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Abstract

Hippocampal sclerosis (H33% an important predictor of surgical outcome in temporal lobe
epilepsy (TLE). High-resolution (1 mm isotropicdiffusion tensor imaging (DTI) of the
hippocampusn TLE patientshas shown atterns of hippocampal subfiediffusion abnormalities
which wereconsistent wittHS subtype on surgical histology a pilot sample of four patient§2
relaxometry has also demonstrated focal hippocampal ablibesmavhich correlated with HS
pathological features afeuron loss, lgpsis, and granule cell dispersiofhe objectives of this
thesiswere todetermine the stability diocal hippocampusliffusion changes over time ifLE
patients,compare diffusion and quantitative T2 abnormalitieshe sclerotic hippocampus and
correlate presurgical mean diffusivity (MDand T2 map with postsurgical histology.

To address these objectives® TLE patients andl9 controls underwent twdiigh-
resolution(1 x 1 x Imm?®) DTl and(1.1 x 1.1 x Imm°) T2 relaxometry scans (in a subset of 16
TLE patients and 9 controls) of the hippocampus atvdth a 2.6+0.8 yearinter-scan interval.
Within-participant hippocampal volume, MD and T2 were compared betweensdans.
Contralateral hippocampal changes A.Btyears after surgergnd ipsilateral pr®perative MD
maps versus posiperativesubfield histopathologwere evaluated in 8 patients who underwent
surgical resection of the hippocampus.

The results showed significantly reduceslume and elevated MRnd T2 of sclerotic
hippocampi compared to healthy and ##8 hippocampi. These wheleéppocampus measures
remained unchanged betwettie longitudinal scans. Focal regions efevatedMD and T2in
bilateral hippocampof HS TLE were detectedonsistently at both scanRegions of high MD
and T2 correlated and remained consistent over time. Volume, MD and T2 remained unchanged

in postoperative contralateral hippocampus. Regional elevatiokatientified subfield neuron



loss on possurgical histology with 88% sensitivity and 88% specificity. Focal T2 elevations
identified subfield neuron loss with 75% sensitivity and 88% specificity.

The findings of this worlsuggesho significant change iniffusion and T2abnormalitiesn
ipsilateral andcontralateral hippocampieween thetwo scans suggestingoermaneh micro-
structural alterationdVhile bothMD and T2 accuratelpredictedHS subtyps, MD was more
sensitive than T2 in detecting neutoas on possurgical histologyBoth DTI and T2 aguisitions
were acquiredising a clinically feasible protocol (&T in under 6 minutegacl), potentially
providing the opportunity to diagnose precid8 subtypes as well agetectsubtle or regional
contralateral hippocampal abnormalities, whistay aig in predicting surgical outcomes

preoperatively.



Preface

This thesis is an original work by Seyed Amir Ali Ad€he research project, of which this
thesis is a part, received research ethics approval from the University of Alberta Research Ethics

Boar d, Pr dligheRedolutiNrelmagingiin Epilepdy, Ma®00029372021-2022

Chapter 3 of this theslgas beesubmitted for publication



Acknowledgments

| would like to express my superior gratitude to my supervisors, Dr. Christian Beaulieu and Dr.
Donald GrossChristian thank youfor providing me with independence and critical feedback to
learn and grow as a research2on, thank youfor always being extraordinary wigrour support
andshowing me what it means to be a brilliant physician scholar. A sincere thanks to Dr. Alan
Wilman for hiskindnessandwisdom and Peter Seres for his patience to help me acquire my data.

| wanted to thak Sandy for her enormous supporbtganize datapreadsheetnd recruit
participantsduring the pandemias without her this project would not be possibl@sbwanted
to thankamazingesearchers and students in RTF: Lucian&éouplifting spiritandteaching me
A Qu e r o ; Maréaforlisténinggo mecomplain and bringing me candjédi for providing me
with LOTS oftea and making me laugiAjejandroand Pabldor introducing me to bearand
chipsfor breakfast andiving me a reason to fadraid of pikas!

| 6m t hankf ul and exteremly lucky to have
always being there for meven thougtthey are many many kilometreaway; my brotherAmir
Reza forhis honesty, sense of responsibility amdimited support; my girlfriend Delaram for her
unconditional love and kindness dlighout thisexciting anddifficult journey.

Above all, I want to thank all epilepsy patients who volunteered to be part of this project,
some of whom travelled-8 hours just to get tour center| dedicate this work entirely to them

and | hope that this research can somerdaie a positive impact on thiges of people with

epilepsy.

m



Table of Contents

O [ o To [F{ox {10} o H PP PP PPPPPRP 1
1.1Temporal LODE EPIEPSY......ccoiiiiiii e ee e e e e e e e e e e e e e 2
1.1.1HIPPOCAMPUS ANBLOMY...cetiiiiieeeeeeiiaiaeaeeimmme e e e e e e e e e et semeess b s e e eeeeeeeeeeean 3
1.12 HIpPOCAMPAI SCIEIOSIS. ....eutuiiiiiiiiiiiiiiii ettt eees 5
1.1.3Treatments and Surgical INtervention.............ooovviiiiiiieeee e 8
1.2Neuroimaging in TLE .......uuii et 10
1.2.1Hippocampal Volumetry in Temporal Lobe EpIlepsy.........ccccveeeiiiiesieccvvnininnnnn. 12
1.2.2Hippocampal DTl in Temporal Lobe EpIlepsy............cuuveeiiiiiiccmrreeeeeieeeenn 16
1.2.3Hippocampal T2 Relaxometry in Tempotalbe Epilepsy..........cccvvvviviviiiiieemnnnee. 19
1.2.4Neuroimaging Studies of Animal Models in Temporal Lobe Epilepsy............... 23
1.3Fundamentals of DiffuSion MRL............oiiiiiiiiiiieee e 25
1.3.1Diffusion Weighted IMagiNg..........uuuuueerrriiiiii e e e e e e e e 26
1.3.2Diffusion TeNSOr IMAGING ........oiiiiiiiiiiiiit e eere bbb e e eeess e e e e eeeeeaaaeeens 29
1.3.3DT PAr@mMELEILS.. ....eeeeieie ettt e e e e e e e et 32
1.4Relaxationweighted and Quantitative T2 IMaging............ueeeeeeeieiieemiireeeiieeieeeeeeeeeens 34
1.4.1T2 REIAXOMETIY....ci i eeee et e et e e e e e e e e s seeeeeeeeees 36
1.4.2Multi-echo Spin EChO SEQUENCE.........cooiiiiieeee e 37
1.5THESIS MOUIVALION. ..ottt eeet et rme e e e et e e e e 38
2. MENOUS.......oeiiiiiiiiiiii e AL
A e T (o o = | £ PP 41
2.21MAGE AQIUISIEION. ....euei et e e eeme e e et e e e e e e ene e e e et e e e e e eata e e e s amaneeeeeeseanns 42
pZAC 1 I I o e To =21 [ T PRSP 43
2.4T2 relaxometry PrOCESSING.......iiieiviiiiiiieeeiieeee e eeeeiis e e s seeeeesessrann e e e e ensnnn e enn 4O
PR Y = =T o |51 = U1 o PSP 48

Vi



2.6Hippocampus SegmeENtatiQn..............uuuuuuuummicreeeeeeiriii e e e e s eeemrennn e e e e eeaaeaaees 52
2.7Curved Multiplanar Reformatting..........cccooieeeeeiiiiiieeeie e eeeeeeeeee e 54

3. Longitudinal Hippocampal Diffusion-Weighted Imaging and T2 Relaxometry
Demonstrate Regional Abnormalities Which are Stable and Predict Subfield Pathology in

Temporal LODE EPIEPSY......uuiiiiiiieei e 56
I 0 [ 11 (0o [ U To{ 1o ] o PSPPSR PPPPPPPPPP 56
S.2MEENOTS...... et e e 58
3.2.1Participants/Study DemographiCs............ccooviiiiiiiieee e 58
I 2 0 = Yo T oo [UTES3 11 o] o PSS 61
3.2.3Hippocampus SegMENTALION.............uuuuuiiii it e e e e e e e smrm e e e e e e e eaaaeas 61
3.2 4REQISITALION.....cci it erenr e e e e e e e e e e rrn— e aaaaaaaaaaes 63
3.2.5ldentification of Focal MD and T2 Abnormalities...........ccccooeviiiieeeiieeeiiiiiieeenn 64
3.2.6Regional MD Changes Between the SCans.................uuvuvcceeiieeeevivriiiieeee e eee 64
3.2.7SHAtISTICAl ANGIYSIS. ... .ttt e e e nnne s 64
IR | 1 15100] (oo |2 66
LB RESUILS. ...ttt e e e e e s amr et e e e e e e e e e e e e e e e n e 67
3.3.1Whole-hippocampus MRI Measures Remain Stable...............cccvviccreeieeiiinnnnns 67

3.3.2Heterogeneous Regional MD Abnormalities of thee&xdic Hippocampus Persist 69
3.3.3Regional T2 Relaxometry Increases Correspond to Regions with Elevated M2
3.3.4Focal Regins of Elevated MD and T2 in Contralateral Hippocampus................73
3.3.5MRI and Histological Assessment of Surgical Patients..............ccccccvveeeeeeeeeenens 74

3.3.6 Presurgical Regional Elevated MD and T2 Correspond with NeuN Loss on Post

YU o o= L 151 0] (o0 /20 PP 76

SLADISCUSSION. ....ceeeeee ittt e ettt e eeens sttt e e ettt et e e e e e emr et e e e e e e e e e e e e e aaaas 77
T o] (o1 [0 ][] I PSRRI 81
Y o] 0= o ) PSP TTPTPPPPP 96



List of Tables

Table 1.1.Histopathological features of HS in TLE........cccooviiiiiiiiiiiieeei e, 7
Table 1.2.Engel surgical OUICOMES..........uuuuuuiiiiiiiie ettt ereer e e e e e e e e 10
Table 1.3.Longitudinal volumetry studies of the hippocampus in HS TLE....................... 15
Table 1.4.Crosssectional and longitudinal DTI studies of the hippocampus in HS TLE..17
Table 1.5.Crosssectional T2 relaxometry studies of the hippocampus in HS TLE.......... 20
Table 1.6.T2 relaxometry studies of the hippocampudhwaitsurgical histology comparisan22
Table 2.1.Summary demographics and clinical information of participants..................... 42
Table 3.1. Characteristics and demographics of 19 TLE patients.............cccoevveeeevvvvnnnnns 60
Table 3.2.Hippocampus manual segmentation inaad intefrater reliability...................... 62

Table 3.3.Whole-hippocampus MRI measures and quantification of threshotasures... 69

viii



List of Figures

Figure 1.1.The anatomy of the hippoCamMPLS............ccccuiiiiiiimeei e 5
Figure 1.2 HS subtypes defined by the ILAE Criteria................uuvimmiimemiiiiiiiiiiiiieeeeeeee e 8
Figure 1.3.HS on coronal T2veighted iIMages..........cccoeeiiiiiiiiiiieeee e e 14
Figure 1.4. SPin €Ch0 SEQUENCE........cciiiiiiieeieieteeee e et smmmr e e e e e e e e e e annas 27
Figure 1.5.Pulsed gradient spin eCho (PGSEBHUENCE..........cccovviiiiiiiiiiicee s 29
Figure 1.6 Isotropic versus anisotropiC diffUSION.............ooooiiiiiimmmn e 30
Figure 1.7. Quantitative DTI MaPS.......cceuuuuriiiuiiiisiemreeensrsiisss s s s e e e e e e s smneaasn s s s e e e e eeaaaaeenens 33
Figure 1.8.T1 and T2 relaxatiOn CUMNVES.........cccooiiiiiiiiiiiiieee e e et 34
Figure 1.9 T1 and T2weightediMages........coooiiiiiiiiiiiimme e 36
Figure 1.1Q Multi-echo SPIREChO SEQUENCE........ccoviiiiiiieiii e 38
Figure 2.1.Effect of GR artifact on diffusSion iIMages............couviiiiiiiiiiieen 44
Figure 2.2 Average residual error maps of the tensobdifiore and after processing........... 46
Figure 2.3.Multi-echo spin echo sequenmad quantiative T2...........ccceeeeeeiiiiiieeeie e, 48
Figure 2.4.Longitudnal registration of mean DWIa control and bilateral HS TLE........... 50
Figure 2.5 Longitduinal registration of mean DWIs in a surgical patient......................... 51
Figure 2.6.Hippocampus ROIen mean DWI in a control and unilateral HS patient......... 54
Figure 2.7. Curvedmultiplanar reformatting at hippocampal hezatly junction.................... 55
Figure 3.1 Longitudinal ceregistration of processed meBlVIS............ccccoviiiiiiiiicennnnnn 63
Figure 3.2 Flow chart of the hippocampus groups for tepeateemeasures ANOVA.............. 66
Figure 3.3 Longitudinal changesf whole-hippocampi MRl measures..............cccccevvvvviemmeen... 68
Figure 3.4. Longitudinal ceregistered regional MD maps of the hippocampus..................... 71
Figure 3.5 Quantification of focal MD and T2 abnormalities of the hippocampus................12
Figure 3.6. Regional MD and T2 maps of the hippoCampuUS........ccccevviiieeiiceeeiciiiiee e, 73
Figure 3.7. Longitudinal changes in MRI measures of the contralateral hippocampus......... 75
Figure 3.8 Comparison of presurgical MD and T2 maps with histology..............ccoevvviiiiennn. 76


file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172707
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172708
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172709
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172710
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172711
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172712
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172713
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172714
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172715
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172716
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172717
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172718
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172719
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172720
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172721
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172722
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172723
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172724
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172725
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172726
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172727
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172728
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172729
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172730
file:///C:/Users/Beaulieu%20Lab/Desktop/July8-thesis-Amir.docx%23_Toc108172731

Symbols and Abbreviations

ATL
ADC
Bo
B1
CA
CSF
DTI
DWI
DG
EPI
EPG
EEG
FA
FLAIR
FOV
FN

GCD
GFAP
GR
HS
H&E
ICC
ILAE
KA
LFB
MD
MESE
MRI
MPRAGE
Mxy
M:
NMR
NeuN
PET
QL
QN
RF

Anterior Temporal bbectomy
Apparent Diffusion Coefficient
Static Magnetic Field
Radiofrequencyagnetic Field
CornuAmmonis
Cerebrospinal Fluid

Diffusion Tensor Imaging
Diffusion-weighted Imaging
Dentate Gyrus

Echo Planar Imaging
Extended Phase Graph
Electroencephalography
Fractional Anisotropy

FIl ui d

Field of View

At t e n uecoveryd

False Negative

Gradient Amplitude

GranuleCell Dispersion

Glial Fibrillary Acidic Protein

Gibbs Ringing

Hippocampal Sclerosis
Hematoxylin andeosin

Intraclass @rrelationCoefficient
International LeaguagainstEpilepsy

Kainic acid

Luxol Fast Blue

Mean Diffusivity

Multi-Echo Spin Echo
Magnetic Resonance Imaging
Magnetization Prepared Rapid Gradieoh&
Transverséagnetization
Longitudinal Magnetization
Nuclear Magnetic Resonance
NeuronalNuclearAntigen
Positron Emission Tomography

Qualitative

Quantitative

Radiofrequency

l nver si

on

R



ROI

SAH
SF
SNR
SPECT
T1

T2*

Region of Interest

BaselineSignalwithout Diffusion Weighting
SelectiveAmygdalohippocampectomy
Seizure Free

Signalto-Noise Ratio

Single Motan Emission Computer Tomography
LongitudinalRelaxationTime
TransversdielaxationTime

Effective T2

Echo Time

True Positive

Temporal Lobe Epilepsy

Repetition Time

Total Variation

Voxel-based Mrphometry

Time BetweenrDiffusion Gradients
Diffusion Gradient Duration
Gyromagnetic Rtio

Primary Eigenvector

Primary Eigenvalues

Xi



1.l ntroducti on

Epilepsy is characterized fiyeoccurrencef repeated seizures or transient abnormal synchronous
neuronal activity.Almost 300,000 Canadians live with epilepsyCollaborative advances in
science and technolodyave allowed development of medical therapies to improve the lives of
people with epilepsy. Howeverrventional antepileptic medications fail to control seizures in
30-40% of patients and these patients are referred to as havingedisgnt epilepsy

Temporal lobe epilepsyLE) is one of the most refractory to medical therapy as only 20%
of patients respond to medicatioh#/hile temporal lobewwgeryincluding the hippocampusan
potentially relievedrugresistant TLE patients from disabling seizuralsput 50% of patients
continue to experience seizuiadongterm follow-up aftertheir surgery* Hippocampakclerosis
(HS) is the most commoetiology associated with TLEPrevious studiesuggesthat the por
successrate of temporal lobe surgempay be linked to injury in specific regions of the
hippocampus: © It would be better if one could see whisippocampal subregiorsse damaged
prior to the surgery toniprove patient selection to those most likely cured.

