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Abstract 

Elahian, Bahareh. PhD. The University of Memphis. March, 2018. Biomarkers to localize 

seizure from electrocorticography to neurons level. Advisor: Mohammed Yeasin, PhD. 

 

Epilepsy—a disorder that is far more common than is widely realized—results in high 

morbidity and even mortality. It is defined semiologically in part, but it is a disorder caused 

by the disturbed synchronization of natural brain oscillations. The current standard treatment 

is implanting intracranial electrodes that are continuously connected to an acquisition system 

while the patient waits in an Epilepsy Monitoring Unit (EMU) until the patient has a seizure. 

Given enough seizures, this information can be taken to the operating room. Then, the 

electrodes, which had shown pathologic activity, are marked and surgical resection of the 

determined pathologic areas follows. This entire process can take up to a month in any given 

patient and results in considerable patient and system costs. It is known that there are 

electrophysiologic markers that happen between seizures or interictally. However, the 

question of whether those markers can define the seizure onset zone (SOZ) adequately 

enough to perform resection has not been resolved completely yet. The purpose of this work 

is to explore those electrophysiologic biomarkers and define the methods to both detect them 

reliably and compare them to previously determined SOZ. First, high frequency oscillations 

(HFO)—a now heavily explored interictal electrophysiologic biomarker—are investigated via 

a pre-worked detector; its role in SOZ determination is considered in the context of both old 

(interictal epileptiform discharges) and new (phase-amplitude coupling) biomarkers. Further, 

work is explored for automating the localization process via a machine learning algorithm to 

automatically classify the SOZ and non-SOZ. We also compared the rate of HFO in/out of 

SOZ and the resection area in four different epochs: at night, awake time, preictal, and ictal. 

Seizures initiate when most or all neurons in epileptic regions start to fire synchronously. 

Evidence obtained from the entorhinal cortex (EC) in animal models of epileptiform 

synchronization show that low-voltage fast (LVF) onset seizures are initiated by synchronous 
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inhibitory events. We sought to establish whether the increased firing of inhibitory 

interneurons occurs at the onset of spontaneous LVF seizures in patients with mesial-

temporal lobe epilepsy, and whether the increased firing of excitatory neurons follows this. 
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Chapter 1  

Introduction 

A seizure is an excessive discharge of electrical activity within the brain that leads to a 

change in movement, sensation, experience, or consciousness. Seizures have various effects 

on the body depending on where in the brain they start and where they spread. Not all 

seizures are epileptic fits. Epilepsy is characterized by unprovoked seizures due to the 

engagement of the central nervous system. On the other hand, non-epileptic seizure disorders 

could be caused by several measurements: stroke, head injuries, brain infections, congenital 

birth effects, birth-related brain injuries, tumor and other space occupying lesions. Some 

epilepsy patients are drug-resistant; in this case, their physicians normally recommend that 

they go through surgery. During surgery, the part of the brain that shows seizure activity will 

be removed. Surgical resection of the seizure focus is an effective treatment for select 

patients with medically intractable focal epilepsy. 

Success of the surgery depends on the precise localization and resection of the 

epileptogenic seizure onset zone. Accurate seizure onset localization is crucial for both the 

clinical management and for understanding the mechanism of epilepsy. Currently, the 

localization of the seizure onset relies heavily on visual analysis of scalp electroencephalo-

graphic (EEG) or intracranial electrocorticographic (ECoG) recordings in low-frequency 

bands.  

Surgical resection of the seizure focus is an effective treatment for patients with 

medically intractable focal epilepsy. The success of the surgery depends on the precise 

localization and complete resection of the epileptogenic seizure onset zone (SOZ). Accurate 

localization of the SOZ is crucial for both the clinical management and understanding of the 

mechanism of epilepsy. Currently, localization of the seizure onset relies on visual analysis of 
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scalp electroencephalographic (EEG) or intracranial electrocorticographic (ECoG) recordings 

in low-frequency bands.  

Patients with focal lesions—identified by magnetic resonance imaging (MRI) of the 

brain—can often undergo surgery following favorable scalp EEG findings without 

intracranial EEG recordings (Spencer 2002). However, scalp EEG recordings may be 

inadequate for precise localization of the SOZ in many patients; in such an event, intracranial 

recordings are necessary. The intracranial ictal EEG recordings provide information about 

seizure onset and propagation. To determine the SOZ, epileptologists typically inspect the 

ictal ECoG recordings visually and look for signatures such as low-voltage fast activity and 

rhythmic spiking from individual electrodes at the time of seizure onset (Niedermeyer and 

Silva 2005). Considering the large number of implanted electrodes (typically 50 to 200 

contacts), identifying the seizure onset by visual inspection of the ictal ECoG recordings is 

often time-consuming and requires expertise (Bulacio et al. 2012; Widdess-Walsh et al. 

2007). Furthermore, visual inspection of the ictal ECoG recordings to identify the SOZ can 

result in a poor surgical outcome (Bulacio et al. 2012). A study involving 414 patients who 

underwent intracranial electrode placement reported that visual inspection of the ictal ECoG 

recordings resulted in complete seizure freedom in 61%, 47%, and 42% of patients at one, 

three, and ten years after surgery, respectively (Bulacio et al. 2012).  

There is a need to identify reliable biomarkers that can accurately localize the extent of 

the ictal epileptogenic zone, thereby assisting and improving visual identification of the SOZ.  

On the other hand, epileptic seizures are traditionally characterized by the ultimate expression 

of monolithic, hypersynchronous neuronal activity arising from unbalanced runaway 

excitation or inhibition. Neuronal spiking activity during limbic seizure initiation and spread 

is highly heterogeneous, thereby suggesting complex interactions among different types of 

neurons. The transition from the pre-ictal to ictal state in focal epileptic disorders has 
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commonly been considered the result of the excessive synchronization of excitatory neuronal 

networks caused by the weakening of synaptic inhibition (Merricks et al. 2015; AYALA et al. 

1973); however, this concept, though “logically obvious,” is not supported by any firm 

experimental evidence. Rather, studies performed in animal models of epilepsy or of 

epileptiform synchronization have shown that focal seizures—particularly those characterized 

by a low voltage fast (LVF) onset—are paradoxically initiated by the synchronous activity of 

inhibitory cells (for further review, see: (Avoli et al. 2016)). The LVF seizure onset, which 

consists of EEG activity in the beta-gamma range at times heralded by a spike, is the most 

frequent onset pattern recorded from the mesial temporal lobe neocortex in focal epileptic 

disorders (Velasco et al. 2000; Perucca, Dubeau, and Gotman 2014). In addition, LVF onset 

seizures in patients with mesial temporal lobe epilepsy are associated with distinct patterns of 

hippocampal sclerosis. The surgery, in this case, can end in failure due to the involvement of 

temporal and extra-temporal neocortical networks (Memarian et al. 2015; Ogren, Bragin, et 

al. 2009). Data obtained in vitro from brain slices or from the isolated guinea pig preparation 

have demonstrated that the onset of LVF seizure-like discharges, induced by amino acid or 

low doses of bicuculline, coincides in the entorhinal cortex (EC) or hippocampus with robust 

inhibitory events in principal, excitatory neurons, along with sustained interneuron activity 

(Curtis and Avoli 2015; Lopantsev and Avoli 1998; Žiburkus1 et al. 2006; Gnatkovsky et al. 

2008; Uva et al. 2015). In line with this evidence, optogenetic stimulation of the 

parvalbumin- or somatostatin-positive interneurons can initiate LVF seizure-like discharges 

similar to those occurring spontaneously (Shiri et al. 2016; A. Bragin et al. 1999). 

Experimentally, LVF onset seizures are also recorded in status epilepticus-induced models of 

mesial temporal lobe epilepsy [16-20]. Single-unit recordings obtained in vivo from the 

hippocampus of these epileptic animals have shown that seizure onset correlates with an 

arrest of the principal neurons firing together with an increased interneuron discharge 
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(Grasse, Karunakaran, and Moxon 2013; Toyoda et al. 2015). Since the specific imbalance 

between the excitation and inhibition at LVF onset has only been identified in 

pharmacological and optogenetic models, the role of this mechanism in the generation of 

spontaneous LVF seizures in humans with epilepsy remains unclear. Prior in vivo 

extracellular recordings of action potentials during spontaneous neocortical seizures with 

LVF onset in humans has demonstrated both highly heterogeneous ensemble activity 

(Truccolo et al. 2011) and suppressed firing, followed by a slowly propagating wave of 

increased neuronal firing (C. a. Schevon et al. 2012). Hence, in this study, we analyzed the 

microelectrode recordings of local field potentials (LFP), high-frequency oscillations and 

action potentials in human mesial temporal structures during spontaneous LVF onset 

seizures. A neurophysiological signature of LVF activity is an increase in ripple rates with 

minimal changes in the fast ripple rate (Shiri et al. 2016; Levesque et al. 2012). To 

investigate excitatory/inhibitory balance during LVF activity, we utilized single unit analysis 

to discriminate the action potentials generated by putative excitatory neurons from those 

generated by putative inhibitory neurons.  

The first aim of this study was to develop and evaluate a method to identify the SOZ 

using a machine learning approach based on biomarkers extracted from features of the ECoG 

signal to identify SOZ. In addition, we differentiated those channels with the seizure activity 

from those that did not show seizure activity. Second, we aimed to study the difference in 

HFO rates as a biomarker for seizure onset on three different time domains and then correlate 

them with the reported seizure onset zone, resected area, and the outcome of surgery. Third, 

through our research, we explored whether there is an imbalance in the neuron level between 

the inhibitory and excitatory neurons at the LVF onset of spontaneous limbic seizures in 

humans. 
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1.1  Research Aims 

The goal of the interdisciplinary research was to develop a unified framework to precisely 

localize seizures in humans. In particular, we have: (1) developed a novel biomarker to 

identify and classify SOZ and non-SOZ electrodes; (2) identified and evaluated HFO and 

FHFO rates in different time epochs to correlate the result with reported SOZ from 

neurosurgeons, resected area, and outcome of surgery; (3) studied neurons from 

microelectrodes in humans to investigate the difference between the inhibitory and excitatory 

neurons in LVF seizure onsets. We pursued these objectives via the following aims: 

Aim 1: Robust biomarker to classify SOZ and non-SOZ.  

The study of high-frequency oscillations (HFOs) and interictal HFOs to localize the brain 

area where spontaneous seizures initiate (i.e., the SOZ) is of a large clinical interest). HFOs 

can be detected at the microscopic and macroscopic scale recording. Advances in empirical 

evidence and theories present opportunities to better understand the nature and role of these 

signals in characterizing and modeling SOZ. In addition, the types and origin of seizure vary 

across the population. Statistically, all areas of the brain are equally likely to be the origin of 

seizure since there is no single correspondence between the HFOs and types of seizure. In 

addition, the presence of artifacts, spikes, and noise makes it very hard to identify SOZs 

through visual inspection, even for an expert. Also, it takes a long time (~10 hours to visually 

mark HFOs in a 10-channel 10-min recording) to examine data recorded over several days to 

identify the SOZ visually. To plan the surgery, at least two neurologists must agree on their 

determination of the resection area. To address the issues, as mentioned earlier, we propose to 

develop a multivariate approach to find robust neuro-biomarkers that are invariant to 

technical variations and consistent across the population over long hours of recording. The 

primary goal is to develop a decision support system to identify candidate SOZs to help 

inspect the recordings online, reduce the planning time of surgery, and improve surgical 
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outcome by accurately localizing the SOZs despite the presence of artifacts and individual 

variations. The interaction between different electroencephalography (EEG) frequency bands 

has been widely investigated in normal and pathologic brain activity. We are interested in 

understanding whether one frequency band modulates the activity of a different frequency 

band on seizure onset. We studied the phase lock value (PLV) obtained from phase-amplitude 

coupling (PAC) between high gamma (80-150 Hz) and lower frequency (4-30 Hz) as a 

biomarker to robustly predict the SOZ from intracranial EEG.  

Aim 1.1: Machine learning approach to classify SOZ and non-SOZ channels: We 

adopted a machine learning approach that uses features derived from the PLV values to 

classify electrodes with and without seizure activities. We also wish to render a model to save 

time and effort to localize SOZs while the epileptologists perform the visual inspection. This 

approach should allow the detection of true SOZs in cases where expert judgment fails.  

Even though the machine and the model may look proper, all the proposed methods 

should be evaluated subjectively and objectively. We will ask neurologists to cross-validate 

our results (notably, clinical discussion is a very costly and lengthy process).  

Aim 1.2: Evaluation of the results with the outcome of surgery and visually identified 

SOZ: Further, we compare our results with the epileptologists gold standard methods and the 

outcome of seizure surgery. The goal is to employ most of the criteria that epileptologists 

consider to identify SOZ and develop an automatic and fast model to classify SOZ and non-

SOZ electrodes. 

Aim 2: Study the rate of HFO and FHFO in different epochs of time and compare this rate 

with reported SOZ and resected areas. 

We studied the difference of HFO /FHFO in different epochs that included the 

following: the night before seizure, resting state before seizure (we will refer to it as “awake 

period”), pre-ictal and ictal. The aim of this analysis is to find the rate of HFO/ FHFO in 
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which the epoch is more correlated with SOZ, the resected area, and finally with surgical 

outcome. In this study, HFO/ FHFO detection is not a patient base.  

Aim 2.1: Automated algorithm to find HFO and FHFO 

To detect the HFO/FHFO, we developed an algorithm that is not in the patient base and does 

not require any tuning for HFO/FHFO detection. For this detection, we will reject the artifact 

and spike waveform prior to the HFO/FHFO final result.  

Aim 3: Imbalance in the neurons level at the LVF seizure onset of human neuronal spiking 

activity during limbic seizure initiation and spread is highly heterogeneous. Thus, this 

suggests complex interactions among different types of neurons. During spontaneous low-

voltage fast (LVF) onset seizures in animal models of mesial temporal lobe epilepsy (MTLE), 

the firing rate of inhibitory interneurons increases, while the firing rate of the principle 

neurons decreases and then rebounds. We asked whether spontaneous focal seizures in 

patients also exhibit similar changes in putative excitatory and inhibitory firing during LVF 

activity. 

Overall, our research focused on developing novel approaches toward finding 

biomarkers and evaluating the results with the real surgery outcome to determine the SOZ 

precisely; however, at the end, we studied the possible causes of seizures in neuron level for a 

very typical MTLE seizure onset type (LVF). The outcome of this research assists experts’ 

judgment to identify SOZ.  

Aim 3.1: Spike sorting 

To be able to answer the question as to whether inhibitory neurons start firing prior to 

excitatory neurons, we first need to detect action potentials and second to separate them from 

each other. In this study, we used Waveclus software to detect the action potentials. Next, we 

used K-mean clustering to separate the putative neurons into two well-known groups: 

inhibitory and excitatory interneurons. At the end, we double-checked whether we could 
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successfully separate them and whether or not they were categorized correctly. As we know 

from animal models, inhibitory neurons are phase locked with LVF activity, which is not the 

case for excitatory neurons. We will check whether our putative interneurons follow the same 

concept. 

 

1.2   Broader Impacts 

The studies described here reflect an interdisciplinary blend of engineering and neuroscience. 

The outcomes of these studies will enable neurosurgeons to identify SOZ and obtain the 

Engle I outcome of surgery both quicker and more accurately.  

1.3  Novelty 

In our research, one of the key innovations was to find a new biomarker based on the features 

extracted from PLV and using Machine learning approaches to classify the SOZ and non-

SOZ channels.  

The second innovative aspect of our approach was the finding that spontaneous low-

voltage fast limbic seizures in humans exhibit a specific excitatory-inhibitory imbalance at 

seizure onset. Intracellular recordings during low-voltage fast (LVF) onset seizures from the 

entorhinal cortex in animal models of mesial-temporal lobe epilepsy have demonstrated that 

these seizures are initiated by a synchronous inhibitory event. We proved that spontaneous 

limbic seizures in patients with medically refractory mesial-temporal lobe epilepsy also 

exhibited increased firing of inhibitory interneurons at onset.  

 

1.4  Significance  

An accurate biomarker to automatically identify SOZ and non-SOZ electrodes:  

Recently, researchers have proposed the high frequency oscillation (HFO; gamma: 40-100 

Hz, ripples: 100-200 Hz, and fast ripples: 250-500 Hz) of neural activities as an indicator of 

the seizure-generating site (G. A. Worrell et al. 2004; Engel and da Silva 2012; J. Jacobs et 
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al. 2012; Julia Jacobs et al. 2010; Jirsch et al. 2006). It has also been demonstrated that HFO 

carries information distinct from that provided by low-frequency discharges (G. A. Worrell et 

al. 2004; Engel and da Silva 2012; J. Jacobs et al. 2012; Julia Jacobs et al. 2010; Jirsch et al. 

2006). Further, ripples have been found to coexist with various background EEG patterns 

(Melani et al. 2013). In addition, surgical resection of the areas generating ripples and fast 

ripples coexisting with flat background EEG activity has been found to significantly correlate 

with a seizure-free outcome (Kerber et al. 2014). Moreover, the resection of areas generating 

ripples with a continuously oscillating background EEG pattern showed no positive 

correlation with post-surgical outcome (Kerber et al. 2014). It has been shown that HFOs are 

also present in intracranial EEG recording from normal brain regions and even in non-

epileptic subjects (Blanco et al. 2011). The presence of these physiologic events complicates 

the use of HFOs as biomarkers in epilepsy. 

In light of these limitations, some studies have looked at the interactions between different 

rhythms to localize the seizure onset (Catalina Alvarado-Rojas et al. 2014; C. Alvarado-Rojas 

et al. 2011). Specifically, cross frequency coupling (CFC) in the form of modulation has been 

explored as a predictive feature of seizures. Phase-amplitude coupling (PAC) occurs when 

the amplitude of a faster rhythm is coupled to the phase of a slower rhythm. Phase locking 

value (PLV) has been used to calculate the phase synchrony between two frequency bands 

(Mormann et al. 2005). Recently, CFC of ictal ECoG recordings was shown to characterize 

SOZ successfully (Shennan A Weiss et al. 2013; Shennan Aibel Weiss et al. 2016; R T 

Canolty et al. 2006). In particular, it has been shown that PAC between the phase of low-

frequency and amplitude of high frequency oscillations was more useful for the localization 

of an epileptic focus than the amplitude of high gamma alone (Shennan A Weiss et al. 2013). 

