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Abstract 

Epilepsy is a heterogeneous neurological disorder characterized by sudden and 

unpredictable seizures that disrupt normal brain function. Globally, about 5 million 

people are diagnosed with epilepsy each year, which makes up a significant portion of 

the world's disease burden. Epilepsy is increasingly considered a brain network disorder 

whereby seizure activity in one region of the brain affects the neuronal activity in other 

brain regions in the network, which means that brain networks are involved in seizure 

generation and propagation. Brain interactions are known to be dynamic, even in a 

resting state; therefore, the functional connectivity (FC) of brain regions analysed in 

fMRI data also varies over time. This thesis aims to study alteration in local dynamic 

functional connectivity in the regions of interest in the ipsilateral hemisphere 

(hemisphere where seizures originates), by comparing them to the homologous 

hemispheric areas. This was done by using the presurgical intracranial 

electroencephalograpgy (iEEG) electrode implantation as a locator of the presumed 

epileptogenic zone with rapid functional MRI (fMRI – 608 ms per image) data for 

dynamic functional connectivity analysis in 17 patients with drug-resistant epilepsy. 

Dynamic functional connectivity was computed using the dynamic regional phase 

synchrony (DRePS) method. A comparative analysis using the standard deviation (i.e., 

variability) of DRePS showed significant temporal variability in ipsilateral regions in 6 out 

of 17 epilepsy patients. Four showed decreased variability, and 2 showed increased 

temporal variability in the ipsilateral areas. This indicates an alteration in dynamic 

functional connectivity in the region of interest in the disease hemisphere. However, 

non-significant temporal alteration in other subjects might indicate more global network 

alteration due to disease progression. Large-scale ventricular brain abnormality was also 

observed in 3 subjects, rendering it challenging to estimate contralateral brain regions 

in these cases analytically. Understanding the effects of seizure activity on functional 

connectivity and analysing the properties of network topology can help in further 

pathological studies and surgical planning in drug-resistant focal epilepsy.  
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Chapter 1  Literature review 

1.1 Background 

Epilepsy is a chronic neurological disorder affecting all genders, races, and age groups. 

Globally around 50 million people are affected by epilepsy, which makes up a significant 

proportion of the population with chronic disease. The estimated proportion of active 

epileptic patients is 4 to 10 per 1000 individuals at a given time  (World Health 

Organization, 2024). Approximately one-third of epileptic patients are diagnosed with 

refractory epilepsy (i.e., seizures are not controlled by antiepileptic drug (Stafstrom & 

Carmant, 2015). In New Zealand, about 45,000-50,000 people are currently living with 

epilepsy which make up about 1% to 2% of the population of New Zealand (Neurological 

Foundation, 2019). Epilepsy is 40% more common in Māori children than in other 

ethnicities in New Zealand (Health Research Council of New Zealand). According to the 

International League Against Epilepsy (ILAE) and the International Bureau for Epilepsy 

(IBE), Epilepsy is defined as “a disorder of the brain characterized by an enduring 

predisposition to generate epileptic seizures and by the neurobiological, cognitive, 

psychological, and social consequences of this condition” (Fisher et al., 2005, p. 471). 

Epileptic seizure can be defined as distortion in the electrical activity of a neuronal 

network in the brain, causing events of paroxysmal behaviours and movements and 

altering levels of consciousness. Seizures onset can occur in the cortical or subcortical 

structures of the brain (Giourou et al., 2015).  

1.2 Types of epilepsy 

The ILAE has categorized epilepsy into three groups based on the type of seizure onset. 

These include focal, generalized, and unknown types of epilepsy (Fisher et al., 2017). 

This classification is based on neurophysiological and neuroanatomical data of complex 

brain networks (San-Juan & Rodríguez-Méndez, 2023). In focal epilepsy, seizures are 

limited to one hemisphere, whereas in generalized epilepsy seizures originate and 

distribute in a bilateral hemispheric neuronal network (Sirven, 2015). 
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1.2.1 Focal epilepsy 

The seizure affecting a single region of the brain causes focal epilepsy (Fisher et al., 

2017). The signs and symptoms of focal epilepsy depend on the region of the brain 

involved. Such as, seizure onset occurring at the occipital lobe causes visual phenomena, 

precentral gyrus causes rhythmic tonic or clonic motor symptoms, and postcentral gyrus 

with sensory dysfunction such as paresthesias (Stafstrom & Carmant, 2015). Focal 

seizure is classified as focal aware (previously known as simple partial seizure when the 

patient is aware of symptoms during a seizure) and as focal impaired awareness 

(formerly known as complex partial seizure where the patient’s consciousness is 

impaired and is not able to respond to external stimuli during a seizure). Focal impaired 

awareness occurs due to seizure onset in the temporal lobes (Fisher et al., 2017).  

 In focal epilepsy, the functional anatomy of seizure provides details of complex 

networks involving seizure initiation and spread comprising four components.   

1. Seizure focus: The seizure focus is the starting point of a seizure where the 

physiological spark of seizure begins. It is not a single site but a region with 

multiple independent points that can initiate seizures, known as multifocality. 

This is supported by intracranial electroencephalographic recordings, which 

shows that seizures with different clinical features can originate from distinct 

patterns within the same seizure onset zone. In mesial temporal lobe epilepsy 

for example, seizures may have a broad synchronized onset across multiple 

limbic structures or arise independently from different sites. This shift in 

understanding moves away from the idea of a single synchronized seizure focus 

only to a more complex multifocal model.  

2. Initiating circuit: The initial circuit is a network of interconnected brain regions 

that amplifies the spark from seizure focus and sustains it by transforming it into 

active seizure dynamics. While the seizure focus is an initial spark, emerging 

evidence suggests that a broader network is essential to support, organize, and 

sustain seizure activity.  

3. Pathways of spread: The pathways of seizure spread are specific routes through 

which seizure expands beyond the initiating circuit, recruiting additional brain 

regions. These patterns are highly stereotyped in individuals and play a key role 
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in the secondary generalization of seizures. At the same time, various theories 

have been proposed to explain how seizures propagate. These include seizure-

induced changes in the extracellular environment, the strength of existing 

pathways i.e., local, regional, or subcortical, and the inherent susceptibility of 

certain regions to seizure activity. 

4. Modulatory centers: The modulatory centers are regions outside the initiating

circuit or pathways of spread that influence the seizure threshold, affecting

easily how a seizure can occur by altering its excitability and the likelihood of

seizure initiation or propagation. While not directly involved in early seizure

activity, these centers play an essential role in modulating clinical outcomes, as

evidenced by variability in seizure intensity and duration. The diverse clinical

presentations within the same individual, ranging from non-convulsive episodes

to full tonic-clonic events, underscore the dynamic influence of

neuromodulatory centers. Although these regions may not directly participate in

electrographic seizure activity, they are integral to the functional anatomy of

seizure circuits, shaping the probability and progression of seizures.

This framework highlights how seizures progress from localized origins to widespread 

brain activity (Bertram, 2013). 

1.2.2 Generalized epilepsy 

In generalized epilepsy, the seizures spread to other regions of the brain, affecting 

globally (Fisher et al., 2017). Generalized seizures are classified into Absence, 

generalized tonic-clonic, myoclonic, and atonic seizures. Absence (petit mal) involves 

sudden and brief loss of consciousness and unresponsiveness. Other symptoms include 

eye blinking and head nodding. Generalized tonic-clonic or grand mal seizures cause 

bilateral symmetric tonic (stiffening) movements followed by clonic (rhythmic jerking) 

movements and impaired consciousness. Myoclonic seizure is brief involuntary muscle 

movements or jerks without any sign of lapse in consciousness. Myoclonic jerks are 

regularly not repetitive and can be focal or generalized. Atonic seizure causes loss of 

tone in body muscles, resulting in a head drop or fall to the ground (Stafstrom & 

Carmant, 2015). 
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1.2.3 Unknown 

In the unknown type of epilepsy, seizures cannot be categorized as either generalized 

or focal (Shariff et al., 2024). The seizures of unknown onset can be classified into motor 

and non-motor. These include tonic-clonic, epileptic spasms, and behavioral arrests 

(Fisher et al., 2017). Epileptic spasms involve brief (few seconds) and sudden extension 

and flexion of arms and legs, which occur in clusters. Epileptic spasms that appear at the 

first year of age are called infantile spasms (west syndrome); however, epileptic spasms 

can affect any age group (Stafstrom & Carmant, 2015).  

1.3 Etiology 

It is crucial to determine the disease etiology for appropriate management and 

treatment of epileptic patients. Based on its underlying cause or origin, epilepsy is 

classified into the following sub-groups.  

1.3.1 Structural 

The concept of structural etiology is defined as structural brain abnormalities linked to 

an increased risk of epilepsy. These structural brain abnormalities are visible in 

neuroimaging. Structural abnormalities can be genetic, such as cortical malformations, 

or acquired, e.g., stroke, trauma, or infections.  

1.3.2 Genetic 

Genetic etiology means that presumed genetic mutations cause epileptic seizures. 

These can be inherited or de novo mutations. The genetic etiology of epilepsy is diverse, 

and in most cases, the causal genes are still unknown. Epilepsies that are categorized 

under genetic etiology are based on three points. First, it can be based on the family 

history of patients. Second, it can be based on clinical research of epilepsies among 

populations having the same syndrome e.g., Juvenile Myoclonic Epilepsy. Third, it 

includes the study of the molecular basis of epilepsy. Such as the identification of genetic 

variants associated with the phenotype of epilepsy.   

1.3.3 Infectious 

Globally the most common cause of epilepsy is infections in the central nervous system. 

This includes epilepsy caused by unknown acute infections such as meningitis or 
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encephalitis. Infectious etiology also includes the postinfectious development of 

epilepsy. 

1.3.4 Metabolic 

There is a wide range of epilepsies that are associated with metabolic disorders. 

Epilepsies that are caused by presumed or unknown metabolic disorders are categorized 

in metabolic etiology, such as aminoacidopathies or pyridoxine-dependent seizures.  

1.3.5 Immune 

Epilepsies caused by immune disorders where autoimmune-mediated inflammations 

occur in the central nervous system are categorized in immune etiology, e.g., 

autoimmune encephalitis like anti-NMDA receptor encephalitis.  

