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Samenvatting

Epilepsie is een neurologische aandoening die gekenmerkt wordt door
herhaaldelijke epileptische aanvallen. Het is één van de meest voor-
komende neurologische aandoeningen en treft wereldwijd meer dan 50
miljoen mensen. De meest voorkomende soort epilepsie is temporaal-
kwabepilepsie (temporal lobe epilepsy, TLE). TLE wordt vaak veroor-
zaakt door een initieel precipiterend letsel, zoals status epilepticus, een
beroerte, hersentrauma, een hersentumor, of een infectie van het cen-
trale zenuwstelsel. Momenteel is het nog niet mogelijk om te voorspellen
welke patiénten epilepsie zullen ontwikkelen na een dergelijk letsel en
welke patiénten niet, voornamelijk omdat er weinig gekend is over hoe
normale hersenen omgevormd worden tot epileptische hersenen, een pro-
ces dat epileptogenese genoemd wordt. Daarom is het belangrijk om
meer inzicht te krijgen in de basismechanismes van epileptogenese, wat
zou kunnen helpen om biomerkers te vinden voor de prognose van de
ziekte. Hoewel TLE een focale soort epilepsie is, waarbij aanvallen ont-
staan in structuren van de temporale kwab, is er meer en meer bewijs dat
laat vermoeden dat afwijkende epileptogene netwerken een rol spelen in
deze aandoening. Deze netwerken omvatten niet enkel hersenregio’s die
behoren tot de temporale kwab, maar ook extratemporale regio’s, zoals
subcorticale regio’s en de neocortex. Hersennetwerken zijn een combina-
tie van structurele en functionele netwerken. Daarbij kunnen structurele
netwerken gezien worden als de ‘hardware’ van de hersenen en functio-
nele netwerken als de ‘software’ die de hardware gebruikt om specifieke
taken uit te voeren. In TLE zijn afwijkingen in zowel structurele als

functionele netwerkconnectiviteit vastgesteld.
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De doelstelling van dit proefschrift was meer inzicht te krijgen in de
mechanismes van epileptogenese, met als uiteindelijk doel het vinden
van een biomerker om te voorspellen welke patiénten epilepsie zullen
ontwikkelen na een initieel precipiterend letsel. Daartoe werden veran-
deringen in structurele en functionele netwerkconnectiviteit tijdens epi-
leptogenese onderzocht in een rattenmodel van TLE met behulp van
geavanceerde magnetische resonantie beeldvorming (magnetic resonance

imaging, MRI).

Structurele netwerkconnectiviteit kan onderzocht worden met diffusie-
gewogen MRI (diffusion-weighted MRI, AMRI). Deze beeldvormingstech-
niek detecteert de diffusie van water, op basis waarvan de microstructuur
en structurele integriteit van de hersenen in kaart gebracht kunnen wor-
den. Het meest eenvoudige en meest gebruikte model voor diffusie is
het diffusie-tensor-model. Dat model is echter niet specifiek voor micro-
structuur en is niet nauwkeurig wanneer complexe wittestofconfiguraties
voorkomen. Een meer geavanceerd model dat deze beperkingen kan over-
winnen is multischil-multiweefsel-beperkte-sferische-deconvolutie (multi-
shell multi-tissue constrained spherical deconvolution, MSMT-CSD). Op
basis van dat model kan een nauwkeurigere schatting van de wittestof-
structuren in de hersenen (tractografie) bekomen worden. Daarnaast
kan met behulp van fixel-gebaseerde analyse (fizel-based analysis, FBA)
informatie over specifieke populaties van wittestofstructuren verkregen
worden uit dit model, en kan de structurele integriteit van deze popu-
laties onderzocht worden. De topologie van hersennetwerken kan geé-
valueerd worden aan de hand van de grafentheorie. In de grafentheorie
worden de hersenen weergegeven als een netwerk dat bestaat uit knopen
(nodes), meestal hersenregio’s, en takken (edges) die de relatie tussen de
knopen voorstellen. Verschillende grafentheoretische parameters kunnen

berekend worden om het netwerk te beschrijven en te kwantificeren.

In Hoofdstuk 5 werden de structurele netwerktopologie en intregriteit
van witte stof onderzocht met behulp van longitudinale dMRI, tractogra-
fie en FBA op basis van het MSMT-CSD model in het intraperitoneaal
kainaat (intraperitoneal kainic acid, IPKA) rattenmodel van TLE. Deze

