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Nomenclature

AED Antiepileptic drug

VNS Vagus nerve stimulation

DBS Deep brain stimulation

FCD Focal cortical dysplasia

tDCS Transcranial direct current stimulation

SF Seizure frequency

dCcmi Distributed constrained maximum intensity
ActiSham Active sham

IED Interictal epileptiform discharge

CSF Cerebrospinal fluid

TBI Traumatic brain injury

BT Brain tumor

ILAE International league against epilepsy

CNS Central nervous system

EEG Electroencephalography

MRI Magnetic resonance imaging

CT Computed tomography

ECG Electrocardiogram

FDG-PET Fluorodeoxyglucose-positron emission tomography
SPECT Single-photon emission computerized tomography
fMRI Functional MRI

iEEG Intracranial EEG

MEEG Combined Magneto-/Electroencephalography
DRE Drug resistant epilepsy

AE Adverse events

TMS Transcranial magnetic stimulation

RNS Responsive neurostimulation

DTI Diffusion tensor imaging

SEP/SEF Somatosensory evoked potential or field
ANOVA Analysis of variance

Tukey-HSD Tukey’s honestly significant difference test
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Introduction

About 50 million people suffer from epilepsy and about 30% of those cases are resistant to anti-
epileptic drugs (AEDs) (Kalilani et al., 2018; Picot et al., 2008). Surgical resection of the epilepto-
genic zone has the greatest chance of producing remission, while other treatments like diet ther-
apies and electrical nerve stimulation (for example vagus nerve stimulation (VNS) and deep brain
stimulation (DBS)) are often considered to be just palliative (Dalic & Cook, 2016). Furthermore,
neurostimulation therapies are mainly effective over years, are invasive, meaning that they are
often not reversible, can cause serious adverse effects, and are expensive (Kaufmann et al., 2021).
Unfortunately, when a focal cortical dysplasia (FCD) is located close to eloquent cortex, resection
of the assumed epileptogenic zone is often not advised due to severe consequences which in-

clude loss of sensory processing, linguistic ability and paralysis (Choi & Kim, 2019).

Hope was renewed when it was shown that transcranial Direct Current Stimulation (tDCS) can
significantly reduce seizure frequency (SF) in refractory focal epilepsy (Kaufmann et al., 2021;
Yang et al., 2020). To further explore and enhance the power of tDCS to treat epilepsy, our work
group developed the optimization algorithm distributed Constrained Maximum Intensity (dCMI)
for tDCS montages that offers excellent directionality as well as an improved trade-off between
focality and intensity of the electrical current at the target brain region compared to previous
optimization approaches (Khan et al., 2022, 2019). In this thesis, a double-blind sham-controlled
pilot/feasibility clinical trial was performed: a patient with refractory focal epilepsy has been
treated with personalized and dCMI optimized tDCS as well as with active sham (ActiSham) and
effects of the proposed treatment controlled by ActiSham on interictal epileptiform discharges

(IEDs) were examined.

To produce the optimized tDCS montage, a multimodal source and conductivity analysis pipeline
is essential. For this study the pipeline originally proposed by Dr. Antonakakis was used (Marios
Antonakakis, 2021). Additionally, the impact of improved quality of segmentation as well as the
increase in amount of tissue compartments from an originally six- to a now seven compartment

model on the optimized montage was examined.
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Fundamentals

The Human Brain

The human brain is a mass of nerve tissue in the anterior/superior part of the human organism
that is protected by multiple tissue layers which include skin, muscles, fat, skull, dura mater,
and cerebrospinal fluid (CSF). It is a highly complex primary organ. Central to the nervous sys-
tem, it is connected to the entire body through the spinal cord and regulates most of the
body’s activities, being supplied with information by the sense organs, while also constantly
processing information to generate consciousness, emotion, thought, memory, and sensation

(Agur & Dalley, 2018).

Basic functional System

Two types of cells mainly constitute the nervous system: neurons (nerve cells) and supportive

glial cells.

Glial Cells

The three main types of glial cells found in the brain are: 1) Astrocytes which regulate blood flow,
maintain the homeostasis, and regulate data transmission at the synapse; 2) microglia which

remove dead cell and debris and 3) oligodendrocytes which produce myelin (Rasband, 2016).

Neurons

Neurons consists of 4 parts (Figure 1): 1) The dendrites which receive and process incoming in-
formation (Johnston et al., 1996) and are connected to 2) the soma (cell body). 3) Axons carry
information via electrical impulses and are coated with an insulating layer called 4) myelin or the
myelin sheath which increases data transmission speed (Figure 3) (SCHMITT & BEAR, 1939).
The synapses connect the axons and dendrites of different neurons and are gaps before which
the electrical signal is converted into a chemical signal, travels the synapse, and is converted back
into an electrical signal in the postsynaptic neuron (Ginsborg, 1964).

Signals can be excitatory or inhibitory; the sum of all the signals, that enter a neuron, shift its
membrane potential from its resting potential and if it gets depolarized enough past the thresh-
old potential, an action potential is fired (depolarization) across the axon. Lastly, the membrane

potential is rebuilt (re- and hyperpolarization) (Figure 2) (Barnett & Larkman, 2007).
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Another important ability of neurons is neuroplasticity. Important for the theoretical effective-
ness of tDCS is the consideration of activity-dependent plasticity which allows neurons to change

their excitability long term with use (Patten et al., 2016).

Gross Anatomy

At the highest level, the brain consists of the cerebrum, the cerebellum, the brain stem, and the

limbic System.

Cerebrum

This is the largest and uppermost part of the brain. It is split by the longitudinal fissure into two

hemispheres which are connected by the corpus callosum and is further divided by deep sulci

into the four main lobes. Gray matter contains a higher concentration of neuron somas, while
white matter contains more axons. The gray matter of the cerebrum is called the cerebral cortex
and is positioned on top of the brains white matter. There are subcortical structures like the basal
ganglia or the hippocampus deeper inside the brain (Agur & Dalley, 2018). The four main lobes

and their functions are (Jawabri & Sharma, 2019):

1. The Frontal Lobe is the largest lobe and as its name suggests the most anterior positioned
lobe. Its functions include prospective memory, speech, language, personality, executive
function, emotional regulation, and movement control.

2. The Parietal Lobe is located posterior to the frontal lobe and superior to the temporal lobe.
Its functions include interpreting of somatosensory signals (touch, position, vibration, pres-
sure, pain, temperature), motor planning action, sensorimotor planning, learning, language,
spatial recognition, stereognosis (differentiation between objects by using tactile infor-
mation like texture, size, shape, weight, and temperature).

3. The Temporal Lobe is located in the middle cranial fossa, posterior to the frontal lobe, and
inferior to the parietal lobe. Its functions include translating and processing all auditory phe-
nomena, consciousness, semantic memory (common knowledge), assigning meaning to
words, decoding gaze directions, visual and facial perception(interpreting content of vision),
declarative memory (long term memory; concepts, ideas and events learned throughout
life).

4. The Occipital Lobe is the smallest lobe. It is located as its name suggests in the most poste-

rior region of the brain. Its functions include visual processing and interpretation.
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Brainstem
The brainstem is the most inferior located part of the brain but still superior to the spinal cord.
It forms a connection between the cerebrum, cerebellum, and spinal cord. Its functions include

breathing, blood pressure, heart rate, sleep, body temperature, hunger, and thirst (Snell, 2016).

Limbic System Central sulcus ¢ cinguli
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Pathology of the Human Brain

Pathology can befall the human brain in numerous ways. To give an overview, let’s divide disor-

ders by cause with some that fall under multiple categories and would require differential diag-

nosis but for this simple list, such cases are treated as if they fall under only one category:

1.

Traumatic brain injuries (TBI) are injuries resulting from external mechanical forces on the
brain or head which temporarily or permanently impair brain function and cause structural
damage (Parikh et al., 2007). Around 69 million people are estimated to sustain a TBI each
year (Dewan et al., 2019).

The category “neurodegenerative diseases” is named after the progressive loss of structure
or function of neurons which may lead to cell death. But still, individual neurodegenerative
disorders are heterogeneous in their clinical presentations and underlying physiology even
though they often share overlapping features. These include Alzheimer’s disease, fronto-
temporal dementia, supranuclear palsy, corticobasal degeneration, Parkinson’s disease, de-
mentia with Lewy bodies, multiple system atrophy, and Huntington’s disease (Erkkinen et
al., 2018).

Infections caused by viruses, bacteria, and fungi. Can cause inflammation of the meninges
(meningitis) and the brain matter (encephalitis). Additionally, intracerebral abscesses can
be formed. In developed countries, brain infections are rare (Sarrazin et al., 2012). Protein-
aceous infectious particle (prion) diseases are neurodegenerative diseases caused by trans-
missible particles that contain a pathogenic isoform of the prion protein (Johnson, 2005).
The most common prion disease in humans is Creutzfeldt-Jakob disease and it has a global
incidence of 0.5 to 1.5 million per year (Johnson & Gibbs, 1998).

Brain tumors (BTs) can be primary or metastatic, benign, or malignant, though most malig-
nant brain tumors are metastatic. Primary malignant BTs have a global annual incidence of
3.7 per 100 thousand for men and 2.6 per 100 thousand for women (Bondy et al., 2008).
Mental disorders which still defy widely accepted definitions (Telles-Correia et al., 2018).
Epilepsy which is gonna be discussed in more detail in the next part of the thesis.
Congenital brain disorders which are a result of genetic and chromosomal mutations. These
include Tay-Sachs disease (Fernandes Filho & Shapiro, 2004) and lissencephaly, which is

characterized as a “smooth brain” or impaired cortical folding (Fry et al., 2014).
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8. Stroke or apoplexy is an acute neurologic condition resulting from a disruption of blood
circulation in the brain. Itis either ischemic (insufficient cerebral blood flow) or hemorrhagic
(bleeding within the brain parenchyma) (Sacco et al., 2013). In 2017, 11.9 million incidences

of strokes were reported worldwide (Krishnamurthi et al., 2020).

Epilepsy
Definition and Epidemiology

The current official conceptual definition of the International League Against Epilepsy (ILAE) was

first published by (R. S. Fisher et al., 2005):

“An epileptic seizure is a transient occurrence of signs and/or symptoms due
to abnormal excessive or synchronous neuronal activity in the brain.
Epilepsy is a disorder of the brain characterized by an enduring predisposi-
tion to generate epileptic seizures and by the neurobiologic, cognitive, psy-
chological, and social consequences of this condition. The definition of epi-

lepsy requires the occurrence of at least one epileptic seizure.”

This was accompanied in 2014 by practical definitions and diagnostic criteria (R. S. Fisher et al.,
2014), reached consensus in the ILAE in 2017 (J. J. Falco-Walter et al., 2018; R. S. Fisher et al.,
2017; Scheffer et al., 2017) and the most recent addition for classifications for seizures in neo-
nates was published in 2020 by the ILAE (Pressler et al., 2021). This forms the basis of the current
understanding and classification of epilepsy.

Knowledge and understanding of the epidemiology of epilepsy are constantly progressing and
changing, but it is estimated that 10% of the global population has experienced seizures, while

between 1 and 2% of all people are afflicted by epilepsy (J. Falco-Walter, 2020).

Etiology

Before we discuss the etiology of epilepsy and epileptic seizures, we have to be differential diag-
nostically aware, that some seizures are not associated with epilepsy including most febrile sei-
zures and those that present themselves along a specific cause (seizure-related disorders), such
as TBI, stroke and anoxic encephalopathy (Beghi et al., 2010; Neligan et al., 2012; Thurman et al.,
2011). Additionally, events may present themselves as epileptic seizures, but miss the abnormal

excessive or synchronous neuronal activity; these are known as psychogenic non-epileptic
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seizures (PNES) (Devinsky et al., 2011).