1.3.6 Unknown 

There are certain epilepsies where the cause of the disease is still unknown despite 

thorough investigation (Scheffer et al., 2017).  

1.4 Epileptogenesis 

The process in which normal brain tissue becomes capable of seizure generation and 

progression is known as epileptogenesis (Chen et al., 2021). During epileptogenesis, 

changes at cellular and molecular levels such as genetic, membrane channels, 

intracellular signaling pathways, neurotransmission, and synaptic connectivity occur. 

These changes cause hyperexcitability and hypersynchrony permanently in the brain. 

The study of the mechanism of epileptogenesis has become a focus of research to avert 

seizures' physiological, behavioral, and cognitive effects on the human brain (Stafstrom, 

2006).    

1.4.1 Hyperexcitability and hypersynchrony 

Hyperexcitability and hypersynchrony are considered the hallmarks of seizure in 

neuronal networks. Hypersynchrony refers to the firing of the action potential of a group 

of neurons simultaneously and at the same rate. Hyperexcitability is when a threshold 

of excitation in neuronal circuits exceeds the limits, causing seizure generation as 

depicted in figure 1.2. Excessive excitation, reduced inhibition, or both regulate the 

seizure generation, propagation, and termination. This can occur in any region of the 
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brain. Therefore, understanding the process of excitation and inhibition in seizure 

generation makes potential drug targets (Stafstrom, 2006). There are several causes of 

hyperexcitability.  

• The hyperexcitability of neurons can be intrinsic. These include types, numbers, 

and opening and closing of voltage-gated ion channels such as sodium or 

potassium. The alterations in these ion channels can occur during gene 

expression, post-translational modification, or through second messengers. 

• The extrinsic factors causing hyperexcitability include abnormal ion 

concentrations within cells and changes in the metabolism of extracellular 

neurotransmitters or uptake by glial cells. 

• Alterations of synaptic neurotransmitters can cause local seizures. These include 

an increase in excitatory signalling, such as glutamate or a decrease in inhibitory 

signalling such as GABA (gamma-aminobutyric acid) in the synapse of neurons  

given in figure 1.1. Gene expression alterations of transmembrane-gated 

ionotropic channels, changes in synapse configuration and gap-junction synaptic 

function also cause hyperexcitability. 

Figure 1-1 

A simplified overview of imbalance in excitation and inhibition leading to epileptic seizures. 

Compared to normal excitation/inhibition, in epilepsy, the imbalance of excitatory/inhibitory factors such 

as ion channel activity, excitatory/inhibitory synaptic activity, and neurotransmitters, causes seizure 

initiation.  

The key elements of epileptogenesis are the imbalance of excitation/inhibition and 

modifications in neural communication, which causes neuronal population synchrony.  
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Figure 1-2 

Depicting action potential and abnormal epileptic discharge. 

 

Action potential of a neuron (a) excitatory postsynaptic potential, (b) action potential mediated by sodium 

channel, (c) hyperpolarization AHP, its duration and magnitude determine the next action potential, (d) 

inhibitory postsynaptic potential PSP caused by activation of inhibition. The ion balance is restored by 

membrane Na+, K+ channels and glial cells. (B) Blockage of (d) results in expression of NMDA receptor 

channel mediated Ca+ spikes and paroxysmal depolarization shift.    

In both focal and generalized epilepsies, the excitation is increased similarly but differs 

in the synchronisation mechanism (Giourou et al., 2015). Focal seizures originate within 

a neuronal network and spread to one hemisphere only (Nascimento et al., 2023). The 

basic mechanism of focal seizure involves the imbalance of excitation and inhibition in 

neurons. The inhibitory interneurons are suggested to be the basis of cellular processes 

that cause large-scale discharges in seizure initiation. After the intense activation of 

inhibitory interneurons, the temporarily silenced excitatory cells produce recurrent 

discharges and fast oscillations that mark the seizure onset zone. It is suggested that the 

seizure onset zone consists of microdomains that exhibit high-frequency firing, causing 

microseizures. These microdomains merge into larger domains, causing ictal 

transmission and macroseizure. The synchronization pattern evolves in the seizure from 

early ictal desynchronization to large-scale synchronization. On network level seizures 
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reflect multi-scale phenomena disrupting brain networks. Therefore, long-term 

repetitive seizures can permanently alter cortical networks, leading to spontaneous 

recurrences (Giourou et al., 2015). Understanding typical absence seizures driven by 

thalamocortical circuitry provides key insights into the mechanisms underlying 

generalized epilepsies. 

Contrary to earlier studies, it is now suggested that all seizures, even those of 

generalized seizures originate in local microcircuits and propagate from an initial 

ictogenic zone. The prototype epileptic circuit suggests that generalized seizures begin 

at neocortical focus interacting with thalamocortical neurons and activating GABAergic 

neurons (that release inhibitory neurotransmitter Gamma-aminobutyric acid GABA) 

within the reticular thalamic nucleus. This interaction triggers oscillatory activity 

spreading throughout cortical networks culminating in synchronized EEG rhythms. For 

instance, “frontal absences” are thought to result from rapid secondary generalization 

by a frontal focus (Chang & Lowenstein, 2003; Giourou et al., 2015).      

1.4.2 Epileptogenic zone 

The epileptogenic zone is defined as an “area of cortex that is necessary and sufficient 

for initiating seizures and whose removal (or disconnection) is necessary for complete 

abolition of seizures”. For preoperative assessment purposes five cortical zones are 

proposed.  

• Irritative zone is an area of the brain that generates interictal epileptiform spikes 

in electrography. 

• Seizure onset zone is a cortical region of the brain where seizures initiate. 

• Symptomatogenic zone is the area of the brain that, when activated by epileptic 

seizure, produces initial ictal symptoms. 

• Epileptogenic lesion is an area of the brain where the lesion itself or by secondary 

hyperexcitability leads to an epileptic seizure. 

• Functional deficit zone is the cortical region of the brain that cannot function 

properly during interictal period (San-Juan & Rodríguez-Méndez, 2023). The 

figure 1.3 shows overlap of cortical zones in epilepsy. 
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Figure 1-3 

Diagrammatic representation of overlap of cortical zones of epilepsy. 

 

SOZ is seizure onset zone. EL is epileptogenic lesion. EZ is epileptogenic zone. SZ is symptomatogenic 

onset zone. IZ is the irritative zone and FDZ is functional deficit zone.  

1.5 Refractory epilepsy 

Refractory epilepsy also known as drug-resistant epilepsy is established when 

antiepileptic drugs (AEDs) fail to control seizures (Beleza, 2009). Approximately 30% to 

40% of epilepsies are refractory epilepsy. According to International League Against 

Epilepsy (ILAE) drug-resistant epilepsy is defined as “failure of adequate trial of two 

tolerated, appropriately chosen, and unused antiepileptic drug schedules (whether as 

monotherapies or in combination) to achieve sustained seizure freedom” (Engel Jr, 

2014, p. S13). Risk factors associated with refractory epilepsy identified by Beleza (2009) 

include the following.  

• Epileptic patients with lesions, hippocampal sclerosis, cortical dysplasia, and 

hemorrhages are more likely to develop refractory epilepsy. 
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• High frequency of seizures.

• High frequency of interictal and multifocal spikes in electroencephalography.

• Inadequate response to first 2 AEDs.

• Early epilepsy onset .

Treatment options for Treatment options for refractory epilepsy include AED 

optimization, non-surgical and surgical interventions, and complementary and 

alternative medicines. Surgical treatment depends on the type of epilepsy and its 

etiology. This includes curative resection, such as temporal lobectomy, vagus nerve 

stimulation, callosal sectioning, and multiple subpial transection (Bacon et al., 2023; 

Beleza, 2009). Similarly, in this study the data of patients with refractory epilepsy with 

given treatment options is used. 

1.6 Brain network connectivity 

The human brain is anatomically and functionally organized into an intricate network 

allowing segregation (activation of specific regions of brain) and integration 

(synchronized activation of large number of groups of neurons distributed across 

cortical regions of brain) of information (Guye, Bartolomei, & Ranjeva, 2008; Sakkalis, 

2011). There has been growing interest in investigation of functional regions of brain 

and its interaction in normal and pathological brain. Brain connectivity mapping allows 

identification of active areas in the brain and involves understanding functional 

interactions and their localization. Brain connectivity is further divided into the 

following. 

• Structural or neuroanatomical connectivity refers to the network of anatomical

pathways tracking links between different brain regions. Magnetic resonance

imaging (MRI) and diffusion tensor imaging (DTI) are used for structural

connectivity analysis, providing information about white matter fibre.

• Functional connectivity refers to the statistically significant dependency patterns

of activation between distant brain regions. In other words it reflects coordinated

activity and communication of complex neural networks in the brain. Functional

connectivity can be analysed by using local field potential LFP,

electroencephalography EEEG, MEG, PET and fMRI.
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• Effective connectivity is defined as the direct or indirect influence of one neural 

system over another at a synaptic or population level. Effective connectivity can 

be analyzed either directly by data-driven techniques or by model-based methods 

to record the activities of different brain regions (Friston, 2011; Sakkalis, 2011). 

Based on spatial resolution, brain connectivity can be analyzed on macroscopic i.e., 

whole brain, mesoscopic i.e., neuronal population and microscopic meaning single 

neuron levels (Pedersen & Omidvarnia, 2016). The studies of human brain as a network 

are motivated by the concept that brain functions do not entirely reflect individual 

regions and connections but appear from the topology of a comprehensive neuronal 

network of the whole brain, that is, the connectome of the brain (van den Heuvel & 

Sporns, 2011). This has led to a better understanding neurological diseases such as 

epilepsy (Lehnertz, Brohl, & Wrede, 2023). It has been observed that some regions of 

the brain play an important role in global organizations characterized by their high 

connectivity and centrality, low clustering, and short path length, which are identified 

as brain hubs. Studies conducted by van den Heuvel and Sporns suggest that brain hubs 

have a strong tendency for mutual connection, making a central rich club which is a focal 

point for global communication in the brain (van den Heuvel & Sporns, 2011). Rich-club 

is formed by a set of brain hub. A subnetwork of rich-club is more densely connected 

than a random network in the brain (Kim & Min, 2020). The Diffusion magnetic 

resonance imaging of human subjects has shown the superior parietal and superior 

frontal cortex, precuneus, putamen, and thalamus as regions of rich-club in the brain 

(van den Heuvel & Sporns, 2011). Approximately 70% of information flow occurs by 

small proportion i.e., 20% of neurons which form information rich-subset in the brain. 