studie had twee doelstellingen: 1) onderzoeken hoe het structurele her-
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sennetwerk verandert tijdens epileptogenese in het IPKA rattenmodel
en welke hersenregio’s het meest aangetast zijn en 2) nagaan of de ver-
anderingen in netwerktopologie gerelateerd zijn aan veranderingen in de
integriteit van wittestofbanen, beoordeeld aan de hand van FBA. De
resultaten toonden aan dat globale graad, een maat voor structurele
connectiviteit, en lokale efficiéntie, een maat voor segregatie of lokale
interconnectiviteit, daalden tijdens epileptogenese in de IPKA groep.
Daarnaast was er een daling in globale efficiéntie en een stijging in ka-
rakteristieke padlengte, wat wees op een daling in integratie of globale
communicatie-efficiéntie. De lokale graad daalde in verschillende hersen-
regio’s die deel uitmaakten van het limbische systeem en het defaultnet-
werk (default-mode network, DMN), vooral tijdens de vroege fase van
epileptogenese. De analyse van de integriteit van witte stof aan de hand
van FBA toonde aan dat de vezeldichtheid (fiber density, FD) en bundel-
dichtheid en -doorsnede (fiber-density-and-cross-section, FDC) daalden
tijdens vroege en late epileptogenese in verschillende wittestofbanen, zo-
als de commissura anterior, het corpus callosum, het cingulum, de cap-
sula interna en de fimbria, wat wijst op een daling in intra-axonale volu-
mefractie. Dat sluit aan bij de neuropathologische veranderingen, zoals
neurodegeneratie en gliose, die zich voordoen na status epilepticus in het
IPKA model. Daarnaast constateerden we ook dat globale graad, globale
efficiéntie en lokale efficiéntie in het structurele netwerk positief gecorre-
leerd waren met FDC en de bundeldoorsnede (fiber-bundle cross-section,
FC) in IPKA dieren. Dat wijst erop dat de daling in graad, integratie en
segregatie tijdens epileptogenese waarschijnlijk gelinkt is aan een daling
in axonale dichtheid of een daling in de integriteit van de belangrijkste

wittestofbanen in de hersenen van de rat.

Veranderingen in de integriteit van witte stof kunnen ook een invloed
hebben op de functionele netwerkconnectiviteit in de hersenen. Func-
tionele hersennetwerken kunnen geidentificeerd en onderzocht worden
met behulp van functionele MRI in rusttoestand (resting state functi-
onal MRI, rstMRI), een beeldvormingstechniek die het mogelijk maakt
om de activiteit in de volledige hersenen te visualiseren. In Hoofd-

stuk 6 werden veranderingen in de functionele netwerktopologie in een
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rattenmodel van TLE geévalueerd met behulp van longitudinale rsfMRI
en grafentheorie-analyse. Daarnaast werd het potentieel onderzocht van
functionele netwerktopologie om het optreden van aanvallen na een letsel
te voorspellen. Het doel van deze studie was drieledig: 1) karakteriseren
hoe de functionele organisatie van het rattenbrein verandert na status
epilepticus (SE) en tijdens de ontwikkeling van TLE; 2) identificeren
welke hersengebieden de hoogste mate van connectiviteitsveranderingen
hebben; 3) evalueren of connectiviteitsveranderingen geassocieerd zijn
met het optreden van spontane aanvallen. Een analyse van het func-
tionele hersennetwerk toonde aan dat de clusteringscoéfficiént en lokale
efficiéntie afnamen tijdens epileptogenese, wat wijst op een afname in se-
gregatie of lokale interconnectiviteit. De karakteristieke padlengte nam
toe en de globale efficiéntie nam af, wat wijst op een afname in inte-
gratie of globale communicatie-efficiéntie. De nodale graad nam af in
de meest verbonden hersengebieden in het baselinenetwerk, wat wijst op
een verlies in connectiviteitssterkte. De meeste van deze regio’s maak-
ten deel uit van het DMN van de rat. De functionele connectiviteit,
segregatie en integratie namen het meest significant af tussen 1 en 3 we-
ken na SE. Na dit tijdstip bleef de netwerktopologie ongewijzigd. De
hersenregio die het meest ingrijpend veranderde in zijn functionele con-
nectiviteit tijdens epileptogenese was de retrospleniale cortex, één van de
belangrijkste knopen van het DMN van de rat. Daarnaast zagen we dat
de frequentie van aanvallen in de chronische epilepsiefase gecorreleerd
was met de functionele connectiviteit, integratie en segregatie 1 week
na SE en met de functionele integratie en segregatie 16 weken na SE.
Bovendien was de frequentie van aanvallen positief gecorreleerd met de
graad van verschillende hersenregio’s, bepaald 1 week na SE. Tot deze
regio’s behoren de hippocampus en thalamus, twee regio’s die zwaar ge-
troffen zijn door neurodegeneratie en gliose na SE. Bijgevolg kunnen we
stellen dat hoe meer functioneel gedeconnecteerd deze hersenregio’s zijn
na KA-geinduceerde SE, hoe minder waarschijnlijk het is dat aanvallen
optreden in de chronische epilepsiefase. Die associaties tussen aanvalsfre-
quentie en functionele connectiviteitsparameters wijzen allemaal op een
nogal onverwachte bevinding, namelijk dat hoe meer het hersennetwerk

