12.1) 17.3 (12.5) N/A
Mean duration of epilepsy (SD), years 23.4 (13.6) 23.7 (16.1) N/A
History of FC (no/yes) 36/21 22/10 N/A
History of SGTCS (no/yes) 31/28 20/9 N/A
Seizure frequency (SD), months 9.2 (15.7) 7.5 (16.8) N/A
ILAEI/ILAE II-VI 26/29 20/8 N/A
Tlw 73 40 58
T2STIR 70 36 N/A
DTI 41 23 44
Postoperative T1w 34 18 N/A

Table 2.1. Demographic, clinical and MR imaging information for all participants of Studies
1 & 2.

Details of individual patients/controls can be found in Table 2.A (Appendix: Raw Data).
TLE = temporal lobe epilepsy; SD = standard deviation; SGTCS = secondary-generalized
tonic-clonic seizure; FC = febrile convulsions.

The study comprised 113 patients with well-characterized mesial TLE and

radiological evidence of HS (mean age 40.9 years (SD 13.3); 62 female; 73 with left
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TLE, 40 with right TLE) who were being evaluated for suitability for neurosurgery at

University Hospital Bonn, Germany.

Each patient underwent a detailed pre-surgical program, including comprehensive
seizure semiology assessment, MRI, neuropsychological assessment, interictal
electroencephalography and if clinically necessary, additional invasive
electrophysiological recordings, as reported recently (Keller et al. 2015a, Kral et al.
2002). All patients showed evidence of a unilateral temporal lobe seizure onset with
concomitant ipsilateral HS. Conventional indicators of HS were diagnosed by an
experienced neuroradiologist (Keller et al. 2015a). No patient had bilateral HS, or
evidence of a potential secondary epileptogenic lesion. Age of patient, age at
diagnosis of epilepsy, duration of epilepsy, history of childhood febrile convulsions
(FC) and incidence of secondary-generalized tonic-clonic seizures (SGTCS) were
recorded for all patients. Patients who underwent temporal lobe surgery
(standardized amygdalohippocampectomy) received postoperative follow up for a
period of up to two years after surgery and outcome assessment using the ILAE
outcome classification system (Wieser et al. 2001). 58 age- and sex-matched controls
without any neurologic or psychiatric history (mean age 39.6 (SD 13.4); 34 female)

were also recruited into the study.

2.2.2.2 Applied MR Sequences

T1w magnetization-prepared rapid acquisition gradient echo (MPRAGE) images
were acquired (160 slices, repetition time [TR]=1,300 ms, inversion time [TI]=650
ms, echo time [TE]=3.97 ms, resolution=1.0 x 1.0 x 1.0 mm, flip angle=10°,
acquisition time = 7:00 mins) for all controls and patients prior to surgery. A high in-
plane resolution T2STIR sequence in the coronal plane angulated perpendicular to
the long axis of the hippocampus (40 slices, TR = 5600 ms, TI = 100 ms, TE = 18
ms, resolution 0.45 x 0.45 x 2.0 mm, flip angle 0°, acquisition time = 3:40 min) was

acquired for all patients (Elkommos et al. 2016). Postoperative Tlw MPRAGE
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images were also acquired for 52 patients. Furthermore, diffusion-weighted images
(DWI, single shot spin-echo planar imaging sequence, TR=1,200 ms, TE=100 ms, 72
axial slices, resolution=1.726 x 1.726 x 1.7mm, no cardiac gating, GRAPPA
acceleration factor=2.0; acquisition time = 9:30 min) were acquired for 64 patients
(preoperatively) and 44 controls within the same scanning session. Diffusion
gradients were equally distributed along 60 directions (b-value=1000 s/mm?2).
Additionally, seven datasets with no diffusion weighting (b-value=0 s/mm?*) were

acquired initially and interleaved after each block of ten DWI.

2.2.2.3 Quantitative MRI Analysis

All image pre-processing and analysis was performed on an iMAC running OSX
Yosemite 10.10.5. Freesurfer version 5.3 was used for initial Tl1w-based brain
segmentation (Fischl 2012) and Freesurfer version 6.0
(https://surfer.nmr.mgh.harvard.edu/fswiki/HippocampalSubfields, Iglesias et al.
2015) subsequently allowed the extraction of high-resolution hippocampal subfield
volumes based on T2STIR (Study 1). DTI pre-processing was achieved by following
the ENIGMA pre-processing steps (http://enigma.ini.usc.edu/protocols/dti-
protocols/) with FSL (Smith et al. 2004) and was used as an input to TRACULA
version 1.56 (Yendiki et al. 2011) within Freesurfer version 5.3 for probabilistic tract
reconstruction (Study 2). Hippocampal volumes corrected for intracranial volume
(ICV) extracted through Freesurfer version 5.3 were also used in this study for
clinical correlations. Statistical analysis for both studies was performed using

MATLAB 2015b.

2.2.3 Objectives and Hypotheses
2.2.3.1 Automated Quantitative MRI of the Hippocampus: Study 1

The aim of this study was to investigate the relationship between the preoperative
volumes of hippocampal subfields volumes and postoperative seizure outcome in

patients with refractory TLE using a novel automated MRI multi-sequence
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segmentation technique based on Tlw and T2STIR data. The automated
hippocampal segmentation algorithm was used to identify 12 subfields in each
hippocampus and to investigate whether volumes of subfields were related to the
side of seizure onset and postoperative outcomes. The detailed methodology and all

results of this study are presented in Chapter 5.

Objective 5.1

To investigate the relationship between preoperative hippocampal subfield
volumes and clinical and surgical outcomes in patients with refractory TLE
using a new MRI multi-sequence segmentation technique. It was hypothesized
that post-surgical outcome was related to preoperative hippocampal subfield volume.
For example, as ILAE HS type 1 is manifest as predominant loss of neurons and
gliosis in CA1 and CA4 subfields and has been associated with an early seizure onset
and improved seizure outcome after temporal lobe surgery (Bliimcke et al. 2013), it
was hypothesized that atrophy in these regions would be related to favorable post-
surgical outcomes. Furthermore, as HS is the result of an initial precipitating injury
(Pitkdnen and Lukasiuk 2011, Blume 2006, Goldberg and Coulter 2013), it was
assumed that clinical features such as age of onset, duration of epilepsy and seizure
frequency would not be related with the degree of atrophy of gross hippocampal

volume or of any subfields.

Objective 5.2

To determine the relationship between hippocampal subfield volumes and semi-
quantitative hippocampal internal architecture (HIA) ratings. It was
hypothesized that the semi-quantitative HIA ratings (visual scoring assessments
representing a marker for loss of internal hippocampal architecture, an important
feature of HS (Elkommos et al. 2016)) would correlate with whole hippocampal and

subfield volumes.
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2.2.3.2 Automated Quantitative MRI of Temporal Lobe Tracts: Study 2

A detailed understanding of WM tract alterations in patients with TLE is important
as it may provide useful information for likely side of seizure onset, cognitive
impairment and postoperative prognosis. Importantly, WM tract analysis can provide
quantitative information not visible to the human eye from raw (diffusion) MRI as an
addition to conventional structural MRI (e.g. Tlw). Most frequently, quantitative
DTTI studies have relied on manual reconstruction of tract bundles. In the present
study, an automated WM tractography analysis approach to quantify temporal lobe
WM tract alterations in TLE was used to determine the relationships between tract
alterations, the extent of HA and clinical characteristics of the disorder. Alterations
of DTI scalar metrics along WM tracts were investigated with respect to
hippocampal volume. The relationships between WM tract alterations and duration
of epilepsy, age of onset of epilepsy, seizure burden (defined as a function of seizure
frequency and duration of epilepsy) and post-surgical outcomes were also explored.

The detailed methodology and all results of this study are presented in Chapter 6.

Objective 6.1
To investigate diffusion alterations of whole temporal lobe WM tracts in

patients with left and right TLE relative to healthy controls using an automated
probabilistic tractography approach. It was hypothesized that the automated
method can identify diffusivity changes (in FA and MD values of temporal lobe WM

tracts) relative to controls and among the two patient groups.

Objective 6.2

To investigate alterations along WM tracts using waypoint comparisons for
ipsilateral and contralateral tracts between patient groups based on side of
seizure onset and other clinical factors (e.g. history of febrile seizures). It was
hypothesized that WM tract diffusivity measures in patients are more extensively

affected ipsilaterally and in the presence of unfavorable clinical factors such as
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greater seizure frequency, longer epilepsy duration, history of SGTC/febrile seizures,

and earlier age of onset.

Objective 6.3

To determine the relationship between regional WM tract diffusivity and the
degree of hippocampal (subfield) atrophy in patients with TLE. As HS is seen as
an initial precipitating injury (Pitkénen and Lukasiuk 2011), it was hypothesized that
no relationship between hippocampal volume and WM tract diffusion characteristics
would be found, but rather thatregional WM tract diffusivity is mediated by
unfavorable clinical factors of the disorder such as epilepsy duration and age of

onset.

Objective 6.4
To investigate whether patients with postoperative seizures and those who were

rendered seizure free after surgery could be differentiated based on
preoperative WM tract diffusivity measures. It was hypothesized that patients
with persistent postoperative seizures would have more extensive abnormal
diffusivity measures in ipsi- and contralateral temporal lobe tracts (such as the
uncinate fasciculus (UF) and cingulum angular bundle (CAB)) than patients who

were rendered seizure free.

2.3 Focal 'Non-lesional' and Lesional Epilepsy

2.3.1 Introduction

The overall aim of this study was to identify possible epileptogenic lesions by virtue
of expert neuroradiological reassessment of an epilepsy research dedicated MRI
protocol (Study 3) and automated quantitative analysis (Studies 4 and 5). T1lw, T2w,
T2FLAIR and DTI data were used to automatically quantify structural changes in

individual patients relative to healthy controls, which were validated against
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neuroradiological assessment (Study 4). An automated tractography approach was
used to determine WM tract diffusivity abnormalities in patients with TLE on a

group level (Study 5), which was compared to a manual tractography technique.

2.3.2 Methodology

2.3.2.1 Materials and Participants

The study was conducted at the WCFT, Liverpool, UK between November 2014 and
April 2016. A 3.0 Tesla General Electric Discovery MR750 scanner (Waukesha, WI,
USA) with a 32-channel head coil was used for acquisition of MR images. The study
was approved by the ethical board of the University of Liverpool (Liverpool Central
REC, 14/NW/0332, University of Liverpool sponsorship, UoL001021) and National
Health Service R&D with a National Institute of Health Research adoption (The
Walton Centre NHS Foundation Trust, RG127-14) for the application of MRI
scanning and collection of previous clinical data in patients with refractory focal

epilepsy. All participants provided written informed consent.

43 patients were recruited on the basis of having a focal onset of seizures, being
refractory to medical treatment and showing no lesion on previous clinical MR
imaging. The mean age of patients was 31.6 (SD=11) years and 26 of these were
female (Table 2.2). Most patients had either a unilateral temporal (N=24) or
unilateral frontal lobe (N=13) onset. Two participants had a bilateral (one with a
temporal and the other with a frontal onset), two had a temporal-parietal, one patient
had a frontotemporal and another had an unknown localization of seizure onset. 42
controls were recruited on the basis of having no neurological or psychiatric

disorders. Mean age of controls was 32.3 (SD=8.7) years (Table 2.2).

2.3.2.2 Applied MR Sequences

Acquisition comprised a 3D axial Tlw fast-spin-gradient (FSPGR) image with

Phased Array Uniformity Enhancement (PURE) signal inhomogeneity correction
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(140 slices, TR=8.2 ms, TI=450 ms, TE=3.22 ms, flip angle=12, with Imm isotropic
voxel size, acquisition time: 3:48 mins) for all participants. Axial 3D T2w CUBE
images (with PURE correction, 312 slices, TR=2500 ms, TI = N/A, TE=71.2 ms, flip
angle=90, with 0.5 mm isotropic voxel size) and 3D sagittal CUBE T2 fluid-
attenuated inversion recovery (T2FLAIR) with PURE (312 slices, TR=6000 ms,

TI=50 ms, TE=127.1 ms, flip angle=90 with 0.5mm isotropic voxel size) were also

acquired.
Variable Patients with Patients with Patients with Controls
left TLE right TLE other foci
N 16 8 19 42
Mean age (SD), years 32.1(11.4)  31.8(12.3)  31.1(10.7) 32.3(8.7)
Sex (female/male) 10/6 5/3 11/8 25/17

Mean age at diagnosis (SD), years  15.8 (11.4) 18.1 (11.6) 14.2 (9.3) N/A

Mean duration of epilepsy (SD),
16.4 (10.7) 13.7 (15.5) 16.9 (10.3) N/A

years
History of febrile convulsions

12/4 7/1 18/1 N/A
(no/yes)
History of SGTCS (no/yes) 5/11 3/5 3/16 N/A
History of brain infection (no/yes) 16/0 4/4 1772 N/A
Complications at birth (no/yes) 16/0 6/2 17/2 N/A
Seizure frequency (SD), months 4.9 (8.9) 3.4 4.7 7.3 (12.1) N/A

Table 2.2. Demographic and clinical information for all participants of Studies 3-5.