These rich club neurons have a higher firing rate than non-rich neurons (Pedersen & 

Omidvarnia, 2016). It is suggested that neurological disorders that affect rich-club 

organization deteriorate global network communication, affecting multiple brain 

cognitive regions (van den Heuvel & Sporns, 2011).  

1.6.1 Epilepsy as network connectivity disease 

Epilepsy is considered a neural network connectivity disorder (Spencer, 2002). 

Epileptogenic network refers to the group of interconnected regions of the brain 

involved in the generation and propagation of epileptic activities (Bartolomei et al., 
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2017). The neuroimaging techniques such as MRI, CT, and positron emission 

tomography and neurophysiological assessment such as electroencephalography, 

transcranial magnetic stimulation, and magnetoencephalography are used for the 

structural and functional analysis of epileptogenic networks. Epileptogenic network 

analysis plays an important role in therapeutic purposes, including deep brain 

stimulation and vagus nerve stimulation, identifying the epileptogenic zone in the 

anatomical region, including epilepsy surgery. These studies identify epileptogenic areas 

by evaluating ictal and interictal states of epilepsy (San-Juan & Rodríguez-Méndez, 

2023). EEG and neuroimaging analysis represents promising tools for studying 

epileptogenic activity, among other techniques (Chen et al., 2021). 

1.6.2 Functional magnetic resonance imaging (fMRI) 

MRI is ideal for neuronal connectivity analysis among other neuroimaging modalities 

due to its accessibility and translatability (Chen et al., 2021). Functional MRI is a 

neuroimaging tool to analyze the physiological and metabolic consequences of 

epileptogenesis in the brain. Compared to positron emission tomography (PET), fMRI 

can be used repeatedly because it lacks ionization radiation. To map electrical activity in 

the brain, fMRI has a high spatial resolution of a few millimeters and temporal resolution 

of a few seconds, while EEG and magnetoencephalography have a high temporal 

resolution of 10-100 milliseconds but poor spatial resolution of 1 to several centimeters. 

Therefore, for analysing epileptogenic zone, fMRI is considered suitable technique 

where EEG or PET sometimes may become inconclusive . (Kesavadas & Thomas, 2008). 

Functional MRI has been primarily used to localize regions of the brain activated in 

response to cognitive or sensory-motor tasks. fMRI has a variety of applications in 

clinical studies of neurological disorders, including disease mechanisms, pre-surgical 

evaluation of brain tumors and refractory patients, and functional analysis of the normal 

brain. fMRI is also used for functional analysis of regional changes in the brain related to 

ictal and interictal states (Detre, 2004; Kesavadas & Thomas, 2008).   

1.6.2.1 fMRI methodology 

In fMRI scanning brain tissue contrast is attributed to blood flow and /or metabolism. 

These are BOLD (blood oxygenation level-dependent) contrast and perfusion contrast. 

In Perfusion fMRI, arterial spin labeling (Sirin et al.) uses magnetically labeled arterial 
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blood water as an endogenous flow tracer. The BOLD fMRI method detects localized 

changes in blood oxygenation and blood flow in the brain. The BOLD fMRI method is a 

widely used for imaging regional brain activation because of its high signal-to-noise ratio 

(Detre, 2004).  

The BOLD fMRI technique depends on the complex interaction of hemoglobin 

oxygenation, blood flow, and blood volume. During neuronal stimuli activation, oxygen 

consumption of functional regions of the brain increases. The ferrous iron on 

hemoglobin gets paramagnetic when it is de-oxygenated, which produces 

inhomogeneity in MRI’s measurable range, causing a signal decrease in susceptibility-

weighted MRI sequences (T2). During regional brain activation, oxygen consumption 

increases resulting in an initial decrease in deoxyhemoglobin. This causes an increase in 

cerebral blood flow (CBF) resulting in exceeded oxygenated hemoglobin. T2-weighted 

sequences detect these changes in functional regions of the brain. The signal changes of 

task-specific BOLD fMRI measurements are based on statistical significance level as 

these changes are not quantifiable in physiological units (Detre, 2004; Kesavadas & 

Thomas, 2008).  

The fMRI also helps identify the eloquent cortex by mapping the brain's language, 

memory, and visual and sensorimotor control regions in presurgical epileptic patients. 

Thus, fMRI can define the boundary of a brain lesion and predict post-operative 

malfunctions of the brain’s functional areas (Kesavadas & Thomas, 2008). Kesavadas et 

al. performed eloquent mapping in focal epilepsy and cortical malformations using fMRI. 

The study showed that the fMRI was the most useful method for eloquent mapping in 

patients with gliosis, where the gliotic lesions make predicting the eloquent cortex 

extremely difficult. However, the prediction of functional reorganization was 

unpredictable in cortical malformations (Kesavadas et al., 2007). In addition to mapping 

the eloquent cortex, fMRI can also be used to localize epileptogenic regions in the brain 

by detecting ictal and interictal activity (Detre, 2004). Earlier analysis of clinical seizures 

using fMRI showed significant correlations of transient focal activation with clinically 

determined seizure foci (Detre et al., 1995). Another study showed that EEG-fMRI is a 

useful method for identifying seizure foci in presumed multifocal seizure in drug-

resistant epilepsy (Zijlmans et al., 2007). 
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Using concurrent EEG-fMRI has made localization of regional metabolic changes and 

ictal activity possible. This non-invasive technique capitalizes both EEG's temporal 

resolution and fMRI's spatial resolution in seizure localization. However, determining 

electrophysiological correlation was extremely difficult using EEG-fMRI concurrently. 

EEG-induced signal distortions in fMRI were also observed. Later, fMRI-induced EEG 

recording artifacts were removed by using high-resolution digitization and post-

processing tools (Detre, 2004; Kesavadas & Thomas, 2008). Compared to scalp EEG, the 

intracranial EEG recording can detect more precise features of regional 

electrophysiological changes in the brain. For the sensitivity and specificity of spatial 

resolution intracranial EEG and fMRI, iEEG-fMRI became an ideal method after 

addressing safety and data quality concerns (Abreu, Leal, & Figueiredo, 2018).    

1.6.3 Electrophysiological monitoring and pre-surgical assessment of refractory 

epilepsy 

Electrophysiological recordings such as EEG are the most common and inexpensive 

method used for the diagnosis and management of epilepsy. EEG records the electrical 

activity of the neuronal population by electrodes placed on the scalp that reflect the 

electrical potential in apical dendrites of pyramidal cells of the cortex (Smith, 2005). EEG 

can record electrical activity when pyramidal cells have the same orientation and 

polarity and when cells are activated synchronously. The electrical potential detected by 

EEG is the summation of dipoles by thousands of neurons (Bromfield, Cavazos, & Sirve, 

2006). The EEG recordings also provide details about the patterns of seizure and location 

of epileptogenic zone (San-Juan & Rodríguez-Méndez, 2023). The abnormal patterns of 

seizures can be distinguished by pre-ictal (changes in EEG recording preceding seizure) 

and ictal (changes in EEG recording during the seizure). EEG recordings can also detect 

electrophysiological changes in the interictal stage (the stage between two seizures) 

which can happen in many cases (Acharya et al., 2013). A thorough analysis of interictal 

events helps us understand seizure types in epilepsy. Epileptic patients show IEDs in EEG, 

these include spike waves, sharp waves, benign epileptiform discharges in children, 

spike-wave complexes, slow spike-wave complexes, 3-Hz spike-wave complexes, 

polyspikes, hypsarrhythmia, seizure patterns, status patterns 
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Intracranial EEG (iEEG) is a clinical tool measuring EEG data before/while epilepsy 

patients undergo remedial surgery. In drug-resistant epilepsy, surgery is the most 

effective treatment method. The pre-surgical assessment of the patient includes non-

invasive data including ictal and interictal EEG recordings and seizure semiology. The 

purpose of pre-surgical assessments explained by Shah and Mittal (2014) and Smith 

(2005) is for confirmation of presence of epileptogenic seizure and the data is 

concordant with other neuroimaging data, demonstration of pathology of 

epileptogenicity of refracoty epileptic patient and identification of functional areas of 

cortex such and elquent cortex.  

iEEG allows for mapping of epileptogenic biomarkers providing information about 

pathophysiological processes of the brain (Bartolomei et al., 2017). iEEG is considered a 

standard method used for the localization of epileptogenic zone and its boundary in 

drug-resistant epilepsy when non-invasive data are inconclusive for surgery (Jobst et al., 

2020). It is an invasive method using intracranial electrodes surgically, either by placing 

electrodes directly on the exposed surface of the brain (i.e., subdural grid and strip 

electrodes) or by inserting electrodes into the parenchyma or within a lesion of the brain 

(Shah & Mittal, 2014). It also maps the eloquent cortex to understand its relationship to 

the epileptogenic zone and predict cognitive and motor functions after surgery (Jobst et 

al., 2020).  

Subdural grid and/or depth electrodes are usually used for iEEG recordings. The subdural 

strip electrode consists of a configuration of electrodes (small metal discs embedded in 

a sheath connected to a thin insulated metal wire) in a column. When these electrodes 

are in rows and columns, they are known as subdural grid electrodes (Shah & Mittal, 

2014). The subdural grid electrodes are used for large cortical regions for optimal 

coverage of cortex. However, these electrodes do not cover gray matter of the brain, 

cannot record seizures of deep structures, and give a poor 3D representation of the 

brain (Jobst et al., 2020). When a hollow plastic tube with electrodes placed inside brain 

tissue is called a depth electrode. Depth electrodes can be inserted in deep structures 

such as the hippocampus, amygdala, and brain insula (Shah & Mittal, 2014).      
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1.6.4 The use of fMRI/EEG/iEEG 

Previous studies have shown that EEG-fMRI is a useful method for identifying seizure 

foci in presumed multifocal seizure in drug-resistant epilepsy (Zijlmans et al., 2007). 

Using concurrent EEG-fMRI has made localization of regional metabolic changes and 

ictal activity possible. This non-invasive technique capitalizes both EEG's temporal 

resolution and fMRI's spatial resolution in seizure localization. However, determining 

electrophysiological correlation was extremely difficult using EEG-fMRI concurrently. 