The causes for epilepsy can be divided into 6 groups (Maschio, 2012; Scheffer et al., 2017):

1.

Genetic etiologies include genetic mutations of ion channels or transmitter receptors, chro-

mosomal aberrations, genetic metabolic disorders, and mitochondrial diseases.

Structural etiologies include chronic cerebral lesions or abnormalities, TBI, cancer, perinatal

injury, hippocampal sclerosis, tuberous sclerosis, congenital cerebral or arteriovenous mal-

formations, microcephaly, megalocephaly, cortical dysplasia, and cranial radiation therapy.

Metabolic etiologies include inborn errors of metabolism and porphyria.

Immune etiologies result directly from immune disorders such as autoimmune encephalitis.

Infectious etiologies are the most common type of etiologies. Here the epilepsy is evoked

by chronic or acute infections of the central nervous system (CNS).

Classification

The classification of epilepsies according to (R. S. Fisher et al., 2017; Scheffer et al., 2017) is car-

ried out on three levels (Figure 6). On each of the levels comorbidities and etiologies should be

assessed: At the first level, seizures are identified according to the conceptual definition (found

under Epilepsy, Definition and Epidemiology, page 8) and the seizure type is determined by con-

sideration of the location of the onset of abnormal neuronal activity, level of awareness of the

patient during the seizure, symptoms, aura, and other factors. The three main types of seizures

are “Focal”, “Generalized” and “Unknown”. An overview for the basic classification of seizures

can be seen in Table 1.

awareness

Motor and nonmotor

onset

Focal to bilateral
N/a
tonic-clonic

Motor (such as
tonic-clonic) and

nonmotor (absence)

. Generalized Unknown
Focal Seizures . .
Seizures Seizures
- ) Unclear
From within a single From both
) ) whether focal
hemisphere hemispheres
or generalized
Aware and impaired
P N/a N/a

Motor (such as
tonic-clonic)

and nonmotor

Unclassified

Table 1

Basic ILAE 2017
operational
classification of

seizure types.
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Co-morbidities

Further on we enter the second level which concerns the classification of the 4 epilepsy types.

1.

Focal Epilepsy which requires the identification of the lobe from which seizures arise. They
include unifocal and multifocal disorders, as well as seizures involving one hemisphere. Pos-
sible seizure types include focal aware seizures, focal impaired awareness seizures, focal
motor seizures, focal non-motor seizures, and focal to bilateral tonic-clonic seizures. Typical
interictal Electroencephalography (EEG) shows focal epileptiform discharges and support
the ictal and clinical findings.

Generalized Epilepsy which usually shows generalized spike-wave activity on the EEG of the
patient. Possible seizure types include absence, myoclonic, atonic, tonic and tonic-clonic.
Typical interictal EEG discharges support the ictal and clinical findings.

Combined Generalized and Focal Epilepsies are afflicting patients with both generalized
and focal seizures.

Unknown Epilepsies apply when it is clear that the patient has epilepsy but the necessary

information to determine the other types is either missing or discordant.

The third level concerns the classification of the epilepsy syndromes which are a cluster of fea-

tures, such as seizure types, EEG, and imaging features that usually come about together. Etiol-

ogy, prognosis, and treatments are not however firmly tied to epilepsy syndromes though. Spe-

cific syndromes will not be discussed in this thesis, as there is no formal classification by the ILAE

to this date (Berg et al., 2010), and this lack of information on syndromes won’t be affecting the

understanding of the content this thesis puts forward.
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Diagnostics

The exact nature of epilepsy hasn’t been understood as of yet, so as we have seen earlier (Etiol-
ogy, pages 8-9; Classification, pages 9-10), correlating etiologies, comorbidities, and seizure
types are used to diagnose epilepsy, but the underlying mechanics are not yet understood
enough to construct a classification on a scientifically rigorous basis (Berg et al., 2010). Addition-
ally, the initial diagnosis of a seizure or epilepsy is prone to errors (Scheepers et al., 1998; Stroink
et al., 2003). Even the method hailed as the “gold standard in epilepsy diagnosis” EEG can be
noninformative, have information that is exceedingly difficult to interpret or be discordant to
other finds. It has been stated that the degree of experience of the treating physician is critical
(Chadwick & Smith, 2002; Leach et al., 2005). If you additionally consider that an incorrected
diagnosis of epilepsy can be life-threatening in some cases (Zaidi et al., 2000), it follows that
diagnosis is often made on a conglomerate of supporting evidence of as many modalities as is
feasible. Since the stakes are highest in presurgical examination, here is where we find the most
complete consideration of modalities. It is generally advised to combine different methods be-
fore clinical decision making, especially when it comes to estimating the epileptogenic zone
(Brodbeck et al., 2010; Chassoux et al., 2010; Duez et al., 2019). Modern bleeding edge presur-
gical epilepsy diagnosis includes the use of teleconference systems where international experts
of every part of the diagnostic process can review and discuss evidence together to achieve the
highest degree of experience possible (Kakisaka et al., 2018). To summarize, ictal symptoms need
to be considered together with the electrophysiological and neuroimaging findings to correctly

diagnose the epileptic syndrome (Liiders et al., 1998; S. Noachtar et al., 1998).

Diagnosing Seizures by their Semiology

The first group of modalities to consider are used to investigate the seizure semiology:

® Medical history is taken in regards of the history of present illness (for aware seizures: de-
scriptions by patient and/or witnesses; for impaired awareness seizure: description of wit-
nesses), potential triggers (e.g., sleep deprivation), ictal and postictal symptoms and past
medical history (history of epilepsy and of potential underlying conditions, such as head

trauma, stroke, tumor, and CNS infection) (Wolf et al., 2020).
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Physical examination includes visual inspections (e.g., bruises from falls) and evaluation for
cardiovascular disorders (Nowacki & Jirsch, 2017).

Long-term video EEG allows for visual observation of the patient during seizures and syn-
chronized EEG readings to examine ictal, as well as post- and interictal activity. Characteristic
post- and interictal EEG patterns include epileptiform activity bursts, such as spikes and
sharp waves, while ictal patterns include epileptiform discharges, such as spikes, sharp
waves, spike waves and complete discharge patterns for specific epilepsy syndromes, such

as hypsarrhythmia in West syndrome (Soheyl Noachtar & Rémi, 2009).

Establishing Etiology and Co-morbidities

The second group of modalities investigate the etiologies and co-morbidities:

Magnetic Resonance Imaging (MRI) which is lauded to be the modality of choice for struc-
tural etiologies. It has a higher resolution than computed tomography (CT) and is more sen-
sitive for identifying soft-tissue lesions. Clinical findings include tumors, malformations of
cortical development, vascular malformations, mesial temporal sclerosis, and neocortical
gliosis (Bernasconi et al., 2019).

Electrocardiogram (ECG) is used to discover cardiogenic causes, such as cardiac arrhythmias
and vasovagal syncope (Wong et al., 2008).

Genetic Testing includes epilepsy gene panels, chromosome microarrays, whole exome se-
guencing and targeted single gene tests (Ritter & Holland, 2020).

Laboratory screening is used to investigate metabolic disorders and infectious diseases.
Possible tests include blood tests (glucose, electrolytes, toxicology screening), urine analysis,
and CSF examination (Beghi et al., 2006).

Angiography is used to discover potential vascular aberrations (Shorvon, 2009).

Presurgical Examination

Zones in Epilepsy

Of highest importance for the presurgical examination for epilepsy surgery is the localization of

the epileptogenic zone. This zone is only one of 6 zones which we need to consider, so definitions

of every zone, the modalities used to localize them and how they relate to each other follow

(Carrefio & Luders, 2013):
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1. The epileptogenic zone is the cortical area capable of generating seizures, and whose re-
moval or disconnection will result in seizure freedom.

» Modalities: No direct localization of this zone is possible with any modality.

2. The symptomatogenic zone is the cortical area that, after being stimulated by the epileptic
discharge, produces the patient’s typical ictal symptoms. Important for estimating the loca-
tion of the epileptogenic zone is the symptomatogenic zone that produces the initial ictal
symptoms. These two zones do not usually overlap, but the estimation of the symptomato-
genic zone allows hints as to whether the findings for the other zones are sensible.

» Modalities: Medical history, physical examination, and long-term video EEG.

3. Thelesional zone or epileptogenic lesion is a structural lesion visible by neuroimaging tech-
niques that is capable of generating seizures. The connection between the lesional zone and
the epileptogenic zone may be complex. Not all lesions are responsible for the patient’s
seizures; in the case of multiple lesions, one or any number of them might be responsible.
Complete resection of this zone also doesn’t always guarantee seizure freedom, but even
incomplete resection might grant it.

» Modalities: MRI with support from the modalities of other zones to figure out which
lesions may be epileptogenic.

4. The functional deficit zone is the cortical area that shows abnormal functioning in the in-
terictal period. The size of this zone often varies depending on the modality. It can be more
extensive than the epileptogenic zone, can include lesions not related to seizure generation,
or areas of significant distance to the seizure focus.

»  Modalities: Detailed neurological examination, detailed neuropsychological evaluation,
intracarotid amobarbital procedure (Wada test), interictal 2-[*3F]-fluoro-2-deoxyglu-
cose (FDG) positron emission tomography (PET), interictal single-photon emission com-
puterized tomography (SPECT), and functional MRI (fMRI).

5. The ictal onset zone is the cortical area from which it can be objectively demonstrated that
seizures arise from. This zone and the epileptogenic zone don’t necessarily share the same
space, it has been shown that partial resection of this zone freed a patient of seizures, but
other patients couldn’t attain seizure freedom even after complete resection of this zone.
>  Modalities: Long-term EEG, intracranial EEG (iEEG), fMRI (Eyndhoven et al., 2019) and

ictal SPECT.
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The irritative zone is the area of cortex capable of generating interictal spikes on the EEG.

Unfortunately, this zone is not a fixed and static region, and its boundaries can change over

time. The irritative and epileptogenic zones don’t have to overlap, and one can be bigger or

smaller than the other.

»  Modalities: MEEG (combined Magneto-/Electroencephalography) spike source estima-
tion which can additionally be used to identify subtle MRI lesions, even if the initial MRI
examination found no abnormalities (Itabashi et al., 2014), and iEEG to support the

findings (Almubarak et al., 2014).

So, we can see that the modalities are actually always estimating one of the 5 zones that are not

the epileptogenic zone, but through the combination of the estimates of these zones, the most

informed guess about the epileptogenic zone can be reached.

Therapy

Therapeutic Walkthrough

1.

The first line of treatments against epilepsy constitutes pharmacological therapy with
AEDs: It is generally advised that a newly diagnosed patient undergoes monotherapy first
(Kwan & Brodie, 2000), potentially branching out into polytherapy if at least two monother-
apies have failed (Brodie, 2005; Shih et al., 2017; St. Louis, 2009).

A patient who is unresponsive even to the second AED trial is considered to have drug-
resistant epilepsy (DRE) according to the ILAE (Kwan et al., 2010) and should be re-assessed
in a dedicated epilepsy center to either exclude the causes of pseudo-pharmacoresistance
or diagnose the correct epilepsy type (Fattorusso et al., 2021).

When DRE is established, it is advantageous to consider surgery right away because the
likelihood of seizure remission is elevated in patients who are directly referred to specialized
centers for epilepsy surgery compared to those that continue with subsequent drug trials
(Fattorusso et al., 2021).