aangetast wordt door KA-geinduceerde SE, hoe kleiner de kans is dat
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spontane epileptische aanvallen worden gegenereerd. Het blijkt dus dat
het hersennetwerk een minimale mate van organisatie moet behouden
om het ontstaan van aanvallen mogelijk te maken. Dat komt overeen
met de krachtige therapeutische effecten van resectieve/deconnecterende
chirurgie als behandeling voor epilepsie. De correlatie tussen de net-
werkparameters en de aanvalsfrequentie 1 week na SE is erg interessant,
omdat we op dat tijdstip nooit spontane epileptische aanvallen hebben
geregistreerd in het IPKA-model voor TLE. Dat geeft aan dat netwerkre-
organisatie bij een initieel precipiterend letsel een voorspellende waarde
zou kunnen hebben en mogelijk een biomerker zou kunnen zijn voor de

ontwikkeling en progressie van epilepsie.

In de meeste rstfMRI-studies wordt aangenomen dat functionele connec-
tiviteit constant is tijdens de scansessie. In werkelijkheid varieert het
echter op een veel kortere tijdschaal. Om deze snelle veranderingen in
kaart te brengen, kan dynamische functionele connectiviteitsanalyse wor-
den gebruikt. In Hoofdstuk 7 werden dynamische veranderingen in
functionele netwerktopologie tijdens de ontwikkeling van epilepsie on-
derzocht met behulp van rsfMRI data verkregen in het IPKA ratten-
model van TLE. Het doel van deze studie was tweeledig: 1) karakteri-
seren hoe de dynamische functionele connectiviteit en netwerktopologie
van de hersenen van ratten veranderen na SE en tijdens de ontwikke-
ling van TLE, en 2) evalueren of deze veranderingen geassocieerd zijn
met het optreden van spontane aanvallen. Met behulp van een dynami-
sche functionele connectiviteitsanalyse konden zes terugkerende staten
van functionele connectiviteit worden onderscheiden in IPKA- en con-
troledieren. De verblijftijd (d.w.z. hoe vaak een staat voorkomt) in de
staten met de hoogste gemiddelde functionele connectiviteit was lager
in de IPKA-groep dan in de controlegroep, terwijl de verblijftijd hoger
was in de staten met de laagste gemiddelde functionele connectiviteit.
In staten met een hogere gemiddelde functionele connectiviteit waren
de clusteringscoéfficiént en lokale efficiéntie ook hoger, wat wijst op een
hoge segregatie of lokale interconnectiviteit. In deze staten was de karak-
teristieke padlengte lager en de lokale efficiéntie hoger, wat wijst op een

hoge integratie of globale communicatie-efficiéntie. Op dezelfde manier
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waren segregatie en integratie lager in staten met een lagere gemiddelde
functionele connectiviteit. Het opdelen van in de tijd variérende globale
grafentheoretische netwerkparameters in staten van functionele netwerk-
topologie leidde tot vergelijkbare resultaten. De verblijftijd was lager
in staten met een hogere functionele connectiviteit, segregatie en inte-
gratie in de IPKA-dieren. Het is interessant dat de aanvalsfrequentie
positief gecorreleerd was met de verblijfstijd in staten met een hoge ge-
middelde functionele connectiviteit en hoge segregatie en integratie, en
negatief met de verblijftijd in staten met een lage gemiddelde functi-
onele connectiviteit en lage segregatie en integratie, 1 en 16 weken na
SE. Onze bevindingen geven dus aan dat dieren waarvan het functionele
hersennetwerk zich vaker bevindt in een staat met een hoge functionele
connectiviteit, segregatie en integratie, meer chronische aanvallen heb-
ben. Aangezien functionele connectiviteit meer beperkt is tot de staten
met de laagste functionele connectiviteit, integratie en segregatie bij die-
ren met minder aanvallen, is het denkbaar dat tijdelijke verhogingen in

functionele connectiviteit nodig zijn om aanvallen te genereren.

Samengevat was het doel van dit proefschrift om meer inzicht te krijgen in
de mechanismen van epileptogenese, met als uiteindelijk doel het vinden
van een biomerker om te voorspellen welke patiénten epilepsie zullen ont-
wikkelen na een initieel precipiterend letsel. Daartoe werden veranderin-
gen in structurele en functionele hersennetwerken tijdens epileptogenese
onderzocht in een rattenmodel van TLE met behulp van geavanceerde
MRI. Longitudinale diffusie-gewogen en functionele MRI in rusttoestand,
in combinatie met grafentheorie, onthulden dynamische veranderingen
in structurele en functionele netwerktopologie tijdens epileptogenese in
een rattenmodel van TLE. Meer specifiek namen structurele en func-
tionele connectiviteit, integratie en segregatie af tijdens epileptogenese.
Die veranderingen waren niet beperkt tot de epileptogene focus, maar
waren wijdverspreid en troffen voornamelijk regio’s van het limbische
systeem en het defaultnetwerk. Structurele en functionele netwerktopo-
logie veranderden het meest tijdens de vroege fase van epileptogenese, en
de veranderingen waren gerelateerd aan een verminderde intra-axonale