Magnetic resonance imaging (MRI) offers the best method of detection and treatment
planning for epilepsy patientg/hile conventional iavivo MRI can detect overall damage in the
hippocampus, itloesnat identify injury in specific hippocampal subregiorisDiffusion tensor
imaging (DTI) and T2 relaxometigre quantitative MRI techniques ttretve proven useful in the
field of epilepsy by providingunique contrasts to assess the internahitecture of the
hippocampusThis introductorychaptereviews key previousworks and identifies the gaps in the

literature that werexploredin the original research outlined in Chapter 3.



l1Tempor al Lobe Epil epsy

Epilepsy is one of the most common brain disordessldwide as one in every 10 people
experience seizur@s some point in their lives and over a third of them develop epildpsijepsy
has been recognized since ancient tinleswWord is derived from the Greekughlytranslating
to fibe taken hold of o) and h a sthrdugheuhhistdrg e r i bed
International League Against Epilepsy (ILAE) describesppdey as fan enduring
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
epi | ept i®Sdzuses dreztransiendsigns/symptoms that occur due to abnormal excessive or
synchronous neuron firing in the brdirf. Epilepsy is associated with increased mortality and
morbidity’ and many patients suffer from misconceptiand stigma®°

Temporal lobe epilepsy (TLE) is the ma@stmmon form of focal epilepsghamed foiits
origin in one lobejand one of the mosefractory to medical theragyPrevious ILAE classification
categorized TLE under mesial temporal lobe and lateral temporal lobe epilepsy deperitang on
region where the seizures originatédvore recent studies usinBTI,*? functional MR|*3 and
invasive electroencephalogram (EEG3uggestthat structural and functional abnormalities
extend begnd the temporal lobe regions. Nevertheldss,generally accepted thakesial TLE is
the most common form of TLE which involves brain structures such as the hippocampus,
amygdala and parahippocampal gytus.the revised ILAE classification, mesial TLE wit
was identified as a separate fic&RHESistheest i ons o
commonunderlying etiologyin drugresistant TLE accountinfpr 50-60% of cases. HS is
characterized by the loss of neurons and glitisesigh many other pathological features are found

in the sclerat hippocampus (discussed ie@ionl1.1.2. In a large pathological studyf 5,392



epilepsy patients, 34 had HSand %6 showed dual pathology with HS agombination with
cortical dysplasia, vascular lesioaad tumours® Focal cortical miiormations (dysplasia)ral
low-grade neoplasmsereidentified as the other two commeathologies irmesial TLE, 27%
and 13%, respectivel\Other etiologies in TLE include perinatal injury, head trauma, central
nervous system infections, lingbencephalitisetc!’

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

TLE patientsfrequentlyexperience focal onset seizures with impaired awaref&ssal
seizures without impaired awareness (sometimes referred toagsvaay also occur in isolation
but the majority occur at the start of focal impaired awareness setZzuf&Some examples of
auras include rising epigastric sensation, fear, déja vu, visceral and auditory illusions, and oral and
manual automatisnié Patients caralsoexperience secondary generalized seiz(fiaesal onset

seizure has spread to both brain hemisphgrishese events aless commof:

1.1.1Hi ppoc &Amause my

Resting in the medial temporal lobe, the hippocampigp@campi plural) is one of the most
studied brain regions and is involved in many neurologisairderssuch as epilepsy, depression,
Al zhei mer 6 ¥Fudcimmallyathechippoeampus has been implicated in all aspects of the
episodic, working, spatial and semantic memory as welpasas planning® Arantius in 1587

wasthefirst persorto compare the protrusion of the temporal horn to a hippocampus or s€ahorse.



The structure of the hippocampus is complex and tuliklamade of cornammonis and dentate
gyrus(Figurel.1).
There are several ways to visualize the hippocampus ldoadview, the hippocampus
may be diided into head, body and talPathologically, fromthe ventricular cavity tothe
hippocampus sulci, the cornu ammonis may be divided into 3 layers: stratum oriens, stratum
pyramidale, andhe molecular zone (strata radiatutacunosum, and molecularé)When the
hippocampus is viewedicrosssection through its migortion coronal/transverse plapehe
cornu ammonigan bedivided into four subfields: CA1, CA2, CA3, and CABigure1.1C). In
this view, ornuammonis and dentate gyrus show tharacteristic interlockingCo relation to
each othef? While thehippocampus has many digitations and bulges which form a crescent shape,
the interlocking C relation betwedme cornu ammonis and dentate gyrus remains iatiacty the
entire length of the hippocampus
The connections ofhe anteriorand posterior regions of the hippocampus differ. The
amygdala involved inthe regulation of emotional behavioulies at theanterior end of the
hippocampusFrom the posterior end, the hippocampus extendshetubiculum and formthe
parahippocampalyrus. The subiculum is the transition zone between theobgmpus anthe
entorhinal coex. The glutamatergic fibers from thatorhinalcortex enter through the subiculum
and reach the granule cell layer of the dentate gyrus. These fibers then fortiecpyramidal
cell layer ofthe CA3 and form Schaffer collaterals which reach the dendrites of CA1. The CAl
subfield is the main output of the hippocampus which projects to the alveus, fimbria and%ornix.
Importantly, disease processes such as TLE demonstrate regional specificity in how the

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



(transverse axes} This highlights the importance of visualizing and characterizing hippocampal

subfields to bettemnderstand itsole in disease pathogenesis.

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

~ Subiculum

Amygdala

5 e Parahippocampal gyrus
Hippocampus

Figure 1.1. (A) Sagittal and (B) coronal view of the brathe hippocampuss colored in blue.
(C) Magnified coroal view of the hippocampal subfieldsubiculum and parahippocampal
gyrus. Cornu ammonis and dentate gyrus demonstrate the characteristic inteii@cking e
on the coronal sectioQreated with BioRender.com.

1.12Hi ppoc&mpabsi s

Hippocampal sclerosisvas first characterized by Sommer in 188@d it refersto regional
pyramidal cell loss and gliosis in CA1, CA3 and CA4, whereas pyramidal cells in CA2 and granule
cells inthe dentate gyrus are the most resistarithe histopathology of HS is complex and
involves many cellular processes sashmossyibre sprouting, disruption of interneuron network,
dysregulation of neuropeptides and neurotransmitters, vasculature abnormalities and inflammation
(Table1.1).> 2631 Among these processes, neuron loss and gliosigliaieally used to diagnose

HS using postsurgical histology ofhe hippocampus tissue.

The ILAE categorizes three HS subtypes depending on which himpatasubfield is
predominatelyaffected(Figure 1.2). In Type 1 HS(60-80% of all cases)CAL is most severely
affected (>80% cell loss) followed Isybstantiaheuron loss in CA4 (400%). 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 los€A4 (~50%) whereas other subfields are moderately

5



affected (<30%)Type 2 and 3 HS are less common than Type laacduntfor ~20% of the
cases® While some patients display seizures originating ftbemesial temporal lobegbout
20% of TLE cases do not shaignificantneuron loss and gliosis the hippocamps and tlese
are referred to asd-HS. Granule cell dispersion (GCD), roughly defined as broadenitigeof
granule cell layer >10 cells or 120n, commony occurs in 50% of TLE patientsggardless of
neuron loss and gliost$
The presence of HS is known to be associated with improved chances of a seizure free

outcome (e.g. 3-70% of patients free of disabling seiz®ewith temporal lobe resection
compared to no#S pathology whichdemonstrateg2-58% seizurdree surgical outcomes.
Further, dfferent HS subtypesshow different surgical outconge Type 1 HSdemonstrateshe
highest rate of posiperative surgicaseizurefreedom 70%) followed by Type 2+65%) and
type 3 £30%).2> 2 *2These findings highlight the importance of developinginvasivemethods
to detect subhippcampal pathological changesvivo to allow for accurate prediction of seizure

free outcomes prior to surgery.



Table 1.1. Histopathological features éfSin TLE.

Pathological Features  Description Example of Stains
Pyramidal cell loss3° Subfield-specific loss of pyramidal neurons, subiculu NeuN, Luxol fast blue

is spared (LFB)
Gliosis (reactive Abnormal increase in the number of astrocytes in  astrocytespecific markers
astrogliosis) %° specificsubfields othedentate gyrus (GFAP,etc)

Granule cell dispersion Broadening othegranule cell layerX10 cells or 120  NeuN, LFB,
and hypertrophyy*© € mand hypertrophy in CA4 Neurofilament,

Mossyfiber sprouting®  Maladaptive plasticity resulting in extensive recurrer Timm stain, zinc

30 projection of mossyibersinto thedentate gyrus transporter 3, dynorphin 2
molecular layer

Interneuron network 33 Loss of inerneurons, morphologic changasluding Parvalbumin, calbindin,

abnormal dendrites calretinin
Neuropeptideg: 30 Loss or maladaptive axonal sprouting of @pileptic  dynorphin, immune
neuropeptidecontaining neuronsguropeptide Y specific markers
somatostating, galanin) or reorganization of-pro (Neuropeptider and
epileptic substance-€ontaining neurons galanin
Neurotransmittefs: 30 Abnormal regulation of neurotransmittelease, immunospecific markers
receptor distribution (e.g. high expressiorvoltage (e.g. KV1.1 to stain for
gated potassium channel, VgKénd signaling VgKCQC)
Abnormalities of Loss oftheblood brain barrier, proliferation of drug transporter protein; p
vasculaturé® microvessels, vascular endothelial grovightor glycoprotein étain for
receptor expression capillaries), Albumin
Inflammatior?® 3t Upregulation of specific cytokines and chemokines Immunospecific markers
(e.g. IL-1b, IL-18), accumulation of iron and reactive (e.glL-1b, IL-18
oxygen species antibodies)




B. Gliosis Only C. Type 1 HS
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>80% PC loss in CA1; Rarely includes GC loss PC loss: >50% in CA4; GC loss: 35%
or GCD. Variable (60-70% SF) outcomes Variable poor (30-40% SF) outcomes

Figure 1.2. HS subtypeslefined by the ILAE criteria: (A) neRS, (B) gliosis only (C) type 1 H
(D) type 2 HS, (E) type 3 HS. SF = seizure free.

1.13Treat mefursgilacial r vent i on
Epilepsy can be managed in several ways includingegiltptic medications, surgery, dietary

therapy and neuromodulatory deviéésAnti-epileptic medications such as carbamazepine,
phenytoin, lamotrigine and topiramate suppress generation, propagation and severity of seizures
However, as discussed, abo4% of TLE patients continue to expeniee seizureslespite

optimal medical therapyILAE definesdrugr e si st ance epil epsy #&s #f

two tolerated and appropriately chosen and usetiepileptic drugsschedules (whether as

monotherapies or in combination) to achiewesst ai n e d s e’ Failure & thd firseastid o mo .

epileptic drug is a robust predictor of patient developing -desistancé® Previous studies
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demonstrate that 996% of patients who are controlled achieve seizure freed@naeither the
first or second drug trietf: 3’

While only 20% of TLE patients respond to medications, surgery can provide seizure
freedom with resultant improvements in quality of filtatients with drugesistant TLE may be
referred to surgery including anterioremporal lobetomy (ATL) or selective
amygdalohippocampectomy (SAH) following extensive assessments of semiology, EEG and
neuroimaging findingsATL is performed bythe resection of anterolateral temporal neocortex,
mesial amygdala and anterior hippocam@AH involvesselective resection of the hippocampus
and amygdala while théateral temporal neocorteis spared® In a landmark randomized
controlled trial? ATL was found to result irsignificantly more patients with seizure freedom
(58%) \ersus those only receiving medical therg§®¥o seizure freedom)-urther clinical trials
have supported these findings and highlighted the importance of early surgical intervention in
relieving patients from disabling seizurgs.*® As an aside seizure freedom outcomes after
epilepsy surgery are commonly categorized according to Engel classifiCEdinle 1.2).4*

Long-term surgical outcome studig®.g. 8 years postoperativg demonstrate that
approximately 50% of patients experience seizure recurfe@eetain predictors of favourable
surgical outcome have been suggested includingenceof focal seizures within 2 years of
surgery, complete resection tife temporal lobe? unilateral presence of a lesigietected by
MRI,*3 and shorter epilepsy durati6hNone of theséactors alone has been found to sufficiently
andaccurately predict surgical outconfe® 4¥° As discussed il.1.2 postsurgical success has
also been demonstrated to strongly correlate thighpresence of HS and with a varying degree
with different HS subtype%While HS can readily be diagnosed on clinical MRI (volume loss and

increases in T&veighted signaltheHS subtype is currentlyiagnosed on posiurgical histology.



Furthermoreanimal andautopsy studieBave demonstratezlibtle HSpathologycontralaterato
the seizure focuwhich could also impadhe surgicaloutcome®®*® However,the contralateral
hippocampusannot be assessed with pathologytas not resecteduring the surgerylherefore,
it has not been possible to ukesinformation to predict seure freedom in HS TLE patientsior

to the surgery.

Table 1.2. Engel surgical outcomes.

Engel Outcome Scale

Class I: Free of disabling seizures

IA: Completely seizurdree

IB: Non disabling focal seizures without impaired awareness only

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

Class Il: Rare disabl Hfmgeexdi zures (fAal most seizure
IIA: Initially free of disabling seizures but has ramzures now

1I1B: Rare disabling seizures since surgery

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

1ID: Nocturnal seizures only

Class Ill: Worthwhile improvement
I1IA: Worthwhile seizurereduction

I1IB: Prolonged seizurdree intervals amounting to greater than half the follgmperiod, but not less than 2 years

Class IV: No worthwhile improvement
IVA: Significant seizure reduction
IVB: No appreciable change

IVC: Seizures worse

1.2Neur oi maging i n TLE

Advances irbrain imaging techniqudsave led to significant improvemesinh thevisualization of
differentbrain structures and insights into TLE processessBgical evaluation ofLE patients
relies heavily on Meo-EEG monitoring and neuroimaging findings from MRingle photon
emission computedomography (SPET) and positron emission tomography (PET) imaging.
Routine scalp vide&EG monitoring enabldateralizationof the epleptogenic zone, defined as
the brain regiongssentiafor the generation of seizures, as wellas evaluation of the seizure

semiologyHowever scalp EEGn many patientss not adequate to localize seizures padicular
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brain region. As suchintracranial electrodes may bsurgically implanted to define the
epileptogenic zonandallow for selective resectiof?.

SPEC and PET imagindpelpin lateralization of the seizure generatdb8PECT is used
to measure regional cerebral blood flow by detecting gamma rays emitt¢ie bygjected
radioactive tracers (e.g. technetk@®@mpropylene amingetc.).During the ictal phaseal(rring the
seizurg, increased neuronal activity is associated with increased metabolism and regional cerebral
blood flow (hyperperfusion)f the radiotracer is injectedose tothe seizurenset (e.g. ideally
within 20 seconds)ctal SPECT candentify regions of hyperperfusiomvolved in the seizure
generationDuring the interictal phase finetweenthe seizures), cerebral blood flow ieduced
(hypoperfusion) ihe brairregions associated with seizures. These regiandeadentified using
interictal SPECT. However, SPECT imaging is limited by the spatial resolution of the images
which limits percise localization of the seizuresetto a particular brain regiolPET inmaging
detects positron decay rHdiotracers injected intravenously8Ffluorodeoxyglucos®ET is the
standard methothatprovides an indirect marker of neuronal metabolism by measghingse
consumptionPET camot be obtained during the ictal phase but interREIl can reveal regions
of hypometabolisnthat may be involved in seizure generatidth a high degree of asitivity.>?
One limitation of PET imaging is that it can not pregisdetermine the margins of surgical
resection as the regions of hypometabolism extend beyond the epileptogenic zone.

While different centers use different imaging protocols, MRI is faiaaccurate diagnosis
and presurgical evaluationof TLE patients? The ILAE has proposedhe Harmonized
Neuroimagingof Epd psy Structur al S e ¢*pmwtacol éos diagnBisis RMME S S
managemetrof epilepsy which include$1 i gehs orl ut i on 3@e, TA1xemMyht ed

hi gh r dieollxdxlinuh3 D f ltandatkd imversion recovefiyLAIR),andh i gh i n
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plane resolutiofii.e.,, 0.4 x0.4x2mn)2 D cor onal TheHARNESSYRIpretacol
recommends complete brain coverage with no interslice gap irf #dleanentioned protocols.
Also, DWI and quantitative T2 mappiragenot included in this protocsf

Based on the MRI findings, TLE patients can be categorized into mesial TLE with HS,
lesional TLE, and noiesional TLE. Lesional TLE may include evidence of extratemporal lesions,
temporal lesions besides HS or HS associated withiadalilesions termed dual patholotyHS
can be qualitatively detected on high quality MRI with high gty using hippocamgl volume
loss, increased hippocampus signal oaw2ghted or FLAIR images and loss of hippocampal
architecturé. While qualitative analysis allows detection of HS using these features, subtle
abnormalities of the hippocampus may be miss€dQuantitative MRI techniques such as
hippocampal volumetry, DTI and T2 relaxometigveshownbetter sensitivity and specificity to
detect subtle structural abnormalities of the hippocanmfsisiscussed below in Sectiofs3and
1.4, DTI and T2 relaxometryin particular,can provide essentiajuantitativeinformaion about
the internal architecture of the hipgampusThefollowing sections review the relentliteratue

onhippocampatolumety, diffusion MRI and T2 relaxwmetry in TLE patients and animal models.