If clinicians decide against surgery, trials of duo or even triple therapy may have to follow,
though they only offer a lower percentage of remission (Lee et al., 2019; Park et al., 2019).
Selecting the appropriate drugs for polytherapy requires considerations of the difficult and
complex pharmacodynamic interactions between drugs to maximize efficacy and minimize

adverse events (AEs) (Deckers et al., 2001). Quadruple therapy should be avoided, if possible,
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since the likelihood of AEs is heightened with only a small improvement of seizure control
compared to triple therapy (Lépez Gonzalez et al., 2015).

5. After 5drug trials (duo, triple, or quadruple therapy) have failed, alternative therapies such
as neurostimulation or diet approaches should be considered (Fattorusso et al., 2021).
Before we discuss the alternatives to the pharmacological therapies, | would like to point out in
summation that the approach to treating epilepsy is dominated by the use of AEDs. Even in the
case of DRE, pharmacological treatments are still pursued. Only surgery has established itself as
a main line treatment option besides medication even to the point of being preferred over med-
ication in treating DRE when applicable. Discussing the alternatives, | hope each of their signifi-
cance and place in the list of treatments for epilepsy becomes clear as well as the need for an-
other non-invasive therapy option like personalized and optimized tDCS that has the potential to
establish itself next to medication and surgery at the top of that list; filling the huge blind spot

that currently occupies its space.

Surgical Approach

Epilepsy surgery includes resection of brain matter or disconnection of neuronal circuits:

® Resection of possibly epileptogenic lesions (lesionectomy) or larger parts of the brain that
are assumed to contain the epileptogenic zone (Moore et al., 1993), either by removing a
part or the whole of a cerebral lobe (lobectomy), or in severe cases removing an entire
hemisphere (hemispherectomy) (Lettori et al., 2008).

® Disconnection of neuronal circuits to inhibit the spread of ictal activity and its associated
damage to the brain by either cutting through the corpus collosum (Callosotomy) (Asadi-
Pooya et al., 2008) or surgically disconnecting the cortex of one hemisphere entirely from
the ipsilateral subcortical structures and the cortex of the other hemisphere without re-
moval of the affected hemisphere (de Ribaupierre & Delalande, 2008).

Resective surgery is by far the best therapeutic option in treating DRE when patients are carefully

selected and the absolute risk reduction for seizure reoccurrence compared to treatment with

AEDs is very high (Wiebe & Jetté, 2012). Unfortunately, when the location estimate of the epi-

leptogenic zone is located close to eloquent cortex or even overlaps with it, resection of the

assumed epileptogenic zone is often not advised due to severe consequences which include loss

of sensory processing, linguistic ability and paralysis (Choi & Kim, 2019). These cases, as well as
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those in which the epileptogenic zone can’t be identified , add up to a significant number of
patients that are not advised to undergo resective surgery and are often treated with neurostim-

ulation (Lattanzi et al., 2018).

Dietary Approach

The ketogenic diet is used as a treatment for a specific group of children with DRE consisting of
a strict dietary regimen characterized by high fat and low carbohydrate intake but isn’t used long-
term due to concerns about growth and overall health (Operto et al., 2020; Verrotti et al., 2020).
More high-quality data is needed to show its effectiveness as well as demonstrating the use for

treating adults with DRE (Martin-McGill et al., 2020).

Neurostimulation Approach

Following neurostimulation modalities are used to treat DRE; some of them need to be im-

planted, others are non-invasive; some of them provide continuous stimulation (open-loop),

while others stimulate as a response to detected brain activity (closed-loop) (Boon et al., 2018;

Starnes et al., 2019):

® The most studied and established modality vagus nerve stimulation (VNS) is achieved
through a programmable pulse generator, that is implanted subcutaneously under the left
clavicle and delivers periodic electrical stimulation directly to the vagus nerve distal through
a lead wire that is wrapped around it (Pérez-Carbonell et al., 2020). Nowadays, adults and
children suffering from focal or generalized seizures are treated with VNS (Morris et al.,
2013). The underlying mechanism of the effect of VNS on seizure control is not completely
understood, though one may assume that the modulation of noradrenergic and seroto-
ninergic projections based on the increased levels of serotonin measured in patients treated
with VNS which is concordant with the findings of increased levels of the inhibitory neuro-
transmitter GABA and decreased levels of excitatory amino acid aspartate (Ben-Menachem
et al., 1995). Adverse effects include voice alteration and hoarseness, cough, dyspnea, pain,
paresthesia, nausea, and headaches (Panebianco et al., 2015). Generally, results of major
randomized controlled trials are in agreement that 26% to 40% of DRE patients treated with
VNS showed at least a 50% reduction in seizure frequency) (Chambers & Bowen, 2013).

® Deep brain stimulation (DBS) is achieved through implanted electrodes connected to a
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pulse generator stimulating deep brain structures such as the anterior nucleus of the thala-
mus, hippocampus, the centromedian nucleus of the thalamus, cerebellum and globus pal-
lidus (Fattorusso et al., 2021). Again, the underlying mechanism of the effect of DBS on re-
ducing interictal discharges is not completely understood but it is thought that it disrupts
networks involved in seizure propagation (Chiken & Nambu, 2016). According to the SANTE
(Stimulation of the Anterior Nucleus of the Thalamus for Epilepsy) trial, the most frequent
adverse effects were implant site pain or paresthesia (in 23%), implant site infection (in
12.7%) and lead misplacement (in 8.2%) (Salanova et al., 2015; Starnes et al., 2019). It was
shown that DBS may cause depression and memory impairment (Sprengers et al., 2017,
Starnes et al., 2019). In terms of efficacy, the SANTE trial shows a median seizure rate re-
duction of 69% percent after 5 years of follow up (R. Fisher et al., 2010; Salanova et al.,
2015). Other DBS targets might see different results, so these results may not be indicative
of the efficacy with other stimulation targets.

® Responsive neurostimulation (RNS) is achieved through a closed-loop device that detects
epileptogenic activity and focally stimulates to inhibit seizure activity. It consists of a pulse
generator implanted under the scalp with a lead placed in the ictal onset zone, and an ex-
ternal computer with which the personal therapeutic parameters can be set (Matias et al.,
2019). RNS delivers seizure frequency reduction, as well as long-term iEEG (Matias et al.,
2019; Starnes et al., 2019). Reported adverse effects were typical for neurostimulation de-
vices but were never severe (Nair et al., 2020). In terms of efficacy, a randomized controlled
trial showed median seizure reduction of 53% 2 years after implantation (Bergey et al.,
2015) and long-term improved quality of life and cognitive domains were reported (Nair et
al., 2020). Not available in Germany due to data protection laws.

® Honorable mentions include chronic subthreshold cortical stimulation, transcranial mag-
netic stimulation (TMS), transcutaneous vagus nerve stimulation, and trigeminal nerve stim-
ulation (Boon et al., 2018; Starnes et al., 2019). We won’t be discussion these in detail, as
there isn’t any good clinical data available as of yet, they remain something to keep an eye

on for the future (Fattorusso et al., 2021).
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Transcranial Direct Current Stimulation (tDCS)

Transcranial Direct Current Stimulation (tDCS) introduces a constant, low direct current into the
brain using electrodes which are attached to the scalp. It can either raise or lower focal brain
excitability (Nitsche & Paulus, 2000). It has been investigated to improve memory and reduce
anxiety, stress, and depression in patients with epilepsy (Gouveia et al., 2021; Meisenhelter &
Jobst, 2018). Interesting in regard to this study though is the efficacy, safety, and tolerability of
tDCS as a treatment for DRE: Side effects were consistently reported as mild and transient
(Vanhaerents et al., 2020), while seizures where not induced as previously feared (Sudbrack-
Oliveira et al., 2021). Clinical trials of tDCS epilepsy therapy have shown efficacy in terms of sig-
nificant decreases of IEDs and seizure frequency, however they still differ too largely regarding
samples and methodology (Sudbrack-Oliveira et al., 2021) and weren’t always conclusive in re-
gard to efficacy (San-Juan et al., 2017). Even a single tDCS session could invoke an antiepileptic
effect (Auvichayapat et al., 2013; Fregni et al., 2006) but persistency and strength were further
improved by repeated treatments (San-Juan et al., 2017; Yang et al., 2020), a “refresh” interven-
tion within the after-effect of the first intervention (Monte-Silva et al., 2010; Yang et al., 2020),
as well as enhanced stimulation durations (Shekhawat et al., 2016). The clinical trial discussed in
this thesis is, to my knowledge, the first that doesn’t use a 2-Patch montage. The 2-Patch mon-
tage tDCS might produce inconsistent results due to broadly distributed electric fields in the
brain, as well as intra- and inter-subject variability (Khan et al., 2022). The personalized and dCMI
optimized multi-channel montage used for this trial delivers excellent intensity, focality, and di-
rectionality with an optimized trade-off between these attributes (Khan et al., 2022; Marios
Antonakakis, 2021). This approach requires personalized head volume conductor forward mod-
eling which is laborsome compared to the “plug and treat" nature of 2-Patch tDCS but fortunately,

diligent presurgical examination in epilepsy already includes most of this extra work.
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Methods

Ethics Statement and Patient

The study protocol was approved by the local ethics committee and the patient provided written
informed consent prior to the beginning of the study. The patient is 23 years old and possesses
a normal intellectual state without focal neurological deficits. Epilepsy was first diagnosed at the
age of 14, with seizure semiology mainly being distributed thinking and an inability to speak or
follow a conversation. They did not experience any motor symptoms or impairment of aware-
ness. The seizure frequency was four times per day. The patient did not achieve freedom from
seizures despite treatment with multiple AEDs, so their diagnosis was further specified as DRE.
Even though semiology is and was rather mild, the patient was highly disturbed by the seizures.
Presurgical evaluation was performed. Non-invasive video-EEG monitoring showed seizure onset
in the left frontal area. FDG-PET showed hypometabolism in the left superior frontal gyrus sug-
gesting a functional deficit zone. Based on the evidence derived from non-invasive video-EEG,
MRI, and FDG-PET, iEEG was performed but the actual epileptogenic zone was unfortunately
missed. An FCD type llb was only found in TIlw-MRI after consideration of MEEG source estima-
tion of IEDs. The FCD is located in very close proximity to Broca’s area (which could explain sei-
zure semiology) which is eloquent cortex, so resection would have been associated with high risk
of aphasia. No resection was recommended, several unsuccessful AED polytherapies followed.
In 2019, another MEEG recording was performed, finding 1050 IEDs while AED therapy was put

on hold, so that source estimation could happen. The patient has kept a seizure diary.

Study Design

The goal of this double-blind sham-controlled clinical trial is to investigate the effect of person-
alized and dCMl-optimized tDCS on IED frequency. Therefore, we stimulated the patient twice in
one block (1%t 20 mins stimulation, 2" 20 mins break, 3™ 20 mins stimulation: total one-hour
block) every day for 5 days in a single week. For control, we developed an ActiSham stimulation
montage, in which we stimulate the patient with adjacent cathodes and anodes (in the same
positions as the dCMl-optimized montage) to minimize stimulating the brain but maximize the
sensation of stimulation in the scalp. Since we assumed the patient to be accustomed to pain

because of a life with refractory epilepsy and their desire to receive a treatment that feels real,
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we decided to forgo anesthetizing the scalp with a local anesthetic like Lidocaine. The side effects
of tDCS have historically been very mild and don’t compare in magnitude with the suffering that
epilepsy can bring. The ActiSham was also applied 5 times in a single week just after the patient
had 5 weeks of rest to recuperate from the effects of the stimulation, so that we had as close
circumstances for the control to the initial stimulation as possible. One-hour blocks of EEG were
taken directly before and after the stimulation block every day and the first day of the Stimula-
tion-, as well as the first day of the ActiSham week, saw a two-hour block of EEG before the first
Stim/ActiSham block to form a baseline. In the analysis, data of interest from this two-hour block
is averaged into a one-hour block, unless otherwise stated.