waterfractie in wittestofbanen. Dat geeft aan dat die elementen mogelijk
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verband houden met neurodegeneratie en gliose, die gekende histopatho-
logische kenmerken van vroege epileptogenese zijn. Veranderde functi-
onele connectiviteit, integratie en segregatie tijdens de latente fase van
epileptogenese waren gerelateerd aan de frequentie van chronische aan-
vallen. Dat duidt op het potentieel van functionele netwerktopologie als
biomerker voor ziekteprognose na een initieel precipiterend letsel. Verder

onderzoek is nodig om deze veelbelovende bevindingen te valideren.
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Summary

Epilepsy is a neurological disorder characterized by recurrent epileptic
seizures. It is one of the most common neurological disorders, affect-
ing more than 50 million people worldwide. The most common type of
epilepsy is temporal lobe epilepsy (TLE). TLE is often caused by an ini-
tial precipitating injury, such as status epilepticus, stroke, head trauma,
a brain tumor, or a central nervous system infection. However, not all
patients who suffer such an injury, develop epilepsy. As of yet, it is not
possible to predict which patients will develop epilepsy after an injury
and which patients will not, mainly because little is known about how
a normal brain is transformed into an epileptic brain, a process called
epileptogenesis. Therefore, it is important to gain more insight into the
basic mechanisms of epileptogenesis, which could help to find biomarkers
for disease prognosis. While TLE is a focal epilepsy type, with seizures
originating in temporal structures, increasing evidence suggests that ab-
normal epileptogenic networks are involved in this disorder. These net-
works not only consist of brain regions in the temporal lobe, but also
of extratemporal regions, such as subcortical areas and the neocortex.
Brain networks are a combination of structural and functional networks.
Structural networks can be considered the ‘hardware’ of the brain, and
functional networks the ‘software’, that uses the hardware to execute
specific tasks. Abnormalities in both structural and functional network

connectivity have been reported in TLE.

This dissertation aimed to gain more insight into the mechanisms of
epileptogenesis, with the ultimate goal of finding a biomarker to pre-
dict which patients will develop epilepsy after an initial precipitating

injury. To this end, alterations in structural and functional brain net-
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works during epileptogenesis were investigated in a rat model of TLE

using advanced magnetic resonance imaging (MRI).

Structural network connectivity can be assessed using diffusion-weighted
MRI (dMRI). This imaging technique detects the diffusion of water,
based on which the microstructure and structural integrity of the brain
can be mapped. The most basic and most commonly used model of dif-
fusion is the diffusion tensor model. However, this model is not specific
to microstructure and is not accurate in the presence of complex white
matter configurations. A more advanced model that can overcome these
limitations is multi-shell multi-tissue constrained spherical deconvolu-
tion (MSMT-CSD). Based on this model, a more accurate estimation of
white matter structures in the brain (tractography) can be obtained. In
addition, information about specific white matter fiber populations can
be derived from this model using fixel-based analysis (FBA), and the
structural integrity of these populations can be assessed. The topology
of brain networks can be assessed using graph theory. In graph theory,
the brain is represented as a network consisting of nodes, usually brain
regions, and edges that show the relationship between the nodes. Several
graph theoretical measures can be calculated to describe and quantify
the network. In Chapter 5, structural network topology and white
matter integrity were investigated using longitudinal multi-shell dMRI,
tractography and FBA based on the MSMT-CSD model in the intraperi-
toneal kainic acid (IPKA) rat model of TLE. The objectives of the study
were twofold: 1) to investigate how the structural brain network changes
during epileptogenesis in the IPKA rat model, and which brain areas
are most affected and 2) to determine whether the changes in network
topology are related to changes in the integrity of white matter tracts as-
sessed using fixel-based analysis. We found that global degree, a measure
of structural connectivity, and local efficiency, a measure of segregation
or local interconnectivity, decreased in the IPKA group during epilepto-
genesis. In addition, global efficiency decreased and characteristic path
length increased, which pointed to a decrease in integration or overall
communication efficiency. Nodal degree decreased in several regions of

the limbic system and the default-mode network (DMN), mainly dur-
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ing early epileptogenesis. The analysis of white matter integrity using
FBA revealed that fiber density (FD) and fiber-density-and-cross-section
(FDC) were decreased during early and late epileptogenesis in the IPKA
group in several white matter tracts, including anterior commissure, cor-
pus callosum, cingulum, internal capsule and fimbria, which indicates
that there is a decrease in intra-axonal volume fraction. This is in line
with the neuropathological changes, such as neurodegeneration and glio-
sis, which are known to occur after status epilepticus in the IPKA model.
Moreover, we also found that global degree, as well as global and local
efficiency in the structural brain network were positively correlated with
FDC and fiber-bundle cross-section (FC) in IPKA animals. This fur-
ther indicates that decreased degree, integration and segregation during
epileptogenesis are likely related to decreased axonal density or decreased

white matter integrity in the main white matter tracts in the rat brain.