1.21Hi ppocampali VoTamegam gyl Lobe Epil epsy

One of the most striking MRI features of the sclerotic hippocampus is volume loss which can be
readilyvisualized orhigh-resolution Tiweighted or coronal Teighted scangFigure1.3).5+°¢
Numerous studies have highlighted the diagnostic importance of hippocampal volumetry
(quantfication of the hippocampus volumédp increase sensitivity and specificity of HS
detectiore: 53 570 The goldstandarchippocampal volumetrynethod is bymanual delineation of

the hippocampus omagnetization prepared rapatquisitiongradient eho (MPRAGE) Tt

weighted images. Since manual segmentation of the hippocampus can be time consuming,
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previousstudies have developed automatgabocampakegmentatioprotocokin TLE patients
to allow implementatin of hippocampal volumetry in thdinical setting>’: 8 60

Focal loss of volume inthe ipsilateral hippocampushas been found toorrelate with
histological degree of neuron loss and gliosis, ssiyug sensitivity of hippocampablumetry in
detection of HSpathology?*®® It is unclear whether volume abnormalities of ibsilateral
hippocampus progreover time. Some crosectional studies have reported correlations between
seizure frequené§ 8" and epilepsy duratiéfi’® with ipsilateral hippocampus atrophy. However,
within-individual progression o$eizureinduced damage can not be assessed using the cross
sectional designSome bngitudinalimaging studies Table 1.3) have reportedatrophy of the
ipsilateral hippocampus, supportingcessity oearly surgical interventiof:’® However, a more
recent volumetry study did not find any changeth&ipsilateral hippocampus oveB years™

In addition tothe characteristic atrophy of the ipsilateral hippocampus, subtle volume loss
of the hippocampus contralateral to the seizure focus has alsodpeeted by some studies on
whole and regional hippocampal lev&is™>"® A review of voxekbased morpometrystudies in
TLE reportedatrophy of the contralateral hippocampus in 17%lbtases® These results are
consistent withthe autopsy studi¢§*® demonstrating neuron loss and gliosis in the unresected
contralateral hippocampudowever, t is unclear what the effect of surgery is on the contralateral
hippocampus. While some studies report progressivegmasative abphy of the contralateral
hippocampug? 8% 813 more recent study did not find any charf&herefore, more studiesith
a longitudinal dagn are needed to impve understanding of hippocampablume changes

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

Figure 1.3. Coronal T2weighted images of a (A) contr(80 yearsold male), (B) right
unilateral HY44 yearsold male) and (C) bilateral HS patient (59 yeald male). Yellow

arrows point to the ipsilateral sclerotic hippocampus with marked atrophy and enhanced
weighted signal.
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Table 1.3. Longitudinal voluméy 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: 25 309 3.5 years Manual  No change in
etal. IMPRAGE/ (range3-4) ROI contralateral
2002 1.4 mm volume.Zin
thickness ipsilateral volume
by 9%
Fuerstetal. 1.5T/ TLE: 12 40 21-73) 3.5 years Manual No charge in
2003 MPRAGE/ (range2-5) ROI contralateral
resolution volume.Zin
not stated ipsilateral volume
only in patients
with ongoing
seizures
Conzetal. 2T/ TLE: 33 36(21-70) TLE: 45 months Manual  Zvolume of
2011 MPRAGE  Controt 14 (7-85) ROI bilateral
1.2x0.7x3 Control: hippocampi
mm? minimum 7
months
Fernandes et 2T/ TLE: 47 TLE: 459 TLE: 4 years Manual Posto p er aib i
al. MPRAGE/  Controt 28 Contrd: (0.5'10) ROI contralateral
2014 1x1x1 mnd 4118 Control: 5 volume
(0.3112)
Alvim etal. 3T/ TLE: 21 TLE: 46 TLE: 18 months VBM Zin contralateral
2016 MPRAGE/  Controt 11 (1961) (18-56) volume. Ipsilateral
1x1x1 mnd Control: 41 hippocampus
(271 54) remained
unchanged
Elliottetal. 1.5T/ Group 1: Group 1: Group 1: Manual  Group 1: Post
2016 MPRAGE/  TLE: 25 TLE: 39 TLE: 4 (0.49); ROI oper aihi v«
1x1x1 mni Controt 12 (19i59) Control 7 (49) contralateral
Group 2: Control:33  Group 2: volume, prominent
TLE: 10 (231 58) TLE: days 1, 2, 3, in hippocampus
Controt 3 Group 2: 6, 60 and 120 body.
TLE: 39 postoperative Group 2: post
(24-59) Control:1, 2, 3, 6 operativeZ in
Control: 25  and 60 after contralateral
(22-33) baseline starting on day 1,
then progressing
over the first week
before stabilizing
over the longerm
Li et al. 3T/ TLE: 28 TLE: 26 Baseline, Manual No postoperative
2021 MPRAGE/  Controt 29 (15-44) 3 months, ROI change in
1x1x1 mnd Control:27 12 months contralateral
(19-42) (postoperative hippocampus.
for TLE)

* In-plane resolution is not statebbreviationsEPI: echo planar imaginJESE: multiecho spin echdylPRAGE:

magnetization prepared rapdquisitiongradient €ho, ROI: region of interest; TLE: temporal lobe epilepsy; VBM:

voxelbasednorphometry.
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1.22Hi ppocampal T®&Mpor al Lobe Epil epsy

DTI has been extensively usedstudy whitematter connectivity in TLE demonstrating bilateral
and extratemporal white matter abnormalifiesDTI has also been used to demonstrate
microstructural diffusion abnormalities of the hippocampus in TLE pati@ratisle 1.4). These
studies consistentlglemonstratean increase irthe ipsilateral hippocampal mean diffusivity
(MD)8%% and a reduction in fractional anisotropy (BAP> 8 9294 compared to the healthy
hippocampi of the controlsFurther, &-vivo surgical resection studigsrovide a basis for
investigation of hippocampdliffusion abnormalities by demonstrating a profound rearrangement
and disorganization of the internal fiber bundles in HS pathdloiD of the resected sclerotic
hippocampus has also been demonstrated to correlate with pyramidal cell density in GA4/DG
However, nore studies are needed to provide a better understandihg dthological basis of
hippocampal diffusiombnormalities in HS TLE patients.

Low resolution of DTI acquisition has been a significant shortcoming in previous
diffusion stulies (typically >2 mm isotropic8 mmn? voxel volume). This limitation has
exacerbated partial volume effects and limited regional specificity of hippocampal aratysis.
recent studyhas acquired 1 mm isotropic DTI to address these limitatfofhis study
demonstrated patterns of hippocampal subfield diffualsnormalities in TLE patients which were
consistent with HS subtype gostsurgical histology. Also, consistent with some of the-low
resolution DTI studie®¥ ®®and patholgical studie®“8, high-resolution DTI has shown regional
diffusion abnormalities in the contralateral hippocampus of some TLE patients, suggesting
bilateral hippocampal pathologyhichis more readily visualized i high resolution imaging

It is unclear whether these diffusion abnormalities change or remain stable over time,
highlighting the need for longitudinal studies. The only two surgical stuel@sn(m® voxel

volume) demonstrated changes in MD in the Jopsrative contralateral hippocams however
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with conflicting findings (one showing an increase in MRAnd other showing a decre¥¥e

Thus, more studies with arigitudinal design are neededexplore these inconsistencies.

Table 1.4. Crosssectionaland longitudinaDTI studies of the hippocampus in HS TLE.

Study Bof Subjects  Age (years) Analysis Main findings
Resolution
Crosssectional studies
Wieshmann  1.5T/ TLE: 14 TLE: 33 (2050) Manual ROl Yy ipsilateral MD compared to
etal. 2.5x2.5x5  Controt 6  Control: 31 on DWIs contralateral and control
1999 mm? (29-36) hippocampi.
Hugget al. 4.1T* TLE: 8 TLE: 30+10 Manual ROl ¥ ipsilateral MD compared to
1999 1.6x1.6x5 Controt5 Control: 28+8 onTl contralateral and control
mm? weighted hippocampi.
Yoo et al. 1.5T/ TLE: 18 TLE: 30 Manual ROI ¥ ipsilateral MD compared to
2002 1.6x1.6x5  Controt 19 (16-42) on DWIs contralateral hippocampi.
mm?3 Control: 28 y contralateral MD compared to
(19-39) control hippocampi.
Assafet al. 1.5T/ TLE: 12 TLE: 41 Manual ROl ¥ ipsilateral MD andZ FA
2003 2.4x1.9x3  Controt 14 (27159) on DWIs compared to contralateral
mm? Control: 31 hippocampiy ipsilateral MD
(24-49) compared to control hippocamp
Thivardetal. 1.5T/ TLE: 35 TLE: 3419 Manual ROl ¥ ipsilateral MD compared to
2005 1.2x1.2x5  Controt 36 (19-53) on DWIs control hippocampiZ
mm? Control:33+9 contralateraMD compared to
(18-57) control hippocampi.
Lui et al. 1.5T/ TLE: 20 TLE: 34 Manual ROl ¢ ipsilateral MD compared to
2005 resolution Controt 20 (18-48) on DWIs contralateral and control
not stated Control: 34 hippocampi. Negative correlatio
(29-47) between hippocampal MD and
multiple memory tests.
Gongalves 1.5T/ TLE: 55 TLE: 33110 Manual ROI ¥ ipsilateral MD compared to
Pereiraetal. 2.5x2.5x5  Controt 20 (1857) on DWIs contralateral and control
2006 mm? Control: 34+11 hippocampi. Bilateral MD
(19-52) increases found in 7% of cases.
Salmenperat 1.5T/ TLE: 7 TLE: median 30 Manual ROl ¥ ipsilateral MD compared to
al. 1.4x1.4x5  Controt 13 Control: onT2 contralateral and control
2006 mm? median 34 weighted hippocampiZ ipsilateral FA
images from posterior to anterior
regions.
Focke etal. 3T/ TLE: 33 TLE: median 42 Automated ¢ ipsilateral MD compared to
2008 1.9x1.9%x2.4 Controt 37 (17-62) (FreeSurfer) contralateral and control
mm?3 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 ROl ¥ ipsilateral MD andZ FA
2010 1.9x1.9x4  Controt 10 Control: 2944 onT1 compared to contralateral and
mm? weighted control hippocampi.
images Zcontralateral FA in HS patients

compared to control hippocamp
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NazemZadeh 3T/ TLE: 23 TLE: 42+13 Manual ROI ¥ ipsilateral MD compared to

et al. 2.0x2.0x2.6 Controt 48 Control:33+10 onT1 contralateral and control
2014 mm? weighted hippocampilpsilateral MD
images showed 90% true detection rate

without any wrong lateralization.
Chiang etal. 3T/2x2x2.2 TLE: 28 TLE: 37+12, Manual ROl ¥ bilateral MD compared to

2016 mm?® Controt 28 Control: 3819 onT1 control hippocampi.
weighted
images
Ercanetal. 1.5T/ TLE: 14 TLE: 34+12 Manual ROl ¥ ipsilateral MD and FA in HS
2016 2x2x2.7 Controt 15 (19-66) onTl patients compared to
mm? Control: 35£12 weighted contralateral and control
(21-52) images hippocampilpsilateral FA

negatively correlated with
epilepsy duration. History of
febrile convulsion correlated
with ipsilateral MD.

Treit et al. 3T/ TLE: 18 TLE: 42+14 Manual ROl ¥ ipsilateral MD andZ FA in HS
2019 1x1x1 mni Controt 19 (18-67) on mean patients compared to
Control: 44114 DWiIs contralateral and control
(18-70) hippocampi. Heterogeneous

regional MD elevations in
ipsilateral hippocampus.
Regional MD elevations also
observed ircontralateral
hippocampus.

SalaPadro et 3T/ TLE: 22 TLE: 45+11 Automated ¢ contralateral MD in subiculum
al. 2020 2.5x2.5x2.5 Controt 18 Control: 49+12 on compared to control hippocamp
mm? MPRAGE ¢ contralateral MD in patients

with uncontrolled seizures in
CA1, molecular layer, dentate
gyrus compared to seizufeee
patientsZ contralateralFA in
parasubiculum, subiculum and
CA4 compaed to control

hippocampi.
Longitudinal Studies
Thivardetal. 1.5T/ TLE: 24 TLE: 3249 ManualROI Posto p e r aih ¢ontralatefal
2007 1.25x1.25%5 Controt 36 (20-50) on DWIs MD
mm? Control: 33+9
(1857)
Elliott et al. 1.5T/ Group 1: Group 1: Manual ROl Group 1:9 MD a n dFA ih
2018 2x2x2 mm  TLE 25 TLE: 39.3 on contralateral hippocampus.
Controt 12 (19i59) MPRAGE Group 2: diffusiorabnormalities
Group 2: Control 33 were observed only afterd
TLE: 10 (231 58) years years
Controt 3 Group 2: TLE
39 (2459)
Control 25
(22-33)

*whole-body imaging spectrometeAbbreviations: DWI: diffusioaweighted imaging; FA: fractional anisotropy;
MD: mean diffusivity; MPRAGE: magnetization prepared rapid acquisition gradient eBi@i: region of interest;
TLE: temporal lobe epilepsy; VBM: voxdélasedmorphometry.
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1.23Hi ppocanedlaxdDnat Tgmpor al Lobe Epilep

Increases in T2 relaxation time of the ipsilateral hippocampus has consistently beeim fd&nd
dating back to early 1990 able 1.5 and Table 1.6).>" 82 94 10117 whijle visual detection of
increased T2veighted signal can reliably detect HS in TLE patiént$,>3quantification of T2
relaxation time has shown better accuracy in detection §f [ 103, 106, 13113, 115yith some
studies reporting up to 100% sensitivity and specifitity!*®Further, hcreased hippocampal T2
relaxation time has been shown to correlate wéthron loss in the CA1 and CA3 *gliosis in
CA1,%2 glial cell count in DG'*®and GCB'®in HS pathologyThese studies used histology stains
includingNeuN and H&E stains which are used as markers of neuron loss, GFAP as a marker of
astrogliosis and LFB as a marker for myeliihese findings provide a strong basis for using
guantitative T2a accurately det# HS in vivo.In fact, recent studies have developed automated
segmetation and processing methadsmplement T2 relaxometry in the clinical settitigt®’

Some studies have looked at regional T2 mapping of the hippocampus (anterior to posterior
profile®” 1%or head, body tail). For example, one recent staéfpund higher hippocampal2 in
head, body, and tail of ipsilateral hippocampus of unilateral HS patients #rebiody and head
of bilateral hippocampi of bilateral HS patiertiwever, similar to DTI studies, T2 relaxometry
studies have beemiited by the low spatial resolution of acquisitions due to relatively long scan
times and the need for large voxel volume with high sigmaloise ratio to adequately measure
T2 values. While recent studies acquired T2 scans with higipaneresolutiong®” 94 107 111, 113,
115, 118these studies still acquired thick slices (>3 mm except one %usligich can result in
missed lesions/abnormalities amegional hippocampal level. Therefore, more studies are needed
to explore focall 2 profile of the hippocampus and potentiatigrrelate regional T2 abnormalities

with histopathological features of HS.
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Longitudinal T2 relaxometry studies in TLE patieats lacking. There is currently one study
that looked at T2 changes over one year in newly diagnosed TLE patfdritsir 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 overtile and more studies are needed.

Table 1.5. Crosssectional T2 relaxometry studies of the hippocampus in HS TLE.

Study Bo/ Subjects  Age (years) Analysis Main findings
Sequence/ method
resolution
Crosssectional Studies
Van 1.5T TLE: 100 TLE: Manual y ipsilateral T2 compared to
Paesschen MESE, 16 Controt 22 median 33 ROI contralateral and control hippocamp
et al. ech@&8 mm (16- 64) Combination of T2 and volume
1997 thickness* Control: revealed previously undetected
median 29 bilateral HS in few cases
(21-37)
Kalvidinen 1.5T/ TLE: 32 TLE: 32115 Manual y T2 in the body of the ipsilateral
et al. MESE, 16 Controt 25 (1562) ROI hippocampus
1998 echos8 mm Control:
thickness* 33+12 (2164)
Woermann 1.5T/ TLE: 30 TLE: Manual ¥ T2 in ipsilateral hippocampus with
et al. Dual echo Controt 20 median 34 ROI 16/30 patients showing diffuse
1998 spin echo (19-49) abnormalities and 6/30 showing foci
0.9%0.9% Control: anterior abnormalities
mm? median 31
(20-59)
Briellmann 3T/ TLE: 40 TLE: 30+12 Manual y T2 inipsilateral hippocampus. T2
et al. MESE, 8 Controt 55 Controt 34+9 ROI abnormality did not correlate with
2004 echo/ epilepsy duration or the estimated
0.9%x1.%6 seizure load.
mn?
Mueller et  1.5T/ TLE: 42 TLE: 35+11 Manual y T2 inipsilateral hippocampus of
al. Duatecho Controt 30 Control: 308 ROI HS. No T2 change in hippocampi of
2007 spin echo, nonHS.
1x1x3 mn?
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 visuallydetected HS and
0.9x1x3 in 28% with visually normal MRI.
mm?
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Kubota et 3T/ TLE-HS: TLE: Manual ¥ T2 in ipsilateral (76% of patients)

al. MESE, 5 124 median 45 ROI contralateral (5% opatients) and
2015 echos/ TLE MRI (17-74) bilateral hippocampi (19% of
0.9x1x3 negative patients). T2 sensitivity was 74% fol
mm? 79 patients with TLEHS and 14% for
Controt 59 nonHS TLE. T2 specificity was 95%

for patients with TLEHS and 97%
for nonHS TLE.

