
 

Griffith University 

Evaluating, improving and applying 

Cortico-Cortical Evoked Potentials in 

Stereoelectroencephalography 

Submitted in fulfilment of the requirements of the degree of Doctor of 

Philosophy in September of 2019 

David L. Prime 

B.Eng (Hons), B.Biomed, G.Dip Education 

 

Griffith School of Built Environment and Engineering: 

Associate Professor Steven O’Keefe, Dr David Rowlands 

Mater Hospital Advanced Epilepsy Unit: 

Dr Sasha Dionisio 

 

 



Evaluating, improving and applying Cortico-Cortical Evoked Potentials in Stereo-EEG 

  i 
 

Abstract 
Stereoelectroencephalography (SEEG) and other invasive epilepsy evaluations aim to 

both understand brain networks and to classify the epileptogenic zone for resective 

surgery in patients not responding to medical therapy. Intracranial electrical stimulation 

in epilepsy is a complex field, fraught with difficulty in interpreting brain signals. The 

use of low frequency stimulation paradigms which elicit Cortico-Cortical Evoked 

(CCEP) responses for brain mapping is highly novel, but expanding as a field. The core 

aim of this PhD is to improve the methods of quantifying connectivity between distant 

brain regions in response to electrical stimulation.  

At present, there are precious few studies which examine the methodology employed 

in CCEP stimulation. Analysis and comparison of signal processing techniques 

employed to elucidate brain connectivity are practically non-existent in this field. Three 

key points crucial to brain connectivity estimation were identified: (1) Creating safe 

and efficacious stimulation paradigms (2) Understanding the area activated during 

stimulation and (3) Quantifying responses to stimulation in a comparable way. This 

research contains a tour of all of the major steps involved in CCEP stimulation and 

processing, separated into six major sections. 

The first chapter outlines the introductory literature, as well as the research was 

undertaken to design a safer, less intense stimulus paradigm used in the studies. This 

was in large part adapted from the author’s published review paper, detailing the key 

considerations in CCEP stimulation processing. It highlights the more modest CCEP 

stimulation parameters that were chosen, based on the review of all published CCEP 

studies. 

The second chapter details the work undertaken to correctly localise electrode locations, 

and view multiple types of neuroimaging in register with electrode positions. This 

culminated in a novel CCEP connectivity visualiser, which was able to view other 

neuroimaging modalities simultaneously with CCEP connectivity results. Lastly, the 

process of how to integrate clinical information from the SEEG evaluation was used to 

plan CCEP stimulation locations to avoid evoking epileptic seizures is described.  

The third chapter explores the methods available to quantify the volume of tissue 

activated by low frequency stimulation. Spurred in large part by recent research which 

showed that a significant portion of CCEP responses are volume conducted. A novel 



Evaluating, improving and applying Cortico-Cortical Evoked Potentials in Stereo-EEG 

  ii 
 

method was created to measure stimulation artefact to quantify the volume conducted 

component. Using this method, it has been shown that stimulation artefact amplitude 

was correlated with early response amplitude close to the stimulating electrode. This 

concluded that stimulation artefact is a possible way to quantify the volume conducted 

component of CCEP responses. 

The fourth chapter contains a wide-ranging overview of post-processing 

considerations. A demonstration is given of a novel adaptation of a filtering method 

which will not introduce artefact around strong stimulation artefact locations. Also 

provided is the detail of a novel method of baseline correction, which has the ability to 

output a comparable statistical result for each pulse train and stimulation site. An 

overview of promising similarity metrics to estimate changes between the evoked 

response potentials and baseline data segments is also shown. This culminated in a 

novel method to compare these dissimilarity metrics, against those used in CCEPs 

currently. This found that root mean square, currently employed in CCEP studies, is 

well suited to define connectivity. The research also found that several metrics were 

particularly sensitive to epileptiform SEEG patterns. Lastly, novel visualisation 

software, developed during this research was shown, along with how it can be used to 

quickly evaluate connectivity estimates is demonstrated.  

The fifth chapter applies methods developed in chapter 4 to undertake the largest CCEP 

connectivity study of the human insula to date. A thorough literature review, in 

conjunction with the results and connectivity visualisations of each insula gyrus, was 

able to demonstrate novel findings of the insula. Particularly with regards to its role in 

vision and the integration of other sensory inputs. The results also highlight the 

importance of sampling the insula in invasive epilepsy investigations, as insula 

epilepsies can often mimic semiology from all lobes of the brain.   

The sixth chapter employed a handful of the best performing metrics from chapter 4 to 

evaluate connectivity between seizure propagation locations. Using a novel approach, 

it was shown that the autoregressive metric is well suited to evaluate connectivity in 

epileptic regions. It was also found that epileptogenic zone locations were highly 

interconnected, but were not affected from stimulation of locations involved later in 

seizure spread, in line with other published literature.  
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Chapter seven contains an overview and highlights the novel contributions made in this 

thesis. Lastly chapter eight recommends which parameters to use in clinical practice.  
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Definitions and Acronyms 
The following list denotes some common acronyms used throughout the report. These 

are re-defined in the text as they appear, but are listed for convenience here: 

Medical/clinical 

EEG – Electroencephalography, recording and analysis method used in neurology 

AED – Antiepileptic drugs, medications to reduce  epileptic seizure burdens 

SEEG – Stereoelectroencephalography, intracranial recording method of EEG 

CCEP – Cortico-Cortical Evoked Potential, Name of physiological response to 

electrical stimulation 

ECoG – Electrocorticography – Invasive EEG that uses disc electrodes on the cortex 

EZ – Epileptogenic Zone, concept denoting area of seizure origin 

HFO – High Frequency Oscillations (80-500Hz), sustained higher frequency activity 

associated with physiological or pathological functions. 

FR – Fast Ripples (250-500Hz), HFO activity generally considered pathogenic  

MRI – Magnetic Resonance Imaging, medical scanning technology 

fMRI – functional Magnetic Resonance Imaging, medical scan of blood oxidation 

FDG- PET – Fludeoxy-Glucose Positron Emission Tomography, medical scan 

CT – Computed Tomography, medical scan 

SPECT – Single Photon Emission Computed Tomography, medical scan 

SISCOM – Subtraction Ictal SPECT coregistered to MRI, medical scan 

DTI – Diffusion Tensor Imaging, medical scan to visualise white matter fibres 

SPES – Single Pulse Electrical Stimulation, name of low frequency stimulation test 

DBS – Deep Brain Stimulation – Clinical stimulation for movement disorders 

ROS – Reactive Oxygen Species – Damaging chemicals generated by stimulation 

GM – Grey Matter – Brain tissue primarily made up of neurones 

WM – White Matter – Brain tissue composed of large myelinated axonal tracts 
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CSF – Cerebrospinal Fluid – Fluid around the brain and in the spinal cord 

VBM – Voxel Based Morphometry – Medical scan based on T1 MRI, used for detection 

of cortical dysplasia’s 

SPM12 – Statistical Parametric Mapping 12 – Neurosciences image processing 

toolbox. 

TMS – Transcranial Magnetic Stimulation – Electrode contacts which are affected 

earliest during patients’ typical seizures. 

Signal processing/engineering 

CWT- Continuous Wavelet Transform, wavelet transform with overlapping filters 

FFT – Fast Fourier Transform, computationally efficient Fourier transform 

IIR – Infinite Impulse Response, digital approximation of an Analog filter 

FIR – Finite Impulse Response, digital filter that is always stable 

FEA – Finite Element Analysis, method to numerically analyse electric fields 

NK – Nihon Kohden, manufacturer of recording equipment used 

CAR – Common Average Reference, Type of electrical referencing configuration 

SDM – Statistical Distance Metric, histogram distance comparison metrics 

TSSMs – Time Series Similarity Metrics, metrics able to stretch or shrink signals in 

order to give an optimal comparison of differences between patterns 

AR – Autoregressive Models, models based on the power spectrum of a signal 

GUI – Graphical User Interface, term for mouse based interactive computer programs 
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Chapter 1: Physical stimulation 
parameters and introduction 

1 INTRODUCTION 

1.1 Epilepsy: Prevalence of disease and understanding its burden 

Epilepsy is one of the most common neurological diseases in the human population. It 

affects roughly 1% of the world’s population, which translates to 65 million people 

worldwide. Epilepsy is diagnosed with recurrent seizures, usually stereotyped in nature 

[1]. During this, persons often lose awareness of their surroundings and can sometimes 

fall or become injured due to their loss of awareness. Recent statistics show that persons 

with epilepsy have a threefold higher risk of premature death than the normal 

population [2]. It is estimated that epilepsy contributes to more than 0.6% of the global 

financial health burden.  With these alarming statistics in mind, it is comforting to know 

that treatment options are increasing, and the understanding of the disease has increased 

in the recent past [3]. Epilepsy can be dichotomised into two broad types. The first is 

generalised epilepsy, in which the whole brain is affected, usually due to a hereditary 

condition or genetic mutation. The second type is focal epilepsy, in which seizures 

begin in a particular part of the brain, and then spread to other parts. Of patients who 

have focal epilepsy, approximately 33% will be refractory to medications [4], epilepsy 

surgery offers a solution which will lead to seizure freedom by removing the area 

identified as the epileptogenic zone (EZ).  

1.2 Surgical therapies, benefits and difficulties 

Epilepsy surgery presents the best hope for seizure freedom in patients who have failed 

two or more antiepileptic drugs (AEDs) in eligible persons (those who have a resectable 

epileptic focus). The purpose of epilepsy surgery is to give the patient the best quality 

of life post-surgically, which is a careful balance of weighing post-surgical deficits 

against the maximum chance of seizure freedom [5]. It has been shown that of the 

population who fail two or more AEDs, only 3%–5% will eventually achieve seizure 

remission periods of one year or more with further antiepileptic drug therapy [6, 7]. 

Seizures still occur in 71%–80% of these patients [6, 7]. Temporal lobe epilepsy (TLE) 

is the most common form and comprises about 80% of epilepsy surgeries with the 
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majority of patients gaining complete seizure-freedom [4, 8]. Extratemporal epilepsy 

(ETLE) (non-temporal lobe epilepsy) comprises a far smaller proportion of patients, 

however, it is difficult to localise epileptic foci in ETLE cases, corresponding to poorer 

post-surgical outcomes [4, 9]. The temporal lobectomy remains consistently focused 

on resection of mesial structures such as the amygdala, hippocampus, and 

parahippocampal gyrus while preserving as much of the neocortex as possible resulting 

in optimum seizure control with minimal neurological deficits [4]. Due to the complex 

nature of epilepsy, particularly surgical therapies for epilepsy, a spectrum of 

neurological testing modalities is employed to understand as much as possible about a 

patient’s epilepsy and brain networks in the planning for epilepsy surgery.   

1.3 Essential technologies and methods to diagnose and evaluate epilepsy 

To diagnose epilepsy and identify the seizure onset focus, electroencephalography 

(EEG) is the primary test used. EEG involves placing electrodes on top of the patient's 

scalp to capture the electrical activity of the brain between seizures (interictal) and 

during seizures (ictal). High definition video is also simultaneously acquired to give 

Video-EEG (VEEG) to capture ictal behaviours known as semiology with electrical 

activity recorded. This information can localise brain activity down to several 

centimetres but can be difficult to interpret when mesial (deep) structures are implicated 

[4]. Many other medical imaging tests are also used to further understand patient brain 

networks in the work up to localise the seizure onset focus.  

Magnetic Resonance Imaging (MRI) scans are able to offer detailed information about 

the structural properties of all brain regions simultaneously. The importance of MRI in 

epilepsy surgery cannot be overstated, especially in cases where a tumour or circulatory 

abnormalities are implicated as the epileptic focus [10].  Functional MRI (fMRI), which 

measures blood flow changes during specific tasks has also been adapted for the 

localisation of language areas [11] and has also been used to detect hyperperfusion of 

seizure foci at seizure onset [10, 12, 13]. Nuclear medical scans such as Positron 

Emission Tomography (PET) and Ictal Single Photon Emission Computed 

Tomography (SPECT) have been used for decades to delineate epileptic foci by 

showing the metabolic properties of brain areas interictally and at the onset of seizures 

[14].  
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Neuropsychological testing offers keen insight into the potential post-surgical deficits 

introduced to the patient if surgery is undertaken [15]. This field employs testing using 

cognitive tasks which engage specific brain areas in order to gauge potential deficits if 

removed in epilepsy surgery. Neuropsychology testing is often employed in 

conjunction with fMRI to indicate which particular brain areas are used in more 

complex language understanding tasks. Neuropsychology results are critical, since, up 

to 45% of patients will commonly experience memory decline upon removal of mesial 

temporal structures [15, 16]. ETLE cases are particularly important to assess, since 

deficits may be related to language or motor areas [17].  

This information allows epileptologists, neurosurgeons and the patient to be properly 

informed as to whether epilepsy surgery is worthwhile considering the potential risks 

of the procedure. In particularly difficult cases, invasive presurgical evaluations can 

give detailed information about electrical activity between and during seizures [18].  

1.4 Presurgical investigations for epilepsy 

There are two main types of epilepsy pre-surgical evaluation: Electrocorticography 

(ECoG) in which disc electrodes are placed on top of the cortex, and 

Stereoelectroencephalography (SEEG), which samples mesial structures using depth 

electrodes [19]. Implanted electrodes from both methodologies are shown below: 

 

Figure 1.1: Electrocorticography (ECoG) using subdural grid electrodes (left) and 

Stereo-EEG (SEEG) depth electrodes implanted (right). 

