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ABSTRACT 

 
Epilepsy is a common and disabling neurological condition affecting 1-2% of the 

world’s population. Individuals suffering from epilepsy are prone to cognitive dysfunctions 

with detrimental effects in neural processing and memory resulting in decreases in quality 

of life.  An evaluation of inherent neural processes is valuable information to diagnose and 

clinically assess cognitive function, which could significantly improve the treatment 

possibilities and thereby the quality of life for epilepsy patients.  

An evaluation of cognitive functions during epileptogenesis was performed by 

experiments using auditory event related potentials (ERP) in rats before and after induction 

of status epilepticus (SE) using the Lithium-Pilocarpine model (LP) of epilepsy.  The aim 

of this study was to assess changes in neural system function during epileptogenesis by 

evaluating inherent responses to auditory stimuli in three ERP tasks at different time 

periods: before SE (control state), one week-, one month- and two months- after SE 

(epileptic state). 1. Habituation- (a.) evaluate the ability to habituate to repeated auditory 

stimuli using the N70 peak response, (b.) examine the time-frequency response through 

inter-trial coherence (ITC) and event-related spectral perturbation (ERSP); 2. Chirp- 

evaluate the auditory steady state responses through ITC; and, 3. Mismatch-Negativity 

(MMN)- evaluate associative memory through ERP responses to regular or odd tones. 

 Habituation tasks showed increased N70 peak magnitude during epileptogenesis 

from 1-week, 1-month, and 2-months after SE using repeated measures analysis of variance 

(rANOVA) with significant differences before and after SE (p<0.05, 1-week, 2-months). 



iv 

ITC showed significant differences between groups during habituation from 0.5-20 Hz and 

ERSP from 60-100 Hz and 0.5-15 Hz, with baseline corrected ERSP revealing differences 

from 1-30 Hz.  The habituation results indicate a diminished ability to properly habituate 

to repeated stimuli with abnormal neuronal firing in the epileptic state compared to the 

non-epileptic control state linking a possible mechanism with imbalances in neuronal 

inhibition and excitation during epileptogenesis. Chirp response ITC showed increased 

synchronous activity in high gamma band (>40 Hz) during epileptogenesis indicating the 

neuronal response in epileptic groups are phase locked to the chirp stimuli at a higher 

incidence than controls. Epileptic MMN ERP responses for odd and regular tones exhibited 

a decrease in the response curves from 250-350ms post-stimulus indicating a loss of ability 

to distinguish tones and difficulties with their associative memory during epileptogenesis.  

Our results indicate that a proper EEG-based analysis of auditory ERPs are useful 

in evaluating neural systems during epileptogenesis showing clear imbalances in 

excitatory: inhibitory function, as well as an indication that associative memory is 

detrimentally affected.  The ERP methods employed may help in the diagnosis of the 

epileptic patients with cognitive disabilities as their epilepsy progresses, as it is simple, 

non-invasive and cost effective. 
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CHAPTER 1 

 

INTRODUCTION 
 

 

1.1    Epilepsy and Cognition 

 

  A most common and disabling neurological condition is epilepsy, characterized 

by recurrent, unprovoked seizures, where abnormal electrical discharges interfere with the 

brain’s normal function [1-3]. More than 65 million people (1-2% of the world’s 

population) worldwide and over 2.2 million people in America have epilepsy. It is 

estimated that 150,000 new cases of epilepsy are diagnosed in the United States alone each 

year and 1 in 26 individuals develop epilepsy at some point in their lifetime [3].  

Epileptic patients have unprovoked seizures, where a “seizure” is caused by the 

excessive, hypersynchronous firing of neurons in the brain and results in a rapid change of 

neurological function. Epilepsy is diagnosed if the patient has two or more unprovoked 

seizures [1]. Typically, seizures are classified into two categories, a) partial seizures, where 

seizure activity takes place in a constrained area/portion of the brain (the epileptogenic 

focus) and b) generalized seizures, where the seizure appears to start at widely spread brain 

locations. Depending on the location and extent of the epileptogenic focus/foci, seizures 

could cause loss of consciousness and irregular movement of portions of the body 

(convulsions) for a considerable period (typically up to 5 minutes) [4]. Seizures are self-

terminating by the activation of internal inhibitory mechanisms. Failure of these 

mechanisms lead to prolonged seizures that may last for greater than 30 minutes. This 
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condition is called status epilepticus and may cause long term brain injury and even death 

[5]. 

Impairment of neurotransmitters could cause seizures as neuronal activity depends on 

the balance of excitatory and inhibitory neurotransmitters. The transmission of signals from 

one neuron to another through presynaptic neuron’s membrane depolarization depends on 

the level of the presynaptic neurons’ neurotransmitters.  For example, seizures could be 

triggered by an imbalance between excitation and inhibition cased by loss/decrease of the 

GABAergic inhibition and/or increase of glutamatergic excitation [6]. 

The term “epileptic dementia” which is progressive cognitive decline caused by 

epilepsy, was coined in the 19th century by German psychiatrist Emil W. G. M. Kraepelin 

and neurologist Oswald Bumke. About 70-80% of patients suffering from chronic 

epilepsies have cognitive deficits and are more prone to cognitive and behavioral 

dysfunctions than the general population [7]. Cognitive impairment is considered to be 

caused by prolonged or recurrent seizures and the common comorbidities in patients with 

epilepsy include cognitive dysfunction, such as memory, processing or attention 

difficulties, and mental health problems including depression, anxiety etc. Among such co-

morbidities, the most troublesome are cognitive abnormalities such as memory failure, 

which is a common clinical concern raised by patients with epilepsy, irrespective of the 

use of anti-epileptic medication or the presence of brain lesions [8]. Some of the cognitive 

difficulties associated with epilepsy decrease the patients' and their families’ quality of life, 

decrement their educational progress and achievements throughout life, accelerate memory 

impairment (primarily in individuals with temporal lobe epilepsy) [6,8, 9]. Poorer cognitive 

status, with longer duration of epilepsy, are seen mostly in patients with temporal lobe 
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epilepsy [7].  

While significant studies of pharmacologic therapies (such as acetylcholinesterase 

inhibitors donepezil and galantamine) have been made to improve cognitive function in 

disorders, such as attention deficit hyperactivity and neurodegenerative disorders, the 

efficacy of these agents in patients with epilepsy has received relatively less attention 

[10].  Anti-seizure drugs (ASDs) are still the mainstay therapeutic solution.  However, 

some studies reported few cognitive adverse effects (CAEs) with the use of ASD-

phenobarbital [11]. Another study showed that phenobarbital had worse cognitive effects 

than valproate or carbamazepine.  One study reported that primidone causes more adverse 

effects on motor performance and attention/concentration tests [12,13]. Therefore, more 

effective ways (deep brain stimulation and seizure prediction) are needed to prevent 

seizures or cure epilepsy, thereby preventing cognitive impairment in these patients. These 

methods are costly, invasive and sometimes may worsen mental or emotional status of the 

patient.     

In 1929, German psychiatrist Hans Berger used scalp electrodes and demonstrated 

the practical and diagnostic value of electroencephalography (EEG) in humans, and it has 

been the most widely used signal in the clinical assessment of brain activity [14]. Thus, a 

method capable of diagnosing and clinically assessing the cognitive function could 

significantly improve the treatment possibilities and thereby the quality of life for epilepsy 

patients.  One approach is to record and analyze event related potential (ERP) responses 

from the EEG. A candidate ERP, is auditory evoked potentials (AEPs) on the brain, where 

different aspects of cognitive function, such as attention span, memory recall, and speed of 

mental processing, can be qualitatively and quantitatively processed and assessed. These 



 

 

4 
 

 

   

 

 

 

 

auditory ERP responses are characterized by long latency and low amplitude in acute and 

chronic diseases [15-18]. They are time-locked to the auditory stimulus and can be 

recorded through the electrical response of the brain (synchronized activity of a network 

of neurons in different regions of the brain including the auditory cortex that can be 

recorded by EEG). These auditory ERPs, elicited by tones or sound pulses, are divided into 

early (within the first 10 ms after stimulation), middle (between 12 – 50 ms after 

stimulation, which contains a series of positive and negative peaks in the EEG), and late 

latency (four peaks: P50, N100, P150, and N200, between 50 and 250 ms after stimulation) 

ERPs [19]. Evoked potentials can be further classified as exogenous (elicited by physical 

parameters of the external stimulus, such as frequency, intensity, and duration) and 

endogenous (elicited by brain and respond to the stimulus) [20]. Endogenous ERPs are 

used to study cognitive dysfunctions that could be evaluated once and also followed up 

over a period of time. This type of study is an unbiased and non-invasive 

electrophysiological method for measuring cognitive dysfunctions [21]. Targeted 

stimulation leads to a positive ERP peak at 300 ms after stimulation, known as P300, which 

is larger in central and posterior locations of the brain. This P300 is task-dependent and has 

longer latency. It is related to cognitive processes such as memory updating, attention, 

signal matching, recognition, and decision making [20]. The degree of cognitive 

dysfunction is typically assessed by the increase or decrease in P300 latency. Thus, we can 

study the brain mechanisms related to cognition and information processing in control 

versus cognitively disabled groups [22,23]. These ERP techniques are used in diagnostics 

of several diseases such as mild cognitive impairment, Alzheimer’s disease, epilepsy, 

craniocerebral trauma, Parkinson’s disease, autism, and other neurodegenerative diseases. 
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Few studies have indicated changes in P300 in patients with epilepsy [18]. The advantages 

of AEPs are the easiness of their implementation and their non-invasive nature. Thus, they 

can be performed over time and compared to other diagnostic methods to monitor the 

progress of a disease [21].  

The observed event-related changes in the EEG are in the form of ERPs, event-

related desynchronization (ERD) or event-related synchronization (ERS). The responses 

of cortical neurons caused by changes in afferent activity of neurons constitute the ERPs, 

while the changes in the activity of local interactions between neurons and interneurons 

constitute the ERD/ERS [24]. 

ERD/ERS are specific to frequency bands. Certain events can block or 

desynchronize specific frequencies. These effects can be detected by frequency analysis of 

the EEG, where we can see an increase or decrease of power in particular frequency bands, 

caused by increase or decrease in synchrony of the involved neuronal populations 

respectively [24]. 

1.2 Dissertation Contribution 

 

1.2.1     Biomarkers for Habituation Tasks 
 

In this study, we developed an algorithm that separates all EEG epochs across trials 

and averages them. Signal processing techniques were employed on ERP-EEG responses 

to extract from the quantitative features related to habituation tasks. These features could 

potentially serve as biomarkers, to study the differences between control and epileptic 

groups. Two biomarkers were estimated.  Firstly, the ERP responses were quantified by 

the average N70 (negative peak at 70 ms from the onset of first stimulus in the ERP) over 

the trials and then normalizing the N70 onset from 1st for the 2nd, 3rd, and 4th N70 peaks. 
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Secondly, we applied advanced signal processing techniques i.e. time-frequency analysis 

like inter trial coherence (ITC) and event related spectral power (ERSP) measures from the 

EEGLAB’s toolbox in MATLAB. The N70 biomarker distinguished between control and 

epileptic groups, revealing that the epileptic rats do not habituate to the auditory stimulus, 

while the controls did. The ITC gave a view of the frequency response, where statistical 

significant differences were observed between control and epileptic groups. Similarly, the 

ERSP results too showed that the spectral powers at certain frequencies were increased 

after the rat became epileptic. 

1.2.2     Biomarkers for Chirp Modulation Tasks 
 

We also developed potential biomarkers for chirp modulation signal by analyzing 

ITC from the ERP epochs of rats. The auditory steady-state responses to different 

frequencies of stimulation (‘chirp’ tone of increasing frequencies from 1-100Hz) is studied 

to see the responses in different frequency bands for inter-trial phase locking. ITC analysis 

on the ERP responses showed the synchrony of the neuronal populations at different 

frequencies that can be used as a biomarker to distinguish between control and epileptic 

groups. The epileptic rats were synchronized to frequency of 60-100 Hz when chirp signal 

was introduced and this could be seen from ITC, where the coherence values increased 

after the rat became epileptic, which tells us that the inhibitory function is not normal in 

the epileptic rats when compared with controls.   

1.2.3     Biomarkers for mismatch negativity task 

We developed an algorithm that separates all EEG ERP epochs across subjects 

(rats) that received an auditory discrimination task with standard/regular tones and 

deviant/odd tones and averaged them. In this task, repeated trains of standard or regular 
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tones/stimuli were interrupted by infrequent stimulus (deviant/odd) tones, that differed in 

frequency, with standard tones of 1000 Hz and deviants of 2000 Hz. The ERP responses 

of the deviants and standards were averaged separately and plotted on the same graph to 

see the mismatch negativity in control and epileptic rats. MMN ERP responses were 

evaluated by taking the area under the curve (AUC) from 250-350 ms beyond the initial 

tone for each of the regular and odd tones in eight rats. During epileptogenesis, the rats 

appear to lose their ability to distinguish the odd and regular tones by the declining AUC. 