Winstonet 3T/ TLE: 50 TLE: Manual ¥ T2 in ipsilateral hippocampus of
al. Duatecho Controt 50 median 40 ROl on unilateral HS and bilateral
2017 spin echo/ (18-76) MPRAGE hippocampi of bilateral HS. T2 in
0.4x0.4%x4 Control: contralateral hippocampus.
mm3 median 37
(17-66)
Treitetal. 3T/ TLE: 18 TLE: Manual y T2 in ipsilateral hippocampus. No
2019 MESE, 16 Controt19 42 N14 ( ROI T2 changes in contralateral
echos/ Control: hippocampus
1.1x1.1x1 44N14 (
mm?
Vosetal. 3T/ TLE: 69 TLE: Automated ¥ T2 in ipsilateral hippocampus of
2020 Duatecho Controt 43+15( 1 8 ROl on unilateral HS and bilateral
spin echo/ 111 Control: MPRAGE hippocampi of bilateral HS. T2 in
0.4x0.4x4 40+£13Q 7 € ipsilateral head, body, and tail of
mm? unilateral HS and in bilateral body

and head in bilateral H.T2 in the
body and head of contralateral
hippocampus in somexamples

Longitudinal T2 Studies

Van 1.5T/ TLE: 36 TLE: Manual y T2 only in 1/4 patients with HS on
Paesschen MESE16 Controt 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 statebbreviation: MESE: multecho spin echo; ROI: region of intereBLE: temporal
lobe epilepsy.
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Table 1.6. T2 relaxometrystudies of the hippocampus with a surgical histology compairmson
HS TLE patients

Study BO/sequence/  Patients/  Stains Comparison Main findings

resolution Surgery/ method

Resection
Jackson et 1.5T/ MESE, 16 14/ATL not stated Qualitative ¥ 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 ¥ T2 in 31/32 ipsilateral and 5/32
Paesschen echos/ SAH/ LFB contralateral hippocampi with
etal. 8 mm thickness* En-bloc classical HS. Type 3 HS patients 3/:
1995 showed normal T2 in ipsilateral
hippocampus

Van 1.5T/MESEJ16 59/ATL/ H&E, Quantitative § T2 associated with neuron loss an
Paesschen echa/ 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. 0.9x09x4 mn?¥ 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. echa/ 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. echa En-bloc GFAP identified HS accurately
2004 0.9x1.9%6 mn?®
Gongalves 1.5T/MESE, 4  28/ATL/ H&E, Qualitative T2 relaxometry classified 96 of HS
Pereiraet echos En-bloc GFAP patients.
al. /0.9x1.25%4
2006 mn?®
Rodionov  3T/duatlecho 27/ATL not stated Qualitative T2 relaxometry classified HS with
et al. spin echo/ 100% sensitivity and specificity.
2015 0.9x0.%5 mn?
Satoetal. 3T/MESE,8 30/ATL & NeuN, Qualitative T2 relaxometry detected nairophic
2016 echos/ SAH GFAP, hippocampal abnormality and

0.9%x1.%5 mn? H&E correlated with gliosis and GCD
Chen etal. 3T/MESE/ 17/ATL H&E Qualitative T2 relaxometry classified HS with
2016 0.9x09%x3 mn¥ 92% sensitivity and 100%pecificity.
Goodkin et 3T/dual ecb 43/ not stated Qualitative T2 relaxometry classified unilateral
al. spin echo/ not clear HS with 92% and identified 94 of
2021 0.4x0.45 mn? bilateral HScases.

* In-plane resolution is not statefbbreviation: MESE: multecho spin echo; ATL: derior temporal lobectomy;

SAH: selective amygdalohippocampectomy; NeuN: neuronal nuclear antigen; LFB: Luxol fast blue; H&E:

hematoxylin and eosin stain; GFAP: glialrilary acidic protein GCD: Granule cell dispersion
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1.24Neur oi nda quidnAens nidbdld d Ifse mpor al Lobe Epi

While severalanimal models of TLE have been devealdpthe most widely used modéisolve
administration of kemoconvulsantéainic acid and focarping.'°Kainic acid (KA) is ananalog
of glutamate andcts onionotropickainatereceptorgo cause neurondepolariation. Rlocarpine
activates the cholinergic system &gting onthe muscarinic acetylcholine receptor®.Systemic
or intraventricularinjection of KA or pilocarpineresults in recurrensecondary generalized
seizuresmostly originating from the hippocampus/amygdala vatsimilar pathological correlate
of HS in humand!® Patients with TLE commonly present win initial precipitating injury, some
of whom haveexperiencd status epilepticu$ Status epilepticugan bedefinedas abnormally
prolongedseizure activitye.g.30minuteg which can have negative loitgrm consequences such
as neuronal death/injury and network imbalalfce? Injection of KAp i | ocar pi ne frep
status epilepticusnd the animals then develop chroeflepsywith repeated seizures after a
period of time(days to weeksepending on the animal strainjection methodetc).*2%122
Volumetric MRI has been extensivelysedin animal TLE studiesto demonstrate
hippocampal atrophyRodent lippocampal voluméin some studies bilateral hippocampal*?*
and in others only the ipsilateral hippocamdsas beefoundto significantly shrink following
the injection of KA or pilocarpine as early as 24 hodf8 During the chronic phasgoughly 1
monthafter status epilepticus1 mice), some studiesuggest progressive reduction in regional
hippocampal volumde.g. CA1l, CA3 and dentate gyrus) which correlatéth the degee of
neuron loss ohippocampahistology,seizure freqency and worse memory outconés 24 125
This haded to the hypothesis thaépeated seizures could resulainumulative loss of neurons
in the hippocampus over timé& This hypothesis isontroversialand isnot supported by other

animal studieghat demonstrat@o relationship betweenhe progression or development of
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hippocampal atrophy and recurrent repeated ses7t?8. These studiesuggest that the majority
of neuronal los@ these animalsccurs leforepresentation of the first behaviolsgizures:?®

KA/ pilocarpineinjected animalsglemonstrate a significant reduction in hippocampal MD
(by ~20%) within the first hour of injectiof?® This initial reduction has been suggested to be
related to cytotoxic esinawhich isdefined as energy failure in the tissue leading to an imbalance
of Na' concentrationacross the cell membrah®. As a result of higher intracellular Na
concentratiorcompared to the extracellulBia” concentrationwater movesnto the cellleading
to swelling.Cytotoxic e@ma isresolved withina day or few days andccordingly MD values
increase on mature lesions after several weeks to months giving rise to a biphasic profile of
hippocampal MD changes over tiri@. 13'Recent higkresolution animal DTI studigg.g 136 x
136 x 700 umat 9.41%) suggesian immediate increase in AA hippocampal subfields (e.g.
dentate gyruswhich correlatewith histopathological features of mossy fiber sprouting and
reorganization of axons of the molecular la}@r**Both hippocampal subfielD and FA have
alsobeen found t@orrelatewith neuron loss and gliosis in CA1, CA3 and dentate g§tus® 132
133 providing a basis for investigating thesarkersin TLE patients.

Rodent models of KA and pilocarpine injection demonsirateeased 2-weighted signal
in the hippocampus beginning 2 hours after status epilepticus and peakingdhdrsafter
status epilepticu§® The enhanced2-weighted signakan returnto the kaseline levels over
subsequent weeksonthsas the water is reabsorbed from the lesion/edéfnad’Quantitative T1
and T2 values have also been found to increase to a peak level 24 hours fdtatasgpilepticus
but remain under the bdse levels 2 months latéf*'3! Increasedquantitative T2 in the
hippocampus ofadent models of KA and pilocarpitsbeen shown to correlate with neuron

loss, gliosis, edemand breakdown of the bldebrain barrief? 131
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13Fundament al s of Di ffusi on MRI

Magnetic resonance imaging (MRI) is a powerful fiavasive irvivo tool in medical diagnosis
and biomedical research. The potent@fi$/IRI are astonishing consideritige fact that there are
many different ways that the imagestloé human body can be obtained and manipulated. There
are numerous MRI techniques that have proven highly effectthemanagement of neurological
diseases. In thithesis diffusionweighted imaging (DWI) and T2 relaxometR| wereused to
study the brairof TLE patients with thduture hopeof detecting changes in the brain tiadlow
patients make more informed decisions about their treatment plan; speciiégaligdingepilepsy
surgery.

MRI relies on the fundamentals of nuclear magnetic resorfaidB) by takingadvantage
of theabundance of hydrogen atoembeddedvithin the water molecul create detailed images
of the human body The MRI scanner consssbf four main componda: the maget, gradient
coils, radiofrequency (RF) coiland a computer system. An NMR experiment involves three
stages: polarization, excitation and relaxation. Ha polarization step, a strong andiform
magnetic field (labelled 8 probes the protonsto line up in the same directidrsimilar to how a
magnet pull the needles of a compdsgiving rise to a net longitudinal magnetization. In the
excitation steppurposeful application dfransient bursts of RF pulses (labelleg Bisturb the
alignment of protons which can result in a net transverse magnetizaliba. transverse
magnetizatiorprecessewith a certain characteristfeequency known athe Larmar frequency.
This rotating magnetizatioproduces an oscillating magnetic field whictfducesmovement of
charged particle&urren) in the RF coil givingrise to the MR signalWhen the RF pulse is turned
off, the excitedspinsrelax back to their original alignment dieeT1 and T2 relaxation as discussed

in 1.4. Three sets of gradient cofils.g. in X, Y and Z directiorgre used in MR systems to cause
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a linearvariationof the magnetic field in different directiomaad encode¢he spatial location dhe
protons The computer console takes the signal ftbeprotonsin the body and creates detailed
imagesof the tissue inside the bodyifferent arrangementd &F pulses and gradients, known as
MRI sequences, allofor manipulation othe protonsin the desired way to producesages with
different contrastsConsidering this brief introduction to MRihe next few sectionwill cover
basics of diffusion and T2 relaxometrg the main focesof this work.
1.3.1Di f f Wei ghmadgi ng
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 abdé brain, DWI provids qualitative and quantitative
information regardingroperties othe tissuemicroenvironment such as structucainnectivity
andwhite matter tract orientatian

Diffusion is described by the random motion of molecules (also kn@vBrawnian
motion) from one part of a system to another.
(labelled D) to the mean square of the distance (labelled X) travelled by molecules in a given
interval of time (labelled d):

@ ¢OY (1.1)

Isotropic diffusion describes unhindered and random movement of molecules avithedium
such as a glass of watetowever,in biological tissues, moleculdiffusion is affected by different
processes such as physical arrangement of cell structureax@g@l membrane in neuroeg).
This gives rise to apparent diffusion coefficient (AD#(S)the molecular movement is redubgd
interaction of water molecules withetissue microstructuré&ince dffusion is dependent on the
direction of dsplacement of water moleculeBWI uses this fundamental property to probe the

microstructuraknvironmenof the underlying tissue.
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The most common approach to acquire DA the pulsed gradient spin echo (PGSE)
sequencdirst demonstrated by Stejsk@inner in 19653 The basic structure dhe PGSE
sequence is based on &@n echo sequence first demonstrated by Hahn in'i%o®tgure 1.4).

In a spin echasequence, an excitation 90° RF pulse is followed by a refocusing 180° RF pulse.
Followingthe 90° RF pulsehelongitudinal magnetization (Wis tippedinto the transverse plane
giving rise to transverse magnetizatid.y). Over time, the sps dephase due to T2 relaxation,
resulting in the decay of iyl The 180° RF pulse thenapplied that refocuses the sparl results

in production of an echwith the maximum signal occung at the echo time (TE). The sequence

is then repeated wittme application of another 90° RF pulsetime TR, the repetition time.

TE

TE/2 180°, TE/2

90°,
Echo
B1 \/\/L\/ —_—t

7p B, zp By

zp By 2p B,
o
M, -M,,
yP _.VP N yp T yp
xp Xp xp xp

Figure 1.4. In a spin echo sequendellowing the90° excitation pulselongitudinal magnetizatic
(Mz; orange arrow) is tipped into the transverse pladhg)( Thel80°pulse is then used to refo
the individual spins (blue arrows), resulting in an echo at timeNDbe that the spins are shc
intherota i ng frame of reference (axes denot
the decay oMyy due to T2 relaxation.

In the PGSE sequence, two symmetric diffusion encoding gradients are applied: one between the
90°pulse and 180° refocusimpyise and the other after the 180° pulse and b#fesegnal readout

(Figurel.5). Thefirst diffusion encoding gradient dephaseg Nabelling the position of the spins
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by the phase of the transverse magnetizaBonsidering 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 Jdinceheréneesi ngo
of individual spinsand resukiin the recovery of the signal. Assuming a stationary hydrspgem
the effect of first and second gradient cancels out andspirewill not accumulate phase.
Considering a diffusing molecule in the direction that the diffusiadignts are applied, there will
be a net phase differenbecause 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 sensigizjradientsb-value (Equation

1.2) was introduced by Le Bihan in 1986
© [ 0O Y - (1.2)
Whereb-value is in unitsof s‘'mfyf i s t he gyromagnetic rati o, G

gradient length, anif is the time between the two diffusion gradients. Consequesiggal
attenuatior(—) can be measured in the experiment and used to cal&d&dor a givenb-value
using Equation 1.3:

— A@DPwd 06 (1.3)

Equations 1.2 and 1.3 imply that thestrength of diffusion gradientscreaseb-value increases

andmore signal is lost.
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Figure 1.5. Thepulsed gradient spin echo (PG3Ejuence uses the basic structure of a spir
sequence with the addition of two diffusion sensitizing gradients of size G, duyratiamn
separated by tim¥. Diffusing spins will @&cumulate shift which results in a net attenuation ¢
echo amplitudef-or simplicity, this figure ignores the decayM{y due to T2 relaxation.

The images obtained frothe PGSE sequence are diffusieansitized (defined by thHevalue)

and for that r eas on -wehi egyhD\atsaddrain mreas with higheréedi f f u s
of diffusion such as the cerebrospinal fluid (CSF) exhibiire signal loss and appear darker
Conversely, brainagions with lowediffusion rate sule as thegray matter appear brightelote

that the diffusiorwe i ght ed i mages do not refl eastT2-Apur e o
weightedgiven the typically long TE used in the acquisitidro removerelaxationcontrast,

images are obtained with kast two differingo-value, Ip and h to calculate the ADCThe bo

images are obtained without diffusion sensitising gradients (b=0) but with all other sequence
parameterglentical to thosesed intheDWIs. Commonlyp-values 0fl000-1500 s/mmare ugd

in diffusion MRI studies.

1.32Di f fusi omagiemgor |

Diffusion is dependent on the direction of movement of the molecules wigignot be the same

in all directions in tissue. Considerinigfdsion as a threglimensionaprocessit can bedescribed
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usingatensomodel(Figure1.6).23 In this mode) diffusion is considered a symmetric tensor, D,

that describes molecular movement along each principed and correlation between
displacements along these ax&gplying a mathematical procedure known as decomposition, the
tensor matrix can be repr es en} éhd debcsbe thdrr ee ¢
axes/orientation of the diffusion tensor edligda n d 3 e i g,en &) dht desaibdijea

magnitude of the difisionfor the axegEquation 1.4)

(0] (0] (0] 1 Tt Tt
0O 0O © mnl m (1.4)
(6] (0] (6] m 1 1

Similar to how MRI gradients can be applied in different directions &ogg theX, Y and Z
direction), diffusion sensitizing gradients can be appliedifferentdirections. In diffusion tensor
imaging (DTI), the diffusion sensitizing gradients are applied in at ledsgte®ent directions to
estimate the diffusion matriXhe tensor ishencalculated for each voxel in the image by acquiring

b0 images and DWIs sampladdifferent directions.

A. Isotropic Diffusion B. Anisotropic Diffusion

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

Figure 1.6 (A) Isotropic diffusion tensor with equal eigenvalues. (B) Anisotropic diffusion t
(e.gel argepandlLan o
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Echo-planar imaging (EPlis themost common methaoi acquire DTin whichan entire slice is
acquired following a single excitatign 6 s rsrhgolTHES japid acquisition of slicgm a fraction
of a second)s beneficial for diffusion imaging because it reduces subject motion artifacts and
consequently inconsistenciesdiifusion measurementsiowever, EPhas several setbacks: 1
eddy currentdistortions induced by rapidly switchirfiffusion gradients, 20ocal magnetic field
inhomogeneitieqlargely in areas of aitissue inteface) caused by susceptibilityduced off
resonance ofnecessional frequeres, 3- inevitable sulgct motion artifact still exist, andt low
spatial resolutiolecaus®nly a limited number of frequency or phase encoding $eegsmatrix
size)can be otained before the signal decays in a short acquisition Nrost of theselimitations
can be addressed to a certain degra@ostprocessingnethodgfurther explored in Chaptel).2
The fourth limitation, namely low spatial resolutias,more difficultto deal with as it
requiresmodification to the DTI protocol at the tinod the scan. Spatial resolution is particularly
important for improvedand detailedvisualization ofthe brain structures and more accurate
calculation ofthe quantitativediffusion parameters (discussedSection1.3.3 by reducing the
partial volume effectThe partial volume effect ian artifact where more than one tissue type
occurs in a voxel due to limited imagamping and spatial resolutioti® There is an inherent
signatto-noise ratio NR) loss inDTI acquisitiors due tothe combinedeffect of diffusion
gradientsand long TE Reducingthe voxel volume (increasinghe spatial resolutionfurther
compromise the SNR aghe signalis proportional tovoxel size As a resultthe typicalvoxel
volumes in conventionaklinical DTI of the humanbrain at 3T havebeen 8mm?® or larger One
solution to low DTl SNR is to select lowbrvalueswhile making sure that there is still enough
diffusion contrastAnothermethodist o acquire a 6sl abdé of i mages

covering the region of interest as opposed to whadén @verageThis allows fortheacquisition
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of a larger number adiverages in a given scan for the same sliceiticatase the SNRas the
square root of thaveragesThis method isuseful if the focus ofhe study is on a particuldrrain
region of intere$ suc as the hippocampus. The traaf§ however, is the loss of potentially

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

1.33DTlarPamet er s

The two main quantitativadiffusion parameters are mean diffusivity (MD) and fractional
anisotropy (FA) which are calculated based eigenvaluesMD provides a nosirectional
estimate ofmolecular diffusion rate and is calculated by the meathefthree eigenvalues

independent of fiber @ntation and gradiemlirections:
00 — (1.5)
FA describes the degree of anisotropy and is calculated by tskamglard dewtion of 3

eigenvaluenormalized to a value of @sotropic diffusion)to 1 (fully restricted diffusion along

one axis)

06 - S (1.6)

Measuremestof MD and FAiIn the tissuge.g. calculated for all voxel&igurel.7) provide an
indirect estimate of the underlying microstructufa increase in MD may reflect elevated
extracellulamwater contenéndincreasd intracellularspacesvhichmay be due to pathmgy such
as neuron losgell hypertrophyWallerian degeneration, etd decrease in MD may alseflect
pathology; forexamplefollowing acute strokdpss of ion homeostadisadsto aninflux of water
from the extracellularspaceinto theintracellular spacecontributing to the observetecrease in
MD. In ordered white matterngotropy has been shown to correlate rstrsingly with membrane

density, specificallyaxonal membrané®® Presence or absence of myetan alsanfluencethe
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degree of anisotropynterpretation of FA in heterogeneous tissues such as the hippocampus is
difficult. This is because FA does not account for crossing fleegs run in different directions)

that may existvithin a single voxelNonetheless, as discussed before in Sexfidh2andl1.2.4
hippocanpal FA has beeshownto correlate with HS pathological features of neuron loss and
gliosis inhigh-resolution exvivo DTI in human studies as well agimal models of epilepsyn

this thesisMD and FA valuesvereused to yield information alut the epileptic hippocampasd
werecompared tahe healthy hippocampf the controls.