As can be seen from Figure 1.1, there  are fundamental differences between these 

modalities, however, both provide excellent spatio-temporal resolution to map 

epileptiform discharges [20, 21]. Historically ECoG has been utilised more widely than 
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SEEG [22], particularly in North American centres. The Stereo-EEG method was 

pioneered in France by Talairach and Bancaud [23, 24]. ECoG is a highly useful tool 

for delineating eloquent areas of cortex and mapping neocortical epilepsies [22]. 

However, since the electrodes are limited to the surface of the brain, its utility is highly 

limited when epileptic discharges are generated by a mesial source [19, 22]. As yet, 

there has been no direct comparison of SEEG and ECoG’s ability to localise the EZ 

[24]. Resective surgery outcomes, based on margins defined in ECoG and SEEG are 

comparable; with a recent study showing that seizure free rates after surgery were 

roughly the same [22]. While ECoG is still the most performed presurgical evaluation, 

this is changing due to the lower rate of complications encountered in SEEG, as well 

as a trend toward robotically assisted surgery and minimally invasive techniques  [20, 

24, 25]. In this thesis, all analyses were undertaken using SEEG data, however, many 

of the biomarkers for epilepsy and brain network connectivity were discovered in ECoG 

studies. Therefore, specific differences between modalities will be discussed when 

translating findings from ECoG into an SEEG context. 

According to Kahane et al. [26], SEEG evaluation is more a system of principles, than 

a defined neurosurgical technique. The Epileptogenic Zone (EZ), in terms of SEEG, 

was first defined by Talairach and Bancaud in the 1960s [23]. They later created the 

methodology utilising the anatamo-electro-clinical principles of SEEG in the early 

1970s [27, 28]. This synthesises clinical information such as patient history and ictal 

semiology with electrical correlates as measured by VEEG or invasive EEG, along with 

the underlying anatomical information provided by medical imaging. Each SEEG 

implantation is specifically tailored to the presentation and pre-implantation hypothesis 

of the EZ. The waveforms are highly dependent on the tissue sampled, and volume of 

information from each recording is immense. An electrographic seizure on SEEG is 

shown in Figure 1.2.   
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Figure 1.2: SEEG evaluation of a seizure from the Left Amygdala. SEEG produces an 

enormous amount of data and requires highly specialised training to properly 

interpret. 

1.5 Electrical stimulation of the brain in invasive epilepsy cases 

SEEG investigations are undertaken usually to answer two main questions: What is the 

location and extent of the Epileptogenic Zone (EZ). And secondly, would the patient 

benefit from resective surgery [18, 26, 29]. During the SEEG investigation, a number 

of tests are performed to identify the boundaries of the EZ and what the network 

properties are, including the function of specific parts of the brain (i.e. areas that are 

critical to language and movement articulation). There are two types of stimulation 

performed in SEEG evaluations. The first of which is commonly termed High 

frequency Stimulation (HFS) or Direct Electrical Stimulation (DES), which stimulates 

to evoke clinical semiology and evoke epileptic features such as afterdischarges (ADs) 

[30-32]. DES uses frequencies from 25-50Hz, which interferes with the function of the 

stimulated cortex in order to understand the specific function of that region [31, 33, 34]. 

The second type of stimulation is Cortico-Cortical Evoked Potentials (CCEPs), also 

known as Single Pulse Electrical Stimulation (SPES). CCEPs are a highly novel 

methodology of low frequency stimulation, used to map distributed brain networks [35, 
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36]. This thesis will focus on understanding and interpreting the results of CCEP 

stimulation, and how best to process SEEG waveforms to infer connectivity between 

brain regions.  

2 AN OVERVIEW OF CORTICO-CORTICAL EVOKED POTENTIALS 

CCEPs utilise low frequency (<2Hz) electrical stimulation to highlight electrical 

connectivity between brain regions. A variant of CCEPs known as Single Pulse 

Electrical Stimulation (SPES), which uses even lower frequencies (<0.25Hz), has been 

reported for the same purpose [37]. For simplicity, CCEPs and SPES will be considered 

to be interchangeable. CCEPs have two main purposes: Firstly, to map and understand 

key functional networks and difficult to record anatomical areas. CCEP studies have 

been used to map key functional networks such as the human language network [38], 

limbic system [39] and motor systems [40]. Secondly, to investigate the properties of 

epileptic networks, and elucidate connectivity between regions of seizure spread. 

Several CCEP studies have mapped seizure spread locations [30, 40], as well as the 

connections of the EZ [41-43]. CCEPs have an advantage over other modalities of 

connectome research (e.g. fMRI) due to their high spatiotemporal resolution [30], 

shown in Table 1.1.  
 

fMRI CCEPs TMS/HD-EEG 

Invasive No Yes No 

Interventional No Yes Yes 
Sampling of distributed 

Networks 
Whole Brain Networks Implanted Whole brain (more 

lateral structures) 
Temporal Resolution Seconds Milliseconds Milliseconds 

Localization of Response Millimetre Millimetre Centimetre 

Can Infer Directionality With post-

processing 

Yes Possibly 

Table 1.1: Spatiotemporal resolution of CCEPs compared to other modalities. CCEP 

stimulation also targets a specific location, not the whole brain or large areas as in 

other methods. Table adapted from Keller et al. [44]. 

2.1 What CCEP connectivity shows 

Three main forms of neural connectivity exist when exploring brain areas using SEEG: 

Structural, functional and effective connectivity. An excellent definition of each and 

the distinction between them was chronicled by Keller et al. [44]. CCEPs have been 

thought to show effective connectivity, which is a hybrid measure of structural (white-
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matter connections) and functional connectivity (statistical covariation) [44, 45]. 

Effective connectivity can be thought of as the causal influence that one region exerts 

upon another. According to Keller et al. [44], there are two major types of effective 

connectivity: Non-interventional effective connectivity and interventional effective 

connectivity. Non-interventional methods, use statistical techniques such as granger 

causality [46-48] or modelling methods like dynamic causal modelling [48, 49] to infer 

connectivity from separately simultaneously sampled locations. Interventional (or 

“evoked”) effective connectivity uses a stimulus to perturb the system at a specific 

location, and measure the ensuing changes [44].  

Because of this interventional nature, CCEP stimulation has novel applications to reveal 

potential biomarkers of epileptogenicity, specifically High Frequency Oscillations 

(HFOs) [50, 51], during stimulation of epileptic tissue. Several studies have also 

attempted to employ this technique in an attempt to define the EZ [51-53]. There are 

numerous uses for CCEPs, but as yet the precise methodology remains relatively 

undocumented [54], largely due to centre specific customised techniques in both 

performing and analysing CCEP responses. 

2.2 Differences between ECoG and SEEG in CCEPs 

While the technique of CCEPs is relatively defined in evaluations using ECoG, there is 

a difficulty in interpreting responses in SEEG [21, 55]. The anatomo-electro-clinical 

methodology of SEEG, developed by Bancaud and Talaraich [28], requires the 

insertion of multiple orthogonal depth electrodes based upon a network hypothesis. 

Thus, CCEP responses will differ from ECoG in several aspects. Firstly, pyramidal 

cells are orientated towards the electrode in ECoG, giving a clear response morphology 

across various anatomical sites. In the first study by Matsumoto et al. [36] introducing 

the CCEP methodology, two key Evoked Response Potential (ERP) morphologies were 

identified: The N1 and N2 responses, shown in Figure 1.3.  
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Figure 1.3: N1 and N2 responses are a key feature of CCEP connectivity estimation, 

as defined by ECoG. However, they are difficult to detect in SEEG [21]. Adapted 

from Matsumoto et al. [36]. 

Conversely, in SEEG, the nature of electrode insertion samples cells in various 

orientations [56], resulting in various response shapes. This makes visualising the N1 

and N2 responses difficult and has led to difficulties defining connectivity in SEEG. 

For this reason, root mean square (RMS) values are calculated to quantify the 

magnitude of evoked ERPs. This metric will be elaborated upon in later chapters.  

Furthermore, as the electrodes often pass into white matter, the large myelinated axons 

become the primary target of stimulation [57]. This results in orthodromic and 

antidromic potentials, which can obscure the exact site of origin of cortical responses 

[58, 59]. It has also been shown that stimulation of white matter tracts can give 

distributed effects, both in CCEPs [60] and cortical stimulation [61]. Thirdly, the 

smaller surface area of depth electrodes used in SEEG can lead to higher charge 

densities than ECoG, which are a primary cofactor for neuronal damage [62, 63], 

meaning safe limits of stimulation may be different between the modalities.  

Despite an increasing interest in CCEP stimulation, there is still a paucity of studies. 

This has limited our understanding of this technique especially in the context of the 

developing brain where there has been only one study in the paediatric population [64]. 

Other factors that compound difficulties in CCEP research include the lack of studies 

into the effect of medication on CCEP responses, the duration of epilepsy and the 

precise sampling of the EZ. However, these factors are beyond the scope of this thesis. 

Despite the inherent differences in the various invasive recording and stimulation 

techniques, there still remain similarities and important findings, such as safety limits 
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for stimulation and areas of effect. These may be directly inferred to CCEPS in SEEG 

from studies using ECoG and deep brain stimulation (DBS), for which there is far more 

extensive available literature. To this end, we published a paper detailing the most 

pressing considerations when performing CCEPs in SEEG [21].  

2.3 Key elements involved in CCEP stimulation: 

When attempting to use stimulation to investigate brain network connectivity, there are 

two main topics to consider: the physical stimulation aspects and the pre-processing 

and connectivity quantification metrics. In the course of this thesis, the focus will be on 

the data-processing and connectivity quantification steps. In this chapter, the research, 

which was undertaken to create safe and effacious CCEP electrical stimulation 

paradigms, will be briefly demonstrated  

The physical stimulation parameters are vital to consider since they are able to influence 

the region of excitation, and subsequent intensity of cortical response, particularly with 

regards to DES for cortical function mapping. The stimuli parameters commonly varied 

in CCEPs include: 

Stimulation Parameter 

(units) 
Contribution of parameter 

Electrode configuration 
Arrangement of the working and reference electrodes during stimulation. 

This decides the charge density and shape of the electric field produced. 

Stimulation current – (mA) 
Electric current level to inject charge during a pulse. This contributes to 

the charge per pulse and the area excited by stimulation. 

Pulse width (micro (𝝁) 

seconds) 

Active time to deliver electric current into the cortex. This contributes to 

the charge per pulse and the area excited by stimulation. 

Stimulation frequency (Hz) 

This determines the time allowed for responses to be measured. It also 

allows cortical networks to return to rest before the next stimulation 

pulse. 

Waveform 
The delivery of electric current contributes largely to safety and action 

potential generation. 

Pulse train number 

(number of trials) 

How many trials are in a pulse train sequence. This contributes to cortical 

fatigue and statistical validity. 

Table 1.2: Physical stimulation parameters commonly varied in CCEP protocols. 
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Each of these steps will be outlined in the following section, giving an overview of 

which parameters were employed in the CCEP stimulation during this study. 

The post processing steps are highly influential in determining connectivity between 

regions. Careful planning is required to make certain that results are valid and minimise 

the potential for misinterpretation. There are also a variety of connectivity metrics from 

other scientific fields that may be applied to CCEPs to quantify connections between 

areas. Key steps are reviewed in Table 1.3: 

Post processing action Reason for inclusion 

Electrode localisation 
Accurately and precisely locate electrode positions from 

imaging data. 

Identifying the area excited during 

stimulation 

Understand which areas are influencing all others in 

connectivity estimates. 

Subtractive referencing Correctly isolate physiological phenomena 

Filtering 
Reduce powerline interference, increasing Signal to Noise 

Ratio (SNR) of the raw data. 

Artefactual trial exclusion 
Exclude epileptic or other erroneous responses to increase 

the validity of results. 

Stimulation artefact mitigation Ability to analyse early responses. 

Response quantification 
Quantify physiological signals to show the influence of 

stimulation on physiology. 

Baseline selection 
Adequate control data to highlight changes induced by 

stimulation. 

Network mapping Organise connectivity results and show key regions. 

Results visualisation 
Methods to display high dimensionality of data for quick 

and intuitive inspection. 

Table 1.3: Key considerations of data processing to obtain an estimation of network 

organisation using CCEP data. 

Each of these steps will be outlined in detail, with resulting research on each point 

outlined in further chapters 2-6.  
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3 PHYSICAL STIMULATION AND RESEARCH FOR THE DEVELOPMENT 

OF SAFE STIMULATION PARADIGMS 

3.1 Electrode Configuration (Bipolar vs Monopolar) 

Electrode configuration refers to the arrangement of the working and reference 

electrodes and determines the electric field shape and subsequent area of neurons 

activated around the electrode [65-67]. Bipolar stimulation is preferred in SEEG and 

ECoG, this uses two adjacent electrode contacts to activate a focal neuronal population; 

thus, providing a focused area of stimulation [68, 69]. Monopolar stimulation is 

frequently used in DBS and efficiently elicits clinical effects due to the larger activation 

area of the electric field [69, 70]. For targeted activation near the electrode, as well as 

a reduced chance of clinical effects, bipolar stimulation has been used in SEEG and 

ECoG studies. For these reasons, it was chosen to perform bipolar stimulation between 

adjacent contacts during CCEP stimulation.  

 

Figure 1.4: A Monopolar electric field of a DBS electrode B Bipolar field. Figure 

sourced from [71]. Note the electric field lines are far closer to the electrodes in B. 