Patients with other onsets included (14 patients with a frontal lobe onset and five patients
with other onsets: see text). All participants underwent the same imaging protocol. Details of
individual patients/controls can be found in Table 2.B (Appendix: Raw Data). TLE =
temporal lobe epilepsy; SD = standard deviation; SGTCS = secondary-generalized tonic-
clonic seizure.

It took 3:18 minutes to acquire the T2w image and 7:27 minutes to acquire the
T2FLAIR CUBE image. DTI data were acquired using a 60-direction spin echo pulse
sequence (66 slices, TR = 8000ms, TI = N/A, TE = 82 ms, flip angle = 90, voxel
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size = 1x1x2 mm, no cardiac gating, with ASSET, b-value = 1000 s/mm2; FOV =
256 mm) with six b0 images without diffusion weighting. The acquisition time was
8:56 minutes. Additionally, a TIFLAIR coronal image (52 slices, TR = N/A, TI =
920 ms, TE = 9.94 ms, flip angle = 111, voxel size = 0.4x0.4x3mm) and a T2FLAIR
coronal image (40 slices, TR = 12000 ms, TI = 2713 ms, TE = 98.7 ms, flip angle =
160, voxel size = 0.86x0.86x4 mm) were acquired for patients (diagnostic purposes)
and controls. Acquisition times for these coronal images were four minutes for
TIFLAIR and 3:24 minutes for T2FLAIR. Every MR image acquired within this
study was obtained for all participants (patients and controls) and assessed by a
consultant neuroradiologist at the WCFT (Study 3). One participant (control) had to
be excluded from further analysis due to a structural lesion (meningioma) and
another dataset had to be excluded as this control had received a different T1w
sequence (rather than the T1w FSPGR). Resting-state functional MRI, Arterial-Spin-
Labelling and Susceptibility-weighted Angiography imaging were also acquired
within this study but not analyzed within this thesis.

2.3.2.3 Quantitative MRI Analysis

For Study 4, image pre-processing and statistical analysis was performed on an
iIMAC running OSX Yosemite 10.10.5 and Human Connectome Project (HCP)
workbench software (Glasser and Van Essen 2011) was used to automatically set the
origin of the Tlw image to the anterior commissure. DTI data was pre-processed
using the ENIGMA preprocessing steps to mitigate effects of image artifacts
(http://enigma.ini.usc.edu/protocols/dti-protocols/) using FSL (Smith et al. 2004).
Finally, image pre-processing and statistical testing was achieved through the
computational anatomy toolbox (CAT12) within Statistical Parametric Mapping
(SPM12; Wellcome Department of Cognitive Neurology, www.fil.ion.ucl.ac.uk)
using an automated in-house MATLAB 2015b script.

For Study 5, image pre-processing and statistical analysis was performed on a

40



Chapter 2: Materials and Objectives

MacBookPro laptop running OSX Yosemite 10.10.5. Diffusion Toolkit version 0.6.3
(http://www.trackvis.org) was used for manual tractography and AFQ (Yeatman et
al. 2012) was used for automatic deterministic tractography on the previously pre-
processed DTI data from Study 4. Statistical analysis was performed using

MATLAB 2015b.

2.3.3 Objectives and Hypotheses

2.3.3.1 Neuroradiological Assessment and Clinical Findings: Study 3

Patients with epilepsy who were deemed to be MRI-negative by virtue of earlier non-
specialist MRI assessment were included in the study. Localization of seizure onset
had been evaluated using seizure semiology and EEG. These patient cases were re-
evaluated with the present protocol using diagnostic assessment of multiple MRI
sequences by an experienced neuroradiologist with specialist experience in detecting
epileptogenic lesions. Wherever possible, findings were related to the etiology and
history of the patient and possible correlations were discussed. Clinical reports were
gathered throughout the whole duration of the study and the relevant information was
updated accordingly. The detailed methodology and all results of this study are
presented in Chapter 7.

Objective 7.1

The ultimate aim of this study was to evaluate whether a dedicated epilepsy
research protocol with expert image re-evaluation can increase identification of
patients with lesions. The earlier MRI was included in an evaluation of lesion
conspicuity to qualitatively re-evaluate factors likely to have contributed to the new
presentation of a lesion. It was hypothesized that multiple factors such as image
quality, lesion conspicuity on standard MRI (not specialized in depicting epilepsy-
related lesions) and neuroradiologists' expertise in identifying epilepsy-related

lesions contribute to varying results of MRI reports.
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2.3.3.2 Automated Epileptogenic Lesion Detection: Study 4

The objective of this study was similar to the preceding study, however rather than
assessing images by expert visual assessment, an automated quantitative voxel-based
lesion detection technique was used. Voxel-based parametric testing was used to
determine individual differences in feature maps between individual patients and the

cohort controls. Detailed methodology and results are presented in Chapter 8.

Objective 8.1

The objective of this study was to implement and automatize a previously
developed lesion detection technique and to apply this to T1w images of patients
with cryptogenic focal epilepsy. It was hypothesized that neuroradiologically
identified lesions by virtue of the dedicated epilepsy research MRI could also be

detected using the automated voxel-based approach based on T1w images.

Objective 8.2

A further objective was to incorporate other MR images into the automated
voxel-based approach in order to improve sensitivity and specificity of the
approach. It was hypothesized that the automated tool in conjunction with
multimodality testing (with the incorporation of T2w/T2FLAIR/DTI data) can
identify previously undetected epileptogenic lesions while reducing the false positive

rate based on multimodal testing.

2.3.3.3 Automated Tract Reconstruction: Study 5

The aim of this study was to identify diffusion alterations in WM tracts such as the
fimbria-fornix (FF), uncinate fasciculus (UF) and parahippocampal white-matter
bundle (PHWM) in patients with cryptogenic focal epilepsy using an automated
technique, which could be potentially implemented in a clinical setting. The
automated tractography technique was employed in controls, patients with TLE and

HS (as established by the neuroradiological assessment based on the epilepsy
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dedicated research MRI) and patients with TLE without HS to explore group
differences between controls and patient groups. It was investigated whether WM
diffusivity changes were related to clinical variables including age of onset of
epilepsy, duration of epilepsy, seizure frequency and presence of SGTCS.
Furthermore, a comparison of the automated tractography approach and a manual
tract reconstruction technique was performed. Methodological details and results of

this study are presented in Chapter 9.

Objective 9.1
The first objective was to investigate the agreement between manually and

automatically generated tracts in patients with TLE. Furthermore, consistency
between the automated and manual approaches with respect to whole tract
diffusivity metrics (FA/MD), detection of diffusivity abnormalities in tracts of
patients with TLE and clinical correlations with diffusion metrics were
investigated. It was hypothesized that manual and automated methods produce tracts
of the same shape, volume and at similar locations and in order to assess this, the
Dice coefficient was computed. Moreover, it was hypothesized that DTI-metrics
extracted from WM tracts using the two different approaches are consistent (high
correlations of FA/MD values across approaches) and that significant group-wise
results of whole-tract diffusion measures arising of comparisons between the two
patient groups and controls were also comparable. It was hypothesized that AFQ

would identify the same number of group-wise differences and correlations.

Objective 9.2

The second objective of this chapter was to investigate whether along-the-tract
diffusivity analysis of FF, UF and PHWM within the automated tractography
approach can reveal correlations with clinical variables and group differences
between patients with left/right TLE, those with HS, those without and controls

and provide more detailed information than the manual approach. It was
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hypothesized that the along-the-tract analysis offered within the automated
tractography approach would confirm previous group-wise findings, detect
correlations with clinical variables and that it could reveal more detail in diffusivity
alterations regarding correlations with clinical variables such as age of onset of
epilepsy and epilepsy duration and when investigating diffusivity alterations in

patients with HS, those without and controls.
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3.1 Organization of Chapter 3

The two most frequent causes of medically refractory focal epilepsy are HS and
malformations of cortical development such as FCD, which forms the largest
subgroup of these type of lesions (Martin et al. 2015). Together, HS and FCD
constitute about 50% of all surgical pathology in patients affected by epilepsy
(Miyata et al. 2013). In order to understand the underlying structural and functional
brain alterations in patients with epilepsy presenting with HS and/or FCD, the
present chapter seeks to present background information on healthy brain structure,
function and development. Chapter 3 provides an overview of the gross cerebral
neuroanatomy, the basics of brain development with a special focus on neuronal
migration, the temporal lobe and the major structural connections of the temporal
lobe with other areas of the brain. Particular emphasis is given to the temporal lobe
and hippocampus as most patients investigated in this thesis have TLE with

associated HS. Another subset of investigated patients presented with FCD. The
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presence of subtle dysplastic lesions in patients with focal epilepsy and previous
unremarkable MRI and an initial precipitating injury (e.g. HS) in patients with TLE
may facilitate the development of epileptogenic brain structures or networks. The
background of neurodevelopment, neuroanatomy and cytoarchitecture relevant for
understanding the primary pathologies in intractable focal epilepsy (i.e. HS and
FCD) is presented within this chapter as an understanding of healthy structure and
function may facilitate the investigation of underlying pathological mechanisms

found in focal epilepsy.

3.2 Neuroanatomy of the Cerebrum

3.2.1 Divisions

The nervous system is composed of the central and peripheral nervous system. While
brain and spinal cord form the central nervous system, the peripheral nervous system
is formed by all remaining nerves and nerve cell clusters (ganglia). The brain is
composed by the cerebrum consisting of the two hemispheres with cerebral cortex
and respective underlying WM, the diencephalon (formed by the thalamus and
hypothalamus), and the cerebellum and brain stem. The downward continuation of
the brain stem constitutes the spinal cord. There are four major divisions of the
cerebrum: the frontal, temporal, parietal and occipital lobes. Major cortical sulci
appearing as furrows in the cortical surface separate these lobes: ventrally, the frontal
lobe is separated from the temporal lobe by the Sylvian fissure, while the central
sulcus separates the frontal lobe at the more anterior position from the parietal lobe at
the posterior aspect of the brain and caudally the parietal-occipital sulcus denotes the

limits between the parietal, temporal and occipital lobe (Figure 3.1).
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PARieTAL LOBE

FRONTAL

LoBE OcciPITAL

LoBE

TemporaL LoBE

Figure 3.1. Left lateral view of the brain showing the four lobes of the left cortical
hemisphere of the cerebrum, brain stem (light brown) and cerebellum (brown) (from Human
Anatomy Wiki 2017).

Ventrally, the Sylvian fissure separates the frontal lobe (orange) from the temporal lobe
(blue), while caudally this most anterior lobe (frontal lobe) is separated from the parietal lobe
(green) by the central sulcus. The occipital lobe is situated at the very posterior end of the
brain (red area), caudal to the temporal and parietal lobes and separated via the parietal-
occipital sulcus. Separations between lobes are also indicated with the red lines.

Medially, an additional lobe is often described: the limbic lobe (Duvernoy 2005),

which includes the thalamic nuclei and temporal and frontal lobe structures (Figure
3.2).
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Figure 3.2. Medial aspect of right limbic lobe with the hippocampus (from Duvernoy 2005).
The inset (modified from Krebs et al. 2014) shows the limbic lobe (white) with relation to
frontal (orange), temporal (yellow), parietal (green) and occipital (pink) lobes.

Hippocampal body:

L.
2.
3.

Dentate gyrus (margo denticulatus)
Cornu ammonis

Fimbria placed upwards (arrows) to
show cornu ammonis

Hippocampal head (uncal part):

4.
5.

6.

Apex of the uncus

Band of Giacomini (uncal extension of
margo denticulatus (1))

5' Uncal sulcus

Gyrus uncinatus

The anterior part of the uncus, belonging to the
parahippocampal gyrus (piriform lobe) is
composed of:

7.
8.
9.

10.
11.
12.

Semilunar gyrus
Prepiriform cortex
Gyrus ambiens
Entorhinal area
Parahippocampal gyrus
Collateral sulcus

Hippocampal tail:

13. Gyri of Andreas Retzius (intralimbic gyrus)

14. Fasciola cinerea prolonging the dentate gyrus
15. Gyrus fasciolaris, extension of the cornu
ammonis

16. The gyrus subsplenialis prolongs the gyrus
fasciolaris and is itself continued by the indusium
griseum (17) on the dorsum of the corpus callosum
(18)

19. Isthmus

20. Anterior calcarine sulcus

21. Cingulate gyrus

22. Cingulate sulcus

23. Subcallosal area

24. Anterior perforated substance

25. Anterior commissure

26. Fornix

27. Crus of the fornix

The dotted area indicates the limbic lobe. The a-a

line indicates the plane of the section of Figure
3.8.
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Specifically, the limbic system comprises the hippocampus, fornix, mammillary
bodies (situated at the anterior end of the fornix), anterior thalamus (an almond-
shaped structure situated immediately below the fornix), cingulum and the
parahippocampal gyrus (Mark et al. 1993, Duvernoy 2005, Friedman and Chou
2007).