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

~

Y0

_\‘\._L
D. Fractional anisotropy  F. Fractional anisotropy
colormap

Figure 1.7 Processed DTI maps. (A) Me&l image(average of 10 b0 images) and mean C
(10 averages of 10 directions with b=5@@nnt) acquiredwith slicesalong te lng axis of th
hippocampus. (CMD map reflects overall diffusiod brighter regionscorrespond tchighe!
diffusion (e.g. CSF) and dear regions correspond to lower diffusion (e.g. gray matter stru
such as the hippocampus). (D) FA map reflects theedegf anisotropy higher anisotrog
observed in white matter tracts. (F) FA map colored based on the directionality (
eigenvector) of white matter traétsed reflects lefright orientated fibers, green reflects ante
posterior fibers, and blueftects superiemferior fibers.
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l4Rel axaweighnddQuantitative T2 | ma

As previously described, after tha Beld is turned off the magnetizatiorrelaxes back tahe
equilibrium due to two separate but simultaneous processes, T1 and T2. T1 relaxation, also known
asthe spinlattice relaxation, is the recovery of the longitudinal magnetizatios) (Me to the
interactions between the nuclear spins #me surroundingenvironment Mathematically, T1
relaxation time is the time needed for theomponent othe magnetization to reach 63% of its
maximumvalue(Figure1.8A). T2 relaxation, also known as sgspin relaxation, is the decay of

the transverse magietion (M) due tothe 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 maxivaloe (Figure 1.8B).

A) T1 recovery B) T2 decay

Mz - MD (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 tbegitudinalmagnetizatior(M;) to
reach 63% of its maximum value M(B) T2 relaxation time is the time required for the trans\
magnetizatior{My) to decay to 37% of its maximum val(Mo).

The most common method to createMiR image is to use relaxatiemeighted imaging (TlLor
T2-weighted) by sensitizing the MRI sequence to a range of relaxates (Figure 1.9). T2-
weighted images are created when TE is kept long relative to T2 relaxation times ankepRr is

long sothatM; has fully recoered.T1-weighted images are created when TR is kept short relative
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to T1 relaxation times and TE is shortteat T2 differences do not evolvél-weighted images
can also be acquired usiag inversion recovengequenceln the magnetizatiorprepared rapid
acquisition with gradient echo (MPRAGEg&quencdirst proposed ¥ Mugler and Brookeman in
1990149 an initial 180 inversionRF pulse isfollowed by a number of rapidly acquired gradient
echoega sequence known apoiled gradient echo sequenagth small flip angles (512°) and

s h o r ¢ (2-4 sy After the inversion pulse, the longitudinal magnetization recovers via T1
relaxation mechanisms toward the equilibrium for a specified inversion time (typicaH9G&00
ms). The rapid data collection following the inversiosing the spoiled gradient eckequence
creates a T-weighted contrastvith high graywhite matter tissue differentiatiom1l and T2
weighted imageprovidestructuralinformation about the braiessential to qualitative diagnosis
of many neurological diseases. Importantly, a weiglmgabe is not a true reflection of actual
relaxation timedbecausef othereffects(e.g. protordensity, diffusioi.

T1 and T2relaxation timesre intinsic properties of the tissueure T1 and T2relaxation
valuescan be computed using various techniqgu2amadian in 1971 first demonstrated that
tumour cells have longer T1 and T2 values compared to normaltelny studies have
demorstrated alteations in T1 and T2 values in various brain regionsniitiple sclerosis*?

Al z h e idiseag**? epilepsy* and other neurological conditions. Changes time relaxation

times reflect norspecificalterationsn the tissue microenvironmeandlocal water contensuch

as demyelination, tumouelated changes, injury or presence of macromolecules such s iron
142145 gpecifically, quantitative T2 values have been extensively used in TLE to demonstrate
hippocampapatholay in hippocampus sclerosis patients ($ablel.5 andTablel.6). Increased

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

loss, gliosis, ganule cell dispersignn both humanTablel.5) and animal studigSectionl.2.4).
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A. T1l-weighted B. T2-weighted

Figure 1.9 (A) Example of a TAweightedmagnetizatiomprepared rapid acquisition witradien
echo(MPRAGE) image andB) T2-weighted images. Both images were acquired with 1
isotropic resolution. The MPRAGE image was reconstructed along the long axis
hippocampus to match with the axial hippocampusvéijhted image.

141T2 eRamed r y

T2 Relaxometryefers tathe measurement of T2 relaxation times from MR images. T2 relaxation
is caused by a combination of dynanfitenoted T2)and static(denoted T9 processesThe
apparent transverse relaxation (T2*) is thenbination of these processes:

— - — a.7)
The dynamic processes are thermodynamic in nature and are explaihethtsractions between
theindividual spins resulting in fluctuations in the local magnetic field and |gsisasiecoherence.
The static processes are induced by the external field and insisdeptibilitysources. Static
processes can be removed with8° refocusing pulse as used istandardspin echcsequence
(discussed in.3.7). In fact,thespin echsequence can be used to quantify T2 by obtaining images
at multiple echo times and fitting for T2 exponential decay usingstjuation

Y OY'Q o (1.8)
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where S and’Y denote the magnitude of echo peak and equilibrium magnetization, respectively.
However, his equation ignores theffect of spin diffusion At long TE, diffusion results in
premature decay of the T2 signal and variability in signal loss at different echo Alls@sT 2

relaxometryusing the spin echo sequemee clinical settings challengingdue to long scan tinse

1.42Mul-adaho Spin Echo sequence

To overcome the limitations dhe spin echsequence to quantify T2 values, the Carr Purcell
Meiboom Gill (CPMG) or multiecho spin echo (MESE) sequence was developed in which a 90
RF pulse is followed by a train of 18efocusingpulsegFigure1.10).145: 147 |n aMESE, the first
echo with short TE produces proton density contrast while images produced at longer TE provide
T2-weighted contrast. Short echo spacaigo limits the effect of diffusionThe train of 180
pulses are 9out of phase which reduces the effect of imperfect paesThe MESE sequence
allows sampling of T2 signal decay curve at multiple time points (echo times) for esjick
line during a singlexcitation

In practice, a precise 180° RF pulse is achievable due to sligarofile variation, RF
inhomogeneity and Bcalibration 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 elkoes are, consider a train of three 90° RF pulses. Following the first pulse, M
deflected to the transverse plane @nendecays with T2 relaxation ratever time After the
second 90° pulse, Mis stored in the longitudinal plane atite T2 relaxaton 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 betwéleasecond and third pulse, magnetization is stored
in the longitudinal planeThe resuling echo fromthesespins that did nofully undergo T2
relaxation is calle@ 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
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of T2 relaxation times. While much of the previous T2 relaxometry literature has ignosététite
of stimulated echoes, othenethods have beedevelopedto compensate for the effect of
stimulated echoeshich canprovide more accurate measurenseariithe T2 (discused in Qiapter

2).

TE1

Echo '_ I —

Figure 1.10 In a multiechospinecho sequenc¢éwo or morel80°refocusing pulses are appl
after the initial 90° excitation pulsés time passes during the experiment, the acquired ir
possess lower signal due to the decay of the net transverse magnetization with Time dlfws
sampling of the T2 decay curve at different echo times (e.g. TE1, TEZ2, etc.)

15T hesotilXant

The introduction oMRI to the field of epilepsy has revolutionized the disgis@nd management

of patientsMRI is routinely used to select surgical candiddtesTLE surgery. HS can be readily
detected onstructural MRIusing hippocampal atrophy @nincreased T&veighted signaf.
However, more subtle abnormalities may be detected using quantitative techniques such as
hippocampal volumetrydiffusion MRI and quantitative T2.8 Also, regional hippocampal (i.e.

specific subfield)abnormalitiesthat have clinical implications may not be recognized \thin
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current clinical MRI acquisition® % % 1Djffusion MRI offers a uniqueinsightinto the TLE
processes byvaluatingthe internalarchitectureand structural integrity of the hippocampus
Increase®f MD, in particular,haveconsistentlyshownsensitivity to detecabnormalities in the
ipsilateralhippocampusgorrelatingwith neuronal loss in CA4 ardkntate gyrugseeTablel.4).
T2 is a norspecific measure dhetissue microenvironmenincreased quantitative T2 relaxation
time in the hippocampus of TLE patiertiasbeen shown to correlate witteuronal lossn CA1
and CAZ3 gliosis inthedentate gyruand granule cell dispersigaeeTablel.6).

DTl and T2 relaxometry studies have been limited by the lowtigpaesolution of
acquisitions and hile recent studiescquired T2 scans withigh in-plane resolutions (e.g. 0.43 x
0.43 mm?), these studies still acquired thick sic(4 mm or aboyewhich can result in missed
lesions/abnormalities on a regional hippocampal |&/et'* 1%0ur labhas developeéast and
efficient methals of acquiring high resolutiorl(x 1 x 1 mn?) diffusion MRl and(1.1x 1.1x 1
mnt) T2 relaxometry of the hippocamptfs 148 High-resolution DTIhas demonstratedocal
diffusion abnormalities of the hippocampus-ptegery that agreed with subfield neuron loss in
postsurgical Hstologyin a pilot cohort of 4 patienf§ However, T2 relaxometry and histology
correlations wee not performed in this study anddoaracterize and validate TLE diffusiand
guantitative TZindings a lager sample size of patients with pgsirgical histology is required.

Furthemore the reviewof the literature inSection 1.2 suggesteda needfor more
longitudinal diffusion and T2 relaxometry studiespimvide a better understanding about the
disease progression or lack thereof in TLE patients as well as the impact of surgery on the
unresected contralateral hippocamggsecifically,some previousongitudinal MRI studiehave
suggested progressive atrophy of the scletaipppocampud > 14%s well asa postoperative

reduction in volume andnincrease in MD ofhe contralaterahippocampus$® 8% % I5However,
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thesefindings are not supported by other MRI dristologicalstudie§? 127: 128 Sihich suggest
limited change over time in the hippocampiitus, morelongitudinal studes are needed to
explorethese inconsistencies

The objectives of thisvork were thre€fold: 1- to assesshe stability ofwhole andfocal
hippocampus diffusion and T2 changéddhe ipsilateral and contralateral hippocampuer time
in TLE patients 2- to compare diffusion and quantitative T2 abnormalities of the sclerotic
hippocampus 3- to compare the location of paperative MDand T2 abnormalities of the
hippocampus with areas identified as abnormal (eantaining neuron loss) in subfield
histopathology following surgenjt was hypothesized thatppocampal diffusiomnd T2changes
will persist in TLE patients, implying permanent neuron loss, and that the location of these MRI
findings will correlate wih subfield histopathology following the surgefyheseresultswould
help toassess the potential clinical utility of higlsolution diffusiorand T2 relaxometrivRI in
TLE to characterizéhippocampal subfield pathology psergically that would have sificant

implications for patient selectian TLE.
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2.Met hods

This chapter providesore detailed explanatisiof the methodologies employed to conduct the
longitudinal imagig study presented in Chapter 3.
21Participants
This study included 9 controls (mean age 44113 years;7/08years; 10 females) and 19 patients
with TLE (mean age 43x1years; 1971 years; 9emales) who hatlvo research MRI scanshe
clinical information ofall participants are outlined ifable2.1 andTable3.1. Basedon qualitative
review of the clinical MRIby the clinical radiologistl9 TLE patientswere subdivided into
unilateral HS (n=1), bilateral HS (n2) and norHS (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 MRIon-HS patients did not have any evidence of hippocampal
atrophy, loss of intelad hippocampusrchitecture or other obvious structural abnormalities, except
for one patient who had a low grade gangliogliqmeh normal appearing hippocampus$here
was no significant difference in age of seizure oms#tveen different TLE subtypeBisease
durationwassignificantlylonger in HS 25+16 years) compared ten-HS patients (9+10 years)
(U=11, p=0.012; MariWhitney Test).

Eight out of 19 TLE patients (seven unilateral HS and aneHS patient with
gangliogliomahadhippocampal reseicin surgeryat6.6:7.5months (1 dayl8 monthshfter scan
1 andthen had a followup scan at 281.0years (-4 years) after their surger@f thosewho had
surgery,two patients had selective amygdalohippocampectomy (SAH)sandhad anterior
temporal Idectomy (ATL).The Engelsurgicaloutcomes included 5/8 patients wiiimgel IA
outcome ( @ompktely seizurd r e e 0 ) , Edgel8 D veéndrhlized convulsions with

antiepileptic drug withdrawal only) a n d E2del8 | WWadrtkwhile seizurgeduction ) .
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Histologcal samplsof the hippocampusereavailable forall 8 surgical patient$istology stains
included NeuNas a marker of neuronal loss, GFAP as a marker of gliosis, anés#&Bharker
for myelin densityThe HS subtypes were assigr®da neuropathologisbased on the degree of

neuronal losgNeuN expressionj hippocampus CA1 and CA4 subfields as per ILAE crit&ria

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 gye atbaseline 44 (1870) 39 (1853) 44 (1971) 36, 59
(years, range)

Sex 9M:10F 5M:1F AM:7F IM:1F
Meaninterscangap 2.7 (1.24.0) 2.9 (2.33.0) 2.5(1.04.4) 24,26
(years, range)

Handedness 18R:1L 4R:2L 10R:1L 1R:1L
Mean age of seizure n/a 30 (1751) 20 (244) 0.7,5
onset

(years, range)

Disease dration n/a 9 (1-29) 25 (553) 36,54

(years, range)

221 mage Acqui sition

All MRI images were acquired onZemers Prisma 3Twith 80 mT/m gradient strength per axis
using a 64channel RF coil. Diffusionmnages were acquired with singlbot 2D EPI (GRAPPA
R = 2; 6/8 PPF; A/P phase encode), FO220 x 216 mrfy, matrix= 220 x 216, 20 slices at 1 x 1
x 1 mn? resdution with no interpolation, TE 72 ms, TR= 2800 ms, I= 500 s/mn3, 10 averages
of 10 gradient directions and 10 bOs in 5:18 minutes a¥nedret al®* The slices were manually
aligned along the long ax&f the hippocampus using a whdleain 3DT 1 wei ght ed
as reference The 3D MPRAGE images were acquired aligned tioe anteriorposterior
commissural line with TE = 2.37 ms, TR = 1800 ms @r®ix 0.9 x 0.9nm° resolution in3:39
minutes T2 relaxometry scans were acquired usid@g-acho spirecho sequenceith TE=1 0 . 7
1712 ms,10ns i nt er e c k& 8560snmsamndi.1nxgl,1 x T Riiresolutionin 5:47
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minutes. T2 scans included the same 20 slices on the DTI acquisition and \aerecbhlong te
long axis of the hippocampus. Lastly, coronatw@ighted imagesvere acquired wWitlTE = 52
ms, TR = 9550 ms, 70 slicés5 x 0.5 x 1 mrresolution in 7:40 minutes and this scan was used

to assistvith hippocampus segmentatiasdiscussd in Section2.6.

23DTI Processing

Prior to computing quantitative diffusion metricMD and FA) postprocessing steps are
necessary to ensuhggh quality data by minimizinghe effect of MRI artifactsin this work, the

first processingstep was to average diffusion images of repeated directions to obtain 1b0 and 10
DWiIs in MATLAB R2020b. Theestof thestepancludedGibbsringing, eddy current and motion
correctionsand tensor parameter estimatigasformed in ExploreDTI v4.8.5?