Since the amount of IEDs can vary even from hour to hour due to circadian rhythms (Langdon-
Down & Russell Brain, 1929), it was important for this study to always measure IED amount at
the same times of day. Additionally, ActiSham was also used to control for unknown underlying
ultradian rhythms becoming out of sync between days (Spencer et al., 2016).

Lastly, it is important to mention, that EEG measurements and stimulation blocks were con-
ducted under medical supervision in the University Clinic Minster by medical staff that was
blinded to the design of the study. The management and control software for tDCS was set up

by me beforehand and stimulation parameters were hidden to those actually performing tDCS.

tDCS Hardware

A StarStim® device developed by Neuroelectrics Barcelona SL (Neuroelectrics, 2015) was used
for tDCS together with the NEO19 Neoprene Headcap from the same company with 39 prede-
fined positions based on a subset of the 10-10 EEG system. Automatic impedance checking was

applied before every stimulation. Ramp in and ramp out time was 60 seconds each.

tDCS Montages
:ZI\QL ActiSham
0.2986 0.0405
0.0874 0.0121
0.2124 0.0318
Table 2

Shows Current Density in A/m? for the dCMI montage with a A of 80 and the ActiSham

montage. The values for ActiSham are very small which implies near zero efficacy.
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dCM| optimized

The dCMI montage for the main treatment was created by Dr. Antonakakis using his pipeline, for
detailed information, please refer to his dissertation (Marios Antonakakis, 2021). It combines
automatic segmentation of 6 head tissue types from T1- and T2w-MRI with manual segmenta-
tion of burr holes (from iEEG) from CT, accounting for white matter and gray matter tissue con-
ductivity anisotropy with DTI (diffusion tensor imaging), calibration of skull conductivity with
SEP/SEF (somatosensory evoked potential or field) source estimation as ground truth, and finally,

calculation of tDCS montage with optimization using dCMI (Khan et al., 2022, 2019).

15
1
10.5
10
1-0.5
Figure 7 01=0.029
Shows the dCMI optimized -1
montage with current in A.
-1.5

ActiSham
The ActiSham montage is the same as the dCMI optimized montage when it comes to electrode
positions. The difference lies in the applied current: AF3: -2 mA, F3: 2 mA, 02: 2 mA, Oz: -2 mA

and the rest: 0 mA.

EEG Data Acquisition
EEG measurements in this study were acquired by an EEG Machine (Nihon Kohden, Tokyo, Japan)
with a sampling frequency of 200 Hz with 19 electrodes placed in the tDCS headcap as a subset

of the 10-10 system.

mA
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IED Detection

IED markings were performed by three experienced epileptologists. The EEG data files were cut
into 1-hour segments, completely anonymized, and labeled with code names, so that the epilep-
tologists had no information about time or order, they were completely blinded. The data was
securely exchanged through password protected zipped packages over Sciebo (Vogl et al., 2015)
according to ERA PerMed approved PerEpi data management plan (ERA PerMed, n.d.) and IEDs
were marked by eye using the software BESA (Scherg et al., 2018).

Source Estimation

Source estimation was performed with CURRY 8 (Compumedics Neuroscan, 2022) on IED aver-
ages. To obtain these averages, the EEG data was first rereferenced to the common average and
epoched from 50 ms before IED peak to 100 ms after. The epochs were temporally peak cor-
rected with a custom MATLAB tool (Aydin et al., 2014), which was only possible for markings
from epileptologists 1 and 3, since the second epileptologist didn’t consistently mark spikes at
even roughly the same propagation phase of the epileptic activity.

Irritatingly, all current densities calculated with CURRY 8 are in pAmm but the output shows

HAMmM.

Statistical Analysis

It was shown that IEDs follow a multidien rhythm in most subjects, which most of the time pos-
sesses an even greater magnitude than circadian modulations (Baud et al., 2018). This means
that even though we have only investigated one subject so far and are not considering a group
of people, the IED frequency on any given day can be vastly different than on the next even in
that same patient. As we will see in the data, that assumption seemed to hold true. | decided,
that to control for this effect, measurements of IED frequency before and after any given
Stim/ActiSham block should be paired (or dependent) while data measured on different days
should be considered independent. So statistically speaking, “PrePost” treatment is a within-
subjects factor, while the “subjects” are the days of treatment. Statistics really can be confusing,
can’t it? Our first between-subject factor is “TypeOfTreatment” and the second is “Epileptolo-
gists” because experience and personality decide how many IEDs each epileptologist considers

to be true and not some unrelated activity or noise.
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To test for group effects, a mixed ANOVA was applied to the data. Assumptions of normality were
tested with Shapiro-Wilk while homoscedasticity was investigated with Levene’s Test. Sphericity
on the other hand is given, since the within-subject factor “PrePost” only has two steps. Post-

hoc multiple comparisons were elucidated by Tukey’s HSD (honestly significant difference) test.

Questionnaires

We used standard questionnaires from the latest reviews for tDCS (Antal et al., 2017) and spe-
cialized questionnaires adapted to the patient’s specific form of focal epilepsy to assess tolera-
bility and symptoms during and after tDCS as well as relevant patient information. For example,
in the specialized questionnaires we asked for problems regarding speech-production during
stimulation. Sensations during the stimulations were assessed on a 5-point numerical rating
scale (1 = no sensation, 5 = extreme sensation). Results were reported in mean, standard devia-
tion, and ranges for quantitative data. Comparisons in intensity of sensations between person-
alized and dCMI optimized tDCS and ActiSham were made using Lilliefors test to assess normality,
two-sample F-test of equality of variance to identify homo- or heteroscedasticity, two sample t-
test for normal data and Wilcoxon rank-sum test for not normally distributed data. Every day the

patient was asked about whether they thought they received a “real” stimulation or placebo.

Figures and Visualizations

Segmentation results were shown with FSLeyes (McCarthy, 2021). Average moving dipole loca-
tions and topographies of scalp potentials were visualized with CURRY 8 (Compumedics
Neuroscan, 2022). Other results were visualized with custom MATLAB code, as well as the Sta-
tistics and Machine Learning Toolbox (MathWorks, 2021b) from MATLAB (MathWorks, 2021a).
Tables were created with Microsoft Excel (Microsoft Corporation, 2022). Thesis was written in
Microsoft Word (Microsoft Corporation, 2022) and exported to PDF.
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Results

IED Frequency

Statistical Analysis

Mixed ANOVA Assumptions

Test for Normality Shapiro-Wilk p

Stim/Epileptologist 1 0.3328

ActiSham/Epileptologist 1 0.5809

Stim/Epileptologist 2 0.0185

ActiSham/Epileptologist 2 0.5415 Table 3

Tests for Normality with

Stim/Epileptologist 1 0.5328 Shapiro-Wilk. Normality is only

rejected for the “Stim/Epilep-

ActiSham/Epileptologist 2 0.3531 tologist 2” data group.

The only group of data that saw its assumption of normality being rejected was “Stim/Epileptol-
ogist 2” (p < 0.05) (Table 3). We will see that this is explained by the outlier found in the “Stim/Ep-
ileptologist 2” group in Figure 10. Mixed ANOVA is quite robust in terms of a rejected normality
assumption (Glass et al., 1972; Harwell et al., 1992), especially for only a small part of the overall
data. The risk in this case is generally that the result won't be significant. | decided not to correct

for it. Levene’s test confirmed homoscedasticity between groups for every step of our within-

subject factor (Table 4).

Group Summary Table
Group Count Mean Std Dev Table 4
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Homoscedasticity
Pre 30 456.117 519.515
Post 30 267.033 294.641 between groups
Pooled 60 361.575 422 .32 established using
Levene's statistic (quadratic) 2.26385 Levene’s test
Degrees of freedom 1, 58

p-value 0.13785 (p>0.05).
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Mixed ANOVA Results

Mixed ANOVA Results
SumSqg DF MeanSq F pValue | pValueGG || pValueHF | pValuelLB
(Intercept):PrePost 53628786 1| 536787.6| 18176224 00007346\ 0.0002346| 0.0002346| 0.0007346
Epileptologists:PrePost 40720351 2| 203601.75| &.8900609| 0.0039446| 0.0039446| 0.0039448| 0.0039446
TypeOfTreatment:PrePost 232838, 7 1| Z232938.7| 7.8949507| 0.0092908| 0.0082908| 0.0092908| 0.0082908
Error(PrePost) 767127 31 28| 289504.895 7 a5 o5 05 a5

Table 5
Shows the mixed ANOVA results of effects of within-subject factor “PrePost” and its interactions with be-

tween-subject factors “Epileptologists” and “TypeOfTreatment” on the dependent variable “IED Frequency”.

There was a statistically significant main effect of “PrePost” on “IED Frequency”, F(1,26)=18.18,
p<0.001, a statistically significant interaction between “PrePost” and “Epileptologists”,
F(2,26)=6.9, p<0.01 and a statistically significant interaction between “PrePost” and
“TypeOfTreatment”, F(1,26)=7.89, p<0.01 (Table 5).

600 Because interaction “TypeOfTreatment*PrePost”

—c— TypeOfTreatment=Sham |

—c— TypeOfTreatment=Stim
550 B

is disordinal (the orange and blue lines cross, Fig-

50 | ure 8), the main effect of “PrePost” on IED Fre-

a0 | qguency cannot be sensibly interpreted

(Pedhazur & Schmelkin, 1991). At the same time,

400

w0 | we can see, that no matter which type of treat-

500 | ment was applied or which epileptologist

marked IEDs, IED frequency is reduced after

Estimated marginal means in [EDs per hour

200 L , treatment as compared to before (Figures 8, 9).

Pre Post
PrePost 1000 T
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Post-Hoc Multiple Comparisons
TypeOfTreatment ] Lower Upper
PrePost | PrePost | Difference|| StdErr pValue
(5% CI) (95% CI)
Post Pre -FI3.7| 62721497 3.34744E-05| -442.62588| -184. 7741
Fost Pre| -64.46666 F 62 721487 0313500262 -193.389255| 64.458217

Table 6

Shows the Tukey-HSD results of effects of stages of between-subject factor “TypeOfTreatment” on the dif-

ference in IED Frequency between levels of within-subject factor “PrePost”.

According to the Tukey-HSD, IED frequency after treatment (“Post”) differed significantly from

IED frequency before treatment (“Pre”) when applying personalized and dCMI-optimized tDCS

(“Stim”) as treatment (-313.7, p<0.00001) but didn’t differ significantly when applying ActiSham

(“Sham”) as treatment (-64.47, p>0.05) (Table 6).

Epileptologists ] Lower Upper
PrePost | PrePost | Difference| StdErr pValue
(5% clI) | (95% CI)
Epileptologistl Post FPre -421.9| 76817832 8.21286E-06| -579.80131| -263.9957
Epileptologist2 Post FPre -64.45| 76.817832 04091185 -222 35131 | 93451314
Epileptologist3 FPost Fre -80.8| 76817832 0301965555 -Z38.80131| 77001314

Table 7

Shows the Tukey-HSD results of effects of stages of between-subject factor “Epileptologists” on the differ-

ence in IED Frequency between levels of within-subject factor “PrePost”.