When the analysis was done on all rats, we could see the impairment of cognition over time 

as epilepsy is progressed.    

1.3 Dissertation Outline 

 

In Chapter 2 we provide background material on the electroencephalogram 

(information on EEG signals and common artifacts), epilepsy and its effects on cognition, 

early approaches to the study of epilepsy, and evoked potentials.  Information is also 

provided on currently available diagnostic tools for cognition in epilepsy, and other 

diseases like Alzheimer’s are presented. The data acquisition and methods of data analysis 

employed in this project are described in Chapter 3. The methodology includes description 

of feature/biomarker estimation, and statistical analysis, e.g.  repeated measure ANOVA 

(rANOVA). 

Results for habituation, potential biomarkers of chirp modulation, and odd ball task 

are presented in Chapter 4 for both the control case (before the rat became status epilepticus 

state) and the epileptogenesis cases (one week, one month and two months after SE state). 

We discuss the results of Chapter 4 in Chapter 5. In Chapter 6 we present our 

conclusion and suggestions for future work. 
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Additional plots and other resourceful information that are deemed helpful in 

further support of our hypotheses and results were added in the Appendix. 
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CHAPTER 2 

 

BACKGROUND 

2.1 Electroencephalography  

The first recording of electrical brain activity in a human, was made in 1924 by the 

German psychiatrist Hans Berger [25].  The human brain can generate electric and 

magnetic fields as a result of summation of electrical activity, through flow of ions as 

neurons inside the cerebral cortex. In the brain, 109­1010 neurons are present in the 

cerebral cortex, and the summated electrical field is measured either from scalp (on surface 

of the head) or directly from brain using intracranial electrodes implanted in the brain. This 

measured electrical activity is the EEG, and it represents the summated electrical activity 

of brain. Clinicians and researchers use the EEG to see specific patterns or characteristics 

that are unique to specific disorders, and it has become one of the widely used 

neurophysiological tool in diagnosis of neuropsychiatric disorders, epileptic studies, and 

studies related to cognitive dysfunctions [26].     

Scalp EEG is a noninvasive recording approach which uses electrodes placed along 

the surface of the head. In this type of recording, the pyramidal neurons within the cortex 

are orientated radially to the scalp surface as indicated in Figure 2-1.  The postsynaptic 

potentials generated by excitatory and inhibitory pyramidal neurons (arranged in parallel) 

overlap in time, which are represented in the EEG as the signal that propagates towards the 

electrode present on the scalp [27&28].  Artifacts (e.g. movement artifacts by the subject) 
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and environmental noise (e.g. noise from AC power lines) are common during recordings 

but other artifacts may also arise as physiological artifacts, which are unwanted signals that 

can alter the EEG.  Examples include interference of electrocardiogram (ECG) or eye 

movement. Technical artifacts can be caused by changes in instrumentation hardware or 

electrode quality such as low battery in amplifier, broken wire contacts in electrodes, and 

increases in electrode impedance.   

 

Figure 2- 1:  Neural signal path from the pyramidal neurons through layers of brain, dura, 

skull and the electrode (Figure taken from Jackson and Bolger, 2014). 

Intracranial EEG (iEEG), is an invasive method, where the electrodes (e.g. depth 

electrodes) are placed directly on the cerebral cortex, to probe neuronal electrical activity 

at deeper layers in the brain. We can place micro or depth electrodes at specific regions 

under study to record local field potentials (LFPs).  iEEG is considered to be the most 

informative-neurophysiological recording technique [29].  This approach eliminates many 

of the artifacts mentioned earlier. We can target specific areas in the brain, thereby 
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acquiring local information that can be useful for clinical studies. The EEG from the LFP 

depends on the synchrony of the local oscillatory neurons surrounding the electrode [30].  

LFP signals could give information about the resonance properties of neurons, 

which can be seen from frequency analysis such as power spectral density and ITC [31]. 

Reimann et al. used neocortical LFPs in biophysical computationally detailed model of 

rodents and showed that the active membrane currents (i.e., resonant currents) direct the 

generation of LFPs, and the LFPs are caused by the activity of local interactions between 

neurons and interneurons [32]. These neurons oscillate synchronously and contribute 

significantly to the recorded LFP signal, where the resonating property is both voltage and 

frequency dependent. This feature occurs mostly in inhibitory interneurons such as fast 

spiking interneurons (FSIs) [33]. The transmission of frequency dependent information via 

neural networks, can be modulated by controlling which subset of neurons are in a resonant 

state [34]. This neuronal property plays a critical role in shaping the dynamics of brain 

activity in various pathological and neurophysiological conditions [35]. 

2.2         Brain Wave Classification 

 

A normal EEG signal has different frequency bands and is characterized by 

rhythmic activity. Figure 2-2 shows EEG waveforms of different frequency bands plotted 

over time for five seconds. The specific frequency bands in EEG signals are, in order of 

increasing frequency: 

Delta Rhythm: EEG activity from 0.5- 4 Hz frequency is categorized as delta 

rhythm. This activity is prominent in frontal regions in adults and in the posterior in 

children. It is observed during sleep and attention tasks, and has high amplitude. 
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Theta Rhythm: EEG activity from 4-8 Hz frequency is categorized as theta rhythm. 

It occurs most often during sleep, but is also found during meditative state. This frequency 

range of EEG activity has been associated with learning, memory, and intuition. 

Alpha Rhythm:  EEG activity in a frequency range of 8-13 Hz consists of sharp 

peaks occurring periodically and is known as alpha rhythm. It is prominent in posterior 

regions of brain, and observed while the subject is in a resting state.   It was designated 

alpha because it was the first activity recorded, by Hans Berger in 1924. 

Beta Rhythm: EEG activity with a frequency range of 13-30 Hz is categorized as 

beta rhythm. These waves are faster and small and are associated with mental, intellectual 

activity, high alert and concentration. They are prominent on both hemispheres of brain, 

having asymmetrical distribution and mostly evident in frontal region.  

Gamma Rhythm: EEG activity above 30 Hz frequency is categorized as gamma 

rhythm. Gamma waves are associated with perception, attention and cognition, as they 

promote coherence and ‘temporal binding’ of local and distant neuronal activity. A 

decrease in gamma activity is associated with cognitive decline. Apart from cognitive 

disorders, gamma oscillations are involved in other neurological disorders, and these 

oscillations are generated by fast spiking interneurons (FSIs) in brain, which resonate 

spontaneously between 30-100 Hz range [36–41]. The gamma frequencies (30-100 Hz) are 

generated naturally by GABAergic fast-spiking interneurons (FSIs) and can propagate to 

the hippocampal cornu ammonis 1 (CA1) subfield [42,43]. Because pyramidal cells are 

highly connected by interneurons, the FSIs can entrain the synchronous firing between 

them [44].  
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High Frequency Oscillations (HFOs): HFOs are short duration neural oscillations 

with a frequency greater than 80 Hz. These signals can be used to determine seizure onset 

[45,46].   

 

 

(a) Original EEG signal 

 

 

(b) Delta band 

 

 

           (c) Theta band 

 

 

(d) Alpha band 

 

        
             (e) Beta band 

 

 

                  (f) Gamma band 

 

 

(g) EEG waveform with seizure 

 

 

(h) HFO (80 – 100 Hz) 

Figure 2- 2: EEG waveform at different frequency bands (Figure taken from Karamuri, 

2017) [31]. 
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     2.3      Epilepsy 

  Epilepsy is common and disabling neurological condition, affecting more than 65 

million people worldwide. It is a syndrome, characterized by recurrent, unprovoked 

seizures [1,2]. A common assumption is that seizures occur when neuronal excitability 

reaches a threshold combined with a high level of synchronization between neurons 

[47,48]. A patient is diagnosed with epilepsy, if "two or more unprovoked seizures” are 

observed.  Seizures are self-terminating with the impairment of neurons, as neuronal 

activity depends on the imbalance of excitatory and inhibitory mechanisms caused by 

loss/decrease of the GABAergic inhibition and/or increase of glutamatergic excitation [6]. 

Figure 2-3 shows EEG waveforms from different electrodes of a rat during a seizure.  

 

Figure 2- 3: Example of a rat iEEG recording during a seizure period. 

 About 70-80% of patients suffering from chronic epilepsies have cognitive 

deficits and are more prone to cognitive and behavioral dysfunctions than the general 
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population [7]. Cognitive impairment is considered to be caused by prolonged or recurrent 

seizures, and the common comorbidities in patients with epilepsy include cognitive 

dysfunction, such as memory, processing or attention difficulties, and mental health 

problems including depression and anxiety. Among such co-morbidities, the most 

troublesome are cognitive abnormalities such as memory failure, which is a common 

clinical concern raised by patients with epilepsy, irrespective of the use of anti-epileptic 

medication or the presence of brain lesions [8]. Poorer cognitive status, with longer 

duration of epilepsy, is seen mostly in patients with temporal lobe epilepsy [7]. 

      2.4      Event Related Potential 

 

2.4.1     Early Approach 
 

Electroencephalogram (EEG) recordings were the first noninvasive brain activity 

measurements developed from human subjects [24,49-51]. The early studies examining the 

EEG helped to characterize the changes in electrical activity when stimuli and tasks were 

presented [52,53].   In cognitive neuroscience, ERPs or evoked potentials, became a 

primary tool, when scientists understood the importance of signal averaging of the EEG’s 

[54-58]. The ERP method has several advantages, and is one of the most widely used 

methods in cognitive neuroscience, despite the rise of modern neuroimaging methods.  It 

allows scientists to study specific cognitive processes, by observing human brain activity 

[58,59]. In recent years, the study of ERPs has increased dramatically, where the use of 

signal-averaged EEG recordings that are time-locked to a particular event, provides 

information regarding cognition [60]. Also, ERPs have been used extensively in 

neurophysiological research to study areas such as cognition, perception, and human 
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sensation, and its non-invasive nature and the ease of implementation has facilitated those 

studies [61].  

ERPs have good temporal resolution, which makes them a primary tool in 

measuring the brain activity in milliseconds, where we can study the general and specific 

aspects of individual’s response to an external stimulus, thereby revealing information 

regarding attention, cognition and perception (since these operate on a scale of tens of 

milliseconds). Also, given the tissue in which ERPs are generated and propagated, no 

measurable conduction delay occurs between the scalp potentials recorded from EEG and 

the brain activity (inside the head) [62]. 

In early days, the electrophysiologists proposed that the scalp EEG and 

intracranially-recorded field potentials (local-field potentials- LFPs), were generated by 

the postsynaptic activity of group of neurons [49]. The view is widely accepted today is 

that the EEG and averaged ERPs are measuring the electrical potential produced in the 

extracellular fluid, where ions stream across cell membranes and neurons convey the 

information with one other through neurotransmitters [62,63]. A large number of neurons 

should be active simultaneously, in order to generate electrical fields that are large enough 

to propagate through the brain, dura, skull and skin [64].  In addition, this large group of 

synchronously active neurons should have a geometry that is perpendicular to brain so that 

they are not cancelled by other group of neurons that are active during the same time 

[59,62]. These simultaneously active neurons should approximately have the same 

orientation for the electrical potentials to summate, and by this, we can say that ERPs are 

primarily generated by the postsynaptic potentials of cortical pyramidal cells. We can 
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predict the voltage pattern that will be created across the head, depending on the area and 

orientation of a specific neural generator in the brain [63].   

Davis, in 1939 showed that the voltage fluctuations were elicited when the stimuli 

were presented [42]. ERP research gained popularity when Walter et al., demonstrated in 

1964 that cognitive activity could be measured [58]. Kornhuber et al., in 1965 found out 

the first of the ERP components indexing cognitive processes [65]. Another group of 

studies took the average of evoked potentials, which are time-locked to an observable 

event, and thereby recorded multiple trials to see voltage fluctuations (common to each 

trial) [56, 66-68]. By the invention of 10/20 EEG system, the ERP tasks became easier to 

replicate across studies and were much easier to integrate [69].  

AEPs are the potentials in response to auditory stimuli.  These auditory ERPs, are 

divided into (1)  early-latency/auditory brain stem responses, which occur within the first 

10 ms after stimulation and represent the activity related to signal propagation through 

auditory nerve [70], (2) middle latency responses, which occur between 12 and 50 ms after 

stimulation and contain  a series of positive and negative peak in the EEG and represents 

cortical and thalamus activity [71],  and (3) late latency, which consists of four peaks: P50, 

N100, P150, and N200, between 50 and 250 ms after stimulation and are of cortical origin 

[72]. Transient AEP (tAEP)-evoked potentials are obtained from slow frequency 

stimulation, where the single responses do not overlap in time [73]. 

