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Abstract

Hippocampal sclerosis (HS) is an important predictor of surgical outcome in temporal lobe
epilepsy (TLE). High-resolution (1 mm isotropic) diffusion tensor imaging (DTI) of the
hippocampus in TLE patients has shown patterns of hippocampal subfield diffusion abnormalities
which were consistent with HS subtype on surgical histology in a pilot sample of four patients. T2
relaxometry has also demonstrated focal hippocampal abnormalities which correlated with HS
pathological features of neuron loss, gliosis, and granule cell dispersion. The objectives of this
thesis were to determine the stability of focal hippocampus diffusion changes over time in TLE
patients, compare diffusion and quantitative T2 abnormalities of the sclerotic hippocampus and
correlate pre-surgical mean diffusivity (MD) and T2 maps with post-surgical histology.

To address these objectives, 19 TLE patients and 19 controls underwent two high-
resolution (I x 1 x 1 mm?®) DTI and (1.1 x 1.1 x 1 mm?®) T2 relaxometry scans (in a subset of 16
TLE patients and 9 controls) of the hippocampus at 3T, with a 2.6+0.8 year inter-scan interval.
Within-participant hippocampal volume, MD and T2 were compared between the scans.
Contralateral hippocampal changes 2.3+1.0 years after surgery and ipsilateral pre-operative MD
maps versus post-operative subfield histopathology were evaluated in 8 patients who underwent
surgical resection of the hippocampus.

The results showed significantly reduced volume and elevated MD and T2 of sclerotic
hippocampi compared to healthy and non-HS hippocampi. These whole-hippocampus measures
remained unchanged between the longitudinal scans. Focal regions of elevated MD and T2 in
bilateral hippocampi of HS TLE were detected consistently at both scans. Regions of high MD
and T2 correlated and remained consistent over time. Volume, MD and T2 remained unchanged

in post-operative contralateral hippocampus. Regional elevations of MD identified subfield neuron
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loss on post-surgical histology with 88% sensitivity and 88% specificity. Focal T2 elevations
identified subfield neuron loss with 75% sensitivity and 88% specificity.

The findings of this work suggest no significant change in diffusion and T2 abnormalities in
ipsilateral and contralateral hippocampi between the two scans, suggesting permanent micro-
structural alterations. While both MD and T2 accurately predicted HS subtypes, MD was more
sensitive than T2 in detecting neuron loss on post-surgical histology. Both DTI and T2 acquisitions
were acquired using a clinically feasible protocol (at 3T in under 6 minutes each), potentially
providing the opportunity to diagnose precise HS subtypes as well as detect subtle or regional
contralateral hippocampal abnormalities, which may aide in predicting surgical outcomes

preoperatively.
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1. Introduction

Epilepsy is characterized by the occurrence of repeated seizures or transient abnormal synchronous
neuronal activity. Almost 300,000 Canadians live with epilepsy.! Collaborative advances in
science and technology have allowed development of medical therapies to improve the lives of
people with epilepsy. However, conventional anti-epileptic medications fail to control seizures in
30-40% of patients and these patients are referred to as having drug-resistant epilepsy.’

Temporal lobe epilepsy (TLE) is one of the most refractory to medical therapy as only 20%
of patients respond to medications.’ While temporal lobe surgery including the hippocampus can
potentially relieve drug-resistant TLE patients from disabling seizures, about 50% of patients
continue to experience seizures in long-term follow-up after their surgery.* Hippocampal sclerosis
(HS) is the most common etiology associated with TLE.> Previous studies suggest that the poor
success rate of temporal lobe surgery may be linked to injury in specific regions of the
hippocampus.> ® It would be better if one could see which hippocampal subregions are damaged
prior to the surgery to improve patient selection to those most likely cured.

Magnetic resonance imaging (MRI) offers the best method of detection and treatment
planning for epilepsy patients. While conventional in-vivo MRI can detect overall damage in the
hippocampus, it does not identify injury in specific hippocampal subregions.’ Diffusion tensor
imaging (DTI) and T2 relaxometry are quantitative MRI techniques that have proven useful in the
field of epilepsy by providing unique contrasts to assess the internal architecture of the
hippocampus. This introductory chapter reviews key previous works and identifies the gaps in the

literature that were explored in the original research outlined in Chapter 3.



1.1 Temporal Lobe Epilepsy

Epilepsy is one of the most common brain disorders worldwide as one in every 10 people
experience seizures at some point in their lives and over a third of them develop epilepsy.’ Epilepsy
has been recognized since ancient times (the word is derived from the Greek roughly translating
to “be taken hold of”’) and has been described in numerous different ways throughout history.” The
International League Against Epilepsy (ILAE) describes epilepsy as “an enduring predisposition
to generate epileptic seizures and by the neurobiologic, cognitive, psychological, and social
consequences of this condition. The definition of epilepsy requires the occurrence of at least one
epileptic seizure”.® Seizures are transient signs/symptoms that occur due to abnormal excessive or
synchronous neuron firing in the brain.” ® Epilepsy is associated with increased mortality and
morbidity® and many patients suffer from misconceptions and stigma.'°

Temporal lobe epilepsy (TLE) is the most common form of focal epilepsy (named for its
origin in one lobe) and one of the most refractory to medical therapy.® Previous ILAE classification
categorized TLE under mesial temporal lobe and lateral temporal lobe epilepsy depending on the
region where the seizures originated.!! More recent studies using DTI,!'? functional MRI,'® and
invasive electroencephalogram (EEG)'* suggest that structural and functional abnormalities
extend beyond the temporal lobe regions. Nevertheless, it is generally accepted that mesial TLE is
the most common form of TLE which involves brain structures such as the hippocampus,
amygdala and parahippocampal gyrus.® In the revised ILAE classification, mesial TLE with HS
was identified as a separate “constellations” and “electroclinical syndromes”.® > HS is the most
common underlying etiology in drug-resistant TLE accounting for 50-60% of cases.” HS is
characterized by the loss of neurons and gliosis, though many other pathological features are found

in the sclerotic hippocampus (discussed in Section 1.1.2). In a large pathological study of 5,392



epilepsy patients, 34% had HS and 5% showed dual pathology with HS in combination with
cortical dysplasia, vascular lesions and tumours.!® Focal cortical malformations (dysplasia) and
low-grade neoplasms were identified as the other two common pathologies in mesial TLE, 27%
and 13%, respectively. Other etiologies in TLE include perinatal injury, head trauma, central
nervous system infections, limbic encephalitis, etc.!”

The diagnosis of TLE is primarily based on the clinical history and a descriptive account
of seizures. Standard scalp EEG measures the electrical activity of the brain and is routinely
performed to detect abnormal neuronal discharges (e.g. spikes, slow waves) and lateralize seizure
onset. Standard structural brain MRI is imperative to look for lesions and structural pathology in
TLE patients. Patients with TLE typically present with an initial precipitating injury which may
include febrile seizures, birth trauma, brain injury, or meningitis.’

TLE patients frequently experience focal onset seizures with impaired awareness.!® Focal
seizures without impaired awareness (sometimes referred to as aura) may also occur in isolation
but the majority occur at the start of focal impaired awareness seizures.!” '¥ Some examples of
auras include rising epigastric sensation, fear, déja vu, visceral and auditory illusions, and oral and
manual automatisms.!” Patients can also experience secondary generalized seizures (focal onset

seizure has spread to both brain hemispheres) yet these events are less common.5 '8

1.1.1 Hippocampus Anatomy

Resting in the medial temporal lobe, the hippocampus (hippocampi plural) is one of the most
studied brain regions and is involved in many neurological disorders such as epilepsy, depression,
Alzheimer’s disease, etc.'” Functionally, the hippocampus has been implicated in all aspects of the
episodic, working, spatial and semantic memory as well as spatial planning.?’ Arantius in 1587

was the first person to compare the protrusion of the temporal horn to a hippocampus or seahorse.?!



The structure of the hippocampus is complex and tubular-like made of cornu ammonis and dentate
gyrus (Figure 1.1).

There are several ways to visualize the hippocampus. On a broad view, the hippocampus
may be divided into head, body and tail. Pathologically, from the ventricular cavity to the
hippocampus sulci, the cornu ammonis may be divided into 3 layers: stratum oriens, stratum
pyramidale, and the molecular zone (strata radiatum, lacunosum, and moleculare).?! When the
hippocampus is viewed in cross-section through its mid-portion (coronal/transverse plane), the
cornu ammonis can be divided into four subfields: CA1l, CA2, CA3, and CA4 (Figure 1.1C). In
this view, cornu ammonis and dentate gyrus show the characteristic interlocking “C” relation to
each other.?? While the hippocampus has many digitations and bulges which form a crescent shape,
the interlocking C relation between the cornu ammonis and dentate gyrus remains intact along the
entire length of the hippocampus.

The connections of the anterior and posterior regions of the hippocampus differ. The
amygdala, involved in the regulation of emotional behaviour, lies at the anterior end of the
hippocampus. From the posterior end, the hippocampus extends into the subiculum and forms the
parahippocampal gyrus. The subiculum is the transition zone between the hippocampus and the
entorhinal cortex. The glutamatergic fibers from the entorhinal cortex enter through the subiculum
and reach the granule cell layer of the dentate gyrus. These fibers then project to the pyramidal
cell layer of the CA3 and form Schaffer collaterals which reach the dendrites of CA1l. The CA1
subfield is the main output of the hippocampus which projects to the alveus, fimbria and fornix.
Importantly, disease processes such as TLE demonstrate regional specificity in how the

hippocampus is affected at various locations along its longitudinal axis or within different subfields



(transverse axes).2* This highlights the importance of visualizing and characterizing hippocampal

subfields to better understand its role in disease pathogenesis.

A. Sagittal View B. Coronal View C. Coronal View - Hippocampus

V Subiculum

Amygdala . / \ & -
% Parahippocampal gyrus
Hippocampus \¥

Figure 1.1. (A) Sagittal and (B) coronal view of the brain; the hippocampus is colored in blue.
(C) Magnified coronal view of the hippocampal subfields, subiculum and parahippocampal
gyrus. Cornu ammonis and dentate gyrus demonstrate the characteristic interlocking “C” relation
on the coronal section. Created with BioRender.com.

1.1.2 Hippocampal Sclerosis

Hippocampal sclerosis was first characterized by Sommer in 1880 and it refers to regional
pyramidal cell loss and gliosis in CA1, CA3 and CA4, whereas pyramidal cells in CA2 and granule

cells in the dentate gyrus are the most resistant.”®

The histopathology of HS is complex and
involves many cellular processes such as mossy fibre sprouting, disruption of interneuron network,
dysregulation of neuropeptides and neurotransmitters, vasculature abnormalities and inflammation
(Table 1.1).> 263! Among these processes, neuron loss and gliosis are clinically used to diagnose
HS using post-surgical histology of the hippocampus tissue.

The ILAE categorizes three HS subtypes depending on which hippocampal subfield is
predominately affected (Figure 1.2). In Type 1 HS (60-80% of all cases), CA1 is most severely
affected (>80% cell loss) followed by substantial neuron loss in CA4 (40-90%). Type 2 HS refers
to selective neuron loss in CA1 (>80%) with minor and barely visible neuron loss in CA2 (<20%).

Type 3 HS refers to selective neuron loss in CA4 (~50%) whereas other subfields are moderately
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affected (<30%). Type 2 and 3 HS are less common than Type 1 and account for ~20% of the
cases.”> While some patients display seizures originating from the mesial temporal lobe, about
20% of TLE cases do not show significant neuron loss and gliosis in the hippocampus and these
are referred to as Non-HS. Granule cell dispersion (GCD), roughly defined as broadening of the
granule cell layer >10 cells or 120 um, commonly occurs in 50% of TLE patients, regardless of
neuron loss and gliosis.*

The presence of HS is known to be associated with improved chances of a seizure free
outcome (e.g. 54-70% of patients free of disabling seizures®) with temporal lobe resection
compared to non-HS pathology which demonstrates 42-58% seizure-free surgical outcomes.*”
Further, different HS subtypes show different surgical outcomes. Type 1 HS demonstrates the
highest rate of post-operative surgical seizure freedom (~70%) followed by Type 2 (~65%) and
type 3 (~30%).%>3% 32 These findings highlight the importance of developing non-invasive methods

to detect subhippocampal pathological changes in-vivo to allow for accurate prediction of seizure-

free outcomes prior to surgery.



Table 1.1. Histopathological features of HS in TLE.

Pathological Features

Description

Example of Stains

Pyramidal cell loss™ 3

Subfield-specific loss of pyramidal neurons, subiculum
is spared

NeuN, Luxol fast blue
(LFB)

Gliosis (reactive
astrogliosis)> 3

Abnormal increase in the number of astrocytes in
specific subfields or the dentate gyrus

astrocyte-specific markers
(GFAP, etc.)

Granule cell dispersion
and hypertrophy?> 3

Broadening of the granule cell layer (>10 cells or 120
pum) and hypertrophy in CA4

NeuN, LFB,
Neurofilament,

Mossy fiber sprouting?®
30

Maladaptive plasticity resulting in extensive recurrent
projection of mossy fibers into the dentate gyrus
molecular layer

Timm stain, zinc
transporter 3, dynorphin A

Interneuron network>% 33

Loss of interneurons, morphologic changes including
abnormal dendrites

Parvalbumin, calbindin,
calretinin

Neuropeptides?’-3° Loss or maladaptive axonal sprouting of anti-epileptic ~ dynorphin, immuno-
neuropeptide-containing neurons (neuropeptide Y, specific markers
somatostating, galanin) or reorganization of pro- (Neuropeptide Y and
epileptic substance P-containing neurons galanin)

Neurotransmitters?’ 3 Abnormal regulation of neurotransmitter release, immuno-specific markers

receptor distribution (e.g. high expression of voltage-
gated potassium channel, VgKC) and signaling

(e.g. KV1.1 to stain for
VgKC)

Abnormalities of

Loss of the blood brain barrier, proliferation of

drug transporter protein, p-

vasculature?® microvessels, vascular endothelial growth factor glycoprotein (stain for
receptor expression capillaries), Albumin
Inflammation?% 3! Upregulation of specific cytokines and chemokines Immuno-specific markers

(e.g. IL-1B, IL-18), accumulation of iron and reactive
oxygen species

(e.g IL-1pB, IL-18
antibodies)
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Figure 1.2. HS subtypes defined by the ILAE criteria: (A) non-HS, (B) gliosis only (C) type 1 HS,
(D) type 2 HS, (E) type 3 HS. SF = seizure free.

1.1.3 Treatments and Surgical Intervention

Epilepsy can be managed in several ways including anti-epileptic medications, surgery, dietary
therapy and neuromodulatory devices.** Anti-epileptic medications such as carbamazepine,
phenytoin, lamotrigine and topiramate suppress generation, propagation and severity of seizures.
However, as discussed, about 20-40% of TLE patients continue to experience seizures despite
optimal medical therapy.® ILAE defines drug-resistance epilepsy as “failure of adequate trials of
two tolerated and appropriately chosen and used antiepileptic drugs schedules (whether as
monotherapies or in combination) to achieve sustained seizure freedom”.3* Failure of the first anti-
epileptic drug is a robust predictor of patient developing drug-resistance.*® Previous studies
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demonstrate that 90-96% of patients who are controlled achieve seizure freedom after either the
first or second drug tried.% %’

While only 20% of TLE patients respond to medications, surgery can provide seizure
freedom with resultant improvements in quality of life.* Patients with drug-resistant TLE may be
referred to surgery including anterior temporal lobectomy (ATL) or selective
amygdalohippocampectomy (SAH) following extensive assessments of semiology, EEG and
neuroimaging findings. ATL is performed by the resection of anterolateral temporal neocortex,
mesial amygdala and anterior hippocampus. SAH involves selective resection of the hippocampus
and amygdala while the lateral temporal neocortex is spared.’® In a landmark randomized
controlled trial, ATL was found to result in significantly more patients with seizure freedom
(58%) versus those only receiving medical therapy (8% seizure freedom). Further clinical trials
have supported these findings and highlighted the importance of early surgical intervention in
relieving patients from disabling seizures.’® *° As an aside, seizure freedom outcomes after
epilepsy surgery are commonly categorized according to Engel classification (Table 1.2).!

Long-term surgical outcome studies (e.g. 8 years post-operative) demonstrate that
approximately 50% of patients experience seizure recurrence. Certain predictors of favourable
surgical outcome have been suggested including absence of focal seizures within 2 years of
surgery, complete resection of the temporal lobe,** unilateral presence of a lesion detected by
MRI* and shorter epilepsy duration.** None of these factors alone has been found to sufficiently
and accurately predict surgical outcomes.® 3% #1“4> As discussed in 1.1.2, post-surgical success has
also been demonstrated to strongly correlate with the presence of HS and with a varying degree
with different HS subtypes.® While HS can readily be diagnosed on clinical MRI (volume loss and

increases in T2-weighted signal), the HS subtype is currently diagnosed on post-surgical histology.



Furthermore, animal and autopsy studies have demonstrated subtle HS pathology contralateral to
the seizure focus which could also impact the surgical outcome.*¢*® However, the contralateral
hippocampus can not be assessed with pathology as it is not resected during the surgery. Therefore,
it has not been possible to use this information to predict seizure freedom in HS TLE patients prior

to the surgery.

Table 1.2. Engel surgical outcomes.