According to the Tukey-HSD, IED frequency after treatment (“Post”) differed significantly from

IED frequency before treatment (“Pre”) when Epileptologist 1 marked IEDs (-421.9, p<0.000001)

but didn’t differ significantly when Epileptologist 2 (-64.45, p>0.05) or Epileptologist 3 (-80.9,

p>0.05) marked IEDs (Table 7). The mean difference is obviously higher for Epileptologist 1 due

to Epileptologist 1 marking 17012 spikes for the whole study as compared to only 3049 and 3657

spikes marked by Epileptologists 2 and 3, respectively.
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Relative Frequency of IEDs — Comparison between Factors

The relative frequency of IEDs left after treatment is the amount of IEDs per hour EEG after treat-
ment divided by the amount of IEDs per hour EEG before treatment. The data is visualized in a
box chart in Figure 10.
1. For “Epileptologistl” and
i “Stim” the median is 34.08%, the quartiles are 31.14% and 57.14%, and the nonoutlier
minimum and maximum are 23.56% and 68.76%, respectively.
ii. “Sham” the medianis 74.67%, the quartiles are 64.61% and 93.03%, and the nonoutlier
minimum and maximum are 59.83% and 120.7%, respectively.
2. For “Epileptologist2” and
i. “Stim” the median is 25.59%, the quartiles are 13.81% and 65.82%, and the nonoutlier
minimum and maximum are 7.87% and 65.82%, respectively.
ii. “Stim” there is an outlier at 162.4% (Day 1).
iii. “Sham” the median is 106.6%, the quartiles are 46.19% and 360.4%, and the nonoutlier
minimum and maximum are 14.29% and 820.7%, respectively.
3. For “Epileptologist3” and
i “Stim” the median is 41.55%, the quartiles are 28.87% and 66.87%, and the nonoutlier
minimum and maximum are 4.07% and 75%, respectively.
ii. “Sham” the median is 85.13%, the quartiles are 47.52% and 113.6%, and the nonoutlier

minimum and maximum are 47.42% and 150.8%, respectively.
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Figure 10
Shows box plot for relative frequency of IEDs after treatment to before treatment for every “Epileptologists”

“TypeOfTreatment” combination. There is an outlier in the “Stim/Epileptologist2” data group.
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Absolute Frequency of IEDs in Detail

Frequency of IEDs is always higher before “Stim” than after “Stim” for all Epileptologists except
for Epileptologist 2 (Figure 12). This increase is the outlier in Figure 10 and the reason for the
violation of normality for its data group (Table 3). Epileptologist 2 reported that they had diffi-
culty with a persistent strong artifact in one of the EEG files on the first day of “Stim” and couldn’t
mark as many IEDs as they otherwise could have. Only after the blind status of the epileptologists
had been lifted did Epileptologist 2 manage to subdue said artifact. But then it was too late to
include new data into the analysis without possibly introducing bias. Comparing the frequency
of IEDs before and after “Sham” reveals that it can show an increase or decrease, as well as stay
the same (Figures 11,12 and 13). The different frequency scales (y scales) in these figures are

explained by the difference in total and average spikes found by each epileptologist.

Figure 11
Shows frequency of IEDs before and after treatment (“PrePost”) for every day and “TypeOfTreatment”
with data marked by Epileptologist 1.

Epileptologist 1: Absolute Frequency of IEDs before/after Treatment
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Figure 12

Shows frequency of IEDs before and after treatment (“PrePost”) for

every day and “TypeOfTreatment” with data marked by Epileptologist 2.
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Figure 13

Shows frequency of IEDs before and after treatment (“PrePost”) for

every day and “TypeOfTreatment” with data marked by Epileptologist 3.
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IED Frequency Evolution over Time

In the “Stim” week, the patient reported a seizure which was uncharacteristically muted in terms
of usual symptoms: they were having a conversation with a significant other when a seizure hit.
Usually, the patient would forget the conversation and be retold after the seizure ends. This time,
they weren’t able to speak during the seizure but were able to continue the conversation right
after it ended. Unfortunately, at the time of the release of this thesis, | don’t have access to the
patient’s seizure diary, so | cannot say whether it was on day 2, 3 or 4. This will be remedied in
time for the publication of this study. Additionally, the patient reported slowed speech on day 2
and 4 when discussing more complex topics, while having trouble finding the right words to say
on all 3 days (day 2, 3 and 4). Furthermore, they reported to experience heightened difficulty
understanding language in general on day 3.

According to the literature (Baud et al., 2018), seizures preferentially occur during the rising
phase of multidien IED cycles, which correlates to the rising flank in IED frequency over these 3

days (Figure 14), the reportedly increased symptoms and the actual seizure with peculiarly

muted semiology.

Figure 14

Shows averaged daily
frequency of IEDs over
the “Stim” and “Sham”
weeks. The IEDs consid-
ered for this figure are
the ones that every epi-
leptologist could agree
on, hence the compara-
bly low values. The aver-
age frequency of IEDs is
31.27 IEDs per hour for
the “Stim” week and
34.07 IEDs per hour for

the “Sham” week.
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Source Estimation

IV. Results

This part will be only a conglomeration of results. For convenience of the reader, any and all

interpretations, as well as comparisons of particular interest, will be made in Discussion.

Epileptologist 1

Global Average Moving Dipole

E1l Global Average
Moving Dipole

Figure 15

Shows location of the Global Average Moving Dipole (of

IEDs marked by Epileptologist 1) at different times during

Timepont in ms

Signal to Noise Ratio

Explained Signal 9%

Current Density in g4 Amm 271

Maximum Amplitude at 0 ms

in gV

84% 90% 83%

383 757 134
Max at:

F3| -937

Table 8

a Epileptologist 1 Global Average Moving

Dipole of IEDs. Summarizes information
about dipoles of the rising flank of the
average IED marked by Epileptologist 1.
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Figure 17

Shows topography of scalp po-
tentials at the rising flank (-10
ms) of the global average of IEDs

marked by Epileptologist 1.

[uV]

| -5

L -5
Scale for all Topologies on this page. Left is left, right

is right, up is anterior and down is posterior.

1V-34

Figure 16

Shows topography
of scalp potentials
at the peak (0 ms)
of the global aver-
age of IEDs marked
by Epileptologist 1.

-0.01s
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PreStim Average Moving Dipole

IV. Results

Figure 18
Shows location of the PreStim Average Moving Dipole (of IEDs
marked by Epileptologist 1) at different times during its rising

flank until the peak. White matter for anatomic context.

E1l PreStim
Moving Dipole

Dipole || Dipole

Timepont in ms
Signal to Noise Ratio

Explained Signal

Current Density in 4 Amm

Maximum Amplitude at 0 ms

in uV

Table 9
4 5 7 Epileptologist 1 PreStim Average Moving
Dipole of IEDs. Summarizes information

% 3%
o o about dipoles of the rising flank of the

105 735 average IED in the hour before “Stim”
Max at: marked by Epileptologist 1.
F3 -8.55
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Os

Figure 20

Shows topography of scalp po-
tentials at the rising flank (-10
ms) of the PreStim average of

IEDs marked by Epileptologist 1.

[wV]

- 0

5

L -10
Scale for all Topologies on this page. Left is left, right

is right, up is anterior and down is posterior.

1V-36

Figure 19

Shows topography
of scalp potentials
at the peak (0 ms)
of the PreStim aver-
age of IEDs marked
by Epileptologist 1.

-0.01s
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PostStim Average Moving Dipole
Figure 21

Shows location of the PostStim Average Moving Dipole (of

IEDs marked by Epileptologist 1) at different times during its

rising flank until the peak. White matter for anatomic context.

E1 PostStim Dipole
Moving Dipole

Dipole

Timepont in ms ! ! -5 “ Table 10

Signal to Noise Ratio . 71 28 5 Epileptologist 1 PostStim Average Mov-

ing Dipole of IEDs. Summarizes infor-

Explained Si | % Fo% 71% . . .
- ot g g mation about dipoles of the rising flank

Current Density in 4 Amm i7. 0 36.9 155 of the average IED in the hour after

Minimum and Maximum n at: Max at: “Stim” marked by Epileptologist 1.
Amplitude at 0 ms in 4V i o1l 3105

Amplitude at F3 in pV F3| -244
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Os

Figure 22

Shows topography
of scalp potentials
at the peak (0 ms)
of the PostStim av-
erage of IEDs
marked by Epilep-

tologist 1.

-0.01s
.
Figure 23
Shows topography of scalp po- . 1
tentials at the rising flank (-10
ms) of the PostStim average of
IEDs marked by Epileptologist 1.
(V]
- 31
- 2.0
L 1.0 A = .
- 0.0
|10 y y
- -2.0
L 3.1 * ¢

Scale for all Topologies on this page. Left is left, right

is right, up is anterior and down is posterior.
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PreSham Average Moving Dipole

El PreSham
Moving Dipole

Timepont in ms

Signal to Noise Ratio

Explained Signal

Current Density in g Amm

Maximum Amplitude at 0 ms

in gV

IV. Results

Figure 24
Shows location of the PreSham Average Moving Dipole (of

IEDs marked by Epileptologist 1) at different times during its

rising flank until the peak. White matter for anatomic context.

Table 11
35 6.7 4.1 Epileptologist 1 PreSham Average Mov-
ing Dipole of IEDs. Summarizes infor-
83% 93% 84%
mation about dipoles of the rising flank
A4 1100 187 of the average IED in the hour before

“Sham” marked by Epileptologist 1.
F3| -134
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Os

Figure 26

Shows topography of scalp po-
tentials at the rising flank (-10
ms) of the PreSham average of

IEDs marked by Epileptologist 1.

[LV]
— 13

-5
-0
L 5

L -13
Scale for all Topologies on this page. Left is left, right

is right, up is anterior and down is posterior.

1v-40

Figure 25

Shows topography
of scalp potentials
at the peak (0 ms)
of the PreSham av-
erage of IEDs
marked by Epilep-
tologist 1.

-0.01s
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PostSham Average Moving Dipole

El PostSham
Moving Dipole

Timepont in ms

Signal to Noise Ratio

Explained Signal

Current Density in g Amm

Maximum Amplitude at 0 ms

in g\

IV. Results

Figure 27
Shows location of the PostSham Average Moving Dipole (of

IEDs marked by Epileptologist 1) at different times during its

rising flank until the peak. White matter for anatomic context.

Dipole | Dipole
3 4
Table 12

23 4.z 5.5 Epileptologist 1 PostSham Average Mov-
_ ing Dipole of IEDs. Summarizes infor-

89% 91% 85%
mation about dipoles of the rising flank
5560 &LIL 8540 of the average IED in the hour after

“Sham” marked by Epileptologist 1.
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Figure 29

Shows topography of scalp po-
tentials at the rising flank (-10
ms) of the PostSham average of

IEDs marked by Epileptologist 1.

[WV]

Scale for all Topologies on this page. Left is left, right

is right, up is anterior and down is posterior.

1v-42

Figure 28

Shows topography
of scalp potentials
at the peak (0 ms)
of the PostSham av-
erage of IEDs
marked by Epilep-
tologist 1.

-0.01s
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Stim Week Baseline Average Moving Dipole
Figure 30

Shows location of the Stim Week Baseline Average Moving Dipole

(of IEDs marked by Epileptologist 1) at different times during its

rising flank until the peak. White matter for anatomic context.