Changes in white matter integrity can also affect functional brain con-
nectivity. Functional brain networks can be identified and investigated
using resting state functional MRI (rsfMRI), an imaging technique that
allows a visualisation of whole-brain activity. In Chapter 6, changes in
functional network topology in a rat model of TLE were evaluated using
longitudinal rsfMRI and graph theory analysis. In addition, the poten-
tial of functional network topology to predict seizure occurrence after an
injury was investigated. The aim of this study was threefold: 1) to char-
acterize how the functional organization of the rat brain changes after
status epilepticus (SE) and during the development of TLE; 2) to identify
brain regions with the highest degree of connectivity changes; 3) to eval-
uate whether connectivity changes are associated with the occurrence of
spontaneous seizures. Analysis of the functional brain network revealed
that clustering coefficient and local efficiency decreased during epilep-
togenesis, indicating a decrease in segregation or local interconnectiv-
ity. Characteristic path length increased and global efficiency decreased,
indicating a decrease in integration or overall communication efficiency.
Nodal degree decreased in the most highly connected brain regions in the
baseline network, indicating a loss in connection strength. Most of these

regions were part of the rat DMN. Functional connectivity, segregation
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and integration decreased most significantly between 1 and 3 weeks post-
SE. Beyond this time point, the network topology remained unchanged.
The brain region which changed most profoundly in functional connec-
tivity during epileptogenesis was the retrosplenial cortex, one of the most
important nodes of the rat DMN. We also found that seizure frequency
in the chronic epilepsy phase was correlated with functional connectivity,
integration and segregation 1 week post-SE and with functional integra-
tion and segregation 16 weeks post-SE. In addition, seizure frequency was
positively correlated with the degree of several brain regions, determined
1 week after SE. These regions included the hippocampus and thalamus,
two regions heavily affected by neurodegeneration and gliosis in response
to SE. In other words, the more functionally disconnected these brain
regions are upon KA-induced SE, the less likely it is for seizures to occur
in the chronic phase. These associations between seizure frequency and
functional connectivity measures all point out a quite unexpected find-
ing, namely that the more profoundly the brain network is affected by the
KA-induced SE, the less likely it is that spontaneous epileptic seizures
are generated. Thus it appears that the brain network needs to keep a
minimal degree of organization to enable the emergence of seizures. This
is in line with the potent therapeutic effects of resective/disconnective
surgery as a treatment for epilepsy. The correlation between network
measures and seizure frequency 1 week after SE is very interesting, since
no spontaneous epileptic seizures were recorded at that time point in the
IPKA model for TLE. This indicates that network reorganisation upon
an initial precipitating injury might have a predictive value and could
potentially be used as a biomarker for the development and progression

of epilepsy.

In most rsfMRI studies, functional connectivity is assumed to be station-
ary during the scanning session. However, in reality, it varies on a much
shorter time scale. To capture these fast changes, dynamic functional
connectivity analysis can be used. In Chapter 7, dynamic changes in
functional network topology during the development of epilepsy were in-
vestigated using rsfMRI data acquired in the IPKA rat model of TLE.

The aim of this study was twofold: 1) to characterize how dynamic func-
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tional connectivity and network topology of the rat brain change after
SE and during the development of TLE, and 2) to evaluate whether these
changes are associated with the occurrence of spontaneous seizures. Us-
ing dynamic functional connectivity analysis, six recurring states of func-
tional connectivity could be distinguished in IPKA and control animals.
Dwell time (i.e., how often a state occurs) in the states with the highest
mean functional connectivity was lower in the IPKA group compared to
the control group, while dwell time was higher in the states with the
lowest mean functional connectivity. In states with a higher mean func-
tional connectivity, clustering coefficient and local efficiency were higher
as well, indicating a high segregation or local interconnectivity. In these
states, characteristic path length was lower and local efficiency higher,
indicating a high integration or overall communication efficiency. Simi-
larly, segregation and integration were lower in states with a lower mean
functional connectivity. The decomposition of time-varying global graph
theoretical network metrics into states of functional network topology
led to similar results. Dwell time was lower in states with a higher func-
tional connectivity, segregation and integration in the IPKA animals.
Interestingly, seizure frequency was positively correlated with dwell time
in states with a high mean functional connectivity and high segrega-
tion and integration, and negatively with dwell time in states with a
low mean functional connectivity and low segregation and integration, 1
and 16 weeks post-SE. As such, our findings indicate that animals that
dwell in states with high functional connectivity, segregation and inte-
gration have more chronic seizures. Since functional connectivity is more
restricted to the states with the lowest functional connectivity, integra-
tion, and segregation in animals that have fewer seizures, it is conceivable
that temporary increases in functional connectivity might be necessary

for seizures to be generated.