Gibbs ringing (GR) artifaabccurs as a result of finisnd insufficiensampling of kspace
frequencies using Fourier transfot#i GR commonly appearasparallel dark lines in the image
around highkcontrast interfaces (e.g. C&Bsue border) where the signal possess an oscillating
behaviour. GR artifactaremost pronounced orbbimagesdue tosharpsignal differences at the
bright CSF interface with dark adjacent tissliee efect of GR artifact®n quantitativediffusion
measuresnclude higher variability of MD and FA(generallyan overestimation ofFA andan
underestimation d¥1D).*3® ExploreDTI useshetotakvariation (TV) approach to lessen the effect
of GR artifact'®3 In this datasetGR correctiorusing the TV methodvas applied in ExploreDTI
with thefollowing parametersaumber of norDWIs = 1(the default value is set to 10@mbda=
100 iterations = 100and step size = 0.0This processingtepreduced the number of voxels with
MD values at the lower end of the distributigigure2.1). However,GR correction also resulted
in some degree of image smoothimgthe b0 image whickcontributed to thenarrow MD

distribution seeim Figure2.1D. Image blurring also resulted in a false MD increase irstitzum

43



lacunosum raleculare(SLM), as a consequence of higlsggnalintensityof the SLMon the b0
but not on mean DWId~{gure2.1). Increasing the number of n@WIs and/or reducing lambda
(the weighting factorgxacerbatetmageblurring. Increasinghelambda reduced imad®urring
but insted cropped out parts of the imadgeurther work isneededo develop amore suitable

methodto 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

- 1’ F"W! . .-"l ey " ""4“\ 2500

t‘w d\«

b
»
ﬁ‘“
i;,
After GR correction

S

Ll

Figure 2.1. Axial (A) bO and (B) mean DWI slices before and afgéfR correction. GR artifact
can be primarily visualized atark lines around the ventricles. GR is lessdbet not
completely removed) after the correctiasing the TVapproachHowever, GR correction
smoothed the b0 image and not the mean DWIs resultinfalseaMD increase the stratum
lacunosum raleculareas seen in (C). (OYWD histograms corresponding to the respective sli
suggest that the number of voxelgwiower MD values (< 0.6 x 1mn¥/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 suayinr@an
overestimation of MD value's® Also, motion ordistortions can cause misalignment between the

diffusion images which woulduggestthat each voxels on each diffusion images may not
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necessarily come from the same brain regiafdy currents are produced as a result of rapidly
switching diffusion gradients whiatan induce currenia the conducting surfaces of the scanner

(e.g. shieldstubes, etc.). These currents set up magnetic field gradients that remain after the
primary gradients are switched off, resulting in image distortions. These distortions arégrticu
prominent in theEP| sequence (e.g. shearing and scaling artifatt$)otion, eddy current and

EPI distortionscorrections arenduded in a single step ixploreDTL'®® Average residual error

maps of thdensor fit can be used to assess the effect of motion, eddy current and EPI distortion
artifacts Figure2.2). In this dataset, theseaps revead higherresidual error in the middle part

of the brain (where the hippocampi are located) compared to the ¢bitgxe 2.2). This is

because the sensitly of the &-channelRF head coil( mount ed around the s
decreases as the distance from the coil increases. As a result, the brain regions further away from
the coil exhibit wors&NRand higher residual errors from the tensoffiite last stepvasdiffusion

tensor parametestimationusing the linear least squakgorithmto obtain mean DWIs, FA, and

MD mapsaspreviouslydemonstrated ifigurel.7.
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A. Unprocessed maps
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Figure 2.2 Average residuarror maps of the tensor fit from two control subjects (A) bedow
(B) aftermotion, EPI distortion andddy current correctiarHigher values represent poorer
Since the subjectsdéd motion was | imited,
(mostly in cortical areas). Thaiddle part ofthe brain where the hippocampi atemonstralt
worse residuals from thertsor fittingcompared to the cortex. This can be explained by a red
in the sensitivity of the 64hannel head coil and SNR in regions furthest away from the co
the middle parts).

24T2 relaxometry Processing

There are two main methodsdinuate signal decay in anulti-echo spin echsequence: Bloch

eqguations and extended phase graph (EPG) algofithan methodnodekthe spin echo pathway

in a different waybut both aim to measure T2 and refocusing flip angles by the fitting prd€ess.
Quantitative T2 maps in this study were computed using a hybrid mo@#®based indirect

and stimulatedecho compensatiétf wi t h  Shi nnar Le Rouxprofieppr oxi r
(Figure 2.3).1°” The EPG algorithm computes echo signal amplitude given T1, T2;eicher

spacing and refocusing angfé& The original description of EPG did not account for imperfect
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slice profiles which can be a major source of stimulated e€liddscussed in sectioh4.2. A
reverse solution to EPG algorithm allows for calculation of T2 values usingctiw teain
amplitudesA newmethod was then introduced to compensate for the effect of slice profiles in the
EPG algorithm byestimatingthe distribution of flip angleasingthe Fourier transform of the RF
pulse shap&?® Thismethodestimates decay curve with echo train amplitudes integrated theer

slice profile. Later it was shown thathe 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 ( auosedtolcacalata RFpuse)tappeoximation of slibee
profiles was employed® This method has been implemented in MATLAB

( StimFitimg_slrpulseshape s daseédpri these studie’>) which cancomputequantitative

T2 maps froMMESE scans.
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A. 16-echo spin echo sequence
Pk \

TE, 31ms TE,=41ms TE; =51 ms TE; =61 ms TE;=71ms TEg=81ms
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B. Quantitative T2 map C. Hippocampus quantitative T2 map D. Right hippocampus Signal decay curve
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Figure 2.3. (A) 16-echo spin echo T2 sequence acquired at 3T with-etleo interval of 10 m:
(B) Correspondingjuantitative T2 map computed using the ER4Sed stimulated echo
compensatiomethod in StimFit. (C) Quantified T2 map of the segmented hippocampus v
the same scale used in (B). (@t of signdintensity over echo time (TE) of the right
hippocampusydracted from the 1-@&cho spin echo sequence.

25Regi stration

Registration refers to alignment of one MRI déaurceimage)with another fargetimage) to
ensurespatialoverlap ofthe voxelsThe scans can be from difent imaging modalities (e MRI
and PEY of one subject, from the same modality (&/dRI-MRI) of differentsubjectsor from
the same modality arglibject (e.g. longitudinal MRIRegistration techniques can be divided into
two broad ategories: linear and ndimear. Linearregistationintroduces global changes in the
image (e.g. translation, rotation, zoominghile nonlinear registration introduces local
deformations to match one image with anothérere are numerous algorithmsthin each

category tailored tdlifferent purposg. Freely available neuroimaging softwaeeg. FSL, SPM)
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have builtin registration methods yet ¢oosing an appropriate algorithm amelgistration
parameters (e.gost functionjnterpolation method, degree of freedom, etc.) can be difficult and
is usudly performed through trial and error.

In this work, repeated MRacquisitions(mean DWIs and echsummed T2wveighted
image$ of the same subject wepe-registered to ally within-individual comparisorbetween
scan 2 and scan 1. There were sewdrallengespecific to this dataset. Firghe MRI acquisitions
did not cover the wholbrain as only a small slab oR0 slices along théong axis of the
hippocampusvere acquired.Most registration techniquehave been developed fahole-brain
acquisitionsby makinguniversalassumptions abouhe brain (e.g. the had is shaped like an
ellipsoid). In this specific sulsolume MRI dataset, some of these assumptions could moabe
For example, the ellipsoishape of the brain wamot visible inthe coronal and sagittal plane$
the slabacquisition Consequently, ast functions that do not make such assumptions such as
Mutual Information,Correlation RatipLeast Square, etc. wetestedn FSL/FLIRT v6.01™ The
defaultFLIRT commend (Correlation Coefficient cost function, spline interpolation, 12 degree of
freedom)producel betterresultsamongthe other variationge.g. changing thecost functions
and/or interpolation methodshilowever, registration incasistenciesvere still observed in the
brain ofmanyTLE patients(Figure 2.4). Further,the surgical cavity in a subset of patients that
underwent surgical resection of the temporal lobe significadirupted the registration

algorithmscausing failure of the procark (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

B. Bilateral HS TLE

Not registered Scan 1 slice 10 Registered
Scan 2 slice 10 Scan 2 Slice 10

Figure 2.4. Longitudinal registration of mean DWIs (using FSL FLIRJorrelation Coefficien
spline interpolation, 12 degree of freedomm) a (A) control resulted in accurate spa
correspondence between the images while registration inconsistencies (red circles) \
observed in a (B) TLE patient with bilateral HS.

As a result ofthe discussedchallengesprior to caregistration,Crop Volume modle in 3D
Slicert®® was used teither crop mean DWI into the twbemisphers or extracta boxregion
around the hippocampgsven the need to exclude the surgical resection cavity in supgitahts
(Figure 2.5). For consistency, this method was applied to all subjects (includingsumaical
subjects) Co-registration otthe cropped hemisphereid notproduce consistent results some
subjects(e.g. croppedut parts or the entireutput file). Converselyco-registration of cropped
hippocampu®WIs resulted irexcellentcorrespondendeetweerthe two scansrhis method was
consequentlysed in Chapter 3 to assess changes betweemdlseansThere 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, extractiontloé boxregionaround the hippocampuwgastime-consuming as it
wasperformed manuallyThird, while the size of the boROI waskept the samets location had

to be changed iafewcasesast he subj ect 6s thescander @mdccordinglghat i on i
location of the hippocamplsdifferedfrom 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 ¢
temporal lobe after scan 1. Left column:registration of the two scans failed to produce
results. Middlecolumn: ceregistration of the extracted left hemisphere (red dotted box) o
achieve spatial correspondence between the two scans. Right columagistation of th
extracted hippocampus (yellow boxes) resulted in excellent correspondence baevasans.
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26HI ppoc&mpment ati on

Manual segmentation refers the delineation of a region of interest on MR images by an
individual. While manual segmentation is considered the-giddard method to analyze a
structure of interest, it is timeonsuning and requires expertise in the amay of the structur&>®
Manual segmentatioof the hippocampus is subjectinter and intrarater variability and a very
large degree of heterogeneity in the volume of the hippocampus among different'$ftithes.
European Alzheimer's Dease Consortium (EADC) and Alzheimer's Disease Neuroimaging
Initiative (ADNI) centers developed the aHnonized Protocol (HarP) for hippocampus
segmentatioto account for this heterogeneif§} The HarP has demonstrated higter- and intra
rater reliability'®? even when utilized by inexperienced but compliant trat%rs
In this work,whole-hippocampus wasegmentedccording to the HarBn native mean

DWIs andseparately retraced @athesummed T2veighted images acquired along tlong axis
of the hippocampusSince this protocolvas developedfor standard TAveighted MPRAGE
acquired along the anteriand posterior commissures lif@urvery hippocampus atlas wased
as acomplementarguide??

Segmentation was performed in ITSNAP v3.6.6% asit provided 3D visualizatiorf the
ROI (a requirement ithe HarP}o better guide the proceduieigure2.6; refer to Appendix A for
a complete example of a segmented hippocampum)odampi were segmented in two sequential
stages: dinitial tracing of the hippcampus on the coronal slices c@nfirmation/modificationof
the ROIs using all planes (e.goronal, axial, sagittal, 3D reconstructed structure). The
segmentation started on the middle coronal section of thedapmpus bodyherea clear view
of the dentate gyrus andornu ammonigthe interlockingfiCo relation) could be achievedhe

ROIs wee thendrawn 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. eithefiralveast
gray matter tissue; depending on whichever could be visualizednaadle the amygdala. Sagittal
and axial slices were particularly usefulsaparatinghe amygdala (orthe anterior and lateral
sides of the hippocampus) from the hippocampus. On axial mean DWdsamygdala often
appeared as a round gray matter struciite small CSF pockets separatintipe hippocampus
head and amygdalavisualization of the amygdala was more difult on echesummed T2
images The most caudal slice was determined on the coronal section &sstlggay matter
structure seen inferomedialio the lateral ventricle. Another anatomical landmark on mearsDWI
(and to a lesser extent on iRRages) was th8LM which appeared as a dark band along the length
of the hippocampus. While these landmankere sufficientin most cases, visualization of the
hippocampusinatomywas sometimes difficult omost rostral or caudal sectigngarticularly in

HS TLE patients wh marked atrophy/loss of internal structure/Sllivsuchcasesother available
scanssuch as higiresolution (0.5< 0.5x 1 mn?) coronal T2weighted scans were used to guide

the segmentation.
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A. Control
IAVAE] Coronal 3D rendering
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Figure 2.6. Examples of the hippocampus ROIs in a (A) control and (B) unilateral HS patie
middle coronal section is approximately the first slice on which the ROIs were drawn.
rendering view shown in the right column provides a guide to the protocohi{aking sure tf
gross hippocampal O0seahorseb6 shape i s m

27Curved Multiplanar Reformatting

Curved multiplanar reformatting (CMPR) is a pgsbcessing techniquéhat canimprove
visualization of complex tubular thredimensionabtructures such as blood vessels and tratfiea

In the CMPR process, thmnventionalcrosssectional planege.g. axial, coronal, sagittagire
modified (e.qg. tilted) with respect to the anatomy of the structure to establish the best visualization
of the region of interest. As discusdedL.1.1 the hippcampus is a complex tubular structure.

Visualization of the hippocampus head and tail using MRI is particularly challenging due to its
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curvature at the junctions of bodyead and bodyail. However,recall thatthe interlocking C
relation between dentaggrus and cornu ammonis remagmsistenthroughout the length of the
hippocampus regardless of this.a@s demonstrated befaféapplying CMPR to the hippocampus
can maintairthe characteristic interlocking C relation across the eletirgth of thehippocampus.

In this work, CMPR was used to facilitate comparison between MRI and histology
results Postsurgicalhistology specimens weoensistentlyobtained from the hippocampal head
body junction. The histology specimenwere sectioned in the coronal plarte allow the
neuropathologist to asseie degree of neuron loss and gliogisCA1 and CA4 subfields
However, the fcor oehaadbody Mittion appeardotdad whiah tinmtiset h
detection of hippocampal subfields CA1 and CER#§(re2.7A). CMPR allowsfor reconstruction
of the MR slices transverse togHong axis of the hippocampus to enalkualization of CA1
(localized orthe lateral aspect) and CA4 (localized on in the mesial regions) subre@btiaR
was performedh 3D Slicerv4.11'%¢ using theReformat Module. The coronal plane waanually
adjustedbliquelyat theheadbodyhippocampajunctionto maintain a tangential orientation with
respect to the hippocampus curve and to acltieeb e st r epr esentation of

relationship between thmrnu ammonisind dentate gyrug-igure2.7B).

Figure 2.7 (A) Poor representation abrnu ammonigind dentate gyrus on a hippocammabna
sectionat the headbody junction. (B) CAl(lateral rgions) and CA4 (mesial regions) are et
identified wherthe angle of the coronal plarsetilted with respet to the hippocampal curvatu
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3.Longi tudi nal Hi pfWecgmpaibg DmaQ
and T2 Relaxometry Demonstrate
Whi ch are Stable and Predict S
Temporal Lo'be Epil epsy

3l ntroducti on

Temporal lobe epilepsy (TLE) is the maommon form of focal epilepsy. While only @0of
TLE patients respond to medicatiohanterior temporal lobeesection including the hippocampus
can provide seizure freedom with resultamprovements in quality of life. However, lofigrm
surgical outcome studies demonstrate that approximately 50% of patients experience seizure
recurrencé.Finding more accurate predictors of surgical successpeeatively is imperative to
advance treatment options and improve outcomes in TLE patients.

Hippocampal sclerosiéHS) is the most common underlying etiology in dregistant
TLE® 2> and iscategorized into three subtypes based on histological assessment of neuronal loss
and gliosis of hippocampal subfieléi€> The International League Against Epilepsy (ILAE) HS
subtypes include: Type 1 HS with neuronal loss in CA1 and CA4, Type 2 HSmeithinent
neuronal loss in CA1 and Type 3 HS wittominenmeuronal los&é CA4.2° Notably, postsurgical

successas been demonstrated to correlate with HS subfype¥: 16170 Since HS subtype is

I Chapter has been submitted for publication elsewhere, Adel SAA, Treit S, Abd Wahab W, Little G, Schmitt L,
Wi | man AH, Beaulieu C, Gross DWWeighteddmagingtandd?2 Rekaxometty p p oc a
Demonstrate Regional Abnormalities WhicheA$table and Predict Subfield Pathology in Temporal Lobe Epiepsy
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currently diagnosed on surgical histoloy}2” 18t has not been possible to use this infation
to improve the prediction of surgical outcomes prospectively prior to sutgéty 168 170

While conventionalclinical magnetic resonance imaging (MRI) can reliably detect HS
(volume loss ancelevated T2wveighted signalf; 1’* it has not been possible to diagnose HS
subtypes using standardwivo MRI.>% 25 Diffusion tensor imaging (DTI)ndirectly evaluates
brain microstructurg® "?and haslemonstrated elevated mean diffusivity (MD) in tpsilateral
hippocampus of TLE patients with E#%8% %% 17¢orrelating with lower pyramidal neuron density
in CA4/dentate gyrus (DGY.Given the low spatial resolution of most research DTI acquisitions
designed for whokbrain (e.g. 2 mm isotropic; 8 ninvoxel volumes), it has been difficult to
evaluate diffusion changes in hippocampal subregioaseRRly, highresolution (1 mm isotropic)
DTI of the human hippocampussing a clinically relevant protocot§¢ minutes at 3y has
shownfocal dffusion abnormalities of the hippocampus stegery that agreed with subfield
neuron loss in posturgical histology in apilot sample of 4 TLE patient§. However, to
characterize and validate TLE diffusion findings using figgolution DTI, a larger sample size
of patients with postsurgical histology is requiredincreased quantitative T2 relaxation time has
alsobeen shown to correlate witteuronal losgn CA1 and CA3'Y gliosis in DG and granule
cell dispersiort'® Whether diffusion and T2 MRI provide complementary data regarding
underlying structural abnormalities in the TLE hippocampus is not known.