E1l Stim Week Dipole | Dipole
Moving Dipole 2 3

Timepont in ms -1 -5

Dipole
4
a
Table 13

I 26 35 4.5 Epileptologist 1 Stim Week Baseline Av-

Signal to Noise Ratio

Explained Signal o I R B L Moving Dipole of IEDs. Summa-
P ined Signa £ 170 12 0 0
rizes information about dipoles of the

Current Density in 4 Amm 501 878 133 26

(53

rising flank of the average IED in the two
Maximum Amplitude at 0 ms Max ai:

hours before the first “Stim” marked by
in uV F3| -15.92

Epileptologist 1.
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Os

Figure 31

Shows topography
of scalp potentials
at the peak (0 ms)
of the Stim Week
Baseline average of
IEDs marked by Epi-
leptologist 1.

-0.01s

Figure 32
Shows topography of scalp po-
tentials at the rising flank (-10

ms) of the Stim Week Baseline

average of IEDs marked by Epi-
leptologist 1.

[uV] '[

L 5
- -10
L 16 ] ®

Scale for all Topologies on this page. Left is left, right

is right, up is anterior and down is posterior.
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Sham Week Baseline Average Moving Dipole
Figure 33

Shows location of the Sham Week Baseline Average Moving Di-

pole (of IEDs marked by Epileptologist 1) at different times during

its rising flank until the peak. White matter for anatomic context.

E1l Sham Week Dipole | Dipole | Dipole || Dipole
Moving Dipole 1 2 3 4
i [ a

Timepont in ms -15 -10 -5
Table 14
Signal to Noise Ratio 13 3.8 6.9 &5 Epileptologist 1 Sham Week Baseline Av-
erage Moving Dipole of IEDs. Summa-
Explained Signal 54% 81% 85% 82% g g =P
rizes information about dipoles of the
Current Density in 4 Amm J6.6| A7 13 50 rising flank of the average IED in the two
Maximum Amplitude at 0 ms Max ai:

hours before the first “Sham” marked by
in uV F3| -1424 . .
Epileptologist 1.
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Os

Figure 34

Shows topography
of scalp potentials
at the peak (0 ms)
of the Sham Week
Baseline average of
IEDs marked by Epi-
leptologist 1.

-0.01s

Figure 35

Shows topography of scalp po-
tentials at the rising flank (-10
ms) of the Sham Week Baseline
average of IEDs marked by Epi-
leptologist 1.

[WV]

~ 14
- 10

- 0
- -3

- =10
L -14
Scale for all Topologies on this page. Left is left, right

is right, up is anterior and down is posterior.
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Epileptologist 3

Global Average Moving Dipole
Figure 36

Shows location of the Global Average Moving Dipole (of IEDs
marked by Epileptologist 3) at different times during its ris-

ing flank until the peak. White matter for anatomic context.

E3 Global Average Dipole | Dipole | Dipole
Moving Dipole 1 2 3

Timepont in ms -15 -10 -5

Dipole
4
4]

Signal to Noise Ratio 1.2 28 52 6.8

Table 15
Explained Signal o o o e Epileptologist 3 Global Average Moving
Current Density in 4 Amm 342 66 132 795 Dipole of IEDs. Summarizes information
Maximum Amplitude at 0 ms Max at: about dipoles of the rising flank of the

in pV £3 ~157 average IED marked by Epileptologist 3.
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Os

Figure 38

Shows topography of scalp po-
tentials at the rising flank (-10
ms) of the global average of IEDs

marked by Epileptologist 3.

[LV]

|
—_
(=3}

| 5
-0
L -5
- -10

L -16
Scale for all Topologies on this page. Left is left, right

is right, up is anterior and down is posterior.
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Figure 37

Shows topography
of scalp potentials
at the peak (0 ms)
of the global aver-
age of IEDs marked
by Epileptologist 3.

-0.01s
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PreStim Average Moving Dipole

E3 PreStim
Moving Dipole

Timepont in ms

Signal to Noise Ratio

Explained Signal

Current Density in 4 Amm

Maximum Amplitude at 0 ms
A"

IV. Results

Figure 39

Shows location of the PreStim Average Moving Dipole (of IEDs

marked by Epileptologist 3) at different times during its rising

flank until the peak. White matter for anatomic context.

Dipole
1

Dipole || Dipole
2 3

Dipole
4

89% 94%

84.6 161

Table 16

Epileptologist 3 PreStim Average Moving
Dipole of IEDs. Summarizes information
about dipoles of the rising flank of the
average |ED in the hour before “Stim”

marked by Epileptologist 3.
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Figure 41

Shows topography of scalp po-
tentials at the rising flank (-10
ms) of the PreStim average of

IEDs marked by Epileptologist 3.

[LV]
— 12

- 10
- 0

| 10

L -12
Scale for all Topologies on this page. Left is left, right

is right, up is anterior and down is posterior.
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Figure 40

Shows topography
of scalp potentials
at the peak (0 ms)
of the PreStim aver-
age of IEDs marked
by Epileptologist 3.

-0.01s
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PostStim Average Moving Dipole
Figure 42

Shows location of the PostStim Average Moving Dipole (of

IEDs marked by Epileptologist 3) at different times during its

rising flank until the peak. White matter for anatomic context.

E3 PostStim
Moving Dipole

Timepont in ms -15 -10 -5 7 Table 17

el e e 0.9 ;2 20 - ;| Epileptologist 3 PostStim Average Mov-

ing Dipole of IEDs. Summarizes infor-

i i % 3% % % . . ..
Explained Signal o = o o mation about dipoles of the rising flank

Current Density in g Amm 249 268 664 57 of the average IED in the hour after

Maximum Amplitude at 0 ms Mayx at: “Stim” marked by Epileptologist 3.
in uV F3| -671
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Figure 44

Shows topography of scalp po-
tentials at the rising flank (-10
ms) of the PostStim average of

IEDs marked by Epileptologist 3.

[uV]

Scale for all Topologies on this page. Left is left, right

is right, up is anterior and down is posterior.
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Figure 43

Shows topography
of scalp potentials
at the peak (0 ms)
of the PostStim av-
erage of IEDs
marked by Epilep-
tologist 3.

-0.01s
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PreSham Average Moving Dipole
Figure 45

Shows location of the PreSham Average Moving Dipole (of

IEDs marked by Epileptologist 3) at different times during its

rising flank until the peak. White matter for anatomic context.

E3 PreSham Dipole | Dipole | Dipole
Moving Dipole 1 2 3

Timepont in ms -15 -10 -5

Dipole
4
4]

LI 33 6.1 &7 Epileptologist 3 PreSham Average Mov-

Table 18

Signal to Noise Ratio
ing Dipole of IEDs. Summarizes infor-
Explained Signal 8% 82% 96% &9% g P
mation about dipoles of the rising flank

Current Density in 4 Amm JAg) sas1isl S50 of the average IED in the hour before

Maximum Amplitude at 0 ms Max at:

“Sham” marked by Epileptologist 3.
in uV F3| -18.54



IV. Results
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Figure 47

Shows topography of scalp po-
tentials at the rising flank (-10
ms) of the PreSham average of

IEDs marked by Epileptologist 3.

(L]
_ 20

Scale for all Topologies on this page. Left is left, right

is right, up is anterior and down is posterior.
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Figure 46

Shows topography
of scalp potentials
at the peak (0 ms)
of the PreSham av-
erage of IEDs
marked by Epilep-
tologist 3.

-0.01s
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PostSham Average Moving Dipole
Figure 48

Shows location of the PostSham Average Moving Dipole (of

IEDs marked by Epileptologist 3) at different times during its

rising flank until the peak. White matter for anatomic context.

E3 PostSham Dipole || Dipole | Dipole
Moving Dipole 1 2 2

Timepont in ms -15 -10 -5

Dipole
3
a
Table 19

Signal to Noise Ratio 1z 27 47 5| Epileptologist 3 PostSham Average Mov-

ing Dipole of IEDs. Summarizes infor-
Explained Signal Q1% 80% 23% 82% & P

mation about dipoles of the rising flank

Current Density in 4 Amm 334 &0.4 102 156 of the average IED in the hour after

Maximum Amplitude at 0 ms Max at:
in uV F3| -1238

“Sham” marked by Epileptologist 3.
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Figure 49

Shows topography
of scalp potentials
at the peak (0 ms)
of the PostSham av-
erage of IEDs
marked by Epilep-
tologist 3.

-0.01s
Figure 50
Shows topography of scalp po- o
tentials at the rising flank (-10
ms) of the PostSham average of
IEDs marked by Epileptologist 3.
(V]
- 12
- 3
© ®
- 0
° ©
- -3
L 12 e 2

Scale for all Topologies on this page. Left is left, right

is right, up is anterior and down is posterior.
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Stim Week Baseline Average Moving Dipole
Figure 51

Shows location of the Stim Week Baseline Average Moving Dipole

(of IEDs marked by Epileptologist 3) at different times during its

rising flank until the peak. White matter for anatomic context.

E3 Stim Week Dipole | Dipole | Dipole
Moving Dipole 1 2 3

Timepont in ms -15 -10 -5

Dipole
. |
Y]
Table 20

Signal to Noise Ratio L1 25 4.1 5.4 Epileptologist 3 Stim Week Baseline Av-

erage Moving Dipole of IEDs. Summa-
Explained Signal 4% 58% 87% 8i% g g up

rizes information about dipoles of the

Current Density in 4 Amm 875 190 171 757 rising flank of the average IED in the two

Maximum Amplitude at 0 ms Max at:

hours before the first “Stim” marked by
in uVv F3| -2i4

Epileptologist 3.
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Os

Figure 52

Shows topography
of scalp potentials
at the peak (0 ms)
of the Stim Week
Baseline average of
IEDs marked by Epi-
leptologist 3.

-0.01s

Figure 53

Shows topography of scalp po-
tentials at the rising flank (-10
ms) of the Stim Week Baseline
average of IEDs marked by Epi-
leptologist 3.

[uV] 'r

Scale for all Topologies on this page. Left is left, right

is right, up is anterior and down is posterior.
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Sham Week Baseline Average Moving Dipole
Figure 54

Shows location of the Sham Week Baseline Average Moving Di-

pole (of IEDs marked by Epileptologist 3) at different times during

its rising flank until the peak. White matter for anatomic context.

E3 Sham Week Dipole | Dipole | Dipole
Moving Dipole 1 2 3

e e
Timepont in ms -15 -10 -5

Dipole
4
4]
Table 21

Signal to Noise Ratio 14 4.1 71 55| Epileptologist 3 Sham Week Baseline Av-

erage Moving Dipole of IEDs. Summa-
Explained Signal 82% 894% 896% 26% g g up

rizes information about dipoles of the

Current Density in 4 Amm 389 141 1830 255 rising flank of the average IED in the two

Maximum Amplitude at 0 ms NMax at:

hours before the first “Sham” marked by
in uVv £3| -Z3.08

Epileptologist 3.
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Figure 55

Shows topography
of scalp potentials
at the peak (0 ms)
of the Sham Week
Baseline average of
IEDs marked by Epi-
leptologist 3.

-0.01s

Figure 56

Shows topography of scalp po-
tentials at the rising flank (-10
ms) of the Sham Week Baseline
average of IEDs marked by Epi-
leptologist 3.
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Scale for all Topologies on this page. Left is left, right

is right, up is anterior and down is posterior.
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Improved Segmentation

Skull leakages

Figure 57

Shows skull leakages in otherwise
improved segmentation. Sagittal
plane: Right is anterior, left is pos-
terior, up is superior and down is
inferior. Red circle shows corners
of scalp tissue and CSF / gray mat-

ter connected through skull.