3.2 Stimulation Current and pulse duration 

The effects of varying stimulation current and pulse width have been extensively 

studied in basic neurophysiology [57, 72]. The charge per stimulation pulse (phase) is 

a product of the stimulation current and pulse width. Shown below: 

 𝑄(𝜇𝐶) =  𝐼(𝑚𝐴) ∗ 𝑡(𝑚𝑠) (1) 
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The charge per phase (Q) is the primary factor in the electrical safety of a stimulation 

protocol [62, 73]. The charge density of a stimulation protocol is determined by 

dividing the charge by the geometric surface area, or if available, electrochemical area 

[73]:  

 𝐷(𝜇𝐶/𝑐𝑚2) =
𝑄(𝜇𝐶)

𝐴(𝑐𝑚2)
  (2) 

Charge density (D) is a product of the stimulating electrode geometry (conductor 

surface). The maximal charge density is calculated by using the smallest electrode 

conductor surface as area (A) [62, 63]. The effect of increasing charge per phase has 

been shown to correspond to larger responses in SEEG stimulation, which has been 

shown to be independent of waveform [37]. Charge density has also been hypothesised 

as a driving factor behind neuronal activation [74]. Microstimulation research has 

shown that the stimulation current threshold required to excite elements (Ith) is a 

function of the stimulation current (I), an experimental constant (k) and the distance 

from the electrode (R) [75]: 

 𝐼𝑡ℎ = 𝐼 + 𝑘𝑅2 (3) 

This intuitively means that stimulation current determines the maximal distance to 

excited elements.  Similarly, Pulse Width (PW) also changes the activation area during 

stimulation and modulates which elements are excited [59, 76]. It has been shown 

experimentally that stimulation in gray matter preferentially activates axonal tracts over 

cell bodies [58, 59, 72, 76, 77]. The well-defined strength-duration relationship to 

activate an axon was developed by Weiss [78] (equation 4) and built upon by Lapicque 

[79]  (equation 5): 

 𝐼𝑡ℎ = 𝐼𝑟ℎ (1 +
𝑇𝑐ℎ

𝑃𝑊
)      𝑜𝑟        𝑃𝑊 =

𝑇𝑐ℎ

𝐼𝑡ℎ

𝐼𝑟ℎ
− 1

                               (4) 

 𝐼𝑡ℎ =
𝐼𝑟ℎ

1 − 2
−

𝑃𝑊
𝑇𝑐ℎ

        𝑜𝑟             𝑃𝑊 = −𝑇𝑐ℎ (log2 (
𝐼𝑡ℎ

𝐼𝑟ℎ
+ 1)) (5) 

𝐼𝑟ℎ denotes the rheobase current, which is the stimulation current required to depolarise 

a neural element over an infinitely long stimulation pulse.  𝑇𝑐ℎ denotes the chronaxie, 
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which corresponds to the time taken to depolarise at 2𝐼𝑟ℎ stimulation current. This 

relationship determines the minimum charge to generate an Action Potential (AP). The 

chronaxie for cell bodies and axons increases as a function of distance from the 

electrode [58, 76]. Short pulse widths have been found to selectively activate more local 

fibres, increasing spatial selectivity [80-82]. Selection of PW should weigh safe charge 

and charge densities, against adequately meeting the activation threshold. It was found 

that 400𝜇𝑠 was optimal when using ECoG as a modality[83] . While the optimal PW 

in SEEG based CCEP stimulation is unknown, PW times between 100𝜇𝑠 and up to 3ms 

have been used [37]. 

3.3 Stimulation Safety Limits 

Safety thresholds for electrical stimulation have found that charge per stimulation pulse 

and charge density per pulse are the main determinants for cortical damage [62, 63, 73, 

84]. This was classified using histopathology from stimulated tissue contrasted with 

non-stimulated tissue [62, 63]. Safety limits for DBS and other chronic stimulation 

modalities have been performed for hours continuously [62, 84]. Consequently, limits 

defined by these methods are not comparable to the shorter stimulation sessions and 

lower frequencies used in CCEPs. An ECoG study of three human patients which used 

50Hz stimulation for approximately 20mins equivalent continuous stimulation showed 

no histopathologically detectable damage up to 57𝜇C/cm2/phase [85]. Due to the lower 

frequencies and shorter stimulation times of CCEP paradigms, it is a safe assumption 

that CCEP paradigms will not cause damage when using parameters equivalent to 

57uC/cm2.  

 DBS SEEG ECoG 
Electrode 
Diameter 1.27mm 0.8mm 3.175mm 

Distance 
Between 
Contacts 

1.5mm 1.5mm 10mm (centre-centre) 

Contact Length 1.5mm 2mm Disc electrode 
Contact Area 0.0598cm2 0.0503cm2 0.0792cm2 
Max Charge 

Per phase (Q) 1.79𝜇C 2.87𝜇C 4.40 𝜇C 

Max Charge 
Density Per 
phase (D) 

30𝜇C/cm2/phase [86] 
57𝜇C/cm2/phase 

(assumed from Gordon 
et al. [85]) 

57𝜇C/cm2/phase [85] 

Study 
Frequency and 

duration 

50Hz, 7Hours 
Continuous 

Not tested, inferred from 
ECoG 

50Hz, Roughly 20mins 
Continuous 

Table 1.4: Electrode specifications and maximum charge limits for stimulation [21]. 
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Table 1.4 adapts common SEEG electrode geometry. DBS safety limits are sourced 

from Medtronic technical documentation [86] and ECoG limits from Gordon et al. [85]. 

The combination of stimulation current and pulse width required to maintain the safe 

limit for the three most common electrode geometries used in CCEP studies is shown 

below in Figure 1.5: 

 

Figure 1.5: Maximal stimulation currents for commonly used intracranial electrode 

geometries according to stimulation safety limits found by Gordon et al. [85] 

3.4 Stimulation frequency  

The stimulation frequency is the inverse of the time between pulses, and it relates 

effectively the maximal relaxation time for stimulated networks. Little research has 

compared and contrasted the mechanisms of action for Low Frequency Stimulation 

(LFS)(<10Hz) and High Frequency Stimulation (HFS)(>100Hz). Long term 

potentiation which preferentially sums excitatory post synaptic potentials (EPSPs)  and 

alters synaptic connectivity is caused by HFS. In contrast, LFS causes long term 

depression at synapses [87]. HFS has also been shown to  increases gamma-

aminobutyric (GABA) and glutamate levels in the therapeutic window using DBS, 

which is not present in low frequency stimulation [88]. However, there is a limited 

understanding of the mechanisms by which this occurs. It has been shown that 

stimulation frequency is an important factor for clinical responses [89] and that ADs 

are evoked more often by higher frequency stimulation [89, 90]. ADs indicate 
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hyperexcitability of the stimulated cortex, which can lead to distributed activation [31]. 

ADs have been shown to occur as a function of charge density per second, related to 

equation  [31], but have been shown not to be a tool for localising the EZ [91]. In order 

to mitigate the chance of causing ADs, lower frequencies are preferred for CCEPs. 

In CCEPs, stimulation frequencies such as 1Hz [38-41, 92, 93], 0.5Hz [94], 0.33Hz 

[95], 0.2Hz [50, 51, 96], 0.1Hz [97-100] and 0.067Hz [37] have been used in the past 

(Supplementary Table 1). Only one study has looked at effects of stimulation frequency 

on response morphology, little difference in responses to 2Hz and 1Hz stimulation in 

Heschl’s gyrus was shown; however, there was a marked change between 2Hz and 

5Hz[101] .  

Epileptic cortex has been identified using Delayed Responses (DR’s), which occur 

between 0.1 and 1s after stimulation[100] when using a stimulation frequency of 0.1Hz. 

A correlation was also found between DR’s and HFOs [53]. HFOs have also been 

detected using 0.2Hz stimulation and correlated with the EZ[51] . In summary, a 

stimulation frequency significantly below 1Hz is recommended to capture DR’s and 

minimise the chance of causing a seizure. However, this must be weighed against the 

time taken to perform a sufficient number of trials for averaging. 

3.5 The chosen stimulation frequency  

A detailed list of all CCEP stimulation studies and their stimulation parameters are 

outlined in Table 1.6. After considerable review of the available literature, and 

weighing the considerations from the previous paragraphs carefully, it was decided to 

use a 0.5Hz stimulation frequency. This was to strike a balance between the contrasting 

American (CCEPs ~1-2Hz) and European (SPES ~0.2-0.015Hz) ideologies. 

3.6 Stimulation waveform 

The waveform of stimulation can drastically change the amount of excitation in the 

cortex [88, 102] and consequently largely contributes to the efficacy and safety of the 

stimulation protocol [103]. It has also been shown that a fast-rising rectangular pulse is 

the most efficient waveform to employ for action potential generation [104]. Table 1.5 

highlights properties of the most common waveforms used in CCEPs: 
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Waveform Name 
Action 

Potential 
Triggering 

Tissue 
Damage 

 

Cathodic 
monophasic Best Most 

 

Cathode leading 
biphasic fast 

reversal 
Average Least 

 

Anode leading 
biphasic fast 

reversal 
Least Least 

 

Cathode leading 
biphasic with 

delay 
(alternating 

monophasic) 

Good Little 

Table 1.5: Common waveforms employed in cortical stimulation (CCEPs). Table 

adapted from Merrill et al. [103] also adapted from [21]. 

Most CCEPs studies have utilized the biphasic with fast reversal stimulation waveform, 

as it immediately reverses the hyper-polarity of the extracellular space and enhances 

safety, whilst maintaining the ability to generate action potentials [103]. A CCEP study 

using various waveforms also recently found that biphasic waveforms were most likely 

to give a brain response using SEEG [37]. Research using DBS into charge balanced 

waveforms has shown that cathode-leading pulses have superior AP generation, 

compared to anodal leading pulses, preferentially activating fibres more than cell bodies 

[105].  

Monophasic pulses have been shown to be efficient AP generators, but have shown to 

be more damaging than charge balanced waveforms [83, 106]. Alternating monophasic 

waveforms have been used in many CCEPs studies, both in SEEG [39, 52, 92] and 

ECoG [38, 40], for their ability to efficiently generate AP’s, reverse many 
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electrochemical reactions and simultaneously mitigate stimulation artefact when 

averaged. Monophasic pulses may also produce different physiological effects. It is 

thought that anodal pulses produce inhibitory effects and cathodal pulses produce 

excitatory effects [44, 65, 66, 88]. Voltage ratcheting caused by charge accumulation 

is also produced by monophasic stimulation and can alter the neuronal populations 

activated. However, this effect can be reduced by using charge balanced biphasic 

waveforms[103] .   

In summary, while monophasic waveforms are effective, charge balanced waveforms 

are preferred for safety reasons. It was decided to utilise cathode leading biphasic pulses 

when redesigning the stimulation paradigm, since they efficiently activate close fibres. 

3.7 Number of pulses in the stimulation train (Trials) 

This factor has not been explored in CCEP literature as an independent variable, so the 

impact upon the results is unknown. Research from Event Related Potentials (ERP) 

dictates that the Signal to Noise Ratio (SNR) be known. A target SNR would then guide 

the number of trials required to obtain a definitive result [107]. This may be quite 

difficult since SNR will vary depending on recording site and feature measured.  

Repetitive stimulation in a single area can cause exhaustion of the cortex and lead to a 

variable refractory period [31], which may alter the area of activation.  However, this 

must be weighed against the increased signal to noise ratio that may be obtained by a 

higher number of trials. Many studies use 20-30 pulses in each pulse train [37, 39, 92, 

93, 108], as few as 10 pulses have also been used [51]. Because the SNR is unknown 

at all sites in SEEG, the number of pulses in a train should be as high as practically 

possible within the timeframe of the stimulation session, while carefully considering 

the clinical situation and total stimulation time. It was decided to keep the number of 

pulses the same when redesigning the stimulation paradigm since there was no evidence 

available to suggest a benefit. 

3.8 Choice of Stimulation parameters chosen as part of the PhD thesis 

Based on the research conducted, a set of stimulation parameters based on the literature 

and several short experimental stimulation results, were created. Two paradigms were 

employed in our patient population. The first used CCEP stimulation paradigm was 

designed by Dr Dionisio, based on research occurring at the Cleveland Clinic in North 
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America. This protocol was performed in the first 12 patients. The second, more 

recently developed stimulation paradigm was created based on a thorough review of 

the literature (shown in Table 1.6), and experience gained from CCEP stimulation of 

the first 12 patients. This was performed on the most recent 35 patients. The paradigms 

are compared in terms of their parameters in Table 1.7. 