By employing microelectrode array recording, Weiss et al. calculated PLV and phase locking 

high gamma (PLHG) measures to identify the SOZ. By adapting a threshold on PLHG, Weiss 
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et al. (Shennan A Weiss et al. 2013) could differentiate the core seizure territory (SOZ) from 

the surrounding penumbra. We obtained the Phase locking Value (PLV) of ictal ECoG 

recordings using standard intracranial electrode arrays. Therefore, we hypothesized that PAC 

between the amplitude of high frequency (80-150 Hz) and phase of low frequency (4-30 Hz), 

recorded from ECoG data immediately before and after seizure onset, could be used as a 

biomarker to identify SOZ. 

Unbalance of excitatory and inhibitory influences leading to seizure generation: 

It is widely accepted that the development of epileptiform activity results from a shift in the 

balance between excitation and inhibition (Dichter and Ayala 1987; Tasker and Dudek 1991). 

One of the few treatment options available to patients with pharmacoresistant focal epilepsy 

is to identify the brain area from which seizures arise and remove it. As the risks to the 

patient from such a procedure are substantial, it is necessary to define the epileptogenic zone 

as accurately as possible (Rosenow and Hans Luders 2001). Key localizing information 

should be available from subdural EEG recordings, but animal studies suggest that there may 

be a major pitfall in how EEG recordings are interpreted. Studies of epileptiform propagation 

in mouse brain slices clearly show territories ahead of the ictal wavefront where there are 

very large amplitude excitatory and inhibitory conductances, with little postsynaptic 

recruitment (Trevelyan et al. 2006; Trevelyan, Sussillo, and Yuste 2007; Trevelyan 2009). 

Similar patterns have also been recorded in vivo in animals following focal injection of 

GABAA antagonists (Avoli et al. 2016; Schwartz and Bonhoeffer 2001). The ictal wavefront 

generates huge feedforward excitation, yet a rapid feedforward inhibition provides a powerful 

restraint. We hypothesized, therefore, that if such a restraint is also present in naturally 

occurring (clinical) epilepsy, there should exist a 'penumbra' around the ictal activity where 

there are large amplitude EEG signals, reflecting feedforward synaptic currents, but with little 

actual local recruitment of neurons. It will be important to identify some of the sites where 
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large EEG signals do not correspond to local firing, because this may confound how we 

localize seizures. 

To examine this hypothesis, it is necessary to map out actual firing patterns over spatially 

extended territories during seizures and contrast these with the spread of postsynaptic 

currents away from the ictal focus. This has recently become possible following the 

development of microelectrode arrays (MEAs) suitable for use in humans (Waziri et al. 2009; 

C. A. Schevon et al. 2009). Here, we have presented a series of MEA recordings to show the 

spatial pattern of Low Voltage Fast (LVF) activity at the onset of clinical seizures. We further 

characterize the activity patterns of inhibitory and excitatory neurons at different regions of 

the brain (entorhinal cortex, hippocampus, and amygdala), and we will compare the pattern of 

each group of neurons ipsilateral and contralateral to SOZ. 
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Research Context 
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Epilepsy is one of the most common neurologic diseases, with a 1% prevalence in the 

population. Approximately one-third of the newly diagnosed cases will become medically 

refractory epilepsy (MRE) (Asadi-Pooya et al. 2016). Temporal lobe epilepsy (TLE) is the 

most frequent type of focal refractory epilepsy, accounting for two thirds of localization-

related epilepsies (Kelvin et al. 2007). Surgical resection of MRE aims to reduce the 

frequency and intensity of seizures, thereby reducing neurological disease and antiepileptic 

drug toxicity, and lastly, the potential curing of the patient. Preoperative evaluation involves a 

team of neurologists, neurosurgeons, neuropsychologists, radiologists, technicians, nursing, 

and ancillary staff and requires structural and functional imaging, prolonged video-EEG 

monitoring, and neuropsychological assessment. Contemporary advances in imaging, apart 

from electrophysiologic localization techniques, have enabled more patients to benefit from 

respective surgery. A randomized controlled trial (RCT) studied the seizure outcome of 

epilepsy surgery in MRE TLE and showed it to be more efficacious compared to prolonged 

antiepileptic drug (AED) therapy (Wiebe and B 2001). Some studies have shown that the 

excess mortality associated with MRE is eliminated in patients who are seizure-free after 

surgery (Sperling Michael R. 2015).  

2.1   Definition and impact of temporal lobe epilepsy (TLE) 

According to the International League Against Epilepsy (ILAE), an epileptic seizure is a 

paroxysm originating from abnormal, excessive, or synchronous neuronal activity in the brain 

(Fisher et al. 2014). Epilepsy is a disorder of the brain defined by an enduring predilection to 

generating seizures and the cognitive, psychological, and social consequences of the disease. 

Further, epilepsy itself increases the risk of accidents and sudden unexpected death (SUDEP) 

(Novak et al. 2015). The definition of epilepsy details the manifestation of at least two non-

provoked electrographic seizures. Epilepsy is a broad category of symptom complexes arising 

from disordered brain functions that may be secondary to a variety of pathologic processes. 
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In TLE, the most common pattern, the seizures begin at the mesial or neocortical temporal 

lobe structures. 

2.2   Temporal lobe epilepsy surgery  

2.2.1 History of epilepsy surgery  

The history of epilepsy surgery is believed to have started in the 19th century in London, 

England, when Victor Horsley operated on a 22-year-old man with focal motor seizures 

caused by a depressed skull fracture (Eadie 2005). This created an interest in the possibility 

of surgical resection by removing what was probably thought to be a seizure-generating 

brain. In particular, this helped researchers discern the role of the temporal lobe as a critical 

localization of MRE. The pioneering work of Jasper and Penfield in Montreal, Canada, in 

addition to that of Bailey and Gibbs in Boston, USA, led the anterior temporal lobe (ATL) 

resection (Penfield and Jasper 1954).  

2.2.2 Indications for epilepsy surgery candidacy  

Clearly, the seizures need to be resistant to medical therapy. MRE has now been defined as 

the failure of adequate trials of two tolerated and appropriately chosen and used AED 

schedules (whether as monotherapies or in combination) to achieve continual freedom from 

seizures (Leppik 2010). Subjects with resistant epilepsy might be better served at centers for 

16 comprehensive evaluations and presurgical work-up. Next, the clinical diagnosis should 

be focal epilepsy. Although a higher age (over 50 years) is not a contraindication for TLE 

surgery, it has been shown in several reports that seizure outcome is more favorable in 

younger patients (Yun et al. 2006; Srikijvilaikul et al. 2011). For patients older than 50, the 

risks for surgical and neurological complications are, as expected, rather higher (Marks 

2002). While normal intelligence is not a prerequisite for surgical inclusion, cognitive 

disability raises the chance of multifocal and multilobar epileptogenicity; however, it has 

been revealed that patients with a low IQ can be helped with surgery, in particular, those with 
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lesion-positive TLE, although the seizure outcome at the lowest IQ level was not found to be 

helpful. In order to make final recommendations, the cognitive effects of epilepsy surgery 

and psychosocial outcome in this latter group of patients should be studied further in detail 

(Smith and Puka 2016). Patients with long-lasting psychiatric diseases are usually not 

excluded from surgical evaluation, but preoperative counselling with a psychiatrist familiar 

with epilepsy surgery is compulsory. Conversely, surgery would be precluded for patients 

with active psychosis, depression, or a significant personality disorder because of the inability 

of the patients to cooperate in the evaluation and difficulty in post-operative rehabilitation.  

2.2.3 Preoperative evaluation  

To achieve a seizure-free state with no side effects, a patient's epilepsy must be thoroughly 

characterized prior to surgery. This presurgical evaluation involves identifying the 

epileptogenic zone (EZ)—the area of the cortex that can generate epileptic seizures—and that 

if removed, would stop the seizure activity (Rosenow and Hans Luders 2001). However, it is 

not possible to definitively identify the EZ in advance of surgery. It is only possible to 

estimate the tissue boundaries of this area using a variety of diagnostic tools including EEG 

and neuroimaging techniques. 

The EEG aids in locating the seizure onset zone (SOZ), the cortical region from which 

seizure generation can objectively be measured. A neurologist using standard visual analysis 

of the raw EEG, which may include both scalp and intracranial recordings, identifies seizure 

onset and offset times. SOZs are defined electrographically as the electrode(s) with the 

earliest seizure activity. The SOZ and EZ do not necessarily overlap; clinical results have 

demonstrated both positive and negative results in relation to seizure freedom following the 

removal of SOZs. It is hypothesized that the EZ is a combination of the SOZ and a potential 

seizure onset zone (see Figure 2-1), as tissue areas in unresected potential SOZs have been 

shown to trigger seizures post-epilepsy surgery (Lüders et al. 2006). 
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Neuroimaging techniques are used to detect abnormalities of the brain both in structure 

and function. Magnetic resonance imaging (MRI) is the preoperative imaging of choice for 

the discovery of morphological brain abnormalities or lesions (Figure 2-2). Such 

abnormalities, including tissue scaring (sclerosis), vascular, and developmental 

malformations, and tumors, are investigated to determine their involvement in the seizure 

activity. Similarly, positron emission tomography (PET) is a technique that measures the 

cellular activity in the brain. Areas of the brain with abnormal levels, high or low, may also 

point to the EZ (Werz and Pita 2010). While brain malformations may aid in the 

identification of the EZ, a larger number of patients present with unrelated brain irregularities 

or none at all. 

It is critical to identify the exact cortical region responsible for seizure generation, not only to 

allow for a positive surgical outcome, but also to prevent postoperative neurological deficits. 

Eloquent cortex describes brain tissue that, if removed, will result in a functional deficit, 

which can rang from paralysis, a loss in sensory processing, and cognitive deficits. As a 

result, there is a fine balance in maximizing the excision of the EZ while minimizing that of 

the eloquent cortex during epilepsy surgery. 

 

 

 

 

 

 

 

Figure 2.1. The epileptogenic zone. The diagram shows the actual and potential SOZ, along with the surgical 

resection area. Since the resection includes both SOZs, the outcome of this surgery is a seizure-free case [60]. 

Actual SOZ Potential SOZ  

Surgical excision 
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Figure 2.2. Typical imaging finding from generalized tonic-clonic seizure (GTCs). The patient is a 38-year-old 

male who experienced his first seizure when he was 16 (from Johns Hopkins Hospital 2017). 

a) Location of depth in the hippocampus and grids on cortex; 

b) 3T MRI shows apparent thickening of the dorsal left perihippocampal gyrus (circles). 

2.3 Invasive EEG evaluation 

2.3.1 Indications  

In a large fraction of TLE patients, the MRIs suggest unilateral MTS and concordant 

interictal and ictal scalp-EEG recordings, functional imaging, and clinical findings; hence, 

a) 

b) 
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allowing straightforward surgical treatment. When non-invasive studies remain in 

disagreement or inconclusive regarding localization of SOZ, this indicates video-EEG with 

intracranial EEG electrodes. In general, the use of invasive EEG occurs for non-lesional focal 

epilepsy (as determined by the aforementioned protocols), lesional but disagreeing scalp-

EEG or other non-invasive findings, bitemporal or frontotemporal, rare occurrences in TLE, 

and the demarcation of the eloquent areas (language/motor/memory) with an array of contacts 

(Rosenow and Hans Luders 2001). The main advantages of IEEG contacts and evaluation are 

improved spatial resolution and the ability to record higher bandwidth, which are filtered and 

attenuated in surface EEG. iEEG also creates the prospect of interrogating the deep 

anatomies, such as basal and mesial temporal structures, or even the thalamus. Conversely, 

the disadvantage of subdural EEG contacts is their incomplete coverage of the whole brain; 

with intracerebral depth contacts, this area is even more limited. If the actual SOZ is outside 

of the area covered by the electrodes, the electrodes are measuring seizure spread instead of 

the initial focus. Van Loo described a failure rate of 2%–53% in localizing the SOZ with the 

invasive EEG methods used in their studies (Van Loo, Pieter et al. 2011). The additional 

costs and possible complications related to the invasive procedures should always be taken 

into account when the intracranial EEG evaluations with individual patients are considered. 

Costs per case range between 75,000 and 250,000 dollars (in 2016-2017).  

2.3.2 Intracranial electrodes  

Subdural strip contacts are the devices most commonly used in invasive preoperative EEG 

assessment of TLE patients. The strip electrodes consist of 4-10 platinum or stainless steel 

contacts in a single row, which can be positioned directly on the cortex into the subdural 

space through burr holes. Assignment of the contacts is individually customized according to 

the hypothesis of the SOZ suggested by phase 1 monitoring. The subdural strips and grids are 

most often placed bilaterally, covering the basal and temporal lateral lobes as well as a part of 
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the frontal lobe, including the orbitofrontal cortex (Figure 2-3). Naturally, the ideal setting 

varies among centers conferring to their conventional practice and indication for iEEG. DBS-

like or depth contacts (Figure 2-2) can be valuable in patients with MTLE to define the side 

of SOZ. Subdural electrodes are 20% less sensitive than depth electrodes when used to detect 

seizures starting in the hippocampus. When the subtemporal subdural electrode covers the 

parahippocampal area medially to the collateral sulcus, the seizures are with a high degree of 

localized precision, which is consistent with the consequences from depth electrodes 

recording (Eisenschenk et al. 2001). Correct implantation of depth contacts necessitates a 

stereotactic device using the occipital approach, implanting one electrode on each side along 

the axis of the hippocampus and lastly entering the amygdala, or two electrodes through the 

lateral temporal cortex to the hippocampus and amygdala. The practice of depth electrodes 

increases the risk of intracerebral hemorrhage because it is more invasive than subdural 

implantation. A grid array consists of multiple electrodes fixed in a flexible sheet of silicone, 

which can be implanted in an open craniotomy to cover large areas of the cortex. To localize 

the SOZ, it can also be used to demarcate so-called eloquent areas by cortical stimulation. 

Grid electrodes are principally used to assess patients with extra-temporal epilepsy. 
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Figure 2..3. The spatial placement, coverage, and number of implanted iEEG electrodes are dictated by 

the size and location of the SOZ, as identified during the pre-surgical planning phase. a: 2x8 electrode grid 

within the interhemispheric space; b: 2x8 electrode gr grid on the temporal lobe; c: 4x4 grid over the frontal and 

temporal lobes; d: 8x8 grid over the frontal lobe (Voorhies and Cohen-Gadol 2013). 

 

2.3.3 Complications  

The amount of patients necessitating iEEG evaluation in epilepsy centers is decreasing due to 

development of non-invasive methods. There remains a subgroup of patients for whom iEEG 

evaluation is needed, and the risks and benefits must be weighed for each patient. Several 

retrospective series of complications related to invasive evaluation have been reported, and 

the rate of major adverse events causing permanent deficits appears to be low (Önal et al. 

2003). The most common complications, as with most surgical procedures, are infections and 

hemorrhage. Invasive monitoring with grid electrodes is associated with more significant 

problems (Noe et al. 2014; Van Gompel et al. 2008). In three of these articles, reported deaths 

have been mainly associated with uncontrollable brain edema. Most of the complications 
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were, however, transient, and their occurrence was associated (e.g., with the larger and 

greater number of grids and a longer duration of evaluation and older age of the patient). 

Subdural grid implantation seems to be better tolerated in children than in adults (Van 

Gompel et al. 2008). Researchers have suggested that the greater plasticity of children’s brain 

tissue and veins, as well as a greater tolerance for foreign bodies, could explain the lower rate 

of complications in pediatric populations (Noe et al. 2014).  

2.3.4 Strategies for operative treatment  

Since the pioneering work by neurosurgeons Penfield, Bailey and Falconer on TLE surgery, 

many modifications of customized and anatomical temporal lobe resections have been 

adopted. The median length of resection from the temporal tip was 5.5 cm in the 

nondominant lateral temporal cortex (range 2–6.5 cm), 4.5 cm on the dominant side (range 2–

6 cm), and 3 cm of the hippocampus (range 1–3.5 27 cm) (Rosenow and Hans Luders 2001; 

Wiebe and B 2001). It is hoped that resection of the SOZ leads to seizure control, seizure 

freedom, or successful surgery followed by no negative impact on mental capacity, and no 

effect on postsurgical memory. In several studies, classical anterior temporal lobe resection, 

including amygdalohippocampectomy vs. selective amygdalohippocampectomy (SAH), has 

been evaluated to determine its impact on the seizure outcome. Most of the retrospective 

analyses have concluded that these different strategies for surgical approaches result in 

equally good seizure outcomes (Hu et al. 2013)(Staba et al. 2002). There are reports of worse 

outcomes with pediatric patients undergoing SAH, which casts into doubt the existence of 

purely mesial juvenile TLE (Mansouri et al. 2015). The impact of the extent of mesial or 

neocortical resection in TLE on the seizure outcome is controversial. Some studies show 

better seizure outcomes with extensive resection of the hippocampus or the entorhinal cortex 

(Al-Otaibi et al. 2012). All larger resection volume has been associated with improved 

seizure control (Gump, Skjei, and Karkare 2013); however, no benefits have been observed 
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regarding the relationship between more extensive resections and seizure control (Jehi, 

Wyllie, and Devinsky 2015). It has been reported that a greater resection of the hippocampus 

may predict a better outcome; however, this was not associated with the extent of resection of 

the lateral temporal gyri (Joo et al. 2005). There is a considerably greater disparity among 

epilepsy centers in terms of the extent and types of resection in temporal lobe surgery for 

epilepsy. Also, neither more selective types of resection nor a larger extent of resection have 

been proven to achieve a better seizure outcome. For decades, many epilepsy centers have 

used intraoperative electrocorticography (ECoG) to define the extent of both mesial and 

lateral temporal lobe resections. However, the use of intraoperative ECoG as a guide for 

surgery to achieve better seizure outcome is controversial. The presence of spikes outside the 

boundaries of neocortical temporal resection areas, as guided by ECoG, have not correlated 

with outcome (Krendl, Lurger, and Baumgartner 2008). The recorded post-resection epileptic 

discharge did not correlate with the outcome, and neither did recorded post-resection 

discharge predict clinical seizures (Schwartz et al. 2000). Intraoperative hippocampal ECoG 

has also been used in guiding the custom resection of the hippocampus, which may 

potentially allow the functionally important hippocampus to be left behind. McKhann et al. 

found that hippocampal ECoG predicted how much of the hippocampus should be removed 

to maximize seizure-free outcome (McKhann et al. 2000). Intraoperative ECoG has also been 

used in predicting seizure outcome in selective amygdalohippocampectomies. ECoG has also 

been used to guide the extent of resection for removing lesions associated with temporal lobe 

epilepsy. The critical question is whether to remove only the lesion or to perform more 

aggressive resection to achieve better seizure control. In their series of 61 patients with 

temporal lobe cavernomas, Van Gompel et al. recently demonstrated that the use of 

intraoperative ECoG was associated with larger resection and an improved seizure outcome 

(Van Gompel et al. 2008).  
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2.3.5 Seizure outcome of surgery  

The most widely utilized classification system for postoperative seizure outcome has been 

adapted from Engel (Table 1) (Durnford et al. 2011). However, the category of patients free 

of disabling seizures (Class I) does not separate those patients with postoperative auras, and 

the outcome measure ‘≥ 50% seizure reduction’ is missing from the classification, which is 

typically used in antiepileptic drug trials (=Engel IVA). Taking these issues into account, the 

International League Against Epilepsy (ILAE) issued a commission report proposing a new 

outcome classification 29 (Table 2), which also counts seizure days rather than total number 

of postoperative seizures 
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Chapter 3 

Electrophysiologic Biomarkers of Seizure Onset 

3.1 Interictal Biomarkers 

Epileptic seizures serve as the gold standard for SOZ localization during the invasive 

monitoring session for patients undergoing evaluation for respective surgery. So-called ictal 

EEG are suboptimal in terms of cost, risk, time, and morbidity; however, the EEG is not 

without sporadic markers of epileptogenicity between ictal (seizure) events. The most 

obvious events are interictal spikes or IEDs, High Frequency Oscillations (HFO), and more 

recently, phase-amplitude coupling (PAC) events ( a Bragin et al. 1995; A. Bragin et al. 