Unfortunately, as can be seen in Figure 57, the new pipeline produced a segmentation with skull
leakages, which is a known issue that introduces error in source estimation on the scale of cen-
timeters and usually occurs when the spatial resolution of the MRI and segmentation is about

the same or less than the thickness of the skull (Engwer et al., 2017; Sonntag et al., 2013).

Tolerability and Symptoms

No adverse effects occurred during or after personalized and dCMI optimized tDCS or ActiSham
and none of the treatment blocks had to be cancelled. According to the questionnaire which
uses a 5-point numerical rating scale (1 = no sensation, 5 = extreme sensation), the patient re-
ported itching on the back of the head during “Stim” with a mean intensity of 3.4+0.55 [3-4] and
during “Sham” with a mean intensity of 2.8+0.45 [2-3]. Further sensations were pain (under
electrode F3; “Stim”: 4.2+0.84 [3-5]; “Sham”: 3.4+0.55 [3-4]), burning (“Stim”: 2+1 [1-3]; “Sham”:
2+1.41 [1-4]), warmth (“Stim”: 2.2+0.84 [1-3]; “Sham”: 1.4+0.89 [1-3]), tiredness or decreased
attention (“Stim”: 1+0 [1-1]; “Sham”: 140 [1-1]) and dizziness (“Stim”: 3.2+0.45 [3-4]; “Sham”:
140 [1-1]). Only dizziness differed significantly in intensity between “Stim” and “Sham” (p<0.001).
The patient was unsure whether they experienced “Stim” or “Sham” on most days, only once
during “Stim” and once during “Sham” they were sure it was “Sham” and once during “Sham”

they were sure it was “Stim”. Statistical testing was done according to Methods, Questionnaires.
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Discussion

Effect of personalized and dCMI optimized tDCS on IED frequency

As the results of the mixed ANOVA (Table 5) show, there is a highly significant (p<0.01) interac-
tion “TypeOfTreatment*PrePost” that produces a large F ratio (F(2,26)=6.9). The Tukey-HSD test
results (Table 6) elucidates for us that this ratio is explained by the large difference between IED
frequency before and after treatment with personalized and dCMI optimized tDCS (-313.7,
p<0.00001) and that treatment with ActiSham did not produce a significant difference (-64.47,
p>0.05).

While it is true that there is a significant main effect of “PrePost” on IED frequency with an even
larger F ratio (F(1,26)=18.18), the fact that the interaction “TypeOfTreatment*PrePost” is disor-
dinal (Figure 8), means that we can’t sensibly interpret that main effect. On the other hand, the
interaction “Epileptologists*PrePost” has the smallest (but still large) F ratio, is significant
(F(2,26)=6.9, p<0.01) and ordinal (Figure 9). The reason for this is elucidated again by the Tukey-
HSD test results (Table 7) which shows that it is all due to the difference in mean IEDs marked
based on the personality of the epileptologist, especially for Epileptologist 1. But to be fair, this
effect is not interesting or relevant to this study, being aware of it as context for the interesting
effect is already sufficient.

Through the design of this study, specifically choosing “PrePost” as a within-subject factor, and
the fact that we always measured and stimulated at the same times of day, multidien, circadian
and ultradian (that go out of sync between days) rhythms in IED frequency should be controlled
for (Baud et al., 2018; Langdon-Down & Russell Brain, 1929; Spencer et al., 2016).

Additionally, the effect of personalized and dCMI Optimized tDCS on IED frequency as compared
to the effect of ActiSham on IED frequency can be clearly seen in Figure 10.

Coherent evidence with these results can be seen in Figures 11,12 and 13: Frequency of IEDs is
always higher before “Stim” than after “Stim” for all Epileptologists except for Epileptologist 2
on day 1. This increase is explained by the outlier in Figure 10 and the reason for the violation of
normality for its data group (Table 3). Explanation of the origin of this outlier can be found under
Results, Absolute Frequency of IEDs in Detail. Comparing the frequency of IEDs before and after

“Sham” reveals that it can show an increase or decrease, as well as stay the same.
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Effect of personalized and dCMI optimized tDCS on Seizure Severity

The effect of decreased seizure severity is postulated while only being supported by one self-
reported seizure, so further investigation by future studies is needed: For the first time in the
patient’s life (as far as they can remember), they could resume a conversation that was inter-
rupted by a seizure without forgetting the contents of it. This was during the week of daily treat-

ment with personalized and dCMI optimized tDCS.

Effect of personalized and dCMI optimized tDCS on IED Source Location and Orientation

With the exception of “PostStim” the average moving dipole of the peak of IEDs seems to al-
ways inhabit a similar place, which we have seen in Results, Source Estimation. As a representa-
tive example for the localization of “Dipole 4” (peak), please consider Figures 58 and 59. In
fact, we can see that it generally occurs in the pars opercularis and pars triangularis of the infe-
rior frontal gyrus. These anatomical divisions are considered to be part of Broca’s area but defi-
nitions of gross anatomy of Broca’s area vary between researchers (Keller et al., 2009). In this
patient, this finding is concordant with the estimation of the epileptogenic zone in presurgical
evaluation.

For the average IED’s rising flank (-10 ms) and the peak (0 ms) the dipole as seen from the scalp
topography is generally the same with a minimum potential at F3 (Figures 60, 61, 62 and 63).
This data is from the “PreStim” average moving dipole but is almost identical for “PreSham”
and “PostSham” average moving dipoles across epileptologists (Figures 25, 26, 28, 29, 46, 47,
49, 50). The “PostStim” condition sees a new dipole (Figures 64, 65, 66 and 67). For Epileptolo-
gist 1, the “PostStim” average moving dipole sees its maximum and minimum amplitude at dif-
ferent electrodes (O1 and T3) than in all other conditions and since the T3 electrode couldn’t
be included in the source estimation, the relative explained signal is especially low at 71% (Ta-
ble 10, Figure 64) compared to all other conditions across epileptologists. In the “PostStim”
condition, the potential at T3 is more extreme than in all other conditions at the rising flank (-
10 ms) and the peak (0 ms) across epileptologists (Figures 64, 65, 66 and 67).

In conclusion, shortly after “Stim” it seems the dipole’s peak and rising flank can’t occur in the
same anatomical area anymore and are “kicked off course”. The previous sentence has to be

taken with a grain of salt, considering the scope of the study and my level of experience.



V. Discussion V-64

Figure 58
Shows reprint of Figure 36 with
added black lines to mark inferior

frontal and lateral sulci and a red line

Figure 59
Shows a schematic map of anatomic
zones of the brain on gray matter.

Adapted from wikicommons.
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Figure 60

Shows topography of scalp potentials at the peak
(0 ms) of the PreStim average of IEDs marked by
Epileptologist 1. Orange arrow is a crude 2D rep-

resentation of the dipole.

Figure 62

Shows topography of scalp potentials at the ris-
ing flank (-10 ms) of the PreStim average of IEDs
marked by Epileptologist 1. Orange arrow is a

crude 2D representation of the dipole.

Figure 61

Shows topography of scalp potentials at the
peak (0 ms) of the PreStim average of IEDs
marked by Epileptologist 3. Orange arrow is
a crude 2D representation of the dipole.

-0.01s

Figure 63

Shows topography of scalp potentials at
the rising flank (-10 ms) of the PreStim av-
erage of IEDs marked by Epileptologist 3.
Orange arrow is a crude 2D representation

of the dipole.

Left is left, right is right, up is anterior and down is posterior.
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Figure 64

Shows topography of scalp potentials at the peak
(0 ms) of the PostStim average of IEDs marked by
Epileptologist 1. Orange arrow is a crude 2D rep-

resentation of the dipole.

Figure 66

Shows topography of scalp potentials at the ris-
ing flank (-10 ms) of the PostStim average of IEDs
marked by Epileptologist 1. Orange arrow is a

crude 2D representation of the dipole.

Figure 65

Shows topography of scalp potentials at the
peak (0 ms) of the PostStim average of IEDs
marked by Epileptologist 3. Orange arrow is a

crude 2D representation of the dipole.
-0.01s

Figure 67

Shows topography of scalp potentials at the ris-
ing flank (-10 ms) of the PostStim average of
IEDs marked by Epileptologist 3. Orange arrow

is a crude 2D representation of the dipole.

Left is left, right is right, up is anterior and down is posterior.
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V. Discussion

Effect of personalized and dCMI optimized tDCS on IED Source Dipole Current Density

Sf:::\l’izsk PreStim PostStim S:aa;e‘:\i’r:k PreSham | PostSham
266 136 155 150 182 86.4
98 65.3 102 75.7 74.4 53.6
382 267 67 238 267 156
190 84.6 26.8 141 86.8 60.4

Table 22
Shows the current density of average dipoles in pAmm across conditions, gathered from Tables 9-14 and 16-

21. Marked in red are values associated with especially low (~50-70%) relative explained signal.

Short-term

The following data is displayed in Table 22: The current density at the peak of the average IED’s
moving dipole sees a 14% increase from “PreStim” to “PostStim” (136 to 155 pAmm) but at
“PostStim” it explains only a very low percentage of the signal. This likely means that the dipole
is not representative of the data since the minimum amplitude is far less extreme after “Stim”
than before (“PreStim” minimum amplitude: -9.55 pV vs. “PostStim” minimum amplitude: -2.94
KV) and the fact that T3, which shows the minimum amplitude in this condition, couldn’t be
included in source estimation. Generally, we see decreases in current density after treatment
but the decrease after “Stim” is larger. This effect is best observed at the flank: E1Stim: 84%
decrease vs. E1Sham: 28% decrease and E3Stim: 68% decrease vs. E3Sham: 30% decrease.

In conclusion, there seems to be a short-term effect of personalized and dCMI optimized tDCS
on the current density of IED source dipoles since it sees a decrease at the flank or onset with
treatment, that is much larger after “Stim” than after “Sham”. This is concordant with reductions

in peak amplitude.

Long-term
There could be made an argument for the decrease in current density of average dipoles be-
tween baselines of “Stim” and “Sham” weeks: E1Peak: 44% decrease, E1Flank: 23% decrease,

E3Peak: 38% decrease and E3Flank: 26% decrease. But considering the stressful time the patient
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was experiencing during the “Stim” week due to exams (stress is shown to be able to increase
IED frequency (Van Campen et al., 2016)), which wasn’t the case for the “Sham” week, | don’t
think this data necessarily gives a hint towards a potential long-term effect with only one week
of personalized and dCMI optimized tDCS and over a month of downtime between “Stim” and
“Sham” weeks. In fact, the study was set up with the control of a possible long-term effect in

mind to keep conditions for “Sham” as close to “Stim” as possible (Methods, Study Design).

Effect of increased Quality in Segmentation on dCMI Montage

This thesis really cannot make a statement about the effect of increased quality in segmentation
on the dCMI montage. In the end, there wasn’t enough time before this thesis’s deadline to fix
the skull leakages and since they introduce error on the scale of centimeters, while differences
in segmentation usually only result in differences in localization on the scale of millimeters, there
wasn’t much sense in presenting anything more here. In my opinion, even though attempting to
create a superior pipeline with improved segmentation bloated the scale of the thesis beyond a

reasonable scope, it was worth a shot, though.

tDCS as an Epilepsy Therapy

No adverse effects occurred, and the reported sensations ranged from a minor inconvenience to
“enough pain to be sure it’s not homeopathy”. Comparing this to other neurostimulation treat-
ment modalities for refractory epilepsy, tDCS (and arguably TMS even though it’s not discussed
in this thesis) has remarkably less serious side effects which are mild and transient sensations, is
less expensive, shows short-term effects (as we have seen in this thesis) on IED frequency, while
other neurostimulation approaches usually yield results in the time frame of years, and is re-
versible as opposed to invasive neurostimulation devices which surgeons often won’t dare to
remove completely after some years have passed (Kaufmann et al., 2021).