Furthermore, the evoked potentials are classified as exogenous and 

endogenous.  Exogenous ERPs are elicited by physical properties/parameters of the 

external stimulus, such as frequency, intensity, and duration. P1, partially N2, and P2 are 

the exogenous components. Endogenous ERPs depend on stimulus categorization, 
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subject’s attention [67, 72]. The studies related to cognitive dysfunctions use endogenous 

ERPs, which are evaluated once or can also be followed up over a period of time. These 

evoked potentials can be measured non-invasively and are an unbiased 

electrophysiological method for measuring cognitive dysfunctions [78]. 

2.4.2     ERP Components 
 

ERP components are described as peaks and troughs, i.e. negative and positive 

peaks, which are time-locked to the auditory stimulus during a task, as shown in Figure 2-

4. More information regarding the human sensation, cognitive processing, and speed of 

mental processing can be known from these ERP responses, during a trial, when different 

types of tasks are performed [74].   

In Figure 2-4, negative voltage is plotted going up, as it has to do with the position 

of the electrode placement in the brain, while recording. When the traditional 1020 eeg 

system is used for the ERP recordings, the positive ERP components (P100, 200 P300), 

are deflected downwards because of the electrode placement.  For example- if the reference 

electrode is on FZ and an active electrode is on the occipital region (OZ), an inversion in 

these will change the polarity of P1, so it will deflect downwards, as shown in Figure 2-4. 

The plotting of negative voltage up and positive downwards, was followed by the majority 

of cognitive neuroscientists, as it became easier to interpret these ERP waveforms, to study 

various cognitive information processes [74].  In our research we followed the same 

approach. 
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Figure 2- 4: ERP components during an auditory task. 

The labelling of the ERP waveforms is a sequence of peaks, that occur at a different 

times indicating its polarity. For example, in Figure 2-4, P1, N1, P2, N2, P3 peaks, identify 

the negative and positive peaks by their latency, so P1, N1, corresponds to the first positive 

and negative peaks that occur 100 ms, and P2, N2 occur 200 ms after the stimulus onset. 

Similarly, P3 or P300 occurs at 300 ms, post stimulus [75]. We describe the most 

commonly identified auditory ERPs (shown in Figure 2-5), of an adult.  

 



 

 

20 
 

 

   

 

 

 

 

 

Figure 2- 5: Example of human auditory evoked potential. 

P1: This feature is not easily identified in the ERP waveform, and appears earlier 

in time at 50 ms over posterior scalp electrodes. This component gives neurophysiological 

information regarding attention to sensory inputs. In 1992, Waldo, et al. found out that P1, 

is frequently associated with auditory inhibition and tested it in sensory gating tasks [76]. 

Multiple sclerosis and Parkinson’s disease are often diagnosed, from the P1 latency 

[77].      

N1: This feature is easily identified, regardless of specific tasks employed, and 

appears between 75130 ms over temporal areas [75]. In 1973, Hillyard et al. were the first 

to investigate this component in dichotic listening task [78]. With increase in inter-stimulus 

interval, and with increased attention to stimulus, the amplitude of N1 can be enhanced, 

where perceptual and early sensory information can be processed [78,79]. This N1 is most 

likely elicited in primary auditory cortex (temporal lobe of brain) [80].   It is related to 

sensory information processing, such as hearing [80].  
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P2: The P2 component is seen in cognitive tasks such as selective attention [81] 

and short-term memory [82], and it has low interindividual variability and high replicability 

[83]. In auditory modality, P2 is referred as the N1/P2 complex, as it occurs together with 

N1 and shares many characteristics with N1 [84]. It has maximum amplitude at a latency 

range of 150275 ms, and is typically noted from the central region of the brain, using 

earlobes as references [85]. 

N2: Polich and Bondurant, found that the N2 component has small amplitude and 

shorter latency when shorter inter-stimulus intervals are given [86]. This component is 

elicited over the central parietal region [24].  With respect to complexity of the task, the 

amplitude and polarity of N2 inhibition can change. It is noted over the fronto-central 

electrodes [87]. 

P3: This component is also called P300, since it has a latency of 300 ms after 

stimulus onset. The task for eliciting P300 component is oddball paradigm/mismatch 

negativity task, where occasional deviant tones are presented in-between frequent stimuli 

[88]. This P300 component seem to have larger amplitude in electrodes present in frontal 

and central regions [89].  In auditory modality, the MMN responses can be evoked by 

tones/sound pulses that differ in any characteristics, such as duration, intensity or frequency 

[90].  In 1988, Donchin and Coles found out that this P300 component acts as an indicator 

of memory updating [91]. P300 has gained immense attention in clinical studies of in 

subjects with attention deficits such as a-deficit/hyperactivity disorder (ADHD), where the 

amplitude varies with respect to stimuli.  It reflects information related to various 

attentional functions. P300 with shorter latencies had better performance that was directly 

related to cognitive abilities [92&93]. It is not easy to identify the source of P300 
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component, but some researchers identified it as the medial temporal lobe [94], including 

the hippocampal region [95], thalamus, parahippocampal gyrus or amygdala [90], based 

on intracranial EEG recordings.   

N400: The N400 ERP component occurs 400 ms after stimulus onset. This 

component is associated with visual and auditory sentence comprehension tasks and Kutas 

and Hillyard were the first to identify this phenomenon [96]. In order to generate N400 

evoke responses, the words of a sentence were presented visually one after another at fixed 

intervals, and the N400 amplitude was larger over parietal and temporal regions in the right 

hemisphere [97]. The N400 correlates with familiarity of the stimulus presented [98]. 

P600: P600 has two functionality interpretations, one is related to language and 

other associated with memory processes. These peaks have same topographies but appear 

at different brain sites [75]. This ERP component ranges from 400  600 ms. When memory 

recall/recognition tasks are performed, the P600 waveform appears [99]. Intracranial 

recordings from anterior temporal lobe structures during continuous recognition tasks 

exhibited these responses [100]. 

Different procedures used to record ERPs, affect peak characteristics.  Examples 

include differences in length of inter-trial intervals, number of trials, or different variations 

in intensity of stimulus. Therefore, to successful replicate the evoked potentials, 

researchers should follow a consistent approach while performing tasks [75]. Also, the ERP 

components are often smaller than normal EEG components, and one cannot recognize 

them from raw EEG traces.  To improve the signal quality, one should rely on averaging 

the ERP components across the EEG epochs (for all trials), that are time-locked to the 

stimuli [101].  This procedure averages out the background EEG fluctuations, leaving only 
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the event-related brain dynamics. This evoked potential, represents only the activity which 

is consistently time-locked to that particular event, thereby giving a high temporal 

resolution, enabling the patterns of neuronal activity to be studied [102].  When looking at 

P1, N1 peaks (for studying about perception and attention), the researchers should conduct 

3001000 trials per condition to get reliable data. For P300 component, which are usually 

large and slow waves, about 3560 trials per condition for each subject are necessary [74]. 

                                   2.5      Auditory Steady-State Responses 

The steady-state evoked response caused by repetitive auditory stimulation is 

known as auditory steady state response (ASSR).  In ASSR, the frequency of auditory 

stimulation is higher than that of tAEP.  This ASSR has infinitely stable amplitude, 

frequency and phase [103], and can be analyzed in shorter periods of time. The ASSR 

responses are driven by the traits of the external stimulation [104]. 

Adrian and Matthews reported in 1934 that alpha amplitude increased in response 

to a flashing light, and demonstrated the brain’s ability to respond to external stimulation 

[105]. This response to flashing light is known as visual steady state response, which led 

to the assumption that similar responses could be traced/detected in the auditory system. 

By giving auditory tones, with a sound frequency of 40 Hz, Galambos et al. showed that 

auditory steady state response can be elicited [106]. Other researchers found that ASSR is 

strongest at 40 Hz frequency [104, 107, 108].  

Two main theories have been proposed to explain the origin of ASSRs. Superposition 

theory proposes that the time period between auditory stimuli is shorter than the length of a single 

tAEP required to generate an ASSR. Therefore, the ASSR is summation of successive tAEPs, 

shifted in time. The alternate theory, entrainment, is based on ASSR studies, which involves the 
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effects of medication, ASSR propagation in time, and the behavioral significance to resonant 

frequency. In this theory, the response to external stimuli are generated by naturally existing brain 

oscillators that synchronize to particular frequencies of stimulation.  

Ross et al. showed that in the first 100 ms of stimulation, transient gamma band response 

appears, and the stable amplitude and phase relationship with stimulus builds up in a time window 

of 80-250 ms [109].  He also showed that the phase shift or gap in a stimulus causes SSR to be 

rebuild around 200 ms, thus suggesting that ASSR is not an evoked potential, but is induced by the 

brain response [110]. During an internally or externally-paced events, the observed event-related 

changes in the EEG have a phase-locked response, known as ERP that is caused by changes in 

afferent activity of neurons, and non-phase-locked response, known as event-related 

desynchronization (ERD) or event-related synchronization (ERS). ERS/ERD is caused by changes 

in the activity of local interactions between neurons and interneurons [24, 111]. ERD/ERS are 

specific to frequency bands. Certain events can block or desynchronize specific frequencies 

depending on the subject’s neurological condition. The ERP, ERD/ERS are responses of different 

neuronal structures in the brain. The ERD/ERS is highly specific to different frequency bands, and 

can occur either on the same or different locations on the scalp. So, this can be detected by 

frequency analysis of the EEG, where we can see an increase or decrease of power in particular 

frequency bands, that arises from an increase or decrease in synchrony of the involved neuronal 

populations respectively. ERD is a decrease in oscillatory activity during an internally or externally 

paced event, and it leads to decreased power in particular frequency bands, caused by desynchrony 

of the involved neuronal populations. ERS is the increase of rhythmic activity, and it leads to 

increased power in particular frequency bands caused by an increase in synchrony of the involved 

neuronal populations. Pfurtscheller, has shown that ERD in alpha and beta bands correlates to 

activated neural ensembles, and ERS in the alpha and lower beta band (<30 Hz) as correlate of 

deactivated/idling neural ensembles [111]. 
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The various types of stimuli used to elicit ASSR are frequency modulation (FM), in which 

stimuli are given by modulating frequencies of a carrier tone at constant amplitude, amplitude 

modulation (AM) in which stimuli are given by modulating the amplitude of sound, and frequency-

amplitude modulation or mixed modulation (MM) in which stimuli are given by modulating 

frequencies and amplitudes of a carrier tone. These types are classified as frequency specific, where 

the power is concentrated in a narrow band of frequencies as in tone bursts and band-limited chirps, 

and frequency unspecific, where power is concentrated in broad band of frequencies as in clicks, 

chirps, and noises [112,113].  Most of the ASSR studies use frequency or time-frequency analysis, 

but as ASSR is elicited during the stimulation time, time-frequency transformation is the most 

suitable approach for ASSR analysis. The most commonly used time-frequency (TF) analysis is 

the short time fast Fourier transform (stFFT) [110,114,115], and in this research we have used the 

ITC and ERSP analysis, which will be discussed later in Chapter 3.  

Chirp-based stimuli: to test the brain’s ability to elicit responses at different frequencies, 

one can use a chirp-based stimulus. In this type of stimulus, changing modulation frequency is 

used, where wide range of frequencies are covered [116]. AM-chirp with sine wave of changing 

frequencies is the most common type of chirps used, where one can assign the frequency 

modulation range, direction (up-chirp/down-chirp), duration [116,117]. Many investigators, have 

used, chirp-based stimulation in EEG and magnetoencephalography (MEG) research. Pérez-

Alcázar et al. found that, when up-chirp was given in Parkinson’s disease model rats, the frequency 

response in 40-60 Hz is reduced [118]. Poulsen et al. showed that the frequency of the peak 

response is increased in 25-55 Hz range for healthy adults [119]. In schizophrenia patients, the 

response amplitude was reduced in 30-50 Hz and 90-100 Hz range [120,121]. Ethridge et al. 

showed a decreased gamma phase-locking in the 30–58 Hz range in Fragile X syndrome mice [24].   
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CHAPTER 3 

 

METHODS 

3.1 Materials 

 

In this research work, data from male Sprague Dawley rats were recorded over time 

and three types of acoustic stimulation tasks were employed on control (non-epileptic) rats 

and epileptic rats to study the EEG abnormalities related to their cognitive function over 

time.  Details of the data acquisition, length of the data, and number of animals used are 

provided in the following subsections. 

3.1.1 Data Acquisition 
 

EEGs were recorded in control and epileptic rats at Louisiana Tech University, 

Ruston, LA in Dr. Levi B. Good’s lab. The auditory event related tasks were performed on 

rats. Sampling rate for all modalities were all 2KHz. Adult male Sprague-Dawley rats aged 

2-3 months (N=8) were anaesthetized and stereotaxically implanted with 8 intracranial 

tungsten electrodes (125-µm diameter) bilaterally in the frontal and parietal cortex, the 

hippocampus (CA1), and thalamus (CM), with one reference near bregma (Cz) and a 

ground electrode near lambda (Fig 3-1). Figure 3-1 shows the electrode placement in rats 

at particular positions, where, bilateral implantation coordinates in the hippocampus were 

anterior/posterior (AP), -5.6 mm, midline/lateral (ML) +/- 4.5 mm, Depth 5.9 mm. 