2002). IEDs and HFO have been more heavily investigated than PAC but these interictal 

biomarkers are not currently used in clinical practice in the United States. Unfortunately, 

clinical acquisition does not provide adequate spectral bandwidth to acquire these events, 

therefore data must be collected using special equipment with capability of high frequency 

sampling. Notably, these events cannot be captured on scalp EEG (G. a. Worrell et al. 2012). 

3.1.1 What is High Frequency Oscillation (HFO)? 

Over the last decade, High Frequency Oscillations have been studied extensively as a 

promising interictal electrophysiologic biomarker of seizure activity and onset in humans, in 

animals, and in vivo. Studies have shown that HFOs might be useful in identifying SOZ, and 

may even have utility in distinguishing pathologic from non-pathologic seizures and the 

prediction of the temporal patterns of onset (temporal prediction in addition to spatial) 

(Varatharajah et al. 2017). HFO is defined as an electrophysiologically detectable oscillation 

with a central frequency between 30-600Hz. EEG bands are conventionally characterized as 

slow at less than 1Hz, delta between 1 and 4 Hz, theta between 4 and 8Hz, alpha between 8 

and 13Hz, beta between 13 and 30Hz, gamma above this, and ripple above that. There is 

some loose convention with bands above 30Hz as being low gamma at 30-60Hz, high gamma 

at 60-100Hz, ripple from 100-250Hz, and fast ripple up to 600Hz. The high frequency 
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oscillations are essentially all those above 30Hz. They are transient, possessing multiple 

‘turns’ that are sinusoidal (See Figure 3-1). These events occur on the order of a few dozen 

milliseconds and occur spontaneously in the hippocampus, primarily during slow wave sleep, 

and can also be seen in the neocortex (Gloss, Nolan, and Staba 2015; Grenier, Timofeev, and 

Steriade 2001; Matsumoto et al. 2013). Recently, there has been a discussion on differences 

between real and not-real HFO (Benar et al. 2010; Amiri et al. 2015). Amiri et al. discussed 

how filtering can introduce false HFOs (Amiri et al. 2015). They reported a multivariate 

method (Support Vector Machine) to classify the real and False HFOs from the raw and 

unfiltered signal; Benar et al. advocated that a real HFO is expected to be detected in the raw 

signal by visual inspection; otherwise, it would be discarded (Benar et al. 2010). In addition, 

they have suggested analyzing the time-frequency representation of HFOs to define whether 

an HFO is real or false. Based on their approach, a transient event and an oscillation have a 

different signature; a real HFO is represented by an isolated peak in the time-frequency plot 

(restricted in frequency, an “island”) located in the frequency band of 80-500 Hz, while a 

transient event generates an elongated blob that is extended in frequency. At the HFO 

detection stage, the oscillatory component of a real HFO satisfied criteria on energy and 

duration, while that of a spurious HFO did not, which leads to its rejection as an HFO (Chaibi 

et al. 2014). 
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Figure 3.1. Demonstration of High Frequency Oscillations (HFO). First panel shows the raw interacranial EEG 

data, middle panel illustrates the filtered signal in high gamma band, and the bottom panel illustrates the 

matching pursuit illustration for the same channel and same epoch. As depicted in the last panel, HFO can be 

visually identified in time-frequency domain. 

3.1.1.1  Cellular mechanism of HFOs 

Of course, the details on the mechanisms of HFOs comes from animal experimentation and in 

vitro paradigms (Ylinen et al. 1995; Menendez de la Prida and Trevelyan 2011). In a normal 

mammalian brain, the local inhibitory network of cells is key in the development of HFOs. 

CA1 sharp-wave ripple complexes and during ripple HFOs and task-evoked fast ripple HFOs, 
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interneurons, which in the hippocampus are basket cells and in the neocortex fast spiking 

cells, fire regularly during HFO extracellular recording (J Csicsvari et al. 1999; Klausberger 

et al. 2003; Ylinen et al. 1995). GABA is thought to be the prime neuromodulatory molecule 

that controls the dynamics of this event, thereby governing the inhibitory postsynaptic 

potentials imposed on the principal cells. In the hippocampus, this role is on the pyramidal 

cells. In the neocortex, this is played out by intrinsic burst fast bursting cells. According to 

Buzsaki, this provides precise temporal windows, which regulate firing and coordinate 

excitatory synaptic transmission on postsynaptic targets (Ylinen et al. 1995; Singer 1999). 

This interaction between pyramidal cells in physiologic situations is observed in the encoding 

of information, motor integration, and memory consolidation processes. In the epileptic brain 

of mammals, however, the dynamics are different. In the hippocampus, a fast HFO (ripple 

range) is believed to signify brief bursts of population spikes generated from a cluster of 

synapsed pathological neurons (Staba et al. 2004; A. Bragin, Wilson, and Engel 2007). Some 

other investigations have shown a burst of population spikes for ripple HFO events in the 

dentate gyrus, which is an area that usually does not generate ripple range HFOs, which led 

that team to call such HFOs ‘pathological’. This definition is somewhat fluid, but was said to 

include population spikes within the ripple and fast ripple bands, and, as observed in the 

hippocampus (A. Bragin, Wilson, and Engel 2007; Engel et al. 2009). The in vitro work 

generally agrees with this finding, which shows that the recurrent excitatory network in CA3 

can generate patterns that synchronize with population spikes. Dentate and hippocampus 

experiments further characterized pathological HFOs after the suppression of GABA 

receptors (Foffani et al. 2007). Another study found increases in principal cells spiking with 

reduced interneuron firing that coincided with dentate pilocarpine epilepsy models (A. 

Bragin, Benassi, and Kheiri, Farshad, Jerome 2011). Principal cells in certain instances, along 

with interneurons, could explain the pathological HFOs in the high ripple range; however, in 

some patients, there is little evidence of any fast ripple firing when controlling for electrode 
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placement (Staba 2012; Ylinen et al. 1995). In Chapter 5, we further explain the contribution 

of ripples and fast ripples in SOZ.  

3.1.1.2  Recording, Detection using Macro- and Micro-electrodes 

Brain activity comprises a broad range of temporal interactions generated within the 

local and distal networks of neurons. Hence, these interactions can be parsed at many 

different time-scales separated by several orders of magnitude. At the most global level, 

shifts in voltage or direct current have been observed over minutes and hours of recording. 

Buried within this signal, there are oscillations of neuronal networks, which themselves range 

from infra-slow, slow-wave, and delta frequency rhythms generated by thalamocortical 

circuits (0.1-4 Hz, i.e., cycles per second). For example, during the deep sleep phases, delta 

waves are more dominant. Fast oscillations in the gamma and ripple frequencies (30-600 Hz) 

emerge from local synchronization of neurons in the hippocampus or the neocortex. Finally, 

at the millisecond level of the LFP, one can detect individual waveforms of 600-6000 Hz 

activity corresponding to action potentials fired by neurons, which can further be assigned to 

specific single cells (we talk in detail about this issue in Chapter 6). Action potentials emerge 

from the sum of synaptic interactions within a single neuron, whereas slow waves are the 

result of reciprocal projections between cortical and sub-cortical neurons in the thalamus and 

the basal ganglia. Both the local and the distal connections modulate the activity of neuronal 

networks, and are hence important in putting together the big picture (Le Van Quyen and 

Bragin 2007). The organization of the big picture—the brain—can be described in terms of a 

‘small-world network’, forming local and distant connections with all other nodes. 

Altogether, the connected nodes form a network with a micro- and macro-level structure, 

both locally segregated and globally distributed, reflected in its coordinated fast and slow 

activities. These activities can be captured at the same time when recorded with both micro 

and macro electrodes having different biophysical properties, as shown in Figure 3-2. The 
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two contact types have different sizes, and hence conduct current with impedances that 

measure voltage change generated across micro- or macro- neuronal circuits. 

 

Figure 3.2. Simultaneous data recording from micro- and macro-scale electrodes. https://newatlas.com/brain-

microelectrodes/12141/ 

Microelectrodes, which are typically 40 μm in diameter, probe the LFP changes and 

action potentials of neurons located as far away as 100-200 μm from the contact site. The 

amplitude of single neuron spiking decays exponentially with distance; therefore, action 

potentials can only be reliably detected above the level of electrical noise for neurons in the 

close vicinity of ~50 μm radius from the electrode (Buzsáki 2004). LFP, on the other hand, is 

not quite as influenced by the brief discharges of neuronal spiking themselves due to the 

longer-lasting extracellular currents that spiking produces. Micro-electrodes offer a high 

resolution view of specific neuronal assemblies, but cannot capture origins of a wider 

network activity. These transmembrane currents are the strongest around neuronal cell bodies 

and synapses where the action potentials are generated and travel along the somatodendritic 

tree, thus creating a field of current flow. When whole populations of neurons spike in unison 

and are arranged in layers with their projections aligned in one axis, a strong composite field 

of transmembrane current emerges parallel to the somatodendritic axis with a source in the 
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cell body layer (Nunez and Srinivasan 2006). LFP is the extracellular indirect measure of this 

current thought to originate within 250 μm from the recording electrode. However, the extent 

of LFP and its spread through brain tissue can be much greater depending on the geometry of 

neuronal network architecture, strength, and synchrony of network activity (Kajikawa and 

Schroeder 2011). The questions raised here are: How far does the LFP spread? Alternatively, 

what specific contributions to the field of transmembrane current remain to be elucidated? On 

top of the ion currents that drive membrane depolarization, there are more physiological 

processes that shape the local field, such as action potentials fired synchronously by many 

neurons, calcium spikes lasting 10-100ms, fluctuations in the membrane potential, membrane 

hyperpolarization (e.g., following action potentials, and other sources of current mediated 

through gap junctions) (Buzsáki and Wang 2012; Nunez and Srinivasan 2006). These will 

affect not only LFP but also the 'aggregate' field of the cortical surface ECoG and the scalp 

EEG signals. Taking all of the above-mentioned factors together, it is clear that the task of 

choosing the appropriate size of windows to look at our big picture is a challenging one. 

A reductionist approach can be taken to this problem by investigating the minimum 

volume of brain tissue that is sufficient for the coordinated activity of neuronal networks. 

High frequency oscillations spanning gamma (30-120 Hz), ripple (120-250 Hz) and fast 

ripple (250-600 Hz) bands are the fastest known examples of coordinated network firing, 

which is especially important in intracranial recordings from epileptic brains (G. a. Worrell et 

al. 2012). The fast ripple oscillations, which are characteristic of ictal and interictal 

epileptiform discharges, are confined to sub-millimeter volumes of brain tissue and can be 

generated in vitro in populations of 1000-2000 neurons. Such cell counts occupy a field with 

a radius of ~200 μm—a proposed critical volume for coordinated network activity—which 

roughly corresponds to the size of the microelectrode. This suggests that microelectrodes are 

capable of sampling the action potential firing and LFP oscillations of specific neuronal 

ensembles, at least in the fast ripple frequencies. 
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Both electrode types would still register oscillations in the lower LFP spectrum from the 

more widely distributed network oscillations, which are often observed on several adjacent 

macro-contact points. 

Considering all these concepts, neuronal activity is generated locally but mediates 

interactions across widespread network connections formed both within and across brain 

structures, much like the thalamocortical slow waves. Even though the optimal strategy to 

sample the broad spectrum of brain network oscillations is not yet known, the need for large-

scale sampling technologies is generally recognized. Other techniques for capturing action 

potentials involving arrays (a bundle of 8 micro-electrodes) that span specific cortical layers 

or subregions have also been used in combination with LFP, ECoG and EEG recordings (Le 

Van Quyen and Bragin 2007). Such large-scale recordings that employ complementary 

technologies are key to elucidating the big picture of the brain's oscillating clockwork. In 

subsequent parts of this subsection, there is a review of the existing and future technical 

solutions to the large-scale human intracranial recordings. 

Table 3.1. Engle Classification of prospective outcome [106]. 
 

 

  

  

  

  

Class I 

Free of disabling seizures. 

A. Completely Seizure free since surgery. 

B. Non-disabling simple partial seizures since surgery 

C. Some disabling seizures after surgery but free of disabling seizures at least for 2 years. 

D. Generalized convulsions with anti-seizure drugs discontinuation only. 

Class II 

Rare Disabling seizures “Almost seizure-free" 

A. Initially free of disabling seizures but has rare seizures now. 

B. Rare disabling seizure since surgery. 

C. More than rare disabling seizures since surgery, but rare seizures at least for last 2 years. 

D. Nocturnal seizures only. 

Class IIII 

Worthwhile improvement 

A. |Worthwhile seizure reduction. 

B. Prolonged seizure-free intervals amounting to greater than half the follow-up period, but not <2 years. 

Class IV 

No worthwhile improvement 

A. Significant seizure outcome. 

B. No appreciable changes. 

C. Seizures worse. 
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Table 3.2 IALE proposal for new classification of outcome with respect to epileptic seizures [78]. 

Outcome 

classification Definition 

1 Completely seizure-free, no auras 

2 Only auras, no other seizures 

3 One to three seizures days per year; ± auras 

4 Four seizures days per year to 50% reduction of baseline seizure days; ± auras 

5 Less than 50% reduction of baseline seizure days 

6 More than 100% increase of baseline seizures days ; ± auras 
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Chapter 4  

Interracial phase-amplitude coupling localizes epileptogenic tissue in temporal lobe 

epilepsy 

Epilepsy is a chronic disease defined by recurrent seizures (Leppik 2010). 

Approximately 1/3 of patients are not amenable to conservative treatment but can be 

evaluated for surgical resection of the pathologic brain tissue after failing enough anti-

epileptic drugs (AEDs). The purpose of this surgery is to remove the seizure onset zone 

(SOZ), defined as the area of cortex from which the seizures originate (Banerjee, Filippi, and 

Allen Hauser 2009; Geertsema et al. 2015). The gold standard method for the evaluation of 

SOZ is ictal recording from intracranial electroencephalogram (iEEG) and synchronized 

video (Geertsema et al. 2015; Kim et al. 2012). In this process, patients are implanted with 

multiple electrode arrays and monitored in the EMU. During this time, a great deal of 

interictal data is also recorded but is of less use to the clinical teams. Among the many 

electrophysiologic biomarkers being investigated (G. a. Worrell et al. 2012; Kim et al. 2012), 

phase-amplitude coupling is one which has emerged as a reasonable promising marker to be 

used in seizure prediction (Catalina Alvarado-Rojas et al. 2014) and detection (Kohtaroh 

Edakawa, Takufumi Yanagisawa, Haruhiko Kishima, Satoru Oshino, Hui Ming Khoo, Maki 

Kobayashi, and Yoshimine 2016). Interictal evaluations have largely involved cognitive or 

behavioral testing (Kucewicz et al. 2014, 2015) and have made assumptions that any 

electrodes in the seizure onset zone are of little consequence for analysis. The aim of this 

study is to investigate the role of phase-amplitude coupling to distinguish between electrodes 

in SOZ and non-SOZ. 

4.1 Phase Amplitude Coupling  

Greater insights into the neuronal mechanisms of large population behavior and the brain 

oscillations emanating therein during the interictal period could not only improve seizure 

onset localization and seizure prediction, but also help improve information surrounding the 
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pathophysiology of seizure initiation in the brain (Catalina Alvarado-Rojas et al. 2014). High-

frequency activity including gamma oscillations and ripples (up to 500Hz) have been 

associated with epileptiform activity in human epilepsies (R T Canolty et al. 2006; Julia 

Jacobs et al. 2016; Shennan A Weiss et al. 2016).  

The cortex has natural brain rhythms that span over five scales of magnitude (Buzsaki 

2006). Also, there is a logarithmic inverse relationship between power and frequency, known 

as power-law, where power drops off from low frequencies to high resulting in a 1/f 

relationship. This is a signature of scale-free systems (Buzsaki 2006), where higher 

frequencies are modulated by lower frequencies (in phase-phase or phase-amplitude coupled 

scenarios), larger networks are recruited by lower frequencies (Buzsáki 2004). There is 

evidence for these dynamics both physiologically and pathologically (Vanhatalo et al. 2004). 