All lobes have different functions, which have been investigated in fMRI and lesion
studies. The frontal lobe is responsible for higher executive functions (e.g. critical
thinking/judgement, attention and planning). Evidence for some of these functions
has been found most spectacularly by the investigation of Phineas Gage, a railway
worker who suffered a severe injury to his frontal lobe after an accident where an
iron tamping rod pierced his face, skull and brain. Shortly after the accident and his
recovery, Gage's contractors found that “the equilibrium or balance ... between his
intellectual faculties and animal propensities, seems to have been destroyed. He is
fitful, irreverent, indulging at times in the grossest profanity ..., devising many plans
of future operation, which are no sooner arranged than they are abandoned in turn for
others appearing more feasible” (Harlow 1868). The case of Phineas Gage illustrated
to the doctors at the time that damage to the frontal lobe may cause dramatic changes
in personality and behavior, while sensation, movement and consciousness remain
intact (Mesulam 2002). The frontal lobe is the last lobe to mature in children and
WM development in this lobe lags behind other cortical areas (Huttenlocher 1990,
Mrzljak et al. 1990). Fuster (2002) has stated that the intellectual maturation depends
on the ability to organize behavior and cognition into goal-directed structures of
action and attention, language, and creativity are all dependent on these
organizational skills. Various fMRI studies have confirmed that regions within the
frontal lobe play a pivotal role in emotional processing (Quarto et al. 2016), planning
(Novais-Santos et al. 2007, Boghi et al. 2006), critical thinking (Cao et al. 2016) and
attention (Fazio et al. 2016). Among other things, the temporal lobe processes

auditory input (Squire et al. 2001), with one of its major functions being language
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comprehension (Jackson et al. 2005) and memory (Squire et al. 2004, Squire et al.
2001). The functions of the hippocampus, one of the most important structures of the
brain, which lies within the temporal lobe, are discussed in more detail in subsection
3.3. While the parietal lobe concerns itself with tactile, motor functions and sensory
input (Fogassi and Luppino 2005, Penfield and Rasmussen 1950, Culham and
Valyear 2006), the occipital lobe integrates visual information received through the
optic nerves (Toosy et al. 2004) and structures of the limbic lobe are activated during
processing of emotions (Lee et al. 2016), identification of danger (Surguladze et al.
2003) and formation of new memories (Friedman and Chou 2007). Proper
anatomical development of the lobes with their complex structures is critical for their

correct functioning.

3.2.2 Brain Development

According to Barkovich (2005), the development of the cerebral cortex is a stepwise
process and includes both sequential and simultaneous steps. The individual steps
necessary for brain development are regulated by genes and their respective
expression. Many malformations of cortical development are caused by genetic
defects, map to certain chromosomes (Dobyns et al. 1996, Piao et al. 2002, Guerrini
and Marini 2006) and may cause epilepsy (Kuzniecky 2015, Barkovich et al. 2012,
Barkovic et al. 1997).

Brain development begins with neurulation, the process during which the neural
plate develops into the neural tube. At about 20 days of gestation, the three major
developmental divisions of the brain (fore-, mid- and hindbrain) can be distinguished
(Barkovich 2005). Eventually the forebrain develops into the telencephalon
(containing the two cerebral hemispheres) and diencephalon (containing thalamus,
hypothalamus, epithalamus and subthalamus). The midbrain develops into the
cerebral peduncle and superior and inferior colliculus situated within the brain stem
while the hindbrain later develops into the medulla oblongata, pons and cerebellum.

After neurulation and after four weeks of gestation, neuronal proliferation of
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precursor cells occurs. These will constitute the cytoarchitecture of the cerebral
cortex once proliferation and subsequent migration of these new neurons has
completed (see Figure 3.3 for a timeline and Figure 3.4 for a summary on these cell
stages). During migration, programmed neuronal cell death commences (apoptosis),
primarily affecting proliferating precursor cells (Lossi and Merighi 2003, Blaschke et
al. 1996). The density of synapses grows and the process of synaptogenesis begins in
the 19™ week of gestation. Finally, in the 29™ week of gestation, while migration,
apoptosis and synaptogenesis are still in progress, myelination begins and continues

into early adulthood (Tau and Peterson 2010).
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Figure 3.3. Stages of brain development (from Tau and Peterson 2010).
A timeline of major developmental events occurring in the development of the human brain.
Six stages are shown.
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Figure 3.4. Cortical development (from Poduri et al. 2013)

(A) A neuroepithelial cell (red) at the VZ serves as progenitor for both a pyramidal neuron
(green-blue) as well as a radial glial cell (gold). (B) A newly differentiated neuron (blue)
migrates along a radial glial fiber. (C) Neurons (blue) continue to migrate along the outer
radial glial cells' process (brown) as intermediate progenitor cells (small yellow) form. (D)
Intermediate progenitor cells begin to generate neurons (blue). (E) The progenitor cells in the
ventricular zone begin to give rise to astrocytes (dark green). Interneurons (purple) generated
elsewhere migrate tangentially. CP = cortical plate; IZ = intermediate zone; VZ = ventricular
zone; oRG = outer radial glial (outside of VZ).

3.2.3 Malformations of Cortical Development

Some epilepsies may be due to failed neuronal migration causing malformations of
cortical development, which presents as abnormal neuronal position and
differentiation from GM (Barkovich et al. 2005). This can result in FCDs (Barkovich
et al. 2012), which were initially described by Taylor et al. (1971) and have later
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been linked to abnormal stem cell development (Barkovich et al. 1997). According to
Barkovich et al. (2012) certain FCDs can be classified as ‘malformations secondary
to abnormal post-migrational development’ since some evidence suggests that injury
to the cortex during cortical development may cause FCDs. Correct development of
the cerebral cortex's laminar structure is essential for healthy brain development,
meaning that any failure may cause malformations, which in turn may lead to mental
impairment and/or epilepsy. The neurons of the neuronal tube are called precursor
cells or neural stem cells and these undifferentiated cells undergo symmetric mitotic
divisions (Ronan et al. 2013), generating new stem cells or neuroblasts that will
eventually differentiate into neurons and glial cells (Guerrini and Marini 2006,
Poduri et al. 2013, Fernandez et al. 2016). After the continued division of many
precursor cells, called the proliferation stage (Guerrini and Marini 2006, Tau and
Peterson 2010), the ventricular zone is established. Apical radial glial cells, serving
as primary progenitor cells, generate neurons through asymmetric division directly
and indirectly through secondary intermediate progenitor cells and basal radial glial
cells (Fernandez et al. 2016, Barry et al. 2014). During the following migration stage
some neurons leave this zone to build the marginal zone at the pial surface, while the
intermediate neurons differentiate into different types of neurons, giving rise to the
intermediate zone. The cortical layer is built in an inside-out fashion, where every
successive generation of neurons surpasses another (Guerrini and Marini 2006).
There are three modes of neuronal migration: radial (along the fibers of the radial
glial cells) including somal translocation (only the soma of the neuron is moved),
tangential (interneurons moving away from other parts of the brain), and multipolar
migration (Cooper 2014). According to Nadarajah and Parnavelas (2002), somal
translocation is the most common mode of migration during early cortical
development, while radial migration occurs more often in the more mature cortex
and multipolar migration is prevalent when neurons enter the intermediate zone
(Cooper 2014). Cortical organization within the six cortical layers is achieved

through apoptosis and synaptogensis, until each layer contains different types of
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neurons with distinct connections and functions (Guerrini and Marini 2006). At the
earliest stages, the cortical plate only consists of two to three cell bodies (~15 pum),
however, eventually the mature cerebral cortex spans two to four mm in thickness
(Poduri et al. 2013). Genetic mutations can cause disorders of neuronal migration
and cerebral cortical organization through the abnormal neuronal and glial cell
differentiation (Barkovich et al. 1997, Guerrini and Marini 2006, Barkovich et al.
2005). Thus neurons of abnormal size and morphology are generated during the

proliferation stage (Guerrini and Marini 2006, Figure 3.5).

Figure 3.5. FCD as a result of suspected somatic mutation in a progenitor cell (from Poduri
et al. 2013).

Healthy progenitor cells (bottom row, blue) give rise to healthy neurons and glial cells (top
five layers, blue), while a progenitor cell with a somatic mutation (red) generates unhealthy
cells (top five layers, red), thus mutated cells are interspersed with healthy neurons and glial
cells. The respective produced funnel-shaped lesion in the adult brain can be detected in the
left frontal lobe on the axial T2w MRI as a FCD characterized by GM thickening, GM/WM
blurring and a transmantle sign reflecting the funnel shape of the developmental process.
However, the right frontal lobe and other regions of the brain present a sharp GM/WM
boundary, healthy GM thickness and no transmantle sign. R = right.

Barkovich et al. (2005) have classified malformations of cortical development into
three categories based on the developmental stage at which the malformation

occurred: (1) cortical dysplasia (FCD, as shown in Figure 3.5) during neuronal and
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glial proliferation or apoptosis, (2) heterotopia (presence of GM within WM) as a
result of abnormal neuronal migration, and (3) polymicrogyria (multiplication of
small gyri in certain areas) occurring after late cortical migration and organization.
Examples of these malformations with the two subtypes of heterotopia can be found
in Figure 3.6. Other malformations of cortical development not shown here include
schizencephaly, characterized by a cleft in the brain, literally “split brain” and
lissencephaly, “smooth brain”. Each of these malformations arise from interferences

with these three developmental stages and may display varying degrees of

epileptogenicity (Palmini 2011).

A) This image shows FCD type II with balloon
cells (Taylor dysplasia) in a 6-year old female
patient. The lesion is located at the posterior
aspect of the right frontal lobe showing cortical
thickening and a blurred GM/WM junction.
(from Abd Rabou 2013).

B) This image demonstrates periventricular
nodular heterotopia in a 19-year old patient.
Multiple nodules of GM (red arrows) line the
lateral ventricles and protrude into the
ventricles.

(from Sarkisian et al. 2008)

C) The MRI illustrates predominantly frontal
subcortical band heterotopia in a 30-year old
female patient.

(from Gaillard 2011)

D) The image shows cortical thickening with
polymicrogyria involving the right frontal and
parietal lobes in a 21-year old male patient.
(from Krishnan et al. 2011)

Figure 3.6. Various types of malformations of cortical development shown on conventional
axial T1w MR images in four different patients.
A detailed description of the images can be found in the right panel. R = right.

The first widely accepted uniform terminology regarding pathological classification
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of FCDs was described by Palmini et al. (2004). However, this has now been revised
by an ILAE task force (Bliimcke et al. 2011): Microscopically identifiable FCDs may
present either as radial (FCD type Ia) or tangential (FCD type Ib) dyslamination of
the neocortex in one or multiple lobes. According to the authors, FCD type II is an
isolated lesion characterized by cortical dyslamination and dysmorphic neurons
without (type Ila) or with balloon cells (type IIb). Additionally, Bliimcke et al.
(2011) have included a novel description of FCD type III, which co-occur with
another lesion. Following this new terminology, FCDs can occur with HS (type Illa),
with epilepsy-associated tumors (type IlIb), adjacent to vascular malformations (type
IIIc) or epileptogenic lesions acquired in early life such as glio-mesodermal scarring
resulting from perinatal hemorrhagic brain injury (type IlId). Some FCDs present
with GM/WM junction blurring, GM thickening and abnormal signal intensities on
MRI (Palmini 2011, Barkovich et al. 1997, Lerner et al. 2009). Other FCDs may be
even more subtle and present with atrophy of GM/WM and are not necessarily
visible on MRI (Tassi et al. 2002, Lerner et al. 2009) such as type Ila (Bliimcke et al.
2011). Cells of the transcortical FCD type IIb (Bliimcke et al. 2011, first described
by Taylor et al. (1971) as Taylor dysplasia) have been frequently described in
patients with epilepsy and may stem from mutated radial glial progenitors
(Lamparello et al. 2007). This type of FCD appears with a transmantle sign
extending to the ventricles on MRI (Bronen et al. 1997, Tassi et al. 2002). Even
though MRI can often contribute to the detection of FCDs, there are no highly
sensitive imaging parameters available that can reliably differentiate among FCD
subtypes (Bliimcke et al. 2011). Less frequently, patients with TLE without HS may
present with encephalocele arising from neural tube defect or trauma (Vargas et al.
2008). Amygdala enlargement has also been linked to TLE and may be the result of a
chronic neuroinflammatory process or related to FCDs (Lv et al. 2014, Kim et al.
2012). The MRI of patients with focal epilepsy may show presence of gliosis
(Cendes et al. 2016), which is caused by proliferation and hypertrophy of astrocytes

(Bernasconi et al. 2011). Postoperatively, gliosis may be found in the sclerotic
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hippocampus (Spencer 2002) or the FCD (Bliimcke et al. 2011) in histopathological

examinations.