EEG-induced signal distortions in fMRI were also observed. Later, fMRI-induced EEG 

recording artifacts were removed using high-resolution digitization and post-processing 

tools (Detre, 2004; Kesavadas & Thomas, 2008). Compared to scalp EEG, the intracranial 

EEG recording can detect more precise features of regional electrophysiological changes 

in the brain therefore the iEEG method is regarded as gold-standard for localization of 

epileptogenic zone. However, the iEEG method has restrictions due to its limited spatial 

sampling. Simultaneously, functional MRI provides information about the organization 

and distribution of local and global epileptic brain networks. The combined use of both 

iEEG and fMRI methods allows analysis of the electrical activity of epileptogenic regions 

and alterations of neurovascular perfusions occurring as a result of neuronal activity 

(Vulliemoz et al., 2011). The study conducted by Kucyi et al. (2018) found similar 

patterns of activity in network connectivity by fMRI analysis and intracranial 

electrophysiological findings of same brains. Therefore, for the sensitivity and specificity 

of spatial resolution, intracranial EEG and fMRI have become ideal methods after 

addressing safety and data quality concerns (Abreu, Leal, & Figueiredo, 2018).   

1.6.5 Functional connectivity analysis 

The analysis of epileptogenic networks of focal and generalized epilepsies can be 

characterized by functional connectivity (Gholipour et al., 2022). The functional 

connectivity metrics are categorized into time-domain and frequency-domain metrics. 

Time-domain methods include synchronization and causality, such as Granger causality, 

transfer entropy, and correlations. Frequency-domain analyzes connectivity 

mechanisms to specific frequency components. The frequency-domain methods include 

coherence and phase synchronization.  
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There are two types of functional connectivity measurements. These are directed 

(causality) and non-directed (coupling). The directed functional connectivity establishes 

time-lagged cause-effect relationships between signals of brain regions at specific 

periods. The directed connectivity determines statistical causation by analyzing 

temporal correlations. Examples include Granger causality, directed and partial-directed 

coherence, and transfer entropy. In contrast, non-directed connectivity examines 

statistical associations between brain signals over time without specifying the direction 

of influence. These include measurements of symmetrical connectivity of spatially 

distant brain regions, such as correlations and mutual information. 

 A distinction can be made between model-based and model-free functional 

connectivity methods in both types i.e., directed and non-directed measurements 

(Chiarion et al., 2023; khaleghi et al., 2024). Model-based connectivity method selects 

regions of interest (ROIs) also known as “seeds”. The connections of seeds to the other 

brain areas are then analyzed by specific metrics, thus generating a connectivity map of 

the human brain. Model-based methods are classified into cross-correlation analysis, 

coherence analysis, and statistical parametric mapping. Model-free methods measure 

brain connectivity without the use of specific models. This method analyses statistical 

correlations between multi-dimensional neuronal activities. Most functional 

connectivity measurements use model-based methods based on structural connectivity 

data (K. Li et al., 2009).   

The study of functional connectivity analysis allows us to understand the connectivity 

between different brain regions by using statistical association between corresponding 

brain regions by time series fMRI. This stationary FC analysis is also called static FC 

analysis (Zhou et al., 2023). It is known that human brain interaction is dynamic even in 

a resting state, therefore, FC of brain regions analysed in fMRI data can vary across time. 

The Dynamic FC elucidates brain network interactions at macroscopic level by 

investigating time resolved variations in local and global connectivity  (Omidvarnia et al., 

2016). Various methods are used in dynamic FC which has been summarized into two 

categories i.e., sliding window method and conceptually innovative extensions (Preti, 

Bolton, & Van De Ville, 2017).    
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Sliding window analysis is the most commonly used method for dynamic functional 

connectivity analysis to understand the dynamic properties of brain connectivity in 

studying cognitive functions and neurological disorders (Preti, Bolton, & Van De Ville, 

2017). This method analyses dynamic FC between different brain regions using fMRI 

data, where the correlation between fMRI signals (each divided into set of temporal 

windows) is calculated by moving each window over time. The correlation between each 

fMRI signal time series of brain regions is calculated by statistical associations such as 

Pearson correlation. The estimated correlations in the fMRI data reflect changes in brain 

network connectivity dynamics (Pedersen et al., 2018; Zhou et al., 2023). Besides being 

useful, the sliding window method has some limitations, such as improper choice of 

window length, which might alter the output result by escaping the true frequency of 

fMRI signals (Preti, Bolton, & Van De Ville, 2017).  

The dynamic FC on a spatial scale is defined within the millimeter range. Regional 

homogeneity (ReHo) is one of several local neuronal functional connectivity methods 

used to investigate the local synchronization of neuronal activity in specific regions of 

brain. Sliding window ReHo is the extension of ReHo method. The sw-ReHo method is 

used for local FC dynamics reflecting intrinsic brain activities. Changes in dynamic FC has 

been detected in several neuropsychological disorders such as conduct disorder, 

schizophrenia and Alzheimer’s disease. However, the sw-ReHo method has several 

limitations such as the choice of window size and the step size affecting the temporal 

resolution (Zhou et al., 2023).  

To overcome the limitations of sw-ReHo Omidvarnia et al., (2016) developed 

the dynamic regional phase synchrony (DRePS) method based on phase 

synchronization. The phase synchronization of neuronal signals is calculated by mean 

phase coherence in a time series (Zhou et al., 2023). DRePS is method for assessing 

instantaneous phase synchrony within high-resolution fMRI voxels at each time point in 

spatially clustered brain regions (Omidvarnia et al., 2016) by providing more dynamic 

and temporarily precise view of connectivity changes. The DRePS method has been used 

for analysis of dynamic FC in brain diseases such as there have been increased 

fluctuations in local connectivity in neocortical focal epilepsy as compared to healthy 

individuals. This indicates that DRePS helps us understand changes in local dynamic FC 

in diseased and healthy brains. For the analysis of dynamic FC in focal epilepsy, DRePS is 
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a promising method that characterizes changes in FC in the region of interest by 

estimating fMRI dynamic connectivity at its highest temporal resolution (Pedersen et al., 

2017).  

Epilepsy is regarded as one of the most common network disorders. Various studies of 

focal epilepsies have demonstrated alteration in functional connectivity in epileptogenic 

zone compared to FC outside the epileptogenic zone in epileptic patients (Englot, 

Konrad, & Morgan, 2016a).  Various studies reviewed by Feng et al. (2024) show that 

there have been changes either increase or decrease in functional connectivity in the 

epileptogenic hemisphere compared to the normal hemisphere of epileptic patients, 

and some studies have also observed alteration in FC of epileptic brain compared to 

normal brain (Cao et al., 2017; Feng et al., 2024; Fu et al., 2021). Studies using DRePS 

analysis framework have also found an increase in signal variability in local connectivity 

in neocortical focal epilepsy than in healthy individuals using task-free fMRI method 

(Pedersen et al., 2017). 

This study aims to identify local dynamic functional connectivity patterns in the 

epileptogenic zone using intracranial EEG recording and functional magnetic resonance 

imaging in drug-resistant focal epilepsy patients. This will be done by comparing the 

regions of interest, i.e., iEEG electrode locations, with their homologous hemispheric 

regions, i.e., normal regions, using the DRePS method. The iEEG data will be used as a 

locator for epileptogenic zone and fMRI data will be used for connectivity analysis. By 

integrating iEEG data with fMRI-based connectivity analysis this study will help 

understand the epilepsy specific network alterations due to seizure activity in the 

epileptogenic hemisphere compared to normal hemisphere of the brain. Therefore, this 

will provide critical insights into how epilepsy affects brain network dynamics and 

contribute to uncovering disease pathology.  
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Chapter 2  Methods 

2.1 Patients 

The de-identified dataset (intracranial EEG recordings and fMRI images of people with 

epilepsy) was retrieved online at https://openneuro.org/datasets/ds003688. The 

dataset (intracranial EEG recordings and fMRI images) of participants was collected 

while they watched a short audio-visual film during the recordings, while they were 

admitted to the University Medical Center Utrecht for diagnostic tests for drug-resistant 

epilepsy.  

2.1.1 fMRI dataset 

The fMRI dataset consists of 30 participants and 18 of them participated for iEEG 

recordings as well and 12 of them underwent fMRI only. Data of 17 out of 63 participants 

were selected for the research project. These 17 patients underwent both iEEG 

recordings and fMRI scanning, as given in table 2.1 where the fMRI experiment was 

conducted about several weeks before the iEEG recordings. The non-invasive fMRI was 

performed prior to the iEEG as the electrode implants can affect the fMRI data. 

However, the gap between the modalities does not affect the study outcome as the iEEG 

locations were only used as a locator of hypothesized epileptogenic regions.   

During the fMRI scan participants were asked to watch a short movie composed of 

scenes from “Pippi on the Run”. This video was carefully edited into 6.5 minutes with 

alternate blocks of speech and music (30 seconds each), seven music blocks, and six 

speech blocks to engage brain networks for auditory, linguistic, and musical perception. 

The video was delivered through a screen via a scanner mirror and audio through 

earphones. The movie was originally in Swedish, but it was dubbed in Dutch to suit 

participants.   

2.1.1.1 fMRI data acquisition 

The Philips Achieva 3 T MRI scanner was used for data acquisition using 3D-PRESTO. The 

functional brain images were acquired using parameters optimized for rapid, whole-

brain imaging. The imaging sequence had a repetition time TR of 22.5 milliseconds and 

echo time TE of 33.2 milliseconds. For temporal resolution, the time to capture one 

https://openneuro.org/datasets/ds003688
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complete volume was 608 milliseconds. The flip angle was set to 10 degrees to optimize 

image contrast. The scan included 40 slices covering the whole brain with a field of view 

measuring 224 x 256 x 160 millimeters and a voxel size of 4 x 4 x 4 millimeters.  

2.1.2 iEEG dataset 

The iEEG dataset consists of 51 participants (5-55 years) who were asked to watch the 

same video used for fMRI. Forty-six of them were implanted with electrocorticography 

grids, where grids had a 2.3 mm exposed diameter. The interelectrode distance was 

10mm between 48 and 128 contact points. High-density ECoG electrodes were 

additionally implanted in six patients, where its exposed diameter was 1.3 with an inter-

electrode distance of 3-4mm between 32, 64, and 128 contact points. Sixteen patients 

were implanted with stereoencephalography electrodes with 4 and 173 contact points. 