In the temporal lobe, PAC between theta phase and high gamma amplitude is largely 

observed (R T Canolty et al. 2006; Ryan T. Canolty et al. 2012). In different anatomical 

areas, theta-gamma is not generally expected to be the relevant cross-frequency coupling of 

oscillations. Beta-gamma between thalamus and motor cortex or alpha-gamma (Osipova, 

Hermes, and Jensen 2008). The relevant cross-coupling has also been shown to be state 

dependent. In particular, Slow Wave Sleep has been shown as relevant for cross-frequency 

coupling. Edakawa recently showed that seizures can be detected using PAC when utilizing 

beta and high gamma as an adjunct to ictal biomarkers (Kohtaroh Edakawa, Takufumi 

Yanagisawa, Haruhiko Kishima, Satoru Oshino, Hui Ming Khoo, Maki Kobayashi, and 

Yoshimine 2016). Their work alluded to the possibility of interictal periods where PAC 

values increase and may generate false-positives in differentiating the ictal from the interictal 

state, but whether long periods of interictal time could be used to differentiate SOZ from non-

SOZ was not a question explored. Moreover, few studies have sought to obtain the best 

frequency range and best state in interictal time to determine the seizure onset zone or even 

whether the seizure onset zone can be determined using PAC as an interictal biomarker.  
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Coupling between slow potentials and HFA as a phenomenon is being actively studied 

in many diseases and in normal physiologic states. How this phenomenon relates to epilepsy 

is very much an open question, and insights can be gained into cortical network excitability 

(Catalina Alvarado-Rojas et al. 2014). It has been shown that slow oscillations are able to 

trigger and group HFA. The coupling between Berger bands and HFA has been termed 

nested oscillations, and may be a significant signature of cortical activation and perhaps a 

novel biomarker in epilepsy (Guirgis et al. 2015; Ibrahim et al. 2014; Maris, van Vugt, and 

Kahana 2011). Previous studies in iEEG have identified PAC of HFA (40-180Hz) being 

modulated by theta or delta (0.5-9Hz) (Catalina Alvarado-Rojas et al. 2014). These 

observations helped develop a notion to study in detail the physiology of PAC in patients 

with medically refractory focal epilepsy. 

The main aim of this study was to develop and evaluate a method for identification of 

the SOZ using a machine learning approach based on biomarkers extracted from the PLV of 

ictal ECoG recordings obtained using standard intracranial electrode arrays. We hypothesized 

that PAC between the amplitude of high frequency (80-150 Hz) and a phase of low frequency 

(4-30 Hz), when recorded from ECoG data immediately before and after seizure onset, could 

be used as a biomarker to identify SOZ. Also, we demonstrated that the features extracted 

from the PLV could automatically classify SOZ and non-SOZ electrodes. 

 
4.2  Methods 

4.2.1 Patient population 

This was a retrospective study of 18 patients with epilepsy who underwent a Phase II 

epilepsy surgery evaluation with intracranial electrodes at Le Bonheur Children’s Hospital in 

Memphis, Tennessee. The patients were evaluated between August 2013 and July 2015 

(Table 4-1). Eight patients who had no resection after their Phase II evaluation or had less 

than six months follow-up were excluded, leaving 10 patients (7 males, ages 23.0 ± 9.0 
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[mean ± SD] years) (Table 1). All patients had a diagnosis of medically intractable epilepsy 

and underwent pre-surgical evaluation including scalp video-EEG monitoring and MRI of the 

brain. Seven patients had temporal lobe seizures and three patients had extra-temporal 

epileptogenicity. Four patients with temporal lobe epilepsy underwent Phase II evaluation 

because they had a normal MRI of the brain. Three patients with possible mesial temporal 

sclerosis (i.e., Patients 1, 4, and 5) needed a Phase II evaluation for localization of the seizure 

focus. Patient 4 had left mesial temporal sclerosis in addition to left thalamic and generalized 

white matter volume loss. MRI of the brain in patients 1 and 5 showed reduced hippocampal 

size without an associated increased signal, and their scalp EEG features did not reveal a 

clear temporal lobe onset of seizures. Three patients with extra-temporal lobe epilepsy 

(Patients 2, 9, and 10) also had findings necessitating a Phase II evaluation. Patient 2 had a 

suspected non-lesional dominant frontal lobe focus, Patient 9 had tuberous sclerosis complex 

with multiple tubers; patient 10 had a prior resection in addition to the seizure origin being 

close to the visual cortex. 

Subdural grid and strip electrodes (4.5 mm diameter; 10 mm inter-electrode distance; 

PMT Corporation, Chanhassen, MN, USA) were surgically implanted to cover the probable 

epileptogenic area and, if necessary, to study the relation between the epileptogenic area and 

functional cortex. The postsurgical follow-up periods ranged from 6 to 28 months.  

4.2.2 Visual identification of SOZ and surgical outcome 

The recorded ECoG data were independently assessed offline by two board certified 

epileptologists (James Weless and Basanagoud Mudigoudar, Nuerologists in Le Bonheur 

hospital) to clinically delineate the SOZs corresponding to each of the 21 seizure instances in 

all patients (603 electrodes total). The SOZ was determined by the epileptologists based on 

the visual inspection of ECoG at ictal onset and during early spread. In patients with multiple 

seizure foci, the visually identified SOZ (vSOZ) comprised a set of all electrodes responsible 

for all of the captured seizures. All patients underwent epilepsy surgery. The resection area 
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was prospectively determined based on the vSOZ electrodes from the ictal ECoG recordings. 

When necessary, the SOZ for resection could be modified in relation to the eloquent cortex 

location that was identified by cortical stimulation mapping. Since this study was performed 

retrospectively, the results of this study were not used to guide the surgical decisions. 

Engel classification was used to classify the seizure outcome. The outcome was Engel 

Class I in six patients, Class III in one patient, and Class IV in three patients (Table 4-1). We 

simplified the seizure outcome into the following two groups for our analysis: Group I 

comprised the six Engels Class I patients who were completely seizure-free without auras for 

at least six months following surgery; Group II comprised the four non-seizure-free patients 

who all had improved seizure control, but were not seizure free. 

4.2.3 ECoG recording, PLV calculation, and extraction of features 

Subdural ECoG recordings were acquired using a standard clinical video EEG system 

(XLTEK, Natus Medical Inc., Pleasanton, CA, USA) with two additional subdural electrodes 

over brain regions without active discharges used as ground and reference electrodes. The 

ECoG data were recorded at 1 kHz after bandpass-filtering at 0.1-300 Hz. We used a bipolar 

montage with two pairs of adjacent electrodes after excluding those with artifacts.  

 

Table 4.1 Patients’ demographic and clinical data. CPS: Complex partial seizures; FCD: focal cortical 

dysplasia; FL: frontal lobe; PL: parietal lobe; TL: temporal lobe; OL: occipital lobe. 
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4 40/M 

Hippocampal 
sclerosis 

Left thalamic & 
hippocampal 

volume loss, & 
white matter 
volume loss 36 CPS Left TL 2 40/14 16 I 

5
5 19/F 

Hippocampal 
sclerosis 

Left hippocampal 
volume loss 6 CPS Left TL 3 48/12 5 I 

6
6 21/M FCD, Type 2A Normal 10 CPS Right TL 1 32/24 26 I 

7
7 27/M 

Gliosis, chronic 
inflammation, 

reactive changes Normal 8 CPS Left TL 3 41/30 14 IV 

8
8 20/F FCD, Type 2A Normal 3 CPS Left TL 3 32/20 28 IV 

9
9 5/M 

Cortical 
dysplasia/tuber 

Multiple 
cortical tubers 2.6 

CPS & 
myoclonic 

tonic 
seizures Right PL 1 32 6 III 

1
10 17/M FCD 

Prior right 
Occipital 
resection 15 

Simple 
partial 

seizures 
& CPS Right OL 3 32/24 9 IV 

 

Our analysis is based on the PLV, which is a measure of cross-frequency coupling of 

phase synchronization (Lachaux et al. 1999). It has been demonstrated that the PLV between 

the phase of low frequency (4-30 HZ) and the phase of the Hilbert transform of high gamma 

frequency (80-150 HZ) correlated strongly with multi-unit firing bursts within the core 

territory of the seizure; thus, it has been proposed as a reliable biomarker for identifying the 

SOZ (Shennan A Weiss et al. 2013; Penny et al. 2008). PLV was calculated as: 

       (1) 

where 𝜑4−30 is the instantaneous phase of the ECoG signal in the 4-30 Hz frequency band 

(calculated using the Hilbert transform), 𝑎80−150 is the instantaneous amplitude of the high 

gamma frequency band 80-150 Hz calculated from the Hilbert transform of ECoG signal, and 
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𝜑𝑎80−150
 is calculated from a second Hilbert transform and represents the instantaneous phase 

of 𝑎80−150.  

After applying a notch filter at 60 Hz and 120 Hz on the ECoG data, we calculated PLV 

during two time intervals: (1) a five-minute inter-ictal time window, and (2) a five-minute 

pre- and post-ictal time window with the midpoint at the ictal onset identified visually by two 

epileptologists. During the baseline period, patients were instructed to be at rest with eyes 

open while they were awake without any sign of drowsiness. By visually inspecting the 

ECoG signal during the baseline period, we selected 60-second time segments without eye 

blink and interictal epileptiform discharges or excess slow waves. Then, we calculated the 

mean (μb) and standard deviation (σb) of the PLV during this 60-second baseline and used 

these values in our feature extraction algorithm. After calculating PLV in the five-minute pre- 

and post-ictal time window, we used features extracted from the value of PLV in a 30-to-10-

second time window before the seizure onset in our algorithm. We also used the values of 

PLV from seizure-onset to seizure-offset as a feature in our algorithm. The seizure-offset was 

visually identified by two epileptologists (JW and BM). 

Previous studies reported that high frequency oscillations in high gamma and other 

frequency bands during several seconds prior to clinical seizure onset can identify the SOZ 

(Fujiwara et al. 2012; Ochi et al. 2007). We also observed that the PLV (between the 

amplitude of high gamma and phase of lower rhythms) was enhanced prior to clinical seizure 

onset in the vSOZ electrodes. In agreement with Weiss et al. (Shennan A Weiss et al. 2013), 

we also observed enhancement of the PLV in some vSOZ electrodes. Furthermore, we found 

that enhancement of the PLV in a 30-sec-to-10-sec pre-ictal period can efficiently separate 

vSOZ electrodes from non-vSOZ electrodes. By investigating different features extracted 

from PLV before and after ictal onset, we found that a combination of four features extracted 
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from pre-ictal PLV and one feature extracted from PLV after ictal onset can optimally 

identify vSOZ. 

Our algorithm for identifying the SOZ was based on the five features described below. 

The first four features were extracted based on the value of PLV in a 30-to-10-second time 

window before the seizure onset. The last feature was calculated based on the value of PLV 

from seizure onset to seizure offset. 

1. PLV positive: This feature was assigned to “1” if the PLV would exceed a 

threshold of “ ”, where  and 𝜎𝑏 are the mean and standard 

deviation of PLV in 60-second time intervals during the baseline, respectively. 

2. Duration of PLV positive: Duration of PLV signal exceeding a threshold at 

 

3. PLV peak:  maximum value of PLV. 

4. PLV mean: average value of PLV. 

5. PLV power: The power of the PLV signal during seizure onset until the end 

of seizure which was calculated as  
1

𝑁+1
∑ 𝑃𝐿𝑉(𝑡)2𝑁

𝑡=0
 where t = 0 is the 

seizure onset time and t = N is the seizure offset time. 

These features were selected based on our investigation of the values of PLV in 

resected and non-resected electrodes in seizure-free patients (Figure 4-2). In addition, 

Malinowska et al. (Malinowska et al. 2015) used similar features based on HFO to identify 

SOZ electrodes..  

Figure 4-2 shows the PLV of resected and non-resected electrodes in seizure-free 

patients. As shown in this figure, the value of PLV before seizure onset was generally larger 

in resected electrodes than in non-resected electrodes. In seizure-free patients, the peak and 

power of PLV after seizure onset were larger in resected electrodes than in non-resected 
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electrodes. Figure 4-2-c shows the average of PLV across all seizure instances in seizure-free 

patients (Patients 1-6). As shown in this figure, both the peak and mean power of PLV were 

larger in the resected electrodes than in the non-resected electrodes. We used these 

characteristics of the PLV to extract the above five features for identification of the SOZ 

electrodes. We named the identified SOZ electrode aSOZ (i.e., algorithm-positive SOZ), 

according to our algorithm. 
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Figure 4.1. Comparison of the average values of PLV across resected and non-resected electrodes in seizure free 

patients. (a) Average PLV across resected (red) and non-resected (blue) electrodes in Patient 1 are shown. 

(b) Average PLV was calculated across all resected (red) and non-resected (blue) electrodes in all seizure-free 

patients. Time zero represents seizure onset. 

 

 

4.2.4 Classification of SOZ electrodes 

In seizure-free patients, the resected area (RA) comprised the SOZ, and all electrodes outside 

of the RA were not SOZ. In our machine learning approach, we classified the subdural 

electrodes in seizure-free patients into two classes: resected electrodes in Class 1 and non-

resected electrodes in Class 2. We trained and cross-validated a logistic regression classifier 

to classify each electrode in seizure-free patients into two classes. The logistic regression has 

been used in previous studies to differentiate interictal and ictal HFOs and to classify the 

patterns in the brain recordings (Mirowski et al. 2009; Okanishi et al. 2014; Freedman 2009). 

In seizure-free patients, we defined electrodes in Class 1 as aSOZ and the rest of electrodes as 

non-aSOZ (Class 2). There were 140 resected electrodes (Class 1) and 252 non-resected 

electrodes (Class 2) in seizure-free patients. We calculated five aforementioned features, 

extracted from the PLV in all electrodes in seizure-free patients and trained and cross-

validated the logistic regression classifier based on these features. We implemented the 

logistic regression using L1 regularization and a grid search for the regularization parameters 

within a logarithmic range of 10-2 – 103, and then validated the classifier using a 10-fold 

cross-validation approach. We performed receiver operating characteristic (ROC) analysis to 

evaluate performance of the classifier in seizure-free patients. Finally, we tested the 

performance of the trained logistic regression classifier to identify aSOZ electrodes in non-

seizure-free patients (211 electrodes in Patients 7-10). 

4.2.5. Correlation between seizure outcome and resection of aSOZ electrodes 

We calculated the seizure outcome as: 
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𝑆𝑒𝑖𝑧𝑢𝑟𝑒 𝑜𝑢𝑡𝑐𝑜𝑚𝑒 

=  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑖𝑧𝑢𝑟𝑒𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑢𝑟𝑔𝑒𝑟𝑦 − 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑖𝑧𝑢𝑟𝑒𝑠 𝑎𝑓𝑡𝑒𝑟 𝑠𝑢𝑟𝑔𝑒𝑟𝑦 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑖𝑧𝑢𝑟𝑒𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑢𝑟𝑔𝑒𝑟𝑦 
 

where the number of seizures represents the average number of seizures per month pre- and 

post-operatively. Then, we calculated the correlation between the seizure outcome and the 

number of non-resected aSOZ electrodes in non-seizure-free patients.  

 
4.3 Results 

Clinical data were reviewed and analyzed for 10 patients who underwent resection following 

a Phase II evaluation during the study period. The demographics of the patients along with 

characteristics of their epilepsy, pathology, and outcome are presented in Table 4-1. Six 

patients had temporal lobe seizures and four patients had extra-temporal lobe seizures. Their 

follow-up duration ranged from six to 28 months.  

Figure 4-3 shows the PLV values in a seizure-free patient (Patient 1) and a non-seizure-

free patient (Patient 6). As shown in this figure, PLV was positive in some electrodes before 

seizure onset. We considered an electrode as PLV-positive if the PLV of that electrode during 

30 to 10 seconds before seizure onset was larger than the threshold at “ ”, where 

 and 𝜎𝑏 are, respectively, the mean and standard deviation of PLV in a 60-second time 

interval during the baseline. 
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(a) 

 

(b) 

 

Figure 4.2. PLV for a seizure episode in (a) a seizure-free patient (Patient 1), and (b) a non- seizure-free patient 

(Patient 6). Time point zero corresponds to seizure onset. Early PLV-positive before seizure onset in both 

patients is noticeable and marked with yellow ellipse. In (a), two PLV-positive electrodes (i.e., electrodes #84 

and 85 correspond to the strip electrodes PST1 and PST2) were resected. In (b), the electrodes, which had early 
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PLV-positivity have not been completely removed (yellow circles show PLV activity 10 sec before onset in 

electrodes LFT 3, 4, 5, 14, 29, and 18 sec before the onset in AST 1). 

Figure 4-4 shows the locations of SOZ electrodes and the resected areas in all patients. 

Our algorithm identified 54 aSOZ electrodes in six seizure-free patients; 52 of those 

electrodes (96%) were within the resected area (Table 4-2). All aSOZ electrodes were within 

the resected area in five of the six seizure-free patients; no false positive SOZ electrodes were 

found in these patients. In the remaining seizure-free patient (Patient 6), the proposed 

algorithm found eight aSOZ electrodes: six within the resected area; two were false positive 

and located outside the resected area (Table 4-2). Forty-seven electrodes were identified 

visually (by the two epileptologists) as vSOZ in seizure-free patients; our algorithm detected 

28 of those electrodes as aSOZ. The ROC curve of the proposed classifier in seizure-free 

patients is plotted in Figure 4-a. The areas under the ROC curve were 69%. The accuracy and 

precision of the classifier were 83% and 90%, respectively. 

Our algorithm identified 62 aSOZ electrodes in non-seizure-free patients (Patients 7-

10), with 43 (69%) of the electrodes located within the resected area and 19 (31%) outside of 

the resected area (Table 4-2). Forty electrodes were identified visually (by the two 

epileptologists) as vSOZ in non-seizure-free patients; our algorithm detected 20 of those 

electrodes as aSOZ. It is noteworthy that nine electrodes in non-seizure-free patients were 

aSOZ while these electrodes were not vSOZ and they were outside of the resected area.  

After comparing the seizure frequency before and after surgery in non-seizure-free 

patients, we found that Patients 7, 8, and 10, who were Engle Class IV and had higher 

postsurgical seizure frequency compared to Patient 9 who was Engle Class III. It is notable 

that Patient 9 had the smallest number of non-resected aSOZ electrodes among the non-

seizure free patients. Patient 8 had up to three seizures per month before surgery and her 

seizure frequency was decreased to one or two seizures per month after surgery. In Patient 8, 

our algorithm identified four aSOZ electrodes outside of the resected area; two of those 
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electrodes were vSOZ but not resected due to an overlap with eloquent cortex. Patient 10 had 

up to four seizures per day before surgery and improved to less than three seizures per week 

after surgery. Our algorithm identified six electrodes outside of the resected area in this 

patient, three of which were visually detected by the epileptologist, but not resected. 