Engel Outcome Scale

Class I: Free of disabling seizures

IA: Completely seizure-free

IB: Non disabling focal seizures without impaired awareness only

IC: Some seizures after surgery, but free of disabling seizures for at least 2 years
ID: Generalized convulsions with antiepileptic drug withdrawal only

Class II: Rare disabling seizures (“almost seizure-free”)

IIA: Initially free of disabling seizures but has rare seizures now

IIB: Rare disabling seizures since surgery

IIC: More than rare disabling seizures after surgery, but rare seizures for at least 2 years
IID: Nocturnal seizures only

Class I1I: Worthwhile improvement
IITA: Worthwhile seizure reduction

IIIB: Prolonged seizure-free intervals amounting to greater than half the follow-up period, but not less than 2 years

Class IV: No worthwhile improvement
IVA: Significant seizure reduction

IVB: No appreciable change

IVC: Seizures worse

1.2 Neuroimaging in TLE

Advances in brain imaging techniques have led to significant improvements in the visualization of
different brain structures and insights into TLE processes. Pre-surgical evaluation of TLE patients
relies heavily on video-EEG monitoring and neuroimaging findings from MRI, single photon
emission computed tomography (SPECT) and positron emission tomography (PET) imaging.
Routine scalp video-EEG monitoring enables lateralization of the epileptogenic zone, defined as
the brain regions essential for the generation of seizures, as well as an evaluation of the seizure

semiology. However, scalp EEG in many patients is not adequate to localize seizures to a particular
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brain region. As such, intracranial electrodes may be surgically implanted to define the
epileptogenic zone and allow for selective resection.*’

SPECT and PET imaging help in lateralization of the seizure generator.’® SPECT is used
to measure regional cerebral blood flow by detecting gamma rays emitted by the injected
radioactive tracers (e.g. technetium-99m propylene amine, etc.). During the ictal phase (during the
seizure), increased neuronal activity is associated with increased metabolism and regional cerebral
blood flow (hyperperfusion). If the radiotracer is injected close to the seizure onset (e.g. ideally
within 20 seconds), ictal SPECT can identify regions of hyperperfusion involved in the seizure
generation. During the interictal phase (in-between the seizures), cerebral blood flow is reduced
(hypoperfusion) in the brain regions associated with seizures. These regions can be identified using
interictal SPECT. However, SPECT imaging is limited by the spatial resolution of the images
which limits percise localization of the seizure onset to a particular brain region. PET imaging
detects positron decay of radiotracers injected intravenously. 18F-fluorodeoxyglucose PET is the
standard method that provides an indirect marker of neuronal metabolism by measuring glucose
consumption. PET can not be obtained during the ictal phase but interictal PET can reveal regions
of hypometabolism that may be involved in seizure generation with a high degree of sensitivity.’!
One limitation of PET imaging is that it can not precisely determine the margins of surgical
resection as the regions of hypometabolism extend beyond the epileptogenic zone.

While different centers use different imaging protocols, MRI is vital for accurate diagnosis
and pre-surgical evaluation of TLE patients.’”> The ILAE has proposed the Harmonized
Neuroimaging of Epilepsy Structural Sequences (HARNESS-MRI)> protocol for diagnosis and
management of epilepsy which includes: high-resolution 3D T1-weighted (i.e., I x 1 x 1 mm?),

high-resolution (i.e., 1 x 1 x 1 mm?®) 3D fluid-attenuated inversion recovery (FLAIR), and high in-
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plane resolution (i.e., 0.4 x 0.4 x 2 mm?®) 2D coronal T2-weighted. The HARNESS-MRI protocol
recommends complete brain coverage with no interslice gap in all of the mentioned protocols.
Also, DWI and quantitative T2 mapping are not included in this protocol.*?

Based on the MRI findings, TLE patients can be categorized into mesial TLE with HS,
lesional TLE, and non-lesional TLE. Lesional TLE may include evidence of extratemporal lesions,
temporal lesions besides HS or HS associated with additional lesions termed dual pathology.** HS
can be qualitatively detected on high quality MRI with high sensitivity using hippocampal volume
loss, increased hippocampus signal on T2-weighted or FLAIR images and loss of hippocampal
architecture.® While qualitative analysis allows detection of HS using these features, subtle
abnormalities of the hippocampus may be missed.> ¢ Quantitative MRI techniques such as
hippocampal volumetry, DTI and T2 relaxometry have shown better sensitivity and specificity to
detect subtle structural abnormalities of the hippocampus. As discussed below in Sections 1.3 and
1.4, DTI and T2 relaxometry, in particular, can provide essential quantitative information about
the internal architecture of the hippocampus. The following sections review the relevant literature
on hippocampal volumetry, diffusion MRI and T2 relaxometry in TLE patients and animal models.
1.2.1 Hippocampal Volumetry in Temporal Lobe Epilepsy
One of the most striking MRI features of the sclerotic hippocampus is volume loss which can be
readily visualized on high-resolution T1-weighted or coronal T2-weighted scans (Figure 1.3).>+
Numerous studies have highlighted the diagnostic importance of hippocampal volumetry
(quantification of the hippocampus volume) to increase sensitivity and specificity of HS
detection.> >*376% The gold-standard hippocampal volumetry method is by manual delineation of

the hippocampus on magnetization prepared rapid acquisition gradient echo (MPRAGE) T1-

weighted images. Since manual segmentation of the hippocampus can be time consuming,
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previous studies have developed automated hippocampal segmentation protocols in TLE patients
to allow implementation of hippocampal volumetry in the clinical setting.>’->% ¢

Focal loss of volume in the ipsilateral hippocampus has been found to correlate with
histological degree of neuron loss and gliosis, suggesting sensitivity of hippocampal volumetry in

detection of HS pathology.®!®° It is unclear whether volume abnormalities of the ipsilateral

hippocampus progress over time. Some cross-sectional studies have reported correlations between

66, 67 68-70

seizure frequency and epilepsy duration with ipsilateral hippocampus atrophy. However,
within-individual progression of seizure-induced damage can not be assessed using the cross-
sectional design. Some longitudinal imaging studies (Table 1.3) have reported atrophy of the
ipsilateral hippocampus, supporting necessity of early surgical intervention.”'””> However, a more
recent volumetry study did not find any changes in the ipsilateral hippocampus over ~3 years.”*
In addition to the characteristic atrophy of the ipsilateral hippocampus, subtle volume loss
of the hippocampus contralateral to the seizure focus has also been reported by some studies on
whole and regional hippocampal levels.®® >78 A review of voxel-based morphometry studies in
TLE reported atrophy of the contralateral hippocampus in 17% of all cases.”” These results are
consistent with the autopsy studies***® demonstrating neuron loss and gliosis in the unresected
contralateral hippocampus. However, it is unclear what the effect of surgery is on the contralateral
hippocampus. While some studies report progressive post-operative atrophy of the contralateral

73.80.81 3 more recent study did not find any changes.®? Therefore, more studies with

hippocampus,
a longitudinal design are needed to improve understanding of hippocampal volume changes

following TLE surgery.
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A. Healthy control . Right unilateral HS TLE C. Bilateral HS TLE

Figure 1.3. Coronal T2-weighted images of a (A) control (50 years-old male), (B) right
unilateral HS (44 years-old male) and (C) bilateral HS patient (59 years-old male). Yellow
arrows point to the ipsilateral sclerotic hippocampus with marked atrophy and enhanced T2-
weighted signal.
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Table 1.3. Longitudinal volumetry studies of the hippocampus in HS TLE.

Study Bo/Sequence Subjects Age (years) Inter-scan Analysis Main
/Resolution gap method  findings
Briellmann 1.5T TLE: 25 30+9 3.5 years Manual  No change in
et al. /MPRAGE/ (range 3-4) ROI contralateral
2002 1.4 mm volume. | in
thickness* ipsilateral volume
by 9%
Fuerst et al. 1.5T/ TLE: 12 40 (21-73) 3.5 years Manual  No change in
2003 MPRAGE/ (range 2-5) ROI contralateral
resolution volume. | in
not stated ipsilateral volume
only in patients
with ongoing
seizures
Conz et al. 2T/ TLE: 33 36 (21-70) TLE: 45 months Manual | volume of
2011 MPRAGE/ Control: 14 (7-85) ROI bilateral
1.2x0.7x3 Control: hippocampi
mm? minimum 7
months
Fernandes et 2T/ TLE: 47 TLE: 45+9 TLE: 4 years Manual  Post-operative | in
al. MPRAGE/ Control: 28  Control: (0.5-10) ROI contralateral
2014 1x1x1 mm? 4148 Control: 5 volume
(0.3-12)
Alvimetal. 3T/ TLE: 21 TLE: 46 TLE: 18 months VBM | in contralateral
2016 MPRAGE/ Control: 11 (19-61) (18-56) volume. Ipsilateral
1x1x1 mm? Control: 41 hippocampus
(27-54) remained
unchanged
Elliott et al. 1.5T/ Group 1: Group 1: Group 1: Manual  Group 1: Post-
2016 MPRAGE/ TLE: 25 TLE: 39 TLE: 4 (0.4-9); ROI operative | in
1x1x1I mm*  Control: 12 (19-59) Control 7 (4-9) contralateral
Group 2: Control: 33 Group 2: volume, prominent
TLE: 10 (23-58) TLE: days 1, 2, 3, in hippocampus
Control: 3 Group 2: 6, 60 and 120 body.
TLE: 39 post-operative Group 2: post-
(24-59) Control: 1, 2, 3,6 operative | in
Control: 25 and 60 after contralateral
(22-33) baseline starting on day 1,
then progressing
over the first week
before stabilizing
over the long-term
Lietal. 3T/ TLE: 28 TLE: 26 Baseline, Manual  No post-operative
2021 MPRAGE/ Control: 29  (15-44) 3 months, ROI change in
1x1x1 mm? Control: 27 12 months contralateral
(19-42) (post-operative hippocampus.
for TLE)

* In-plane resolution is not stated. Abbreviations: EPI: echo planar imaging; MESE: multi-echo spin echo; MPRAGE:
magnetization prepared rapid acquisition gradient echo; ROI: region of interest; TLE: temporal lobe epilepsy; VBM:
voxel-based morphometry.
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1.2.2 Hippocampal DTI in Temporal Lobe Epilepsy

DTT has been extensively used to study white matter connectivity in TLE demonstrating bilateral
and extratemporal white matter abnormalities.!> DTI has also been used to demonstrate
microstructural diffusion abnormalities of the hippocampus in TLE patients (Table 1.4). These
studies consistently demonstrate an increase in the ipsilateral hippocampal mean diffusivity
(MD)®% and a reduction in fractional anisotropy (FA)83 8% 8% 929 compared to the healthy
hippocampi of the controls. Further, ex-vivo surgical resection studies provide a basis for
investigation of hippocampal diffusion abnormalities by demonstrating a profound rearrangement
and disorganization of the internal fiber bundles in HS pathology.”” MD of the resected sclerotic
hippocampus has also been demonstrated to correlate with pyramidal cell density in CA4/DG.%!
However, more studies are needed to provide a better understanding of the pathological basis of
hippocampal diffusion abnormalities in HS TLE patients.

Low resolution of DTI acquisitions has been a significant shortcoming in previous

diffusion studies (typically >2 mm isotropic; >8 mm?

voxel volume). This limitation has
exacerbated partial volume effects and limited regional specificity of hippocampal analysis. One
recent study has acquired 1 mm isotropic DTI to address these limitations.”* This study
demonstrated patterns of hippocampal subfield diffusion abnormalities in TLE patients which were
consistent with HS subtype on post-surgical histology. Also, consistent with some of the low-
resolution DTI studies®> ?® and pathological studies*®*®, high-resolution DTI has shown regional
diffusion abnormalities in the contralateral hippocampus of some TLE patients, suggesting
bilateral hippocampal pathology which is more readily visualized with high resolution imaging.
It is unclear whether these diffusion abnormalities change or remain stable over time,

3

highlighting the need for longitudinal studies. The only two surgical studies (~8 mm~ voxel

volume) demonstrated changes in MD in the post-operative contralateral hippocampus however
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with conflicting findings (one showing an increase in MD*® and other showing a decrease

100).

Thus, more studies with a longitudinal design are needed to explore these inconsistencies.

Table 1.4. Cross-sectional and longitudinal DTI studies of the hippocampus in HS TLE.

Study Bo/ Subjects Age (years) Analysis Main findings
Resolution
Cross-sectional studies
Wieshmann 1.5T/ TLE: 14 TLE: 33 (20-50) Manual ROI 1 ipsilateral MD compared to
et al. 2.5%2.5%5 Control: 6  Control: 31 on DWIs contralateral and control
1999 mm? (29-36) hippocampi.
Hugg et al. 4.1T*/ TLE: 8 TLE: 30£10 Manual ROI 1 ipsilateral MD compared to
1999 1.6x1.6%5 Control: 5 Control: 28+8 on T1 contralateral and control
mm? weighted hippocampi.
Yoo et al. 1.5T/ TLE: 18 TLE: 30 Manual ROI 1 ipsilateral MD compared to
2002 1.6x1.6x5 Control: 19 (16-42) on DWIs contralateral hippocampi.
mm? Control: 28 1 contralateral MD compared to
(19-39) control hippocampi.
Assaf et al. 1.5T/ TLE: 12 TLE: 41 Manual ROI 1 ipsilateral MD and | FA
2003 2.4x1.9%3 Control: 14 (27-59) on DWIs compared to contralateral
mm? Control: 31 hippocampi. 1 ipsilateral MD
(24-49) compared to control hippocampi.
Thivard etal.  1.5T/ TLE: 35 TLE: 3449 Manual ROI 1 ipsilateral MD compared to
2005 1.2x1.2%5 Control: 36 (19-53) on DWIs control hippocampi. |
mm? Control: 33+ 9 contralateral MD compared to
(18-57) control hippocampi.
Lui et al. 1.5T/ TLE: 20 TLE: 34 Manual ROI 1 ipsilateral MD compared to
2005 resolution Control: 20 (18-48) on DWIs contralateral and control
not stated Control: 34 hippocampi. Negative correlation
(19-47) between hippocampal MD and
multiple memory tests.
Gongalves 1.5T/ TLE: 55 TLE: 33£10 Manual ROI 1 ipsilateral MD compared to
Pereira et al. 2.5%2.5%5 Control: 20 (18-57) on DWIs contralateral and control
2006 mm? Control: 34+11 hippocampi. Bilateral MD
(19-52) increases found in 7% of cases.
Salmenpera et 1.5T/ TLE: 7 TLE: median 30 Manual ROI 1 ipsilateral MD compared to
al. 1.4x1.4x5 Control: 13 Control: on T2 contralateral and control
2006 mm? median 34 weighted hippocampi. | ipsilateral FA
images from posterior to anterior
regions.
Focke et al. 3T/ TLE: 33 TLE: median 42  Automated 1 ipsilateral MD compared to
2008 1.9x1.9x2.4  Control: 37 (17-62) (FreeSurfer)  contralateral and control
mm? Control: hippocampi. Small clusters of
median 39 reduced FA in contralateral
(18-70) hippocampus.
Liacu et al. 1.5T/ TLE: 17 TLE: 33+8 Manual ROI 1 ipsilateral MD and | FA
2010 1.9x1.9x4 Control: 10  Control: 29+4 on Tl compared to contralateral and
mm? weighted control hippocampi.
images | contralateral FA in HS patients

compared to control hippocampi.
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Nazem-Zadeh 3T/ TLE: 23 TLE: 42+13 Manual ROI 1 ipsilateral MD compared to
et al. 2.0x2.0x2.6  Control: 48 Control: 33+10  on T1 contralateral and control
2014 mm? weighted hippocampi. Ipsilateral MD
images showed 90% true detection rate
without any wrong lateralization.
Chiang etal.  3T/2x2x2.2 TLE: 28 TLE: 37£12, Manual ROI 1 bilateral MD compared to
2016 mm? Control: 28 Control: 38+9 on T1 control hippocampi.
weighted
images
Ercan et al. 1.5T/ TLE: 14 TLE: 34£12 Manual ROI 1 ipsilateral MD and | FA in HS
2016 2x2%2.7 Control: 15 (19-66) on T1 patients compared to
mm? Control: 35£12  weighted contralateral and control
(21-52) images hippocampi. Ipsilateral FA
negatively correlated with
epilepsy duration. History of
febrile convulsion correlated
with ipsilateral MD.
Treit et al. 3T/ TLE: 18 TLE: 42+14 Manual ROI 1 ipsilateral MD and | FA in HS
2019 1x1xI mm*®  Control: 19 (18-67) on mean patients compared to
Control: 4414  DWIs contralateral and control
(18-70) hippocampi. Heterogeneous
regional MD elevations in
ipsilateral hippocampus.
Regional MD elevations also
observed in contralateral
hippocampus.
Sala-Padroet 3T/ TLE: 22 TLE: 45+11 Automated 1 contralateral MD in subiculum
al. 2020 2.5%x2.5x2.5 Control: 18 Control: 49+12  on compared to control hippocampi.
mm? MPRAGE 1 contralateral MD in patients
with uncontrolled seizures in
CAl, molecular layer, dentate
gyrus compared to seizure-free
patients. | contralateral FA in
parasubiculum, subiculum and
CA4 compared to control
hippocampi.
Longitudinal Studies
Thivard etal.  1.5T/ TLE: 24 TLE: 32+9 Manual ROI  Post-operative | in contralateral
2007 1.25x1.25%5  Control: 36  (20-50) on DWIs MD
mm? Control: 33+9
(18-57)
Elliott et al. 1.5T/ Group 1: Group 1: Manual ROI ~ Group 1: 1 MD and | FA in
2018 2x2x2mm’  TLE 25 TLE: 39.3 on contralateral hippocampus.
Control: 12 (19-59) MPRAGE Group 2: diffusion abnormalities
Group 2: Control 33 were observed only after 1-3
TLE: 10 (23-58) years years
Control: 3 Group 2: TLE:
39 (24-59)
Control 25
(22-33)