Interestingly, dizziness only occurred in “Stim” and not in “Sham”. This could be due to ActiSham
being designed to mostly channeling current through the scalp as opposed to through the brain.

Lastly, the blinding of the patient was a success, as seen in Results, Tolerability and Symptoms.
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Physiological Explanation

Physiologically, the tDCS’s effects are best explained by a direct modulation of the neuronal
threshold potential thus altering the presynaptic probability for release. If enough neurons are
affected, even large cortical networks see a change in dynamics. One of these dynamics is the
IED and one change would be a change in location and propagation like running water forming
different rivers depending on the ground’s surface and incline, while the other is a reduction in
the current density of its moving dipole since it is a summation of the currents generated and
propagated by the neurons in its area which would be decreased if the presynaptic probability
for release was lowered. This is likely to be the explanation for the short-term effects.
Long-term effects (which we didn’t see in this study) would be thusly explained by activity-de-
pendent plasticity which allows neurons (and by extension large cortical networks) to change
their excitability long term with use (use in this case is the change in dynamic of the cortical
network) (Patten et al., 2016).

This explanation is supported by simulations with computational models (Denoyer et al., 2020).
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Conclusion

The main work of the SIM-NEURO (Stimulation, Imaging and Modelling of NEUROnal networks
in the human brain) research group concerns the development of new methods and applications
for multimodal brain imaging and stimulation. It is traditionally quite a bit removed from con-
ducting clinical trials. But when a crude two-electrode implementation of tDCS, which it was
indeed developing highly advanced methods for, showed promise as a potential effective treat-
ment for focal refractory epilepsy while considering that the landscape of treatments for DRE
patients who surgery isn’t indicated for is otherwise especially disappointing, for the first time it
seemed that the highly advanced but laborsome methods used usually foremost in research
could directly benefit patients immoderately, even in a clinical setting. Since presurgical exami-
nations in epilepsy use a wide array of exhaustive diagnostics, the required preparations (source
estimation, modalities etc.) for personalized and dCMI optimized tDCS are already given, mini-
mizing the added effort as compared to a crude two-electrode approach that offers extremely
limited directionality and focality. The theoretical upsides seemed obvious: precise and opti-
mized directionality and focality of stimulation leading to a greater effect on the target while
minimizing side effects of stimulating large unrelated parts of the patient’s brain.

The double-blind sham-controlled pilot/feasibility clinical trial elucidated the following effects
for personalized and dCMI optimized tDCS:

1. Alarge statistically significant short-term reduction of IED frequency.

2. Possibly, a reduction in seizure severity.

3. Alarge change in location and propagation of IED source dipoles.

4. Alarge short-term reduction in current density of IED source dipoles.

Since long-term effects of personalized and dCMI optimized tDCS had been controlled for in the
study design, we can only say that no long-term effects were powerful enough to break through
control.

Lastly, considering that our findings are concordant with the literature’s assessment of very mild

and transient sensations as side effects of tDCS, | can only conclude this thesis with:

“’The future of tDCS as a treatment for DRE continues to be very exciting
and promising. The next step is to increase the scope of clinical trials with

the eventual goal for widespread approval for clinical use in treating DRE.”
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VIII. List of Figures VilI-74

SHOWS LOCATION OF THE PRESTIM AVERAGE MOVING DIPOLE (OF IEDS MARKED BY EPILEPTOLOGIST 1) AT DIFFERENT

TIMES DURING ITS RISING FLANK UNTIL THE PEAK. WHITE MATTER FOR ANATOMIC CONTEXT. 35
FIGURE 19

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE PEAK (O MS) OF THE PRESTIM AVERAGE OF IEDS MARKED BY
EPILEPTOLOGIST 1. 36

SCALE FOR ALL TOPOLOGIES ON THIS PAGE. LEFT IS LEFT, RIGHT IS RIGHT, UP IS ANTERIOR AND DOWN IS POSTERIOR. 36
FIGURE 20

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE RISING FLANK (-10 MS) OF THE PRESTIM AVERAGE OF |IEDS MARKED

BY EPILEPTOLOGIST 1. 36
FIGURE 21

SHOWS LOCATION OF THE POSTSTIM AVERAGE MOVING DIPOLE (OF IEDS MARKED BY EPILEPTOLOGIST 1) AT DIFFERENT

TIMES DURING ITS RISING FLANK UNTIL THE PEAK. WHITE MATTER FOR ANATOMIC CONTEXT. 37
FIGURE 22

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE PEAK (O MS) OF THE POSTSTIM AVERAGE OF IEDS MARKED BY
EPILEPTOLOGIST 1. 38

SCALE FOR ALL TOPOLOGIES ON THIS PAGE. LEFT IS LEFT, RIGHT IS RIGHT, UP IS ANTERIOR AND DOWN IS POSTERIOR. 38
FIGURE 23

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE RISING FLANK (-10 MS) OF THE POSTSTIM AVERAGE OF IEDS MARKED

BY EPILEPTOLOGIST 1. 38
FIGURE 24

SHOWS LOCATION OF THE PRESHAM AVERAGE MOVING DIPOLE (OF IEDS MARKED BY EPILEPTOLOGIST 1) AT DIFFERENT

TIMES DURING ITS RISING FLANK UNTIL THE PEAK. WHITE MATTER FOR ANATOMIC CONTEXT. 39
FIGURE 25

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE PEAK (O MS) OF THE PRESHAM AVERAGE OF IEDS MARKED BY
EPILEPTOLOGIST 1. 40

SCALE FOR ALL TOPOLOGIES ON THIS PAGE. LEFT IS LEFT, RIGHT IS RIGHT, UP IS ANTERIOR AND DOWN IS POSTERIOR. 40
FIGURE 26

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE RISING FLANK (-10 MS) OF THE PRESHAM AVERAGE OF IEDS MARKED

BY EPILEPTOLOGIST 1. 40

FIGURE 27
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ViI-75 VIII. List of Figures

SHOWS LOCATION OF THE POSTSHAM AVERAGE MOVING DIPOLE (OF IEDS MARKED BY EPILEPTOLOGIST 1) AT DIFFERENT

TIMES DURING ITS RISING FLANK UNTIL THE PEAK. WHITE MATTER FOR ANATOMIC CONTEXT. 41
FIGURE 28

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE PEAK (O MS) OF THE POSTSHAM AVERAGE OF IEDS MARKED BY
EPILEPTOLOGIST 1. 42

SCALE FOR ALL TOPOLOGIES ON THIS PAGE. LEFT IS LEFT, RIGHT IS RIGHT, UP IS ANTERIOR AND DOWN IS POSTERIOR. 42
FIGURE 29

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE RISING FLANK (-10 MS) OF THE POSTSHAM AVERAGE OF IEDS MARKED

BY EPILEPTOLOGIST 1. 42
FIGURE 30

SHOWS LOCATION OF THE STIM WEEK BASELINE AVERAGE MOVING DIPOLE (OF IEDS MARKED BY EPILEPTOLOGIST 1) AT

DIFFERENT TIMES DURING ITS RISING FLANK UNTIL THE PEAK. WHITE MATTER FOR ANATOMIC CONTEXT. 43
FIGURE 31

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE PEAK (O MS) OF THE STIM WEEK BASELINE AVERAGE OF IEDS MARKED
BY EPILEPTOLOGIST 1. 44

SCALE FOR ALL TOPOLOGIES ON THIS PAGE. LEFT IS LEFT, RIGHT IS RIGHT, UP IS ANTERIOR AND DOWN IS POSTERIOR. 44
FIGURE 32

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE RISING FLANK (-10 MS) OF THE STIM WEEK BASELINE AVERAGE OF

IEDS MARKED BY EPILEPTOLOGIST 1. 44
FIGURE 33

SHOWS LOCATION OF THE SHAM WEEK BASELINE AVERAGE MOVING DIPOLE (OF IEDS MARKED BY EPILEPTOLOGIST 1)

AT DIFFERENT TIMES DURING ITS RISING FLANK UNTIL THE PEAK. WHITE MATTER FOR ANATOMIC CONTEXT. 45
FIGURE 34

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE PEAK (O MS) OF THE SHAM WEEK BASELINE AVERAGE OF IEDS
MARKED BY EPILEPTOLOGIST 1. 46

SCALE FOR ALL TOPOLOGIES ON THIS PAGE. LEFT IS LEFT, RIGHT IS RIGHT, UP IS ANTERIOR AND DOWN IS POSTERIOR. 46
FIGURE 35

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE RISING FLANK (-10 MS) OF THE SHAM WEEK BASELINE AVERAGE OF

IEDS MARKED BY EPILEPTOLOGIST 1. 46

FIGURE 36
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VIII. List of Figures VilI-76

SHOWS LOCATION OF THE GLOBAL AVERAGE MOVING DIPOLE (OF IEDS MARKED BY EPILEPTOLOGIST 3) AT DIFFERENT

TIMES DURING ITS RISING FLANK UNTIL THE PEAK. WHITE MATTER FOR ANATOMIC CONTEXT. 47
FIGURE 37

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE PEAK (O MS) OF THE GLOBAL AVERAGE OF IEDS MARKED BY
EPILEPTOLOGIST 3. 48

SCALE FOR ALL TOPOLOGIES ON THIS PAGE. LEFT IS LEFT, RIGHT IS RIGHT, UP IS ANTERIOR AND DOWN IS POSTERIOR. 48
FIGURE 38

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE RISING FLANK (-10 MS) OF THE GLOBAL AVERAGE OF IEDS MARKED

BY EPILEPTOLOGIST 3. 48
FIGURE 39

SHOWS LOCATION OF THE PRESTIM AVERAGE MOVING DIPOLE (OF IEDS MARKED BY EPILEPTOLOGIST 3) AT DIFFERENT

TIMES DURING ITS RISING FLANK UNTIL THE PEAK. WHITE MATTER FOR ANATOMIC CONTEXT. 49
FIGURE 40

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE PEAK (O MS) OF THE PRESTIM AVERAGE OF IEDS MARKED BY
EPILEPTOLOGIST 3. 50

SCALE FOR ALL TOPOLOGIES ON THIS PAGE. LEFT IS LEFT, RIGHT IS RIGHT, UP IS ANTERIOR AND DOWN IS POSTERIOR. 50
FIGURE 41

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE RISING FLANK (-10 MS) OF THE PRESTIM AVERAGE OF |IEDS MARKED

BY EPILEPTOLOGIST 3. 50
FIGURE 42

SHOWS LOCATION OF THE POSTSTIM AVERAGE MOVING DIPOLE (OF IEDS MARKED BY EPILEPTOLOGIST 3) AT DIFFERENT

TIMES DURING ITS RISING FLANK UNTIL THE PEAK. WHITE MATTER FOR ANATOMIC CONTEXT. 51
FIGURE 43

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE PEAK (O MS) OF THE POSTSTIM AVERAGE OF IEDS MARKED BY
EPILEPTOLOGIST 3. 52

SCALE FOR ALL TOPOLOGIES ON THIS PAGE. LEFT IS LEFT, RIGHT IS RIGHT, UP IS ANTERIOR AND DOWN IS POSTERIOR. 52
FIGURE 44

SHOWS TOPOGRAPHY OF SCALP POTENTIALS AT THE RISING FLANK (-10 MS) OF THE POSTSTIM AVERAGE OF IEDS MARKED

BY EPILEPTOLOGIST 3. 52

FIGURE 45
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Vill-77 VIII. List of Figures
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