3.3 Temporal Lobe

3.3.1 Hippocampus

The human hippocampus is present in the left and right medial temporal lobes and
appears as an arc-shaped cortical fold (Figure 3.7). It has a rostro-caudal extent of
approximately 5 cm (Insausti and Amaral 2012). Functionally it is classified as being
part of the limbic lobe (Figure 3.2). The relevance of this structure to epilepsy is
summarized in Table 3.1 at the end of this chapter. The hippocampus is situated at
the caudal aspect from the amygdala and borders dorsally on the parahippocampal
gyrus, laterally on the temporal horn of the lateral ventricle and caudally on the
splenium (Duvernoy 2005). The hippocampus has three parts: the head (anterior),
body (middle) and tail (posterior) and is formed by the dentate gyrus and CA. These
two laminar structures belong to the older of the two evolutionary developmental
cortices, the archeocortex (instead of neocortex). The dentate gyrus and the CA are
embedded into each other (Duvernoy 2005, Duvernoy et al. 2013) and are described

in more detail within the following section.
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Figure 3.7. lllustration of the internal structure of the hippocampus (left, from Duvernoy et
al. 2013) and a corresponding post-mortem view of the hippocampus after opening of the
temporal horn of the lateral ventricle (right, from Duvernoy 1998).

The CA and dentate gyrus (GD) form two interlocking U-shaped laminae. 1 hippocampal
body, 2 hippocampal head, 3 hippocampal tail, 4 terminal segment of the tail, 5 hippocampal
digitations, 6 vertical digitations, 7 CA and GD in the medial surface of the uncus, 8 band of
Giacomini, 9 margo denticulatus. A = anterior; L = lateral; M = medial; P = posterior.

3.3.2 Hippocampal Internal Architecture

The CA can be divided into three cytoarchitectonic layers including the stratum
oriens, stratum pyramidale and the molecular zone (composed of the stratum
radiatum, stratum lacunosum and stratum moleculare; Lorente de No 1934), while
the dentate gyrus is composed of the strata moleculare, strata granulosum and
polymorphic layer (Duvernoy et al. 2013). Instead of having six neuronal layers like

neocortex, both of these hippocampal structures have only three cytoarchitectonic
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layers, which is characteristic for archeocortex (Figure 3.8).

Figure 3.8. Cross-sectional diagram (a) and 9.4T MRI (b) of the right human hippocampus
(from Duvernoy et al. 2013).

The right side of the image is the medial, while the left side is the lateral aspect of the
hippocampus. CA1-CA4, fields of the cornu ammonis with pyramidal cells. Cornu
ammonis: 1 alveus, 2 stratum oriens, 3 stratum pyramidale, 3' stratum lucidum, 4 stratum
radiatum, 5 stratum lacunosum, 6 stratum moleculare, 7 vestigial hippocampal sulcus (note a
residual cavity, 7'); dentate gyrus (with granule cells) with 8 stratum moleculare, 9 stratum
granulosum and 10 polymorphic layer; 11 fimbria, 12 margo denticulatus, 13 fimbriodentate
sulcus, 14 superficial hippocampal sulcus, 15 subiculum (transition area of hippocampus and
parahippocampal gyrus), 16 choroid plexuses, 17 tail of caudate nucleus, 18 temporal
(inferior) horn of the lateral ventricle.
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The stratum pyramidale of the CA has four different cytoarchitectonic subfields,
CA1-4, which are defined by different characteristics of the neurons found in these
areas (Lorente de No 1934). CAl is the continuation of the subiculum and neurons in
this large region have a triangular shape and are less densely packed than the oval-
shaped neurons found in CA2, a region that is dense and narrow in comparison
(Duvernoy et al. 2013, Braak 1980). CA3 is situated at the genu (bend) of the CA.
The dentate gyrus envelops the CA4 region of the CA, which consists of few sizeable
ovoid neurons among the large mossy myelinated fibers of CA4 (Duvernoy et al.

2013).

The dentate gyrus and CA1-3 regions are separated from one another via the
hippocampal sulcus and some residual cavities (Duvernoy et al. 2013, Insausti and
Amaral 2012). The stratum granulosum is the main layer of the dentate gyrus,
consisting of small round densely packed granular neurons with mossy fibers
traversing the polymorphic layer and reaching into CA3-4 (Duvernoy et al. 2013).
Dendrites from the basal poles of granular neurons extend into the stratum
moleculare, which is a thick region separated from the CA by the vestigial
hippocampal sulcus (Duvernoy et al. 2013). The polymorphic and molecular layers
have only few interneurons and the polymorphic layer unites the stratum granulosum

with CA4 (Duvernoy et al. 2013, Lim et al. 1997).

3.3.3 Hippocampal Functions and Projections

Functions of the hippocampus include early memory storage, formation of long-term
memory (learning) and spatial navigation and according to Duvernoy et al. (2013),
regulation of emotional behavior, certain aspects of motor control and regulation of
hypothalamic functions are also part of hippocampal functions. A most notable
primary contribution to the knowledge on memory functions of the hippocampus is
the study of H.M., a patient treated for mesial temporal epilepsy with epilepsy

surgery including bilateral hippocampal resections. This resulted in H.M. becoming
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seizure-free, however, postoperatively he had been severely impaired in his ability to
form new semantic knowledge (Schmolck et al. 2002) or learn new words, while
being able to retain preoperatively acquired knowledge on correct grammatical and
lexical usage (Kensinger et al. 2001). Maguire et al. (2006) conducted a virtual
reality study on a London taxi driver with bilateral hippocampal lesions and found
that he was impaired in novel navigational tasks compared to colleagues not affected
by hippocampal damage, but performed equally when asked to choose routes learned
40 years ago. Draganski et al. (2006) conducted a longitudinal study on students of
medicine preparing for their preliminary medical examination. The authors were able
to show that the hippocampal volume increases during the participant's continued
studies relative to those of sex-, age- and education-matched controls. They therefore
concluded that the hippocampus as structural component contributes crucially during
learning of new information and formation and consolidation of memories, which
has also been shown by animal model and human lesion studies (Insausti et al. 2013,
Mishkin 1978, Squire 1992, Squire et al. 1990, Squire and Wixted 2011). Amnesia
may be caused by circumscribed lesions to the hippocampus (Kesner and Goodrich-
Hunsaker 2010, Zola-Morgan et al. 1989, 1986, Insausti et al. 2013). Recent studies
have shown that the hippocampus is involved in the formation of both types of
declarative memory: episodic (relating to events and their relations,
autobiographical) and semantic (relating to facts and concepts) memory (Burgess et
al. 2002, Schmolck et al. 2002, Sormaz et al. 2017, Kaneda et al. 2017). This has also
been shown by various fMRI studies (Strange et al. 1999, Cohen et al. 1999,
Schacter et al. 1999). The anterior hippocampus has been linked to episodic memory
and imagination, while the posterior hippocampus seems to be involved in navigation
and both regions serve visual scene perception (Zeidman and Maguire 2016).
However, these functions cannot be understood as completely segregated
hippocampal functions, for example other studies have shown involvement of the
posterior hippocampus in the other substructure's functions such as episodic memory

(Bonnici et al. 2012) and imagination (Gaesser et al. 2013). Some studies have also
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suggested that the hippocampi of each of the two hemispheres subserve different
tasks (Golby et al. 2001) with the left aiding verbal functions (Sepeta et al. 2016) and
the right being involved in spatial encoding (Wei et al. 2016). Research in patients
with TLE has confirmed these findings (Bonelli et al. 2013), as patients with left
TLE and associated ipsilateral hippocampal dysfunction are more likely to have
verbal memory impairments (Helmstaedter et al. 1997, Gleissner et al. 2004, Bonelli
et al. 2010), while patients with right TLE and HS have been found to have spatial
and visual memory impairments (Barr 1997, Bonelli et al. 2010, Lee et al. 2002).
Nevertheless, in some patients compensatory mechanisms may come into effect even
prior to surgery that allow recruitment of extra-temporal regions for specific
memory-related tasks (Sidhu et al. 2013) and some post-surgical memory
impairments may be temporary (Gleissner et al. 2004). Furthermore, animal studies
have revealed that the hippocampus may be involved in emotional processing (Yang
and Liang 2014, Yamamuro et al. 2010, Kaneda et al. 2017, Bannerman et al. 2003)
and many of these studies have related these processes to effects on memory
performance. These studies not only demonstrate the crucial role of the hippocampus
in neuroplasticity (Eriksson et al. 1998), short-term information storage, memory,
learning and spatial navigation, but also that the hippocampus is a constant assessor
and distributor of information to many other parts of the brain for long-term storage.
This is shown by the fact that long-term knowledge storage does not depend on the
hippocampus as shown in the case of the taxi driver with bilateral hippocampal
damage and patient H.M. Indeed, the hippocampal projections are more complex
than those of the rest of the cortex. While neocortical connections mostly allow bi-
directional communication between different brain areas, hippocampal connections

are specialized for uni-directional afferent and efferent (in- and outward) projections.

Despite its relatively small size, the entorhinal area, which is located at the
ventromedial aspect of the hippocampus within the parahippocampal gyrus, forms
the principal input (Szirmai et al. 2012, Duvernoy et al. 2013, Insausti and Amaral

2012). The polysynaptic intrahippocampal pathway, also called the perforant path, is
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composed of a long neuronal chain connecting the entorhinal cortex with the dentate
gyrus, CA3, CAl and the subiculum (Duvernoy et al. 2013, Figure 3.9). The fibers,
originating from the entorhinal cortex, merge in the angular bundle, travel caudally
and perforate through the subiculum (Insausti and Amaral 2012). Some of these
fibers project to CA3/CAl first before reaching the dentate gyrus while others
directly terminate in the stratum moleculare of the dentate gyrus (Insausti and
Amaral 2012). The excitatory neurotransmitter in the perforant path is glutamate
(White et al. 1977), which may be enhanced in patients with epilepsy (Scimemi et al.
2006). The mossy fibers, which are fine and non-myelinated, form connections
between neurons of the dentate gyrus with the oval-shaped neurons of the less
densely packed CA3 region (Lim et al. 1997, Buhl and Whittington 2006, Duvernoy
et al. 2013, Lorente de No 1934) and CA4 regions of the hippocampus (Duvernoy et
al. 2013, Insausti and Amaral 2012). The connections of pyramidal cells between

CA3 and CALI are called Schaffer collaterals (Schaffer 1892, Szirmai et al. 2012).
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Figure 3.9. Projections of the hippocampal and parahippocampal regions (from Duvernoy et
al. 2013).

A-E are parts of the neural chain forming the polysynaptic intrahippocampal pathway. Cornu
ammonis: 1 alveus, 2 stratum pyramidale, 3 Schaffer collaterals, 4 axons of pyramidal
neurons (mainly to septal nuclei), 5 strata lacunosum and radiatum, 6 stratum moleculare, 7
vestigial hippocampal sulcus. Dentate gyrus (GD): 8 stratum moleculare, 9 stratum
granulosum. CA1, CA3 fields of the cornu ammonis, SUB subiculum. ENT (Layer II of the
entorhinal area) is the origin of this chain; its large pyramidal neurons are grouped in
clusters, giving a granular aspect at the entorhinal surface.

Ramon y Cajal (1893) and Lorente de No (1934) both mention commissural
connections between both the left and right hippocampus, these belong to the
external regulatory circuit (Duvernoy et al. 2013, Insausti and Amaral 2012) and

provide input to CA1 and CA3 (Traub and Miles 1991a). The commissural fibers

enter and exit the hippocampus via the fimbria. The hippocampus has been found to
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have both excitatory and inhibitory circuitry (Lim et al. 1997, Traub and Miles
1991a, Duvernoy et al. 2013), which have been extensively studied in living rodents
and primates. According to Traub and Miles (1991b), the two types of circuits can be
split into the recurrent excitatory connections between CA3 (Miles and Wong 1986,
Le Duigou et al. 2014) and CA1 pyramidal cells (Christian and Dudek 1988) and
inhibitory cells activated by collateral and afferent fibers (Newberry and Nicoll,
1984, Andersen et al. 1963, Traub and Miles 1991b). The complex multi-synaptic
hippocampal communication depends on intact hippocampal subfields (i.e. CA1-4)
and may be disturbed in patients with HS (Falconer 1974, Liu et al. 2012, Deyo and
Lytton 1997). For a detailed review of hippocampal connectivity the reader is

referred to Insausti and Amaral (2012).

3.4 Temporal Lobe Connectivity

Three distinct GM regions can be identified within the temporal lobe as cortical
ridges between the clefts on the brain surface (Figure 3.1). These are the superior,
middle and inferior gyri as seen from top to bottom on the lateral aspect of the
temporal lobe surface. The medial aspect of this lobe consists of the
parahippocampal (ventrally) and intralimbic gyrus (dorsally, mainly formed by
hippocampus, Figure 3.2) (Duvernoy 2005). All of these gyri are connected with
other GM regions of the brain through WM tracts such as the FF, CAB (PHWM),
ILF, SLF and the UF (Figure 3.10). Details on the individual trajectories of these
temporal lobe tracts are described in the following subsections and their relevance to

epilepsy is summarized in Table 3.1 at the end of this chapter.
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Figure 3.10. Left lateral views of major temporal lobe connections with the rest of the brain
(modified from Catani and de Schotten 2008, visualized through tractography).