Electrodes were implanted in the left hemisphere of 45 patients, in the right hemisphere 

of 9 patients, and in both hemispheres of 3 patients.  

The sample size comprises 17 participants who underwent both iEEG and fMRI 

recordings. The sample size is based on the availability of high-quality multimodal data 

from a rare clinical population with drug-resistant epilepsy undergoing invasive 

monitoring and treatment (i.e., surgery). Such datasets are limited due to the ethical 

and logistical constraints of intracranial recordings, which are only performed when 

clinically indicated. This is an exploratory study where the comparison of dynamic 

functional connectivity within the same individual is calculated, i.e., comparing 

ipsilateral and contralateral coordinates. Therefore, this study has limitations in 

statistical power, as it is an exploratory rather than a definitive study. Nevertheless, the 

integration of high-resolution iEEG with dynamic fMRI connectivity metrics provides a 

rich hypothesis-generating framework that can inform future studies.    
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Table 2-1  

List of data of selected participants who have both iEEG and fMRI imaging for the study. The 

data was retrieved online along with the iEEG and fMRI data for the study (Berezutskaya et al., 

2022). 

Participant 
ID 

Gender Age Handedness Language 
dominance 

Language 
dominance 
technique 

iEEG 
hemisphere 

Sub-07 F 42 R L fMRI L 

Sub-09 F 33 R L fTCD L 

Sub-13 F 17 L R Wada R 

Sub-14 F 18 R R Wada L 

Sub-16 M 17 R L Wada L 

Sub-18 F 15 R L fMRI L 

Sub-22 M 21 R L fMRI L 

Sub-24 F 47 R L Wada L 

Sub-27 M 15 R L fMRI L 

Sub-28 M 21 R L fMRI R 

Sub-31 F 13 L R Wada LR 

Sub-41 M 7 Originally R, 
but 
switched to 
L 

Possibly L ECS (fMRI 
inclusive) 

L 

Sub-45 M 19 R L fMRI L 

Sub-46 F 41 L L fMRI L 

Sub-51 M 46 R L fMRI + 
fTCD 

L 

Sub-55 F 23 R L Wada L 

Sub-60 M 42 R L Wada L 

2.2 fMRI data preprocessing 

The preprocessing of fMRI data was performed using fMRIPrep software (Esteban et al., 

2018) – and the preprocessing sections below follows the fMRIprep boilerplate 

terminology. 
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2.2.1 Functional data preprocessing 

For the fMRI data, a reference volume was generated, using a custom methodology 

of fMRIPrep, for use in head motion correction. Head-motion parameters with respect 

to the BOLD reference (transformation matrices, and six corresponding rotation and 

translation parameters) are estimated before any spatiotemporal filtering 

using mcflirt (FSL, (Jenkinson et al., 2002)). The BOLD reference was then co-registered 

to the T1w reference using mri_coreg (FreeSurfer) followed by flirt (FSL, (Jenkinson & 

Smith, 2001)) with the boundary-based registration (Greve & Fischl, 2009) cost-

function. Co-registration was configured with six degrees of freedom. Several 

confounding time-series were calculated based on the preprocessed BOLD: framewise 

displacement (FD), DVARS and three region-wise global signals. FD was computed using 

two formulations following Power (absolute sum of relative motions, (Power et al., 

2014)) and Jenkinson (relative root mean square displacement between 

affines, (Jenkinson et al., 2002)). FD and DVARS are calculated for each functional run, 

both using their implementations in Nipype (following the definitions by (Power et al., 

2014)). The three global signals are extracted within the CSF, the WM, and the whole-

brain masks. Additionally, a set of physiological regressors were extracted to allow for 

component-based noise correction (CompCor, (Behzadi et al., 2007)). Principal 

components are estimated after high-pass filtering the preprocessed BOLD time-series 

(using a discrete cosine filter with 128s cut-off). For CompCor, three probabilistic masks 

(CSF, WM and combined CSF+WM) are generated in anatomical space. The 

implementation differs from that of Behzadi et al. (2007) in that instead of eroding the 

masks by 2 pixels on BOLD space, a mask of pixels that likely contain a volume fraction 

of GM is subtracted from the CompCor masks. This mask is obtained by thresholding the 

corresponding partial volume map at 0.05, and it ensures components are not extracted 

from voxels containing a minimal fraction of GM. Finally, these masks are resampled 

into BOLD space and binarized by thresholding at 0.99 (as in the original 

implementation). Components are also calculated separately within the WM and CSF 

masks. For each CompCor decomposition, the k components with the largest singular 

values are retained, such that the retained components’ time series are sufficient to 

explain 50 percent of variance across the nuisance mask (CSF, WM, combined, or 

temporal). The remaining components are dropped from consideration. The head-



24 

   
 

motion estimates calculated in the correction step were also placed within the 

corresponding confounds file. The confound time series derived from head motion 

estimates and global signals were expanded by including temporal derivatives and 

quadratic terms for each (Satterthwaite et al., 2013). Additional nuisance timeseries are 

calculated by means of principal components analysis of the signal found within a thin 

band (crown) of voxels around the edge of the brain, as proposed by Patriat, Reynolds, 

and Birn (2017). All resamplings can be performed with a single interpolation step by 

composing all the pertinent transformations (i.e. head-motion transform matrices, 

susceptibility distortion correction when available, and co-registrations to anatomical 

and output spaces). Gridded (volumetric) resamplings were performed 

using nitransforms, configured with cubic B-spline interpolation. 

2.2.2 Anatomical data preprocessing 

The T1w image for each patient was corrected for intensity non-uniformity (INU) 

with N4BiasFieldCorrection (Tustison et al., 2010), distributed with ANTs 2.5.1 ((Avants 

et al., 2008), RRID:SCR_004757), and used as T1w-reference throughout the workflow. 

The T1w-reference was then skull-stripped with a Nipype implementation of 

the antsBrainExtraction.sh workflow (from ANTs), using OASIS30ANTs as target 

template. Brain tissue segmentation of cerebrospinal fluid (CSF), white-matter (WM) 

and gray-matter (GM) was performed on the brain-extracted T1w using fast (FSL 

(version unknown), RRID:SCR_002823, (Zhang, Brady, & Smith, 2001)). Given the 

individual-specific nature of this thesis, all data used was in the original T1w space, and 

not an MNI normalised space. 

2.2.2.1 Data filtering 

The Compcor-based global signal GS, white matter WM, cerebrospinal fluid CSF, and 

head movement parameters (six motion parameters) were regressed out (Friston et al., 

1996) from pre-processed data using Python Pandas and FSL. The data structure of nine 

parameters i.e., GS, WM, CSF, trans x, trans y, trans z, rot x, rot y, and rot z was 

constructed using Python Pandas. FSL_GLM was used to regress out these parameters 

from fMRIPrep data. FSL_Maths was then used to filter the data between 0.03 and 

0.07Hz, with a 3rd-order Butterworth filter, to satisfy the Bedrossian requirements for 

instantaneous phases analysis. 
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2.3 DRePS 

2.3.1 DRePS function 

The dynamic regional phase synchrony analysis method was developed as a dynamic 

extension of the regional homogeneity ReHo method which is used for a static measure 

of local connectivity i.e., by finding similarity between a voxel and its neighboring voxel. 

DRePS calculates the instantaneous phase coherence of a voxel with its neighboring 

voxels at each time point (Omidvarnia et al., 2016; Pedersen et al., 2017). The illustration 

of DRePS measurement by (Omidvarnia et al., 2016) is given in figure 2.1. The DRePS of 

the fMRI data was computed using MATLAB R2024b. The DRePS used in this study first 

extracted pre-processed 4D BOLD fMRI data. The input data consisted of signals from 

different voxels of the brain over time. The instantaneous phase of these signals was 

calculated. A moving cube of 27 voxels including a central target voxel with a size of 

4x4x4 mm was defined. Then, the dynamic phase coherence was calculated between 

the target central voxel and its neighbouring 26 voxels of the scan. This estimated time-

varying local connectivity was then represented in a 4D map with the same size as the 

input 4D fMRI data.  
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Figure 2-1 

Schematic illustration of DRePS measurement. 

 

The DRePS measurement is derived from a moving cube of fMRI voxels. This cube consists of a highlighted 

red central voxel indicated as x surrounded by its 26 neighbouring voxels shown in blue. The DRePS time 

series is obtained by averaging the instantaneous phase coherence between central voxel x and its 

adjacent non-zero neighbouring voxels across various time points. This image is the direct copy of DRePS 

illustration given by  Omidvarnia et al. (2016). 

2.3.2 DRePS standard deviation 

To compare the dynamic functional connectivity of homologous brain regions, first, the 

standard deviation of the DRePS voxel time series for masked brains was calculated 

using MATLAB R2024b. The code extracted the fMRI data and applied a brain mask to 

isolate the voxel time series. The standard deviation of phase synchronization of local 

connectivity for masked regions was then calculated. The standard deviation estimates 

temporal variability of local connectivity, such as higher values of standard deviation 

indicate the presence of more variable voxels over time. 

2.3.3 DRePS coordinates 

The regions of interest, i.e., the location of iEEG electrodes and their same location in 

the opposite hemisphere of the same subject were identified, using the closest Euclidian 

distance calculation of the contralateral hemisphere, at each voxel. The DRePS values of 

these coordinates of interest (ipsilateral and contralateral) were extracted and the mean 

and standard deviation of DRePS of the whole brain were also calculated.  
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2.3.3.1 Paired t-test of ipsilateral and contralateral coordinates 

Statistical software Jamovi 2.6.44 was used for statistical calculations. The median value 

of ipsilateral and contralateral coordinates was calculated. To find the correlations 

between the regions of interest of each cortical hemisphere the paired t-test statistics 

were applied where in the t-test result the degree of freedom df is number of 

intracranial electrodes used for each subject. The paired t-tests were conducted 

between ipsilateral and contralateral DRePS values. As multiple electrodes were 

recorded per subject this approach yield multiple within-subject comparisons rather 

than independent subject level observations. Therefore, standard multiple comparison 

correction methods such as False Discovery Rate (FDR) designed for independent tests 

across subjects or voxels are not applied. Instead, the findings are interpreted in context 

of variability within subjects. This study is electrode level analysis where each 

intracranial electrode location serves as a unit of comparison. In contrast subject level 

analysis is performed across subjects which is not applicable in this study as number and 

locations of electrodes differ in each subject.  
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Chapter 3  Results 

The comparative analysis of ipsilateral and contralateral coordinates shows significant 

results in 6/17 (35.29 %) of the subjects. A detailed description of the results of each 

subject of the five subjects with significant DRePS changes, is given below and the results 

of statistical analysis including significant and non-significant data is given in table 3.1. 