Figure 4-4-b illustrates the correlation between the number of aSOZ electrodes beyond 

the resected area and the seizure outcome in four non-seizure free patients. As shown in this 

figure, poorer seizure outcomes correspond to a larger number of non-resected aSOZ 

electrodes.  

 

 

Figure 4.3. Evaluation of the performance of the proposed method. (a) The ROC curve of the proposed 

classifier in seizure-free patients. 
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(a) 

 

    

 

(b) 

 

(c) 

Figure 4.4. Evaluation of the performance of the proposed method. (b) Locations of the subdural electrodes—

after normalization to the Montreal Neurological Institute (MNI) coordinate system—are shown on top of the 

cortical surface in three seizure-free (top) and two non-seizure-free (bottom) patients. Solid dots in red color 

represent SOZ electrodes identified by our algorithm. Yellow circles represent SOZ electrodes identified 

visually by epileptologists. The broken black line shows the resected area. (c) Correlation between the numbers 
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of identified SOZ electrodes by the proposed method beyond the resected area and the seizure outcome in four 

non-seizure-free patients. A poor seizure outcome correlates with a larger number of non-resected SOZs. 

 

Table 4.2 Comparison of resected electrodes, SOZ electrodes identified by our algorithm, and visually identified 

SOZ electrodes by epileptologists in seizure-free patients. 

 

 

 

 

Patients Electrodes Resected Electrodes 

Identified as SOZ by 

our algorithm 

Visually detected 

by epileptologists 

1 
Label 

TG 1:6, 9:12, 17:20, 25:27 

TP 1:6 

AST 1:4  

PST 1:4 

PST 1, 2, 3 

 
PST 1-2 

number 31 3 2 

2 
Label 

LF 33:35, 42:44, 49:52, 57:60 

LPIH 3,4 

LF 33: 35, 42, 43, 49, 

50, 51, 52, 57, 60 

LF 

42,43,50,51,57,59 

number 16 11 6 

3 
Label 

LFT 2:5, 10:12, 18,19, 

TP 1:6, 

AST 1:4 

LFT 2:4, 11:12,  

TP 2:6 

LFT 2:4, 10:13, 18:20, 

TP 1:3, 

AST 1:3 

number 19 10 16 

4 
Label 

LT 1:7,9:14, 17:21, 

TP 1:6, 

AST 1:4, 

PST 1:4 

LT 1:3, 9,10, 17,18, 

PST 2, 3 

LT 1:3, 7, 9,10, 17, 18, 

TP 1:4,  

AST 1:3,  

PST 1:4 

number 32 9 19 

5 
Label 

LT 1:3, 9, 10, 17, 18, 25, 26 

ATP 1:4 

AST 1:4 

LT 1, 2 ,9 ,17,25 

ATP 1:4 

AST 1:4 

 

AST 1,2 

number 17 13 2 

6 
Label 

RTG 1:3, 9:12, 17:20, 25:29 

RAST 1:4 

RPST 1,2 

RTP 1:4 

RTG 1,9 

RAST 1,2 

RPST 3,4 

RTP 1,2 

RAST 1,2 

number 26 8 2 
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Table 4.3 Comparison of resected electrodes, SOZ electrodes identified by our algorithm, and visually identified 

SOZ electrodes by epileptologists in non-seizure-free patients. 

Patients Electrodes Resected Electrodes 

Identified as SOZ 

by our algorithm 

but not resected 

Identified as SOZ 

by our algorithm 

and resected 

Visually detected by 

epileptologists 

7 

Label LFT 4:6,11:14, 19:23 

AST 1:4 

LFT 3,7,8, 15, 24, 

27:29 

LFT 4:6,11:14, 

19:23 

AST 1,2 

LFT 12, 21:24, 

AST1,2 

number 
16 8 14 7 

8 

Label LT 1:4, 9:12, 17:19,25:28 

AST1:4 

LT 13,14, 20, 21 

 

LT 1:4, 9:12, 

17,26,27,28, 

AST 1:4 

LT 1:5, 9:14, 17:20, 

AST 1:3, 

PST 3,4 

number 
19 4 16 20 

9 

Label 
RPG 13:15, 21:24, 29:32 RPG 27, 28 RP 14, 22, 31, 32 

RPG14, 21, 22, 23, 

27, 28, 29 

number 
11 2 4 7 

10 

Label 
ROG 20, 21, 28, 29, 30 

IIH 3,4,  

SIH 3,4 

ROG 

2,10,11,12,19, 27 

ROG 28,29,30, 

SIH 2,3,4 

IIH 1,2 

ROG 

11,12,19,20, 21, 28 

number 
9 6 8 6 

 

4.4 Discussion 

The results of this study revealed that the PLV between the amplitude of high gamma and the 

phase of lower frequency of ictal ECoG recordings can identify SOZ electrodes. Previous 

studies have investigated the application of PAC and PLV using different combinations of 

frequency bands to characterize ictal and interictal states (Cohen 2008; Weiss Shennan et al. 

2015; Kohtaroh Edakawa, Takufumi Yanagisawa, Haruhiko Kishima, Satoru Oshino, Hui 

Ming Khoo, Maki Kobayashi, and Yoshimine 2016). The results of these studies 

demonstrated that coupling between frequency bands of ECoG is useful for detection of 

seizure onset. Some studies reported that coupling between different frequency bands allow 

characterization of the seizures and mechanisms of the epileptiform discharges, and 

suggested that the spatial distribution of coupling can be useful in surgical decision-making 
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(Weiss Shennan et al. 2015). Although previous studies reported the significance of 

amplitude of high gamma in seizure detection (J. Jacobs et al. 2012; Höller et al. 2015; Ochi 

et al. 2007; Ferastraoaru et al. 2016), the results of some recent studies demonstrated that 

PAC characterizes epileptiform activity more accurately than the amplitude of high gamma 

frequencies (Shennan A Weiss et al. 2013; Ibrahim et al. 2014). In this study, we applied 

PAC to distinguish SOZ and non-SOZ electrodes using ictal ECoG recordings.  

As shown in Figure 4-4, the aSOZ electrodes in non-seizure-free patients were both 

within and outside of the resected area. The fact that our algorithm identified that some aSOZ 

electrodes within the resected area in all non-seizure-free patients may correspond to the 

improvement of seizure in these patients after surgery. On the other hand, some aSOZ 

electrodes were outside the resected area in all non-seizure-free patients, and we hypothesis 

that the failure to resect the area underneath of these electrodes resulted in a non-seizure-free 

status in these patients. It is noteworthy that most of the non-resected vSOZ electrodes in 

non-seizure-free patients were also aSOZ. Since these electrodes were overlapping or 

adjacent to the eloquent cortex, a decision was made not to resect those electrodes, even 

though there was concern that they were involved in seizure onset. As listed in Table 4-3, one 

electrode in Patient 7 (i.e., LFT 24), three electrodes in Patient 8 (i.e., LT13, LT14, and LT 

20), two electrodes in Patient 9 (i.e., RPG27 and RPG28), and three electrodes in Patient 10 

(i.e., ROG11, ROG12, and ROG 19) were detected visually by epileptologists and identified 

as aSOZ; however, these electrodes were not resected. Post-operation, these electrodes have 

been confirmed by neurologists that are inside the language/vision or the memory part of the 

cortex. 

Some aSOZ electrodes were outside the resected area in non-seizure-free patients, 

though we cannot specify those electrodes as true positive or false positive. However, the 

following findings indicate that those electrodes are most likely true positive: (1) The non-

resected aSOZ electrodes were close to the resected area. This may correspond to the fact that 
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seizure intensity reflects the degree of its consecutive development and engagement from an 

original epileptogenic core area to the secondary or adjacent areas (Ikeda et al. 1999); (2) in 

seizure-free patients, using the same method applied in non-seizure-free patients, only two 

out of 54 aSOZ electrodes were outside of the resected area; and (3) we found a correlation 

between the number of non-resected aSOZ electrodes and the seizure outcome (Figure 4-4-c). 

4.5  Conclusion 

We developed and evaluated a method to identify SOZ in patients with epilepsy using ictal 

ECoG recordings. To this end, we extracted five features based on the phase coupling 

between the higher frequency (80-150 Hz) and lower frequency (4- 30 Hz) rhythms. We 

identified SOZ electrodes using a machine learning approach based on the logistic regression 

classifier. We found that almost all (more than 96%) of the aSOZ electrodes were within the 

resected area in seizure-free patients. Furthermore, the proposed algorithm found 31% of 

aSOZ electrodes outside of the resected area in non-seizure-free patients. We also 

demonstrated that the seizure outcome in non-seizure-free patients correlated with the 

number of non-resected aSOZ electrodes. The approach in this study could assist in 

identification of the SOZ and, as such, may enhance the standard clinical procedure of visual 

inspection. This has the potential to improve seizure-free outcomes, and we believe it should 

be included in the surgical decision-making process when intracranial electrodes are utilized. 

Further study using a larger number of patients would confirm our findings. 
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Chapter 5 

High Frequency Oscillations in different epochs 

Summary: 

For the past two decades, research for any potential biomarkers for seizure onset has been 

fueled by the introduction of interictal high-frequency oscillations (HFOs, 80–500 Hz) 

(Urrestarazu et al. 2007; Staba et al. 2002). These brief oscillations visible on intracranial 

EEG (iEEG) are considered strongly bound to the seizure onset zone (SOZ) (Julia Jacobs et 

al. 2008; Crépon et al. 2010) and many researchers suggested that they can be correlated with 

surgical outcome (Haegelen et al. 2013; van ‘t Klooster et al. 2015). However, not all HFOs 

are pathological. In spite of the current researches as to whether fast ripples (FR, 250- 500Hz) 

seem to always be pathological (Menendez de la Prida, Staba, and Dian 2015), ripples (80-

250Hz) are more involved in physiological processes (Alkawadri et al. 2014).  

5.1 Contributions to High Frequency Oscillations 

By recording directly from the human brain, we get a unique opportunity to investigate the 

correlation of neurans with brain functions. These cognitive phenomena are supposed to be 

orchestrated by broadband cortical and subcortical neuronal networks coordinated into 

synchronous oscillations over a wide spectrum of frequencies (Buzsaki 2006). High 

frequency oscillations (HFOs) extend beyond the boundary of gamma band activity and have 

recently been the focus of both animal and human studies in the case of neurophysiology of 

cognition and epilepsy (G. a. Worrell et al. 2012).  

In spite of all researches, little is known about the physiological and pathological role of 

HFOs out of the gamma band. These ultra-fast neuronal oscillations, were primarily recorded 

in rodent hippocampus as part of their sharp-wave ripple complexes, known as ‘ripples’. 

Ripples are short discharges of synchronized firing of neuronal ensembles, mainly occurring 

during states of rest and sleep (Buzsaki, Horvath, and Urioste 1992).It is been said that  in 

sleep, ripples have been correlated with the activity of neurons in specific hippocampal 
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regions that were active during preceding behavior in rats. Human HFOs which are faster 

than the ripples, called ‘fast ripples’ (250–500 Hz), were initially correlated with pathological 

network activity in seizure (A. Bragin et al. 1999; Staba et al. 2002). Subsequently, interictal 

gamma (G. A. Worrell et al. 2004) and ripple (G. A. Worrell et al. 2008) were also reported 

to be elevated in the SOZ in patients with focal epilepsy (Gregory a Worrell and Gotman 

2011), (Foster and Wilson 2006). In addition,  fast ripple oscillations in some studies have 

been associated with normal physiological functions (Baker, Gabriel, and Lemon 2003; Barth 

2003). Hence, the frequency of an HFO does not seem to be a reliable biomarker whether it is 

pathological or physiological. Nonetheless, as HFOs are raised in a focal epileptogenic brain, 

there is a potential that they could be used as a clinical biomarker (Staba 2010; Gregory a 

Worrell and Gotman 2011). It is also been reported that the rate of HFO in SOZ is higher 

than in other areas during interracial periods and more frequent during slow-wave sleep 

compared to wakefulness (Staba et al. 2004).  

The most researches identifying HFOs is based on human identification (Haegelen et al. 

2013; Kerber et al. 2014; Van Diessen et al. 2013; Julia Jacobs et al. 2010). This requires 

specially trained personnel and is very labor intensive, taking an hour to review 10 min of 

data from a single channel (Rina Zelmann et al. 2009). The feasibility of translating HFO 

biomarkers into clinical practice is quite low unless automated methods are employed (G. a. 

Worrell et al. 2012). 

A significant challenge in the clinical use of HFOs is the difficulty in identifying them 

in intracranial EEG recording; since they are brief (<100 ms), low amplitude, uncommon 

(occurring <0.1 % of the time in channel,) and require significant data processing. The well-

studied means of identifying HFOs is based on human identification (Haegelen et al. 2013; 

Kerber et al. 2014; Van Diessen et al. 2013; Julia Jacobs et al. 2010). This requires specially 

trained personnel and is very labor intensive, taking an hour to review 10 min of data from a 
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single biomarker into clinical practice and is quite low, unless automated methods are 

employed (G. a. Worrell et al. 2012; Gliske et al. 2016).  

The main goal of the current study is to provide a reliable algorithm capable of 

identifying HFOs (including ripples and fast ripples) in long-term intracranial EEG data 

without any per-patient tuning or operator intervention. We also investigated the correlation 

of the rate of HFO in four distinct epochs, including sleep, awake, pre-ictal and ictal time, 

and the SOZ, and also compare it to the resection area and the outcome of surgery.  

5.2 Method  

5.2.1 Patient population and data  

We selected consecutive patients with medication refractory who underwent continuous 

intracerebral (depth, strip and grid electrodes) EEG recordings at the Johns Hopkins Hospital 

between June 2012 and April 2014 for seizure foci identification and potential surgical 

treatment. We considered those recording just from patients: (1) diagnosed with mesial 

temporal or neocortical onset seizures, (2) with at least 12 h of interictal activity before the 

first seizure, during clinical monitoring, (3) at least 2 minutes of the ictal event. Based on 

clinical requirements, various combinations of penetrating depth electrodes and subdural 

electrode grids were surgically implanted for prolonged seizure monitoring. Data were 

continuously acquired at 10 kHz from up to 128 channels (Digital Lynx, Neuralynx Inc.) and 

stored as a custom format for compression (Malinowska et al. 2015). Considering all the 

restrictions for this study, we analyzed 6 patients and 12 episodes of seizure (2 per patient); 3 

of the patients were seizure free. Table 5-1 summarized patients’ information. As mentioned 

before, we used two episodes of seizure for each patient. 
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Table 5.1 Patient population information. Abbreviations:  RAD: Right Amygdalar Depth, RHD: Right 

Hippocampal Depth .LHD: Left Hippocamal Depth : RBT: Right Basal Temporal LAD: Left Amygdalar 

Depth.RTG: Right Temporal Grid, FTG: Fronto Temporal Grid .PBS: Posterior Basal Strip, ABS: Anterior 

Basal Strip, LOG: Left Occipital Grid, SOD: Superior Occipital Depth, MOG: Middle Occipital Grid, IOD: 

Inferior Occipital Depth, IOG: Inferior Occipital Grid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.2 Delta power at night 

Periods of 12 h at night has been used for each patient to calculate the delta power. For this 

calculation, we used the night before the seizure happened. Those periods with continues 

high power were marked for HFO detection in sleep for each patient. 

5.2.3 HFO detection 

Periods of 10 minutes in deep sleep, awake, preictal, and ictal were divided into 2-minute 

segments and filtered at 80-200 HZ for ripples and 200-500 HZ for fast ripples, also called 

fast HFO (band-pass filter using two-way least squares FIR filtering, EEGLAB, Matlab). To 

detect ripples and fast ripples (HFOs), we applied an automated method based on (Shennan 

Patient SOZ Resected 

Outcome 

of surgery 

1 

 RAD16, RHD,RBT1-3 

RTG 17, 18, 25, 26, 33, 34, 41, 42, 49, 50, 

57, 58, RBT 1-3, 7-9, RAD, RHD 
Seizure Free 

2 LHD1-6,LAD1-6 LHD1-6,LAD1-6 Seizure Free 

3 

 LAD, LHD 

FTG grid: 49-54, 57-62; strips ABS, PBS, 

LAD 1-8, LHD 1-8 
Seizure Free 

 

4 

ABT1-3, MBT1-2, PBT1-3, 

PHD1-3 

 

FTG 33-35, 41-44, 49-52, 57-60, MBT, 

ABT, PBT (resection did not include FTG 

36 because this was eloquent for language 

based on cortical stimulation) 

Not 

Seizure-Free 

5 

 

LOG16-18,IOG1-10,MOD3-

5,IOD3-6 

LOG16-17 ,18, IOG 4-5, 9-10, MOG 3-6, 

can't tell which SOD, IOD electrodes 

Not 

Seizure-Free 

6 

 

TPS1-6,TAS2-4,PSD2-8, 

PID2-8,LPGgrid 

LPG grid: 49-53, 57-61, PSD, PID 

(resection did not include TAS or TPS 

because these were eloquent language 

cortex based on cort stim) 

Not 

Seizure-Free 
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Aibel Weiss et al. 2016; Julia Jacobs et al. 2009; R. Zelmann et al. 2010), which implements 

identification of HFOs based on the following criteria: 

- The event must consist of at least four consecutive oscillations on filtered EEG. 

- The peak-to-peak amplitude of four consecutive oscillations should be above 10 µv. 

- The amplitude of the event should be at least two times higher than the amplitude of 

oscillations of the surrounding background. 

- The duration of the event should be less than 100 ms. 

 

Figure 5.1. Example of an HFO pattern and characteristics. 

As mentioned above, to detect the HFO, we used the other established algorithms and 

tried to remove the artifact and spike events from the detector. This removal was then 

checked by experts, and due to the high number of the HFO/FHFO events, a sample of them 

(50 events) were checked and subsequently confirmed the truth of rejection. Following this, 

we expanded the algorithm to the rest of the provided data.  