3.4.1 Fimbria and Fornix

The fimbria forms the continuation of the alveus situated within the CA. It is a
prominent WM connection travelling dorsomedially along the hippocampus (Figure
3.8, Figure 3.10 (blue tract) and Figure 3.11). This WM tract connects the
hippocampus with the fornix (Figure 3.2) and allows long-range connections to other
structures such as the mammillary bodies and hypothalamus (Figure 3.11). The
fimbria and fornix are both part of the limbic system. The associative pathways
within the alveus and fimbria connect areas of the same hemisphere, are mostly
efferent and originate from CA1 pyramidal cells and the subiculum (Christian and
Dudek 1988, Kiernan 2012). Furthermore, the hippocampal commissures form
afferent connections between the left and right hippocampi, which form a bridge
between the two hemispheres directly after neuronal projections pass the crus of the

fornices (Figure 3.11).
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Figure 3.11. Hippocampus with Fimbria and Fornix (from RANZCRPart1 2015)

1: hippocampus, 2: fimbria, originating from the alveus within cornu ammonis; 3: crus of the
fornix; 4: hippocampal commissures; 5: body of the fornix; 6: column of the fornix, post-
commissural fornix; 7: pre-commissural fornix; 8: anterior commissure; 9: mammillary
body; S: superior; I = inferior; P = posterior; A = anterior.

The columns of the fornix connect with the mammillary bodies, which in turn project
to the hypothalamus. Several of the subcortical afferents, e.g. amygdala and
thalamus, enter the hippocampal formation through the fornix (Insausti and Amaral
2012). The precommissural fornix connects hippocampal fibers arising from the CA,
subiculum and entorhinal cortex with the ventral striatum (nucleus accumbens) with
innervation of the lateral septal nucleus (Duvernoy et al. 2013, Insausti and Amaral
2012). Fornical connections have been shown to be involved in memory networks

(Hescham et al. 2017).

67



Chapter 3: Neuroanatomy

3.4.2 Parahippocampal Cingulum

The parahippocampal cingulum is located adjacent to the ventral aspect of the
hippocampal head and body within the parahippocampal gyrus (Figure 3.10, black
tract). It is part of the cingulum, a long C-shaped WM association pathway belonging
to the limbic system within the cingulate gyrus (Figure 3.2). It is situated
immediately dorsal to the corpus callosum and reaches from below the rostrum of the
corpus callosum in the frontal lobe (subcallosal gyrus), bends around the splenium of
the corpus callosum, continuing into the area immediately below the hippocampus
and terminating in the entorhinal cortex of the medial temporal lobe (Hagler et al.
2009). Largely, the cingulum is composed of fibers originating in the anterior
thalamic nucleus and the hippocampus (Brodal 1981, Duvernoy et al. 2013) that
project to the parahippocampal gyrus. The GM areas connected via the cingulum
have been shown to be involved in the modulation of behavior (Alexander and
Brown 2011), sensory and cognitive processes such as spatial navigation and
memory (Vogt et al. 1992) and emotions (Vogt 2005). The parahippocampal
cingulum is in close correspondence with the amygdaloid region, which also

constitutes an important involvement in affective behavior (Vogt et al. 1992).

3.4.3 Inferior Longitudinal Fasciculus

The ILF connects the temporal lobe with the occipital lobe and travels along the
ventral aspect of the lateral ventricles (Figure 3.10, green tract). The ILF is an
associative fiber bundle lying in the central portions of temporal and occipital lobes
(Jellison et al. 2004, Catani and Thiebaut de Schotten 2008). It has short and long
fibers that connect visual areas to the hippocampus and amygdala (Catani and
Thiebaut de Schotten 2008, Catani et al. 2003). It can be easily identified by
following the WM of the anterior temporal lobe posteriorly, traveling past the
junction of frontal and temporal branches of the anterior floor of the external capsule,
while excluding the most posterior temporal lobe WM, before arriving at the tip of

the occipital horn (Catani and Thiebaut de Schotten 2008). The ILF has been shown
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to be connected to GM areas associated with functions such as face recognition
(Grossi et al. 2014, Fischer et al. 2016), visual perception (Shinoura et al. 2010,
Ffytche and Catani 2005, Catani and Thiebaut de Schotten 2008), reading (Epelbaum
et al. 2008, Sarubbo et al. 2015), visual memory (Shinoura et al. 2007) and functions
related to language (Mandonnet et al. 2007, Catani and Thiebaut de Schotten 2008).

3.4.4 Superior Longitudinal Fasciculus

The SLF can be found in both brain hemispheres and can be divided into the parietal
segment and the arc-shaped arcuate fasciculus also termed superior longitudinal
fasciculus temporal segment (SLFt, Figure 3.10, yellow tract). The SLF forms a
connection of the temporal, parietal and the frontal lobe (Hagler et al. 2009, Kiernan
2012, Catani and Thiebaut de Schotten 2008). The SLFt is an association pathway
composed of long and short WM fibers and the fibers at the frontal region run
perpendicularly to the projection fibers of the corona radiata, arch around the Sylvian
fissure before ending in the temporal lobe. Specifically, one of its most important
links is the left-hemispheric interconnection of Wernicke's area within the posterior
part of the superior temporal gyrus and Broca's area within the inferior frontal gyrus
(Kiernan 2012, Catani et al. 2005). The WM bundle has been associated with
phonological language (Shinoura et al. 2013) and reading (Travis et al. 2016,
Thiebaut de Schotten et al. 2014) functions in humans and is the largest association
bundle in humans (Jellison et al. 2004). The functions of the SLFt have been related
to unilateral neglect (Thiebaut de Schotten et al. 2008), prosody (Cattaneo 2013) and
semantics (Catani and Thiebaut de Schotten 2008). A direct and indirect connectivity
pathway (Catani and Mesulam 2008) has been established in the SLFt through

research on aphasia and using DTI studies.
3.4.5 Uncinate Fasciculus

The UF is an associative pathway that connects the ipsilateral anterior temporal lobe

with the ventral aspect of the prefrontal cortex and is considered to be part of the
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limbic system (Figure 3.10, purple tract). The more anteriorly placed temporal fibers
of the UF run medially to the fibers of the ILF, enter the external capsule, arch
forward around the Sylvian fissure and medially into the orbitofrontal cortex, and
eventually merge with fibers from the inferior frontal occipital fasciculus (Catani and
Thiebaut de Schotten 2008). Language (Agosta et al. 2010, Catani and Mesulam
2008), memory (Diehl et al. 2008, Papagno et al. 2016) and functions related to
emotion processing have been associated with connectivity mediated by the UF (Von

der Heide et al. 2013).
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Structure Relation to Epilepsy Selected References

Structure within the limbic system and part of

the temporal lobe; may be epileptogenic in Duvernoy et al. 2013,
Hippocampus patients with TLE constituting HS; patients ~ Bonelli et al. 2010,

may have verbal/visual memory impairments Helmstaedter et al. 1997

based on side of HS (left/right, respectively)

Structure within the limbic system and part of

the temporal lobe; hippocampal commissures

form afferent connections between the left Duvernoy et al. 2013,
Fimbria-Fornix and right hippocampi; may play a part in Insausti & Amaral 2012,

propagation of seizures and may be able to Concha et al. 2009

stratify patients with TLE with and without

HS

Structure within the limbic system and part of
the temporal lobe; connects the hippocamus
with the amygdala and frontal lobe; may play
a part in propagation of seizures; may be
directly linked with the epileptogenic network
and resection of the parahippocampal area
may be related to post-surgical outcomes.

Vogt et al. 1992,
Liu et al. 2012,
Thivard et al. 2005,
Bonilha et al. 2007,

Parahippocampal
Cingulum

Part of the temporal lobe; connection of

Inferior V%sual areas (occipital lobe) with Catani & Thiebaut de
Longitudinal hlppgcampus (te.mporal 1'0be); may .play a Schott.en 2008,
Fasciculus part in propagation of seizures and its Catani et al. 2003,
diffusion values may be useful for seizure Concha et al. 2012
focus lateralization
Losnugrgteligrrlal Connects the t@mporal lpbe with the frpntal 2};2;)?2 :;[:lﬁfnlf’z’ 008,
Fasciculus lobe; strongly v olved in lgnguage .SkIHS; Ahmadi et al. 2009,
(temporal may play a part in propagation of seizures, Liu et al. 2012,
segment) especially in temporal plus epilepsies Barba et al. 2017
Structure within the limbic system and part of
the temporal lobe; connects the temporal lobe Catani & Thicbaut de
Uncinate with the frontal lqbe; may play a part in Schotten 2008
Fasciculus propagation of seizures; may be able to Concha et al. 2’012’

stratify patients and controls; larger resections
of the uncinate have been related to better
postoperative seizure outcomes

Keller et al. 2016

Table 3.1. Brain Structures and Their Relation to Epilepsy.
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4.1 Introduction

This chapter gives an overview providing sufficient background for the MR
sequences acquired and analyzed. It is not intended to be a detailed description of
principles underlying MRI acquisition as this would go beyond the scope of this
thesis. All structural brain imaging sequences used within the studies are described in
the subsections along with the rationale and context of applying them to patients with
epilepsy. For instance, the 3D T1w image is used clinically to assess gross brain
structure and scientifically for mapping the hippocampal volume and other GM
structures in quantitative analysis. For preoperative evaluation, most epilepsy centers
include either a 2D or 3D T2w sequence and a T2FLAIR sequence and these
sequences have been especially useful for the detection of FCDs clinically (Lerner et

al. 2009) and have also been used in quantitative MRI studies (Focke et al. 2008b,
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Focke et al. 2009, Martin et al. 2015). Coronal sequences are used during pre-
surgical evaluation in order to assess the presence of HS (Wieshmann et al. 1996). It
has become increasingly important to assess WM abnormalities in patients with
epilepsy to investigate the whole scope of underlying pathobiological processes in
epilepsy. This is discussed in section 4.7 of this chapter, which includes information
from Kreilkamp et al. (2017). A summary of all used MR sequences with respective
rationale and context of applications in patients with epilepsy can be found at the end
of this Chapter in Table 4.1. From an imaging perspective, the aforementioned
sequences have an acquisition time of approximately four to ten minutes, whereas
another “fast” MR imaging technique, called Echo Planar Imaging (EPI), is able to
provide full spatial encoding within a single radio-frequency excitation, thus
allowing to image time-dependent physiological processes that occur in seconds and
even milliseconds (Maclntosh and Graham 2013). Diffusion imaging using EPI
makes use of the fact that water (i.e. hydrogen protons) moves along WM tracts of
the brain and the imaging-derived metrics allow researchers and clinicians to infer
the state of WM integrity (Section 4.7). Fast imaging comes at a cost of lower signal-
to-noise ratio (SNR) and geometric distortions, which makes extensive image post-
processing necessary. For these reasons, DTI is not commonly used in the first MRI
assessment of patients with epilepsy. However, it has found a broad application in
scientific research and has been clinically used at later stages, e.g. for preoperative
evaluation in order to avoid damage to important WM tracts connecting areas of

eloquent cortex (Duncan et al. 2016; see Chapter 1).

4.2 Basic Principles of MR Image Acquisition

The phenomenon of nuclear magnetic resonance was first discovered in the first half
of the 20™ century (Bloch 1946, Purcell et al. 1946) and started to revolutionize
diagnostic procedures from the 70s since brain structure could be visualized in high

detail without exposure to radiation. The discoveries of Paul Lauterbur and Peter
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Mansfield in the 70s allowed scientists to advance imaging from a single (temporal)
to a second (spatial) dimension and to mathematically analyze MRI signals that had
been acquired through fast imaging techniques, respectively (Geva 2006). In 1970,
Raymond Damadian started probing the use of MRI as a medical diagnostic tool by
imaging different animal tissue types and was able to detect cancerous tissue as its
MRI signal had a longer relaxation time than non-cancerous tissue (Damadian 1971,
Geva 2006). By 1974, he received the first ever patent in the field of MRI for his
scanner and method for detecting cancer (Damadian 1974). The discovery soon
spread within the field of medicine with scanners being available from the beginning

of the 1980s and rapidly found applications in various disorders and diseases.

Instead of relying on X-rays, the MRI scanner uses magnetism in conjunction with
radio wave transmission to produce images of human or animal anatomy. MR
utilizes inherent physical properties of nuclear particles found in tissue, namely the
fact that the electrically charged atomic protons precess (spin around their own axis).
The imaging sample is placed in a strong magnetic field while a radio-frequency
wave is transmitted and subsequently the protons' response to this wave can be
measured (Figure 4.1). Human tissue mostly contains hydrogen atoms (the hydrogen
atomic nucleus is a single proton) and since different tissues have a different nuclear
density and have different relaxation times this accounts for varying contrasts across
tissues. Gradients have to be applied so that the signals can be localized. In
particular, for a single plane a linearly increasing frequency-encoding gradient is

applied.
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Figure 4.1. MR Scanner (A) and the Spinning Proton (B) (from Ajtai et al. 2015).