Bilateral implantation in the thalamus (central medial nucleus) was at AP -2.5 mm, ML +/- 

1.5 mm, Depth 2.8 mm.  Bilateral cortical electrodes were at AP 2.0 mm, ML +/- 3.0 mm, 
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Depth 1.0 mm and at AP -4.0 mm, ML +/- 3.0 mm, Depth 1.0 mm. 

 

Figure 3- 1: Electrode placements on rats implanted with 8 intracranial tungsten 

electrodes bilaterally in the frontal and parietal cortex, the hippocampus (CA1), and 

thalamus (CM), one reference near bregma (Cz) and ground electrode near lambda. 

Rats were allowed to recover for one day before recording 24 h of continuous EEG 

(sampled at 2 kHz). The lithium-pilocarpine animal model of epilepsy (LiCl-3mmol/kg 24 

hrs. prior to 30 mg/kg pilocarpine) was used.  One week after the electrodes were 

implanted, rats were pretreated with lithium chloride, and they were injected with 

pilocarpine one day after the lithium injection. These injections cause generalized 

convulsive status epilepticus (SE) for each rat.  Rats were treated with diazepam 10 mg/kg 

and phenobarbital 25 mg/kg, approximately 3 hrs. into SE to aid in survival. SE causes an 

initial precipitating injury to the brain, and the rats exhibit spontaneously recurrent seizures 

(SRS) during the remainder of their life [122].  

The experimental setup is shown in Figure 3-2.  The rat was placed in sound 

isolation chamber and the ERP’s were recorded during the auditory tasks. A Tucker-Davis 
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Technology’s (TDT’s) RZ6 high-frequency multi input/output auditory signal processor 

performed the auditory evoked response tasks.  A subject interface (SI8) module was used 

to record the 32 channel EEG (from 2 rats at a time) at a sampling rate of 2 kHz. A MF1-

Multifield magnetic speaker was placed inside the sound isolation chamber to deliver the 

sound tones and the setup consists of a monitor to record the ERP responses in rats. 

 

Figure 3- 2: Auditory ERP recording setup. 

3.1.2 TDT System Overview  

 

The recorded data were collected on the RZ6 multi-input/output processor from 

Tucker Davis Technologies (TDT). RZ6 is a core TDT system with a high-frequency 

auditory signal processor that can handle real-time signal generation, filtering, acquisition 

and analysis. It provides smooth signal generation and acquisition for frequencies up to 88 

kHz and can sample the data up to 200 kHz. The analog inputs and outputs on the RZ6 are 

audio quality and have 24-bit resolution and over 115 dB of dynamic range. We used high 

quality signal amplifiers for data acquisition. The sound intensity for all the tasks were 

calibrated to 90 dB, inside the sound isolation chambers. All the recordings are made inter-

ictally.  The TDT system sampled the iEEG data at roughly 2034.5 Hz, and the sampled 

data were then converted into European Data Format (EDF) to be analyzed in MATLAB. 
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3.1.3    ERP Experiments on Rats  
 

Habituation 

The habituation test is a noninvasive spontaneous behavioral test used to study the 

ability to hear and discriminate between stimuli (such as sound) in humans and animals. 

The “response decrement as a result of repeated stimulation” is known as habituation, 

which was first reviewed by Harris in 1943. Thompson and Spencer in 1966 showed that, 

the behavioral response decreases (habituation), when any stimulus is repeatedly evoked, 

and without involvement of sensory or motor fatigue or sensory adaptation. This decrease 

in the response is usually a negative exponential function of the number of stimulus 

presentations [123]. When a stimulus is given repeatedly, the response decreases 

progressively through a decreases in its frequency content and/or its magnitude, towards 

an asymptotic level [124]. 

In this study, we used auditory stimulus and measured the ERP response by 

appropriate processing of the respective EEGs. The habituation task was delivered over 

500 trials with a period of 4-sec between trials. Within each trial, four 4 Gaussian white 

noise sound pulses of 50 ms duration were administered. The bursts were separated by 500 

ms (inter-stimulus) intervals. So each trial lasts for x50 ms + 3x500 ms = 1700 ms. Each 

stimulus trial/train is separated by a 4000 ms inter-trial interval. So, this test is completed 

in 500 x (4000+1700) ms, (47.5 minutes) per rat. Figure 3-3 shows an example of four 

trials for habituation is shown.  
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Figure 3- 3: Audio presentation of four trials for Habituation task, showing 4 Gaussian 

white noise sound pulses, with 50 ms duration, separated by 500 ms (inter-stimulus) 

intervals and each stimulus trial/train is separated by a 4000 ms inter-trial interval.  

Chirp Modulation 

A chirp signal is used as a stimulus to induce synchronized oscillations in animal 

EEG recordings across frequencies. The chirp was a sinusoid waveform, where its 

frequency increases or decreases linearly from 1 to 100 Hz [125]. A rapid transient change 

is observed in the EEG (from delta to high gamma frequency) as response to auditory 

stimulus of varying frequency, and it will be used to compare normal and abnormal groups 

of subjects in clinical and pre-clinical settings [126]. ITC analysis performed on the EEG 

responses measures the ability of the neurons to synchronize their oscillations to the 

frequencies present in the stimulus. This chirp stimulus has been used in studies with 

neurodevelopmental disorders like fragile X syndrome and Alzheimer’s, as it is a fast and 

efficient way to measure multiple frequency modulations in a short period of time [125].  

In this study, we used acoustic chirp stimulus, with a 2 sec Gaussian noise whose 

amplitude is modulated by a sinusoid waveform with an increasing frequency (Up-Chirp 

from 1 to 100 Hz). The goal is to study the auditory steady-state responses to different 

frequencies of stimulation and see whether the responses in gamma range (i.e. 30-50 Hz) 

are caused by an increase in the amplitude of the response at this particular frequency or 
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whether by an increase in the inter-trial phase locking [110]. Up chirp trains were presented 

500 times (trains/trials of stimuli), separated by a 4000 ms inter-trial interval. This test 

takes about 50 minutes to complete per session. After the end of each session, inter trial 

coherence analysis was estimated on these ERP responses and the synchrony of the 

neuronal populations at different frequencies in response to the presented auditory stimulus 

was investigated. Figure 3-4 shows the Gaussian chirp modulated from 0-100 Hz over a 2 

second interval. Figure 3-5 shows an example of four trials for chirp modulation task. 

 

Figure 3- 4: Gaussian chirp modulated 0-100 Hz over 2 sec. 

 

Figure 3- 5: Audio presentation of four trials for Chirp Modulation task, with a 2 sec 

Gaussian noise amplitude is modulated by a sinusoid waveform with a frequency of 1 to 

100 Hz, separated by a 4000 ms inter-trial interval. 
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Odd Ball Paradigm for Associative MMN Task 

In the event-related potentials, their P300 component (positive peak at 300 ms 

latency after onset of the stimuli) is related to decision making, attention, and memory 

updating and therefore is a valuable measure of the impairment of these processes in the 

human brain. P300 is the result of the summation of electrical activity from various widely 

distributed areas in the brain [127]. To measure pre-attentive information processing, the 

event related potential MMN will be used, which is a measured response to oddball 

sequences of auditory stimuli. In such an auditory ERP test, a repeated train of standard 

tones/stimuli is interrupted by infrequent stimuli (deviant/odd) tones. Deviant tones that 

differ in any characteristics, such as duration, intensity or frequency, are among the most 

frequently used stimuli in such investigations [127-129].  The MMN paradigm requires a 

certain number of trials for deviant tones, because the MMN amplitude can decrease with 

the number of deviant trials, as the subject may habituate to that particular stimulus [130]. 

In this study, subjects (rats) received an auditory discrimination task with standard 

tones of 1000 Hz and deviant tones of 2000 Hz with 45 ms duration. A total of 500 trials 

of auditory stimuli were conducted per session, out of which 400 were with standard stimuli 

and 100 with deviant stimuli. The presentation of standards and deviants was random with 

a 2000 ms inter-trial interval. Each session of this test takes about 16 minutes to complete. 

After each session, the ERP responses of the deviants (100 trials) and standards (400 trials) 

were averaged separately and plotted on the same graph to see the mismatch negativity in 

control and epileptic rats around 200-250 ms after the onset of the stimulus. All the three 

tasks take about 2.5 hrs. to complete per session. Each session is repeated biweekly over a 
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period of 3 months to monitor and quantify the impairment of cognitive networks over time 

as epilepsy is progressed. Figure 3-6 shows an example of ten trials for MN paradigm. 

 

Figure 3- 6: Audio presentation of ten trials for MMN paradigm, with standard tones of 

1000 Hz and deviant tones of 2000 Hz (seventh tone) with 45ms duration and the inter-

trial interval is 2000 ms, between the trials. 

Figure 3-7 shows an example of a series of standard tones (red-400 trials) and 

deviant tones (blue-100 trials) that were given randomly in the MMN task, and this 

sequence is constant across all the rats. 

 

Figure 3- 7: Series of standard (16 trials) and deviant tones (4 trials) in an MMN task for 

the first 20 trials (showing a 4:1 ratio). 

3.2 Data Preprocessing 

 

The different artifacts in the auditory evoke response obtained while performing 

the ERP tasks necessitated filtering of the data and segmentation into epochs (with respect 

to audio signals played/trials) for computational analysis. 
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3.2.1 Preprocessing Rat Data 

 

In order to distinguish between the control and epileptic groups, we have performed 

time-frequency analysis on auditory evoked responses from the EEG signal. We segmented 

the EEG-ERP data into segments (i.e. from 0-2.5 sec for each trial), that correspond with 

the auditory task for each trial. The ERP data for each of the eight rats were segmented 

according to auditory signals played in the different tasks (e.g. for habituation, chirp and 

odd ball tasks). While proper grounding and electrical shielding is done during analog 

recordings, the modern use of computers has suggested the investigation of digital 

approaches to solve power line interference problem. For the noise centered at 60 Hz, a 

notch 60-Hz filter was applied while recording the erp’s from EEG to filter out any 

interference in the recordings from power sources (line noise). Post-segmentation, filtering 

techniques were employed; and a 2nd order digital Butterworth band pass filter (1 to 120 

Hz) was applied. To correct the EEG baseline on the ERP segments, the average of the 0.5 

sec EEG signal immediately before the auditory stimulus was determined and subtracted 

from the EEG data (to remove any normal neuronal activity during the stimulus times and 

only record the ERP responses). This process was applied to all 500 segments. Post 

filtering, we employed advanced and traditional signal analysis methods to extract 

measures (features) from ERP EEG segments, such as the time-frequency based features 

of inter trial coherence and event related spectral power (explained in next sections).  These 

features were evaluated per frequency bin and averaged across all the 500 segments with 

respect to the bin size. We then used statistical methods to differentiate between controls 

and epileptic groups and see changes in cognitive processing (for example, attention span, 
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associative memory, and speed of mental processing) by experiments involving event 

related potentials (ERP’s). 

3.3 Methodology 

 

3.3.1  Feature Estimation of the Generated ERPs: 

The results from time-frequency analysis of single trial data were averaged across 

each frequency bin [131].  Time-frequency analysis provides a different perspective from 

time domain analysis alone [132]. Time-frequency decomposition of the EEG reveals 

individual brain oscillations. The ERD/ERS specific to different frequency bands is 

revealed and certain events that are amplified (synchronized) or blocked (desynchronized) 

in specific frequency bands are manifested by the increase or decrease of power of ERPs 

at particular frequency bands (spectral power), respectively. In addition to the spectral 

power, we will be looking into ITC. To implement these measures, we will use the 

EEGLAB toolbox in MATLAB programming software developed by Delorme and 

Makeig, 2004 [133].   Techniques for estimation of the different features from time-

frequency domain are explained in the following subsections. 

3.3.2 Inter-Trial Coherence (ITC) 

Cortical oscillations play an important role in sensory and cognitive processes. 

Coherence of these oscillations tells us which groups of neurons communicate with each 

other [134, 135]. Through EEG analysis, these oscillations can be detected and patterns of 

brain activity can be examined from their identified relationships to specific stimuli (such 

as sound). Synchronous neural processes with rapid phase shifts (30-80 ms) and longer 

periods of phase locking (100-800 ms) of groups of neurons are contained within those 

ERPs. In addition, groups of neurons shift from one cluster of phase-locked neurons to 
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another during the test [136]. When a stimulus event is introduced to the brain, the event-

locked distribution of EEG phase becomes one-sided, and the signal becomes “phase-

locked” to that particular event [132]. This phase-locked EEG activity (characterized by 

the “phase locking factor”) is measured by inter-trial coherence (ITC), and this temporal 

and spectral synchronization at particular times and frequencies provides valuable 

information about the underlying brain dynamics [137]. The formula to calculate ITC 

proposed by Delorme and Makeig [132], is  

                                                    𝐼𝑇𝐶(𝑓, 𝑡) =
1

𝑛
∑

𝐹𝑘(𝑓,𝑡)

|𝐹𝑘(𝑓,𝑡)|
𝑛
𝑘=1   ,                                  Eq. 3-1 

where 𝑛 is the number of trials, 𝐹𝑘(𝑓, 𝑡) is the spectral estimate  by short-time 

Fourier transform of trial 𝑘  at frequency 𝑓  and time 𝑡, and | |  is the complex norm.  The 

ITC measure takes values between 0 and 1, where 0 represents absence of synchronization 

between the EEG data across all channels and time locking events, and value of 1 indicates 

perfect synchronization.  