It is also unclear Wwether hippocampal volume, quantitative T2 aliffusion subfield
abnormalitiegpersistor woren in TLE and what the impact of temporal lobe surgery is on the
contralateral hippocampuSome previousongitudinal MRI studiedhiavesuggested progressive
atrophy of the sclerotic hippocamptig? ®° aswell aspostoperativereduction in volume anan

increase in MD of contralateral noasected hippocamp$ 8 % 1%However, these findings are
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not supported by other MRI ahistologicalstudie§? 27128 15{yhich suggest limited change over
time in the hippocampu$hus, more studies with a longitudinal design are needed to expbee
inconsistencieand toimproveunderstanding of structurahangegollowing epilepsysurgery

The current longitudinal imaging study of 19 patients and 19 healthy controls acquired
high-resolution 1 mm isotropic DTand 1.1 x 1.1 x 1 mfguantitative T2 @ assessvhole and
focal MRI changes of thipsilateralandcontralateral hippocampuaser~2.6 yearsn TLE patients
(8 of whom had hippocampal resection). To provide insight into focal diffusion abnormalities, the
location of preoperatve MD abnormalities of the hippocampwgas compared to focal T2
abnormalities and areas identifiems abnormal (e.g. containing neuron loss) subfield

histopathologyollowing surgery.

32Met hods

321Participants/ Study Demographi cs
This study inalided 19 contral (mean age 448 years; 1&0 years; 10 femaleghd 19 patients

with TLE (mean age 43+13 years;-I8 years; 9 femalespf this cohort, 12 patients and 10
controls were recruited from our previous cresstional study* All controls were recruited
through advertisingradl had no selfeported history of epilepsy, neurological and psychiatric
illnesses,or contraindicationgo MRI. TLE Patients were referred by the neurologt the
University of Alberta Hospital Epilepsy Clintltased on ictal semiology, ictal and interictal EEG
and MRI being consistent with a diagnosis of TIAH subjects provided writtemformedconsent
prior to participation. This study was approved bg tHealth Research Ethics Board at the
University of Alberta.

Patientswith TLE were subdivided into unilateral HS (n=11), bilateral HS (n=2) andHf®n

(n=6) based on qualitative review of the clinical Ml aneuroradiologistTable3.1). NonHS
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patientsshowed naevidence of hippocampal atrophy, loss of intemppocampabrchitecture or
other structural abnormalities, except for one patient whib ddow 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

a b wWw N P

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

Unilaterali
Right
Unilaterali
Right
Unilaterali
Left
Unilaterali
Left
Unilaterali
Left
Unilaterali
Left
Unilaterali
Left
Unilaterali
Right
Unilaterali
Right
Unilaterali
Left
Unilaterali
Left
Bilateral

Bilateral

Sex

Male
Male
Male
Male

Male

Female

Male

Female

Female

Male

Female

Female

Male

Female

Female

Female

Male

Male

Female

Ageat

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)
25
2.5
3.5
24
2.3

4.0

3.9

2.0

14

1.7

24

2.7

4.4

2.9

2.7

1.0

2.4

2.6
24

Age of

seizure

(years

18
45
51
28
18

17

28

37

27

33

18

44

5
0.7

)

Disease
duration
(years)
29
6
2.0
6
11

1.0

42

11

13

24

17

20

10

37

53

37

5

54
35

Telemetry  Surgery

Results

Bilateral
Right
Right

Left
Left

Right

Right

Right

Left

Left

Left

Left

Left

Right

Right

Left

Left

Bilateral

Bilateral

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

n/a

Gap
surgery
T Scan
2
(years)
n/a
n/a
n/a
n/a

n/a

4.0

25

2.0

1.4

11

1.6

2.7

3.1

n/a

n/a

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
Outcomé

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

n/a

A

A

n/a

n/a

n/a

n/a

n/a

n/a

gEngeloutcomes for eight surgical patients were determined within four months of theop®stive scans.
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3.221 mage Acqui sition
All 38 subjects underwent twesearch MRI scans with amter-scan gapf 2.6+0.8years (14.4

years)for TLE patients an@.7+0.8years (14 years)or controls Eight out of 19 TLE patients
(seven unilateral HS and om®n-HS patient withganglioglioma)had hippocampal resection
surgeryat6.6t7.5months (1 dayd 8 monthspafter scan Andthen had a followup scan at 281.0
years (-4 years) after their surgery

All MRI images wereacquired on a Siemens Prismaa&@Tper Treiet al'*® Diffusion images
were acquired with singishot 2D EPI (GRAPPA R%/8 PPF; A/P phase encode), FQRO x
216 mnt, matrix 220 x 216, 20 slices at 1 x 1 x 1 fmasolution with no interpolation, TE 72 ms,
TR 2800 ms, b 500 s/minl0 averages of 10 gradient directions and 10 b0s in 5:18 mifates.
slices were manually aligned along the long axis ohtppocampus using a whebzain 3DT 1
weighted MPRAGHor reference (0.85 misotropic;3:39 minutes)A subset of 16 TLE patients
and 9 controls also underwent T2 muatho spin echo relaxomgtscans with 20 slices, 16
echoes, TE 10.7 171. 2 TR3560m$,Q.1>nisl x L ninb:47mingesh o s p a
T2 relaxometry scans were acquired along the long axis of the hippocampus (in the same plane
the diffusion acquisition).

Gibbsringing, eddy current and motion corrections, and tensor parameter estimations were
performed in EploreDTI v4.8.6 to obtain mean diffusiomeighted image (DW|)MD and FA
maps Quantitative T2 maps from mukéicho spin echo acquisition were compuisohg a hybrid
model of extended phase graph (E®@3¥ed indirect and stimulated echo compens&fiovith

Shi nnar agpexinRtoooslice profilest®’

323Hi ppocampus Segmentati on
Whole-hippocampi were manually segmented maanDWIs in native spaceising ITK-snap

v3.6.0%* by a single user (author SAA)linded to subjeicgroup and longitudinal scan number.
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Similarly, hippocampi were traced again by author SAA on estmamed TZveighted images.

The segmentation protocol followed the guidelines outlined in Alzheimer's Disease Neuroimaging
Initiative Harnmonized Protocot®?including thefimbria/alveus in the procedure but excludthg
subiculum. To excludecerebrospinal fluid(CSB-containing voxels, an MD thresholdf

1 .x5 1 ¥nnmP/sand T2 threshold of 150 ms (determiresed on the lower range of MiDd T2

in lateral ventricles) werapplied The volume, MD, FA and T2 were obtained for the whole
hippocampusThe intrarater dice oefficient OC) for author SAA was 0.93x01 andntraclass
correlation coefficientlCC) for hippocampus volumeas 0.98 (0.9®%.99 Cl)as measured in 12
subjects (six controls and sikKLE) randomly chosen from the samplater-rater reliability
between two authorSAA and ST) showed strong DC (0.83+£0.03) and ICC (0.91;0.94 CI)

scores in th same 12 subject$dble3.2).

Table 3.2. Hippocampus manual segmentation inrad intefrater reliability.

Reliability Groups DICE (SD) ICC (CI)
Intra -rater Control (n=6) 0.94 (0.02) 0.94 (0.760.99)
TLE (n=6) 0.93 (0.01) 0.98(0.87-0.99)
Total (n=12) 0.93 (0.01) 0.98 (0.960.99)
Inter -rater Control (n=6) 0.85 (0.02) 0.80 (0.640.96)
(2 raters) TLE (n=6) 0.82 (0.04) 0.90 (0.710.98)
Total (n=12) 0.83 (0.04) 0.91 (0.640.97)
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324Regi stration

To directly compare hippocampal regional chesgetween the scans, longitudinal mBaMls

for each subject were aegistered using FSL/FLIRV6.017# Prior to ceregistration,3D Slicer
v4.111% was used to extract a box region arbtine hippocampus as a new extracted mean DWI
volume given the need to exclude the surgreakction cavity in surgical patients, as this area
would significantly disupt the registration algorithnfigure 3.1). For consistency, this method
was applied to all subjects (including reurgical subjects) and the same transformation was
applied to MD usingrilinear interpolation The same method was applied on eshommed T2

weighted images to eegister longitudinal Z maps.

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

Jd8 &Y

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

o, |

g‘ 1

r';
W4

L
v
Scan 2 Co-registered Slice 10

[fﬂ.
pa’l

Lap
Figure 3.1 Longitudinal ceregistration of processed mean diffusiweighted images (b = 50C

s/mn¥) resulted in correspondence of the two scans in a representative (A) control, {B$ ne
and (C) right unilateral HBarticipant.
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325l denti fication of Focal MD and T2 AbDb
To characterizéocal MD abnormalitiesat scan 1, a MD threshold df. 1 ' fmnrIs®as applied,

representing twastandarddeviations(SD) above mean MDQ.7840.17 I  "13@n¥/s) of 19
controls (38 hippocampigimilarly, regional T2 abnormalities were defined as voxels above a T2
threshold value 085 ms (2 SD above the control meanxI2 m9 measured if® controls (18
hippocampi).This identified thelocationand extenf{expressed apercent of the hippocampus

volume with abnormal voxel®)f hippocampal MD and T2 elevatians

326 Regi onal MD Changes Between the Scan

To characterizehe expected range of intecan variability in regional MD maps reliability
analysis waperformedby scanning sixhealthy subjects (mean age 302 years; 235 years; 3
females) two or three tinseeach over a period of 88 days (117 days) usinghe high-resolution
DTI protocol. This allowed for an estimation of the seascan reliability anthe level of noise
(e.g. processingndregistrationvariability, etc.) in closely spaced serial scans. Difference MD
maps were created by subtractingregisterechippocampaMD maps for each subjecoxek
by-voxel MD subtraction maps of the six healtbubjects demonstratedseall mearrangeof -

0.06x 10%to +0.05 x 1 mn7¥/s between the serial scans.

327St ati stical Analysi s
Statistical tests were performed in SR&8B (SPSS Corp, 2021) and Pri¢@raphPad Software,

2021).Two independent repeataeasures ANOVA (RMANOVA) designs were prepared with
scans 1 and 2 aspeated factsr hippacampal MRI measures (volume, MBA, T2) as dependent
variablesand interscan interval as a covariaféhefirst RM-ANOVA assessed the trajectorigfs
MRI measuresn the ®ntrols (bilateral hippocampi 0f19 healthy subjects, n=38 non-HS
(contalateral hippocampus of 11 unilatek$ and 11 hippocampi of simon-HS TLE patients
(one hippocampus was surgically removed); n=22) and HS (ipsilateral hippocarinpus
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unilateralHS without surgeryand hippocampi of two bilater&lS TLE patients n=8) (Figure
3.2A). The second RMANOVA compared the contrakatal hippocampus of TLE patients with
and without surgeryHigure3.2B). One norHS and both bilateral HS patients were excluded due
to demonstration foindependent bilateral seizumnset during inpatient EE@deo telemetry
(Table3.1). The groups includedusgery (coralateral hippocampus of seven unilateral HS and
onenonHS patients; n=8) andam-surgery (cotralateral hippocampus of four unilateral HS who
did not undego resection and foumon-HS patients n=8). T2 was available in a subset wgloup
numbers shown iRkigure3.2 . Pairwise comparisons adjusted vatisidak correction for multiple
comparisons were conducted for RANOVAs with significant omnibus effect. Whole
hippocampus measuregere plotted against scan number, mean control measuremerttgscand
SD boundaries to assess individual longitudinal chanfee ar sondés cedrtheel at i o
relationship between vate-hippocampus volume, MD, FA, and T2 wadle 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) s
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 fordpeateemeasures ANOVA 1
assess trajectories of volume, MD, FA and quantitative T2. (A) Analysis 1 was conducted
trajectories of volume, MD, FA and T2 in the control, #$8 and sclerotic ppocampi. (B
Analysis 2 assessed the effect of surgery on the contralateral hippocampus of HS-&S
patients20One norHS patient and seven of 11 unilateral HS patients underwent surgical r
of the ipsilateral hippocampus following their firstag and therefore longitudinal analysis c
not be performed on the resected hippocarf@ne norHS and bilateral HS patients w
excluded due to demonstration of independent bilateral seizure onset during inpatieviti &t
telemetry

328Hi st ol ogy

Histological sampkeof the hippocampuwere available foreight TLE patients who underwent
surgical resection of the anterior temporal lobd had preand postoperativescansWhile the

exact location of the histology sample taken from thedgpmpus could not be determinedséed

on the standard surgical procedure used by the neurosurgeon, the histology sample was
consistently taken from the posterior head and anterior body of thechimpus. Thaistological
tissueswere analyzed by neuropathologist (LS) blaed to the clinical information. Neuronal

nuclei (NeuN) stain was used as a marker of neuronal loss. The HS subtypeasssigreed based

on the degree of neuronal lossdA1 ard CA4 subfields as per ILAE criteffa
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As the pathologial specimens were obtained at the hippocampalbedy junction, the
comparison to MD and T2 abnormalities was also focused on this region. Based on anatomical
knowledge, it was assumed that the CA1 subfield is located in the lateral aspect of therhjgaysoc
and that the CA4 subfield is located in the mesial hippocafiiusfacilitate the analysis of CA1
and CA4 at the headody junction, where the hippocampus curves mesiallySlicer was used
to manually perform curved multiplanar reformatting mean DWI and echsummed T2
weighted image$’ This enabled reconstruction of diffusion and T2 slices transverse to the long
axisof the hippocampus and allowed identificatiorC#1 and CA4 with normal or elevated MD
and T2 Figure 3.8). Sensitivity, specificity, positive predictive value (PPV) and negative
predictive value (N¥) 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 ptdges were defined as subfields without neuron loss and

abnomally elevated MD and T2.

33Resul t s

33 1Whoheppocampus MRI Measures Remain S
There was significant effect of group (control, nétS, HS)onvolume (FR) = 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 < 0.001hoeost
testsrevealed significantly lower voluméy 46%, P < 0.001), higher MD (by 23%, P < 0.001),
lower FA by 15%, P < 0.001) and higher T2y 19%, P < 0.001) in the HS hippocampi compared
to the control Figure3.3). The control and neRlS hippocampi did not significantly differ in any
of the MRI measuredsT@ble3.3). There were no statistically significant differences in hippocampal
volumes, MD, and T2 between schrand 2 for any gugps. There was aignificantinteraction

effect between the groups and repeat scans for hippocampal FA (F(2) B 3.49038). Posthoc
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analysis showed thaippocampaFA in the HS group at scan 2 was significantly higher (by ~8
20%, P = 0.022¢ompared to scan T&ble3.3). There were nagignificant correlatioabetween

MRI measures of sclerotic hippocampi with eithge of seizure onset disease duratioat either

scan
4.0 1.2
- 1.1
— J w
mE 3.0 -
Q E 1.0
S 2-54 E
] ©
£ o 09
5 2.0 e
5 z —
> | a 08 -
1.5 =
1.0] o3
0.5~ ; ; ; ; ; 0.6
Scan1 Scan2 Scan1 Scan2 Scan1 Scan 2 Scan1 Scan2 Scan1 Scan2 Scan1 Scan2
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0.40 N 90
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— Control —— Non-HS HS

Figure 3.3 Within-individual longitudinal changes of (A) volume, (B) MD, (C) FA and (D) T
whole-hippocampi of dlsubjects across two scans ~ge&rs apart plotted against mean co
(solid line) and2 SD (dotted lines) at both scans. Volume, MD, FA and TA@fHS grou
generally remained within 2 SD of the mean control values at both scans. The H.
demonstrated lower volume in 6/8, higher MD in 7/8, lower FA in 4/8 and higher T2 in 4/!
1) compared to the control group. The volume, MD and T2 réiffiees remained consist
between the scans. FA increddsy 820% in 5/8 HS hippocampbut was still lower than 2 <
of controls in 3/8 patients.

68



Table 3.3. Whole-hippocampus MRI measures and quantifigatd thresholded MRI
abnormalities of the sclerotic hippocampi.

Whole-Hippocampus MRI Measure (mean + SD) ThresholdedMRI
Abnormalities
Analysis 1 Analysis 2
(mean = SD)
Group Control Non-HS HS(n=8) TLET Surgery TLE + Surgery HS (n:15§
(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 2.4 1.4 1.4 25 2.5 2.4 2.5 0.3
3
©M) 404 104 %03 04 406 0.6 04 05 04 0.3 £0.3
MD (x10° 077 077 077 077 095 094 077 077 078 0.7 1.22
2
mm/s)  +0.03 +0.02 $0.03 0.2 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 A +0.03 +0.02 +0.02 =+0.03 +0.02
Tomsf 70 70 72 72 84 83 72 71 72 71 107
+3 2 2 2 +9 9" +2 +2 +2 +3 2

aT2 relaxometry data was available in a subset of 16 patients and 9 controls with hippocampus group Gizes=af8) NnonHs
=20, nHs= 5, NTLE-surgery= 7, NTLE+surgery= /.

bThis analysis pooled sclerotigppocampi (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-nepesiiees ANOVA
ASignificant difference (p<0.05) from scarfdt each group based on pairwise comparisons from repasadures ANOVA

332Het erogeneousAbReogrinaniailt i3 of the Scl
Hi ppocampus Persist Over Ti me

High-resolution DTldemonstrated substantial heterogeneity of MD values within hippocampal
sulregions for HS patient$-{gure3.4). Hippocampi of nofHS patientsKigure3.4B, E) showed
comparable MD (~0.8 x 1dmn¥/s) to the controlsHigure 3.4A) whereas sclerotic hippocampi

in HS patients showed fdhotspot s 0 mmwlisshownrinegi on a

orange and red iRigure3.4C, D, FH).