The new paradigm was designed to be safer and less intense than the original, in order 

to mitigate ADs and clinical events. Unfortunately, it is difficult to conduct any 

comparison between the previous stimulation paradigms in terms of their efficacy. It 

was noted that ADs were induced far less frequently using the lower frequency and 

stimulus amplitudes implemented after the literature review (Table 1.7).  
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# 

Patient 
Purpose 

# Pulses 

per train 

Freq 

(Hz) 

Level (mA)/ 

PW (ms)/ 

Charge (𝝁𝑪) 

Wave- 

form 
Modality 

Measurement 
Tool/ 

Time Window 
(s) 

Publication 

213 Effective connectivity database 40 1 1-4/1/1-4 B SEEG Many/- Trebaul et al. 2018 [109] 

125 Localizing EZ through DR’s >=10 0.1 8/1/8 AM SEEG/ECoG Visual/- Valentin et al. (2008)[98] 

45 Localizing EZ through DR’s 10->40 0.1 8/1/8 M SEEG/ECoG Visual/- Valentin et al. (2002) [100] 

37 Seizure Spread Pattern 30 1 8/0.3/2.4 AM SEEG RMS/0.4s Lega et al. (2015)[93] 

35 Localizing EZ through DR’s 10 0.2 8/1/8 AM SEEG/ECoG Visual/- Flanagan et al. (2009)[64] 

35 Multiple purposes 30 0.5 1-4/0.1/0.1-0.4 B SEEGa Many/0.5s Prime (2016-2019) ongoing 

31 
CCEP connectivity correlated with 

SISCOM 
30 1 8/0.3/2.4 AM SEEG RMS/0.4s Tousseyn et al. (2017) [110] 

30 Insula connectivity 30 1 8/0.3/2.4 AM SEEG RMS/0.4s Dionisio et al. (2019)[111]  

28 Limbic Network Connectivity 40-60 1 8/0.3/2.4 AM SEEG RMS/0.3s Enatsu et al (2015)[39] 

25 Effective Connectome 20 
0.5 and 

1 
10/0.2/2 - SEEG N1 and N2/0.5s Entz et al. (2014)[112] 

25 Effective Connectome 20 
0.5 and 

1 
10/0.2/2 - SEEG N1 and N2/0.5s Entz et al. (2014)[112] 

24 Localizing EZ 40 1 4/3/12 - SEEG Visual/- Munari et al. (1993) [113] 

21 Mapping EZ connectivity 10 0.2 4-8/1/4-8 M ECoG 
Peak 

Amplitude/0.1s 
Van Blooijs (2018) [42] 

20 CCEP induced frequency responses 20 0.067 5/3/15 B SEEG 
Freq-bands 
power/0.5s 

Maliia et al. (2017) [114] 

19 Mapping human operculum 20 0.067 5/3/15 B SEEG RMS/0.1s Maliia et al. (2018) [115] 

16 Correlate HFO and DR’s 20 0.067 5/3/15 B SEEG 
RMS/0.1-1s and 

Wavelet/0.5s 
Donos et al (2016)[53] 

15 Network Parameters 20 0.5 10/0.1/1 B ECoG N1 and N2/1s Keller et al. (2014)[116] 

15 Localize EZ 50 1 8/0.3/2.4 B SEEG RMS/0.4s Zhang et al. (2018) [43] 
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14 Localize EZ 20-70 1 15/0.3/15 AM ECoG RMS/0.4s Enatsu et al (2012)[117] 

13 Localizing EZ through HFO 10 0.2 8/1/8 M ECoG Wavelet/2s 
Van’t Klooster et al. 

(2011)[51] 

12 Localize EZ 30 1 5/2/10 B SEEG Custom/0.5s Boido et al. (2014)[41] 

12 Localizing EZ through DR’s 5->20 0.2 8/1/8 AM ECoG Visual/1.5s Kokkinos et al. (2013)[96] 

11 
Compare Response magnitude with 

stimuli 
12->40 0.067 5/3/15 

AM/M/
B 

SEEG Std.Dev/0.5s Donos et al (2016)[37] 

11 Single Unit SPES 10-40 0.1 8/1/8 M SEEG/ECoG Spikes/4s Alarcon et al. (2012)[97] 

11 Insula Connectivity 20 0.2 1/1/1 - SEEG N1 latency/0.5s Almashaikhi (2014)[118] 

10 EZ Localization 10->54 1 12/0.3/3.6 AM ECoG N1 amplitude/- Iwasaki et al. (2010)[119] 

8 Language Network Connectivity 20-100 1 12/0.3/3.6 AM ECoG N1 and N2/0.4s Matsumoto et al. (2004)[36] 

8 Imaging CCEP comparison 16->60 
1 and 

10 
15/0.3/4.5 AM SEEG/ECoG RMS/0.4s Jones et al. (2014)[120] 

8 Volume conducted potential analysis 100 1 
2-16/0.15/0.3-

2.4 
B ECoG 

PCA & 
regression/0.3s 

Shimada et al. (2017) [121] 

7 Heschl’s Connectivity 50-100 
0.5, 1, 

2 and 5 
4/0.2.4.8 B ECoG Visual/0.1s Brugge et al. (2003) [101] 

7 Motor Network Connectivity 20-100 1 12/0.3/3.6 AM ECoG N1 and N2/0.4s Matsumoto et al.(2007)[122] 

7 Hippocampal Connectivity 25 0.2 3/1/3 B SEEG Latency/- Catenoix et al (2011)[123] 

7 Language Network Connectivity 50 1 10/0.3/3 B ECoG 
N1 

amplitude/0.04s 
Conner et al (2011)[124] 

7 Correlate BOLD and CCEP 20 0.5 10/0.2/2 - ECoG N2 amplitude/- Keller et al. (2011)[94] 

5 Investigate Limbic Network 60 1 8/0.3/2.4 AM SEEG RMS/0.5s Kubota et al. (2013)[55] 

2 Localize EZ 100 0.33 2/0.1/0.2 B ECoG Phase Info/0.1s Freestone et al. (2011)[95] 

1 Case Study 55 1 8/0.3/2.4 AM SEEG Latency/0.5s Lacuey et al.(2015)[125] 

Table 1.6: Lists all of the scientific CCEP studies used for network mapping to date. This was adapted from supplementary Table 1 from Prime 

et. al. [21].  Waveform abbreviations are Biphasic (B), Monophasic (M) and Alternating Monophasic (AM). Studies incorporated into this paper 

are shown in green. 
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 Electrode Configuration Stimulation waveform 

Stimulation 

Frequency 

(Hz) 

Stimulation 

Current 

(mA) 

Pulse 

Width 

(ms) 

Charge 

per 

pulse 

Charge 

(𝝁𝑪) 

Charge 

per 

second 

(𝝁𝑪/ 𝒔) 

Number 

of Pulses 

Original Stimulation Paradigm (late 2015) 
 (12 Patients) 

Bipolar Alternating Monophasic 2 2 0.1 0.2 0.4 30 

Bipolar Alternating Monophasic 2 4 0.1 0.4 0.8 30 

Bipolar Alternating Monophasic 2 6 0.1 0.6 1.2 30 

 Bipolar        

Current Stimulation Paradigm (late 2016)  
(35 Patients) 

Bipolar Cathode leading Biphasic 0.5 1 0.1 0.1 0.05 30 

Bipolar Cathode leading Biphasic 0.5 2 0.1 0.2 0.1 30 

Bipolar Cathode leading Biphasic 0.5 4 0.1 0.4 0.2 30 

Table 1.7: Original and current stimulation paradigms. After a thorough review of CCEP and DES literature, a new set of CCEP stimulation 

parameters was tested and implemented.  The new set of stimulation parameters was designed to be less intense so that the possibility of 

producing ADs and clinical events was reduced [31, 33, 90, 126].  
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4 POST PROCESSING CONSIDERATIONS 

The post processing techniques applied to stimulation data are equally as important in 

determining the connectivity results as the stimulation parameters themselves. In this 

thesis, the majority of time was spent to improve these parts of the process. Aspects 

related to CCEP connectivity estimates will be briefly covered, as well as how they 

were applied to epileptic networks and connectivity of the human insula. 

4.1 Accurate localisation of the electrodes 

In SEEG, the first principle of the anatomo-electro-clinical information triad relies upon 

accurately localising electrode positions. Using CT and MRI medical imaging scans, 

depending on the voxel size, depth electrodes can be localised to a within a millimetre 

[127]. Once electrode positions are captured, epileptologists and neuroradiologists label 

the precise anatomy in which each electrode contact is located. The localisation of 

electrodes can be done using CT to MRI co-registration or post-operative MRI, which 

has been shown to be safe with the utilisation of head transmit coils [128]. However, a 

review of methods in SEEG concluded that CT/MRI coregistration is optimal, given 

that there is no significant deformation of the skull between scans [127]. A 

transformation of the implanted electrode co-ordinates into a standardised brain 

template space such as MNI or Talairach space, allows comparison of connectivity 

results at a group level [129, 130]. Given this information, a novel image processing 

method was developed which was able to overlay CT electrodes on the T1-MRI, with 

a graphical user interface (GUI) designed to manually capture locations and finally 

warp the electrode positions into MNI space. This will be described in detail in chapter 

2. 

4.2 Correlation of neuroimaging with CCEP data 

Additionally, much of the pre-surgical imaging described earlier contributes valuable 

information about the functioning of specific areas of the brain. Functional imaging 

such as FDG-PET, subtraction ictal SPECT coregistered to MRI (SISCOM) and other 

modalities of MRI are useful to overlay in register with the CT overlay of electrodes to 

integrate with SEEG findings [10, 14, 129, 131, 132]. Many studies have described the 

utility of multimodal imaging in intracranial evaluations [133-135], particularly in 

findings with MRI negative hypotheses [136-138]. As well as this, a study of SISCOM 



Chapter 1: Physical stimulation parameters and introduction 

  23 
 

data showed correlation with CCEP response amplitudes and hyperperfusion [110]. 

Neuroimaging such as tractography, which infers the locality and thickness of white 

matter tracts [139] has been correlated with CCEP responses [124] and been used to 

create a CCEP-structural connectome [35]. This shows that there is a high utility to 

both viewing other modalities of neuroimaging for clinical purposes, as well as 

correlating CCEP results with non-invasive connectivity from imaging data. 

4.3 Understanding the areas activated during stimulation  

An indication of which tissue is activated is a problem which has been seldom 

addressed in CCEPs to date. Since CCEPs infers effective connectivity, it is important 

to identify exactly which tissue is influencing other sites. There are a multitude of 

studies from DBS which have detailed methods on constructing patient specific 

conductive geometry models from MRI and CT data [140-143]. This is more useful in 

DBS where stimulation of particular regions is associated with a reduction in symptoms 

[141]. There has been one study performed by Nathan et al. [68] which attempted to 

understand the spread of DES current in ECoG electrodes. Their techniques may be 

able to be adapted to show the extent of stimulation in CCEPs in order to delineate 

exactly which structures are involved in connectivity estimates. 

More recently, there has been an interest in components in CCEP responses induced by 

volume conduction [121]. There has only been one study specifically analysing the 

potentials evoked directly by stimulation current (Shimada et al. [121]), however, other 

CCEP studies have mentioned that close responses to stimulation were excluded [116]. 

This indicates that it is a valid phenomenon to be considered when inferring 

connectivity using CCEPs [121]. Another method to mitigate the effects of volume 

conducted potentials, is the choice of signal referencing arrangement. 

4.4 Referencing of Signals 

Signal referencing is the process by which information from electrode contacts is 

subtracted to capture the most important information. There is contention about 

appropriate signal referencing in all intracranial recordings [144], with debate focusing 

on balancing mitigation of artefacts with a stable background. As yet, there has been 

no investigation into referencing effects in SEEG during CCEPs, however, extracranial 

references at the scalp vertex and mastoid are commonly used. In the setup used, 



Chapter 1: Physical stimulation parameters and introduction 

  24 
 

extracranial subdermal references were employed, located at CZ and PZ locations 

(International standardised regions derived from the 10-20 scalp EEG montage). 

Several different types of referencing have been employed in SEEG evaluations, 

bipolar referencing between adjacent contacts is regularly employed for clinical 

interpretation [145-147]. Monopolar referencing is commonly employed in CCEP 

evaluations, mostly because of its historical use in ERP analysis [148]. It is also useful 

to view distinct morphologies of ERPs since it favours lower spatial frequencies [149, 

150]. Other types of reference in invasive recordings can include suitably chosen white 

matter references, as well as hybrid Laplacian montages [147]. The main consideration 

for choice of reference is generally the physiological property under analysis. 

4.5 Filtering the Data and Sampling Frequency 

Hardware filters are employed to prevent aliasing and attenuate DC drift. Further 

filtering to attenuate powerline or other artefacts is frequently performed using digital 

filters, of which there are two main variants: Finite Impulse Response (FIR) filters, 

which are purely digital, and Infinite Impulse Response (IIR) which are modelled from 

analog counterparts. Researchers have used IIR filters as they are more computationally 

efficient and quick to process [93, 108, 151]. However, nonlinear delays are applied to 

signals, and must therefore be forward and reverse filtered, especially if time frequency 

metrics or metrics that use phase are to be used. FIR filters are commonly used to 

process EEG signals and can be applied after adjusting for the group delay or double 

filtering [152]. FIR filters are commonly used in ERP analysis to attenuate very low 

frequency trends to minimise offsets, and also to provide anti-aliasing [152, 153]. Many 

CCEP studies commonly filter between 1Hz and 300Hz [39, 92, 93](based on a 1KHz 

sampling frequency). In a recent review paper by the author, it was indicated that an 

anti-aliasing filter cut-offs of up to 30% of the sampling frequency [21]are commonly 

employed . Both FIR and IIR filters introduce ringing around sharp changes 

(stimulation artefact), which may present a problem if early responses are being 

analysed [151-153]. An alternative method of filtering known as the subtraction 

method, which involves isolating and subtracting the interference based on estimates 

of the noise prior to stimulation [154]. This method does not introduce ringing near 

stimulation. 
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4.6 Mitigation of Stimulation artefact 

Stimulation artefact is a short very high amplitude spike known to last between 1-6ms 

in SEEG [155], with the time being slightly longer in ECoG (5-10ms) [116]. Many 

studies choose an alternating monophasic stimulation waveform to cancel the 

stimulation artefact [92, 93, 108], the advantage of this being that it is simple and 

effective. However, the disadvantage is that different neuronal populations may be 

activated by each monophasic waveform. Simply ignoring the time immediately after 

stimulation has also been utilised [37, 39, 92, 93, 115]. Wiener filters have also been 

implemented to remove artefacts, but may have difficulties in SEEG as they assume 

stimulation artefacts are identical at all sites [50]. Interpolation of the time around 

stimulation (first 8ms) using a cubic spline has been implemented with success [130]. 

Stimulation artefact has been modelled using an electric circuit approach with 

promising results [155], however this assumes uniformity across all recording sites.  