Individual report of the remaining 11 subjects is found in the appendix. 

3.1 Subject 09 

Subject 09 is a 33 year old right-handed female with the left hemisphere as language-

dominant hemisphere. Functional transcranial Doppler sonography (fTCD) was used to 

determine the language dominance hemisphere. The iEEG recordings were obtained 

from left hemisphere located at parietal cortex and hippocampus quadrant, although no 

high-density grid recordings were used. The comparative analysis of ipsilateral and 

contralateral coordinates shows a result of t(68) = -2.24, p = 0.029. This shows that there 

is a decrease in temporal variability in regions of iEEG electrodes implanted compared 

to its homologous hemispheric regions.   
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Figure 3-1 

Temporal variations in subject 09. 

 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the 

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of participants (Berezutskaya et al., 2022). 

3.2 Subject 16 

Subject 16 is a 17 year old right-handed male with the language dominance hemisphere 

identified as left hemisphere. The Wada test was used to identify the language 

dominance hemisphere. The iEEG recordings were performed at frontal, parietal, 

temporal, and occipital cortical regions of the left hemisphere of the participant, without 

the use of high-density grid recordings. The comparative analysis of ipsilateral and 

contralateral coordinates shows t(103) = 4.63, p < .001 which indicates a significant 

result. This means, there is increased temporal variability in affected hemispheric areas 

compared to its homologous regions.    
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Figure 3-2 

Temporal variations in subject 16.

 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the 

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of participants (Berezutskaya et al., 2022). 

3.3 Subject 31 

Subject 31 is a 13 year old left-handed female. The Wada test identifies the Participant’s 

right hemisphere as a language-dominant hemisphere. The iEEG electrodes were placed 

in frontal lobe of left hemisphere and in some parts of frontal and parietal quadrant of 

right hemisphere.  
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Figure 3-3 

Temporal variations in subject 31. 

 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the 

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of the participants (Berezutskaya et al., 2022). (c) 

Coronal view of brain showing ventricular enlargement in subject 31. (d) Axial view of ventriculomegaly 

or enlarged ventricular in subject 31. L indicates the left side of the brain and R indicates the right side of 

the brain.  
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The comparative analysis of the brain's ipsilateral and contralateral coordinates shows 

a result of t(95) = 2.33, p = 0.022. A large scale ventricular abnormality is also present in  

participant’s brain as shown in figure 3.6.  

3.4 Subject 45 

Subject 45 is a 19 year old right-handed male with left hemisphere identified as language 

dominant hemisphere. The iEEG recordings were collected from the frontal and 

temporal lobes of the left hemisphere with some measurements utilizing high density 

grid electrodes. The comparative statistical analysis of iEEG electrode locations with its 

homologous regions show a significant of t(79) = -2.02, p = 0.046. This means there is a 

decreased temporal variation in ipsilateral regions compared to its homologous areas.  

Figure 3-4 

Temporal variations in subject 45. 

 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the 

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of participants (Berezutskaya et al., 2022). 

3.5 Subject 55 

Subject 55 is a 23 year old right handed female who’s language dominant hemisphere is 

left hemisphere determined by Wada test used. The iEEG recordings were performed in 

the temporal and parietal regions of left hemisphere of participant with no high density 
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grids used in the recordings. The comparative statistical analysis of regions with iEEG 

electrodes with its homologous locations show a significant result of t(95) = -2.24, p = 

0.017, which means there is decreased temporal variability in ipsilateral areas compared 

to its homologous normal regions.  

 Figure 3-5 

Temporal variations in subject 55.  

 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the 

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of participants (Berezutskaya et al., 2022). 

3.6 Subject 60 

Subject 60 is a 42 year old right handed male, who’s language dominance hemisphere is 

left hemisphere, determined by Wada test. The iEEG measurements were collected from 

frontal and temporal regions of left hemisphere and some measurements utilized high 

density grids. The comparative analysis of ipsilateral and contralateral coordinates 

shows a highly significant result of t(119) = -4.57, p < .001. This means that there is a 

decrease in temporal variation in ipsilateral regions as compared to its homologous 

normal areas.   
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Figure 3-6 

Temporal variations in subject 60.  

 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the 

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of participants (Berezutskaya et al., 2022). 
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Table 3-1 

Statistical result of paired t-test of ipsilateral and contralateral coordinates of subjects.  

Participant’s 
ID 

iEEG 
hemisphere 

DRePS 
mean 

DRePS 
standard 
deviation 

Degree of 
freedom 
(df) 

Statistic  

(t-value) 

P-value 

Sub-07 L 0.189 0.032 55 -0.523 0.603 

Sub-09 L 0.191 0.031 68 -2.24 0.029* 

Sub-13 R 0.191 0.031 95 -0.922 0.359 

Sub-14 L 0.149 0.036 111 1.19 0.236 

Sub-16 L 0.198 0.031 103 4.63 <0.001** 

Sub-18 L 0.189 0.031 63 0.0468 0.963 

Sub-22 L 0.192 0.030 53 -0.295 0.769 

Sub-24 L 0.176 0.035 79 -1.48 0.142 

Sub-27 L 0.195 0.030 95 0.613 0.541 

Sub-28 R 0.188 0.033 85 1.55 0.126 

Sub-31 LR 0.178 0.032 95 2.33 0.022* 

Sub-41 L 0.187 0.033 79 -0.872 0.386 

Sub-45 L 0.187 0.031 79 -2.02 0.046* 

Sub-46 L 0.193 0.031 63 0.411 0.682 

Sub-51 L 0.190 0.030 79 0.571 0.570 

Sub-55 L 0.192 0.033 95 -2.42 0.017* 

Sub-60 L 0.188 0.032 119 -4.57 <0.001** 

The table provides information about statistically significant and non-significant results of paired t-test 

performed on ipsilateral (iEEG hemisphere) and contralateral (normal hemisphere). L indicates the left 

hemisphere; R indicates the right hemisphere of the brain. A p-value of <0.05 is considered significant, 

<0.001 is considered a highly significant result while >0.05 is non-significant.  
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Chapter 4   Discussion 

The purpose of this study was to examine individual variation in local dynamic functional 

connectivity in selected brain regions with iEEG electrodes implanted (presumed 

epileptogenic) using fMRI data by comparing them to their homologous normal regions 

in each subject. In this study, the fMRI was performed prior to the use of iEEG as not to 

get magnetic artifacts from electrodes, which means that it is possible to compute 

dynamic functional connectivity in regions of interest, which may help predict seizure 

outcome and identify pathways of seizure propagation in focal epilepsy.  

The DRePS method was used to identify temporal variation in these hypothetical 

epileptogenic regions while watching specific video stimulating language and cognitive 

abilities. The DRePS method is the updated time-varying version of the sliding-window 

regional homogeneity ReHo method, which detects dynamic changes in brain 

connectivity by measuring instantaneous phase coherence within the voxels of the brain 

(Omidvarnia et al., 2016). The DRePS method is an ideal approach for detecting dynamic 

changes in the brain by using high temporal resolution (608 mm, per fMRI volume in this 

study) fMRI data rather than the static ReHo method. This makes it particularly effective 

for studying rapid neural dynamics and detecting subtle changes associated with seizure 

activity (Pedersen et al., 2017). The standard deviation of DRePS of these regions shows 

significant temporal variation compared to contralateral areas in 6 out of 17 subjects 

(i.e., 35.29%). Therefore, the data result is segregated based on subjects with significant 

and non-significant temporal variation of ipsilateral coordinates. The significant 

temporal variation in ipsilateral regions indicates a change in dynamic functional 

connectivity of these regions (epileptogenic regions) compared to normal homologous 

regions. This provides information potentially related to the impact of seizure activity 

on dynamic functional connectivity in the disease hemisphere compared to the normal 

hemisphere. To further analyse the data, the identification of specific coordinates in the 

ipsilateral regions with their location that show high levels of temporal variation can 

help in identifying specific areas of epileptogenic zone related to epileptic lesion in the 

brain. This study is the basis of studying further the topography of seizure propagation 

and its effect on global dynamic functional connectivity in refractory focal epilepsy. The 

global dynamic functional connectivity of focal epilepsy can be performed using whole-
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brain functional parcellation method that divides brain into distinct regions or parcels 

based on their functional characteristics and connectivity patterns (Gholipour et al., 

2022).      