To conclude, the aim of this dissertation was to gain more insight into
the mechanisms of epileptogenesis, with the ultimate goal of finding a
biomarker to predict which patients will develop epilepsy after an initial
precipitating injury. To this end, alterations in structural and functional

brain networks during epileptogenesis were investigated in a rat model
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of TLE using advanced MRI. Longitudinal diffusion-weighted and rest-
ing state functional MRI, in combination with graph theory, revealed
dynamic changes in structural and functional network topology during
epileptogenesis in a rat model of TLE. More specifically, structural and
functional connectivity, integration, and segregation decreased during
epileptogenesis. These changes were not limited to the epileptogenic
focus, but were widespread, and mainly affected regions of the lim-
bic system and the default-mode network. Structural and functional
network topology changed most during early epileptogenesis, and the
changes were related to reduced intra-axonal water fraction in white
matter tracts. This indicates that these changes may be related to neu-
rodegeneration and gliosis, which are known histopathological features of
early epileptogenesis. Altered functional connectivity, integration, and
segregation during the latent phase of epileptogenesis were related to
chronic seizure frequency. This hints at the potential of functional net-
work topology as a biomarker for disease prognosis after an initial pre-
cipitating injury. Further research is required to validate these promising

findings.
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1 Introduction

1.1 Context

Epilepsy is a neurological disorder characterized by recurrent epileptic
seizures [1]. It is one of the most common neurological disorders, affect-
ing more than 50 million people worldwide [2]. The most common type
of epilepsy is temporal lobe epilepsy (TLE) [3]. TLE is often caused by
an initial precipitating injury, such as status epilepticus, stroke, head
trauma, a brain tumor, or a central nervous system infection [4]. How-
ever, not all patients who suffer such an injury, develop epilepsy. As of
yet, it is not possible to predict which patients will develop epilepsy af-
ter an injury and which patients will not, mainly because little is known
about how a normal brain is transformed into an epileptic brain, a pro-
cess called epileptogenesis. Therefore, it is important to gain more in-
sight into the basic mechanisms of epileptogenesis, which could help to
find biomarkers for disease prognosis [5]. In addition, it could aid the
development of anti-epileptogenic therapies, i.e., therapies that prevent

or delay the development of epilepsy [6].

While seizures can be controlled adequately with anti-epileptic drugs
(AEDs) in many epilepsy patients, about 30% of patients still experience
seizures despite trying multiple AEDs. These patients suffer from drug-
resistant epilepsy [3]. They often experience comorbid diseases, psycho-
logical problems, social stigmatization, reduced quality of life, a higher
risk of mortality and a shorter life expectancy because of their long-term,
uncontrolled seizures [7]|. Patients with drug-resistant epilepsy could ben-
efit from resective surgery, which leads to seizure freedom in about 60%

of patients [8]. However, not all patients are suitable candidates for

1
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surgery. Other treatment options are neurostimulation, such as vagus
nerve stimulation (VNS). While VNS is able to reduce seizure frequency
in most patients, only 8% of patients become completely seizure free [9].
Predictive biomarkers for treatment response would greatly improve the
treatment plan of epilepsy patients. Biomarkers that predict which pa-
tients will respond to which type of AED might shorten the search to
find the right drug and would allow patients with drug-resistant epilepsy
to be diagnosed sooner. These patients could then proceed to other
treatment options much faster. Finding biomarkers to predict whether a
patient will respond to surgery or neurostimulation, would prevent non-
responders from undergoing unnecessary surgery. Gaining more insight
into the mechanisms underlying epilepsy and epileptogenesis is essential
in the search of these biomarkers. In addition, it can help the rational
development of new treatment options for patients who still experience

seizures despite trying the treatment options that are currently available.

While TLE is a focal epilepsy type, with seizures originating in tempo-
ral structures, increasing evidence suggests that abnormal epileptogenic
networks are involved in this disorder. These networks not only consist
of brain regions in the temporal lobe, but also of extratemporal regions,
such as subcortical areas and the neocortex [10]. Brain networks are
a combination of structural and functional networks [11]. Structural
networks can be considered the ‘hardware’ of the brain, and functional
networks the ‘software’, that uses the hardware to execute specific tasks.
Abnormalities in both structural and functional network connectivity
have been reported in TLE [10].