Methods to mitigate stimulation artefact can also be effective to eliminate filter ringing, 

which can contaminate early responses of ERP components [155]. 

4.7 Excluding epileptogenic response artefacts 

Epileptic activity including high amplitude spikes may need to be omitted if the 

epileptic activity is not desired in a study. Kurtosis has been used to automatically 

detect and exclude data segments containing impulsive signals [156]. Kurtosis captures 

the impulsiveness (tailedness of the distribution) of a segment of data. Kurtosis seems 

to be the only repeatedly used metric for the exclusion of epileptiform discharges in 

CCEP literature [93, 108]. This technique works by detecting and then excluding 

segments of SEEG data with large spikes. The data used in the kurtosis calculation 

should not include stimulation artefact, which may cause the data to be incorrectly 

excluded. For this reason, it is advisable to use data from 8ms [130] (independent of 

the sampling rate) after stimulation to limit the number of false exclusions. Excluding 

segments above a kurtosis threshold of 8 (non-normalised form) has been used [93].  

4.8 Defining baseline data to use for connectivity scaling and estimation 

Historically, most studies working with ERPs, either by task based or electrical 

stimulation, have used the time immediately before stimulation to compare the change 

in activity [157]. However, using a segment of data that still contains a trace of the 
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response may make connections appear weaker, therefore stimulation frequency should 

be considered. A baseline using times prior to stimulation or in between pulse trains 

might be best to capture resting state data and would not include responses. This has 

been implemented in several CCEP studies by David and Trebaul et al. [109, 130]. In 

several time frequency studies, a method known as bootstrapping has been performed 

using averaged data from random segments of time outside of (and far away from) 

stimulation times[50, 51]. A novel method was created by Crowther et al. [158], this 

gave a statistical output for each stimulation pulse by comparing each ERP to a 

randomly sampled control distribution. In the course of this study, a method very 

similar to that proposed by Crowther et al. [158] was independently developed. 

4.9 Response metrics to quantify ERP features  

In CCEPs, based on the features of the ERP, a connectivity value is assigned, 

quantifying the influence that the stimulation site exerts over a particular area. Because 

of this, the metrics used to define the features or amplitude of ERPs are very important.  

During the course of the literature review, all available CCEP studies were catalogued 

and their recording modalities and connectivity metrics used were compiled (Table 

1.6). It was found that the metrics used most often were related to the N1 and N2 

responses, but these were restricted to ECoG studies in all but one SEEG study 

(Almashaikhi et al. [118]) [36, 94, 112, 116, 118, 122, 124, 159]. The next most 

common was the use of RMS, which was also almost solely relegated to SEEG studies 

[39, 43, 52, 53, 55, 93, 110, 115]. Visual analysis was employed in seven studies, 

however, this was solely used in ECoG; and specifically in older studies, in the 

exploratory stages of CCEPs research [96, 98, 100, 101, 113, 160, 161].  The remainder 

of metrics used in connectivity have for the majority utilised time-frequency techniques 

such as wavelets [50, 53, 162], however, these were usually used to identify stimulation 

evoked High Frequency Oscillations (HFOs). Several single studies have employed a 

range of custom metrics. These included: the power in specific frequency bands of 

ERPs [114], phase transfer information [95], the standard deviation of the early 

response (first 100ms) [37], and a study utilising a custom metric based on inter-trial 

ERP variability [41]. The specific details of some of the most commonly used metrics 

used to quantify CCEP responses will now be outlined. 



Chapter 1: Physical stimulation parameters and introduction 

  27 
 

4.10 Commonly used metrics in CCEPs, with a focus on ECoG 

Morphological features such as the well-defined N1 and N2 responses, are commonly 

used in ECoG as connectivity metrics [163], but are difficult to detect in SEEG. In 

ECoG, pyramidal cells are oriented towards the electrode, giving a clear N1 and N2 

response across sampling locations. Conversely, these waveforms are obscured in 

SEEG due to multiple orientations of pyramidal cells relative to electrodes [21]. 

However, many studies have correlated early responses and the N1 response with 

structural connectivity [44, 100, 124]. As well as correlating the N2 responses with 

functional connectivity and fMRI [36, 94]. This can give an indication of the time 

windows that are important in connectivity analysis. 

4.11 Commonly used metrics in SEEG-CCEPs  

Basic statistical metrics of ERPs are commonly used to quantify CCEP connectivity. 

RMS or quadratic mean, has been used extensively in SEEG-CCEP studies [39, 43, 52, 

92, 93], with response amplitude used to distinguish early spread seizure propagation 

electrodes from late-spread sites [43, 52]. The standard deviation has also been used to 

quantify ERP responses with a sliding window being used in several studies upon the 

averaged ERP (in time) [37, 41]. This is essentially a mean subtracted RMS [37]. This 

metric targets the higher frequency components of the signal. The standard deviation 

has been used between raw ERPs to give a value of tightness or consistency of ERP 

shape, however, this has only been used in one study [41]. 

4.12 Time Frequency metrics 

Post processing of CCEP data utilising time frequency methods is sparse in the 

literature and remains a largely unexplored, yet promising topic in the context of 

CCEPs[51] . While some CCEP studies have suggested that a number of high frequency 

oscillation bandwidths may be useful to identify the epileptogenic cortex [50, 51, 53], 

these may also be related to physiological function [50, 114]; thus their significance 

and precise bandwidth still remain enigmatic. Techniques such as Continuous Wavelet 

Transform (CWT) and the Hilbert-Huang transform have been applied to CCEP data to 

explore the EZ [50, 51]. In other studies coherence and phase locking methods have 

been trialled to predict seizure initiation in response to stimulation [95]. The Hilbert 
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transform, used to capture the power in the low gamma (40-70Hz) frequencies, was 

also successful to discriminate between early and late seizure spread sites [93]. 

4.13 Similarity quantification metrics 

While as yet unused in CCEPs, in the course of this study, modern computer science 

literature was explored for more sophisticated metrics which can quantify the 

dissimilarity of two signals. Two families of metrics were discovered: Statistical 

Distance Metrics (SDMs) and Time Series Similarity Metrics (TSSMs). Both of these 

methods have been applied in a wide array of diverse fields, such as computational 

biology, image similarity, image recognition and econometrics to name a few [164].  

SDMs work on distributions of data and require binning into histograms, they then 

compare the distribution of one histogram to another to quantify the differences 

between the patterns under comparison [165, 166]. This requires binning of the ERP 

and baseline SEEG data in order to perform this comparison. Several studies have been 

undertaken in EEG [167, 168].  

TSSMs, on the other hand, work directly on the SEEG time series, with no binning 

required. These metrics work by stretching or excluding parts of one signal to better fit 

another, so that an optimal comparison can be undertaken [169]. This technique is able 

to match similar patterns and mismatches in time to quantify the “overall similarity” of 

two signals [164, 170]. Conversely, this metric is able to quantify the overall 

dissimilarity between baseline and ERP segments of SEEG data. 

To date, several metrics have been employed in CCEPs, however, no comparison of 

their performance has been undertaken. During the course of this thesis, a framework 

was created to compare well tested metrics used in SEEG-CCEPs, as well as other 

promising metrics (namely SDMs and TSSMs). Metrics were tested on their ability to 

detect changes introduced into SEEG data. The detailed operation of each of the metrics 

compared in this study will be outlined in chapter 4.  

4.14 Interpreting results at a network level 

A handful of CCEP studies have attempted to further quantify network characteristics 

using graph theory metrics. These have been employed with a focus on connections in 

epileptic networks. One study by Boido et al. [41] found that tight clusters with many 

bidirectional internal connections may indicate pathological networks. This was also 
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found in a more recent study, in which Van Blooijs et al. [42] found that the EZ had 

many internal connections, but received little input from outside of EZ regions. As well 

as epileptic networks, graph theory metrics have also been used to classify whether 

specific locations act as executive control hubs, and exert control over other locations; 

or act as integrative relays, being sensitive to input from many locations [116]. While 

complicated to implement, graph theoretic metrics are able to add valuable information 

about the topology of networks.  

5 APPLYING CCEPS TO INVESTIGATE BRAIN NETWORKS 

5.1 Insula functional roles and connectivity 

The insula is a central lobe of the brain, its occult location and highly vascularised 

nature has made it particularly difficult to study. This meant that it’s function and 

connections were relatively undocumented until the mid-1990s [171, 172]. The insula 

has been implicated in a multitude of functions, with a focus on interoceptive sensation 

[171] and linked to higher emotional processing [171, 173, 174]. The insula is a 

complex structure, having diverse and disparate functions across each of the five gyri,  

owing to the three types of concentrically arranged granular, dysgranular and agranular 

zones [172]. This organisation gives separate parts of the insula a rich and diverse range 

of functions, as well as a heterogenous range of connections [172].  

Because of the highly unique sampling ability of SEEG, several DES and CCEP studies 

have been performed targeting the Insula [118, 125, 175-178]. These studies have 

shown that the insula has a key role in speech, pain, auditory perceptions as well as 

motor function [175-177]. As well as this it has been implicated in swallowing and oro-

pharyngeal activation [176], which was also described during seizure semiology by the 

insula-opercular regions coherent connection with mesial temporal activity[179].  

Connections of the insula to most lobes of the brain (except occipital), particularly to 

mesial temporal and inferior frontal regions [118]. 

The insula has been shown to have significant efferent output and is able to mimic 

epilepsies arising from any lobe of the brain [180]. Recently, this has been recognised 

as a possible point of failure of epilepsy surgery failure in temporal, frontal and parietal 

lobe epilepsies [180-183].  
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Given the range of functions associated with insula regions, there are few studies 

employing DES and CCEP techniques. In light of this, connectivity estimation methods 

from this study, to show the connectivity of the insula, have been applied.  

5.2 CCEP studies in the EZ and seizure propagation networks 

Identification and understanding of the EZ, is the primary goal of SEEG evaluations, 

as first envisioned by Talairach and Bancaud [27, 28]. More recently, the EZ has been 

defined by Rosenow [18] and Luders [18, 29] as “the minimum amount of cortex 

requiring resection to achieve seizure freedom”. A more practical definition, that 

requires validation by post-surgical results [26, 184].  

Electrical stimulation has been crucial to the exploration and identification of the 

properties of the EZ from the inception of SEEG [31, 33]. The majority of this has used 

DES at higher frequencies (25-50Hz) for functional mapping and seizure induction [31, 

33, 34]. However, early seminal work by Buser and Bancaud [185] showed altered 

CCEP responses in the ipsilateral amygdala during stimulation of hippocampi, 

depending on the presence of mesial temporal lobe epilepsy.  

More modern CCEP stimulation studies of epileptic seizure propagation pathways have 

been undertaken, with a focus on stimulation evoked frequency-based responses. Van’t 

Klooster et al. [162] developed a robust method to identify the EZ through the detection 

of pathological High Frequency Oscillations (HFO’s) in response to SPES using ECoG 

[162]. This study used wavelets to quantify the time-frequency response within the EZ 

and showed that Fast Ripples (FR’s: 250-500Hz) were evoked in the EZ more often 

than other sampled areas [162]. Several other detailed CCEP studies have shown that 

stimulation in epileptic locations is able to induce changes in higher frequency bands. 

A study by Maliia et al. [114] demonstrated that stimulation in the EZ was able to 

generate ripples and fast ripples in surrounding sites, which were correlated with the 

incidence of delayed responses; found by Valentin et al. (2002) [100] to be strongly 

indicative of EZ locations. Additionally, Lega et al. [93] found an increase in post-

CCEP stimulation gamma band power in early seizure spread sites compared to late 

spread sites, again indicating that frequency-based measures are applicable to identify 

connectivity in epileptic networks [93]. The same study by Lega et al. [93] 

demonstrated that RMS responses were higher in sites of early seizure spread, 
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compared to late seizure spread, indicating higher connectivity in seizure pathways 

[93].  

Van Blooijs et al. [42] utilised the peak responses of CCEP-ERPs to construct graph 

theoretic measures such as indegree, outdegree and centrality[165]. This study showed 

that the EZ appeared to be densely connected with itself, receiving little input from 

outside the EZ in patients who were seizure free after surgery [42]. This agrees with 

work by Boido et al. [41], who, using a custom metric based on the inter-trial 

consistency of CCEP-ERPs, constructed graph-networks and showed that the EZ was 

made from tightly clustered densely interconnected motifs [41]. These findings stand 

in slight contrast to frequency-based measures to define the EZ, since they use low 

frequency, non-periodic signal features.  

To investigate connectivity in epileptic networks, stimulation sites were labelled as 

early, late or not involved in seizure activity, depending on their time of first sustained 

EEG change. The effective connectivity of these stimulation sites was then quantified 

to compare their interaction with the EZ. 

6 THESIS STRUCTURE 

Chapter 1: Physical stimulation parameters and introduction 

In this study, many paths to improving the quality of connectivity estimates in SEEG-

CCEPs were pursued. There were three main points that were identified to do this: (1) 

Creating safe and efficacious stimulation paradigms, (2) Understanding the area 

activated during stimulation and (3) Quantifying responses to stimulation in a 

comparable way. This chapter outlined the introductory literature, as well as the 

research was undertaken to design a safer, less intense stimulus paradigm used in this 

study.  

Chapter 2: Informing electrode placement and CCEP stimulation locations 

In chapter 2 the image processing research performed, and the development of a method 

to identify electrode positions and coregister other neuroimaging modalities, are 

outlined. This culminated in a CCEP connectivity visualiser, with the ability to 

coregister and view other neuroimaging modalities upon the patient’s brain, as well as 

CCEP connectivity results. Lastly, a description of how clinical information from DES 
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and the SEEG evaluation was used to plan CCEP stimulation locations, to avoid 

evoking seizures and ADs, is provided.  