*whole-body imaging spectrometer. Abbreviations: DWI: diffusion-weighted imaging; FA: fractional anisotropy;
MD: mean diffusivity; MPRAGE: magnetization prepared rapid acquisition gradient echo; ROI: region of interest;
TLE: temporal lobe epilepsy; VBM: voxel-based morphometry.
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1.2.3 Hippocampal T2 Relaxometry in Temporal Lobe Epilepsy

Increases in T2 relaxation time of the ipsilateral hippocampus has consistently been found in HS
dating back to early 1990s (Table 1.5 and Table 1.6).57 62 %4 101117 While visual detection of
increased T2-weighted signal can reliably detect HS in TLE patients,® 3> 3 quantification of T2
relaxation time has shown better accuracy in detection of HS®% 102 103, 106, IT-113, 115 ith some
studies reporting up to 100% sensitivity and specificity.'!!» 1> Further, increased hippocampal T2
relaxation time has been shown to correlate with neuron loss in the CA1 and CA3,°* !'7 gliosis in
CA1,% glial cell count in DG,'” and GCD'!¢ in HS pathology. These studies used histology stains
including NeuN and H&E stains which are used as markers of neuron loss, GFAP as a marker of
astrogliosis and LFB as a marker for myelin. These findings provide a strong basis for using
quantitative T2 to accurately detect HS in vivo. In fact, recent studies have developed automated
segmentation and processing methods to implement T2 relaxometry in the clinical setting.>”> 1?7
Some studies have looked at regional T2 mapping of the hippocampus (anterior to posterior

67108 or head, body tail®’). For example, one recent study®’ found higher hippocampal T2 in

profile
head, body, and tail of ipsilateral hippocampus of unilateral HS patients and in the body and head
of bilateral hippocampi of bilateral HS patients. However, similar to DTI studies, T2 relaxometry
studies have been limited by the low spatial resolution of acquisitions due to relatively long scan
times and the need for large voxel volume with high signal-to-noise ratio to adequately measure
T2 values. While recent studies acquired T2 scans with higher in-plane resolutions,>’- 4 107 111 113,
13,116 these studies still acquired thick slices (>3 mm except one study’*) which can result in
missed lesions/abnormalities on a regional hippocampal level. Therefore, more studies are needed

to explore focal T2 profile of the hippocampus and potentially correlate regional T2 abnormalities

with histopathological features of HS.
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Longitudinal T2 relaxometry studies in TLE patients are lacking. There is currently one study
that looked at T2 changes over one year in newly diagnosed TLE patients.!'® Their results indicated
an increase in hippocampal T2 in only one patient who was consequently diagnosed with HS based
on clinical MRI findings. It is therefore unclear whether T2 abnormalities of the hippocampus

progress over time and more studies are needed.

Table 1.5. Cross-sectional T2 relaxometry studies of the hippocampus in HS TLE.

Study Bo/ Subjects Age (years) Analysis Main findings
Sequence/ method
resolution
Cross-sectional Studies
Van 1.5T/ TLE: 100 TLE: Manual 1 ipsilateral T2 compared to
Paesschen = MESE, 16 Control: 22 median 33 ROI contralateral and control hippocampi.
et al. echos/8 mm (16- 64) Combination of T2 and volume
1997 thickness* Control: revealed previously undetected
median 29 bilateral HS in few cases
(21-37)
Kaélvidinen 1.5T/ TLE: 32 TLE: 32+15 Manual 1 T2 in the body of the ipsilateral
et al. MESE, 16 Control: 25 (15-62) ROI hippocampus
1998 echos/8 mm Control:
thickness* 33£12 (21-64)
Woermann  1.5T/ TLE: 30 TLE: Manual 1 T2 in ipsilateral hippocampus with
et al. Dual echo Control: 20 median 34 ROI 16/30 patients showing diffuse
1998 spin echo/ (19-49) abnormalities and 6/30 showing focal
0.9x0.9x5 Control: anterior abnormalities
mm? median 31
(20-59)
Briellmann 3T/ TLE: 40 TLE: 30£12 Manual 1 T2 in ipsilateral hippocampus. T2
et al. MESE, 8 Control: 55 Control: 34£9  ROI abnormality did not correlate with
2004 echo/ epilepsy duration or the estimated
0.9x1.9%6 seizure load.
mm?
Muelleret  1.5T/ TLE: 42 TLE: 35+11 Manual 1 T2 in ipsilateral hippocampus of
al. Dual-echo Control: 30  Control: 30+8  ROI HS. No T2 change in hippocampi of
2007 spin echo, non-HS.
1x1x3 mm?
Coanetal. 3T/ TLE: 20 TLE: Manual Combination of volumetry and T2
2014 MESE, 5 median 46 ROI demonstrated abnormalities in 99%
echos/ (17-74) patient with visually detected HS and
0.9x1x3 in 28% with visually normal MRI.
mm?
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Kubotaet 3T/ TLE-HS: TLE: Manual 1 T2 in ipsilateral (76% of patients),

al. MESE, 5 124 median 45 ROI contralateral (5% of patients) and
2015 echos/ TLEMRI  (17-74) bilateral hippocampi (19% of
0.9x1x3 negative: patients). T2 sensitivity was 74% for
mm3 79 patients with TLE-HS and 14% for
Control: 59 non-HS TLE. T2 specificity was 95%

for patients with TLE-HS and 97%
for non-HS TLE.

Winston et 3T/ TLE: 50 TLE: Manual 1 T2 in ipsilateral hippocampus of
al. Dual-echo Control: 50 median 40 ROI on unilateral HS and bilateral
2017 spin echo/ (18-76) MPRAGE  hippocampi of bilateral HS. 1 T2 in
0.4x0.4x4 Control: contralateral hippocampus.
mm? median 37
(17-66)
Treitetal. 3T/ TLE: 18 TLE: Manual 1 T2 in ipsilateral hippocampus. No
2019 MESE, 16 Control: 19 42+14 (18-67) ROI T2 changes in contralateral
echos/ Control: hippocampus
L.1x1.1x1 44+14 (8-70)
mm?
Vos et al. 3T/ TLE: 69 TLE: Automated 1 T2 in ipsilateral hippocampus of
2020 Dual-echo Control: 43+15 (18-76) ROI on unilateral HS and bilateral
spin echo/ 111 Control: MPRAGE  hippocampi of bilateral HS. 1 T2 in
0.4x0.4x4 40£13 (17-67) ipsilateral head, body, and tail of
mm? unilateral HS and in bilateral body
and head in bilateral HS. 1 T2 in the
body and head of contralateral
hippocampus in some examples
Longitudinal T2 Studies
Van 1.5T/ TLE: 36 TLE: Manual 1 T2 only in 1/4 patients with HS on
Paesschen = MESE,16 Control: 12 median 26 ROI follow-up. No hippocampal T2
et al. echo/8 mm (14-50) changes in other patients.
1998 thickness* Control:
median 29
(21-38)

* In-plane resolution is not stated. Abbreviation: MESE: multi-echo spin echo; ROI: region of interest; TLE: temporal
lobe epilepsy.
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Table 1.6. T2 relaxometry studies of the hippocampus with a surgical histology comparison in
HS TLE patients.

Study B0/sequence/ Patients/ Stains Comparison Main findings

resolution Surgery/ method

Resection
Jacksonet 1.5T/MESE, 16 14/ATL not stated  Qualitative 1 T2 in ipsilateral hippocampus of
al. echos/ unilateral HS. T2 values >116 ms
1993 8 mm thickness* associated with HS. Bilateral
abnormalities in 29% of cases of HS
Van 1.5T/MESE, 16 32/ATL & H&E Qualitative 1 T2 in 31/32 ipsilateral and 5/32
Paesschen  echos/ SAH/ LFB contralateral hippocampi with
et al. 8 mm thickness* En-bloc classical HS. Type 3 HS patients 3/32
1995 showed normal T2 in ipsilateral
hippocampus

Van 1.5T/MESE, 16  59/ATL/ H&E, Quantitative 1 T2 associated with neuron loss and
Paesschen  echos/ En-bloc LFB, glosis in the CA1
et al. 8 mm thickness* GFAP
1997
Von 1.5T/dual echos  12/SAH/ NeuN Quantitative  Diffuse T2 abnormalities in
Oertzen et spin echo/ En-bloc ipsilateral and contralateral
al. 0.9%0.9x4 mm? hippocampus. T2 correlated with
2002 neuronal density in CA1 and CA3
Briellmann 1.5T/MESE, 16  44/ATL/ H&E, Quantitative T2 correlated with glial cell count in
et al. echos/ En-bloc GFAP the dentate gyrus
2002 8 mm thickness*
Briellmann 3T/MESE, 8 17/ATL/ H&E, Qualitative Elevated T2 on the ipsilateral side
et al. echos/ En-bloc GFAP identified HS accurately
2004 0.9x1.9x6 mm®
Gongalves  1.5T/MESE, 4 28/ATL/ H&E, Qualitative T2 relaxometry classified 96% of HS
Pereira et echos En-bloc GFAP patients.
al. /0.9%x1.25%4
2006 mm?
Rodionov ~ 3T/dual-echo 27/ATL not stated  Qualitative T2 relaxometry classified HS with
et al. spin echo/ 100% sensitivity and specificity.
2015 0.9x0.9x5 mm?
Satoetal.  3T/MESE, 8 30/ATL & NeuN, Qualitative T2 relaxometry detected non-atrophic
2016 echos/ SAH GFAP, hippocampal abnormality and

0.9x1.9x5 mm3 H&E correlated with gliosis and GCD
Chenetal. 3T/MESE/ 17/ATL H&E Qualitative T2 relaxometry classified HS with
2016 0.9x0.9x3 mm? 92% sensitivity and 100% specificity.
Goodkin et 3T/dual echo 43/ not stated  Qualitative T2 relaxometry classified unilateral
al. spin echo/ not clear HS with 92% and identified 91% of
2021 0.4x0.4x5 mm3 bilateral HS cases.

* In-plane resolution is not stated. Abbreviation: MESE: multi-echo spin echo; ATL: anterior temporal lobectomy;
SAH: selective amygdalohippocampectomy; NeuN: neuronal nuclear antigen; LFB: Luxol fast blue; H&E:
hematoxylin and eosin stain; GFAP: glial fibrillary acidic protein; GCD: Granule cell dispersion.
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1.2.4 Neuroimaging Studies of Animal Models in Temporal Lobe Epilepsy

While several animal models of TLE have been developed, the most widely used models involve
administration of chemoconvulsants (kainic acid and pilocarpine).!!” Kainic acid (KA) is an analog
of glutamate and acts on ionotropic kainate receptors to cause neuronal depolarization. Pilocarpine
activates the cholinergic system by acting on the muscarinic acetylcholine receptors.'?° Systemic
or intraventricular injection of KA or pilocarpine results in recurrent secondary generalized
seizures mostly originating from the hippocampus/amygdala with a similar pathological correlate
of HS in humans.!" Patients with TLE commonly present with an initial precipitating injury, some
of whom have experienced status epilepticus.” Status epilepticus can be defined as abnormally
prolonged seizure activity (e.g. 30 minutes) which can have negative long-term consequences such
as neuronal death/injury and network imbalance.'® ' Injection of KA/pilocarpine “reproduces”
status epilepticus and the animals then develop chronic epilepsy with repeated seizures after a
period of time (days to weeks depending on the animal strain, injection method, etc.).!?0-122
Volumetric MRI has been extensively used in animal TLE studies to demonstrate
hippocampal atrophy. Rodent hippocampal volume (in some studies bilateral hippocampal'?% 121
and in others only the ipsilateral hippocampus'?®) has been found to significantly shrink following
the injection of KA or pilocarpine as early as 24 hours.'?® During the chronic phase (roughly 1
month after status epilepticus in mice), some studies suggest a progressive reduction in regional
hippocampal volume (e.g. CAl, CA3 and dentate gyrus) which correlated with the degree of
neuron loss on hippocampal histology, seizure frequency and worse memory outcomes, 2! 124125
This has led to the hypothesis that repeated seizures could result in a cumulative loss of neurons

in the hippocampus over time.'?? This hypothesis is controversial and is not supported by other

animal studies that demonstrate no relationship between the progression or development of
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hippocampal atrophy and recurrent repeated seizures'?%'2%, These studies suggest that the majority
of neuronal loss in these animals occurs before presentation of the first behavioural seizures.'?®

KA/pilocarpine-injected animals demonstrate a significant reduction in hippocampal MD
(by ~20%) within the first hour of injection.'?® This initial reduction has been suggested to be
related to cytotoxic edema which is defined as energy failure in the tissue leading to an imbalance
of Na" concentration across the cell membrane.!*® As a result of higher intracellular Na*
concentration compared to the extracellular Na* concentration, water moves into the cell leading
to swelling. Cytotoxic edema is resolved within a day or few days and accordingly MD values
increase on mature lesions after several weeks to months giving rise to a biphasic profile of
hippocampal MD changes over time.!3% ! Recent high-resolution animal DTI studies (e.g. 136 x
136 x 700 um? at 9.4T'3?) suggest an immediate increase in FA in hippocampal subfields (e.g.
dentate gyrus) which correlate with histopathological features of mossy fiber sprouting and
reorganization of axons of the molecular layer.!** '3? Both hippocampal subfield MD and FA have
also been found to correlate with neuron loss and gliosis in CA1, CA3 and dentate gyrus!?® 130132
133 providing a basis for investigating these markers in TLE patients.

Rodent models of KA and pilocarpine injection demonstrate increased T2-weighted signal
in the hippocampus beginning 2 hours after status epilepticus and peaking at 12-24 hours after
status epilepticus.'*® The enhanced T2-weighted signal can return to the baseline levels over
subsequent weeks/months as the water is reabsorbed from the lesion/edema.'?” 3% Quantitative T1
and T2 values have also been found to increase to a peak level 24 hours following status epilepticus
but remain under the baseline levels 2 months later.!?*!3! Increased quantitative T2 in the
hippocampus of rodent models of KA and pilocarpine has been shown to correlate with neuron

loss, gliosis, edema, and breakdown of the blood-brain barrier.!?3: 13!
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1.3 Fundamentals of Diffusion MRI

Magnetic resonance imaging (MRI) is a powerful non-invasive in-vivo tool in medical diagnosis
and biomedical research. The potentials of MRI are astonishing considering the fact that there are
many different ways that the images of the human body can be obtained and manipulated. There
are numerous MRI techniques that have proven highly effective in the management of neurological
diseases. In this thesis, diffusion-weighted imaging (DWI) and T2 relaxometry MRI were used to
study the brain of TLE patients with the future hope of detecting changes in the brain that allow
patients make more informed decisions about their treatment plan; specifically regarding epilepsy
surgery.

MRI relies on the fundamentals of nuclear magnetic resonance (NMR) by taking advantage
of the abundance of hydrogen atoms embedded within the water molecule to create detailed images
of the human body. The MRI scanner consists of four main components: the magnet, gradient
coils, radiofrequency (RF) coils and a computer system. An NMR experiment involves three
stages: polarization, excitation and relaxation. In the polarization step, a strong and uniform
magnetic field (labelled Bo) probes the protons to line up in the same direction—similar to how a
magnet pulls the needles of a compass—giving rise to a net longitudinal magnetization. In the
excitation step, purposeful application of transient bursts of RF pulses (labelled B1) disturb the
alignment of protons which can result in a net transverse magnetization. The transverse
magnetization precesses with a certain characteristic frequency known as the Larmor frequency.
This rotating magnetization produces an oscillating magnetic field which induces movement of
charged particles (current) in the RF coil, giving rise to the MR signal. When the RF pulse is turned
off, the excited spins relax back to their original alignment due to T1 and T2 relaxation as discussed

in 1.4. Three sets of gradient coils (e.g. in X, Y and Z direction) are used in MR systems to cause
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a linear variation of the magnetic field in different directions and encode the spatial location of the
protons. The computer console takes the signal from the protons in the body and creates detailed
images of the tissue inside the body. Different arrangements of RF pulses and gradients, known as
MRI sequences, allow for manipulation of the protons in the desired way to produces images with
different contrasts. Considering this brief introduction to MRI, the next few sections will cover

basics of diffusion and T2 relaxometry as the main focuses of this work.

1.3.1 Diffusion Weighted Imaging

DWI is a powerful MRI technique that allows for an indirect measurement of molecular diffusion
within the brain. While the basic contrasts in conventional MRI (T1, T2 and proton density) can
reveal essential structural information about the brain, DWI provides qualitative and quantitative
information regarding properties of the tissue microenvironment such as structural connectivity
and white matter tract orientations.