This dissertation aims to gain more insight into the mechanisms of epilep-
togenesis, with the ultimate goal of finding a biomarker to predict which
patients will develop epilepsy after an initial precipitating injury. To
this end, alterations in structural and functional brain networks during
epileptogenesis are investigated in a rat model of TLE using longitudinal

advanced magnetic resonance imaging (MRI).
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1.2 Outline

In the following chapters, we will introduce the main topics of this dis-
sertation, describe the experimental studies that were performed and
their results, and discuss the findings and their relevance in research and
clinical applications. In Chapter 2, an overview of epilepsy, and in par-
ticular temporal lobe epilepsy (TLE), is given. In Chapter 3, magnetic
resonance imaging (MRI), diffusion-weighted MRI (dMRI) and resting
state functional MRI (rsfMRI), the neuroimaging techniques used in this
dissertation, and their applications in epilepsy are discussed. In Chap-
ter 4, the aim of the dissertation is stated and the research questions
that need to be answered are listed. Diffusion-weighted MRI studies in
patients with TLE have reported widespread changes in white matter
integrity. In Chapter 5, these changes are investigated using more ad-
vanced analysis methods in a longitudinal multi-shell AMRI study in a
rat model of TLE. In addition, the effect of these changes on structural
network topology is assessed. Changes in white matter integrity can also
affect functional brain connectivity. In Chapter 6, functional network
topology in a rat model of TLE is evaluated in a longitudinal rsfMRI
study. Furthermore, the potential of functional network topology to pre-
dict seizure occurrence after an injury is investigated. In most rsfMRI
studies, functional connectivity is assumed to be stationary during the
scanning session. However, in reality, it varies on a much shorter time
scale. In Chapter 7, dynamic changes in functional network topology
are investigated. Finally, the findings of these experimental studies are
discussed in Chapter 8. An application in a broader context is intro-

duced and future perspectives in epilepsy research are explored.
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2 Epilepsy

2.1 Introduction

Epilepsy is a neurological disorder characterized by recurrent unprovoked
epileptic seizures [1]. It is one of the most common neurological disorders,
affecting more than 50 million people worldwide [2]. In children, epilepsy
is most often caused by congenital, developmental or genetic conditions.
Head trauma, central nervous system infections and tumors can lead to
the development of epilepsy at any age, and the most common cause
of epilepsy in elderly people is cerebrovascular disease. In about 70%
of patients with epilepsy, seizures can be controlled with anti-epileptic
drugs [3]. Patients who still experience seizures despite treatment with
appropriate drugs, suffer from drug-resistant epilepsy. The most common

type of drug-resistant epilepsy is temporal lobe epilepsy (TLE) [4].

2.2 The brain

2.2.1 Neuroanatomy

The brain is part of the nervous system, which is the communication
and control network of the body. The nervous system comprises three
subdivisions. The central nervous system, which consists of the brain and
spinal cord, is the coordinating system. The peripheral nervous system,
a complex network of nerves in the entire body, transfers information
between the body and the brain. The autonomic nervous system is
responsible for controlling basic functions, such as body temperature,

blood pressure and heart rate, without being consciously aware of it [5].
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Neurons are the functional units of the brain and are responsible for in-
formation processing. It is estimated that the brain contains 50 to 500
billion neurons. The cell body, or soma, of a neuron contains the or-
ganelles, such as the nucleus, mitochondria and ribosomes, the dendrites
receive nerve signals, and the axon sends the signals onward (Figure 2.1).
Despite the large number of neurons, these cells only make up less than
10 percent of the cells in the brain. The other cells are glial cells, or
support cells [5]. Astrocytes play a role in the release and uptake of neu-
rotransmitters at synapses, and in gliosis after injury. They also provide
metabolic support and help to maintain homeostasis. Oligodendrocytes
form the myelin that lines the axons of neurons. Myelin consists of lay-
ered phospholipid membranes, and supports and insulates the axons to
speed up signal transduction. Microglia are cells of the immune sys-
tem. They remove foreign or damaged material and protect from infec-
tion. Ependymal cells line the ventricles and compartments that contain
cerebrospinal fluid (CSF). They also play a role in the circulation and
production of CSF (Figure 2.1) [6].

Oligodendrocyte

(glial cell) Cell body
‘ of neuron
. Astrocyte
. :’ (glial cell)
oL (N
o, 7 |
%
)
Axon
SEREER Dendrites
Ependymal Neuron of neuron
(glial cell) (nerve cell)

Figure 2.1: Cells of the brain: neurons, consisting of a cell body, dendrites
to receive nerve signals and an axon to send the signals onward,
astrocytes, oligodendrocytes and ependymal cells (Adapted from
The Brain Tumour Charity).
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On a macroscopic level, the brain is made up of grey matter and white
matter. Grey matter is mainly located at the outer layer of the brain,
called the cerebral cortex. It consists of neuronal cell bodies. The surface
of the brain is convoluted, it consists of gyri (ridges) and sulci (grooves),
which increases the surface area and is essential for effective functioning.
In the inner part of the brain, clusters of grey matter, called nuclei, are
present as well. Grey matter contains a lot of neurons, which enables
information processing. White matter is made up of axons, which form
connections and transfer information between neurons. Axons are lined
with a myelin sheath, so they appear white on histology [7]. The brain is
surrounded by CSF, a fluid produced in the ventricles, which are a series
of connected cavities in the brain. CSF protects the brain from shocks,
and contains proteins and glucose for neurons and white blood cells to

counter infections [5].