Chapter 3: Localising and understanding the area activated during stimulation 

In chapter 3 the methods available to quantify the volume of tissue activated by low 

frequency stimulation are described. In this chapter, a novel method to quantify 

stimulation artefact was created. Using this method, it was shown that the stimulation 

artefact amplitude obeyed a power-series trend dependent on the distance from the 

stimulating site. This was correlated with early response amplitude close to the 

electrode, therefore it was concluded that stimulation artefact is a possible way to 

quantify the volume conducted component of CCEP responses. 

Chapter 4: Exploring signal processing methods to define CCEP connectivity 

Chapter 4 contained a wide-ranging overview of post-processing considerations. It 

demonstrates a novel adaptation of a filtering method that will not introduce artefact 

around strong stimulation artefact locations. A novel method of baseline correction is 

also detailed which has the ability to output a comparable statistical result for each pulse 

train and stimulation site. An overview of promising similarity quantification metrics 

to estimate changes between the ERP and baseline segments is also shown. This 

culminated in a novel method to compare these dissimilarity metrics, against those 

currently used in CCEPs (predominantly RMS). It was concluded that RMS was very 

well suited to determine the connectivity between anatomical sites, this metric was then 

used in a subsequent study of the human insula in chapter 5. Through the comparison 

of metric performances, it was also identified that the autoregressive (AR) metric was 

sensitivity to spikes and high frequency signals. This metric was then utilised to 

investigate connectivity in epileptic networks in chapter 6. Lastly, the visualisation 

software developed during this thesis is shown, demonstrating how it can be used to 

quickly evaluate connectivity estimates and the concordance of different connectivity 

metrics.  

Chapter 5: Applying cortico-cortical evoked potentials to understand the 

connectivity of the human insula 

Chapter 5 applies methods developed in chapter 4 to undertake the largest CCEP 

connectivity of the human insula to date. The candidate was a co-author on the paper 
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“Connectivity of the human insula: A cortico-cortical evoked potential (CCEP) study”, 

recently published in Cortex [111]. The candidate’s contribution to this paper was to 

write the methods section, parts of the introduction, and discussion, as well as 

processing a large portion of the data. The candidate also developed novel methods 

(outlined in chapter 4), which were used to compile quartile values and create all 

connectivity figures published in the final paper. This study used a thorough literature 

review, in conjunction with the results and connectivity visualisations of each insula 

gyrus, to demonstrate novel findings about the insula. Particularly with regards to its 

role in vision and integration of other sensory inputs. The results also highlight the 

importance of sampling the insula in invasive epilepsy investigations, as insula 

epilepsies can often mimic semiology from all lobes of the brain.  

Chapter 6: Applying tested measures to explore connectivity in epileptic networks 

In chapter 6, a handful of the best performing metrics from chapter 4 were used to 

evaluate which is most suitable for epileptic pattern identification. In a study of 

connectivity between seizure propagation locations, it was found that EZ locations were 

well connected to each other, but were not affected by locations outside of the EZ, in 

line with other published literature. 

Chapter 7: Summary and novel contributions 

This chapter summarises the main findings from the thesis and recommends stimulation 

and processing settings to be used in future research. 

Chapter 8: Recommendations for clinical application based on research from this 

thesis 

Chapter 8 gives recommendations for performing CCEP stimulation and analysis in a 

clinical setting, based on the findings of this thesis. This is designed to help new 

researchers to develop a stimulation and processing paradigm. It includes the 

recommendations on the recording acquisition and electrical stimulation settings to be 

used. The post-processing recommendations are split into two parts. Firstly, performing 

group level connectivity analyses of brain areas, corresponding to methods described 

in chapter 5. Following this, the recommendations for how to investigate epileptic 

networks, using methodology from chapter 6 are outlined. 
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Chapter 2: Informing electrode 
placement and CCEP stimulation 

locations 
1 PREMISE AND ABSTRACT 

Results in CCEPs and DES rely highly on the precise anatomy under stimulation [31, 

33]. One of the key aims of CCEPs is to contribute to understanding and mapping of 

key brain structures which are difficult to sample using other methods. Imaging data, 

primarily MRI and CT scans are used to accurately localise which type of anatomy and 

tissue the electrodes are located in [186]. A novel processing method was developed to 

read in MRI and CT scans, align them, and then extract key information about the tissue 

in which CCEPs were performed.  

Significant understanding of the disease process of epilepsy and how to interpret the 

results of pre-surgical imaging scans were also gleaned during the research in this work. 

One of the key capabilities during this work was the ability to superimpose medical 

imaging scans (SISCOM, FDG-PET, VBM) into a co-ordinate space with the 

electrodes (acquired by CT). The use of which has been demonstrated previously in 

several studies [14, 131, 187-189]. This allowed a comprehensive evaluation and 

understanding of the brain areas in which SEEG electrodes were located, and was used 

to correlate metabolic and structural information from these scans with 

electrophysiological patterns seen in the SEEG evaluations.  

This chapter explains in detail how electrode locations were acquired, as well as how 

different neuroimaging modalities were used and could be further applied to CCEP 

connectivity. It will begin with the overview of a novel image processing custom image 

processing pipeline and results presentation program. the information which was found 

relevant to plan CCEP stimulation locations is detailed. The clinical image processing 

research undertaken to localise electrodes, and lay the groundwork to correlate clinical 

imaging information with the CCEP analyses, is also outlined.  

Following this, each of the neuroimaging modalities performed in our patient cohort 

will be described, focusing on what their results can elucidate (including potential 

future research directions). Finally, we will describe how clinical SEEG findings and 
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DES results can inform which locations and in what order CCEP stimulations were 

performed. 

2 INTRODUCTION 

CCEP connectivity estimates offer extremely novel insight into how brain networks 

communicate, however, as a clinical tool, these results are only applicable to a very 

select population. As a research method, the findings from connectivity analyses might 

shed light on complex problems in neuroscience and epilepsy, but perhaps also in other 

neurological diseases [44]. To translate the findings from SEEG-CCEP studies to other 

fields and across diverse patient populations, lessons from CCEP research into how 

brain networks are organised must be correlated with other, more commonly performed 

quantitative neurological tests or scans [35, 44, 94, 120]. As mentioned earlier, many 

neuroimaging techniques are performed prior to SEEG implantation, FDG-PET and 

SISCOM can show tissue function [14, 190]. Other modalities such as fMRI and 

tractography offer insights into the structural and functional connectivity [44]. A 

section of this chapter will encompass imaging modalities sampled in the patient 

population used in the study, and how a correlation between CCEPs connectivity and 

these modalities could be performed in the future. 

CCEP stimulations were able to be planned in electrode locations involved in seizure 

spread by working in close collaboration with the clinical team. Interpretation of the 

SEEG data by experienced epileptologists identified EZ areas and was used to 

categorise which contacts are affected early in seizure propagation [28]. During each 

SEEG evaluation, DES is performed to understand the physiological and psychological 

function of a particular tissue. It also serves to evoke semiology and 

electrophysiological patterns seen in a patient’s habitual seizures. DES localises the 

function of the tissue, as well as helping to understand which areas are involved at 

particular times of typical seizures, by correlating the evoked semiologies and feelings 

with clinical history and recorded seizures [31]. Because of these reasons, results from 

DES can inform clinical findings from the SEEG evaluation, as well as indicating where 

to perform CCEP stimulation to best understand brain networks. DES is also an 

excellent method to gauge the hyperexcitability of key areas and can generate AD’s 

occurring in response to overstimulation of brain areas [90, 191]. It is still a topic of 

debate as to what AD’s represent, but recent research has shown that they are able to 
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quickly synchronise activity in distributed brain regions, which can spontaneously 

generate epileptic seizures [192]. Information from DES has a large weighting upon the 

location and maximum stimulus intensities which are used in CCEP stimulation 

paradigms. 

3 DEVELOPMENT OF AN MRI-CT REGISTRATION AND TISSUE 

INFORMATION EXTRACTION PIPELINE 

For SEEG electrode localisation MRI/CT coregistration has been shown to be optimal, 

largely since there is little to no deformation of the skull, as occurs in ECoG. The 

medical imaging pipeline developed was based on the statistical parametric mapping 

toolbox (SPM12), utilising the robust coregistration and image segmentation routines 

in the toolbox. The image processing pipeline was streamlined over time to a version 

only requiring four points of user input. The program developed reduced the time taken 

to align electrodes and get the key tissue properties from about 150 minutes, when 

performing the tasks manually (using SPM12 GUI), to about 30 minutes per patient. 

The steps required to coregister and visualise the aligned MRI and CT were relatively 

quick, an aligned overlay is shown in Figure 2.1. However, it was far more intensive to 

compute the tissue information at electrode locations. The key steps of this process are 

described in Figure 2.2.  

 

Figure 2.1: Left: T1 MRI used for anatomy. Middle: Overlaid CT and MRI to locate 

electrodes with left and right shown (L/R). Right: CT used to obtain electrodes. 

There are three main processes involved in the image processing pipeline developed: 

(1) Alignment of the MRI and CT scan, (2) acquisition of all electrode recording 

positions and (3) associating the tissue information with co-ordinates. These three main 
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areas all have several smaller steps involved. A breakdown of these parts of the image 

processing pipeline is detailed in Figure 2.2: 

 

Figure 2.2: Flowchart describing the process to coregister the electrode positions into 

alignment with the MRI and then get important tissue information.  

As shown above, in Figure 2.2, there are three key steps required to align the electrodes 

using the MRI/CT method that has been shown to be optimal for SEEG in prior research 

[127]. This is true in SEEG and DBS, however, deformation of the skull from the 

craniotomy used to implant subdural grid electrodes in ECoG means that pre-operative 

MRI to post-operative MRI coregistration may be favourable [131].  

3.1 Pre-processing of MRI and CT alignment 

The first step, which coregisters the high quality fine-cut CT scan with the T1 MRI is 

the most important step.  This is based upon SPM12’s affine coregistration [193], which  
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has been shown to be extremely robust to errors if the origins and alignments of the 

scans are quite close (with 15mm). Because of this, manual alignment and consistent 

selection of the anterior-commissure as the origin was undertaken for each scan. 

3.2 Acquiring electrode positions and warping to MNI space 

Labelling of the electrode locations and extracting the co-ordinates is the most labour-

intensive step in the process. Automated segmentation algorithms do exist to partially 

identify electrode locations based on intensities of the CT scan [194-196]. However, 

for precision, it was decided to manually acquire them. Using SPM12, a custom GUI 

based system was developed to visualise and quickly select the start and end points of 

the electrode shaft. This system dramatically shortened the time taken to acquire 

electrode locations.   

Electrodes were logged in the patient space of the CT. Once acquired, each patient-

space co-ordinate was warped into the standard Montreal Neurological Institute (MNI) 

space, again using a custom problem. This converts each electrode location into a 

standard space, making it more comparable to other studies and easily replicated by 

other researchers [197]. Acquiring electrode co-coordinates in patient space and 

programmatically converting them to MNI space provided a more accurate, and far less 

tedious method than re-acquiring co-ordinates in MNI space. Converting individual 

points from patient space into MNI space, was a difficult and uncommon problem. In 

order to solve this, a custom algorithm based on the Marsbar SPM12 toolbox was 

created [198]. This generated a spherical ROI in patient space at each electrode co-

ordinate roughly 3 voxels in diameter and then applied the MRI deformation field to 

warp the point into MNI space. The co-ordinate in MNI space was then recorded.  

3.3 Association of tissue information with electrode positions 

Once the MRI information, including the tissue probability maps, were generated, and 

the electrode co-ordinates acquired, key information about tissue near each electrode 

was recorded. To understand what the fraction of grey matter (GM), white matter (WM) 

or cerebrospinal fluid (CSF) the electrode was sampling, the average of voxels in a 

10mm radius around the electrode contact were recorded in each tissue probability map. 

This was chosen because previous SEEG research using source modelling has shown 

that neurons up to 10mm distant from recording points contribute effectively to the 
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LFPs recorded by SEEG [145]. This data was collected for future research, to attempt 

to correlate stimulation and response properties with different tissue types, which is 

described in detail in chapter 3. The transformation to MNI space of each electrode co-

ordinates also allowed labelling of each contact most likely anatomical areas. It was 

observed that there was a high concordance between the anatomical area labelled by 

epileptologists in patient-space and the CT-acquired and warped MNI co-ordinates 

using the SPM12 automated anatomical library (AAL) atlas [199]. In all analyses, 

labels assigned by Mater hospital epileptologists as the ground truth were used.  

 

Figure 2.3: Steps for electrode localisation in SEEG cases. A Operating room photo of 

the electrode positions on the skull before bandaging and padding. B Reconstruction 

of the cortical surface with electrode entry positions (green) and the central sulcus 

(purple). C Our custom GUI developed based on SPM12 to mark electrode positions 

on postoperative CTs. D Example of patient space marked electrodes and MRI based 

surface reconstruction 
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Based on the development of this co-ordinate acquisition pipeline, and experience 

gained processing CCEP data, the model in Figure 2.3D was extended to concurrently 

view CCEP connectivity. Shown below in Figure 2.4:  

 

Figure 2.4: CCEP data visualisation GUIs. A shows selected connectivity results as a 

scaled colour map upon a surface reconstruction of the patient’s brain. Brighter 

colours represent stronger connections, the red dot indicates the stimulation dipole, 

and the lines from the stimulation site represent the top 10 outgoing connections. B 

superimposes a thresholded SISCOM Z-score map onto CCEP connectivity maps, 

since SISCOM hyperperfusion has been correlated with CCEP connectivity [110]. 
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The CCEP connectivity visualiser developed showed the ranked intensity of CCEP 

responses (using a variety of metrics outlined in chapter 4) for each pulse train. When 

multiple pulse trains were compared, opacity was used to scale, according to each 

colour map, by the maximum selected stimulation results. The Viridis colormap that 

was utilised was based on much research into an optimal colour schema [200, 201]. 