Diffusion is described by the random motion of molecules (also known as Brownian
motion) from one part of a system to another. Einstein’s equation (Equation 1.1) relates diffusion
(labelled D) to the mean square of the distance (labelled X) travelled by molecules in a given
interval of time (labelled Ty):

<X?>=2DTy, (1.1)
Isotropic diffusion describes unhindered and random movement of molecules within a medium
such as a glass of water. However, in biological tissues, molecular diffusion is affected by different
processes such as physical arrangement of cell structures (e.g. axonal membrane in neurons etc.).
This gives rise to apparent diffusion coefficient (ADC) as the molecular movement is reduced by
interaction of water molecules with the tissue microstructure. Since diffusion is dependent on the
direction of displacement of water molecules, DWI uses this fundamental property to probe the

microstructural environment of the underlying tissue.

26



The most common approach to acquire DWIs is the pulsed gradient spin echo (PGSE)
sequence first demonstrated by Stejskal-Tanner in 1965.1** The basic structure of the PGSE
sequence is based on the spin echo sequence first demonstrated by Hahn in 1950'%° (Figure 1.4).
In a spin echo sequence, an excitation 90° RF pulse is followed by a refocusing 180° RF pulse.
Following the 90° RF pulse, the longitudinal magnetization (M) is tipped into the transverse plane
giving rise to transverse magnetization (Myy). Over time, the spins dephase due to T2 relaxation,
resulting in the decay of Myy. The 180° RF pulse is then applied that refocuses the spins and results
in production of an echo with the maximum signal occurring at the echo time (TE). The sequence

is then repeated with the application of another 90° RF pulse at time TR, the repetition time.

TE
TE/2 180° TE/2
X
90°,
Echo
B1 \/\/\/\/ —_—t
zp B, zp By 2p B, p By
T
M,y v _M y
yp yP yp yP
xp Xp xp xp

Figure 1.4. In a spin echo sequence, following the 90° excitation pulse, longitudinal magnetization
(M_z; orange arrow) is tipped into the transverse plane (Mxy). The 180° pulse is then used to refocus
the individual spins (blue arrows), resulting in an echo at time TE. Note that the spins are shown
in the rotating frame of reference (axes denoted by subscript p). For simplicity, this figure ignores
the decay of Mxy due to T2 relaxation.

In the PGSE sequence, two symmetric diffusion encoding gradients are applied: one between the
90° pulse and 180° refocusing pulse and the other after the 180° pulse and before the signal readout

(Figure 1.5). The first diffusion encoding gradient dephases Myy, labelling the position of the spins
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by the phase of the transverse magnetization. Considering the individual spins, variation in the
magnetic field caused by the gradient results in some spins precessing faster than others and thus
becoming out of phase. The second ‘rephasing’ gradient is applied to reverse the phase incoherence
of individual spins and results in the recovery of the signal. Assuming a stationary hydrogen spin,
the effect of first and second gradient cancels out and the spin will not accumulate phase.
Considering a diffusing molecule in the direction that the diffusion gradients are applied, there will
be a net phase difference because the gradient experienced during the first and second diffusion
gradients will not cancel out; this will result in signal loss.
To simplify and characterize the effect of diffusion sensitizing gradients, b-value (Equation
1.2) was introduced by Le Bihan in 1986'%:
b= y*G?6%(a— 9 (1.2)
Where b-value is in units of s/mm?, y is the gyromagnetic ratio, G is the gradient strength, & is
gradient length, and A is the time between the two diffusion gradients. Consequently, signal
attenuation (%) can be measured in the experiment and used to calculate ADC for a given h-value
using Equation 1.3:
SS—Oz exp(—b ADC) (1.3)
Equations 1.2 and 1.3 imply that as the strength of diffusion gradients increase, b-value increases

and more signal is lost.
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Figure 1.5. The pulsed gradient spin echo (PGSE) sequence uses the basic structure of a spin echo
sequence with the addition of two diffusion sensitizing gradients of size G, duration §, and
separated by time A. Diffusing spins will accumulate shift which results in a net attenuation of the
echo amplitude. For simplicity, this figure ignores the decay of Myy due to T2 relaxation.

The images obtained from the PGSE sequence are diffusion-sensitized (defined by the b-value)
and for that reason they are known as ‘diffusion-weighted’. DWIs of brain areas with higher rates
of diffusion such as the cerebrospinal fluid (CSF) exhibit more signal loss and appear darker.
Conversely, brain regions with lower diffusion rate such as the gray matter appear brighter. Note
that the diffusion-weighted images do not reflect “pure” diffusion values as they are also T2-
weighted given the typically long TE used in the acquisition. To remove relaxation contrast,
images are obtained with at least two differing b-value, bo and b, to calculate the ADC. The by
images are obtained without diffusion sensitising gradients (b=0) but with all other sequence
parameters identical to those used in the DWIs. Commonly, h-values of 1000-1500 s/mm? are used
in diffusion MRI studies.

1.3.2 Diffusion Tensor Imaging

Diffusion is dependent on the direction of movement of the molecules which may not be the same

in all directions in tissue. Considering diffusion as a three-dimensional process, it can be described
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using a tensor model (Figure 1.6).!*” In this model, diffusion is considered a symmetric tensor, D,
that describes molecular movement along each principal axis and correlation between
displacements along these axes. Applying a mathematical procedure known as decomposition, the
tensor matrix can be represented by three 3 eigenvectors (g1, €, €3) that describe the
axes/orientation of the diffusion tensor ellipsoid and 3 eigenvalues (A1, A2, A3) that describe the

magnitude of the diffusion for the axes (Equation 1.4):

D, ny D,, A, 00
) ; ; o a 0 14
Dz: DSZ’;’ DJZ’ : eigendecomposition [ 0 ()2 7\3] o

Similar to how MRI gradients can be applied in different directions (e.g. along the X, Y and Z
direction), diffusion sensitizing gradients can be applied in different directions. In diffusion tensor
imaging (DTI), the diffusion sensitizing gradients are applied in at least 6 different directions to
estimate the diffusion matrix. The tensor is then calculated for each voxel in the image by acquiring

b0 images and DWIs sampled in different directions.

A. Isotropic Diffusion B. Anisotropic Diffusion

S

A=A, =A, A>A, =,

Figure 1.6 (A) Isotropic diffusion tensor with equal eigenvalues. (B) Anisotropic diffusion tensor
(e.g. A1 larger than A, and A3).
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Echo-planar imaging (EPI) is the most common method to acquire DTI in which an entire slice is
acquired following a single excitation (‘single-shot’). This rapid acquisition of slices (in a fraction
of a second) is beneficial for diffusion imaging because it reduces subject motion artifacts and
consequently inconsistencies in diffusion measurements. However, EPI has several setbacks: 1-
eddy current distortions induced by rapidly switching diffusion gradients, 2- local magnetic field
inhomogeneities (largely in areas of air-tissue interface) caused by susceptibility-induced off
resonance of precessional frequencies, 3- inevitable subject motion artifact still exist, and 4- low
spatial resolution because only a limited number of frequency or phase encoding steps (e.g. matrix
size) can be obtained before the signal decays in a short acquisition time. Most of these limitations
can be addressed to a certain degree via post-processing methods (further explored in Chapter 2).

The fourth limitation, namely low spatial resolution, is more difficult to deal with as it
requires modification to the DTI protocol at the time of the scan. Spatial resolution is particularly
important for improved and detailed visualization of the brain structures and more accurate
calculation of the quantitative diffusion parameters (discussed in Section 1.3.3) by reducing the
partial volume effect. The partial volume effect is an artifact where more than one tissue type
occurs in a voxel due to limited image sampling and spatial resolution.'*® There is an inherent
signal-to-noise ratio (SNR) loss in DTI acquisitions due to the combined effect of diffusion
gradients and long TE. Reducing the voxel volume (increasing the spatial resolution) further
compromises the SNR as the signal is proportional to voxel size. As a result, the typical voxel
volumes in conventional clinical DTI of the human brain at 3T have been 8 mm? or larger. One
solution to low DTI SNR is to select lower b-values while making sure that there is still enough
diffusion contrast. Another method is to acquire a ‘slab’ of images (e.g. reduced number of slices)

covering the region of interest as opposed to whole-brain coverage. This allows for the acquisition
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of a larger number of averages in a given scan for the same slice that increases the SNR as the
square root of the averages. This method is useful if the focus of the study is on a particular brain
region of interest such as the hippocampus. The trade-off, however, is the loss of potentially

important information in regions that were not covered in the acquisition.

1.3.3 DTI Parameters

The two main quantitative diffusion parameters are mean diffusivity (MD) and fractional
anisotropy (FA) which are calculated based on eigenvalues. MD provides a non-directional
estimate of molecular diffusion rate and is calculated by the mean of the three eigenvalues

independent of fiber orientation and gradient directions:

A1+Az+A3
3

MD = (1.5)

FA describes the degree of anisotropy and is calculated by taking standard deviation of 3
eigenvalues normalized to a value of 0 (isotropic diffusion) to 1 (fully restricted diffusion along

one axis):

— 2 — 2 _ 2
FA = \E (A1—=MD)2+(A;—MD)2+(A;~MD) (1.6)

/A12+A22+A32

Measurements of MD and FA in the tissue (e.g. calculated for all voxels; Figure 1.7) provide an
indirect estimate of the underlying microstructure. An increase in MD may reflect elevated
extracellular water content and increased intracellular spaces which may be due to pathology such
as neuron loss, cell hypertrophy, Wallerian degeneration, etc. A decrease in MD may also reflect
pathology; for example, following acute stroke, loss of ion homeostasis leads to an influx of water
from the extracellular space into the intracellular space, contributing to the observed decrease in
MD. In ordered white matter, anisotropy has been shown to correlate most strongly with membrane

density, specifically axonal membrane.'** Presence or absence of myelin can also influence the
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degree of anisotropy. Interpretation of FA in heterogeneous tissues such as the hippocampus is
difficult. This is because FA does not account for crossing fibers (e.g. run in different directions)
that may exist within a single voxel. Nonetheless, as discussed before in Sections 1.2.2 and 1.2.4,
hippocampal FA has been shown to correlate with HS pathological features of neuron loss and
gliosis in high-resolution ex-vivo DTI in human studies as well as animal models of epilepsy. In
this thesis, MD and FA values were used to yield information about the epileptic hippocampus and
were compared to the healthy hippocampi of the controls.

A. Mean b0 image B. Mean diffusion C. Mean diffusivity
weighted image (DWI) (MD)

Y0
AL

(s

\‘ \._d

D. Fractional anisotropy  F. Fractional anisotropy
colormap

Figure 1.7 Processed DTI maps. (A) Mean b0 image (average of 10 b0 images) and mean DWIs
(10 averages of 10 directions with b=500 s/mm?) acquired with slices along the long axis of the
hippocampus. (C) MD map reflects overall diffusion—brighter regions correspond to higher
diffusion (e.g. CSF) and darker regions correspond to lower diffusion (e.g. gray matter structures
such as the hippocampus). (D) FA map reflects the degree of anisotropy—higher anisotropy
observed in white matter tracts. (F) FA map colored based on the directionality (primary
eigenvector) of white matter tracts—red reflects left-right orientated fibers, green reflects anterior-
posterior fibers, and blue reflects superior-inferior fibers.
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1.4 Relaxation-weighted and Quantitative T2 Imaging

As previously described, after the B field is turned off, the magnetization relaxes back to the
equilibrium due to two separate but simultaneous processes, T1 and T2. T1 relaxation, also known
as the spin-lattice relaxation, is the recovery of the longitudinal magnetization (M;) due to the
interactions between the nuclear spins and the surrounding environment. Mathematically, T1
relaxation time is the time needed for the z component of the magnetization to reach 63% of its
maximum value (Figure 1.8A). T2 relaxation, also known as spin-spin relaxation, is the decay of
the transverse magnetization (Myy) due to the interactions of individual spins and the resultant
dephasing of the nuclear magnetic moments. T2 relaxation time is the time required for the
transverse magnetization to decay to 37% of its maximum value (Figure 1.8B).

A) T1 recovery B) T2 decay

Mz - M0 (1 _ e—t/Tl) Mkv - Mo (e—t/TZ)

63% M,

Time Time

Figure 1.8. (A) T1 relaxation time is the time needed for the longitudinal magnetization (M;) to
reach 63% of its maximum value (My). (B) T2 relaxation time is the time required for the transverse
magnetization (Mxy) to decay to 37% of its maximum value (Mo).

The most common method to create an MR image is to use relaxation-weighted imaging (T1- or
T2-weighted) by sensitizing the MRI sequence to a range of relaxation times (Figure 1.9). T2-
weighted images are created when TE is kept long relative to T2 relaxation times and TR is kept

long so that M, has fully recovered. T1-weighted images are created when TR is kept short relative
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to T1 relaxation times and TE is short so that T2 differences do not evolve. T1-weighted images
can also be acquired using an inversion recovery sequence. In the magnetization prepared rapid
acquisition with gradient echo (MPRAGE) sequence first proposed by Mugler and Brookeman in
1990,'* an initial 180° inversion RF pulse is followed by a number of rapidly acquired gradient
echoes (a sequence known as spoiled gradient echo sequence) with small flip angles (5°-12°) and
short TE’s (2-4 ms). After the inversion pulse, the longitudinal magnetization recovers via T1
relaxation mechanisms toward the equilibrium for a specified inversion time (typically 600-900
ms). The rapid data collection following the inversion using the spoiled gradient echo sequence
creates a T1-weighted contrast with high gray-white matter tissue differentiation. T1 and T2-
weighted images provide structural information about the brain, essential to qualitative diagnosis
of many neurological diseases. Importantly, a weighted image is not a true reflection of actual
relaxation times because of other effects (e.g. proton density, diffusion).

T1 and T2 relaxation times are intrinsic properties of the tissue. Pure T1 and T2 relaxation
values can be computed using various techniques. Damadian in 1971 first demonstrated that

tumour cells have longer T1 and T2 values compared to normal cells.'*!

Many studies have
demonstrated alterations in T1 and T2 values in various brain regions in multiple sclerosis'*?,
Alzheimer’s disease!®, epilepsy®* and other neurological conditions. Changes in the relaxation
times reflect non-specific alterations in the tissue microenvironment and local water content such
as demyelination, tumour-related changes, injury or presence of macromolecules such as iron>*
142-195 " Qpecifically, quantitative T2 values have been extensively used in TLE to demonstrate
hippocampal pathology in hippocampus sclerosis patients (see Table 1.5 and Table 1.6). Increased

T2 in the sclerotic hippocampus has been shown to correlate with the HS pathology (e.g. neuron

loss, gliosis, granule cell dispersion) in both human (Table 1.5) and animal studies (Section 1.2.4).
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A. T1l-weighted B. T2-weighted

Figure 1.9 (A) Example of a T1-weighted magnetization prepared rapid acquisition with gradient
echo (MPRAGE) image and (B) T2-weighted images. Both images were acquired with 1 mm
isotropic resolution. The MPRAGE image was reconstructed along the long axis of the
hippocampus to match with the axial hippocampus T2-weighted image.

1.4.1 T2 Relaxometry

T2 Relaxometry refers to the measurement of T2 relaxation times from MR images. T2 relaxation
is caused by a combination of dynamic (denoted T2) and static (denoted T2') processes. The

apparent transverse relaxation (T2*) is the combination of these processes:

== (1.7)

T2* T2 T2

The dynamic processes are thermodynamic in nature and are explained by the interactions between
the individual spins resulting in fluctuations in the local magnetic field and loss of phase coherence.
The static processes are induced by the external field and include susceptibility sources. Static
processes can be removed with a 180° refocusing pulse as used in a standard spin echo sequence
(discussed in 1.3.1). In fact, the spin echo sequence can be used to quantify T2 by obtaining images

at multiple echo times and fitting for T2 exponential decay using this equation:
~TE
S=35, exp—— (1.8)
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where S and S, denote the magnitude of echo peak and equilibrium magnetization, respectively.
However, this equation ignores the effect of spin diffusion. At long TE, diffusion results in
premature decay of the T2 signal and variability in signal loss at different echo times. Also, T2

relaxometry using the spin echo sequence in a clinical setting is challenging due to long scan times.

1.4.2 Multi-echo Spin Echo sequence

To overcome the limitations of the spin echo sequence to quantify T2 values, the Carr Purcell
Meiboom Gill (CPMG) or multi-echo spin echo (MESE) sequence was developed in which a 90°
RF pulse is followed by a train of 180° refocusing pulses (Figure 1.10).!4¢147 In a MESE, the first
echo with short TE produces proton density contrast while images produced at longer TE provide
T2-weighted contrast. Short echo spacing also limits the effect of diffusion. The train of 180°
pulses are 90° out of phase which reduces the effect of imperfect 180° pulses. The MESE sequence
allows sampling of T2 signal decay curve at multiple time points (echo times) for each K-space
line during a single excitation.

In practice, a precise 180° RF pulse is not achievable due to slice-profile variation, RF
inhomogeneity and B calibration errors. As a result, following two or more imprecise refocusing
pulses, stimulated echoes arise resulting in overestimation of T2 relaxation times. To explain what
stimulated echoes are, consider a train of three 90° RF pulses. Following the first pulse, M is
deflected to the transverse plane and then decays with T2 relaxation rate over time. After the
second 90° pulse, Mxy is stored in the longitudinal plane and the T2 relaxation decay is halted.
After the third pulse, the magnetization is again deflected to the transverse plane which continues
to decay with T2. For a period of time between the second and third pulse, magnetization is stored
in the longitudinal plane. The resulting echo from these spins that did not fully undergo T2
relaxation is called a stimulated echo. While this example is an overestimation of the reality, the

resulting stimulated echo increases the amplitude of later echoes and results in an overestimation

37



of T2 relaxation times. While much of the previous T2 relaxometry literature has ignored the effect
of stimulated echoes, other methods have been developed to compensate for the effect of
stimulated echoes which can provide more accurate measurements of the T2 (discussed in Chapter

2).