As the person is lying in the scanner, a magnetic field is applied parallel to the person's body
(Z-axis), while a radio-frequency wave is applied, which deflects the proton from the main
magnetic field. This makes it possible to encode the proton's phase (perpendicular Y-axis)
while spinning about the axis of BO (B) and to determine the proton spin frequency (X-axis)
(B, lower arrow) during precession. Gradually the proton returns to only rotating about its
own axis along BO (steady state). The diagram in panel B and MR images in general have a
different frame of reference than depicted in panel A (see inset 'diagrams').

Slight variations of the proton spins' frequencies and phase makes it possible to
assign the emitted signal to one location in the 2D image plane. 3D images of human
tissue are acquired by slice-selection. This is made feasible by using a magnetic field
gradient: rather than having the same field strength in the entire tissue, a gradient is
applied. This causes slight variations in the resonant frequencies. All of these slight
variations in magnetic field strength, frequency and phase influence the protons'
precession and an emitted signal can be captured and assigned to a specific location
in 3D space. All MR sequences follow this principle and are described in the
following sections along with their indication in patients with epilepsy. The Spin-
Echo pulse sequence is the conventional way of acquiring MR signal (Figure 4.2)
and yet another radio-frequency pulse can be added to this sequence, which has
effects on image contrast and appearance (i.e. by using an inversion recovery

sequence).
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Spin-Echo Sequence
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Inversion Recovery Sequence
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Figure 4.2. Conventional MRI sequences with radio-frequency pulses (from Elster 2017).

In order to acquire the MR signal within a spin-echo sequence, a 90° radio pulse is applied.
The echo (S) is caused by the 180° radio pulse, which acts like a magnetic barrier and
reflects the echo of the first 90° decay signal. For an inversion recovery sequence another
180° radio pulse is added before the 90° and 180° pulses. The time between the added 180°
pulse and the 90° pulse is called TI. Apart from nulling the signal from fat and water, the
added 180° pulse also flips the sign of the magnetization vector from z to -z. In both
sequences, the time between the two 90° excitation pulses is termed TR. S = Signal-
readout/echo, TE = echo time, TR = repetition time, TI = inversion time.

4.3 3D Volume T1-weighted Imaging

4.3.1 Principles

The design of a Tlw sequence is based on the so-called spin-lattice (longitudinal,
measured on z-axis) relaxation emitted by the hydrogen protons (Johnson et al.
2005). The energy is emitted to the lattice (surroundings) of the protons. Hydrogen

protons are projected into the transverse plane by the application of a radio-
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frequency pulse and as the effect wears off, the spins return to equilibrium and align
again with the static magnetic field (Johnson et al. 2005). The T1 relaxation is
defined as the time when the protons in the tissue have reached 63% of their
equilibrium value, i.e. the original magnetization (Figure 4.3). As such, the Tl
relaxation times are associated with the magnetic field strength. T1 relaxation times
differs across different tissue types: Fat appears brightest (shortest T1), WM is bright
at a short relaxation rate, while GM and CSF emit the least signal and have a longer

T1 relaxation rate (MacIntosh and Graham 2013).
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Figure 4.3. T1 relaxation time at 3T and derived T1w grayscale image (from Farrall 2015).
T1 relaxation times, defined as the time where 63% of net magnetization has been regained
(dashed line): Fat =370 ms; WM = 830 ms; GM = 1330 ms; CSF = 3600 ms (Gold et al.
2004, Wansapura et al. 1999). A signal readout time at 800 ms reveals optimal contrast with
the tissue-dependent T1 relaxation curves having an optimal distance between each other
(distinct signal differences across tissue types). MRI was acquired at the WCFT. Figure used
and modified with permission of Professor Andrew Farrall at the Edinburgh Imaging
Academy (www.ed.ac.uk/edinburgh-imaging/academy). L = left; R = right.

A 3 Tesla Tlw image may be acquired using an inversion recovery sequence or
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using a spin-echo sequence with a short repetition time (TR, the time between
repetitions of the pulse sequence) and a short time to echo (TE, the time at which
sampling of the magnetization signal occurs), at about <750 ms (Figure 4.3) and 40

ms respectively.

4.3.2 Applications

The application of T1w sequences has become standard procedure in medicine and
science as its high contrast between tissues allows a multitude of scientific and
clinical investigations on anatomical images (Figure 4.3). The medical use of T1w
images allows diagnostic assessment of abnormal brain structure and any lesions
such as tumors and cysts. For research purposes the TIlw sequence can be used to
segment GM, WM and CSF in order to restrict analysis to certain tissue classes
(Kurth et al. 2015a) or brain structures of interest (Fischl et al. 2002). T1w images
can also further be used to analyze cortical thickness (Hutton et al. 2009) and related
brain atrophy (Ashburner and Friston 2000), all of which can contribute to a deeper
understanding of pathologic mechanisms in neurological conditions (Giorgio and De
Stefano 2013) and are especially relevant for patients with epilepsy (Sisodiya et al.
1995a, Sisodiya et al. 1995b).

4.4 3D Volume T2-weighted Imaging

4.4.1 Principles

The functionality of the T2-weighted (T2w) sequence is based on the spin-spin
relaxation time along the transverse plane (X- and Y-axis). As protons are projected
into the transverse plane they initially all spin in the same phase. However, related
field inhomogeneities and intrinsic T2 effects present in different tissue types cause
the protons to spin differently (e.g. slower) and loose phase coherence with other
protons (Johnson et al. 2005) resulting in a loss of magnetization. T2 relaxation time

is defined as the time when transverse magnetization has lost 37% of its initial value
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due to incoherence of hydrogen proton spins (Figure 4.4).
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Figure 4.4. T2 relaxation times at 3T and derived grayscale T2w image (from Farrall 2015).
T2 relaxation times, defined as the time where 37% of all protons in the tissue have lost
precessional phase coherence: WM = 90 ms; GM = 100 ms; Fat = 180 ms; CSF = 190 ms. A
signal readout time at 180 ms reveals contrast with T2 relaxation curves having an optimal
distance between each other (distinct signal differences across tissue types). MRI was
acquired at the WCFT. Figure used and modified with permission of Professor Andrew
Farrall at the Edinburgh Imaging Academy (www.ed.ac.uk/edinburgh-imaging/academy).

L = left; R = right.

Similarly as for T1 relaxation, different tissue types will show different relaxation
times, where fat appears dark (short relaxation time), with GM having short T2 and
WM even shorter relaxation times while liquid appears light (longest relaxation rate
as there is almost no field inhomogeneity). A 3 Tesla T2w sequence requires a long
TR (typically at >2000 ms) and long TE (approximately 100 ms) and may also be
acquired using an inversion recovery sequence (e.g. Short TI Inversion Recovery,

STIR).
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4.4.2 Applications

In many epilepsy centers, along with the T1w image, often also either a 2D or 3D
T2w image is acquired for patients for anatomical imaging. A 3D T2w sequence may
prove especially useful for some cases (e.g. encephalocele, edema, atrophy or
Rasmussen's encephalitis (Kuzniecky and Jackson 2005)), in pre-surgical evaluation
and for various research purposes as it provides a whole-brain image with high SNR
without distortions. According to Mansouri et al. (2012), the imaging protocol for
patients with suspected neocortical epilepsy should include a whole head thin
sectioned 3D T1w and T2w sequence. The 2D T2w sequence can be acquired so that
a resulting image can depict a higher in-plane resolution than a 3D sequence (i.e.
<0.5 mm in two dimensions). Often however, a 2D sequence does not cover the
entire brain, but is set up to depict parts of the brain that are especially important for
clinicians to evaluate. The T2w image shows a similar contrast to diffusion images
sampled using EPI, however as T2w is sampled without an EPI sequence and
diffusion-sensitizing gradient, it does not suffer from susceptibility effects.
Consequently, the T2w image may be used to correct for geometric distortions within
diffusion images (Ardekani and Sinha 2005). As the signal of T1lw and T2w images
complement each other they may be used to visualize myelin in the brain and can be
used to account for field inhomogeneities (Glasser and Van Essen 2011). On T2w
images, WM appears dark only after full myelination, at about two years of age
(Figure 4.5). Before then, the appearance of WM on T2w images is much brighter. In
T1lw images, the reverse is true as WM gradually changes from hypointense to
hyperintense signal relative to GM. GM signal intensities largely stay very similar,
whereas WM signal changes during brain development. WM is mostly unmyelinated
at birth, which is reflected by T1 and T2 relaxation times that are distinctly different
compared to those of older children and adults (Figure 4.5). Not surprisingly, the
MRI techniques typically used for myelin assessment in infants are T1w and T2w
sequences (Welker and Patton 2012). It is likely that patients with early onsets of

epilepsy show altered patterns of myelination during neurodevelopment due to an
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early insult. Changed diffusivity values (Section 4.7) may indicate altered myelin
content in WM tracts (Yeatman et al. 2012) and the evidence of changed diffusivity
in patients with TLE is abundant (Section 4.7.2). These changes may be directly
detectable using T1w/T2w based myelin mapping (Glasser and Van Essen 2011).

1 week 3 months 1 year

Figure 4.5. Tlw and T2w signal patterns at different time points during brain development
(from National Institutes of Health 2012)

The GM/WM Tlw and T2w signal patterns at an age of one week is the reverse of the
pattern seen at an age of one year and older. Information on side of MRI was not provided in
source.

4.5 3D Volume T2FLAIR

4.5.1 Principles
The principles pertaining to the acquisition of a 3D T2w image are also relevant for
the 3D T2FLAIR, which is a pulse sequence that can image brain tissue while

suppressing signal from fluids. The T2FLAIR image is acquired using an inversion
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recovery sequence (Figure 4.2). Furthermore, a long TR is used, giving rise to a
heavily T2w image (Okuda et al. 1999, Figure 4.4). However, at this point the fluid
has neither longitudinal nor transverse net magnetization and its signal is suppressed
(Bitar et al. 2006). This is achieved by the initial 180" radio-frequency pulse

followed by a long inversion time to allow fluid to attain equilibrium so that no net

magnetization remains (Figure 4.6, bottom row).

Figure 4.6. Anatomical Tlw (top row), T2w (middle row) and T2FLAIR (bottom row)
images in axial, coronal and sagittal views (left to right).

The images were acquired at the WCFT as part of the epilepsy research dedicated protocol.
L = left.
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The nulling of liquid signal is useful when the periphery of cortex and periventricular
regions close to CSF have to be investigated. In the following section also other

clinical and scientific applications are discussed.

4.5.2 Applications

The 3D volume T2FLAIR has proved to be very useful for a wide range of
neurological conditions. These include the detection of FCD (Focke et al. 2008b,
Rugg-Gunn et al. 2005), which largely has been based on scientific quantitative
approaches, and further clinical applications such as in patients with infarction
(Shiono et al. 1996, Tsuchiya et al. 1997, Jain et al. 2016), increased blood—brain-
barrier permeability and plasma leakage (Haller et al. 2013), tumor-related
infiltration/metastatic lesions (Bitar et al. 2006), lesions related to multiple sclerosis
(Hittmair et al. 1996, Hashemi et al. 1995), subarachnoid hemorrhage (Noguchi et al.
1995) and meningitis (Vaswani et al. 2014).

4.6 High-resolution Coronal FLAIR Sequences

4.6.1 Principles

Another clinical application of the FLAIR sequence is shown by the use of 2D high-
resolution coronal images typically acquired at smaller voxel sizes (e.g. 0.5x0.5x3
mm) compared to 3D sequences. 2D coronal T1- and T2FLAIR images are acquired
using an inversion-recovery sequence (Figure 4.2) and provide high anatomical detail
within the temporal lobes, as they are aligned with the long axis of the hippocampus

(Kuzniecky 2002) and have small in-plane voxel sizes (Figure 4.7).
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Figure 4.7. Coronal T1- and T2FLAIR images.

These images allow a very accurate depiction of brain tissue within the coronal plane due to
the high in-plane resolution. Note the level of detail within the temporal lobe (box) and
hippocampus (arrow). Images were acquired at the WCFT. L = left.

SNR and contrast-to-noise ratio (CNR) of in-plane voxels are critically and
positively influenced by increasing the through-plane slice thickness and reducing
the number of total slices (reducing the imaging matrix size). The rationale for
acquiring these images is to be able to depict smaller structures within the temporal
lobes and gross anatomy of this region to ultimately increase the diagnostic yield in
patients with epilepsy. These images permit the visualization of HS, amygdala
enlargement and GM/WM blurring (presence of dysplasia) within the area of the

temporal lobes.