In addition to the duration criteria for artifact, we set a cutoff frequency for high gamma 

to minimize contamination of the 60 Hz line noise and its first harmonic at 120 Hz. We also 

filtered data from 1-5 Hz, which is the frequency band for low theta and delta bands, these 

frequencies are not included in HFO analysis.  
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5.2.4 HFO rate comparison 

5.2.4.1 Comparison between sleep, awake, preictal, ictal periods 

HFO rate during sleep, awake and preictal periods was calculated as the average rate over 5 

2-min segments. Duration of 10 minutes of awake data has chosen randomly during the day 

and at least 1 hour prior to seizure. By checking the recorded video, we were assured that the 

patient was not at sleep stage. The neurologists considered a 10-minute preictal exactly 10 

minutes before the marked seizure onset. To be consistent with the ictal period among all 

patients, due to inequality of seizure duration, we only considered the first 2-minute of the 

ictal period across all patients. 

Figure 5-2 shows how the rate of HFO changes during different epochs. As illustrated, 

this rate at night is not higher than awake and preictal. However, the ictal period has the HFO 

rate in all channels. This fact is not a surprise due to seizure propagation to all channels. 

 

 

Figure 5.2. HFO rate in four distinct epoch including sleep, awake, preictal and ictal. 
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Like ripples, fast ripples do not have higher rate at night as compared to awake and 

preictal. As illustrated in Figure 5-3, for the same reason mentioned above, fast ripple at ictal 

time has the highest rate comparing to other three epochs. 

 

Figure 5.3. Number of fast ripples in 4 periods of sleep, awake, preictal and ictal. 

Due to difference in the channel number per patient, we cannot average the ripples or 

fast ripples across the patients but the same pattern has observed fall 6 patients.  

For each patient, we compared the rate of HFO in SOZ and resected area to the out of SOZ 

and resected area. 
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As we discussed in detail in Chapter 4, the resection area can be different from SOZ. 

While the patient is in EMU, he or she completes several tasks. Neurologists and engineers 

analyze the data and confirm the resection area in such a form that patient loss minimum or 

zero ability in language, auditory, vision, memory or motor sense after surgery. In fact, being 

seizure free with less resection area and best quality of life is a ‘success’ in surgery. 

For this reason, and considering the aim of the current study, we only compared the HFO/ 

FHFO rate separately for the SOZ and resection area in different epoch. We found that, as 

expected, at ictal time, we had the highest HFOs and FHFOs as compared to other epochs. 

Since during seizure, due to propagation, more electrodes are involved in seizure, the high 

rate of HFO and FHFO is not dependent on in/out- SOZ or resected area.  

 As shown in Figure 5-4 through 5-6 and Table 5-1, in the ictal period, we have much 

more HFOs and FHFOs as compared to other epochs. Also, for each single period, the rate of 

HFOs/ FHFOs in resected or in SOZ are higher than out of resected or SOZ area. However, 

we could not find any significant differences between HFO/ FHFO at night compared to 

preictal or awake epoch. Table 5-1 shows all rates related to HFO and FHFO in four epochs 

including night, awake, preictal and ictal. These rates are the average of the events per minute 

in specific regions including the in/out SOZ and in/ out resected area. To check the 

significant difference between these rates for both events of HFO and FHFO, we used a chi-

squared test. There are no significant diferences between the average rates of events in any 

cases. Figures 5-4 through 5-6, confirm the fact that there is no difference between the 

number of events in/out SOZ and resected area. Surprisingly, according to Table 5-2, the 

highest rate of HFO/FHFO is in ictal period, and contradictory of common believe, preictal 

period has the higher rates of events comparing to night in all cases. However, the difference 

is not significant, and we hope that by increasing the number of patients we can get a 

significant result. The difference in this study and the studies that believe at night we can see 

more HFO is that here we adapted algorithms to delete the artifacts. 
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Table 5.2 Rate of HFO and FHFO in/out of SOZ per minutes in four distinct epochs 

Event Area of interest Night Awake Preictal Ictal 

HFO rate 

In SOZ 0.5270 0.7517 0.8933 11.9732 

Out of SOZ 0.3480 0.3610 0.4851 6.0535 

In resected 0.5845     0.7227 0.9228 13.1946 

Out of resected 0.3665 0.4059 0.5263 5.6790 

FHFO rate 

In SOZ 0.2214     0.1853 0.2504 10.9523 

Out of SOZ 0.0782 0.0660 0.2504 10.9523 

In resected 0.2287     0.2201 0.2815 11.5899 

Out of resected 0.0775 0.0573 0.0860 4.9397 
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Figure 5.4. Comparison between HFO and FHFO for four epochs of time in/out SOZ and resection area for all 

patients. 
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Figure 5.5. Comparison between HFO/ FHFO for four epoch of time in/out SOZ and resection area for seizure-

free patients. 
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Figure 5.6. Comparison between HFO and FHFO for four epoch of time in/out SOZ and resection area for not 

seizure-free patients. 

4.3  Conclusion:  

Although in ictal time the rates of HFO and FHFO in/out- SOZ and resected areas are higher 

than sleep, awake and preictal stages, there is no significant difference between these rates 

between night and the rest of epochs. By these 6 patients and 12 episodes of seizures, we 

could not find any significant higher rate of HFO/FHFO at night than preictal. Contradictory 

to other studies, we proved that the rate of HFO/FHFO in preictal is more than night. So, at 

night, the rate of HFOs is not higher; indeed, they are easier to be detected in the absence of 

artifact. In this study we applied some artifact-removal methods, then we could show that, in 

6 patients and 12 episodes of seizure, the rate of events at preictal I is higher than at night. 
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Chapter 6 

Epileptiform Synchronization in neurons’ level 

6.1  Seizure-onset types 

A new window for analyzing seizure onset patterns is opened when depth electrode recording 

introduced to the field. With interictal electrodes, it is not easy to perform a detailed analysis 

of seizure onsets. The reason is signals originating from deep sources, before reaching the 

scalp are attenuated. Not to mention the noise introduced by muscle artifacts further 

compounds the problem. This limitation induces a low reliability between independent 

observations when trying to detect regions of seizure onset and when classifying seizures are 

based on their onset pattern (Spencer et al. 1985).  

However, two main seizure-onset have been identified by using depth electrodes 

implanted in the temporal and neocortical of patients with MTLE(A. Bragin et al. 2005; 

Ogren, Bragin, et al. 2009; Spencer, Kim, and Spencer 1992; Velasco et al. 2000). HYP 

seizures (Figure 6.2)—characterized by rhythmic low frequency (<2 Hz) high-amplitude 

spikes shapes which are  followed by fast rhythms in the 10-20 Hz frequency range—mainly 

originate from the hippocampal regions and stay there, rarely spread to ipsilateral or 

contralateral to the seizure-onset zone (Velasco et al. 2000), (Spanedda, Cendes, and Gotman 

1997; Spencer, Kim, and Spencer 1992). 

The second type of seizure onset, known as LVF (Figure 6.3), is characterized by the 

rhythms in the range of beta gamma activity. Compared to HYP seizures, the site of source of 

LVF seizures is more diffuse and rapidly spread to ipsilateral and contralateral to SOZ and is 

often extrahippocampal (Spencer, Kim, and Spencer 1992). In other words, HYP ictal 

discharges can remain in the hippocampus for long periods without spreading to adjacent or 

eventually contralateral  MT structures (Perucca, Dubeau, and Gotman 2014). However, 

before propagation this kind of seizure onset usually transition to another ictal seizure onset 

pattern, such as LVF (Velasco et al. 2000). The differences between the two seizure-onset 
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types emphasize that they may have some differences in their mechanisms and through the 

involvement of specific types of neurons. A sample of action potential with their 

corresponding different phases is illustrated in Figure 6.1. 

 

Figure 6.5.Schematic of action potential showing the various phases that occur as the voltage wave passes a 

point on a cell membrane.  

 

Figure 6.6. Hypersynchronous seizure onset. Low-frequency high-amplitude periodic spikes at seizure-onset. In 

this ictal intracranial EEG recording from a patient with bilateral mesial temporal atrophy/sclerosis, seizure-

onset (arrow) consisted in the appearance of high-voltage spiking at 1 Hz, lasting for ∼15 s at contacts RH1–2. 

Electrode targets: LA = left amygdala; LP = left posterior hippocampus; RA = right amygdala; RH = right 
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hippocampus. Asterisk indicates electrode contacts located in lesional/perilesional tissue. This recording is 

borrowed from Thomas Jefferson Hospital data archive. 

6.2  Chronic models of MTLE 

The clinical findings on seizure-onset types are aligned with the results obtained from animal 

models with MTLE. Bragin reported that a seizure event (SE) which induced by kainic acid 

in the hippocampus evoked both HYP and LVF seizures (A. Bragin et al. 2005) within a 

week after the injection. In the same study, they recorded the hippocampal and para-

hippocampus data using depth electrodes and demonstrated that HYP seizures originated 

more from hippocampal structures ipsilateral to the injection site. The seizure-onset zone 

with LVF onsets, were located in both the hippocampus and EC and they spread to other 

brain regions. Surprisingly, when HYP propagates to other brain regions a transition to an 

LVF pattern was happened. (Levesque et al. 2012).These results confirm that LVF onset for 

seizures are more defuse than HYP seizures. Figure 6-3 illustrates an onset of seizure with 

HYP, which changed to LVF and then clinical bursts.  

The analysis of HFOs occurring during the preictal and ictal periods has demonstrated a 

distinct pattern of HFO occurrence: fast ripples occur more in HYP onset of seizures, 

whereas they are rare during LVF seizures (A. Bragin et al. 2005; Levesque et al. 2012). On 

the other hand, an increase of ripple, occurs during LVF seizures (Levesque et al. 2012).  
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Figure 6.7. The onset of seizure, which started HYP and then changed to LVF before clinical bursts. 

Furthermore, human studies have found that HFO power increases before or during the 

onset of some type of focal hippocampal seizures (Jirsch et al. 2006), (Khosravani et al. 

2009), which is consistent with a spatially increase in power at the onset of focal seizures 

(Perucca, Dubeau, and Gotman 2014).  

In this study, since we aimed to study the spread of seizure, we focused on those 

spontaneous seizures in humans that exhibited LVF at their onset. For such seizures, we 

investigated whether there is any imbalance between the inhibitory and excitatory neurons at 

the onset of seizure.  

Figure 6.3 illustrates a sample of LVF seizure onset with a herald spike. The reason we 

demonstrated this particular recording here is to show that, in some cases LVF may start even 

before the herald spike. Due to this fact, a visual investigation is recommended for each 

single electrode. The top panel in Figure 6.3, shows a seizure with interictal recording, While 

the middle panel shows the zoomed in picture of LVF. To demonstrate the LVF onset before 

the herald spike better, the bottom panel shows the more zoomed picture of the herald spike.  
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Figure 6.8. Herald spike in three different resolution. Top : seizure activity in microelectrode, middle: LVF 

herald spike and LVF activity, bottom: better visulalization of LVF before and after herald spike. 

6.2  Methods 

6.2.1 Patient population and data 

We retrospectively analyzed data from five patients at either the  University of California Los 

Angeles (UCLA) or Thomas Jefferson University (TJU) during seven spontaneous seizures at 

the time of intracranial monitoring using custom 24 and commercial Behnke-Fried combined 

macro- and micro-depth electrodes (Ad-Tech, Racine, WI), respectively. The electrodes were 

localized to anatomical regions, as described previously. The study was independently 

approved by the Institutional Review Boards of UCLA and TJU, and all patients provided 

consent. Only patients with mesial temporal lobe epilepsy or mesial temporal lobe epilepsy 
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plus other regions were included in the study. Only seizures exhibiting LVF activity at onset 

were selected for analysis.  

Wide bandwidth (0.001–6 kHz) intracranial EEG (iEEG) and local field potentials were 

recorded from macro- and microelectrode contacts, respectively (40 ksamp/s; gain × 10,000) 

and amplified using an Atlas system (Neuralynx, Bozeman, MT, U.S.A.). In other 

experiments, wide bandwidth (0.001–6 kHz) local field potentials were recorded from 

microelectrodes using either a Cheetah recording system (Neuralynx, Bozeman, MT, U.S.A.) 

or a NeuroPort recording system (Blackrock, Salt Lake City, UT, U.S.A) (28-30 ksamp/s; 

gain x 10,000). In some of these experiments, wide bandwith iEEG was recorded using a 

Stellate (XLTEK, San Diego, CA, U.S.A) or a Nihon-Kohden 128-channel NK 1200 long- 

term monitoring system (Nihon-Kohden America, Foothill Ranch, CA, U.S.A.). 

Patient population and related data regarding SOZ and outcome of surgery are summarized in 

Table 6.1 Patient characteristics. Abbreviations MTL: mesial temporal lob sclerosis, ATL: Anterior temporal 

lobectomy. 

Patient 

Age 

Sex 

Duration of 

Epilepsy Scalp EEG iEEG SOZ Surgery Outcome 

TJU049 

39 F 

3 yrs Left temp oral Left mesial temporal Left ATL Engel I @ 5 yrs 

428  

44 M 

4 yrs Left temp oral Left mesial temporal Left ATL Engel I @ 4 yrs 

439 

48 F 

18 yrs Left temp oral Right mesial temporal Right ATL Engel I @ 4 yrs 

461  

21 M 

4 yrs Left temp oral Left mesial temporal TBD TBD 

462 

27 M 

19 yrs Left and right  

temp oral 

Left temporal Left Temporal 

Hippocampal Sparing 

Engel III @1 yrs 

 

6.3  Data Analysis 

6.3.1 Extracting seizures from continuous LFP recordings 

Custom software written in Matlab (Mathworks, Natick, MA) was used to inspect all 

continuous local field potential recordings for each ictal epoch. After determining the time of 

seizure onset, local field potential clips were produced. In all but one seizure, the clip 
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included a 3-minute preictal epoch. Aligned iEEG recordings were available for only a subset 

of the seizures. 

6.3.2 Defining seizure onset patterns using local field potential recordings 

The seizure onset zone (SOZ) and non-SOZ regions were classified based on visual 

inspection of the iEEG by a board certified clinician. The seizure onset pattern (LVF, 

hypersynchronous, repetitive spike and wave) and the time of seizure onset was assigned on 

the basis of visual inspection of the LFP by S.A.W and B.E (Perucca, Dubeau, and Gotman 

2014; Shennan Aibel Weiss et al. 2016). The time of LVF onset and offset was determined 

based on computer-aided analysis of the LFP using normalized wavelet spectrograms by 

S.A.W and B.E. 

6.3.3 Single unit characterization 

We analyzed the mean action potential waveform of each single unit. From the mean form of 

each electrode, which includes all the spikes, we extracted the peak amplitude asymmetry, 

through to the following peak, and half width of half amplitude of the action potential. It is 

worth mentioning that, due to the variety of spikes even in one electrode, extracting these 

features is somehow impossible. Using these features, excitatory and inhibitory neurons were 

differentiated on the basis of K-mean clustering (Jozsef Csicsvari et al. 1998). This separation 

was done based on the previous knowledge that inhibitory neurons should have less half 

width, more amplitude asymmetry and less trough-to-peak than excitatory neurons (Librizzi 

et al. 2017). At this time, we may call the putative inhibitory and excitatory since we will do 

one more analysis at the end to make sure what we claimed are indeed inhibitory and 

excitatory. 

Once the putative inhibitory and excitatory neurons were separated, we compared the 

mean action potential firing rate following smoothing using a Gaussian function with 100 

msec kernel (Edelman and Goldberg 2003). The 100 msec came with experiment. We started 

with 200 msec kernel, but noticed that the spike rates were getting so smooth, and in some 
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cases we falsely missed low spike rate values. Contrary to animal models (Edelman and 

Goldberg 2003), a relatively long duration kernel was required due to a relatively sparse 

dataset. To compare the spike rates between epochs and define the epochs in which the firing 

rate reached its maximum, we used the smoothed spike rate derivations for each single unit. 

We applied Wilcoxon signed-rank test to compare these values before and after LVF onset 

for the SOZ and NSOZ, for each region (entorhinal cortex, hippocampus, amygdala), and 

separately for each set of neurons (inhibitory and excitatory). 

6.3.4 Changes in waveform during LVF 

To determine whether the waveforms of the putative excitatory and inhibitory neurons and 

the multi-unit action potentials were stable during the LVF epoch, we normalized each 

waveform and calculated the coefficients and score of the principal components (‘princomp’ 

command in Matlab) of all the action potential waveforms during the pre-ictal epoch. As we 

know, PC1 and PC2 show the most variation in the data. We plotted PC1 vs. PC2 to show 

whether the spikes are separable, and we could see two distinct groups. For each case (before 

LVF and During LVF), we had just one group. The results confirm that we had just one 

group that was inseparable during interracial before LVF onset and during LVF onset. We 

also plotted these two epochs on the same plot to show that—even before and after LVF—

these groups were still close to each other. We next assessed the Mahalanobis distance (we 

explain more about this concept in Section 6.7) between the centroids identified using the 

scores of the first and second component of the pre- and post-LVF action potentials (Nadasdy 

et al. 2017; Merricks et al. 2015; Bower et al. 2017).  

6.3.5 Identifying and quantifying ripples and fast ripples in the LFP recordings. 

Ripples (80- 250) and fast ripples (250-600) were calculated as previously described 

(Shennan A Weiss et al. 2016). In brief, a Hilbert transform was used to calculate the 

instantaneous amplitude envelope of the power in the band-passed filtered EEG. The 

instantaneous amplitude time series was normalized and HFO events were detected when the 
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amplitude exceeded 3 SD for a minimum duration of 8 ms prior falling below 1.5 SD of the 

mean. Detections were confirmed by visual inspection. We compared ripple and fast ripple 

rates during the pre-LVF and LVF epochs using Wilcoxon signed-rank test in Matlab. 

6.3.6 Phase relationships between action potentials and LVF oscillations. 

The instantaneous phase of each LFP during the LVF epoch was calculated by applying a 

Hilbert transform to the band-pass filtered data (low LVF: 5-15 Hz, high LVF: 20-30 Hz). 

The Hilbert transform is defined as and results in the 

analytic signal , where 𝑎[𝑛] is the instantaneous amplitude of 𝑦[𝑡], 

and 𝑖𝜃[𝑛] is the instantaneous phase. 