TE1

Echo '_ I —

Figure 1.10 In a multi-echo spin-echo sequence, two or more 180° refocusing pulses are applied
after the initial 90° excitation pulse. As time passes during the experiment, the acquired images
possess lower signal due to the decay of the net transverse magnetization with time T2. This allows
sampling of the T2 decay curve at different echo times (e.g. TE1, TE2, etc.).

1.5 Thesis Motivation

The introduction of MRI to the field of epilepsy has revolutionized the diagnosis and management
of patients. MRI is routinely used to select surgical candidates for TLE surgery. HS can be readily
detected on structural MRI using hippocampal atrophy and increased T2-weighted signal.®
However, more subtle abnormalities may be detected using quantitative techniques such as
hippocampal volumetry, diffusion MRI and quantitative T2.> ¢ Also, regional hippocampal (i.e.

specific subfield) abnormalities that have clinical implications may not be recognized with the
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current clinical MRI acquisitions.’? % %% 113 Diffusion MRI offers a unique insight into the TLE
processes by evaluating the internal architecture and structural integrity of the hippocampus.
Increases of MD, in particular, have consistently shown sensitivity to detect abnormalities in the
ipsilateral hippocampus, correlating with neuronal loss in CA4 and dentate gyrus (see Table 1.4).
T2 is a non-specific measure of the tissue microenvironment. Increased quantitative T2 relaxation
time in the hippocampus of TLE patients has been shown to correlate with neuronal loss in CA1
and CA3, gliosis in the dentate gyrus and granule cell dispersion (see Table 1.6).

DTI and T2 relaxometry studies have been limited by the low spatial resolution of
acquisitions and while recent studies acquired T2 scans with high in-plane resolutions (e.g. 0.43 x
0.43 mm?), these studies still acquired thick slices (4 mm or above) which can result in missed
lesions/abnormalities on a regional hippocampal level.!?” 113116 Oyr lab has developed fast and
efficient methods of acquiring high resolution (1 x 1 x 1 mm?) diffusion MRI and (1.1 x 1.1 x 1
mm?) T2 relaxometry of the hippocampus.’* 8 High-resolution DTI has demonstrated focal
diffusion abnormalities of the hippocampus pre-surgery that agreed with subfield neuron loss in
post-surgical histology in a pilot cohort of 4 patients.”* However, T2 relaxometry and histology
correlations were not performed in this study and to characterize and validate TLE diffusion and
quantitative T2 findings, a larger sample size of patients with post-surgical histology is required.

Furthermore, the review of the literature in Section 1.2 suggested a need for more
longitudinal diffusion and T2 relaxometry studies to provide a better understanding about the
disease progression or lack thereof in TLE patients as well as the impact of surgery on the
unresected contralateral hippocampus. Specifically, some previous longitudinal MRI studies have

71, 72, 149

suggested progressive atrophy of the sclerotic hippocampus as well as a post-operative

reduction in volume and an increase in MD of the contralateral hippocampus.®% 81150 However,
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these findings are not supported by other MRI and histological studies®? 127 128 151

which suggest
limited change over time in the hippocampus. Thus, more longitudinal studies are needed to
explore these inconsistencies.

The objectives of this work were three-fold: 1- to assess the stability of whole and focal
hippocampus diffusion and T2 changes of the ipsilateral and contralateral hippocampus over time
in TLE patients; 2- to compare diffusion and quantitative T2 abnormalities of the sclerotic
hippocampus; 3- to compare the location of pre-operative MD and T2 abnormalities of the
hippocampus with areas identified as abnormal (e.g. containing neuron loss) in subfield
histopathology following surgery. It was hypothesized that hippocampal diffusion and T2 changes
will persist in TLE patients, implying permanent neuron loss, and that the location of these MRI
findings will correlate with subfield histopathology following the surgery. These results would
help to assess the potential clinical utility of high-resolution diffusion and T2 relaxometry MRI in

TLE to characterize hippocampal subfield pathology pre-surgically that would have significant

implications for patient selection in TLE.
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2. Methods

This chapter provides more detailed explanations of the methodologies employed to conduct the
longitudinal imaging study presented in Chapter 3.

2.1 Participants

This study included 19 controls (mean age 44+13 years; 18-70 years; 10 females) and 19 patients
with TLE (mean age 43+13 years; 19-71 years; 9 females) who had two research MRI scans. The
clinical information of all participants are outlined in Table 2.1 and Table 3.1. Based on qualitative
review of the clinical MRI by the clinical radiologist, 19 TLE patients were subdivided into
unilateral HS (n=11), bilateral HS (n=2) and non-HS (n=6). Unilateral and bilateral HS patients
demonstrated evidence of unilateral or bilateral hippocampal atrophy, loss of internal architecture
or enhanced T2 signal on clinical MRI. Non-HS patients did not have any evidence of hippocampal
atrophy, loss of internal hippocampus architecture or other obvious structural abnormalities, except
for one patient who had a low grade ganglioglioma (with normal appearing hippocampus). There
was no significant difference in age of seizure onset between different TLE subtypes. Disease
duration was significantly longer in HS (25£16 years) compared to non-HS patients (9+10 years)
(U=11, p=0.012; Mann-Whitney Test).

Eight out of 19 TLE patients (seven unilateral HS and one non-HS patient with
ganglioglioma) had hippocampal resection surgery at 6.6+7.5 months (1 day-18 months) after scan
1 and then had a follow-up scan at 2.3+1.0 years (1-4 years) after their surgery. Of those who had
surgery, two patients had selective amygdalohippocampectomy (SAH) and six had anterior
temporal lobectomy (ATL). The Engel surgical outcomes included 5/8 patients with Engel IA
outcome (‘Completely seizure-free”), 1/8 with Engel ID (“Generalized convulsions with

antiepileptic drug withdrawal only”) and 2/8 with Engel IIIA (“Worthwhile seizure reduction”).
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Histological samples of the hippocampus were available for all 8 surgical patients. Histology stains
included NeuN as a marker of neuronal loss, GFAP as a marker of gliosis, and LFB as a marker
for myelin density. The HS subtypes were assigned by a neuropathologist based on the degree of

neuronal loss (NeuN expression) in hippocampus CA1 and CA4 subfields as per ILAE criteria.?

Table 2.1. Summary demographics and clinical information of participants.

Group Control (n=19) TLE (n=19)

TLE subtype n/a Non-HS (n=6) Unilateral HS (n=11)  Bilateral HS (n=2)
Mean age at baseline 44 (18-70) 39 (18-53) 44 (19-71) 36, 59
(years, range)

Sex 9M:10F SM:1F 4M:7F IM:1F
Mean inter-scan gap 2.7 (1.1-4.0) 2.9 (2.3-3.0) 2.5(1.0-4.4) 2.4,2.6
(years, range)

Handedness 18R:1L 4R:2L 10R:1L IR:1L
Mean age of seizure n/a 30 (17-51) 20 (2-44) 0.7,5
onset

(years, range)

Disease duration n/a 9 (1-29) 25 (5-53) 36, 54

(years, range)

2.2 Image Acquisition

All MRI images were acquired on a Siemens Prisma 3T with 80 mT/m gradient strength per axis
using a 64-channel RF coil. Diffusion images were acquired with single-shot 2D EPI (GRAPPA
R =2; 6/8 PPF; A/P phase encode), FOV =220 x 216 mm?, matrix =220 x 216, 20 slices at 1 x 1
x 1 mm? resolution with no interpolation, TE = 72 ms, TR = 2800 ms, b = 500 s/mm?, 10 averages
of 10 gradient directions and 10 bOs in 5:18 minutes as per Treit et al.”* The slices were manually
aligned along the long axis of the hippocampus using a whole-brain 3D T1-weighted MPRAGE
as reference. The 3D MPRAGE images were acquired aligned to the anterior-posterior
commissural line with TE = 2.37 ms, TR = 1800 ms and 0.9 x 0.9 x 0.9 mm? resolution in 3:39
minutes. T2 relaxometry scans were acquired using a 16-echo spin-echo sequence with TE = 10.7-
171.2 ms, 10 ms inter-echo spacing, TR = 3560 ms and 1.1 x 1.1 x 1 mm? resolution in 5:47
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minutes. T2 scans included the same 20 slices on the DTI acquisition and were obtained along the
long axis of the hippocampus. Lastly, coronal T2-weighted images were acquired with TE = 52
ms, TR = 9550 ms, 70 slices, 0.5 x 0.5 x 1 mm? resolution in 7:40 minutes and this scan was used

to assist with hippocampus segmentation as discussed in Section 2.6.

2.3 DTI Processing

Prior to computing quantitative diffusion metrics (MD and FA), post-processing steps are
necessary to ensure high quality data by minimizing the effect of MRI artifacts. In this work, the
first processing step was to average diffusion images of repeated directions to obtain 1b0 and 10
DWIs in MATLAB R2020b. The rest of the steps included Gibbs-ringing, eddy current and motion
corrections, and tensor parameter estimations performed in ExploreDTI v4.8.6.15

Gibbs ringing (GR) artifact occurs as a result of finite and insufficient sampling of K-space
frequencies using Fourier transform.!*® GR commonly appears as parallel dark lines in the image
around high-contrast interfaces (e.g. CSF-tissue border) where the signal possess an oscillating
behaviour. GR artifacts are most pronounced on b0 images due to sharp signal differences at the
bright CSF interface with dark adjacent tissue. The effect of GR artifacts on quantitative diffusion
measures include higher variability of MD and FA (generally an overestimation of FA and an
underestimation of MD).!*® ExploreDTI uses the total-variation (TV) approach to lessen the effect
of GR artifact.!> In this dataset, GR correction using the TV method was applied in ExploreDTI
with the following parameters: number of non-DWIs = 1 (the default value is set to 10), lambda =
100, iterations = 100, and step size = 0.01. This processing step reduced the number of voxels with
MD values at the lower end of the distribution (Figure 2.1). However, GR correction also resulted
in some degree of image smoothing in the b0 image which contributed to the narrow MD

distribution seen in Figure 2.1D. Image blurring also resulted in a false MD increase in the stratum
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lacunosum moleculare (SLM), as a consequence of higher signal intensity of the SLM on the b0
but not on mean DWIs (Figure 2.1). Increasing the number of non-DWIs and/or reducing lambda
(the weighting factor) exacerbated image blurring. Increasing the lambda reduced image blurring
but instead cropped out parts of the image. Further work is needed to develop a more suitable

method to correct for GR in either ExploreDTI or other software (e.g. MRtrix3).

A. b0 image B. Mean diffusion-weighted C. Mean diffusivity D. Mean diffusivity histogram

After GR correction
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Figure 2.1. Axial (A) b0 and (B) mean DWI slices before and after GR correction. GR artifact
can be primarily visualized as dark lines around the ventricles. GR is lessened (but not
completely removed) after the correction using the TV approach. However, GR correction
smoothed the b0 image and not the mean DWIs resulting in a false MD increase in the stratum
lacunosum moleculare as seen in (C). (D) MD histograms corresponding to the respective slices
suggest that the number of voxels with lower MD values (< 0.6 x 10> mm?/s) is reduced
following GR correction.

Diffusion MRI is particularly sensitive to subject motion (e.g. head motion, pulsating flow, etc.)
as it can introduce large and unpredictable phase shifts in the spins and may result in an
overestimation of MD values.!*® Also, motion or distortions can cause misalignment between the

diffusion images which would suggest that each voxels on each diffusion images may not
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necessarily come from the same brain region. Eddy currents are produced as a result of rapidly
switching diffusion gradients which can induce currents in the conducting surfaces of the scanner
(e.g. shields, tubes, etc.). These currents set up magnetic field gradients that remain after the
primary gradients are switched off, resulting in image distortions. These distortions are particularly
prominent in the EPI sequence (e.g. shearing and scaling artifacts).'** Motion, eddy current and
EPI distortions corrections are included in a single step in ExploreDTI.'*> Average residual error
maps of the tensor fit can be used to assess the effect of motion, eddy current and EPI distortion
artifacts (Figure 2.2). In this dataset, these maps revealed higher residual error in the middle part
of the brain (where the hippocampi are located) compared to the cortex (Figure 2.2). This is
because the sensitivity of the 64-channel RF head coil (mounted around the subject’s head)
decreases as the distance from the coil increases. As a result, the brain regions further away from
the coil exhibit worse SNR and higher residual errors from the tensor fit. The last step was diffusion
tensor parameter estimation using the linear least square algorithm to obtain mean DWIs, FA, and

MD maps as previously demonstrated in Figure 1.7.
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Figure 2.2 Average residual error maps of the tensor fit from two control subjects (A) before and
(B) after motion, EPI distortion and eddy current correction. Higher values represent poorer fit.
Since the subjects’ motion was limited, residual errors are only slightly better after processing
(mostly in cortical areas). The middle part of the brain where the hippocampi are demonstrate
worse residuals from the tensor fitting compared to the cortex. This can be explained by a reduction
in the sensitivity of the 64-channel head coil and SNR in regions furthest away from the coil (e.g.
the middle parts).

2.4 T2 relaxometry Processing

There are two main methods to simulate signal decay in a multi-echo spin echo sequence: Bloch
equations and extended phase graph (EPG) algorithm. Each method models the spin echo pathway
in a different way but both aim to measure T2 and refocusing flip angles by the fitting process.'**
Quantitative T2 maps in this study were computed using a hybrid model of EPG-based indirect

and stimulated echo compensation'*®

with Shinnar-Le Roux approximation of slice profiles
Figure 2.3).""7 The EPG algorithm computes echo signal amplitude given T1, T2, inter-echo
g g p g

spacing and refocusing angles.!>® The original description of EPG did not account for imperfect
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slice profiles which can be a major source of stimulated echoes!® (discussed in section 1.4.2). A
reverse solution to EPG algorithm allows for calculation of T2 values using the echo train
amplitudes. A new method was then introduced to compensate for the effect of slice profiles in the
EPG algorithm by estimating the distribution of flip angles using the Fourier transform of the RF
pulse shape.'*® This method estimates a decay curve with echo train amplitudes integrated over the
slice profile. Later it was shown that the Fourier estimation of slice profiles may result in
overestimation of the flip angle profile and T2 values. As a result, a hybrid model using EPG with
Shinnar-Le Roux (an algorithm that can be used to calculate RF pulse) approximation of slice
profiles was employed.!”” This method has been implemented in MATLAB
(“StimFitImg_slrpulseshape” script based on these studies'>® 1°7) which can compute quantitative

T2 maps from MESE scans.
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Figure 2.3. (A) 16-echo spin echo T2 sequence acquired at 3T with inter-echo interval of 10 ms.
(B) Corresponding quantitative T2 map computed using the EPG-based stimulated echo
compensation method in StimFit. (C) Quantified T2 map of the segmented hippocampus with
the same scale used in (B). (D) plot of signal intensity over echo time (TE) of the right
hippocampus extracted from the 16-echo spin echo sequence.

2.5 Registration

Registration refers to alignment of one MRI data (source image) with another (target image) to
ensure spatial overlap of the voxels. The scans can be from different imaging modalities (e.g. MRI
and PET) of one subject, from the same modality (e.g. MRI-MRI) of different subjects, or from
the same modality and subject (e.g. longitudinal MRI). Registration techniques can be divided into
two broad categories: linear and non-linear. Linear registration introduces global changes in the
image (e.g. translation, rotation, zooming) while non-linear registration introduces local
deformations to match one image with another. There are numerous algorithms within each

category tailored to different purposes. Freely available neuroimaging software (e.g. FSL, SPM)
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have built-in registration methods, yet choosing an appropriate algorithm and registration
parameters (e.g. cost function, interpolation method, degree of freedom, etc.) can be difficult and
is usually performed through trial and error.

In this work, repeated MRI acquisitions (mean DWIs and echo-summed T2-weighted
images) of the same subject were co-registered to allow within-individual comparison between
scan 2 and scan 1. There were several challenges specific to this dataset. First, the MRI acquisitions
did not cover the whole-brain as only a small slab of 20 slices along the long axis of the
hippocampus were acquired. Most registration techniques have been developed for whole-brain
acquisitions by making universal assumptions about the brain (e.g. the head is shaped like an
ellipsoid). In this specific sub-volume MRI dataset, some of these assumptions could not be made.
For example, the ellipsoid shape of the brain was not visible in the coronal and sagittal planes of
the slab acquisition. Consequently, cost functions that do not make such assumptions such as
Mutual Information, Correlation Ratio, Least Square, etc. were tested in FSL/FLIRT v6.0.!7* The
default FLIRT commend (Correlation Coefficient cost function, spline interpolation, 12 degree of
freedom) produced better results among the other variations (e.g. changing the cost functions
and/or interpolation methods). However, registration inconsistencies were still observed in the
brain of many TLE patients (Figure 2.4). Further, the surgical cavity in a subset of patients that
underwent surgical resection of the temporal lobe significantly disrupted the registration

algorithms causing failure of the procedure (e.g. an empty output file).
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A. Control

Not registered Scan 1slice 11 Registered
Scan 2 slice 11 Scan 2 Slice 11
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Figure 2.4. Longitudinal registration of mean DWIs (using FSL FLIRT: Correlation Coefficient,
spline interpolation, 12 degree of freedom) in a (A) control resulted in accurate spatial
correspondence between the images while registration inconsistencies (red circles) were still
observed in a (B) TLE patient with bilateral HS.