4.1 Inter-hemispheric alterations in dynamic functional connectivity – 

clinical implications 

This study shows an increase as well as decrease in temporal variability in our cohort, 

where four subjects display a decrease in temporal variation, and two subjects show 

increased temporal variability, in ipsilateral coordinates compared to homologous 

regions. Several studies show a mix of increases and decreases in functional connectivity 

in epilepsy, and the neurobiological implications of this remains largely unknown. This 

highlights the network patterns of epilepsy, resulting in heterogenous phenotypic 

connectivity presumably driven by varying locations of the seizure focus. As the meta-

analysis of various individual studies on brain network organization in focal epilepsy 

suggests that brain network organization is more variable and complex than single 

studies report (Slinger et al., 2022). This indicates the heterogeneous characteristics of 

epilepsy, where difference in patterns of functional connectivity is observed in its 

different types, and changes in functional connectivity also depend on the seizure 

dynamics and the patient’s physiological characteristics. Therefore, the individual study 

is preferred over group study of refractory focal epilepsy by identifying the alterations 

in connectivity in different layers of epileptogenic zone and studying patterns of seizure 

spread in each patient A study conducted by Gupta, Grover, and Abel (2020) using stereo 

EEG shows epileptogenic cortex shows increased connectivity to regions involving 

seizure propagation epileptogenic core shows increased local connectivity reflecting 

hyperexcitable neuronal clusters responsible for seizure initiation. Another study using 

magnetoencephalography analyzed local functional connectivity in the region of surgical 

resection by comparing it to their homologous hemispheric regions in refractory 

epilepsy. Patients with increased functional connectivity in resection regions showed 

seizure freedom after surgery compared to patients with decreased functional 

connectivity therefore Englot et al. (2015) suggest that increased local connectivity in 

resection region could indicate the accurate localization of epileptogenic zone while 

decreased functional connectivity might indicate incomplete delineation of 
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epileptogenic zone (Englot et al., 2015). However, investigating dynamic functional 

connectivity using fMRI data with higher spatial resolution in hypothesized 

epileptogenic region such as in our study the iEEG electrode locations can help identify 

epileptogenic zones in those regions, which is different from spatial resolution data as 

done by previous mentioned research. This can help in under  standing pathological 

studies of focal epilepsy and in identifying network topology and regions of interest for 

surgical treatment, as the diagnosis and management of refractory focal epilepsy is a 

challenging task for clinicians due to its heterogeneous characteristics. The use of 

neuroimaging in combination with physiological data allows us to understand dynamic 

interactions in brain networks such as a combined study of fMRI with interictal EEG in 

focal epilepsy has revealed a significant time-dependent relationship between local 

fMRI connectivity interictal (non-seizure) EEG activity (Omidvarnia et al., 2017).  

4.1.1 Decreased temporal variability in ipsilateral hemisphere 

A possible explanation of decreased temporal variability in ipsilateral hemisphere comes 

from subject 09, where the iEEG electrodes were implanted in the parietal and 

hippocampal quadrants of the left hemisphere given in figure 3.1. The statistical analysis 

of these regions shows significant temporal variability compared to homologous 

contralateral regions - a recent study also shows decreased functional connectivity in 

the hippocampal connectivity in children with temporal lobe epilepsy, and the parietal-

temporal lobe of children with temporal lobe epilepsy (Y. Li et al., 2024). In three 

subjects (subjects 45, 55, and 60), the iEEG electrodes were implanted in the frontal and 

temporal regions, the temporal and parietal regions, and the frontal and temporal 

quadrants of the left hemisphere, respectively (see figures 3.4, 3.5, and 3.6 respectively). 

The ipsilateral coordinates shows a decreased temporal variability compared to 

contralateral homologous regions. Similarly, research conducted by Klugah-Brown et al. 

(2019) show a decreased dynamic functional network connectivity in the temporal and 

spatial domains in epilepsy compared to healthy controls. In a study, decreased inter-

hemispheric functional connectivity in benign epilepsy with centrotemporal spikes 

suggests impaired communication between hemispheres in benign epilepsy with 

centrotemporal spikes compared to controls (Cao et al., 2017). Another study observed 

reduced functional connectivity in the temporal cortex of temporal lobe epilepsy 

compared to healthy controls, suggesting the adaptive mechanism of safeguarding the 
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contralateral hemisphere by weakening connections within the ipsilateral hemisphere, 

which can cause generalized seizures in focal epilepsy (Sirin et al., 2020). Therefore, this 

observation highlights the complex and dynamic nature of neuronal networks in 

epilepsy, and understanding these changes in functional connectivity can help in the 

development of treatment for epilepsy.     

4.1.2 Increased temporal variability in ipsilateral hemisphere 

The highly significant result of paired t-test of ipsilateral and contralateral coordinates 

in subject 16 shows increased temporal variability in ipsilateral coordinates (that is, 

frontal, parietal, and occipital regions), indicating increased dynamic functional 

connectivity compared to the normal hemisphere given in figure 3.2. This is similar to a 

study conducted for evaluations of functional connectivity in pre-surgical drug-resistant 

temporal lobe epilepsy in children. The study showed that there was an increase in 

functional connectivity in temporal lobe of diseased hemisphere compared to normal 

hemisphere (Grassia et al., 2018). Another study found an increased functional 

connectivity in the medial temporal lobe and frontal lobe of mesial temporal epilepsy 

compared to healthy individuals (Liao et al., 2010). The comparative analysis of 

ipsilateral and contralateral coordinates of subject 31 (see figure 3.3) shows a highly 

significant result of increased temporal variability in the epileptogenic hemisphere. 

Ventricular brain abnormality is also visible in the epileptogenic hemisphere of the 

patient, similar to the results of Sethi, Pedersen, and Jackson (2016), where epileptic 

patients with polymicrogyric cortex abnormality exhibit changes in functional 

connectivity. The study compared the functional connectivity of the polymicrogyric 

cortex with contralateral homologous brain regions, where abnormal brain regions 

showed stronger and more localized functional connectivity. This suggests that 

structural brain abnormalities in the epileptogenic hemisphere can influence network 

connectivity (Sethi, Pedersen, & Jackson, 2016).  

4.2 Subjects without temporal variation in ipsilateral coordinates  

The DRePS connectivity analysis shows no significant temporal variation in the ipsilateral 

coordinates compared to homologous contralateral coordinates in subject 13 and 24 

(see appendix figure A-2 and A-6 respectively). However, the imaging data of subject 13 

shows large-scale ventricular brain abnormality predominantly in the left hemisphere. 
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The iEEG electrodes were implanted in the right hemisphere of the patient therefore, it 

is very difficult to find contralateral voxels in the homologous hemisphere. Subject 24, 

however, had iEEG electrodes implanted in the left hemisphere and a large-scale 

ventricular abnormality is present predominantly in the left hemisphere. In this case, it 

is difficult to find ipsilateral voxels. We cannot identify global connectivity alteration by 

comparing them to healthy individual brains due to lack of data of healthy controls. But 

another study found changes in global functional connectivity in epileptic patients with 

polymicrogyric brain abnormalities by comparing them to healthy controls (Sethi, 

Pedersen, & Jackson, 2016) therefore, there can be alteration in the global functional 

connectivity of these subjects. The study also requires further analysis of local and global 

functional connectivity in refractory epileptic patients with brain abnormalities and how 

brain abnormalities affect the seizure activity in those patients. 

The remaining subjects (see appendix figures A-1, A-3, A-4, A-5, A-7, A-8, A-9, A-10, and 

A-11) show no significant temporal variation in regions with iEEG electrodes compared 

to their homologous areas. In this study we cannot compare global or local dynamic 

functional connectivity with healthy controls due to its invasive method iEEG can only 

be applied to pre-surgical patients with a limited coverage in the cortex. But in theory, 

it can be hypothesized that systemic focal epilepsy might cause changes in dynamic 

functional connectivity of both hemispheres due to disease progression therefore we 

cannot find significant variation in the ipsilateral regions (i.e., epileptogenic zone) 

compared to the normal hemisphere. As several studies showed that altered functional 

connectivity in prolonged epilepsy was observed not only in the seizure onset lobe but 

also extends to broader networks like bilateral attention network, default network 

mode, and frontoparietal network in several types of pediatric focal epilepsy (Cao et al., 

2017; Fang et al., 2017; He et al., 2020; Ibrahim et al., 2014; McGinnity et al., 2017; 

Morgan et al., 2015; Shamshiri et al., 2017; Sirin et al., 2020; Xiao et al., 2015). Focal 

epilepsies have been thought of as a regional brain disorder, however, various studies 

have provided evidence of widespread disruption that extend beyond the epileptogenic 

zone (Englot, Konrad, & Morgan, 2016b). Another study of resting state MEG of focal 

epilepsy and control individuals reveals a decrease in widespread global functional 

connectivity in focal epileptic patients reflecting the long-term effects of recurrent 

seizures (Englot et al., 2015). Therefore Feng et al. (2024) proposed a two-step model 
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for how focal epilepsy can evolve to cause widespread disruptions in neural network 

connectivity over time. The first step involves focal seizure causing progressive white 

matter damage radiating outwards from seizure focus. The second step includes broader 

systemic factors progressively increasing the effects causing repeated global insults such 

as generalized seizures and effects of anti-seizure medications (ASMs), resulting in 

structural connectivity changes that often affect structural pathways like bilateral 

cingulum and corpus callosum. Another research conducted by Pedersen et al. (2024) 

found functional connectivity network alterations in patients with epilepsy after taking 

antiseizure medications. The functional connectivity pattern also depends on the 

severity and duration of the disease. Changes in global connectivity in focal epilepsy are 

linked to neurodegenerative problems, including memory and language disturbances 

(Englot, Konrad, & Morgan, 2016b). There is a three-layer hypothetical focal-local-global 

theory proposed that focuses on pathological hubs located at the boundary between 

local and global brain networks. Normally, an inhibitory ring prevents seizure activity 

from reaching these hubs. When this inhibition fails, the seizure propagates through the 

local network, activates the hub, and rapidly spreads across the global network, leading 

to generalized seizures. Even in the absence of epileptiform abnormalities these hubs 

can assist in pinpointing the lateralization and localization of the epileptogenic area. 

According to this focal-local-global hypothesis, removing the pathological hub or 

disrupting its connections with epileptic focus could reduce or eliminate generalized 

seizures, as the repeated seizure activity can cause damage to the global network, 

resulting in loss of integration and potentially leading to cognitive impairments. This 

highlights the significance of identifying pathological hubs in epilepsy research and 

preventing global brain damage, causing cognitive defects in epilepsy, as well as pointing 

towards more effective treatment in epilepsy (Stam, 2016).  

Although no significant difference in DRePS values was observed between ipsilateral and 

contralateral regions in most subjects, this finding reflects a broader pattern of network-

level disruption rather than a localized abnormality confined to the epileptogenic zone. 

Chronic focal epilepsy is increasingly recognized as a disorder of distributed networks 

with evidence of altered connectivity extending beyond the seizure onset zone. The 

bilateral symmetry in DRePS may indicate that both hemispheres are affected by long-

term seizure activity, neuroplastic changes, or systemic factors such as anti-seizure 
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medications. These results underscore the importance of considering epilepsy as a 

dynamic network disorder, highlighting the need for future studies that integrate 

invasive and non-invasive modalities to map global connectivity alterations more 

comprehensively.  