This provided a quick assessment of the spatial connectivity for each stimulation 

location, which was very useful to correlate with clinical findings from the SEEG 

analysis. ERP waveforms for selectable contacts were also able to be viewed, as shown 

on the left-hand side of Figure 2.4A and B. This provided a more intuitive method to 

understand what type of waveforms were commonly seen in strong responses to 

stimulation sites. This is especially important in SEEG-CCEPs, since it has been shown 

that different regions of the brain are able to generate diverse morphologies and 

frequencies [202].  

The use of this CCEP visualiser was also extended by using gained knowledge of 

SISCOM processing to overlay rendered hyperperfusion data onto the CCEP 

visualisation (Figure 2.4B). This addition was highly useful for exploring CCEP 

connectivity patterns in seizure onset locations. While not specifically trialled to 

investigate properties of epileptic networks, SISCOM hyperperfusion has been 

correlated with CCEP connectivity in a recent study by Tousseyn et al. [110]. 

While no quantitative analysis was undertaken using the visualisation programs 

developed in Figure 2.3 and Figure 2.4, these methods helped to speed up the analysis 

of CCEP data for individual pulse train results. The visualiser developed provided a 

useful framework to superimpose other imaging modalities upon CCEP connectivity 

estimates and the patient’s own brain surface. However, this required a thorough 

understanding of each of the pre-operative medical imaging methods commonly 

performed in the patient cohort to extract clinically useful information.  

4 CORRELATION OF MEDICAL IMAGING PERFORMED PRIOR TO SEEG 

During the course of planning an SEEG, multiple modalities of imaging are undertaken 

to understand the patient’s epilepsy. Among these are FDG-PET, Ictal SPECT 

(SISCOM), Voxel Based Morphometry (VBM) and tractography based on diffusion 

weighted imaging.  
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4.1 Voxel Based Morphometry  

MRI has become an essential scan in epilepsy surgery and supplies detailed information 

for one of the three pillars of SEEG methodology, anatomy. T1 MRI is regularly utilised 

to identify lesions that may be epileptogenic in nature, and also to orient clinicians as 

to the exact cortical locations in other imaging modalities [14, 189, 203, 204]. Voxel 

based morphometry (VBM) and Morphological Analysis Programs (MAP) are a recent 

development which use statistical methodologies to improve detection of subtle focal 

cortical dysplasia’s (FCDs) and other abnormalities [137]. They do this by comparing 

each voxel of the T1 MRI scan under suspicion to a library of healthy control patients 

MRI scans, acquired in the same manner and converted into MNI space [187, 204]. The 

result is a statistical map of abnormality, which can prompt re-review of the T1 or other 

types of imaging in particular areas of high statistical deviation. This particular 

methodology has shown very good sensitivity to type II FCDs and localising for 

epileptic lesions [205]. However, it does have difficulty in some brain areas due to high 

natural variation, particularly in the inferior frontal areas [138]. Abnormalities using 

these methods have also been shown to correlate nicely with EZ’s defined using SEEG 

and MEG [137]. In the course of this study, several VBM statistical maps were used to 

guide SEEG implantations and viewed with other imaging modalities, as well as SEEG 

electrode information. A useful future correlation of VBM and CCEP results could 

focus on cortical thinning and other abnormalities in areas of primary seizure 

propagation in SEEG, to understand if abnormal CCEP responses in those regions are 

correlated with extra-lesional abnormalities. 

4.2 Subtraction Ictal SPECT coregistered to MRI  

SISCOM is a specific procedure used for epilepsy surgery, to capture bloodflow 

changes at the beginning of patients’ habitual seizures [14]. When a radioisotope-

tagged tracer molecule is injected at the ictal onset, the perfusion at ictal onset is 

captured (ictal scan). The levels of radioisotope in the brain are then quantified by 

medical imaging shortly after injection. This process is repeated in a prolonged period 

between seizures (usually 24 hours) to capture the perfusion in a resting state (resting 

scan)[189]. The resting and ictal scans are then subtracted to show the differences in 

perfusion between the resting and ictal states. A statistical map of areas which have 

large changes in perfusion is then created to indicate the areas of ictal onset, which is 
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then superimposed onto an MRI for interpretation [14, 206]. SISCOM has been highly 

utilised to indicate epileptic foci, however, the utility in EZ localisation depends on 

very early ictal injection times [189, 207]. Dupont et al.  showed that SISCOM 

hyperperfusion correlates well with FCD (type II) findings on MRI, with concordance 

in 14 out of 15 patients[189]. Certain hyperperfusion patterns in SISCOM also indicate 

ictal spread patterns, with a bilobular hourglass shape indicating a point of seizure 

spread from a central origin [189, 207]. SISCOM has also been used to understand ictal 

connectivity, it has been notably used to investigate common seizure spread patterns 

and networks [14, 208, 209], making it a highly prioritised information source for 

SEEG electrode planning. Much of the image processing pipeline work performed in 

the early stages of this thesis was done in order to correctly process SISCOM results in 

SPM12. This resulted in a small, but a highly novel project, which quantitatively 

analysed SISCOM Z scores in EZ contacts (as defined by SEEG findings), compared 

to the Z scores present in non-EZ SEEG contact locations. 

4.3 Comparison of SISCOM Z score in EZ vs non EZ locations as defined by 

SEEG 

In the course of this research, an attempt was made to quantitatively analyse SISCOM 

results at SEEG defined EZ locations. Many ictal SPECT and SISCOM studies are 

performed qualitatively, typically with hyperperfusion patterns dictating concordance 

with EZ locations in EEG or MRI findings [189, 207]. Six patients (3 female) were 

included who underwent phase 1.5 (ictal SPECT) evaluations at the Mater hospital, 

with an ictal SPECT performed during VEEG monitoring, between January 2016 – 

October 2018. Each of these patients also (after SISCOM) had SEEG evaluations 

performed. The mean age was 26.5+/-16.4 years old at implantation, with an average 

onset age of 11.5+/-6.32 years old, all were right handed. These details are shown in 

Table 2.1 below. 

A mean ictal SPECT injection time of 17+/-10.6 seconds and a saline flush 26.5+/-

13.71 seconds relative to first ictal (clinical or EEG) sign was recorded. The raw 

(attenuation corrected) SPECT data (both scans) was exported and processed in SPM12 

using custom software to mask brain voxels of each SPECT scan. Valid regions were 

coregistered and a Z score map of the differences in cerebral perfusion between states 

was generated. Z score maps were created using custom Matlab scripts based on 
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previous literature [189]. SPM12 was also used to coregister the Z score maps to a T1 

MRI for interpretation of areas of hyperperfusion. A Z score of 1.5 was used for analysis 

to localise the regions of onset and inform SEEG implantation and subsequent surgery.  

Findings from the SEEG investigation were used to define the electrode contacts 

making up the EZ. The coordinates of each SEEG electrode contact were acquired using 

the process described in Figure 2.2, and put in register with the Z score map, again 

using coregistration in SPM12. This allowed tabulation of the Z score values at the site 

locations of SEEG signal acquisition. A Wilcoxon rank-sum test was used to 

statistically compare the median Z-scores of EZ and non EZ contacts, and a 95% 

significance threshold used.  

4.4 Results and discussion 

This showed that EZ contacts were significantly more hyperperfused in five out of six 

patients (83%). However, previous studies have used a Z score threshold of 1.5 to 

indicate hyperperfusion [207, 209, 210], in this cohort only four out of the six (66%) 

met the clinical threshold for hyperperfusion. An image of a SISCOM hyperperfusion 

pattern from Patient 5 (from Table 2.1) in register with SEEG electrodes is shown in 

Figure 2.5.  

In this cohort, it can be seen that the temporal onset cases have significantly higher EZ 

Z-Scores than extra-temporal (Orbitofrontal). This may be because extratemporal lobe 

epilepsies have been hypothesized to propagate quickly to surrounding structures, and 

therefore the SISCOM results in Patients 1 and 2 may capture spread patterns, rather 

than true onset (as defined by SEEG). 
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Patient 
# 

Age 
and sex 

Flush 
time 
(s) 

Seizure 
duration 
(s)(Type) 

Type of epilepsy Resection performed Epilepsy condition EZ Z score (# 
contacts) 

Non EZ Z score (# 
contacts) 

Significant 
(P<0.05)? 

1 56M 48 144(PG) Right orbitofrontal 
network epilepsy 

Right image guided 
orbitofrontal resection 

Seizure free (1 year 
6 months) 0.548 (8) 0.577(125) No (0.9058) 

2 18M 20 25(P) Left posterior 
orbital sulcus 

Left awake 
craniotomy/resection 
frontal epileptogenic 

region ECOG 
stimulation 

Seizure free (1 
year) 0.711(4) -0.484(166) Yes 

(0.0086) 

3 17F 22 72(P) 
Left temporo-

parietal network 
epilepsy 

Focal thermocoagulation 
in left entorhinal region 

Dramatically 
reduced (2 Seizures 

in 2 years) 
2.151 (4) 0.486(163) Yes 

(0.0241) 

4 36F 38 117(PG) 

Left mesial basal 
temporal network, 

with secondary 
epileptogenesis to 

the mesial 
temporal network 

Image guided temporal 
craniotomy and mesial 

temporal resection 

Dramatically 
reduced seizures 
(2/month) (at 6 

months) 

1.639(5) 0.514(212) Yes 
(0.0073) 

5 16F 11 114(P) Left peri-rhinal 
region 

Focal thermocoagulation 
in left peri-rhinal region 

Seizure free (8 
months) 3.983(3) 0.722(198) Yes 

(0.0055) 

6 16M 20 42(P) 
Left superior 

temporal sulcus 
and heterotopia 

No surgery offered N/A 3.276(14) 0.654(124) Yes 
(<0.0001) 

Mean 26.50 26.50 85.67    2.05 0.41  

StDev 16.39 13.71 46.82    1.38 0.45  

Table 2.1: Patient details and results of the ictal SPECT cohort who also had SEEG evaluations performed.
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Figure 2.5: Patient 5 (Table 2.1) SISCOM Z-score map (>1.5 and <=3 shown) upon 

T1 MRI with SEEG electrode CT overlaid. The blue circle indicates EZ contacts, 

which correspond with the maximally hyperperfused area. 

Previous work which correlated provoked Ictal SPECT (not SISCOM) with depth 

recordings showed that there was a high similarity to SEEG results, with 5 out of 6 

patients concordant with the delineated EZ’s [135]. Another study correlating ECoG 

findings with SISCOM showed that of the 40 patients who had monitoring, 32 were 

concordant with SISCOM localisation [211]. This demonstrates solid corroboration 

between SISCOM and intracranially defined results.  

In the sampled cohort, it can be seen that the temporal onset cases have significantly 

higher EZ Z scores than extra-temporal (orbitofrontal). This may be because 

extratemporal lobe epilepsies have been hypothesised to propagate quickly to 

surrounding structures [208], and therefore the SISCOM results in patients 1 and 2 may 

capture spread patterns, rather than true onset (as defined by SEEG). 

Prior research has shown that that late (>35s) or post-ictal injections have been 

associated with non-localising findings[190, 212]. The flush time for patient 1 (Table 

2.1) was the longest in the group and may comprise part of the problem in the non-

significant finding. Additionally, patient 1’s non-significant finding may be that he had 

2 types of seizures, the ictal injection was performed on the less typical seizure type. 

A major limitation of this study is that by using only Z scores at the contact locations 

hyperperfusion patterns were neglected and are known to be useful in SISCOM 

analysis. Large clusters or bilobulated “hourglass” patterns of hyperperfusion have 

been shown to be consistent indicators of underlying dysplasia’s [189]. However, this 
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was a necessary step to providing a simple quantitative answer as to whether the EZ 

was more hyperperfused in the study. 

An interesting future research project would be to correlate CCEP connectivity results 

(particularly EZ connectivity) with locations of SISCOM hyperperfusion. In particular, 

the Autoregressive (AR) metric, explored further in chapter 6 may be useful to explore 

EZ connectivity would be useful to explore EZ connectivity with SISCOM results. This 

idea is based on a study by Tousseyn et al. [110], which showed that strong RMS CCEP 

responses were correlated with SISCOM hyperperfusion in patients with positive 

resective surgery outcomes. 

4.5 Conclusion 

This short study concluded that SISCOM data at the EZ, as defined by SEEG, was 

significantly higher than in non-EZ locations in 83% of cases. While this work has a 

low sample size, the findings are consistent with previous literature and show that 

SISCOM is a powerful localising tool for the definition of the EZ, especially in 

temporal lobe epilepsies. An interesting future research project would be to correlate 

CCEP connectivity results with locations of SISCOM hyper and hypoperfusion, which 

one study by Tousseyn et al. [110] has already performed. This study showed that 

strong RMS CCEP responses were correlated with SISCOM hyperperfusion in patients 

with positive resective surgery outcomes [110].  