We then used action potential timing tspike to calculate the corresponding phase angles 

𝜃[𝑡𝑠𝑝𝑖𝑘𝑒] of each action potential with respect to the low voltage fast oscillations. We 

calculated the first trigonometric moment of these phase angles using the equation 𝑚′ =

 ∑ 𝑒𝑥𝑝𝑖𝜑𝑠𝑝𝑖𝑘𝑒 = 𝑅 𝑒𝑥𝑝𝑖𝜃. The Rayleigh’s Z-test for circular uniformity was calculated as 𝑍 =

𝑛𝑅2𝐴. The probability that the null hypothesis holds was estimated as 𝑝 =  𝑒𝑥𝑝−𝑧33
. 

6.4 Description of patients and seizures 

We analyzed LFPs from 113 microelectrodes implanted in 5 patients during 7 spontaneous 

focal dyscognitive seizures with an LVF onset (Table 6.1). Not all microelectrodes record the 

unit data. That really depends on the neurosurgeons and how they implant the bundle of 

microelectrodes. This is why the number of units are different from the number of 

microelectrodes on the brain. Not to mention that capturing data from a single unit is really 

challenging and needs decades of experiments. In three of the patients, who were diagnosed 

with mesial temporal lobe epilepsy (MTLE), the seizures originated from mesial temporal 

structures; in these three patients, anteromesial temporal lobe resection resulted in a seizure-

free outcome. The other two patients were diagnosed with MTLE+. One of the MTLE+ 
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patients had a seizure originating from the mesial temporal lobe; the other patient had two 

temporal neocortical onset seizures, which propagated in less than one second to the 

ipsilateral mesial temporal lobe. The latter patient was treated with a lateral temporal lobe 

resection that spared the hippocampus and continued to experience seizures, although seizure 

frequency and severity was decreased. None of the patients exhibited both LVF onset 

seizures and hypersynchonous onset seizures that consisted of sharply contoured ictal 

discharges that evolve between 0.5-2.5 Hz. One of the goals of this research was to study 

how the seizure propagates. As we described in Section 6.1 through 6.3, those seizures that 

exhibit LVF at their onset are more defuse. They start from the entorhinal cortex but 

propagate rapidly to the hippocampus. Due to this fact, we focused on seizures with LVF at 

their onset. 

6.5 Waveclus 

To make a precise study of neuronal behavior, the first step is to appropriately classify the 

action potentials that were recorded from extracellular recordings. Many spike-sorting 

algorithms have been presented in the technical literatures (Susumu Takahashi, Anzai, and 

Sakurai 2003; S. Takahashi, Anzai, and Sakurai 2003; Adamos et al. 2010; Fee, Mitra, and 

Kleinfeld 1996). Wild et. al, (Wild et al. 2012) compared KlustaKwik (Harris et al. 2000) 

with Osort (Rutishauser, Schuman, and Mamelak 2006) and Waveclus (Quiroga, Nadasdy, 

and Ben-Shaul 2004). They concluded that in terms of accuracy Waveclus performs 

significantly better (P>0.01) for signals with a noise level of 0.15-0.30. In this study, we used 

Waveclus for spike sorting. 

Waveclus is a software (plugin) based on Matlab. It is an unsupervised cluster cutting 

algorithm that is employed to detect and sort spikes from multiunit recordings. The method 

used in this software combines the wavelet transform to localize essential spike features with 

superparamagnetic clustering, which allows automatic classification of the data without 
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assumptions such as low variance or Gaussian distributions (Quiroga, Nadasdy, and Ben-

Shaul 2004). 

The spike detection method in this software has three steps:  

1. Spikes are detected automatically by using a threshold for the amplitude. The 

threshold (Thr) was set to:  

𝑇ℎ𝑟 = 4 𝜎𝑛 ;    𝜎𝑛 = 𝑚𝑒𝑑𝑖𝑎𝑛 { 
|𝑥|

0.6745
} 

where 𝑥 is the signal which is band-passed, 𝜎𝑛 is standard deviation of the noise 

in background. Since the standard deviation of the signal, such as high firing 

rates or large spike amplitude, can end to a very high threshold value, estimation 

based on median was been chosen. 

For each detected spike, 64 samples ( for 30 KHz about 2.5 msec) were saved 

for further analysis. All spikes were aligned to their maximum at data point 20. 

To avoid spike misalignments due to low sampling, Cubic splines, were used to 

determine the spike-interpolated waveform of 256 samples.  

2. For each of the spikes, the wavelet transform is calculated and the optimal 

coefficients for segregating the spike classes are automatically selected. 

Waveclus uses 64 wavelet coefficients for each spike and Haar wavelets. We 

know that each wavelet coefficient characterizes the spike shapes at different 

scales and times; however, the goal is to select a few coefficients that best 

separate the different spike classes. If there is more than one spike class per 

signal, we expect that coefficients have a multimodal distribution. Note that in 

Waveclus software the interest is not on any particular distribution of the data, 

but in deviation from normality as a sign of multimodal distribution.  

3. The nominated wavelet coefficients will be the input of the superparametric 

clustering (SPC) algorithm; temperature is selected automatically and then the 
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clustering is performed. The Waveclus software was written in such a way that 

the temperature was variable from 0 to 0.2 in increments of 0.01. We discuss the 

temperature role very briefly here and refer to (Quiroga, Nadasdy, and Ben-

Shaul 2004) for more information. The high temperatures correlate to a low 

probability that the neighboring points change the state together. That means 

many points may change their state completely independently from eachother. 

Therefore, they will be considered as seperate clusters but maybe only a few 

points in each, whereas low temperatures correspond to a higher probability of 

changing state together. Thus, many of points will change their state together 

and will therefore be considered as one cluster.  

The first step and very critical issue before importing any data to Waveclus is to check 

the sampling frequency in a set parameters.mat file in the Waveclus package. Most of the 

microelectrodes are recording with a sampling rate of between 30 KHz -40 KHz. This 

parameter should be set accordingly.  

Figure 6.4 illustrates a sample of spike sorting done for this project using Waveclus. As 

all of the clusters are shown in the second row and first from the left. Next, the sub-windows 

show the separated clusters. As explained before, the length of each sub-window is 64 and 

the peak of spikes are located at sample point 20. The last sub-window in this row (the first 

window from the right in the second panel) shows the artifacts. This sub-window was 

rejected for all the analysis in this study. The first window from the left in the third row 

shows the curve of temperature that can be changed. Normally, we would like to have a low 

temperature and more cluster size. 

The other windows in the third row show the distribution of the spikes (interspike 

intervals) in each cluster. Having all this information, we just need to save all these clusters 

and their appropriate spikes in a Matlab format file. This can be done by clicking on “save 

clusters” bottom, on top of the window. The saved file in Matlab contains: (1) cluster class: 
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which is cluster membership in the first column and spike times in the second column, (2) 

spikes: which is the coordinate of shape of the spikes. 

 

Figure 6.9. Illustration of a sample of spike sorting for this research using Waveclus. 

6.6  Isolation and characterization of single units 

To ensure quality control of single unit spike sorting, we quantified the number of false 

positive action potential detections on the bases of refractory period violations. We assumed 

an absolute refractory period of 1 ms, and a relative refractory period of 3 ms (Hill, Mehta, 

and Kleinfeld 2011). The final sorted single units exhibited no refractory period violations. 

To distinguish the putative excitatory from inhibitory units, we measured the peak amplitude 

asymmetry, half width, and trough-to-peak of the mean waveform for each single unit 

(LEvesque et al. 2016). These features are shown on a sample action potential in Figure 6.5, 

which borrowed from (Librizzi et al. 2017). Plotting these features revealed two distinct 

clusters of action potential morphologies. Spike trains containing action potentials with a 

shorter half-width, and trough-to-peak but larger peak amplitude asymmetry were classified 

as putative inhibitory interneurons (Figure 6.6); other spikes were classified as putative 

excitatory principal cells. 
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Figure 6.10. Illustration of three extracted features from an action potential borrowed from [163]. 

 

Figure 6.11 .Classification of exitatory and inhibitory neurons using kmean clustering. (A) Mean normalized 

waveforms of putative inhibitory and excitatory neurons isolated from microelectrodes during spontaneous LVF 

seizures in patients. (B) A three-dimensional plot of the extracted features: peak amplitude asymmetry, trough to 

peak and half width used to differentiate excitatory and inhibitory neurons based on K-means clustering. 

Overall, we identified 50 excitatory neurons and 22 inhibitory neurons in the mesial 

temporal SOZ. We also identified 21 excitatory neurons and 11 inhibitory mesial temporal 

neurons contralateral to the SOZ. For patient 462 with MTLE+ and a neocortical seizure 

onset, we interpreted the ipsilateral mesial temporal structures as part of the seizure onset 
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zone because it was the site of rapid propagation and neocortical resection failed to result in 

seizure freedom. 

Figure 6.7 illustrates how LVF appears in macro- and microelectrodes. These 

recordings are from the second episode of seizure for Patient 5. The data were from the 

UCLA dataset and the macro- and microelectrode recordings were already aligned. The first 

symbol of LVF is the herald or sentinel spike. The change in power of the signal in time-

frequency plot is very clear at the beginning of the herald spike. As demonstrated in this 

figure, during LVF onset in spontaneous limbic seizures in humans, the firing rate of 

inhibitory neurons increases first, followed by a rebound in the firing rate of excitatory 

neurons.  

 



 

78 

 

Figure 6.12 .LVF onset in macro- micro electodes aligned with raster plot and ripples. (A) Intracranial EEG 

recorded with macroelectrodes in the left temporal neocortex (top) and left entorhinal cortex (bottom) during a 

spontaneous LVF seizure in patient 462 with MTLE+. (B) Aligned LFP recorded from microelectrodes in the 

left entorhinal cortex indicating the beginning and end of LVF. (C) Aligned raster plot of spiking activity of 

excitatory and inhibitory neurons prior to and during seizure onset. Abbreviations (LEC: Left Entorhinal Cortex, 

RMH: Right Medial Hippocampus, LMH: Left Medial Hippocampus,  RA: Right Amygdala, LA: Left 

Amygdala). 
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We next examined whether the action potential waveforms of the putative excitatory 

and inhibitory neurons exhibited an altered morphology during the LVF seizure-onset epoch. 

We found that none of the excitatory or inhibitory neurons included in this study exhibited a 

statistically significant change in morphology as quantified with the squared Mahalanobis 

distance (p<0.01, Figure 6.10). The Mahalanobis distance is a unitless quantity (similar to a 

z-score) describing the number of standard deviations between two waveforms, weighted by 

the variance in each dimension; decreasing distance is associated with increasing similarity 

between waveforms (Matlab Statistics and Machine Learning Toolbox ‘mahal’). Since the 

action potential sorting process reduces the variability of waveform morphology, we also 

investigated whether the action potential waveform morphology of multi-unit activity (MUA) 

was altered during LVF seizure onset. Also, MUA waveform morphology did not change 

during LVF onset as quantified with the squared Mahalanobis distance. We did not sort any 

spike for multi-unit action potential detection. We detected them using a threshold of 5.92 × 

median of the absolute deviation of the signal (Merricks et al. 2015). 

To demonstrate the distribution of scores, we randomly chose one of the units and 

calculated the PCA (Figure 6.9). 

 

Figure 6.13. Distribution of score on randomly selected unit 
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Figure 6.10. Morphalogy of waveform before and after LVF doesn’t change . (A) Representative examples of 

excitatory neuron (left) and inhibitory neuron (right) waveforms before (blue) and after LVF onset (red).(B, C) 

Principal component analysis of all the spike waveforms for a representative excitatory (B) and inhibitory (C) 

neuron before (blue) and after LVF onset (red). (D) Normalized histogram of the squared Mahalanobis distance 

between the centroid of spike clusters prior to LVF onset and after LVF onset for all the excitatory (blue) and 

inhibitory (red) neurons in the study. The squared Mahalonbis distance was not significant for two distinct 

clusters. 

 

6.7  Changes in the firing rate of excitatory and inhibitory neurons during LVF seizure-

onset 

Comparing the firing patterns of putative excitatory and inhibitory neurons during the 

spontaneous focal seizures often revealed that the firing rate of inhibitory interneurons 

increased dramatically early during the LVF epoch in the mesial temporal SOZ (p<0.0001, 

Wilcoxon signed-rank, n= 22). Later, during the LVF epoch, and following the initial 

increase in inhibitory interneuron firing, the excitatory neuron firing rate could also exhibit a 

dramatic increase or rebound (p<0.0001, Wilcoxon signed-rank, n= 50, Figure 6.11). 
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Figure 6.11.. LVF onset is accompanied by an increase in the firing rate of an inhibitory interneuron and an 

increase in the ripple rate followed by a rebound in the firing rate of excitatory neurons. (A) Aligned LFP 

recorded from a microelectrode in the left hippocampus in patient TJU049 indicating the beginning and end of 

LVF when the fast activity fully transitioned to clonic bursts. (B) Corresponding spectrogram, the increase in 

the power in faster frequencies during LVF onset. (C) Aligned plot of ripple events prior to and during LVF 

onset. (D) Aligned raster plot of spiking activity of excitatory (blue) and inhibitory neurons (red) prior to and 

during LVF onset. Note that LVF ended at different times for each microelectrode recording. Abbreviations 

(LAH: left anterior hippocampus, LPH: left posterior hippocampus). 
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Across all the seizures, the firing pattern of the excitatory and inhibitory neurons was 

Heterogeneous; however, for 6 of the analyzed seizures, a change in excitatory and inhibitory 

balance was evident at the time of LVF onset (Figure 6.12).  

 

 

Figure 6.12. Across all seizures excitatory and inhibitory neuron firing is heterogeneous, but changes in 

excitatory and of LVF. (A) Time-Frequency plot of the mean normalized power (top), and variance (bottom) 

prior to and during LVF onset in the LFP across all the seizures. (B) Aligned raster plot of 104 units (5 Patients, 

7 seizures). The seizures are aligned to the onset of LVF activity (dashed vertical line). Excitatory neurons in the 

SOZ are shown in green, inhibitory neurons in the SOZ are shown in red, excitatory neurons in the NSOZ are 
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shown in black, inhibitory neurons in the NSOZ are shown in blue. Abbreviations (REC : Right Entorhinal 

Cortex, LEC: Left Entorhinal Cortex, LPH: Left Posterior Hippocampus, RPH: Right Posterior Hippocampus, 

LPH: Left Posterior Hippocampus, RMH: Right Medial Hippocampus, LMH: Left Medial Hippocampus, RA: 

Right Amygdala, LA: Left Amygdala). 

To quantify this change, we measured the average firing rate of putative excitatory and 

inhibitory neurons. We found that the EC inhibitory neuron firing rates increased at LVF 

onset (p<0.05, Wilcoxon signed-rank, n= 6). During this time, the excitatory neuron firing 

rate was suppressed comparing to 10 seconds before LVF onset (p<0.05, Wilcoxon rank-sum, 

n= 9). Approximately 10 seconds after LVF onset, a dramatic rebound of the excitatory 

neuron firing rate was evident (p<0.05, Wilcoxon signed-rank, n= 11; Figure 6.13A). In the 

amygdala (Figure 6.13B), the firing rate of inhibitory interneurons also increased at LVF 

onset (p<0.01, Wilcoxon signed-rank, n= 11, respectively), and the excitatory neuron firing 

rate rebounded later during LVF (p<0.01, Wilcoxon signed-rank, n= 11). In contrast to the 

EC and amygdala, an increase in the inhibitory firing rate (p= 0.13, Wilcoxon signed-rank, 

n=5) and a rebound in the firing rate of excitatory neurons (p<0.7, Wilcoxon signed-rank, n= 

30) was not evident in the hippocampus (Figure 6.13C). As discussed in Section 6.2, ripples 

and fast ripples rate are different for two kinds of seizure onset: LVF and HYP. As stated 

(Perucca, Dubeau, and Gotman 2014), for LVF seizures, ripples rate increases, which is not 

the same case for fast ripples. To make sure, we marked the onset of LVF precisely while we 

also quantified the change in the ripple and fast ripple rate during the pre-ictal epoch as 

compared with during LVF onset. We found that in the mesial temporal SOZ, the ripple rate 

increased from 1.2 ± 0.077 (mean ± standard error) ripples/sec to 2.2 ± 0.13 ripples/sec 

(Wilcoxon signed-rank test, p<0.001). In contrast, the fast ripple rate decreased (Wilcoxon 

signed-rank test, p<0.001 Figure 6.14). 

 

 



 

84 

 

 

 

 

Figure 6.13. In the seizure-onset zone, the firing rate of inhibitory neurons increases during LVF onset and is 

followed by a rebound in the firing rate of excitatory neurons. Comparison of the mean spike firing rate 

following smoothing using a Gaussian kernel for excitatory (blue) and inhibitory (red) neurons prior to and 

during LVF onset in the entorhinal cortex (A), hippocampus (B), and amygdala (C) seizure onset zone. Error 

bars represent the standard error of the mean (s.e.m). 
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Figure 6.14. During LVF onset in the seizure-onset zone, the ripple rate increased but the fast ripple rate 

decreased. Error bars show standard error of the mean (s.e.m). 

We also examined the changes in excitatory and inhibitory cell firing in recordings from 

the mesial temporal lobe contralateral to the seizure-onset zone during LVF activity. 

Surprisingly, we found the same pattern as ipsilateral to seizure onset. During LVF spread, 

the firing rate of the inhibitory interneurons increased dramatically. This increase in the 

amygdala was (p<0.05, Wilcoxon signed-rank, n= 4) and in the hippocampus (p<0.05, 

Wilcoxon signed-rank, n= 7). As shown in Figure 6.15, following the increase in the firing 

rate of inhibitory interneurons, and later during the LVF spread, a small increase in the firing 

rate of excitatory neurons was evident in the amygdala and hippocampus (p<0.05, Wilcoxon 

signed-rank, n= 17). 

The ripple rate also increased during LVF spread in the mesial temporal lobe 

contralateral to the seizure onset zone from 1.06 ± 0.13 (mean ± standard error) ripples/sec to 

1.54 ± 0.16 (mean ± standard error) ripples/sec (Wilcoxon signed-rank test, p<0.05); the fast 

ripple rate decreased (Wilcoxon signed-rank test, p<0.01, Figure 6.16). Figure 6.11 shows 

that an increase in the ripple rate was also evident following the LVF spread during the clonic 

bursting that followed. These results are consistent with animal models (Librizzi et al. 2017; 

LEvesque et al. 2016) and the definition of LVF type of onset in humans (Perucca, Dubeau, 

and Gotman 2014). 
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.  