3.3.3 Event-Related Spectral Power (ERSP) 

Another method used to study the event-related brain dynamics of the EEG 

spectrum is the ERSP. The average dynamic changes in amplitude of the EEG frequency 

spectrum as a function of time relative to a set of external events/stimuli (such as sound) is 

measured by ERSP. These changes in frequency spectrum involve more than one frequency 

or frequency band. The ERSP was proposed by Delorme and Makeig [132] as   

                                               𝐸𝑅𝑆𝑃(𝑓, 𝑡) =
1

𝑛
∑ |𝐹𝑘(𝑓, 𝑡)|2𝑛

𝑘=1 ,                                Eq. 3-2 

where 𝑛 is number of trials, 𝐹𝑘(𝑓, 𝑡) is the  short-time Fourier transform of trial 𝑘  at 

frequency 𝑓 over a sliding temporal time window 𝑡. The log-transformed measure is then 

derived by taking the log value of 𝐸𝑅𝑆𝑃: 
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                                              𝐸𝑅𝑆𝑃𝑙𝑜𝑔(𝑓, 𝑡) = 10 𝑙𝑜𝑔10(𝐸𝑅𝑆𝑃(𝑓, 𝑡)),                     Eq. 3-3 

The logarithmic scale offers two advantages, visualization of a wider range of 

power variations when compared to absolute scales (in absolute scale, the large changes in 

power at lower frequencies may mask changes in power at higher frequencies) and a more 

normal (Gaussian) distribution that is more conducive to statistical analysis (e.g. in 

assessing the statistical significance of the results). Parametric inference testing is often 

more valid when applied to log-transformed power values [138].  

Figure 3-8, Panel (a) shows an example for estimating ITC and ERSP on three trials 

for a sine waves, with different amplitudes and phases. Figure 3-8 (b), shows an example 

of the values of ITC, and if all the trials i.e. ERP responses, are out of phase, then the ITC 

will have a value of 0.09.  If all the ERP responses are in phase, then the ITC will have a 

value of 0.7 (concept adapted from Delorme and Makeig [132]). 

Figure 3-8, Panel (a) shows an example for estimating ITC and ERSP on three trials 

for a sine waves, with different amplitudes and phases. Figure 3-8 (b), shows an example 

of the values of ITC, and if all the trials i.e. ERP responses, are out of phase, then the ITC 

will have a value of 0.09.  If all the ERP responses are in phase, then the ITC will have a 

value of 0.7 (concept adapted from Delorme and Makeig [132]). 
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Figure 3- 8: (a) An example for estimating ITC and ERSP on sine wave for 3 trials with 

different amplitudes and phases (b) an example showing the value of ITC if all the trials 

are out of phase having a value of 0.09 and if all the trials are in phase having a value of 

0.7 (concept adapted from (Delorme and Makeig [132])). 

3.3.4 Baseline Correction: 

In order to better visualize/capture the event-related changes in brain activity, the 

baseline is generally corrected to adjust the post-stimulus values by removing the values 

obtained for the normal EEG activity (pre-stimulus values i.e. baseline period), thereby 

leaving only the brain response activity caused by that particular stimulus. Some measures 

like ITC or phase coherence, may not have large significant values in the pre-stimulus (i.e. 

baseline) period, so a baseline correction may not substantially change the results. Also, 

when we have large values across trials, one can detect event-related changes easily when 

the baseline is corrected. So, in our study, the baseline was corrected only for ESRP values. 

This correction allows visualization of power changes across the frequencies (1-120 Hz for 

our research). Generally, in the time-frequency composition matrix (estimated with ERSP 

method described above), a baseline period is defined by the average of the values for each 
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frequency within a time window, prior to the time-locking event. Four methods of baseline 

correction are commonly used.  The most common method is simply subtracting the 

baseline values from all the values in the TF matrix, so, for example, after estimating the 

ERSP, we subtracted the mean baseline log power spectrum values from each spectral 

estimate, thereby producing the baseline-normalized ERSP 2.  In the second method, the 

baseline-subtracted values are divided by the baseline, thereby giving a percent change 

from baseline value.  In the third method the value of each time point is divided by the 

baseline and this quotient is transformed to a logarithmic scale (base 10) and multiply it by 

20, thus giving the output values in decibels (dB).  In the fourth method the values are 

converted into z score (by subtracting the baseline from each value and then dividing the 

output by difference in the standard deviation of the values in the baseline period) [139].   

One important consideration in defining baseline period is the duration of the 

baseline, as it will influence the EEG frequencies that are analyzed. Some studies showed 

that, use of longer baseline periods benefit the slower frequencies. Although no general 

rule of thumb governs the duration of baseline, if one wants to capture particular frequency 

of interest, one should use a baseline period that is long enough to capture that frequency. 

For example, to capture a 4 Hz frequency, one should use a baseline duration of at least 

250 ms [139]. For our research, we have used the most common subtraction method, where 

the mean baseline activity is subtracted from each frequency within the epoch.  We used a 

baseline duration of 500 ms. 

3.3.5 N70 Peaks from Habituation 

The ERPs elicited by auditory signals (i.e. evoked potentials) are described in a 

series of negative and positive peaks that occur at characteristic times [140]. The N70 is 
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the negative shift in the ERP waveform that occur at 70 ms after the onset of the stimulus 

and are related to inherent sensory information processing in all mammals that can hear 

[74,131].  

For sensory information processing (i.e. hearing), habituation was the first task 

performed on rats/subjects, to see whether the rats can hear and habituate to the repeated 

tones. A decrease in the N70 peak amplitude following the first tone indicates proper 

habituation to the repeated stimuli. After the experiment is done, the ERP responses were 

quantified by the average N70 (70 ms peak in the ERP) over the 500 trials. An example of 

the average N70 peaks for four sound pulses for right hippocampus electrode (recorded 

before SE) is shown in Figure 3-9. Afterwards the 2nd, 3rd, and 4th N70 peaks are 

normalized to the 1st N70 peak, and this process is repeated across all rats (with good 

channels) and across all time points (before SE, one week after SE, one month after SE, 

two months after SE).  Later, statistics are performed on the normalized data across all rats 

and across all time points.   
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Figure 3- 9: An example of average of all 500 trials for one rat for right hippocampus 

electrode (recorded before SE).  The arrows show the N70 peak for each sound pulse. 

 

3.3.6 Area Under the Curve Around P300 Peaks from Oddball Task 

P300 latency is the most common parameter used in research settings to infer 

potential auditory processing changes [141]. The P300, is a positive potential elicited by 

the recognition of a rare stimulus (oddball paradigm as described in the above sections) 

within a series of frequent stimuli. Kraus et al. showed P300 latency values between 250 

and 350 ms in adults after the onset of the stimulus [142,143].  However, wider latency 

ranges of 220 to 380 ms were also reported by McPherson [144]. Researchers have shown 

that the P300 occurs at around 300 ms, and the peak latency will vary from 250 to 500 ms 

or more, depending on the individual subject’s response. It depends on some abilities, such 

as memory, discrimination, and attention, and it reflects cortical activity [143]. 

The auditory mismatch negativity task was performed to access the associative 

memory, between control and epileptic groups. After the experiment was done, the average 

ERP response for each of the regular (400 trials) and odd (100 trials) tones is plotted on 
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the same graph. An example showing the average ERP response from MMN task for right 

hippocampus electrode (recorded before SE) is shown in Figure 3-10, where the red color 

is the regular tone and blue color corresponds to odd tone. Afterwards, the MMN ERP 

responses were quantified by the area under the curve (AUC) from 250-350 ms beyond the 

initial tone at 500 ms (Figure 3-10 around 750-850 ms) and the blue region in Figure 3-10 

gives the area under the curve for one rat on left frontal electrode (from before SE). This 

process was repeated across all rats (with good channels) and across all time points (before 

SE, one week after SE, one month after SE, two months after SE) and statistics were 

performed on these areas across all rats and across all time points. 
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Figure 3- 10: An example of average of all 400 trials for standard tone (red line) and 100 

trials for deviant tone (blue line), showing the area under the curve (AUC) (blue region), 

estimated at P300 (i.e. around 250-350 ms) for one rat on left frontal electrode (from 

before SE). 

3.3.7    Repeated Measure Design 

Repeated measure is a research design that involves measures of same variable 

taken on the matched or same subjects over two or more time periods or under different 

conditions [145].  Repeated measurements data are often called longitudinal data since they 

are collected in a way that allows change over time to be assessed. In such designs, the 

repeated-measure factor (i.e. biomarkers/measurements/responses) is the within-subjects 

factor, while the dependent quantitative variable on which each participant is measured is 
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the dependent variable [146,147]. In psychological and biomedical studies, this design is 

extremely common [146]. Behavioral science researchers often use repeated measure 

designs to assess treatment effects [148]. 

The advantages of this repeated measure design is that the subject can serve as its 

own control and it will decrease the number of subjects.  For example, when studying the 

effects of treatment over time, it is desirable to observe the same subjects repeatedly rather 

than to observe different subjects at each time point [149]. This design, can be used 

efficiently, both in statistical sense, where we have less error variance with more statistical 

power, and in practical sense, where fewer subjects are needed [146]. The disadvantage of 

this model is that we cannot control the circumstances of obtaining the measurements, so 

the data may be unbalanced or partially incomplete [145].  

In our study, the ERP experiments were performed before SE, one week after SE, 

one month after SE and two months after SE, for each of the 10 rats/subjects, and the 

biomarkers described above are estimated for all the rats and for all the channels. Figure 3-

11 shows the general layout for the repeated measurements that are estimated, where 𝑛 

denotes the number of independent subjects from which repeated 

measurements/biomarkers are obtained, 𝑡𝑖 denotes the number of time points for subject 𝑖, 

and 𝑦𝑖𝑗be the response from subject 𝑖  at time point 𝑗, where 𝑗 = 1, … , 𝑡𝑖 and 𝑖 = 1, … , 𝑛.   
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Figure 3- 11: An example of the general layout of repeated measure design experiment. 

                  In our study we performed ERP experiments on 18 rats from 4 different 

cohorts, over 2 years, with each cohort being recorded for ~four months. From the set of 

18 rats, 10 rats went through full three months of recording.  Of the other 8 rats, 1 rat did 

not progress following for SE recordings, as it had low signal quality caused by a decrease 

in single to noise (SNR), 2 rats were removed from the study one month after the onset of 

SE recordings, as 1 lost its electrode implant and the other died in the middle of the 

recordings, 5 rats were removed from the study two months after the onset of SE recordings 

because 2 rats were losing their electrode implant, 2 rats died and 1 rat 

became disconnected.  Table 3-1 summarizes the information regarding the ERP 

recordings on rat data over three months. While 10 rats went through full 3 months of 

recording, not all the channels had sufficient quality of EEG recordings, as some channels 

had high signal to noise ratio, and thus were omitted from our analyses. From Figure 3-11, 

our n size was 10, in which the ERP recordings were repeated at 4 time points, before SE, 

one week after SE, one month after SE, two months after SE, so 𝑡 = 4.    
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Table 3- 1: Number of rats that were subjected to ERP experiments. 

 

Total 

Before 

SE 

One week 

after SE 

One month 

after SE 

Two months 

after SE 

Total rats for ERP  18 17 15 10 10 

Total rats that did not 

complete the study 
 1 2 5 0 

 

3.3.8    Performance Metrics 
 

Repeated Measure Analysis of Variance (rANOVA) 
 

The equality of means between different groups is tested by performing ANOVA 

statistics, but for the repeated measure designs the commonly used statistical approach is 

repeated measures analysis of variance (rANOVA) [145].  As our experimental studies are 

done over a period of time, which involves study designs with repeated measurements (i.e. 

where for each subject, the response variable is measured at multiple points in time as 

described above), the repeated measure analysis of variance (rANOVA) statistical test is 

done, to test the hypothesis between different time periods [145].  The null hypothesis for 

an rANOVA assumes no significant difference among different time periods for within 

subjects, while the alternate hypothesis is that there is at least one significant difference 

among different time periods [146]. 

In this research for differentiating different time periods (i.e. before SE, one week 

after SE, one month after SE, and two months after SE, of rats, rANOVA was performed. 