The human brain can be subdivided into four parts: the telencephalon,
diencephalon, brainstem and cerebellum (Figure 2.2A). The telencephalon
or cerebrum makes up more than three quarters of the total brain vol-
ume. It can be split up into a left and right hemisphere, which are
connected by white matter bundles, such as the corpus callosum, and

anterior and posterior commissure [5].

The telencephalon consists of three parts: the cerebral cortex, limbic
system and basal ganglia. The cerebral cortex is a layer of grey matter
situated at the outermost part of the brain. It can be subdivided into
four lobes: the frontal, temporal, parietal and occipital lobes (Figure
2.2B). The frontal lobe is the largest lobe. It plays a role in motor con-
trol, expressive language, regulating emotions, social interactions and
personality, inhibition and motivation. The temporal lobe is involved
in processing sensory input. It plays a role in visual memory, language
comprehension, and the interpretation of sound. The parietal lobe re-
ceives somatosensory stimuli and is responsible for the integration of
information of different senses. The occipital lobe contains the primary
visual cortex and is involved in processing visual input [8]. The limbic
system is a group of structures located underneath the cerebral cortex

and above the brainstem, lateral to the thalamus. It is involved in emo-



10 CHAPTER 2. EPILEPSY

tional, memory, and learning processing. The limbic system contains
several regions of the telencephalon, including hippocampus, parahip-
pocampal gyri, amygdala and cingulate gyrus, but also some regions of
the diencephalon, such as the hypothalamus and anterior thalamic nu-
clei |5, 9]. The basal ganglia are subcortical grey matter structures. The
most important nuclei are the striatum, which consists of the caudate
nucleus and putamen, the pallidum, substantia nigra and subthalamic
nucleus. The basal ganglia are responsible for the planning and execution

of physical movements [5].

The diencephalon is located between the telencephalon and the brain-
stem. Its main component is the thalamus. This region is located at
the center of the brain and acts as a sensory relay. It receives almost all
sensory information, except for smell. The information is then sent to
the cerebral cortex. The diencephalon also comprises the hypothalamus
and pituitary gland. The hypothalamus plays an important role in con-
scious behavior, emotions and instincts, and is responsible for controlling
the autonomic nervous system, such as blood pressure and heart rate.
In addition, it releases hormones into the bloodstream. The pituitary
gland controls the endocrine system. It releases hormones that regulate

other endocrine glands in the body [5].

The brainstem is the part of the brain that is connected to the spinal
cord. It comprises the midbrain, pons and medulla. It plays a role in
mid- to low-order mental activities and autonomic control mechanisms,
such as monitoring and controlling the respiratory rate, heart rate and

blood pressure [5].

The cerebellum is located on the posterior side of the brainstem. It
is responsible for coordinating body movement through muscle control,

balance and posture, and equilibrium [5].

2.2.2 Neurophysiology

Information is transmitted throughout the brain via neurons. Neurons
are electrically excitable cells that are able to receive and transmit in-

formation. They have a resting membrane potential of about -70 mV.
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Figure 2.2: A) The human brain can be subdivided into four parts: the te-
lencephalon, diencephalon, cerebellum and brainstem. B) The
cerebral cortex can be subdivided into four lobes: the frontal,

temporal, parietal and occipital lobes.

This membrane potential can be affected by charged ions such as potas-
sium, sodium and chloride ions [10]. Information is transmitted along a
neuron in the form of electrical impulses, or action potentials. Action
potentials are generated when the membrane potential changes due to a
difference in ion concentrations. First, the membrane potential depolar-
izes, i.e., it becomes less negative, mainly due to sodium influx. Then,
the membrane potential repolarizes, returning to the resting potential,
mostly due to potassium efflux. Finally, there is after-hyperpolarization,
where the membrane potential recovers from an overshoot of repolar-
ization (Figure 2.3). Since there is less extracellular sodium after the
depolarization and the sodium channels are inactivated, neurons cannot
generate a new action potential immediately after an action potential

was generated [11].

The generated action potential travels along the axon until it reaches
the synapse [11]. Synapses are the communication sites between neu-
rons. The neurons are separated by a very thin space, called the synaptic
cleft. Most synapses connect an axon with a dendrite of the postsynap-
tic neuron (axodendritic), but they can also connect an axon with a cell
body (axosomatic) or with another axon (axoaxonic) [5, 12|. At the
synapse, the action potential typically causes the release of neurotrans-
mitters (chemical transmission), but it can also cause conduction of ionic

currents (electrical transmission) [11]. The presynaptic terminal, i.e., the
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