4.6.2 Applications

These images have become a clinical standard in evaluating brain structures like the
hippocampus, amygdala and other structures of the temporal lobes in patients with
mesial TLE owing to the high in-plane resolution (Howe et al. 2010, Duncan 1997).
Aligning the images along the hippocampal axis allows for visualization of

hippocampal volume, intensity and subfields, which is crucial when diagnosing HS.
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The volume of the hippocampus and integrity of hippocampal subfields can be
visually determined on the 2D coronal T1FLAIR image, while the T2FLAIR image
is useful for determining hyperintense signal from within the hippocampus and
atrophy, both of these are features indicating HS (Dinner et al. 1998, Spencer 1994,
Mansouri et al. 2012). In HS, neuronal cell death is followed by replacement with
gliotic tissue in affected subfields of the hippocampus and this effect can be
measured using semi-quantitative hippocampal internal architecture (HIA) ratings
(Ver Hoef et al. 2013a). Coronal images without the application of a FLAIR
sequence, which have been perpendicularly aligned with the long axis of the
hippocampus, have been investigated using HIA ratings (Elkommos et al. 2016) and
other quantitative studies based on data collected on patients with TLE, which are
performed on the entire hippocampal structure by manually measuring the volume
via stereology and associated point counting (Mackay et al. 2000, Roberts et al.
1994). However, automated analysis techniques such as voxel-based volume
estimation (Keller et al. 2002a) are not dependent on image alignment with the long
axis of the hippocampus and are typically not performed on FLAIR but on Tlw
images. Furthermore, subfield and entorhinal volumes have been investigated with
automated subfield quantification tools (Sone et al. 2016, Schoene-Bake et al. 2014).
Manually and automatically obtained volume measures can be quantitatively
compared to volumes acquired in healthy controls to determine the extent of
gliosis/atrophy and correlate these measures with clinical variables (duration of
epilepsy, age of onset, seizure frequency, etc.) and outcome. Specifically, the
identification of HS on preoperative MRI has been shown to correlate with good
postoperative seizure outcomes (Spencer et al. 2005, Chapter 1), this is discussed in

more detail in Chapters 5 and 6.
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4.7 Diffusion Tensor Imaging

4.7.1 Principles

DTI aims to visualize WM tracts in the whole human brain through quantifying
microscopic motion of hydrogen protons. DTI makes use of the fact that this motion
can be restricted along WM tracts (anisotropic), while hydrogen protons that are
located elsewhere in the brain (e.g. in CSF) will move freely (isotropic). The EPI
sequence is the most common way of acquiring DTI data as it allows fast imaging of
the whole brain to determine diffusion within WM structures. Instead of acquiring
just a single line of imaging data as is the case with the spin-echo imaging sequence,
EPI allows the acquisition of multiple lines within each TR period after a single
radio-frequency excitation (Poustchi-Amin et al. 2001). There are many ways to
acquire EPI data. For example, this may be achieved by fast oscillation of the
frequency-encoding (readout) gradient. The detailed principles governing acquisition
and physics of diffusion weighted imaging are described in Figure 4.8. Acquisition
involves multiple 3D images of the brain with the application of different diffusion
gradients in order to determine motion of the hydrogen protons in certain directions.
From this information the principle direction of diffusion for all hydrogen protons
can be determined. WM tracts can be modeled using the most commonly employed
method, which is also the oldest, the tensor estimation model (Basser et al. 1994). In
order to achieve this, a minimum of six DWI are required, while it is also necessary
to acquire an image without diffusion weighting (equivalent to a T2w image) (Figure

4.9).
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Figure 4.8. Diffusion Weighted Imaging Sequence (from Le Bihan et al. 2006).

A gradient pulse pair (Gair) is used to cause spin phase shifts along their locations. As in a
conventional spin-echo sequence, a 90° pulse is applied and during the application of another
180° pulse diffusing spins remain out of phase (pink circles) as they are at a different
location with respect to the diffusion-sensitizing gradient. All other proton spins are brought
to their initial phase (yellow circles) and emit higher signals than spins that are out of phase
because these respective protons have moved. The signals of the spinning protons are
measured by the readout gradient. Gy= slice selection gradient, Gi..s= readout gradient, Gpn.enc=
phase-encoding gradient, Gas= diffusion gradient, RF= radio-frequency pulse.

High signal within b0 images reflects the random Brownian motion of water
molecules (i.e. protons), which occurs in all directions (isotropic diffusion) in CSF in
the ventricles of the brain and between the pial surface and skull. In contrast to this,
the low b0 image signal found in brain tissue indicates restricted diffusion and in the
case of WM tracts, the diffusion is highly anisotropic meaning that the water
molecules can only move in the direction of the particular tracts. To probe different
directions of hydrogen proton motion, diffusion-sensitizing gradients are applied in

diffusion-weighted images. As proton motion is random in CSF (and not directed in
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any one particular direction), liquid appears dark on all diffusion-weighted images,
while water protons that follow the trajectory of tracts are restricted in certain
directions only. These protons do not emit a high signal, as they are out of phase and
have moved to a different location (along the tract) relative to the diffusion-
sensitizing gradient during acquisition. Diffusion of hydrogen protons present in GM
are restricted in all directions, this is why the signal in this tissue class always

appears brighter than in areas with WM tracts, regardless of which diffusion

direction was applied.

Figure 4.9. Axial sections of whole brain diffusion data.

The first two images on the left of the first row show b0 images (no diffusion weighting),
while the remaining six pertain to volume imaging acquired with different diffusion
gradients (diffusion-weighted images). Note how voxel intensities across b0 images are the
same for the corresponding voxels in the other b0 image (both b0 images look the same).
This is not the case in diffusion-weighted images, since the proton spins vary according to
different diffusion gradients giving rise to different intensities in these volumes when
compared to each other. This is a necessary feature for tensor estimation. Images were
acquired at the WCFT (a subset of 2 out of 6 b0 and 6 out of 60 diffusion-weighted volumes
is presented). L = left.
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However, before the diffusion tensor can be computed, images have to be post-
processed to account for distortion and motion. This can be performed on the console
of the scanner but also by using tools developed by the scientific community such as
FSL (Smith et al. 2004), TRACULA (Yendiki et al. 2011) or AFQ (Yeatman et al.
2012). Most frequently, the tensor-derived scalar metrics apparent diffusion
coefficient, fractional anisotropy (FA) and mean diffusivity (MD) are analyzed in
scientific studies. Axial and radial diffusivity also provide additional information on
WM tract integrity. For a detailed description of how to compute the diffusion tensor
and derived metrics, the reader is referred to Soares et al. (2013) and Jellison et al.
(2004). The apparent diffusion coefficient has proved useful for assessment of stroke
and cancer (Le Bihan 2014), while in patients with epilepsy, FA and MD are most
frequently assessed to provide a measure on integrity of individual WM tracts
connecting different brain areas (Otte et al. 2012, Chapter 3). Within this thesis, the
analysis was restricted to FA and MD values in order to provide a straightforward

presentation and explanation of results.

4.7.2 Analysis Approaches
4.7.2.1 Manual Methods

DTT has received a lot of attention clinically and scientifically since its development
in the 80s. In 1984, Denis Le Bihan started to perform studies on the development of
DTI to differentiate gliomas from liver tumors (Le Bihan 2014). However, he
quickly decided to probe tissue within the brain instead as the first images suffered
from motion artifacts (due to breathing) and found a way to image diffusion
properties of tissues when working with Peter Basser (Basser et al. 1994). Apparent
diffusion coefficient maps are used to achieve mapping of glioma appearing as
hyperintense imaging signal and each voxel represents microscopic hydrogen proton
motion in the order of mm?*s. Additionally, computing the diffusion tensor from
DWI, which allows subsequent tractography, has facilitated visualization of WM

tracts and quantification of associated diffusion metrics along the tracts (Le Bihan et
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al. 2006, Le Bihan 2014, Basser et al. 1994). This method has provided clinicians
with important information about location of tracts that connect eloquent cortex,
which must not be damaged during resective surgery (James et al. 2015, Sivakanthan
et al. 2016, Duncan et al. 2016). There are a variety of ways to reconstruct WM tracts
from DTI data. The most frequently applied have been manual tractography
techniques that require a trained researcher to segment individual tract bundles based
on known anatomical features. Using these approaches, previous studies have
reported significant alterations in DTI scalar metrics, such as FA and MD, of the
parahippocampal fibers (Ahmadi et al. 2009, Yogarajah et al. 2008, Concha et al.
2007), ILF (Ahmadi et al. 2009, Imamura et al. 2015, Concha et al. 2012), SLF
(Ahmadi et al. 2009, Concha et al. 2012, Lin et al. 2008), UF (Ahmadi et al. 2009,
Rodrigo et al. 2007, Diehl et al. 2008, Lin et al. 2008, Concha et al. 2012) and FF
(Concha et al. 2005, Concha et al. 2007, Concha et al. 2010). However, manual
tractography suffers from low reproducibility and is very time-consuming as ROIs
have to be drawn in GM and surrounding WM where tracts are thought to originate
or end (Leergaard et al. 2012). So that a significant practical limitation of manual
tractography methods is the availability of trained personnel and the time consuming
nature of making measurements. Similar to advantages associated with the evolution
of automated morphometric techniques from manual volumetric approaches based on
Tlw data (Bonilha and Keller 2015), a technique that automatically reconstructs
probabilistic WM tract bundles could circumnavigate some of the shortcomings of

manual tractography approaches.

4.7.2.2 Automated Methods

Many software developers have continued to provide automated tractography tools
together with pre-defined ROIs in WM tract atlases (Yendiki et al. 2011, Yeatman et
al. 2012, Hagler et al. 2009), thus contributing to the scientific endeavor of
circumventing drawbacks inherent in manual techniques. Automated tools will

facilitate studies with large sample sizes, which will be essential for establishing a
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connectome for the human brain (Marcus et al. 2011) and decrypting network
disorders such as epilepsy (Hagler et al. 2009, Richardson 2012, Imamura et al.
2015). In order to investigate WM diffusivity, automated methods can allow whole-
brain analysis, rather than being restricted to pre-chosen ROIs. Similarly, automated
tractography allows visualization and quantification of WM tracts of the entire brain,
as a reference tractography atlas is used. This method can be performed in native
patient space or in standard space and both allow group comparisons. Additionally,
automated tools such as TRACULA enable researchers to investigate tissue
characteristics of WM tracts in relation to morphometric analyses of subcortical and
cortical structures (Storsve et al. 2016, Selsnes et al. 2016) and along tracts, which
can resolve subtle intra-tract microstructural changes and relationships with
morphometric abnormalities. There is only limited anatomical specificity provided in
conventional tractography studies in TLE, as techniques are typically restricted to the
analysis of whole-tract diffusion alterations. Information obtained from whole-tract
analyses are limited because there may be significant variations in diffusion
characteristics along the length of WM tracts (Johnson et al. 2013), and it is likely
that some pathological tract alterations occur in circumscribed regions within tracts
and not along entire tracts in patients with TLE. Therefore it is important to develop
methods that permit analysis of within-tract tissue characteristics in patients with
TLE (Concha et al. 2012, Glenn et al. 2016). These features are particularly
interesting for individual patient comparisons against a healthy control cohort

(Martin et al. 2015).
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Image Rationale Applications

clinical: myelination during
development, anatomy, lesions and
malformations;

scientific: segmentation of
WM/GM/CSF; analysis of atrophy and
malformations

whole brain imaging:
3DTIw  SNR and CNR are optimal to
depict brain structure

clinical: myelination during
development, lesions (encephalocele,

whole brain imaging: edema) and malformations (atrophy or
3DT2w  SNR and CNR allow depiction of Rasmussen's encephalitis);
brain structure scientific: image alignment (for DTI),
may aid in T1w-based GM pial
segmentation

clinical and scientific: lesions at
peripheral areas of cortex and
periventricular regions (e.g. dysplasia)

whole brain imaging:

3D T2FLAIR simultaneous suppression of CSF

detailed imaging:
2D Coronal temporal lobe structures; SNR and clinical: lesions within temporal lobes
T1FLAIR  CNR are optimal in the imaged (e.g. volume of hippocampi)
2D plane

detailed imaging:

2D Coronal ) clinical: lesions within temporal lobes
T2FLAIR temporal lobe structures; SNR (e.g. hyperintense signal in HS)
optimal in imaged 2D plane e
clinical: trajectory of WM tracts (pre-
DTI whole brain imaging: surgical evaluation)
WM ftract structure/integrity scientific: brain network disorders (e.g.
epilepsy)

Table 4.1. Summary of MRI sequences used within this study of patients with focal epilepsy.
SNR = signal-to-noise ratio; CNR = contrast-to-noise ratio; CSF = cerebrospinal fluid; HS =
hippocampal sclerosis.
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5.1 Introduction

Quantitative MRI techniques provide sensitive surrogate markers of HS (Cascino et
al. 1991, Jackson et al. 1990). Global HA is most frequently quantified on TIw MRI
in patients with TLE, and has been correlated with various clinical features of the
disorder in some studies, including age of onset of intractable seizures, duration of
epilepsy, a history of childhood febrile seizures, and postoperative seizure outcome
(Fuerst et al. 2001, Salmenpera et al. 1998, Tasch et al. 1999, Jack et al. 1992,
Wieshmann et al. 2008). However, other studies have failed to report these
associations (Cendes et al. 1993, Keller et al. 2015b, Mueller et al. 2012). A potential
reason for these discrepancies could be the fact that hippocampal volume alone is not
a reliable predictor of post-surgical outcome (Bonilha and Keller 2015, Quigg et al.
1997, Goh et al. 2014, Mueller et al. 2012) or even of the presence or absence of HS
(Jackson et al. 1990 and Jackson et al. 1994 respectively). Indeed, hippocampal
volume asymmetry has also been demonstrated in age-matched healthy controls
regardless of image presentation (radiological versus neurological) during manual

measurements (Rogers et al. 2012). Apart from hippocampal volume also the
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hippocampal internal architecture (HIA) and variations in signal intensities should be
taken into account when assessing a patient's MRI clinically (Wieshmann et al.
2008). Signal intensity assessment and semi-quantitative HIA ratings are made based
on high-resolution coronal MRI, which allow the detailed slice-wise assessment of
gross temporal lobe and GM structures due to their high SNR and CNR. The HIA
ratings can indicate severity and type of HS and may even reliably show correlations
with various clinical features of the disorder (Ver Hoef et al. 2013a, Ver Hoef et al.
2013b). Consequently, identifying relationships between clinical features and
quantitative characteristics of the hippocampus in TLE is important as they may offer
insights into the pathophysiology of the disorder, inter-individual patient
heterogeneity, and may provide the basis for imaging prognostic markers of

treatment outcome.