The goal of this analysis was to determine whether the response/biomarkers were changing 

over time (i.e. controls vs epileptic rats), and rANOVA was used to assess statistically 

significant differences between the time periods for all rats were at the α = 0.05 significance 

level. This rANOVA was performed across all subjects (n=8) and on all channels, for the 
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biomarkers, with the normalized N70 peaks/amplitudes (for second, third and fourth pulse 

in habituation task), area under the curve around 250-350 ms (i.e. P300) for odd ball 

mismatch negativity task, and point by point analysis for ITC and ERSP. P values < 0.05 

were considered to denote statistical significance among different time periods.   

3.4 Flowchart 

 

The flowchart that outlines the various steps involved in our analysis, from data 

acquisition to feature extraction and statistical analysis for differentiating between control 

and epileptic groups using ERP responses from EEG of rat data is outlined in Figure 3-12. 

 

Figure 3- 12: Flow chart depicting the steps in our analysis. 
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CHAPTER 4 

 

RESULTS 

 

4.1 Habituation Results 

 

The results from the habituation task are presented in three sub-sections. (1) 

Habituation ERP responses in the time domain are averaged across trials and subjects, and 

N70 peaks were quantified. (2) Time-frequency (TF) composition is used, where the inter-

trial coherence is averaged across all trials and subjects.  (3) The event-related spectral 

power, averaged across all the trials and across subjects, and baseline corrected event-

related spectral perturbation are presented. We selected the electrode location that had the 

best signal quality, with a large N size, averaged across all subjects for the results. The 

results presented here are from right-hippocampal electrode with N = 8 subjects. The 

statistics were performed on the estimated biomarkers and a p-value less than 0.05 was 

deemed to show a significant difference across control and epileptic groups.   

4.1.1 Normalized N70 Peaks from Habituation 
 

Figure 4-1 shows the habituation ERP responses averaged across all 500 trials for 

before, one week after, one month after, and two months after SE for right-hippocampal 

electrode. These data are from one rat, and this process is followed across all subjects 

(N=8). The red vertical lines in the figure represent the sound pulses (at 0.5, 1.0, 1.5, and 

2.0 secs).  The N70 peaks are designated by the arrows following each pulse.  These ERP 

responses were quantified by the average N70 (70 ms peak in the ERP) over the 500 trials, 
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for each subject and the 2nd, 3rd, and 4th N70 peaks were normalized by the 1st N70 peak. The 

mean and standard error of means (SEM) of four sound pulses recorded from right 

hippocampus from N=8 rats were evaluated and are presented in Figure 4-2. 

 

Figure 4- 1: Averaged ERP response (from 500 trials) for Habituation task performed 

(top left) before SE, (top right) one week after SE, (bottom left) one month after SE, and 

(bottom right) two months after SE, from right-hippocampal electrode (for 1 rat). Vertical 

red line represents the sound pulses at 0.5, 1.0, 1.5, 2.0 secs, with N70 peaks designated 

by the arrows following each pulse. 

From Figure 4-2, the normalized N70 peak increases during epileptogenesis from 

1 week, 1 month, and 2 months after SE, in the subsequent peaks for the second, third and 

fourth sound pulses. This indicates an imbalance between excitatory and inhibitory 

function, since the dampening in repeated sound pulses is diminished, thereby telling us 

that the epileptic rats cannot habituate to the repeated sound pulses. The normalized 

2nd N70 peaks from 8 subjects at different times points- before, 1 week, 1 month and 2 

months after SE is taken and the values are subjected to repeated measure ANOVA 
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statistical test, which revealed significant differences (p-value is less than 0.05) between 

the time periods-controls and epileptic groups. The same procedure was performed on the 

normalized 3rd and 4th N70 peaks from 8 subjects for before, 1 week, 1 month and 2 months 

after SE, and it revealed significant differences between time periods-controls and epileptic 

groups using the fourth pulse and it didn’t show any significant difference using the 3rd 

pulse. The p-values are shown in Table 4-1. The normalized standard errors of mean for 

F3, LH, RT, LT electrodes is shown in the Figures A-1 to A-4 and its statistical significant 

differences and the p-values shown in Table A-1, in Appendix A. 

 

Figure 4- 2: Normalized N70 ERP response of four repeated pulses for before SE and 

during epileptogenesis (i.e. one week, one month and two months after SE) for N=8, 

mean±SEM. 
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Table 4- 1: Repeated measure ANOVA test with repeated measures of 2nd, 3rd, 4th 

pulses between the different groups (before SE, and one week after, one month after, two 

months after SE), for the habituation task.  

Normalized N70 ERP response peaks P-value 

2nd pulse  
0.0327 

3rd pulse 
 

0.091 

4th pulse  
0.0246 

 

4.1.2 Inter-Trial Coherence (ITC) for Habituation  

Time-frequency analysis was done on the ERP responses from habituation task and 

stFFT was used to estimate inter-trial coherence for every 100 data points (which is 50 ms) 

non-overlapping time window, at a particular frequency (from 1-120 Hz in a step of 1 Hz), 

which are averaged across all the 500 trials. This analysis was done to reveal the cortical 

oscillations of the brain and its ERP responses in time-frequency domain. This procedure 

was applied across all the rats (N=8) and the ITC values were averaged across subjects and 

plotted in the time-frequency domain for right hippocampal electrode, as shown in Figure 

4-3.  Figure 4-3a shows that the ITC values decrease in the frequency range of 20-60 Hz 

after the first pulse for the 2nd, 3rd and 4th pulses (during before SE state, i.e. control group, 

N=8), suggesting that the control group of subjects are habituating to the repeated stimuli, 

and the excitation is less for the 2nd, 3rd and 4th stimuli.  Similarly, as the same group of rats 

progress through epileptogenesis, the ITC value increases after the 1st sound pulse for one 

month and two months after SE which can be seen in Figure 4-3 (c and d), for one month 

and two months after SE (when compared with before SE group), indicating more 
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excitation in the epileptic group of rats.  This result indicates a lack of synchrony, and 

hence communication, in the neuronal populations as the rat’s progress through epilepsy.  

 

Figure 4- 3: Averaged ITC values (from 500 trials, across all subjects N=8) of four 

repeated sound pulses played at 0.5, 1.0, 1.5 and 2.0 secs for (a.) before SE and (b., c., d.) 

during epileptogenesis, for RH electrode. 

To show statistical significant difference among different time periods- before, 1 

week, 1 month and 2 months after SE, the ITC values (from all subjects N=8), at each time 

point (which is 50 ms of data) and for each frequency (from 1-120 Hz in steps of 1 Hz) 

were subjected to repeated measure ANOVA test. This is done by point-to-point group 

comparison (which consists of 3-d matrix of 119 by 250 by 8 dimensions, where 119 is 

frequency (y-axis), 250 is time points (x-axis) and 8 is number of subjects (z-axis)) across 

control and epileptic time periods and the same procedure is followed for the ERSP, base 

ITC (R) ITC (R) 

ITC (R) ITC (R) 

(a.) 

(c.) (d.) 

(b.) 
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line correction for habituation task and ITC for chirp modulation task. For each time point 

and each frequency, we get a p-value and the resulted p-values are plotted in time and at 

particular frequency in Figure 4-4 (a). When the sound pulses are played at 0.5, 1.0, 1.5, 

2.0 sec, results show significant differences in 0.5-20 Hz frequency bands (delta, theta, 

alpha and low beta (<22 Hz)). It also showed slight significant differences in other 

frequency bands, when the sound pulses were played as seen in Figure 4-4 (b.).  The red 

color indicates a significant difference at particular frequency bands. This plot indicates 

that the epileptic rats did not habituate to repeated stimuli as a result of either imbalance in 

inhibitory and excitatory neurotransmitters or increase in excitatory neurotransmitters in 

epileptic groups. ITC and p-values for other electrodes are shown in Appendix A (Figures 

A-5 to A-8). 

 

                                                   (a.)                                                                                         (b.)            

Figure 4- 4: (a) P-values from repeated measure ANOVA, and (b) P-values < 0.05, where 

red shows significant differences at delta, theta, alpha and low beta frequencies and blue 

color shows no significant differences at other frequencies (among control and epileptic 

groups), when the four repeated sound pulses are played at 0.5, 1.0, 1.5 and 2.0 secs, for 

RH electrode.    
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4.1.3 Event Related Spectral Perturbation for Habituation  

Apart from ITC, we estimated the ERSP, from stFFT for every 100 data points (50 

ms of data) non-overlapping time window, from 1-120 Hz frequencies in a step of 1 Hz, 

which are averaged across all the 500 trials. The ERSP measures the mean event-related 

changes in the EEG power spectrum as a function of time relative to a set of four sound 

pulses/stimulus. This procedure is done across all the rats (N=8) and the grand average 

(across subjects) ERSP values are plotted in the time-frequency domain for right 

hippocampal electrode, shown in Figure 4-5.  The power increases in 0.5-10 Hz (delta and 

theta) frequency bands and the 60-100 Hz (high gamma) as the rat’s progress through 

epilepsy, when compared with the control group (see Figure 4-5 (a)). The increase in these 

frequency bands were further verified with rANOVA statistical test, which is discussed 

below.  
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Figure 4- 5: Averaged ERSP values (from 500 trials, across all subjects N=8) of four 

repeated sound pulses played at 0.5, 1.0, 1.5 and 2.0 secs for (a) before SE and (b, c, and 

d) during epileptogenesis, for RH electrode. 

The ERSP responses were compared between different time periods- before, 1 week, 

1 month and 2 months after SE, that is control and epileptic rats in order to evaluate the 

spectral power. The ERSP values (from all subjects N=8), at each time point (which is 50 

ms of data) and for each frequency (from 1-120 Hz in steps of 1 Hz) were subjected to 

rANOVA test, which is done by point-to-point group comparison (as described earlier) 

across control and epileptic time periods. For each time point and each frequency, we get 

a p-value and the resulted p-values are plotted in time and at particular frequency in Figure 

4-6a. Figure 4-6b shows red as significant differences, where p-value is less than 0.05 and 

blue showing no difference. The figure shows phase-locking in the higher gamma range, 

associated with decreased spectral power, suggesting an overall increase in neural 
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background activity (in epileptic rats), which contributes to both hyperexcitability and 

disorganization (decreased ability to ‘lock in’ or synchronize gamma oscillations to the 

stimulus).  This phase locking tells us that the neuronal activity in epileptic rats is high at 

higher gamma band (60-100 Hz) during the pre-stimulus (i.e. when no external auditory 

stimulus given in the baseline) and post stimulus activity (i.e. when an external auditory 

stimulus is given), indicating an increase in excitation of neuronal firing, irrespective of 

the pre and post stimulus. When baseline was corrected no statistically significant 

differences were seen in the higher gamma frequency (60-100 Hz) range, as the pre-

stimulus EEG activity and post stimulus EEG activity in higher gamma frequencies cancel 

each other out (baseline correction), i.e. higher gamma frequency range power cancels out, 

leaving out only the lower frequencies below 30 Hz responding to the stimulus.   

The plots for F3 and the left hippocampus electrode shown in Appendix A, from 

Figures A-9 to A-12, where F3 did not show significant differences among the groups, but 

the left hippocampus showed significant differences in the 55-75 Hz frequency range. 
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                                                   (a)                                                                          (b)      

Figure 4- 6: P-values when the four repeated sound pulses are played at 0.5, 1.0, 1.5 and 

2.0 secs, for RH electrode, for repeated measure ANOVA. (a) P-values.   (b) P-values < 

0.05, where red color showing significant differences at (0.5-15 Hz and 65-100 Hz) and 

blue color showing no significant differences (among control and epileptic groups).  

4.1.4 Baseline Corrected ERSP for Habituation   

 

The ERSP values are baseline-corrected to see the power changes across the 

frequencies from 0.5-120 Hz. The correction was made across all subjects, where the 

average of the baseline corrected values were plotted in the time-frequency domain as 

shown in Figure 4-7 for right hippocampal electrode. The brain’s response for repeated 

stimuli is visible only after the baseline EEG activity during the stimulus is removed. The 

baseline corrected values were increased in 5-20 Hz frequency range as the rats progress 

through epileptogenesis (seen in the first sound pulse at 0.5 sec). Similarly, the baseline-

corrected values increased during epileptogenesis in the alpha frequency range for 2nd, 3rd 

and 4th sound pulses.  
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Figure 4- 7: Baseline corrected averaged ERSP values (from 500 trials, across all subjects 

N=8) of four repeated sound pulses played at 0.5, 1.0, 1.5 and 2.0 secs for (a) before SE 

and (b, c, d) during epileptogenesis, for RH electrode. 

Statistically significant difference between different time periods- before, 1 week, 

1 month and 2 months after SE (that is control and epileptic group of rats) is evaluated 

using the baseline-corrected values (from all subjects N=8). These values at each time point 

(which is 50 ms of data) and for each frequency (from 1-120 Hz in steps of 1 Hz) were 

subjected to rANOVA test, which is done by point-to-point group comparison (as described 

earlier) across control and epileptic time periods, and we get a p-value for each time point 

and each frequency, and the resulted p-values are plotted in time and at particular 

frequency, as shown in Figure 4-8a.  The p-values < 0.05 shown red indicate significant 

differences between the controls and epileptic groups around 1-30 Hz (delta-beta), when 

(a.) 