4.3 Limitations and future directions 

This study provides insights into the dynamic functional connectivity in the focal 

epilepsy; however, due to the heterogeneous nature of epilepsy, the results lack 

consistency across individuals, limiting the generalizability of findings. The use of 

invasive EEG has further restricted the sample size, and there is also a lack of data on 

healthy controls for comparative analysis. Another limitation of this study is lack of post-

surgical fMRI data to investigate the effects of surgery in seizure activity. The post-

surgical examination can reveal how resection in hypothesized epileptogenic region has 

affected the brain connectivity dynamics and whether patient has become seizure free. 

Further research utilizing the use of DRePS for iEEG-fMRI data to investigate local and 

global dynamic functional connectivity identifying seizure focus points, pathways of 

spread and modulating centre in drug-resistant focal epilepsy can provide valuable 

insights to understand patterns of seizure propagation and disease pathology. As DRePS 

can assist in identifying epileptogenic zone and pathological hubs in focal epilepsy by 

tacking changes in network alterations and providing temporal perspective on how 

these networks reorganize. Additionally, incorporating techniques like 

magnetoencephalography to explore local and global functional connectivity may 

further enhance our understanding of connectivity alterations in epilepsy. As MEG 

provides high temporal resolution to detect epileptic spikes and fMRI maps connectivity 

changes where DRePS can bridge these modalities by capturing instantaneous phase 

coherence tracking dynamic seizure propagation and assessing epileptogenic zones. The 

integration of DRePS with iEEG and fMRI data holds a significant promise for improving 

the clinical management of drug-resistant epilepsy. Traditional surgical planning relies 

heavily on static imaging, seizure semiology, and interictal/ictal EEG to localize the 

epileptogenic zone. However, the use of DRePS overlooks the dynamic nature of brain 

networks involved in seizure initiation and propagation. By capturing the time-varying 

local synchrony, DRePS provides a novel approach to identifying the pathological 

network behaviour. In this study, DRePS was used to quantify local phase coherence 
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variability at electrode locations and their contralateral homologues, offering a dynamic 

perspective on hemispheric asymmetries and potential pathological hubs. The future 

application of DRePS on larger datasets can become a valuable addition to the 

presurgical evaluation toolkit, bridging the gap between network neuroscience and 

precision neurosurgery.   

4.4 Conclusion 

The use of fMRI for dynamic functional connectivity analysis of epileptogenic regions 

based on iEEG electrode locations has provided a significant result of increased and 

decreased temporal variation in ipsilateral regions of 2 and 4 subjects, respectively, out 

of a total of 17 subjects with drug-resistant epilepsy, indicating dynamic functional 

connectivity alterations in these regions. Subjects without any temporal variation in 

epileptogenic regions might suggest altered global functional connectivity. Overall, the 

result of this research proposes that iEEG–fMRI analysis using DRePS can provide useful 

information related to seizure activity in epileptogenic regions of the brain and its 

impact on global functional connectivity in drug-resistant epilepsy, which may guide 

surgical planning and outcome.  
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Appendix 

Subjects with non-significant temporal variation in ipsilateral brain regions compared 

to contralateral normal regions.  

Subject 07 

Subject 07 is a 42-year-old female suffering from refractory epilepsy. The participant is 

right-handed, but her language dominance hemisphere is the left hemisphere. The iEEG 

electrodes were implanted in the left hemisphere. The fMRI technique has been used to 

determine language dominant hemisphere. The comparative statistical analysis of 

ipsilateral and contralateral coordinates t(55) = -0.523, p = 0.603. This means there is no 

significant temporal variation in ipsilateral regions compared to homologous normal 

brain areas. 

Appendix Figure A- 1 

Temporal variation in subject 07. 

 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the 

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of participants (Berezutskaya et al., 2022). 
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Subject 13 

Subject 13 is a 17 year old left-handed female with language dominance as right 

hemisphere, which was determined through Wada test. The iEEG measurements were 

conducted in the right hemisphere of the brain without the use of high-density grid 

recordings. The statistical analysis of iEEG locations compared to their homologous 

regions shows a non-significant result of t(95) = -0.922, p = 0.359. This means there is no 

significant temporal variation in ipsilateral regions compared to contralateral 

coordinates.  
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Appendix Figure A- 2 

Temporal variation in subject 13. 

 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the 

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of participants (Berezutskaya et al., 2022). (c) 

Coronal view of brain showing ventricular enlargement in subject 31. (d) Axial view of ventriculomegaly 

in subject 13. L indicates the left side of the brain and R indicates the right side of the brain.  
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Subject 14 

Subject 14 is an 18 year old female who is right handed with language dominant 

hemisphere as right hemisphere, determined by using Wada test. The iEEG electrodes 

were localized in left hemisphere of the participant. Some iEEG measurements were 

utilized by using high density grid. The statistical analysis of iEEG electrode placement 

regions compared to their homologous regions shows a non-significant result t(111) = 

1.19, p = 0.236. This means there is no significant temporal variation in ipsilateral regions 

compared to homologous normal brain areas.   

Appendix Figure A- 3 

Temporal variation in subject 14. 

 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the 

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of participants (Berezutskaya et al., 2022). 

Subject 18 

Sub 18 is a 15 year old right handed female. The fMRI technique was used to determine 

the language dominance hemisphere which is left hemisphere. The intracranial EEG 

recordings were conducted in the left hemisphere of the participant and no high-density 

grids were utilized. The comparative analysis of ipsilateral and contralateral coordinates 
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shows no significant result of t(63) = 0.0468, p = 0.963. This means there is no significant 

temporal variation in ipsilateral regions compared to homologous normal brain areas.   

Appendix Figure A- 4 

Temporal variation in subject 18. 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of participants (Berezutskaya et al., 2022). 

Subject 22 

Subject 22 is a 21 year right handed male with language dominant hemisphere as left 

hemisphere. The language dominant hemisphere was determined by fMRI technique. 

The iEEG electrodes were placed in the left hemisphere of the participant. There were 

no high-density gird used during the recordings. The comparative analysis of ipsilateral 

and contralateral coordinates shows no significant result of t(53) = -0.295, p = 0.769. 

This means there is no significant temporal variation in ipsilateral regions compared to 

homologous normal brain areas.   
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Appendix Figure A- 5 

Temporal variation in subject 22. 

 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the 

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of participants (Berezutskaya et al., 2022). 

Subject 24 

Subject 24 is a 47 year old right handed female. The language dominant hemisphere of 

the participant is left hemisphere determined using Wada test. The intracranial EEG 

recordings were performed in the left hemisphere and no high-density grid has been 

used for the recordings. The comparative analysis of ipsilateral and contralateral 

coordinates shows no significant result of t(79) = -1.48, p = 0.142. This means there is no 

significant temporal variation in ipsilateral regions compared to homologous normal 

brain areas.  
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Appendix Figure A- 6 

Temporal variation in subject 24. 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of participants (Berezutskaya et al., 2022). (c) 

Coronal view of brain showing ventricular enlargement in subject 31. (d) Axial view of ventriculomegaly 

in subject 24. L indicates the left side of the brain and R indicates the right side of the brain.  
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Subject 27 

Subject 27 is a 15 year old right handed male with language dominance localized to the 

left hemisphere as identified through fMRI. The intracranial EEG recordings were also 

conducted from the left hemisphere and no high density grid recordings were utilized. 

The comparative analysis of ipsilateral and contralateral coordinates shows no 

significant result of t(95) = 0.613, p = 0.541. This means there is no significant temporal 

variation in ipsilateral regions compared to homologous normal brain areas. 

Appendix Figure A- 7 

Temporal variation in subject 27. 

 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the 

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of participants (Berezutskaya et al., 2022). 

Subject 28 

Subject 28 is 21 year old right handed male with left hemisphere as language dominant 

hemisphere. The fMRI technique was used for determining language dominance 

hemisphere. The iEEG recordings were performed in the right hemisphere of 

participant’s brain. There were no high density grids used for the recordings. The 

comparative analysis of ipsilateral and contralateral coordinates shows no significant 
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result of t(85) = 1.55, p = 0.126. This means there is no significant temporal variation in 

ipsilateral regions compared to homologous normal brain areas.  

Appendix Figure A- 8 

Temporal variation in subject 28. 

 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the 

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of participants (Berezutskaya et al., 2022). 

Subject 41 

Subject 41 is a 7 year old male who was originally right handed but transitioned to left-

handedness. Participant’s language dominance is possibly located in the left 

hemisphere, determined using ECS as fMRI results were inconclusive. Intracranial EEG 

recordings were performed on the left hemisphere, not using high density grids. The 

comparative analysis of ipsilateral and contralateral coordinates shows no significant 

result of t(79) = -0.872, p = 0.386. This means there is no significant temporal variation 

in ipsilateral regions compared to homologous normal brain areas.   
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Appendix Figure A- 9 

Temporal variation in subject 41. 

 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the 

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of participants (Berezutskaya et al., 2022). 

Subject 46 

Subject 46 is a 41 year old left handed female. The left hemisphere of the participant 

was identified as language dominant hemisphere using fMRI technique and left 

hemisphere was used for iEEG recordings with no high density grids. The comparative 

analysis of ipsilateral and contralateral coordinates shows no significant result of t(63) = 

0.411, p = 0.682. This means there is no significant temporal variation in ipsilateral 

regions compared to homologous normal brain areas.  
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 Appendix Figure A- 10 

Temporal variation in subject 46. 

 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the 

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of participants (Berezutskaya et al., 2022). 

Subject 51 

Subject 51 is a 46 year old right handed male with left hemisphere as language dominant 

hemisphere, determined by fMRI and fTCD techniques used. The iEEG electrodes were 

placed in the left hemisphere without using high density grids. The comparative analysis 

of ipsilateral and contralateral coordinates shows no significant result of t(79) = 0.571, 

p = 0.570. This means there is no significant temporal variation in ipsilateral regions 

compared to homologous normal brain areas.  
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 Appendix Figure A- 11 

Temporal variation in subject 51. 

(a) Graph plot of DRePS values of both ipsilateral and contralateral coordinates. The x-axis shows the

density of connectivity and y-axis is the value of standard deviation of DRePS of whole brain. (b) The image 

indicates the locations of iEEG electrodes. L is the left hemisphere and R is right hemisphere of the 

participant retrieved online from fMRI and iEEG data of participants (Berezutskaya et al., 2022). 