The ILAE Commission on Diagnostic Methods have reported three principle patterns
of HS based on histopathological analysis (Bliimcke et al. 2013). The most common
pattern of cell loss, ILAE HS type 1, is manifest as predominant loss of neurons and
gliosis in CA1 and CA4 subfields (Bliimcke et al. 2013, Bliimcke et al. 2007, Thom
et al. 2010). ILAE HS type 2 and 3 are less common patterns of HS, manifest as
pathological changes predominantly in CA1 or CA4, respectively (Blimcke et al.
2013, Bliimcke et al. 2007, Thom et al. 2010). Importantly, these patterns of HS
appear to be related to various clinical aspects of TLE and may have significance for
postoperative prognosis. ILAE HS type 1 is more frequently associated with a history
of initial precipitating injuries in early childhood, an early seizure onset and
improved seizure outcome after temporal lobe surgery (Bliimcke et al. 2013,
Bliimcke et al. 2007, Thom et al. 2010, Giulioni et al. 2013, Na et al. 2015). ILAE
HS type 2 and 3 appear to be associated with a later age of onset and a less favorable
postoperative outcome (Bliimcke et al. 2013, Bliimcke et al. 2007, Thom et al. 2010,
Giulioni et al. 2013, Na et al. 2015), although there are some inconsistencies in these

relationships (Deleo et al. 2016). Given the clinical relevance of regional
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hippocampal subfield pathology in TLE, it is important to develop and apply MRI
approaches that permit assessment of hippocampal subfield structure and volume in
this patient group, particularly if such non-invasive imaging measures can be used to

predict treatment outcome.

There have been significant advances in the development of MRI techniques for the
segmentation and volume estimation of hippocampal subfields. Manual delineation
techniques applied to high-field (i.e. > 4 Tesla) MRI are the most reliable approaches
to identify the approximate location of subfields in individual subjects (Prudent et al.
2010, Kerchner et al. 2010, Wisse et al. 2012, Huang et al. 2013, Malykhin et al.
2010, Mueller et al. 2011, Mueller et al. 2009, Mueller et al. 2007, Mueller and
Weiner 2009). Automated hippocampal subfield approaches applied to high-field
MRI have also been described (Wisse et al. 2016). However, applications of these
approaches are constrained by the necessity of non-clinical high-field MRI scanners
and the time-inefficient manner of manual tracing. There have therefore been
developments of automated hippocampal subfield techniques that can be applied to
clinically acquired (i.e. < 3 Tesla) MRI data (Van Leemput et al. 2009, Pipitone et al.
2014, Yushkevich et al. 2015a, Winston et al. 2013a). The approach described by
Van Leemput et al. (2009) has proved to be particularly popular, given this method’s
release in context of the freely available Freesurfer software (http://freesurfer.net,
Fischl 2012). This technique was previously applied to investigate hippocampal
subfield alterations in patients with TLE (Schoene-Bake et al. 2014). However, there
have been concerns raised with this approach, including reliance on low-resolution
T1w images and an imprecise parcellation scheme (Wisse et al. 2014). Recently, a
revised automated hippocampal subfield technique has been introduced that has
improved anatomical delineation of the constituent parts of the hippocampus based
on multi-sequence ex-vivo 7T MRI, including standard resolution T1w images and
high in-plane resolution T2w images (Iglesias et al. 2015). In a large sample of

patients with refractory TLE and HS who underwent conventional T1w and high-
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resolution T2STIR MRI, this latest approach was applied to investigate whether
preoperative in-vivo hippocampal subfield analysis had significance for laterality,
postoperative seizure control, semi-quantitative HIA ratings and other clinical

features of TLE.

The aim of this study was to investigate the clinical and surgical outcome correlates
of preoperative hippocampal subfield volumes in patients with refractory TLE using
a novel automated MRI multi-sequence segmentation technique. An automated
hippocampal segmentation algorithm was used to identify 12 subfields in each

hippocampus and relate these to epilepsy laterality and postoperative outcomes.

Objective 5.1

To investigate the relationship between preoperative hippocampal subfield
volumes and clinical and surgical outcomes in patients with refractory TLE

using a new MRI multi-sequence segmentation technique.

It was hypothesized that post-surgical outcome was related to preoperative
hippocampal subfield volume. For example, as ILAE HS type 1, is manifest as
predominant loss of neurons and gliosis in CAl and CA4 subfields and has been
associated with an early seizure onset and improved seizure outcome after temporal
lobe surgery (Bliimcke et al. 2013), it was hypothesized that atrophy in these regions
would be related to favorable post-surgical outcomes. Furthermore, as HS is an
initial precipitating injury (Pitkdnen and Lukasiuk 2011, Blume 2006, Goldberg and
Coulter 2013), it was assumed that clinical features such as age of onset, duration of
epilepsy and seizure frequency would not be related with the degree of atrophy of

gross hippocampal volume or of any subfields.

Objective 5.2

To determine the relationship between hippocampal subfield volumes and semi-
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quantitative hippocampal internal architecture (HIA) ratings.

It was hypothesized that the semi-quantitative HIA ratings (visual scoring
assessments representing a marker for loss of internal hippocampal architecture, an
important feature of HS (Elkommos et al. 2016)) would correlate with whole

hippocampal and subfield volumes.

5.2 Methods

5.2.1 Participants

106 patients with well-characterized mesial TLE and radiological evidence of HS
(mean age = 40.3 years (SD 13.6); 58 female; 70 with left TLE, 36 with right TLE)
who were being evaluated for suitability for neurosurgery at University Hospital
Bonn, Germany were studied. Each patient underwent a detailed pre-surgical
program, including comprehensive seizure semiology assessment, MRI,
neuropsychological assessment, interictal electroencephalography and if clinically
necessary, additional invasive electrophysiological recordings, as reported recently
(Keller et al. 2015a). All patients showed evidence of a unilateral temporal lobe
seizure onset with concomitant ipsilateral HS. Conventional indicators of HS were
diagnosed by an experienced neuroradiologist (Keller et al. 2015a). No patient had
bilateral HS or evidence of a potential secondary epileptogenic lesion. Age of
patient, age at diagnosis of epilepsy, duration of epilepsy, history of childhood FC
and incidence of SGTCS were recorded for all patients. Patients who underwent
temporal lobe surgery (standardized amygdalohippocampectomy) received
postoperative follow up for a period of up to two years after surgery and outcome

assessment using the ILAE outcome classification system (Wieser et al. 2001).

5.2.2 MRI Acquisition
All patients underwent MRI at the Life & Brain Center in Bonn on a 3 Tesla scanner
(Magnetom Trio, Siemens, Erlangen, Germany) using an eight-channel head coil.

For the purposes of the present study, two MRI sequences, including a 3D Tlw
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MPRAGE image (160 slices, TR = 1300 ms, TI = 650 ms, TE = 3.97 ms, resolution
1.0 x 1.0 x 1.0 mm, flip angle 10°) and a high in-plane resolution T2STIR sequence
in the coronal plane angulated perpendicular to the long axis of the hippocampus (40
slices, TR = 5600 ms, TI = 100 ms, TE = 18 ms, resolution 0.45 x 0.45 x 2.0 mm,

flip angle = 0°) were acquired.

5.2.3 MRI Analysis

For each patient quantitative automated segmentation and cortical parcellation of
Tlw data were performed using Freesurfer 5.3.0 (Fischl 2012). The standard
Freesurfer “recon-all” processing stream was used, which provides surfaces and
morphometry data for each subject in addition to GM/WM segmentations. Automatic
labelling and volume estimation of hippocampal subfields was guided by the
segmentation of the whole hippocampus (previous step) and performed using the
adaptive segmentation technique described by Iglesias et al. (2015) in context of
Freesurfer 6 (https:/surfer.nmr.mgh.harvard.edu/fswiki/HippocampalSubfields).
Figure 5.1 shows the anatomical locations of the hippocampal subfields on T1w and

T2STIR images in a patient with right TLE after the use of this software module.
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A. Hippocampal Head

Legend
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Figure 5.1. Anatomical locations of segmented subfields on T1w (left) and T2STIR images
(right) in a patient with right TLE. The same slices are shown for both images in the
hippocampal head (A) and hippocampal body (B). R = Right; CA = Cornu Ammonis; HATA
= Hippocampus-Amygdala Transition Area.
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The protocol co-registered Tlw and T2STIR data and used these images
simultaneously to generate labels and volumes for the whole hippocampus and 12

hippocampal subfields:

Parasubiculum

Presubiculum

Subiculum

CAl

CA2/CA3

CA4

Granule cell layer of the dentate gyrus (GC-DG)
Hippocampus-amygdala transition area (HATA)

© NN A LN

. Fimbria

10. Molecular Layer

11. Hippocampal fissure
12. Hippocampeal tail

Semi-quantitative HIA ratings have been shown to be a significant predictor of the
laterality of seizure onset in TLE (Ver Hoef et al. 2013a, Elkommos et al. 2016) and
were integrated into image analysis in order to determine whether HIA correlated
with gross hippocampal and subfield volumes as estimated by Freesurfer. Each
T2STIR image slice that depicted the hippocampus was graded with a score of ‘1’
when no internal architecture was discernible to ‘4’ where excellent internal
architecture differentiation could be appreciated (Elkommos et al. 2016). The rater
(Dr Samia Elkommos) was blinded to patient clinical information such as outcome
and laterality and the images were rated on consecutive coronal T2STIR sections in a

rostral to caudal direction.
5.2.4 Statistical Analysis

All statistical analyses were performed using MATLAB 2015b. Group comparison

analyses were performed using the unpaired Mann-Whitney U test (data non-
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normally distributed, p<0.05), and included analysis of effects of laterality of
epilepsy and postoperative outcome on subfield volume. With respect to
postoperative outcome, comparisons were made between patients who attained a
postoperative outcome of ILAE I (complete seizure freedom) relative to ILAE II-VI
(persistent postoperative seizures) (Keller et al. 2015a). Relationships between
subfield volume and continuous clinical data, including age of onset of epilepsy,
epilepsy duration, seizure frequency and estimated seizure burden, were investigated
using Spearman correlation coefficients. Seizure burden was defined as equal to
log10(frequencyxduration), with the logarithm being applied to accommodate
patients with very high seizure frequency. Correlations were performed corrected for
patient age. Relationships between categorical relationships, including postoperative
outcome and sex, side of TLE, history of childhood FC and presence of SGTCS was
investigated using Chi-Squared tests of independence. Furthermore, the relationships
between HIA ratings and automatically extracted Freesurfer subfield volumes were
investigated. Gross hippocampal and subfield volumes were corrected for ICV and
statistical tests were corrected for multiple comparisons using the False-Discovery-

Rate (FDR) procedure (Benjamini and Hochberg 1995).

5.3 Results

The accuracy of the hippocampal subfield labels was visually checked for all
patients. The subfields of one hippocampus in three patients could not be
successfully generated due to motion artifacts. Therefore analyses were restricted to

the 103 with successful reconstructions.

5.3.1 Volumes and Clinical Correlations

Table 5.1 shows the comparison of ipsilateral and contralateral subfield volumes
between patients with left and right TLE. There were no significant differences in
subfield volumes of the ipsilateral hippocampi between patients with left and right

TLE.
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Side Region TLE Mean SD V4 p-value (FDR-corr.)
Ipsilateral Hippocampal Tail Left 0.025 0.007 015 0.96
Right 0.025 0.005 ) )
Subiculum Left 0.022 0.005
Right 0.020 0.003 1.89 0.37
CAl Left 0.032 0.009
Right 0.032 0.007 072 076
Hippocampal Fissure Left 0.008 0.002 13 0.53
Right 0.008 0.002 ) )
Presubiculum Left 0.015 0.004 26 011
Right 0.014 0.003 ) )
Parasubiculum Left 0.003 0.001 13 053
Right 0.003 0.001 ) )
Molecular Layer HP Left 0.029 0.006
Right 0.028 0.005 0.32 0.96
GC-ML-DG Left 0.015 0.004
Right 0.015 0.003 0.21 0.96
CA2/3 Left 0.010 0.003
Right 0.010 0.003 -0.85 0.74
CA4 Left 0.013 0.003
Right 0.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>