(c.) (d.) 

(b.) 
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the sound pulses are being played at 0.5, 1.0, 1.5, 2.0 sec. This tells us that, the epileptic 

groups have higher power changes than the controls (seen from Figure 4-7 in the time-

frequency domain), revealing that the rat’s ability to discriminate between the repeated 

stimuli is diminished, thereby indicating that the epileptic group of rats are not habituating 

to repeated stimuli (due in increase in excitation).  

 

                                         (a.)                                                                           (b.)            

Figure 4- 8: P-values from repeated measure ANOVA (left fig (a.)), and P-values < 0.05, 

where red color showing significant differences at (0.5-35 Hz) and blue color showing no 

significant differences (among control and epileptic groups) (right fig (b.)), when the four 

repeated sound pulses are played at 0.5, 1.0, 1.5 and 2.0 secs, for RH electrode. 

 A similar pattern was observed in the left hippocampal electrode.  Plots are 

shown in appendix A, from Figures A-13 to A-16. 
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4.2 Chirp Results 

 

In this section, the results from the chirp task are presented in two different sub-

sections, (1) the average Chirp ERP responses in time domain, and (2) time-frequency (TF) 

composition, by estimating the inter-trial coherence averaged across all the trials and across 

subjects. We selected the electrode location with the best signal quality, with a large N size, 

averaged across all subjects for the results. The results presented here are from left-

hippocampal electrode with 7 subjects. The statistics were performed in a point by point 

analyses, on the estimated ITC values (i.e. biomarkers), and the p-value <0.05 was deemed 

to show significant difference at each frequency among control and epileptic groups.   

4.2.1 Averaged EEG for Chirp Stimulus 
 

Figure 4-9 shows the chirp ERP responses averaged across all 500 trials, for before, 

one week after, one month after, and two months after SE for left-hippocampal electrode. 

These responses shown in figure 4-9 are from one rat, and this process is followed across 

all subjects (n=7). The red vertical line in the figure represents the up-chirp sound pulse 

(from 0.5-2.5 secs). As, we cannot get much information regarding the EEG frequencies 

from the average chirp EEG in the time domain, we transformed to the time-frequency 

domain and investigated the auditory steady-state responses to different frequencies of 

stimulation and examined the responses in different frequency bands for inter-trial phase 

locking.  
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Figure 4- 9: Averaged ERP response (from 500 trials) for chirp task, performed (a) before 

SE, (b) one week after SE, (c) one month after SE, and (d) two months after SE from left 

hippocampal (LH) electrode (for one rat), where the vertical red line represents the start 

of the chirp stimulus at 0.5 secs trough 2.5 secs.  

To perform time-frequency analysis on the ERP responses from the chirp task, the 

stFFT was used to estimate inter-trial coherence for every 100 data point non-overlapping 

time window at a particular frequency (from 1-120 Hz in a step of 1 Hz). Coherences were 

averaged across all the 500 trials to see the cortical oscillations of the brain. This procedure 

was done across all the rats (N=7) and the ITC values were averaged across subjects and 

plotted in the time-frequency domain for the left hippocampal electrode, as shown in Figure 

4-10. The ITC values increases from 80-100 Hz during one week, 20-55 Hz and 60-100 

Hz during one month and 40-55 Hz and 60-100 Hz during two months after SE, when 

compared with before SE group of rats, indicating synchronous activity in the neuronal 

populations within the high gamma band, 60-100 Hz, as the rats progress through 

epilepsy.   

(a.) (b.) 

(c.) (d.) 
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Figure 4- 10: Averaged ITC values (from 500 trials, across all subjects N=7) of chirp 

stimulus starting at 0.5 secs to 2.5 secs for (a) before SE and (b, c, d) during 

epileptogenesis, for LH electrode.  

The ITC chirp-evoked responses were compared between different time periods-

control and epileptic group of rats, in order to evaluate a potential of patterns from brief 

chirp stimulation to highlight the brain’s impaired ability to synchronize to chirp stimuli. 

The ITC values (from all subjects N=7), at each time point (which is 50 ms of data) and 

for each frequency (from 1-120 Hz in steps of 1 Hz) were subjected to rANOVA test, which 

is done by point-to-point group comparison (as described earlier) across control and 

epileptic time periods. For each time point and each frequency, we get a p-value and the 

resulted p-values are plotted in time and at particular frequency, as shown in Figure 4-11a. 

ITC (R) 

ITC (R) ITC (R) 

ITC (R) 
(a.) (b.) 

(c.) (d.) 
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From Figure 4-11b shows that the controls and epileptics showed significant 

differences in high gamma band (35-60 Hz and 70-100 Hz), as p-values were below 0.05. 

This result indicates that the chirp modulated stimuli revealed impaired brain ability to 

synchronize at high gamma ranges in epileptic subjects as a result of lost inhibitory or 

increased excitatory neurotransmitters in epileptic groups. This pattern was also found in 

the right hippocampal F3 (left frontal) electrodes, as shown in Figures B-1 to B-4 of 

Appendix B.  

         

                                   (a)                                                                  (b) 

Figure 4- 11: (a) P-values using repeated measure ANOVA and (b) P-values < 0.05, 

where red color showing significant differences at (25-55 Hz and 60-100 Hz) and blue 

color showing no significant differences (among control and epileptic groups). The chirp 

stimulus is played at 0.5 through 2.5 secs, for LH electrode. 

4.3 Odd-Ball Results 

 
 

In this section, the results from the MMN/odd-ball task are presented, including (1) 

average odd-ball ERP responses in the time domain, and (2) the area under the curve at 

around the P300 peak (250-350 ms), after the onset of the stimulus. The results presented 

here are from left-hippocampal electrode and the statistics were performed on the standard 
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error bars of the means (N=5 subjects).  A p-value <0.05 was deemed to show significant 

difference among control and epileptic groups.  

4.3.1    Averaged EEG for MMN 

Figure 4-12 shows the odd-ball ERP responses averaged across all 400 trials of 

standard/regular tones (red) and 100 trials of deviant/odd tones (blue), for before, one week 

after, one month after, and two months after SE for left-hippocampal electrode from one 

rat. The red vertical line in the figure represents the time at which the sound pulse is played 

(at 500 ms).   

  

Figure 4- 12: Averaged ERP response ((Red: regular tone (400 trials), Blue: odd tone 

(100 trials)) for MMN/Odd-ball task performed (a) before SE, (b) one week after SE, (c) 

one month after SE, and (d) two months after SE from left-hippocampal (LH) electrode 

(for 1 rat), from left-hippocampal electrode (LH) (for 1 rat), where the vertical line 

represents tones played at 500 ms. 

  

(a.) (b.) 

(c.) (d.) 
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MMN ERP responses were quantified by the area under the curve (AUC) from 250-

350 ms beyond the initial tone for each of the regular (400 trials) and odd (100 trials) tones 

in N=5 rats (Figure 4-13). As P300 is associated with memory, we looked at the area under 

the curve (AUC) around P300. A large AUC means the odd tone is distinguished from the 

regular tone and represents associative memory. During epileptogenesis, the rats appear to 

lose their ability to distinguish the odd and regular tones by the declining AUC (Fig 4-13). 

The rANOVA test, between the different groups (before SE, and one week after, one month 

after, two months after SE), for MMN task on left hippocampal electrode shows 

statistically significant difference (p-value is 0.0002, which is less than 0.05), between 

control and epileptic groups, which show that associative memory in rats is affected during 

epileptogenesis. 

 

Figure 4- 13: MMN AUC around P300 peak (250-350 ms) for before SE and during 

epileptogenesis (N=5, mean±SEM). 

The same procedure was repeated for all other electrodes. The area under the curve 

and the p-values for all of the electrodes are shown in Appendix C. 
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CHAPTER 5 

 

CONCLUSIONS 

 

 
Patients with epilepsy suffer from more cognitive and behavioral deficits than the 

general population. To study the long term effects of epilepsy, we developed a novel 

method where the subject is exposed to different auditory stimuli. The auditory ERP’s are 

simple unbiased non-invasive tasks that are useful in evaluating neural systems for those 

suffering from epilepsy. Features (Normalized N70, ITC, ERSP and P300) were estimated 

from the EEG signals of each rat. The estimated values were averaged across rats and the 

repeated measure ANOVA statistics were evaluated. The statistics showed significant 

difference among the controls and epileptic rats (P-value < 0.05). 

Habituation task: The normalized N70 peaks from the four pulses across all the 

rats showed significant differences among the controls (before SE) and epileptics (one 

week, one month and two months after SE), in the right hippocampus, thereby, showing 

imbalances in excitatory/inhibitory functions in epileptic groups, as these group of rats did 

not habituate to the repeated stimuli.  

The ITC value increased, after the 1st sound pulse, for one week, one month and 

two months after SE in right hippocampal electrode, indicating an increase in excitation in 

epileptic groups. As the rat’s progress through epilepsy, synchrony and communication 

diminished in the neuronal populations during the auditory tasks. Repeated measure 
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ANOVA revealed significant differences in 0.5-20 Hz frequency bands (delta, theta, alpha 

and low beta (<22 Hz)), when the sound pulses were played at 0.5, 1.0, 1.5, 2.0 sec.  

With ERSP responses, we saw increases in power in the frequency ranges of 0.5-

10 Hz and 60-100 Hz in the right hippocampus and in the frequency range of 55-75 Hz in 

the left hippocampus, as the rat’s progress through epilepsy. Also, phase locking decreased 

in the higher gamma range, associated with decreased spectral powers. The decrease 

suggests an overall increase in neural background activity in epileptic subjects, which 

contributes to both hyperexcitability and disorganization (decreased ability to ‘lock in’ or 

synchronize gamma response to the stimulus). The repeated measure ANOVA revealed 

significant differences in 0.5-10 and 60-100 Hz frequency ranges.  

When ERSP responses were baseline-corrected, the power difference values 

increased in in the 5-20 Hz range during epileptogenesis during the first sound pulse played 

at 0.5 sec. Similarly, the baseline corrected values increased during epileptogenesis in the 

alpha frequency range for 2nd, 3rd and 4th sound pulses in right hippocampal electrode. These 

increased power changes in the epileptic groups indicate that the rat’s ability to 

discriminate between the repeated stimuli is diminished, thereby indicating that the 

epileptic group of rats are not habituating to repeated stimuli (due in increase in excitation). 

Repeated measure ANOVA shows significant differences between the controls and 

epileptic groups around the 1-30 Hz (delta-beta) frequency range. In summary, when the 

habituation tasks were performed, the rats did not habituate to repeated stimuli during 

epileptogenesis, due to imbalances in excitatory/inhibitory functions. 

 The normalized N70 peaks from the four pulses showed significant 

differences among the different time periods, thereby, showing imbalances in 
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excitatory/inhibitory functions in epileptic groups, as the epileptic group of rats did not 

habituate to the repeated stimuli. This was the same with FXS syndrome, as Ethridge et al. 

showed that the percent decrease in N1 amplitude from the initial N1 peak at 2nd and 3rd 

tones was diminished in FXS patients, when compared to the control group, for habituation 

task, [24].  

Chirp Modulation: The inter-trial coherence revealed an increase in neuronal 

synchrony (i.e. the signal from neurons resonating with respect to chirp sound pulse is same 

across the trials and across the subjects) at 80-100 Hz during one week, 20-55 Hz and 60-

100 Hz during one month and 40-55 Hz and 60-100 Hz during two months after SE, when 

compared with before SE group for left hippocampal electrode.  When ITC values were 

subjected to repeated measure ANOVA, it showed significant differences in high gamma 

band (35-60 Hz and 70-100 Hz) between the controls and epileptics, and we could detect 

the brains’ ability to synchronize at high gamma ranges in epileptic subjects, using chirp 

modulated stimulation. 

In this study, the ITC revealed an increase in phase locking 20-55 Hz and 60-100 

Hz in epileptic groups. Some of the other studies showed that in Parkinson’s disease model 

rats, Pérez-Alcázar et al. found that, when up-chirp was given, the frequency response in 

40-60 Hz is reduced [118]. Poulsen et al. showed that the frequency of the peak response 

is increased in 25-55 Hz range for healthy adults [119]. In schizophrenia patients, the 

response amplitude was reduced in 30-50 Hz and 90-100 Hz range [120,121]. Ethridge et 

al. showed a decreased gamma phase-locking in the 30–58 Hz range in Fragile X syndrome 

mice due to decreased GABAergic function [24]. 
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MMN Task: MMN ERP responses for odd and regular tones revealed a decrease 

in the area under the response curve from 250-350 ms post-stimulus as the rat progresses 

through epilepsy for left-hippocampus. This result indicates a loss of ability to distinguish 

tones, revealing a problem with their associative memory during epileptogenesis. 
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CHAPTER 6  

    FUTURE WORK 

 

Our study can be extended in multiple ways in the near future. More subjects can 

be included in the future, and the method can be implemented on humans as it is a non-

invasive and is cost effective. Along with the presented auditory tasks, one can employ 

other auditory tasks that differ in frequency, variations in stimulus intensity, length of 

interval times, number of trials etc. For the habituation task, by changing different the 

length of interval times, number of trials, one can look at where the inhibitory function 

breaks down and can get to know the neural system dysfunction. For the chirp task, one 

can change the order of the chirp stimulation, that is by giving down chirp instead of up-

chirp signals, and can look at the neural frequency response of the rats to different 

frequencies. Also, one can employ other paradigms like visual evoked potentials to study 

cognition, behavioral and memory deficits.  It is also possible to follow the patients 

longitudinally. 