As a result of the discussed challenges, prior to co-registration, Crop Volume module in 3D
Slicer'®® was used to either crop mean DWI into the two hemispheres or extract a box region
around the hippocampus given the need to exclude the surgical resection cavity in surgical patients
(Figure 2.5). For consistency, this method was applied to all subjects (including non-surgical
subjects). Co-registration of the cropped hemispheres did not produce consistent results in some
subjects (e.g. cropped out parts or the entire output file). Conversely, co-registration of cropped
hippocampus DWIs resulted in excellent correspondence between the two scans. This method was
consequently used in Chapter 3 to assess changes between the two scans. There are, however, three

limitations: first, this method is very specific to this dataset and is unlikely to work on other
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datasets. Second, extraction of the box region around the hippocampus was time-consuming as it
was performed manually. Third, while the size of the box ROI was kept the same, its location had
to be changed in a few cases as the subject’s head and location in the scanner (and accordingly the
location of the hippocampus) differed from one MRI data to another.

R hemisphere Hippocampus
Scan1l Scan1

Registered Registered Registered
scan 2 scan 2 scan 2

No output

Figure 2.5. Mean DWI slices from a TLE patient that underwent surgical resection of the anterior
temporal lobe after scan 1. Left column: co-registration of the two scans failed to produce any
results. Middle column: co-registration of the extracted left hemisphere (red dotted box) did not
achieve spatial correspondence between the two scans. Right column: co-registration of the
extracted hippocampus (yellow boxes) resulted in excellent correspondence between the scans.
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2.6 Hippocampus Segmentation

Manual segmentation refers to the delineation of a region of interest on MR images by an
individual. While manual segmentation is considered the gold-standard method to analyze a
structure of interest, it is time-consuming and requires expertise in the anatomy of the structure.'>
Manual segmentation of the hippocampus is subject to inter- and intra-rater variability and a very
large degree of heterogeneity in the volume of the hippocampus among different studies.'®® The
European Alzheimer's Disease Consortium (EADC) and Alzheimer's Disease Neuroimaging
Initiative (ADNI) centers developed the Harmonized Protocol (HarP) for hippocampus

segmentation to account for this heterogeneity.!®! The HarP has demonstrated high inter- and intra-

162 163

rater reliability *~ even when utilized by inexperienced but compliant tracers.

In this work, whole-hippocampus was segmented according to the HarP on native mean
DWIs and separately retraced on echo-summed T2-weighted images acquired along the long axis
of the hippocampus. Since this protocol was developed for standard T1-weighted MPRAGE
acquired along the anterior and posterior commissures line, Durvery hippocampus atlas was used
as a complementary guide.’!

0'®* as it provided 3D visualization of the

Segmentation was performed in ITK-SNAP v3.6.
ROI (a requirement in the HarP) to better guide the procedure (Figure 2.6; refer to Appendix A for
a complete example of a segmented hippocampus). Hippocampi were segmented in two sequential
stages: 1- initial tracing of the hippocampus on the coronal slices, 2- confirmation/modification of
the ROIs using all planes (e.g. coronal, axial, sagittal, 3D reconstructed structure). The
segmentation started on the middle coronal section of the hippocampus body where a clear view

of the dentate gyrus and cornu ammonis (the interlocking “C” relation) could be achieved. The

ROIs were then drawn anteriorly and posteriorly with special attention to exclude CSF on the
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dorsal boundary. The most rostral slice was defined as the first tissue (e.g. either alveus/fimbria or
gray matter tissue; depending on whichever could be visualized) underneath the amygdala. Sagittal
and axial slices were particularly useful in separating the amygdala (on the anterior and lateral
sides of the hippocampus) from the hippocampus. On axial mean DWIs, the amygdala often
appeared as a round gray matter structure with small CSF pockets separating the hippocampus
head and amygdala—visualization of the amygdala was more difficult on echo-summed T2
images. The most caudal slice was determined on the coronal section as the last gray matter
structure seen inferomedially to the lateral ventricle. Another anatomical landmark on mean DWIs
(and to a lesser extent on T2 images) was the SLM which appeared as a dark band along the length
of the hippocampus. While these landmarks were sufficient in most cases, visualization of the
hippocampus anatomy was sometimes difficult on most rostral or caudal sections—particularly in
HS TLE patients with marked atrophy/loss of internal structure/SLM. In such cases, other available
scans such as high-resolution (0.5 x 0.5 x 1 mm?®) coronal T2-weighted scans were used to guide

the segmentation.
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A. Control
IAVAE] Coronal 3D rendering

Figure 2.6. Examples of the hippocampus ROIs in a (A) control and (B) unilateral HS patient. The
middle coronal section is approximately the first slice on which the ROIs were drawn. The 3D
rendering view shown in the right column provides a guide to the protocol (e.g. making sure the
gross hippocampal ‘seahorse’ shape is maintained).

2.7 Curved Multiplanar Reformatting

Curved multiplanar reformatting (CMPR) is a post-processing technique that can improve
visualization of complex tubular three-dimensional structures such as blood vessels and trachea.'®®
In the CMPR process, the conventional cross-sectional planes (e.g. axial, coronal, sagittal) are
modified (e.g. tilted) with respect to the anatomy of the structure to establish the best visualization
of the region of interest. As discussed in 1.1.1, the hippocampus is a complex tubular structure.

Visualization of the hippocampus head and tail using MRI is particularly challenging due to its
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curvatures at the junctions of body-head and body-tail. However, recall that the interlocking C
relation between dentate gyrus and cornu ammonis remains consistent throughout the length of the
hippocampus regardless of this arc. As demonstrated before,?? applying CMPR to the hippocampus
can maintain the characteristic interlocking C relation across the entire length of the hippocampus.

In this work, CMPR was used to facilitate a comparison between MRI and histology
results. Post-surgical histology specimens were consistently obtained from the hippocampal head-
body junction. The histology specimens were sectioned in the coronal plane to allow the
neuropathologist to assess the degree of neuron loss and gliosis in CA1 and CA4 subfields.
However, the “coronal” MRI slices from the head-body junction appear folded which limits the
detection of hippocampal subfields CA1 and CA4 (Figure 2.7A). CMPR allows for reconstruction
of the MRI slices transverse to the long axis of the hippocampus to enable visualization of CA1
(localized on the lateral aspect) and CA4 (localized on in the mesial regions) subregions. CMPR
was performed in 3D Slicer v4.11' using the Reformat Module. The coronal plane was manually
adjusted obliquely at the head-body hippocampal junction to maintain a tangential orientation with
respect to the hippocampus curve and to achieve the best representation of the “interlocking C”

relationship between the cornu ammonis and dentate gyrus (Figure 2.7B).

Figure 2.7 (A) Poor representation of cornu ammonis and dentate gyrus on a hippocampal coronal
section at the head-body junction. (B) CA1 (lateral regions) and CA4 (mesial regions) are easily
identified when the angle of the coronal plane is tilted with respect to the hippocampal curvature.
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3. Longitudinal Hippocampal Diffusion-Weighted Imaging
and T2 Relaxometry Demonstrate Regional Abnormalities
Which are Stable and Predict Subfield Pathology in
Temporal Lobe Epilepsy!

3.1 Introduction

Temporal lobe epilepsy (TLE) is the most common form of focal epilepsy. While only 20% of
TLE patients respond to medications,’ anterior temporal lobe resection including the hippocampus
can provide seizure freedom with resultant improvements in quality of life. However, long-term
surgical outcome studies demonstrate that approximately 50% of patients experience seizure
recurrence.* Finding more accurate predictors of surgical success pre-operatively is imperative to
advance treatment options and improve outcomes in TLE patients.

Hippocampal sclerosis (HS) is the most common underlying etiology in drug-resistant
TLE?* % and is categorized into three subtypes based on histological assessment of neuronal loss
and gliosis of hippocampal subfields.> ** The International League Against Epilepsy (ILAE) HS
subtypes include: Type 1 HS with neuronal loss in CA1 and CA4, Type 2 HS with prominent
neuronal loss in CA1 and Type 3 HS with prominent neuronal loss in CA4.% Notably, post-surgical

success has been demonstrated to correlate with HS subtypes.> & 7 167170 Since HS subtype is

! Chapter has been submitted for publication elsewhere, Adel SAA, Treit S, Abd Wahab W, Little G, Schmitt L,
Wilman AH, Beaulieu C, Gross DW. “Longitudinal Hippocampal Diffusion-Weighted Imaging and T2 Relaxometry
Demonstrate Regional Abnormalities Which Are Stable and Predict Subfield Pathology in Temporal Lobe Epilepsy”
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5,167, 168

currently diagnosed on surgical histology, it has not been possible to use this information

to improve the prediction of surgical outcomes prospectively prior to surgery.”’ 167> 168,170
While conventional clinical magnetic resonance imaging (MRI) can reliably detect HS

) 6, 171
2

(volume loss and elevated T2-weighted signal it has not been possible to diagnose HS

subtypes using standard in-vivo MRI.*% ?° Diffusion tensor imaging (DTI) indirectly evaluates

brain microstructure'3® 172

and has demonstrated elevated mean diffusivity (MD) in the ipsilateral
hippocampus of TLE patients with HS,36 891173 correlating with lower pyramidal neuron density
in CA4/dentate gyrus (DG).%! Given the low spatial resolution of most research DTI acquisitions

designed for whole-brain (e.g. 2 mm isotropic; 8 mm?

voxel volumes), it has been difficult to
evaluate diffusion changes in hippocampal subregions. Recently, high-resolution (1 mm isotropic)
DTI of the human hippocampus using a clinically relevant protocol (~6 minutes at 3T)'*® has
shown focal diffusion abnormalities of the hippocampus pre-surgery that agreed with subfield
neuron loss in post-surgical histology in a pilot sample of 4 TLE patients.”* However, to
characterize and validate TLE diffusion findings using high-resolution DTI, a larger sample size
of patients with post-surgical histology is required. Increased quantitative T2 relaxation time has
also been shown to correlate with neuronal loss in CA1 and CA3,'"” gliosis in DG'® and granule

cell dispersion.!''®

Whether diffusion and T2 MRI provide complementary data regarding
underlying structural abnormalities in the TLE hippocampus is not known.

It is also unclear whether hippocampal volume, quantitative T2 and diffusion subfield
abnormalities persist or worsen in TLE and what the impact of temporal lobe surgery is on the
contralateral hippocampus. Some previous longitudinal MRI studies have suggested progressive

71,72,150

atrophy of the sclerotic hippocampus as well as post-operative reduction in volume and an

increase in MD of contralateral non-resected hippocampus.®* 8- 1% However, these findings are
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not supported by other MRI and histological studies®? 127> 128 151

which suggest limited change over
time in the hippocampus. Thus, more studies with a longitudinal design are needed to explore these
inconsistencies and to improve understanding of structural changes following epilepsy surgery.
The current longitudinal imaging study of 19 patients and 19 healthy controls acquired
high-resolution 1 mm isotropic DTI and 1.1 x 1.1 x 1 mm? quantitative T2 to assess whole and
focal MRI changes of the ipsilateral and contralateral hippocampus over ~2.6 years in TLE patients
(8 of whom had hippocampal resection). To provide insight into focal diffusion abnormalities, the
location of pre-operative MD abnormalities of the hippocampus was compared to focal T2

abnormalities and areas identified as abnormal (e.g. containing neuron loss) in subfield

histopathology following surgery.

3.2 Methods
3.2.1 Participants/Study Demographics

This study included 19 controls (mean age 44+13 years; 18-70 years; 10 females) and 19 patients
with TLE (mean age 43+13 years; 18-71 years; 9 females). Of this cohort, 12 patients and 10
controls were recruited from our previous cross-sectional study.’* All controls were recruited
through advertising and had no self-reported history of epilepsy, neurological and psychiatric
illnesses, or contraindications to MRI. TLE Patients were referred by the neurologists at the
University of Alberta Hospital Epilepsy Clinic based on ictal semiology, ictal and interictal EEG
and MRI being consistent with a diagnosis of TLE. All subjects provided written informed consent
prior to participation. This study was approved by the Health Research Ethics Board at the
University of Alberta.

Patients with TLE were subdivided into unilateral HS (n=11), bilateral HS (n=2) and non-HS

(n=6) based on qualitative review of the clinical MRI by a neuroradiologist (Table 3.1). Non-HS
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patients showed no evidence of hippocampal atrophy, loss of internal hippocampal architecture or
other structural abnormalities, except for one patient who had a low grade ganglioglioma

(diagnosed on histopathology) with normal hippocampi on MRI (and no evidence of hippocampal

pathology on surgical histology).
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Table 3.1. Characteristics and demographics of 19 TLE patients

v kA W

10

11

12

13

14

15

16

17

18
19

HS

Classification

(clinical

MRI)

Non-HS
Non-HS
Non-HS
Non-HS
Non-HS

Non-HS

Unilateral —
Right
Unilateral —
Right
Unilateral —
Left
Unilateral —
Left
Unilateral —
Left
Unilateral —
Left
Unilateral —
Left
Unilateral —
Right
Unilateral —
Right
Unilateral —
Left
Unilateral —
Left
Bilateral

Bilateral

Sex

Male
Male
Male
Male
Male

Female

Male

Female

Female

Male

Female

Female

Male

Female

Female

Female

Male

Male

Female

Age at

scan 1

(years)
47
51
53
34
29

18

44

39

19

28

54

47

43

47

71

44

49

59
36

Scan
gap
(years)
2.5
2.5
3.5
2.4
2.3

4.0

39

2.0

1.4

1.7

24

2.7

44

29

2.7

1.0

24

2.6
24

onset

Age of

seizure

rs)

18
45
51
28
18

28

37

27

33

18

44

5
0.7

Disease
duration

(years)
29
6
2.0
6
11

1.0

42

37

53

37

54
35

Results

Bilateral
Right
Right

Left
Left

Right

Right

Right

Left

Left

Left

Left

Left

Right

Right

Left

Left

Bilateral

Bilateral

Telemetry  Surgery

Type

n/a
n/a
n/a
n/a

n/a

Right
ATL

Right
ATL
Right
SAH
Left
ATL
Left
ATL
Left
ATL
Left
ATL
Left
SAH

n/a

n/a

n/a

n/a

n/a

Gap

surgery

— Scan

2

(years)
n/a

n/a
n/a
n/a

n/a

4.0

2.5

2.0

1.4

1.1

1.6

2.7

3.1

n/a

n/a

n/a

n/a

Pathology

n/a
n/a
n/a
n/a
n/a
Non-HS
(Glioma

grade 1)

Type 1 HS

Type 2 HS

Type 2 HS

Type 2 HS

Type 2 HS

Type 2 HS

Type 2 HS

n/a

n/a

n/a

n/a

n/a

n/a

Engel

Outcome?

n/a
n/a
n/a
n/a

n/a

1A

ID

IIA

1A

n/a

n/a

n/a

n/a

n/a

n/a

2Engel outcomes for eight surgical patients were determined within four months of their post-operative scans.
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3.2.2 Image Acquisition

All 38 subjects underwent two research MRI scans with an inter-scan gap of 2.6+0.8 years (1-4.4
years) for TLE patients and 2.7+0.8 years (1-4 years) for controls. Eight out of 19 TLE patients
(seven unilateral HS and one non-HS patient with ganglioglioma) had hippocampal resection
surgery at 6.6£7.5 months (1 day-18 months) after scan 1 and then had a follow-up scan at 2.3+1.0
years (1-4 years) after their surgery.

All MRI images were acquired on a Siemens Prisma 3T as per Treit et al.'* Diffusion images
were acquired with single-shot 2D EPI (GRAPPA R2; 6/8 PPF; A/P phase encode), FOV 220 x
216 mm?, matrix 220 x 216, 20 slices at 1 x 1 x I mm? resolution with no interpolation, TE 72 ms,
TR 2800 ms, b 500 s/mm?, 10 averages of 10 gradient directions and 10 bOs in 5:18 minutes. The
slices were manually aligned along the long axis of the hippocampus using a whole-brain 3D T1-
weighted MPRAGE for reference (0.85 mm? isotropic; 3:39 minutes). A subset of 16 TLE patients
and 9 controls also underwent T2 multi-echo spin echo relaxometry scans with 20 slices, 16
echoes, TE 10.7-171.2 ms, 10 ms inter-echo spacing, TR 3560 ms, 1.1 x 1.1 x 1 mm?, 5:47 minutes.
T2 relaxometry scans were acquired along the long axis of the hippocampus (in the same plane as
the diffusion acquisition).

Gibbs-ringing, eddy current and motion corrections, and tensor parameter estimations were
performed in ExploreDTI v4.8.6 to obtain mean diffusion-weighted image (DWI), MD and FA
maps. Quantitative T2 maps from multi-echo spin echo acquisition were computed using a hybrid
model of extended phase graph (EPG)-based indirect and stimulated echo compensation'>® with

Shinnar-Le Roux approximation of slice profiles.'>’

3.2.3 Hippocampus Segmentation
Whole-hippocampi were manually segmented on mean DWIs in native space using ITK-snap

v3.6.0'%* by a single user (author SAA), blinded to subject group and longitudinal scan number.
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Similarly, hippocampi were traced again by author SAA on echo-summed T2-weighted images.
The segmentation protocol followed the guidelines outlined in Alzheimer's Disease Neuroimaging
Initiative Harmonized Protocol,'®? including the fimbria/alveus in the procedure but excluding the
subiculum. To exclude cerebrospinal fluid (CSF)-containing voxels, an MD threshold of
1.5 x 107> mm?/s and T2 threshold of 150 ms (determined based on the lower range of MD and T2
in lateral ventricles) were applied. The volume, MD, FA and T2 were obtained for the whole-
hippocampus. The intra-rater dice coefficient (DC) for author SAA was 0.93+0.01 and intraclass
correlation coefficient (ICC) for hippocampus volume was 0.98 (0.96-0.99 CI) as measured in 12
subjects (six controls and six TLE) randomly chosen from the sample. Inter-rater reliability
between two authors (SAA and ST) showed strong DC (0.83+0.03) and ICC (0.91, 0.64-0.97 CI)

scores in the same 12 subjects (Table 3.2).