 

 

 

Figure 6.15. Contralateral to the seizure onset zone, the firing rate of inhibitory neurons also increases during 

LVF activity prior to an increase in the firing rate of excitatory neurons. Comparison of the mean spike firing 

rate following smoothing using a Gaussian kernel for excitatory (blue) and inhibitory (red) neurons prior to and 

during LVF onset in the amygdala (A) and hippocampus (B) contralateral to the seizure onset zone. Error bars 

represent the standard error of the mean (s.e.m). 

                             

 

Figure 6.16. During LVF spread in the mesial temporal lobe contralateral to the seizure-onset zone, the ripple 

rate increased but the fast ripple rate decreased. Error bars show standard error of the mean (s.e.m). 

6.8  Phase relationship between single unit firing and LVF activity 

From the animal model (LEvesque et al. 2016), we know that inhibitory interneurons are 

phase-locked with LVF activity, which is not the same case for excitatory neurons. To 
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reconfirm our putative inhibitory and excitatory neurons, we characterized the firing 

properties of these interneurons. We examined whether the action potentials of each single 

unit were phase-locked to the LVF activity. If the answer is positive, we can finally declare 

that our putative inhibitory and excitatory neurons are correctly categorized. We studied the 

phase-locking of action potentials to two arbitrary and equal frequencies that compose LVF, a 

slower band often present at onset between 5-15 Hz, and a faster band often present later 

between 20-30 Hz. We found that, in the SOZ, the inhibitory interneurons were often phase-

locked to the peak of the LVF activity occurring in these two frequency bands (Figure 6.12 

Top, p<0.05). In contrast, fewer of the excitatory neurons showed phase-locking to the LVF 

activity (Figure 6.12 bottom, p<0.05). Figure 6.17  illustrates that the putative excitatory and 

inhibitory neurons isolated in the mesial temporal lobe contralateral to the seizure-onset zone 

exhibited similar properties. 

 

 

 

 



 

88 

 

 

Figure 6.17. The action potentials of inhibitory interneurons are phase-locked to low-voltage fast oscillations 

during LVF onset, but the action potentials of excitatory neuron are not. Top, Rose plots, i.e., circular 

histograms of the preferred phase angle of B. Inhibitory interneuron action potentials (red, top), and bottom, 

excitatory neuron action potentials (blue, bottom) with respect to LVF oscillations between 5-15 Hz (left) and 

20-30 Hz (right). 

6.9  Discussion 

We applied single- and multi-unit analysis to LFP recordings of spontaneous LVF onset 

seizures in patients with MTLE and found that action potentials do not change morphology 

during LVF ictal onset, and that the action potentials can be reliably sorted into putative 

excitatory and inhibitory units. During LVF onset, in the EC onset zone, inhibitory neurons 

dramatically increase their firing rate prior to a rebound of increased excitatory neuron firing. 
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Contralateral to the SOZ, during LVF spread, inhibitory neurons also increase their firing rate 

prior to excitatory neurons. Therefore, these results demonstrate a specific imbalance of 

excitation and inhibition during spontaneous LVF onset seizures in humans. 

6.9.1 Accuracy and validity of single unit spike sorting during seizure onset 

Using both single-unit analysis and MUA approaches, we found that the morphology of 

action potentials remains unaltered during LVF oscillations in the seizure-onset zone or sites 

of spread. MUA analysis was necessary for this proof because single-unit recordings may 

introduce a bias towards excluding action potentials with an altered morphology (Quiroga, 

Nadasdy, and Ben-Shaul 2004). Our results differ from those obtained using microelectrode 

arrays implanted in the human neocortex, which demonstrated that in the ictal core, single 

units cannot be discriminated (Merricks et al. 2015). The disparity is not due to electrode 

placement, since the ictal core encompasses the mesial temporal seizure-onset zone and later 

some of the sites of spread in patients with MTLE (Weiss Shennan et al. 2015). One reason 

that we were able to successfully perform SUA in LFP recordings from the ictal core—while 

a prior study claimed this approach was invalid—is that the prior study analyzed unit activity 

not just during the ictal onset pattern but rather during onset and the clonic bursting that 

followed (Merricks et al. 2015). In contrast, in our study, we restricted the analysis of ictal 

neuronal spiking to the LVF-onset epoch and found that the action potential waveform 

morphology was stable. Demonstrating this stability was critical to establishing that action 

potentials from excitatory and inhibitory interneurons could be reliably identified during 

seizure onset. 

We used established criteria to discriminate putative excitatory from inhibitory neurons 

on the basis of waveform morphology (Jozsef Csicsvari et al. 1998; LEvesque et al. 2016). 

Other approaches to discriminating excitatory from inhibitory neurons have examined the 

temporal autocorrelation of the spike train (Grasse, Karunakaran, and Moxon 2013; Shennan 

Aibel Weiss et al. 2016); however, this approach may be inappropriate for ictal epochs due to 
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atypical neuronal firing patterns. The validity of our spike-sorting approach was further 

supported by the fact that the putative inhibitory neurons were phase-locked to the LVF 

activity, while the putative excitatory neurons were less often phase-locked to it (Grasse, 

Karunakaran, and Moxon 2013; LEvesque et al. 2016). 

  

6.9.2 Excitatory/Inhibitory imbalance during LVF onset in the seizure-onset zone 

Across all the seizures examined in this study, the inhibitory neuron firing that was recorded 

in the EC-onset zone dramatically increased at LVF onset, presumably suppressing excitatory 

neuron firing. Approximately 10 seconds after LVF onset, we observed a rebound of 

excitatory neuron firing. This pattern of excitatory/inhibitory imbalance during LVF onset in 

the EC recapitulates the firing pattern of excitatory and inhibitory neurons in pharmaco-

logically induced seizures in in vitro models of epileptiform synchronization (LEvesque et al. 

2016; Trombin, Gnatkovsky, and de Curtis 2011; Gnatkovsky et al. 2008; Uva et al. 2015). 

The mechanism by which the specific excitatory/inhibitory imbalance at LVF onset promotes 

seizure genesis is not yet resolved, but may involve depolarizing GABAergic activity 

(LEvesque et al. 2016) or potassium and chloride efflux due to the KCC transporter (Hamidi 

and Massimo 2015). Another similarity between the spontaneous LVF-onset seizures 

recorded from the patients in this study and the pharmacologically induced LVF seizures in 

vitro was an increase in the ripple, but not fast ripple, rate that accompanied LVF onset. 

In this study, in the amygdala onset zone, LVF onset was also associated with increased 

inhibitory neuron firing and an increase in the ripple rate. In contrast to the EC and amygdala, 

in the hippocampus no significant increase in the firing rate of inhibitory and excitatory 

neuron firing rates was seen during LVF. The role of excitatory/inhibitory balance in the 

hippocampus and amygdala during LVF seizure genesis has been investigated in 

pharmacological models of status epilepticus. Our findings in patients with medically 

refractory focal epilepsy suggest that the hippocampus preferentially generates 
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hypersynchronous seizures (Shennan Aibel Weiss et al. 2016; Memarian et al. 2015) and that 

the relationship of these events to LVF seizures in EC remain to be elucidated. 

6.9.3 Excitatory/Inhibitory imbalance during LVF spread 

We found that inhibitory neuron firing also increased during LVF spread in mesial temporal 

lobe structures contralateral to the seizure-onset zone. Following such an increase, a small 

increase in excitatory neuron firing was evident. The significance of the increase in inhibitory 

neuron firing during LVF spread is not yet clear. The inhibitory interneurons in the region of 

spread were phase-locked to the LVF oscillations, suggesting that they may have been 

intrinsically involved in the generation of the LVF spread. 

It is unlikely that the increase in the firing rate of local inhibitory interneurons in sites 

of spread reflect an inhibitory restraint mechanism (C. a. Schevon et al. 2012; Shennan Aibel 

Weiss et al. 2016) because the excitatory neurons at these sites were quiescent prior to and 

during the appearance of the LVF activity. It is unfortunate that the initial LVF onset and the 

contralateral propagation both exhibited an increase in the ripple rate and inhibitory 

interneuron firing rate, because, according to the parameters, the sites of onset and spread 

cannot be easily differentiated. 

 An alternative interpretation—at least for mesial temporal onsets—is that LVF may not 

be a seizure onset pattern at all, but may reflect the propagation of unseen hypersynchronous 

onsets. 

 LVF onsets are usually regional while hypersynchronous onsets are usually focal, and the 

former are associated with a poorer outcome than the latter (Memarian et al. 2015; Ogren, 

Wilson, et al. 2009), perhaps because the precise site of seizure onset cannot be identified. In 

a single seizure recording from a patient in a prior study, a hypersynchronous microseizure 

was present on the microelectrode recordings prior to the LVF onset seen in the clinical 

macroelectrodes (Shennan Aibel Weiss et al. 2016). 
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Chapter 7 

Conclusion 

7.1 Summary of Contributions 

The goal of this dissertation was to develop a unified framework for data-driven modeling of 

neuroimaging signals in order to investigate seizure-onset zones and any biomarker related to 

seizure-onset from a tissue to single neuron. 

 Reading the EEG recordings to identify the electrodes whose recordings show seizure 

activity requires several days of expert analysis; however, some seizure activities are not easy 

to be detect by eyesight alone; hence, there is a need for more signal processing techniques. 

Removing any part of the patient’s brain is very changeable since each part of the brain is 

involved in a part of its functioning. The greatest challenge for experts is how to identify the 

SOZ accurately so that patients are seizure free following the surgery, while using the 

minimum of his/her brain functionality.  

 Chapter 3 investigated a newly developed biomarker to localize the seizure-onset zone. 

Using the Phase Locking Value (PLV)—a measurement to calculate phase amplitude 

coupling—we studied how the amplitudes of higher frequency rhythms (80-150 Hz) 

modulate the phase of lower ones (4-30 Hz). By extracting five features (explained in 

Chapter 5) and using a machine learning algorithm such as Logistic Regression, we were able 

to build a model. This model was based on the extracted features from PLV signal related to 

seizure-free patients. As we know that the resected area for these patients was appropriate to 

make them seizure free, we trained our model on these features. Then, we tested it on those 

patients who were not seizure free. The results of this study showed that, for those patients 

who were not seizure free after surgery, the proposed algorithm could find some more 

electrodes as aSOZ electrodes beyond the resection area. However, the post-surgical results, 

confirmed that most of these aSOZ electrodes were included in language, motor, visual or 

memory parts of the cortex. The resection of these areas will decrease the quality of life of 
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the patients at the price of being seizure free. That is the main reason that those aSOZ 

electrodes have not been resected. There were some other electrodes that our algorithm could 

find as putative SOZ electrodes and that were not visible to neurologists while reading EEG 

recordings.  

 In Chapter 4, we explored the idea of the rate of HFO and FHFO in different epochs. The 

first step was make an automate algorithm, which does not need any tuning for each patient. 

Second, we removed those activities that looked like artifacts and spikes using the 

physiologic characteristics of these two events. Then, we were able to obtain the HFO/FHFO 

onset time and duration for each single channel. We investigated these rates for 10 minutes 

during night, wake, preictal, and 2 minutes of ictal. Having obtained the postsurgical results 

and resected area along with SOZ, we could analyze the results based on each group of 

patients (seizure free or not), in/out of SOZ and in/out of the resected area. We showed that, 

as expected, the ictal period has the highest of HFO/FHFO, and that it is due to propagation 

of the seizure when more electrodes are engaged with seizure activity. For most cases, the 

preictal period had a higher HFO/FHFO rate than that of the night rate. This fact is 

contradictory to common belief that at night the rates of HFO/FHFO are higher. The reason 

for this opposition is that at night we have fewer artifacts and may be spikes. Without using 

any signal-processing technics, to remove these cases, it is easier to find HFO/FHFO events; 

however, by removing unwanted events, we could see higher rates of HFO/FHFO in preictal.  

 Finally, we then chose to use deep neuron’s data to efficiently study the role of neurons 

at the onset of seizure. In Chapter 6 we focused on those seizures that exhibited LVF at their 

onset. The rationale behind this choice was that we wanted to study how seizure propagates 

other regions than on were it initiates. LVF seizure onsets are more defuse than other types of 

MTLE’s common seizure onset, which is HYP. LVF seizure onsets start from the entorhinal 

cortex and rapidly propagate to the hippocampus. To study the different role of neurons to 

initiate the seizure, the first step was to detect them. We used Waveclus to detect the action 
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potentials from each electrodes. Using K-mean clustering and then confirming by phase 

locking value, we were able to categorize the interneurons into two distinct groups: inhibitory 

and excitatory. We proved that across all seizures excitatory and inhibitory neuron firing is 

heterogeneous, but that changes in excitatory and inhibitory balance are evident at the 

beginning of LVF. Inhibitory neurons started to fire prior to excitatory neurons at the very 

start of LVF onset, or even prior to that in some cases. However, excitatory neurons fire later, 

and in some cases are even quiet before LVF onset. This fact was consistent for each region 

of the brain (hippocampus, entorhinal cortex and amygdala), ipsilateral and surprisingly 

contralateral to seizure onset. We also showed that the morphology of action potentials never 

change before and after LVF. It is worth to noting that by saying “after LVF” onset we mean 

from LVF onset until start of burst activity of the seizure. 

7.2 Future Directions 

Several interesting problems would be interesting to explore. 

Considering the combination of HFO and PAC as a biomarker for localizing the 

seizure: In this study, we focused on the features extracted from PLV to train our model. We 

will have more robust model if we can have features that are more meaningful. As the rate of 

HFO/FHFO has been studied in this study, it would be interesting to combine it with PLV 

features and feed them into the algorithm.  

Study the effect of the seizure generation site to PAC or HFO rates: In this study, we did 

not separate our patients based on the seizure-onset region. It would be interesting to look at 

the effect of the seizure-onset site and correlate it with the obtained values from PLV or the 

rate of HFO/FHFO. In this dissertation, we investigated the effect of time on the rate of 

HFO/FHFO, but we did not consider the location of seizure initiation. 

Exploring the effect of interneurons on the HYP seizure onset: As we mentioned before, 

for the sake of this study, we only analyzed the seizures with LVF onset. It would also be 

worth looking at the other onset type (HYP) and comparing the results. From the animal 
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models, the results are completely reversed, but no study has been done on humans to prove 

this fact.  
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Data and software availability 

All codes related for analysis in Chapter 4 are available on Github: 

https://github.com/babahareh/HighFreq_PLV_ECOG 

The codes for analysis in Chapter 5 are available on Github:  

https://github.com/babahareh/HFO-and-FHFO-for-different-Epochs 

Raw data recordings used for analysis in Chapter 6 are available on the international EEG 

portal iEEG.org. 

The analysis for Waveclus and the database along with all spreadsheets are available on a 

permanent Zenodo repository: https://www.zenodo.org/record/836286#.WX0Ht9PyuWZ. 

Matlab codes used for analysis in Chapter 6 are available: 

https://github.com/shennanw/lvf_code  

https://github.com/babahareh/HighFreq_PLV_ECOG
https://www.zenodo.org/record/836286#.WX0Ht9PyuWZ
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Relationship to published works 

 Chapter 4: 

▪  Bahareh Elahian, Mohammed Yeasin, Basanagoud Mudigoudar, James 

Wheless, Abbas Babajani-Feremi, "Identifying Seizure Onset Zone from 

Electrocorticographic Recording: A Machine Learning Approach based on 

Phase Locking Value," Journal of Seizure, European Journal of Epilepsy, 

Accepted July, 20, 2017. European Journal of Epilepsy 51C (2017) pp. 35-42 

▪  Bahareh Elahian, Basanagoud Mudigoudar, Mohammed Yeasin, Andrew 

Papanicolaou, James Wheless, Abbas Babajani-Feremi, "Identification of 

Seizure Onset Zone using Electrocorticographic High-frequency Oscillation", 

American Epilepsy Society, December 2015 

▪  Bahareh Elahian, Mohammed Yeasin, Basanagoud Mudigoudar, James 

Wheless, Abbas Babajani-Feremi, "Identification of Seizure Onset Zone Using 

Phase Locking Value in Electrocorticographic Recording," Organization for 

Human Brain Mapping, June 2016. 

▪  Bahareh Elahian, Mohammed Yeasin, Basanagoud Mudigoudar, James 

Wheless, Abbas Babajani-Feremi, "A multivariate approach for seizure 

localization using high frequency coupling," North American Neuromodulation 

Society, June 2016. 

▪  Bahareh Elahian, Mohammed Yeasin, Basanagoud Mudigoudar, James 

Wheless, Abbas Babajani-Feremi, "Localization of seizure onset zone using 

classification of Electrocorticographic synchronization pattern," American 

Epilepsy Society, December 2016. 
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▪  Bahareh Elahian, Mohammed Yeasin, Basanagoud Mudigoudar, James 

Wheless, Abbas Babajani-Feremi, "Multivariate approach to predict the 

seizure onset zone and improve the outcome of surgery," Neuromodulation 

Symposium, April 2017. 

 Chapter 6 

▪  Bahareh Elahian, Nathan Lado, Karen Moxon, Amrit Misra, Ashwini Sharan, 

Itzhak Fried, Mohammed Yeasin, Jerome Engel Jr., Michael Sperling, Richard 

Staba, Shennan Aibel Weiss, "Human Low-Voltage Fast Seizures Are Caused 

by Inhibitory/Excitatory Imbalance," Annals of Neurology, Under Revision, 

Ref: 2017ANA-17-0921. 

▪  Bahareh Elahian, Nathan Lado, Karen Moxon, Amrit Misra, Ashwini Sharan, 

Itzhak Fried, Mohammed Yeasin, Jerome Engel Jr., Michael Sperling, Richard 

Staba, Shennan Aibel Weiss, "Characterizing single unit activity from putative 

excitatory and inhibitory neurons in limbic structures during spontaneous focal 

seizures in patients with medically refractory epilepsy", Society For 

Neuroscience, November, 2017. 

▪  Bahareh Elahian, Nathan Lado, Amrit Misra, Karen Moxon, Itzhak Fried, 

Mohammed Yeasin, Ashwini Sharan, Richard Staba, Anatol Bragin, Micheal 

Sperling, Jerome Engel, Shennan Weiss," Spontaneous low-voltage fast limbic 

seizures in humans exhibit a specific excitatory-inhibitory imbalance at seizure 

onset", American Epilepsy Society, December 2017. 
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