As an extension to the work presented in this dissertation, one can combine the ERP 

recordings with neurochemical sensor probes to track the dynamic behaviors/changes 

(monitored in real time) in neurotransmitters such as GABAergic inhibition and 

glutamatergic excitation. Using this approach, one can correlate the changes in the activity 

of local interactions between neurons and interneurons (elicited due to event-related 

responses using auditory ERPs) and track synchronous changes to neurotransmitter release, 
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thereby indicating loss of inhibitory and/or increase in excitatory neurotransmitters in 

epileptic groups. As these neurotransmitters are essential to mental and physical health, 

one can track those changes in their activity, as it is critical for medical treatment and 

clinical analysis. This tool can be a powerful for monitoring and treating patients with 

epilepsy.  

Apart from the features employed in our analysis (such as ITC, ERSP), extraction 

of additional EEG time-frequency features. Wavelet transform (WT), ITLC-inter-trial 

linear coherence- weighs each epoch according to the amplitude.  The avWT corresponds 

to time-frequency transformed evoked potential-induced activity, that is measuring 

everything that is not phase locked to the particular stimulus.  Other methods include 

evoked response phase coherence and evoked response linear coherence. We can also 

perform Morris water navigation (MWN) test, novel object recognition (NOR) test, 

elevated plus maze (EPM) to assess the memory deficits in rodents and see the latency 

periods in recognizing a particular task/test. We can finally, combine and correlate the ERP 

responses/measures (obtained from auditory tasks) with other behavioral tests (like MWN, 

NOR, EPM), which provides more detailed information regarding the cognitive process 

that one wants to study. This may help us to understand the brain-behavior relationships 

that may lead to other innovative neurocognitive assessment techniques that could help in 

diagnosis of cognition, behavioral and memory deficits in epileptic patients. 

After performing the auditory tasks, one can perform histology on the brain to see 

which regions of the brain are affected by lithium pilocarpine model of epilepsy and 

correlate the ERP results from the affected region of the brain. The results could give more 

detailed information regarding impaired brain ability to oscillate to different frequencies 
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of stimulation. Apart from the lithium pilocarpine animal model of epilepsy, one can 

implement the auditory tasks, on different models of epilepsy on rats and compare the 

results. By this, one could get more detailed information regarding impaired brains ability 

to respond to different stimuli and can tell whether the response is seen commonly in all 

animal models of epilepsy or is it model specific. 

One can also look at the seizure frequency information for all the rats over the 

period of three months and correlate the seizure frequency to the ERP responses to see the 

effects of seizures on cognitive function such as memory, processing or attention 

difficulties, and mental health problems.
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APPENDIX A  

Habituation Feature Plots  

Figures A-1 through A-4 show Normalized N70 ERP response of four repeated 

pulses for before SE and during epileptogenesis (one week, one month and two months 

after SE), for LH, F3, LT and RT electrodes.   

 

Figure A- 1: Normalized N70 ERP response of four repeated pulses for before SE and 

during epileptogenesis (that is one week, one month and two months after SE) for N=8, 

mean±SEM for left hippocampus. 
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Figure A- 2: Normalized N70 ERP response of four repeated pulses for before SE and 

during epileptogenesis (that is one week, one month and two months after SE) for N=8, 

mean±SEM for left frontal F3.  

 

  

Figure A- 3: Normalized N70 ERP response of four repeated pulses for before SE and 

during epileptogenesis (that is one week, one month and two months after SE) for N=8, 

mean±SEM for left thalamus. 
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Figure A- 4: Normalized N70 ERP response of four repeated pulses for before SE and 

during epileptogenesis (that is one week, one month and two months after SE) for N=8, 

mean±SEM for right thalamus. 

Table A-1 shows the number of subjects, its p-values for different electrode sites 

for second, third and fourth pulses. 

Table A- 1: Repeated measure ANOVA test with repeated measures of 2nd, 3rd, 4th pulses 

between the different groups (before SE, and one week after, one month after, two 

months after SE), for all electrodes. n/a- not applicable. 

 n 2nd pulse 3rd pulse 4th pulse 

F3 8 0.544 0.8359 0.6862 

F4 0 n/a n/a n/a 

LT 8 0.1106 0.0258 0.0377 

RT 5 0.6575 0.5659 0.8785 

P3 3 0.8971 0.7138 0.6864 

P4 2 0.8498 0.9649 0.9315 

LH 8 0.0179 0.0505 0.0512 

RH 8 0.0327 0.091 0.0246 
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Figures A-5 through A-8, show the grand average ITC and P-values for before SE and 

during epileptogenesis (one week, one month and two months after SE), for F3, LH electrodes.   

 

Figure A- 5: Averaged ITC values (from 500 trials, across all subjects N=8) of four 

repeated sound pulses at 0.5, 1.0, 1.5 and 2.0 secs for (a.) before SE and (b., c., d.) during 

epileptogenesis, for left frontal electrode. 

  

(a.) (b.) 

(c.) (d.) 
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                                        (a)                                                                    (b)     

Figure A- 6: P-values using repeated measure ANOVA (left fig (a.)), and P-values < 

0.05, where red color showing significant differences at delta, theta, alpha and low beta 

frequencies and blue color showing no significant differences at other frequencies 

(among control and epileptic groups) (right fig (b.)), when the four repeated sound pulses 

are played at 0.5, 1.0, 1.5 and 2.0 secs, for F3 electrode.  
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Figure A- 7: Averaged ITC values (from 500 trials, across all subjects N=8) of four 

repeated sound pulses at 0.5, 1.0, 1.5 and 2.0 secs for (a.) before SE and (b., c., d.) during 

epileptogenesis, for LH electrode. 

  

(a.) (b.) 

(c.) (d.) 
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                                         (a)                                                                  (b)            

Figure A- 8: P-values using repeated measure ANOVA (left fig (a.)), and P-values < 

0.05, where red color showing significant differences at delta, theta, alpha and low beta 

frequencies and blue color showing no significant differences at other frequencies 

(among control and epileptic groups) (right fig (b.)), when the four repeated sound pulses 

are played at 0.5, 1.0, 1.5 and 2.0 secs, for LH electrode.  

 

Figures A-9 through A-12, show the grand average ERSP and P-values for before 

SE and during epileptogenesis (one week, one month and two months after SE), for F3, LH 

electrodes.   
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Figure A- 9: Averaged ERSP values (from 500 trials, across all subjects N=8) of four 

repeated sound pulses played at 0.5, 1.0, 1.5 and 2.0 secs for (a.) before SE and (b., c., d.) 

during epileptogenesis, for F3 electrode.  

  

(a.) (b.) 

(c.) (d.) 
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                                          (a)                                                                       (b)   

Figure A- 10: P-values using repeated measure ANOVA (left fig (a.)), and P-values < 

0.05, where red color showing significant differences at 20-30 Hz frequencies and blue 

color showing no significant differences at other frequencies (among control and 

epileptic groups) (right fig (b.)), when the four repeated sound pulses are played at 0.5, 

1.0, 1.5 and 2.0 secs, for F3 electrode.  
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Figure A- 11: Averaged ERSP values (from 500 trials, across all subjects N=8) of four 

repeated sound pulses played at 0.5, 1.0, 1.5 and 2.0 secs for (a.) before SE and (b., c., d.) 

during epileptogenesis, for LH electrode. 

  

(a.) (b.) 

(c.) (d.) 
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                                                   (a)                                                                         (b)  

Figure A- 12: P-values using repeated measure ANOVA (left fig (a.)), and P-values < 

0.05, where red color showing significant differences at 0.5-10 Hz and 55-75 Hz 

frequencies and blue color showing no significant differences at other frequencies 

(among control and epileptic groups) (right fig (b.)), when the four repeated sound pulses 

are played at 0.5, 1.0, 1.5 and 2.0 secs, for LH electrode.  

Figures A-13 through A-16, show the grand average baseline normalized ERSP and 

P-values for before SE and during epileptogenesis (one week, one month and two months 

after SE), for F3, LH electrodes.   
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Figure A- 13: Baseline corrected averaged ERSP values (from 500 trials, across all 

subjects N=8) of four repeated sound pulses played at 0.5, 1.0, 1.5 and 2.0 secs for (a.) 

before SE and (b., c., d.) during epileptogenesis, for F3 electrode. 

 
                                    (a)                                                                    (b)            

Figure A- 14: P-values using repeated measure ANOVA (left fig (a.)), and P-values < 

0.05, where red color showing significant differences at (0.5-35 Hz) and blue color 

showing no significant differences (among control and epileptic groups) (right fig (b.)), 

when the four repeated sound pulses are played at 0.5, 1.0, 1.5 and 2.0 secs, for F3 

electrode. 

(a.) (b.) 

(c.) (d.) 
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Figure A- 15: Baseline corrected averaged ERSP values (from 500 trials, across all 

subjects N=8) of four repeated sound pulses played at 0.5, 1.0, 1.5 and 2.0 secs for (a.) 

before SE and (b., c., d.) during epileptogenesis, for LH electrode. 

  

(a.) (b.) 

(c.) (d.) 
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                                    (a)                                                                       (b) 

Figure A- 16: P-values using repeated measure ANOVA (left fig (a.)), and P-values < 

0.05, where red color showing significant differences at (0.5-25 Hz) and blue color 

showing no significant differences (among control and epileptic groups) (right fig (b.)), 

when the four repeated sound pulses are played at 0.5, 1.0, 1.5 and 2.0 secs, for LH 

electrode.
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APPENDIX B 

Chirp Feature Plots 

Figures B-1 through B-4, show the grand average ITC and P-values for before SE 

and during epileptogenesis (one week, one month and two months after SE), for RH and 

F3 electrodes. 

     

Figure B- 1: Averaged ITC values (from 500 trials, across all subjects N=8) of chirp 

stimulus starting at 0.5 secs to 2.5 secs for (a.) before SE and (b., c., d.) during 

epileptogenesis, for RH electrode. 

  

(a.) (b.) 

(c.) (d.) 
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                                       (a)                                                                             (b) 

Figure B- 2: a.) P-values using repeated measure ANOVA (left figure (a.)), and P-values 

< 0.05, where red color showing significant differences at 10-40, 45-60, and 70-100 Hz 

frequencies and blue color showing no significant differences (among control and 

epileptic groups) (right figure (b.)), for RH electrode. 

 

Figure B- 3: Averaged ITC values (from 500 trials, across all subjects N=8) of chirp 

stimulus starting at 0.5 secs to 2.5 secs for (a.) before SE and (b., c., d.) during 

epileptogenesis, for F3 electrode. 

 

(a.) (b.) 

(c.) (d.) 
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                                   (a)                                                                            (b) 

Figure B- 4: a.) P-values using repeated measure ANOVA (left figure (a.)), and P-values 

< 0.05, where red color showing significant differences at (5-20, 60-80, 90-100 Hz) and 

blue color showing no significant differences (among control and epileptic groups) (right 

figure (B.)), for F3 electrode.
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APPENDIX C 

Odd-ball Feature Plots 

 

Figures C-1 and C-2 show area under the curve of P300 (around 250-350 ms) for 

before SE and during epileptogenesis (one week, one month and two months after SE), for 

RH and F3.   

 
 

Figure C- 1: MMN AUC around P300 peak (250-350 ms) after the onset of the odd tone 

during epileptogenesis (N=5, mean±SEM), for RH electrode. 
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Figure C- 2: MMN AUC around P300 peak (250-350 ms) after the onset of the odd tone 

during epileptogenesis (N=5, mean±SEM), for F3 electrode.  

Table C-1 shows the number of subjects, its p-values for different electrode sites for the 

area under the curve around P300.  

  

0

5

10

15

20

25

30

35

40

Before SE One week after SE One month after SE Two months after SE

Standard Errorbars for F3



 

92 
 

 

   

 

 

 

 

Table C- 1: Repeated measure ANOVA test, between the different groups (before SE, 

and one week after, one month after, two months after SE), for all electrodes. NaN= Not 

a number 

 
n 

P-value 

F3 5 0.00971 

F4 0 NaN 

LT 4 0.01921 

RT 2 NaN 

P3 3 0.038209 

P4 2 NaN 

LH 5 0.0002 

RH 5 0.00032252 
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