Table 3.2. Hippocampus manual segmentation intra- and inter-rater reliability.

Reliability Groups DICE (SD) ICC (C))
Intra-rater Control (n=6) 0.94 (0.02) 0.94 (0.70-0.99)
TLE (n=6) 0.93 (0.01) 0.98 (0.87-0.99)
Total (n=12) 0.93 (0.01) 0.98 (0.96-0.99)
Inter-rater Control (n=6) 0.85 (0.02) 0.80 (0.64-0.96)
(2 raters) TLE (n=6) 0.82 (0.04) 0.90 (0.71-0.98)
Total (n=12) 0.83 (0.04) 0.91 (0.64-0.97)
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3.2.4 Registration

To directly compare hippocampal regional changes between the scans, longitudinal mean DWIs
for each subject were co-registered using FSL/FLIRT v6.0.!7* Prior to co-registration, 3D Slicer
v4.11'6 was used to extract a box region around the hippocampus as a new extracted mean DWI
volume given the need to exclude the surgical resection cavity in surgical patients, as this area
would significantly disrupt the registration algorithm (Figure 3.1). For consistency, this method
was applied to all subjects (including non-surgical subjects) and the same transformation was
applied to MD using trilinear interpolation. The same method was applied on echo-summed T2-

weighted images to co-register longitudinal T2 maps.

A. Control - Scan 1 Slice 10 B. Non-HS - Scan 1 Slice 10 C. Unilateral HS- Scan 1 Slice 10

4.9 i F_1 - ALk I8}
Scan 2 +2.4 years Scan 2 +2.3 years Scan 2 +2.7 years
Not Co-registered Slice 10 Not Co-registered Slice 10 Not Co-registered Slice 10

J‘:;

. '\-.1. ’
L - N
r i b7 ' |

Scan 2 Co-registered Slice 10 Scan 2 Co-registered Slice 10

b
'} |
n >

| S

Figure 3.1 Longitudinal co-registration of processed mean diffusion-weighted images (b = 500
s/mm?) resulted in correspondence of the two scans in a representative (A) control, (B) non-HS
and (C) right unilateral HS participant.
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3.2.5 Identification of Focal MD and T2 Abnormalities

To characterize focal MD abnormalities at scan 1, a MD threshold of 1.1 x 107 mm?/s was applied,
representing two standard deviations (SD) above mean MD (0.78+0.17 x 107> mm?/s) of 19
controls (38 hippocampi). Similarly, regional T2 abnormalities were defined as voxels above a T2
threshold value of 95 ms (2 SD above the control mean, 71+12 ms) measured in 9 controls (18
hippocampi). This identified the location and extent (expressed as percent of the hippocampus

volume with abnormal voxels) of hippocampal MD and T2 elevations.

3.2.6 Regional MD Changes Between the Scans

To characterize the expected range of inter-scan variability in regional MD maps, a reliability
analysis was performed by scanning six healthy subjects (mean age 30+4.9 years; 22-35 years; 3
females) two or three times each over a period of 6+3.8 days (1-17 days) using the high-resolution
DTI protocol. This allowed for an estimation of the scan-rescan reliability and the level of noise
(e.g. processing and registration variability, etc.) in closely spaced serial scans. Difference MD
maps were created by subtracting co-registered hippocampal MD maps for each subject. Voxel-
by-voxel MD subtraction maps of the six healthy subjects demonstrated a small mean range of -

0.06 x 10 to +0.05 x 10~ mm?/s between the serial scans.

3.2.7 Statistical Analysis
Statistical tests were performed in SPSS v28 (SPSS Corp, 2021) and Prism (GraphPad Software,

2021). Two independent repeated-measures ANOVA (RM-ANOVA) designs were prepared with
scans 1 and 2 as repeated factors, hippocampal MRI measures (volume, MD, FA, T2) as dependent
variables and inter-scan interval as a covariate. The first RM-ANOVA assessed the trajectories of
MRI measures in the controls (bilateral hippocampi of 19 healthy subjects, n=38), non-HS
(contralateral hippocampus of 11 unilateral HS and 11 hippocampi of six non-HS TLE patients
(one hippocampus was surgically removed); n=22) and HS (ipsilateral hippocampus of four
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unilateral HS without surgery and hippocampi of two bilateral HS TLE patients; n=8) (Figure
3.2A). The second RM-ANOVA compared the contralateral hippocampus of TLE patients with
and without surgery (Figure 3.2B). One non-HS and both bilateral HS patients were excluded due
to demonstration of independent bilateral seizure onset during inpatient EEG-video telemetry
(Table 3.1). The groups included surgery (contralateral hippocampus of seven unilateral HS and
one non-HS patients; n=8) and non-surgery (contralateral hippocampus of four unilateral HS who
did not undergo resection and four non-HS patients; n=8). T2 was available in a subset with group
numbers shown in Figure 3.2 . Pairwise comparisons adjusted with a Sidak correction for multiple
comparisons were conducted for RM-ANOVAs with significant omnibus effect. Whole-
hippocampus measures were plotted against scan number, mean control measurements and two
SD boundaries to assess individual longitudinal changes. Pearson’s correlations tested the
relationship between whole-hippocampus volume, MD, FA, and T2 with age of seizure onset and

disease duration.
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(A) Analysis 1: Longitudinal (B) Analysis 2: Effect of Surgery
19 TLE 11 Non-Surgical 8 Surgery Patients:
Patients 19 _Controls:_ Patients: 5 Non-HS, 4 1 Non-HS, 7
(16 with T2 38 hippocampi Unilateral, 2 Bilateral Unilateral
data) (9 with T2: 18 (9 patients with T2: 5 (7 Surgery Patients
. hippocampi) non-HS, 3 unilateral, 1 with T2: 1 Non-HS, 6
( \ 13 HS Patients: 11 bilateral) Unilateral)
6 Non-HS unilateral, 2 bilateral | non-HS
Patients (10 patients with T2 data: and bilateral
9 unilateral, 1 bilateral) 8 Non-surgical patients 8 Surgery
[—I—] Contralateral excluded® contralateral
4 ™ Hippocampi Hippocampi
11 Non-HS 8 HS . .
. . . . 7 with T2 dat: 7 with T2 dat:
11 Non-HS Hippocampi Hippocampi® (7w ata) (7 wi ata)
Hippocampi? (9 with T2 (5 with T2
\ Y, data) data)
I—|—I | TLE - Surgery TLE + Surgery
[ Non-HS | HS Group Control Group Group
Group n=22 n=8 Group n=38 '}zs n=7
(20 for T2 (5 for T2 (18 for T2 (7 for T2 (7 for T2
\_ analysis) ) analysis) analysis) \ analysis) \ analysis) /

Figure 3.2 Flow chart of the hippocampus groups selected for the repeated-measures ANOVA to
assess trajectories of volume, MD, FA and quantitative T2. (A) Analysis 1 was conducted to assess
trajectories of volume, MD, FA and T2 in the control, non-HS and sclerotic hippocampi. (B)
Analysis 2 assessed the effect of surgery on the contralateral hippocampus of HS and non-HS
patients. *One non-HS patient and seven of 11 unilateral HS patients underwent surgical removal
of the ipsilateral hippocampus following their first scan and therefore longitudinal analysis could
not be performed on the resected hippocampi. °One non-HS and bilateral HS patients were
excluded due to demonstration of independent bilateral seizure onset during inpatient EEG-video
telemetry.

3.2.8 Histology

Histological samples of the hippocampus were available for eight TLE patients who underwent
surgical resection of the anterior temporal lobe and had pre- and post-operative scans. While the
exact location of the histology sample taken from the hippocampus could not be determined, based
on the standard surgical procedure used by the neurosurgeon, the histology sample was
consistently taken from the posterior head and anterior body of the hippocampus. The histological
tissues were analyzed by a neuropathologist (LS) blinded to the clinical information. Neuronal
nuclei (NeuN) stain was used as a marker of neuronal loss. The HS subtypes were assigned based

on the degree of neuronal loss in CA1 and CA4 subfields as per ILAE criteria®.
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As the pathological specimens were obtained at the hippocampal head-body junction, the
comparison to MD and T2 abnormalities was also focused on this region. Based on anatomical
knowledge, it was assumed that the CA 1 subfield is located in the lateral aspect of the hippocampus
and that the CA4 subfield is located in the mesial hippocampus.?!' To facilitate the analysis of CA1
and CA4 at the head-body junction, where the hippocampus curves mesially, 3D Slicer was used
to manually perform curved multiplanar reformatting on mean DWI and echo-summed T2-
weighted images.?? This enabled reconstruction of diffusion and T2 slices transverse to the long
axis of the hippocampus and allowed identification of CA1 and CA4 with normal or elevated MD
and T2 (Figure 3.8). Sensitivity, specificity, positive predictive value (PPV) and negative
predictive value (NPV) of MD and T2 to identify subfield pathology were independently
determined. False negatives were defined as subfields with histological diagnosis of neuron loss
and normal MD and T2. False positives were defined as subfields without neuron loss and

abnormally elevated MD and T2.

3.3 Results

3.3.1 Whole-hippocampus MRI Measures Remain Stable
There was a significant effect of group (control, non-HS, HS) on volume (F(2) =32.1, P <0.001),

MD (F(2)=84.2,P <0.001), FA (F(2)=11.7,P <0.001) and T2 (F(2)=27.2, P <0.001). Post-hoc
tests revealed significantly lower volume (by 46%, P < 0.001), higher MD (by 23%, P < 0.001),
lower FA (by 15%, P <0.001) and higher T2 (by 19%, P <0.001) in the HS hippocampi compared
to the control (Figure 3.3). The control and non-HS hippocampi did not significantly differ in any
of the MRI measures (Table 3.3). There were no statistically significant differences in hippocampal
volumes, MD, and T2 between scan 1 and 2 for any groups. There was a significant interaction

effect between the groups and repeat scans for hippocampal FA (F(2) = 3.49, P = 0.038). Post-hoc
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analysis showed that hippocampal FA in the HS group at scan 2 was significantly higher (by ~8-
20%, P =0.022) compared to scan 1 (Table 3.3). There were no significant correlations between

MRI measures of sclerotic hippocampi with either age of seizure onset or disease duration at either

scan.
(A) (B)
4.0 1.2
- 1.1
— J w
mE 3.0 -
Q E 1.0
S 2.54 E
] ©
£ o 09
=] 2.0 -
° x
> | a 08
1.5 =
1.0] o3
0.5~ ; ; ; ; ; 0.6
Scan1 Scan2 Scan1 Scan2 Scan1 Scan 2 Scan1 Scan2 Scan1 Scan2 Scan1 Scan2
(C) (D)
0.45 100,
0.40 90
0.35 N n
7S 80
< S f,
0.30 Z ] = — %%é
70 ==
— . ) L
0.25
60
0.20 . - - v - v
Scan1 Scan2 Scan1 Scan2 Scan1 Scan2 Scan1 Scan2 Scan1 Scan2 Scan1 Scan2
— Control —— Non-HS HS

Figure 3.3 Within-individual longitudinal changes of (A) volume, (B) MD, (C) FA and (D) T2 for
whole-hippocampi of all subjects across two scans ~2.6 years apart plotted against mean control
(solid line) and 2 SD (dotted lines) at both scans. Volume, MD, FA and T2 of non-HS group
generally remained within 2 SD of the mean control values at both scans. The HS group
demonstrated lower volume in 6/8, higher MD in 7/8, lower FA in 4/8 and higher T2 in 4/5 (scan
1) compared to the control group. The volume, MD and T2 differences remained consistent
between the scans. FA increased by 8-20% in 5/8 HS hippocampi, but was still lower than 2 SD
of controls in 3/8 patients.
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Table 3.3. Whole-hippocampus MRI measures and quantification of thresholded MRI
abnormalities of the sclerotic hippocampi.

Whole-Hippocampus MRI Measure (mean £ SD) Thresholded MRI
Abnormalities
Analysis 1 Analysis 2
(mean £ SD)
Group Control Non-HS HS(n=8) TLE — Surgery ~ TLE + Surgery HS (n=1 S)b
(n=38) (n=22) (n=8) (n=8)
Scan 1 2 1 2 1 2 1 2 1 2 1
Volume 2.7 2.6 2.5 24 1.4 1.4 2.5 2.5 24 2.5 0.3
3
€m) 04 £04 03 404 06" 406" 404 05 404 03 £0.3
MD (x10-3 077 077 077  0.77 0.95 0.94 0.77 0.77 0.78 0.76 1.22
2
mm /s)  +0.03 +0.02 £0.03 £0.02 +0.08"° +£0.08" +£0.03 £0.01 *0.02 *0.02 +0.02
FA 032 032 032 032 0.26 0.28 0.32 0.31 0.32 0.33 0.24
£0.03 +0.02 +0.03 £0.03 =+0.03" =+0.03"f +0.03 +0.02 +0.02 =+0.03 +0.02
T (ms)” 70 70 72 72 84 83 72 71 72 71 107
+3 +2 +£2 +£2 +9" 9" +2 +2 +2 +3 £2

T2 relaxometry data was available in a subset of 16 patients and 9 controls with hippocampus group sizes of n control = 18, 11 Non-Hs
=20,nus=5,n TLE-surgery = 7, 1l TLE+surgery = /.

®This analysis pooled sclerotic hippocampi (n=15) of all HS patients (11 unilateral and 2 bilateral HS patients) at scan 1
*Significant difference (p<0.05) from controls based on pairwise comparisons at each scan from repeated-measures ANOVA
fSignificant difference (p<0.05) from scan 1 for each group based on pairwise comparisons from repeated-measures ANOVA

3.3.2 Heterogeneous Regional MD Abnormalities of the Sclerotic

Hippocampus Persist Over Time

High-resolution DTI demonstrated substantial heterogeneity of MD values within hippocampal
subregions for HS patients (Figure 3.4). Hippocampi of non-HS patients (Figure 3.4B, E) showed
comparable MD (~0.8 x 10> mm?/s) to the controls (Figure 3.4A) whereas sclerotic hippocampi
in HS patients showed “hotspots” with regional elevations of MD (>1.1 x 10~ mm?/s shown in
orange and red in Figure 3.4C, D, F-H).

To identify regions of abnormally high MD at scan 1, a threshold value of 1.1 x 10~ mm?/s (2
SD above mean control) was applied while excluding voxels attributed to CSF. The percent of
voxels with MD above this threshold was minimal in the controls (mean 5+2% of voxels, range 1-
9%) and non-HS groups (mean 4+1%, range 1-7%). Conversely, 22+17% (range 4-59%) of

69



sclerotic hippocampi volume contained voxels with elevated MD (Figure 3.5). MD elevations were
diffuse along the long axis of the hippocampus (e.g. Figure 3.4C, D-left hippocampus) in 8/15
sclerotic hippocampi, predominantly localized to the head (e.g. Figure 3.4D-right hippocampus,
G, H) in 5/15 sclerotic hippocampi, and were not evident in 2/15 sclerotic hippocampi. MD
elevations were localized to the lateral regions in four hippocampi which was suggestive of Type
2 HS (CA1 abnormalities; e.g. Figure 3.4G, H) and localized to both lateral and mesial regions in
nine hippocampi which was suggestive of Type 1 HS (CAl and CA4 abnormalities; e.g. Figure
3.4C, D, F).

Longitudinal analysis of repeated scans indicated that regional MD abnormalities were
consistent over time. MD subtraction maps (scan 2 — scan 1) for TLE patients and control subjects
fell in the expected range of scan-rescan noise as determined in six healthy subjects with closely
spaced serial scans. This provided quantitative evidence that there is little to no regional
hippocampal MD change between the two scans in healthy controls and TLE patients over ~2.6

year.
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Figure 3.4 The top panel demonstrates longitudinal co-registered MD maps of the hippocampi from a representative
(A) control (28 years old), (B) non-HS, (C) right unilateral HS TLE, and (D) bilateral HS TLE. Regional MD maps
demonstrate excellent spatial correspondence between longitudinal scans ~2.6 years apart. The non-HS hippocampi
(B) are comparable to the control (mostly green 0.8 x 10~ mm?/s) and remain unchanged between the two scans. The
ipsilateral hippocampus (indicated by *) of (C) and sclerotic hippocampi of (D) show widespread elevated MD (above
1.1 x 107 mm?/s) throughout the entire hippocampus that remain consistent between the scans. The contralateral
hippocampus in (C) shows a focal increase of MD within the hippocampus head which remains consistent between
the scans. The bottom panel demonstrates longitudinal MD maps of four representative (E-H) surgical patients. The
MD of the contralateral hippocampus in all examples remains consistent and unchanged between the scans. Non-
lesional patient (E) shows hippocampal MD within the control range. Regions of elevated MD are present in the
ipsilateral hippocampus (*) of (F-H) and contralateral hippocampus of (H). Note that the maps are not scaled to size
between patients, but are scaled the same left/right.
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Figure 3.5 (A) Percent hippocampus volume with MD elevations (above 1.1 x 10~ mm?/s or 2 SD
above the controls) and high T2 (above 95 ms or 2 SD above the controls) in control, non-HS and
HS groups at scan 1. Recall that all voxels attributed to CSF (above 1.5 x 10~ mm?/s) were not
counted. While the control and non-HS groups showed a small percentage of regions with elevated
MD and T2, sclerotic hippocampi showed ~22% MD and ~13% T2 elevated regions. (B) The
percent hippocampus volume of elevated MD and T2 of the sclerotic hippocampi correlated
linearly with each other in 12 TLE patients at scan 1, although the volume on MD was greater than
the volume of T2 per patient.