To identify regions of abnormally high MD at scan 1, a threshold valtid of 10° mné/s (2
SD above mean controljas applied while excluding voxels attributed to CSF. The percent of
voxels with MD above this threshold was minimal in the con{ralsan %2% of voxels, range-1
9%) and nofHS groups (mean1%, range 17%). Conversely, 22+17%range 459%) of
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sclerotic hippocampi volume contained voxels with elevated M@ufe3.5). MD elevations were
diffuse along the long axis of the hippocampus (eigure 3.4C, D-left hippocampus) in 8/15
sclerotic hippocampi, predominantly localized to the heagl Fegure 3.4D-right hippocampus,

G, H) in 5/15 sclerotic hippocampi, and were not evident in 2/15 sclerotic hippocampi. MD
elevations were localized the lateral regions in four hippocampi which was suggestive of Type
2 HS (CA1 abnormalities; e.gigure3.4G, H) and localized to both lateral and mesial regions in
nine hippocampi which was suggestive of Type 1 HS (CA1 and CA4 abnormalitieBigelge

3.4C, D, F).

Longitudinal analysis of repeated scans indicated that regional MD abnormealéies
consistent over time. MD subtraction maps (scars@an 1¥or TLE patients and control subjects
fell in theexpected rangef scanrescamoiseas determineth six healthy subjects with closely
spaced serial scan3his provided quantitative evidence that there is little to no regional
hippocampaMD change between the two scans in healthy controls and TLE paiierts2.6

year

70
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Figure 3.4 The top panel demonstratesgitudinal ceregistered MD maps of the hippocampi from a represen
(A) control (28 years old), (B) neHS, (C) right unilateral HS TLE, and (D) bilateral HS TLE. Regldvi® map:
demonstrate excellent spatial correspondence between longitudinal scans ~2.6 years apartHBhieipmocamg
(B) are comparable to the control (mostly green 0.8 %rf¥/s) and remain unchanged between the two scan
ipsilateral hippocamus (indicated by *) of (C) and sclerotic hippocampi of (D) show widespread elevated MD
1.1 x 10° mm?/s) throughout the entire hippocampus that remain consistent between the scans. The co
hippocampus in (C) shows a focal increase of Mihiw the hippocampus head which remains consistent be
the scans. The bottom panel demonstrimtegitudinal MD maps of four representative-f surgical patients. Tl
MD of the contralateral hippocampus in all examples remains consistent and wetthetgeen the scans. N
lesional patient (E) shows hippocampal MD within the control range. Regions of elevated MD are prese
ipsilateral hippocampus (*) of ({A) and contralateral hippocampus of (H). Note that the maps are not scale«
between patients, but are scaled the same left/right.
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Figure 3.5 (A) Percent hippocampus volume with Milevationgabovel.1x 10° mm¥é/s or 2 SI
above the controls) arfdgh T2 (above95 msor 2 SD above the controls) in control, RBIS ant
HS groups at scan Recall that all voxels attributed to CSF (above 1.B0% mn¥/s) were nc
countedWhile the control and neRIS groups showedsmallpercenageof regions with elevate
MD and T2,scleotic hippocampi showee22% MD and~13% T2 elevated regiongB) The
percent hippocampus volume of elevatd® and T2 of the sclerotic hippocamporrelate
linearly with each other in 12 TLE patients at scan 1, although the volume on MD was gre:
the volume of T2 per patient.

333Regi onal T2 Relaxometry Increases Co
El evated MD

Quantitative T2 maps from muléicho relaxometry were acquired in 16 TLE patients and 9
controls. Thepercent of hippocampal voxels with regions of abnormally high T2 (>95 ms or above
2 SD of mean controls while also excluding G&fataining voxels) at scan 1 was1% (range 1

4%) in control, 3£1% (range-2%) in norHS and 14+12% (range-84%)in HS (Figure 3.5).
Regions of elevated T2 were diffuse along the long axis of the hippocampus in 4/12 sclerotic
hippocampi (e.gFigure3.6C), regional and predominately localized on the head in 6/12 sclerotic

hippocampi (e.gFigure 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)@ahdth lateral and mesial regions in
seven hippocampi (suggestive of Type 1 HS; [eigure3.6B, C).

Regions of elevated hippocampal @@monstrated excellent spatial overlap with regions of
high MD (Figure 3.6). While the extent of MD elevated regiori32@%) was larger than T2
elevatel regions D14%), there was a significant correlation (R = 0.962, P < 0.001) between

percent hippocampal regions with high MD and T2 in sclerotic hippocdfitnire3.5).

A. Control B. Right Unilateral HS (subject 15)| C. Left Unilateral HS (subject 16)
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Figure 3.6 Regional MD and T2 maps of the hippocampus in a representative (A) cont
years old) and two unilateral HS patierR&egions of elevated2 (above 95ns) werepresent il
the ipsilateral (indicated by f)ippocampus of (B) and (@nd contralaterdiead ohippocampu
of (B). These elevated T2 regions overlapped with regions of high MD and remained cc
between théongitudinalscans. Note that the maps ao¢ scaled to size between patients, bt
scaled the same left/right.

334Foc al Regions of Elevated MD and T2
While wholehippocampal MD and T2 of neidS hippocampi did not differ from the controls,

focal regions of elevateD were detected in 4/11 contralateral hippocampi of unilateral HS
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patients (e.gFigure 3.4H). Regions of elevated T2 were also detected in cibrtralateral
hippocampi of the same four patienEsgure3.6B). In all cases, regional elevations of MD and

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

3.35MRI and Histol ogical Assessment of

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 surge®gyre 3.7). MD subtraction maps of the
contralateral hippocampus in eight surgical patients showed little to no cbeitwgeen the two
scangnot shavn).

Subject6 had a brairumour with no evidence of HS on clinical MRI and the histology showed
normal neuron density in CA1 and CARBigure3.8A). 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 HBigure3.8B, C).
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Figure 3.7 Within-individual longitudinal changes in (A) volume, (B) MD, (C) FAand (D) T
the contréateral hippocampus for the TLE groups without and with surgical transection
otherhippocampus ~2.§ears after scan 1 or surgery. There were no consistent chareyg
parameters for either grolgetween the two scans.
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A. Non-lesional (subject 6)§; Engel IA
, CA1 Zcis D
wf

B. Type 1 HS (subject 7); Engel IA
CA4

MD (x103 mm?/s)

C. Type 2 HS (subject 10); Engel IA
‘ cRvl .

Figure 3.8 Comparison of prsurgical MD (superimposed on mean DWI) and quantitativ
maps (superimposed on eesiemmed T2veighted images) with NeuN (marker of neuronal |
histology of 3 subjects who underwenirgical resection of the hippocampus. The HS suk
were assigned by the neuropathologist (coauthor LS) blinded to the clinical informatic
histology specimen analyzed was consistently obtained from the posterior head and ante
of the hipmcampus (where the red lines were manually oriented to reconstruct the corol
slices). (A) Nonlesional hippocampus showing typical MD and T2 values (mostly greel
normal neuronal density (dark brown). (B) Type 1 HS with elevated MD and T2 (aadged
in both CA1 and CA4 regions agreeing with Type 1 HS diagnosis. (C) Type 2 HS (neurc
in CAl) with MD and T2 elevations in only CAL. (8) denotes the subgparted in our previol
study?®,

336 Pr-2ur gi cal Regi onal Elpormad ewi tMD MewdN °

on PSousrtgi c al Hi st ol ogy
Based on the pat hol-sugica hishobgy anight suggioae patientso(I6 p o st

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, CAL1 for seven Type 2 hippocampi).

Regional MD abnormalities (>1.1 x #@nn¥/s) in the presurgical ipsilateral hippocampus
correctly dentified 7/8 subfields with reduced neuronal density, demonstrating 88% sensitivity.
Likewise, 7/8 subfields with normal neuronal density had normal M8(x 10° mm?é/s), yielding
88% specificity. Regional MD values were normal in 1/8 subfields withrameloss (false
negative) and abnormally elevated in 1/8 subfield without neuron loss (false positive), yielding
88% PPV and 88% NPV. Regiori? abnormalitie$>95 mg identified6/8 subfields with neuron
loss, yielding 75% sensitivitgnd regions with monal T2 71 m3 identified7/8 normalsubfields
yielding 88% specificityRegional 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 ad 78% NPV. Overallregional patterns of M2and T2 agreed with HS subtype

diagnosis in 6/8 and 5/8 surgical patienespectively.

34DiI scussi on

Hippocampal sclerosis is the most common pathology in medically intractalileand the
presence of HS is assated with improved seizure free outoe with temporal lobe resectién.
189 However, I5 is not homogeneoasd has tremendous amount of variability between patients
with respect to thextent of pathological changes withiifferent hippocampal subregiohand
along the long axis of the hippocampiis!’® as well as the presence of pathology in the
hippocampus contralateral to the seizure fd€d$Given that approximately 50% of patients have
seizure recurrence following gjery on longterm follow up? it is reasonable to hypothesize that
differences in surgical outcomes could be driven bg tathological heterogeneitylhis

hypothesis is supported by the demonstration of differences in surgical outcomiéferfent HS
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subtypes. 167. 168, 17®rhege studies highlight the importance of developing noninvasive methods
to accuratelydetectsubhippocampapathological changes wivo as part of surgical planning.
While MRI has been demonstraterdetect HS with a highccurag at the wholehippocampal
level® 1 the ability to detect subhippocampal abnormalitieswitnventional MRI is limited.
High-resolution DT (1 mm isotropic) hashown focaMD abnormalities of the hippocampus pre
surgery thatorrespondewith subfield neuron loss in pestirgical histologyn 4 TLE patients

In the current study we have expanded our obsengtma larger cohort & TLE patients with
postsurgical histologyand included longitudinal analysis in order to gain further insights into the
underlying mechanisms responsible fiegional changes in MD of the hippocampus.

Regional MDelevationswere stable over the B.year time period of the study and did not
change in the contralateral hippocampus of surgedients,~2.3 years after surgeryrhese
observations suggest that the regional MD changes are associated with structural abnormalities as
opposed to functional changes (such as fluid shifts) which cdsiddrasult in elevation of MD.
Previous longitudinal hipp@mmpal DTI studies posturgery are limitedin contrast to our
findings, two surgical studies demoradrd changes in MD in the pesperativecontralateral
hippocampus however with conflicting findings (osleowing an increase in MBand other
showing a decrea¥¥). Differences irthetiming of postoperativescans anthe methodology (in
particularthe spatiafesolution of scans andoking at regional as opposed to whbippocampal
measures) could explain the conflicting findings.

Consistent \ith the pathological literatuf&*® we observed considerable heterogeneity in the
extent of MD abnormalities along the long axighe# hippocampud={gure3.4), within the lateral
and mesial hippocampus (suggestive of variability in pathological involvement of different

hippocampal subfields) as well as in the involvement of the contralaterathippaos (e.g-igure
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3.4H). Of note contralateral MD hippocampal abnormalities were not observed at a whole
hippocampal level and were only seen redigndVhen comparing prsurgical regional MD
abnormalities to posturgical histology, MD identified subfield neuron loss with excellent
sensitivity and specificity (e.drigure3.8B and C).

While visual detection of increased -W&ighted signal can reliablidentify HS in TLE
patients® "*quantification of T2 relaxation timean detect subtle hippocampal abnalities with
higher accuracy” 1% However, T2 relaxometry studies have been limited by the lowtiaba
resolution of acquisitions andnite recent studié$ 1°” 8acquired T2 scans withigh in-plane
resolutions (e.g. 0.43 x 0.43 Mnthese studies still acquired thick skc(4 mm or aboyavhich
can result in missed lesions/abnormalities on a regional hippocampaHextekr, these studies
used a dualtecho sequencand did notaccountfor stimulded echoeswhich leads to an
overestimation of T2 valués® 1’®In our study, focal hippocampal T2 abnormalities were
demonstrated using a -B&ho T2 sequence with stimulated echo compensation and thin 1 mm
slices (1.21 mrhvoxel volume). These regional abnormalities strongly ¢ated with the MD
findings Figure3.6) 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 interegtahtof
the focal abnormalities demonstrated with MD was 1.5x greater than T2 which is consistent with
our observation of MD having higher sensitivityan T2 in detecting hippocampal subfield
pathology.

In summary, our findings demonstrate that higholggon DTl and quantitative T2
relaxometrycan demonstrate structural abnormalities associated with hippocampal sclerosis at a

subhippocampal level ipsilateral and caitdteral to the seizure fociWhile the cohort of patients
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that underwent surgery wésiited, both MD and T2 accuratepredictedHS subtypeBoth DTI

and T2 acquisitions were acquired at 3T in under 6 minutes making them clinically feasible,
potentially providing the opportunity to diagnose preélSsubtypes as well as subtle or regibn
contralateral hippocampal abnormalities, which could also affect surgical outcomes,

preoperatively.
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4.Concl usi ons

The resultof this thesis addredbe current inconsistency in the literature regarding longitudinal
changes of the hippocampus WLE patients with some studies showing progression of
hippocampal damage while others not supporting this nod@a. demonstratedthe first
longitudinal apgtation of highresolution { x 1 x 1 mn?) diffusion MRl and (1. 1.1x 1 mn¥)

T2 relaxometry at 3T in a cohort ®LE patients €ight of whom underwent surgeny) assess the
stability of focal diffusion and T2 changes in bilatelhippocampus over ~2.6 yeai$eresults
showstability of MD and quantitative T2 abnormalities ovtbetime period of the studyand no
postoperative changen the contralateral hippocampus of surgical patiéiifiese results indicate
that theregioral diffusion changesre likelyassociated with structural abnormalitiesopposed

to functional changesvhich could &o result in transient elevation of MDMethodological
differences in MRI acquisitions (e.g. spatial resolution), hippocampal segroariéad). exclusion

of the subiculum in the protocognd the timing of thdollow-up/postoperative scans could
explaintheinconsistencies in the literature.

Our diffusion and T2 relaxometnacquisitions with greatly improved spatial resolution
compared to the previous studies allowed us to compare the locationaygepedive diffusion
abnormalities of the hippocampus with focal T2 abnormalities and-spogtal subfield
histopathology irHS patients.Focal regions of diffusion and T2 abnormalitigere detecteth
bilateral hippocampi of TLE patientsith HS. These regionstrongly correlated in terms of
localization and the extent of abnormality. These findings suggest that diffusiquaniitative
T2 provide complementary information regarding hippocampal structural changes. However,

compared to quantitative T2, Mibas found to be more sensitivgpredictor ofpostsurgicalHS
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subtype (e.g. neuron loss assessed by NeuN stdoth highresolution diffusion and T2
acquisitions were acquired using a clinically feasible prot@t@Twith eachin under 6 minutes),
and allowed detection of heterogeneous ipsilateral arglibtle contrali@ral hippocampal
abnormalitiesIn summary these redts support the potential clinical utility of higlesolution
hippocampal diffusioand T2 relaxometrymaging inprecise characterizatiari HS subtypes that
may have significant implications for surgical patient selection.

The limitationsin this studyprovide opportunitiegor future investigationsFirst, while the
number of patients with pasurgical histology (n=8) was twicef that in ourprevious high
resolution DTI study (n=4%, there is still a need for a larger sample of patients withgasfical
histology agwo subjects were reported in both studies. Also, the small number of spagieats
limited our ability to establish correlatiorisetweenthe HS subtypespredictedby the MRI
measures and the surgical outcoppasticularly since onl{/8 patientsverediagnosed with Type
1 HS and no patients were diagnosed with Type 3 FHBther work with a larger nuper of
surgical patients with availableS subtype diagnosds required.As an aside, it would be
interesting to identify hippocampal regions afnormally high MD and T2 that may predict
neuropsychological outcomes (e.g. memory, cognitive) following the surgery.

Seconddirect comparisosiof focal MD and T2 elevationsith histologywerenot possible due
to availability of limited specimens frormgerior ipsilateral hippocampu€urved multiplanar
reformattingwas applied at hippocampla¢adbody junction (where the histology was taken) in
an attempt to address this limitatibdeverthelesshe MRI-histology component of this study was
descriptiveand qualitativeFuture 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 betweethe diffusion and T2 relaxometry datheach subjeatould not be
achieved possibly due tothe presence of different distortions the echoplanar sequence
(diffusion) andthe multiecho spin echeequencéT?2). Registratiorof hippocampaDTI and T2
acquisitionswould allow a direct comparison betwethre location offocal diffusion and T2
abnormalites in the sclerotic hippocamposTLE patients.

Fourth, thespatialresolution of DTl and T2 relaxometry scans can be further enhanced to allow
improved visualization of hippocampal subfields. While 1 isotropic resolution allowed for
visualization of the hippocampal internal structure (e.g. StiMinean DWIsaccurateestimation
of diffusion and T2parametersn the hippocampal subfields (e.g. CAl, dentate gyrus) at this
resolution isstill limited dueto insufficient resolution angartial volume effect. To address this
issue, hippocampal DTl and T2 relaxometry scans caoptienized and acquired om MRI
scanneat higher fieldstrength (> 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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Appexndi

A. Right hppocampus segmentexh coronal mean DWIfrom a 3-years oldcontrol male
control Segmented slices (1 mm) on twlanes orthogonal to theequisitionaxialoblique plane

are shown.
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B. The following two figureshowlongitudinal ceregisteredegional(i) MD and(ii) T2 maps of

all 19 TLE patientgsurgical patients-83). The patientare numberedonsistentvith Table3.1.

i) Mean diffusivity mapf the hippocampus.
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i) QuantitativeT2 mapsof the hippocampus.
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