3.3.3 Regional T2 Relaxometry Increases Correspond to Regions with
Elevated MD

Quantitative T2 maps from multi-echo relaxometry were acquired in 16 TLE patients and 9
controls. The percent of hippocampal voxels with regions of abnormally high T2 (>95 ms or above
2 SD of mean controls while also excluding CSF-containing voxels) at scan 1 was 2+1% (range 1-
4%) in control, 3+1% (range 2-5%) in non-HS and 14+12% (range 3-44%) in HS (Figure 3.5).
Regions of elevated T2 were diffuse along the long axis of the hippocampus in 4/12 sclerotic
hippocampi (e.g. Figure 3.6C), regional and predominately localized on the head in 6/12 sclerotic

hippocampi (e.g. Figure 3.6B), and were not evident in 2/12 sclerotic hippocampi. T2 elevations
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were localized to the lateral regions of two hippocampi (suggestive of Type 2 HS), to the mesial
regions of one hippocampus (suggestive of Type 3 HS) and to both lateral and mesial regions in
seven hippocampi (suggestive of Type 1 HS; e.g. Figure 3.6B, C).

Regions of elevated hippocampal T2 demonstrated excellent spatial overlap with regions of
high MD (Figure 3.6). While the extent of MD elevated regions (~22%) was larger than T2
elevated regions (~14%), there was a significant correlation (R = 0.962, P < 0.001) between

percent hippocampal regions with high MD and T2 in sclerotic hippocampi (Figure 3.5).
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Figure 3.6 Regional MD and T2 maps of the hippocampus in a representative (A) control (32
years old) and two unilateral HS patients. Regions of elevated T2 (above 95 ms) were present in
the ipsilateral (indicated by *) hippocampus of (B) and (C) and contralateral head of hippocampus
of (B). These elevated T2 regions overlapped with regions of high MD and remained consistent
between the longitudinal scans. Note that the maps are not scaled to size between patients, but are
scaled the same left/right.

3.3.4 Focal Regions of Elevated MD and T2 in Contralateral Hippocampus
While whole-hippocampal MD and T2 of non-HS hippocampi did not differ from the controls,

focal regions of elevated MD were detected in 4/11 contralateral hippocampi of unilateral HS
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patients (e.g. Figure 3.4H). Regions of elevated T2 were also detected in the contralateral
hippocampi of the same four patients (Figure 3.6B). In all cases, regional elevations of MD and

T2 were localized to the mesial hippocampal head (suggesting CA4 abnormalities).

3.3.5 MRI and Histological Assessment of Surgical Patients

Surgery did not result in a significant difference for volume, MD, FA and T2 in the contralateral
whole-hippocampus 2.3+1.0 years after surgery (Figure 3.7). MD subtraction maps of the
contralateral hippocampus in eight surgical patients showed little to no change between the two
scans (not shown).

Subject 6 had a brain tumour with no evidence of HS on clinical MRI and the histology showed
normal neuron density in CA1 and CA4 (Figure 3.8A). All seven surgical patients with evidence
of HS on clinical MRI had HS confirmed with surgical pathology (one subject with Type 1 HS

and six subjects with Type 2 HS; Figure 3.8B, C).
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Figure 3.7 Within-individual longitudinal changes in (A) volume, (B) MD, (C) FA and (D) T2 of
the contralateral hippocampus for the TLE groups without and with surgical transection of the
other hippocampus ~2.6 years after scan 1 or surgery. There were no consistent changes in any
parameters for either group between the two scans.
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Figure 3.8 Comparison of pre-surgical MD (superimposed on mean DWI) and quantitative T2
maps (superimposed on echo-summed T2-weighted images) with NeuN (marker of neuronal loss)
histology of 3 subjects who underwent surgical resection of the hippocampus. The HS subtypes
were assigned by the neuropathologist (coauthor LS) blinded to the clinical information. The
histology specimen analyzed was consistently obtained from the posterior head and anterior body
of the hippocampus (where the red lines were manually oriented to reconstruct the coronal MRI
slices). (A) Non-lesional hippocampus showing typical MD and T2 values (mostly green) and
normal neuronal density (dark brown). (B) Type 1 HS with elevated MD and T2 (orange and red)
in both CA1 and CA4 regions agreeing with Type 1 HS diagnosis. (C) Type 2 HS (neuronal loss
in CA1) with MD and T2 elevations in only CA1. (§) denotes the subject reported in our previous
study®®.

3.3.6 Pre-surgical Regional Elevated MD and T2 Correspond with NeuN Loss
on Post-Surgical Histology

Based on the pathologist’s assessment of post-surgical histology in eight surgical patients (16

subfields in total), 8/16 subfields were classified as normal (CA1 and CA4 in the tumour case and
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CAA4 for seven Type 2 hippocampi) and 8/16 subfields were classified as abnormal (CA1 and CA4
for Type 1 HS hippocampus, CA1 for seven Type 2 hippocampi).

Regional MD abnormalities (>1.1 x 10~ mm?/s) in the pre-surgical ipsilateral hippocampus
correctly identified 7/8 subfields with reduced neuronal density, demonstrating 88% sensitivity.
Likewise, 7/8 subfields with normal neuronal density had normal MD (~0.8 x 10~ mm?/s), yielding
88% specificity. Regional MD values were normal in 1/8 subfields with neuron loss (false
negative) and abnormally elevated in 1/8 subfield without neuron loss (false positive), yielding
88% PPV and 88% NPV. Regional T2 abnormalities (>95 ms) identified 6/8 subfields with neuron
loss, yielding 75% sensitivity and regions with normal T2 (~71 ms) identified 7/8 normal subfields,
yielding 88% specificity. Regional T2 values were normal in 2/8 subfields with neuron loss (false
negatives) and abnormally elevated in 1/8 subfields without neuron loss (false positive), yielding
86% PPV and 78% NPV. Overall, regional patterns of MD and T2 agreed with HS subtype

diagnosis in 6/8 and 5/8 surgical patients, respectively.

3.4 Discussion

Hippocampal sclerosis is the most common pathology in medically intractable TLE and the
presence of HS is associated with improved seizure free outcome with temporal lobe resection.®
19 However, HS is not homogeneous and has a tremendous amount of variability between patients
with respect to the extent of pathological changes within different hippocampal subregions® and

along the long axis of the hippocampus,* 17>

as well as the presence of pathology in the
hippocampus contralateral to the seizure focus.***® Given that approximately 50% of patients have
seizure recurrence following surgery on long-term follow up,* it is reasonable to hypothesize that

differences in surgical outcomes could be driven by this pathological heterogeneity. This

hypothesis is supported by the demonstration of differences in surgical outcomes for different HS
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subtypes.””> 167- 168. 170 These studies highlight the importance of developing noninvasive methods
to accurately detect subhippocampal pathological changes in-vivo as part of surgical planning.
While MRI has been demonstrated to detect HS with a high accuracy at the whole-hippocampal
level,® ! the ability to detect subhippocampal abnormalities with conventional MRI is limited.
High-resolution DTI (1 mm isotropic) has shown focal MD abnormalities of the hippocampus pre-
surgery that corresponded with subfield neuron loss in post-surgical histology in 4 TLE patients.**
In the current study we have expanded our observations to a larger cohort of 8 TLE patients with
post-surgical histology and included longitudinal analysis in order to gain further insights into the
underlying mechanisms responsible for regional changes in MD of the hippocampus.

Regional MD elevations were stable over the 2.6 year time period of the study and did not
change in the contralateral hippocampus of surgical patients, ~2.3 years after surgery. These
observations suggest that the regional MD changes are associated with structural abnormalities as
opposed to functional changes (such as fluid shifts) which could also result in elevation of MD.
Previous longitudinal hippocampal DTI studies post-surgery are limited. In contrast to our
findings, two surgical studies demonstrated changes in MD in the post-operative contralateral
hippocampus however with conflicting findings (one showing an increase in MD* and other
showing a decrease'®’). Differences in the timing of post-operative scans and the methodology (in
particular the spatial resolution of scans and looking at regional as opposed to whole-hippocampal
measures) could explain the conflicting findings.

Consistent with the pathological literature*6-3

we observed considerable heterogeneity in the
extent of MD abnormalities along the long axis of the hippocampus (Figure 3.4), within the lateral

and mesial hippocampus (suggestive of variability in pathological involvement of different

hippocampal subfields) as well as in the involvement of the contralateral hippocampus (e.g. Figure
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3.4H). Of note contralateral MD hippocampal abnormalities were not observed at a whole-
hippocampal level and were only seen regionally. When comparing pre-surgical regional MD
abnormalities to post-surgical histology, MD identified subfield neuron loss with excellent
sensitivity and specificity (e.g. Figure 3.8B and C).

While visual detection of increased T2-weighted signal can reliably identify HS in TLE

6,171

patients, quantification of T2 relaxation time can detect subtle hippocampal abnormalities with

higher accuracy.’” % However, T2 relaxometry studies have been limited by the low spatial

resolution of acquisitions and while recent studies’” 197 116

acquired T2 scans with high in-plane
resolutions (e.g. 0.43 x 0.43 mm?), these studies still acquired thick slices (4 mm or above) which
can result in missed lesions/abnormalities on a regional hippocampal level. Further, these studies
used a dual-echo sequence and did not account for stimulated echoes which leads to an
overestimation of T2 values.!’® 76 In our study, focal hippocampal T2 abnormalities were
demonstrated using a 16-echo T2 sequence with stimulated echo compensation and thin 1 mm
slices (1.21 mm?® voxel volume). These regional abnormalities strongly correlated with the MD
findings (Figure 3.6) and also had good sensitivity and excellent specificity in detecting subfield
pathology (Figure 3.8B, C). These observations suggest that MD and quantitative T2 provided
complementary information regarding hippocampal structural changes. Of interest the extent of
the focal abnormalities demonstrated with MD was 1.5x greater than T2 which is consistent with
our observation of MD having higher sensitivity than T2 in detecting hippocampal subfield
pathology.

In summary, our findings demonstrate that high resolution DTI and quantitative T2

relaxometry can demonstrate structural abnormalities associated with hippocampal sclerosis at a

subhippocampal level ipsilateral and contralateral to the seizure focus. While the cohort of patients

79



that underwent surgery was limited, both MD and T2 accurately predicted HS subtype. Both DTI
and T2 acquisitions were acquired at 3T in under 6 minutes making them clinically feasible,
potentially providing the opportunity to diagnose precise HS subtypes as well as subtle or regional
contralateral hippocampal abnormalities, which could also affect surgical outcomes,

preoperatively.
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4. Conclusions

The results of this thesis address the current inconsistency in the literature regarding longitudinal
changes of the hippocampus in TLE patients, with some studies showing progression of
hippocampal damage while others not supporting this notion. We demonstrated the first
longitudinal application of high-resolution (1 x 1 x 1 mm?®) diffusion MRI and (1.1 x 1.1 x 1 mm?)
T2 relaxometry at 3T in a cohort of TLE patients (eight of whom underwent surgery) to assess the
stability of focal diffusion and T2 changes in bilateral hippocampus over ~2.6 years. The results
show stability of MD and quantitative T2 abnormalities over the time period of the study and no
post-operative changes in the contralateral hippocampus of surgical patients. These results indicate
that the regional diffusion changes are likely associated with structural abnormalities as opposed
to functional changes which could also result in transient elevation of MD. Methodological
differences in MRI acquisitions (e.g. spatial resolution), hippocampal segmentation (e.g. exclusion
of the subiculum in the protocol) and the timing of the follow-up/post-operative scans could
explain the inconsistencies in the literature.

Our diffusion and T2 relaxometry acquisitions with greatly improved spatial resolution
compared to the previous studies allowed us to compare the location of pre-operative diffusion
abnormalities of the hippocampus with focal T2 abnormalities and post-surgical subfield
histopathology in HS patients. Focal regions of diffusion and T2 abnormalities were detected in
bilateral hippocampi of TLE patients with HS. These regions strongly correlated in terms of
localization and the extent of abnormality. These findings suggest that diffusion and quantitative
T2 provide complementary information regarding hippocampal structural changes. However,

compared to quantitative T2, MD was found to be a more sensitive predictor of post-surgical HS
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subtype (e.g. neuron loss assessed by NeuN stain). Both high-resolution diffusion and T2
acquisitions were acquired using a clinically feasible protocol (at 3T with each in under 6 minutes),
and allowed detection of heterogeneous ipsilateral and subtle contralateral hippocampal
abnormalities. In summary, these results support the potential clinical utility of high-resolution
hippocampal diffusion and T2 relaxometry imaging in precise characterization of HS subtypes that
may have significant implications for surgical patient selection.

The limitations in this study provide opportunities for future investigations. First, while the
number of patients with post-surgical histology (n=8) was twice of that in our previous high-
resolution DTI study (n=4)°*, there is still a need for a larger sample of patients with post-surgical
histology as two subjects were reported in both studies. Also, the small number of surgical patients
limited our ability to establish correlations between the HS subtypes predicted by the MRI
measures and the surgical outcomes, particularly since only 1/8 patients were diagnosed with Type
1 HS and no patients were diagnosed with Type 3 HS. Further work with a larger number of
surgical patients with available HS subtype diagnoses is required. As an aside, it would be
interesting to identify hippocampal regions of abnormally high MD and T2 that may predict
neuropsychological outcomes (e.g. memory, cognitive) following the surgery.

Second, direct comparisons of focal MD and T2 elevations with histology were not possible due
to availability of limited specimens from anterior ipsilateral hippocampus. Curved multiplanar
reformatting was applied at hippocampal head-body junction (where the histology was taken) in
an attempt to address this limitation. Nevertheless, the MRI-histology component of this study was
descriptive and qualitative. Future studies are needed to evaluate correlations between MD and T2

and a quantified degree of neuron loss in hippocampal subfields.
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Third, registration between the diffusion and T2 relaxometry data of each subject could not be
achieved—ypossibly due to the presence of different distortions in the echo-planar sequence
(diffusion) and the multi-echo spin echo sequence (T2). Registration of hippocampal DTI and T2
acquisitions would allow a direct comparison between the location of focal diffusion and T2
abnormalities in the sclerotic hippocampus of TLE patients.

Fourth, the spatial resolution of DTI and T2 relaxometry scans can be further enhanced to allow
improved visualization of hippocampal subfields. While 1 mm isotropic resolution allowed for
visualization of the hippocampal internal structure (e.g. SLM) on mean DWIs, accurate estimation
of diffusion and T2 parameters in the hippocampal subfields (e.g. CA1, dentate gyrus) at this
resolution is still limited due to insufficient resolution and partial volume effect. To address this
issue, hippocampal DTI and T2 relaxometry scans can be optimized and acquired on a MRI
scanner at higher field strength (> 3T). Since SNR is proportional to both field strength and voxel
volume, an increase in field strength allows for a reduction in voxel volume (achieving higher

spatial resolution).
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Appendix

A. Right hippocampus segmented on coronal mean DWIs from a 30-years old control male
control. Segmented slices (1 mm) on two planes orthogonal to the acquisition axial-oblique plane

are shown.
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B. The following two figures show longitudinal co-registered regional (i) MD and (i1) T2 maps of

all 19 TLE patients (surgical patients 6-13). The patients are numbered consistent with Table 3.1.

1) Mean diffusivity maps of the hippocampus.
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i1) Quantitative T2 maps of the hippocampus.
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C. Comparison of pre-surgical MD (superimposed on mean DWI) and quantitative T2 maps
(superimposed on echo-summed T2-weighted images) with NeuN (marker of neuronal loss)
histology of all 8 patients who underwent surgical resection of the hippocampus. Regional patterns
of MD agreed with HS subtype diagnosis in 6/8 patients (A, C, D, E, F and H). Regional patterns
of T2 agreed with HS subtype diagnosis in 5/8 patients (A, C, D, E, and F). (C) Type 2 HS
(neuronal loss in CAl) with MD and T2 elevations in both CA1 and CA4 of the ipsilateral
hippocampus. (F) Type 2 HS without MD or T2 elevations in either subfields of the ipsilateral
hippocampus. (H) Type 2 HS without T2 elevations in either subfields and MD elevation in CA2
of the ipsilateral hippocampus. Engel outcomes were determined within four months of the post-
operative scans: Subjects 6, 7, 8, 10, 13 were assigned Engel TA (“Completely seizure-free”),
subject 9 was assigned Engel ID (“Generalized convulsions with antiepileptic drug withdrawal
only”) and subjects 11 and 12 were assigned IIIA (“Worthwhile seizure reduction”). Subjects 6, 7

and 10 are shown in Figure 3.8. (§) denotes the two subjects reported in our previous study”.
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