4.6 18F-fluorodeoxyglucose positron emission tomography  

Ictal and interictal fluorodeoxyglucose positron emission tomography (FDG-PET) is a 

useful tool to show metabolic changes due to cortical dysfunction [14]. Interictal FDG-

PET uses a radioisotope bound to a glucose tracer to show metabolic properties of all 

brain regions at the time of injection. While it is uncertain of the exact method of 

reduced glucose metabolism in epileptic regions, FDG-PET has been proven to be a 

powerful tool for epilepsy surgery. Roughly 80% of patients with temporal lobe 

epileptic foci have hypometabolism on FDG-PET scans [133, 213, 214]. Current 

understanding is that the extent of cortical glucose hypometabolism on PET scans 

represent a dynamic process related to cortical dysfunction [14]. Historically, there has 

also been good concordance between SISCOM results and interictal PET [10, 14, 189, 

215], with a recent study using statistical methodology similar to VBM to identify the 
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EZ in a single patient [216]. FDG-PET has also been implicated in the detection of 

hippocampal sclerosis [215, 217, 218], which also has strong implications for EZ 

localisation [218]. A recent paper outlining FDG-PET concordance with SEEG defined 

HFOs showed that Temporal Lobe Epilepsy (TLE) cases had a high degree of overlap 

with HFO’s in the EZ and hypometabolic activity, however, this was not seen in extra-

TLE cases [219]. However, FDG-PET hypometabolic areas usually encompass a larger 

area than focal EZ areas [220], and numerous studies have shown that FDG-PET results 

should not dictate resective surgical margins [14, 18]. Hypometabolism on PET is 

thought to show co-activated areas during interictal activity, and therefore work upon 

networks related to epilteptiform activity [134, 214, 221]. To date no studies have been 

performed analysing CCEP results and FDG-PET hypometabolism, however, during 

the course of this study many FDG-PET scans were analysed and put in register with 

SEEG electrodes. An example of FDG-PET in the suspected EZ of a patient is shown 

in Figure 2.6. 

 

Figure 2.6: FDG-PET hypometabolism (crosshairs) with SEEG electrodes CT (green) 

superimposed. The suspected EZ was located inside of the hypometabolic area. 

Hypometabolism was assessed by comparing similar anatomical areas bilaterally. 

Correlation of CCEP connectivity and areas of quantitative hypometabolic activity may 

help explain the mechanisms of interictal network connectivity. An interesting line of 

future study may be to correlate FDG-PET uptake levels, with CCEP connectivity 

analyses in irritative network locations. This may explain some of the mechanisms of 

synchrony across a large network, since FDG-PET hypometabolic areas commonly 

include regions of seizure spread [222]. 
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4.7 Tractography and DWI connectivity analysis 

Electrical stimulation preferentially activates white matter fibres more than neuronal 

soma [58, 61, 102]. This has been known since pioneering research by Weiss [78], and 

later, Lapicque [79], demonstrated that chronaxie times were shorter in axonal 

segments in the early years of the 20th century. Tractography is a novel, yet proven field 

which is able to quantitatively map and visualise the specific white matter pathways in 

the human brain [223]. Tractography is a method based on Diffusion Weighted Imaging 

(DWI), in which magnetic fields are pulsed in several orientations. This visualises the 

direction of water movement (which will move along white matter tracts) to show the 

orientation of white matter fibres in the brain. Based on this information “streamline” 

maps are then created which infer axonal tracts in the brain [139]. Tractography data 

has been correlated with CCEPs data in both ECoG [124, 224] and SEEG [35] to relate 

structural and effective connectivity. A particularly nice graphic of how this was 

achieved, using ECoG data is shown below: 

 

Figure 2.7: Image showing CCEP stimulation N1 peak amplitude and latency (on 

right) correlated with major fibres as quantified by tractography. Figure adapted from 

Conner et al. [124]. 

Progress to understanding the interaction between structural and effective connectivity 

in SEEG has been undertaken by Donos et al. [35]. They compared the quartile value 

RMS responses with the number of streamlines between parcellated anatomical areas 

using tractography.  The relationship yielded a relatively low linear intra-hemispheric 

correlation (of RMS response value correlated with streamline volume) r2 < 0.11. Donos 
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et al. [35] note that their results were similar to a study by Jones et al. [120] which 

showed a similar explanatory value when correlating DWI with CCEP RMS amplitudes 

(r2 < 0.11). Another study (albeit using ECoG) by Conner et al. [124] showed that there 

was a far stronger correlation between the number of fibres passing close to the 

electrode, and N1 amplitude. This method showed a higher correlative value (r2 < 0.41), 

and this method seems more aligned with the ideas proposed by Nowak and Bullier, 

which indicate that electrical stimulation responses are a product of the anti-dromic and 

orthodromic action potentials stimulated in transverse fibres close to electrodes [58, 

59]. A recent study, again using ECoG by Parker et al. [224] used peak CCEP amplitude 

and streamline density to correlate effective and structural connectivity. Their results 

showed a high overlap, but low correlation between structural and effective 

connectivity [224]. While only sampling seven patients, this study also highlighted 

strong connections in the EZ and early spread seizure contacts, with high clustering in 

these contacts observed, especially in structural connectivity[224]. 

Currently, there has been no correlation of this studies patient cohort CCEP data with 

tractography data. A study of the concordance between streamlines and CCEP 

connectivity is a priority piece of future work, considering that tractography data has 

been acquired in the majority of this studies patient cohort. 

5 CONTRIBUTION OF DES TO CCEP STIMULATION PLANNING 

DES contributes heavily to planning CCEP stimulation locations, particularly the order 

in which locations of interest should be stimulated for best results. DES provides 

supplementary information to CCEP planning in three ways: Firstly, it is able to identify 

eloquent cortex, or particular behaviours associated with that location [225], secondly 

to provoke AD’s, and lastly, to evoke semiology involved with patient’s habitual 

seizures [31]. Results from DES enhances the understanding of the underlying tissue 

by showing the excitability of the underlying tissue if AD’s are provoked [90]. Evoking 

seizure semiology also gives an indication about areas that are unstable [31, 33]. 

Confirmation that particular brain areas are able to reliably reproduce these functions 

is important when planning CCEP studies for particular networks. DES is the gold 

standard for identifying eloquent areas of the brain, or those that correspond to specific 

physiological or psychological function [34, 115, 225]. A classic, and instructive 

example of this was the first use of the CCEPs method by Matsumoto et al. (2004), 
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showing the connectivity in the language network [36]. In this study, the anterior 

language area (Broca’s) was identified, when DES caused speech arrest. Posterior 

language areas (Wernicke’s) were also located using a similar method. ERPs evoked 

by CCEP stimulation showed a bidirectional connection between Broca’s and 

Wernicke’s language areas, which the authors hypothesise was mediated by the arcuate 

fasciculus [36]. Similar uses of DES-informed CCEP studies have been undertaken 

within the limbic network [39], and opercular structures [115]. CCEP stimulation to 

show the electrical connectivity of areas related to normal (non-epileptic) brain areas is 

usually undertaken before stimulating areas related to epilepsy. This is done for two 

reasons: firstly, to avoid cortical fatigue from stimulation, which may change response 

amplitudes or connectivity patterns; secondly, to leave areas which have a high chance 

of triggering seizures until the end of CCEP stimulation. In this study, electrode 

contacts sampling Frontal Opercular (FO) structures, Heschl’s Gyrus and Insular 

locations have been targeted for research. These structures were routinely stimulated 

first (provided they are not involved early in habitual seizures), to approximate a normal 

anatomical connection. 

Particular caution was taken to avoid CCEP stimulation in areas capable of generating 

AD’s at low DES thresholds, which were left until the end of CCEP stimulations. This 

was primarily because AD’s have been shown to be able to bind large, distant networks 

and therefore have an ability to quickly generate a seizure [192]. AD’s have been shown 

not to be associated specifically with epilepsy but are thought to represent 

hyperexcitable tissue [31, 91]. This does not rule out CCEP stimulation of areas where 

AD’s were evoked, but these locations were stimulated later than other, less excitable 

areas. Therefore, stimulation of these areas is generally left until as late as possible. 

AD’s induced by a short train of 50Hz stimulation in the EZ locations is shown in 

Figure 2.8, this also induced semiology related to the patient’s typical partial seizures. 
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Figure 2.8: DES Stimulation of the epileptogenic amygdala (A1-4, shown by the red 

arrow) induced ADs in surrounding tissue (shown by the red box). This stimulation 

also evoked clinical semiology of seen in the patient’s typical seizure. 

Particular care must be taken when stimulating areas in which DES evoked clinical 

semiology or clinical symptoms are involved in patients’ habitual seizures. These areas 

are critical for CCEP stimulation to understand what the electrical connectivity of 

epileptogenic areas is to other parts of the brain. However, they are highly unstable and 

carry a high risk of stimulating typical seizures [31, 33]. The intention of CCEPs is to 

investigate brain network connectivity in a normal resting state; causing a seizure will 

exhaust brain regions, particularly those involved in seizure spread, and change the 

state of the brain for a long period of time afterwards. Similar to CCEP mapping in 

areas of low AD threshold, stimulation of key epileptic regions, as mapped by DES and 

SEEG analysis, should be undertaken last. A CCEP induced seizure in the 

hippocampus, adjacent to the epileptogenic amygdala is shown in Figure 2.9. 
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Figure 2.9: Electrographic partial seizure induced by 2Hz alternating monophasic 

2mA CCEP pulses. Stimulation was performed in the right hippocampus (B1-2 shown 

by the red arrow) triggering a typical seizure (red box) in a patient who was identified 

to have an amygdala (A1-4) epileptogenic zone.  

6 SUMMARY 

This chapter consists of the novel methods developed to localise electrodes and outlined 

the scientific work performed on SISCOM and SEEG findings. During the course of 

the study, a novel image processing pipeline based on SPM12 was created, which 

significantly reduced the time taken to localise electrode positions, and bought together 

information about the tissue being stimulated from the MRI scans. 

In creating this imaging pipeline, an intricate understanding of the process to coregister 

other neuroimaging modalities was gained. This constituted a major section of research 

throughout this research. The CCEP connectivity GUI developed and shown in Figure 

2.4 proved to be a useful tool to quickly show the spatial connections of CCEP results.  
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SEEG clinical findings and DES results also contribute significantly when planning 

CCEP stimulation locations and the order in which anatomical sites are stimulated. By 

closely interacting with the clinical team, a keen understanding of how different areas 

of the brain behave when stimulated, and which locations are highly unstable was 

known for each case. Knowledge of hyperexcitability and epileptogenicity is arguably 

the most important piece of the puzzle when avoiding triggering AD’s or a seizure, both 

of which dramatically change the state of the brain, and are potentially ruinous to CCEP 

stimulations sessions after they occur.   

6.1 Future Work 

As outlined in each of the specific neuroimaging methods, correlation of neuroimaging 

results with CCEP data would provide excellent avenues of future research. This may, 

at the same time, allow findings from CCEP analyses to be translated with patterns seen 

in non-invasive neuroimaging methods; potentially informing SEEG implantation 

locations, or even epilepsy surgery margins in future patients. 

 



Chapter 3: Localising and understanding the area activated during stimulation 

  55 
 

Chapter 3: Localising and 
understanding the area activated 

during stimulation 
1 PREMISE AND ABSTRACT 

The goal of CCEP stimulation and mapping is to show the projection of influence of a 

specific brain area, onto the other surrounding structures. The advantage of electrical 

stimulation in intracranial recordings is that the stimulation is highly focused, with 

minimal unintentional activation of surrounding tissue [44].  However, since the brain 

is a large and highly fluid conductor, electrical current does have the ability to activate 

cell soma or axonal tracts several millimetres from electrodes [58, 75, 226]. Since 

CCEPs is attempting to infer the effective connectivity between precise areas of the 

brain, it is vital to know the extent of stimulation. Moreover, to infer precisely which 

areas are activated, hence which areas are exerting this influence (effective 

connectivity). During the course of this study, novel methods to quantify stimulation 

artefact were developed in order to empirically understand the extent of activation and 

the component of CCEP response attributed to volume conduction during electrical 

stimulation. As far as is known, this has never been attempted. 

In this chapter previous research to understand the spread of stimulation current will be 

outlined, particularly using research from microelectrodes, DBS and ECoG. This will 

begin with an overview of the electrical modelling and empirical techniques already 

used to measure stimulation activation. Then recent work will be highlighted which 

indicates how much of the CCEP responses to stimulation are volume conducted [121].  

Building on this, a description of a study undertaken to investigate the relationship 

between stimulation artefact amplitude (SAA) and early CCEP responses (which are 

related to structural connectivity), regressed by distance and stimulation parameters, 

will be presented.  While this study is limited to a correlation between SAA and early 

CCEP responses, it is believed that with further research, a method of scaling 

connectivity estimates based on SAA would provide a more accurate estimate of CCEP 

connectivity. 
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2 INTRODUCTION 

At present, there are no studies which have attempted to estimate the stimulating 

distance and influence during SEEG-CCEPs or SEEG-DES. Many authors have 

flagged this uncertainty as a key concern in clinical stimulation, particularly in DBS 

and DES [68, 69, 75, 226-229]. Several studies of electrical stimulation extent have 

been performed in microelectrodes [58, 59, 72, 74-77, 105], one landmark study in 

ECoG [68] and a plethora of studies using DBS [140, 141, 143, 230-236]. Many DBS 

studies simulate the Volume of Tissue Activated (VTA), which is highly relevant in 

DBS since the precise anatomy under stimulation has been linked to symptom reduction 

in many movement and psychiatric related neurological disorders [140, 141]. 

2.1 Methods to estimate the brain areas activated by stimulation 

The methods to infer the extent of cortex activated around electrodes fall into two main 

groups: (1) simulation using conductivity models and (2) empirical methods, usually 

single-axon studies.  

2.2 Simulation studies and finite element analysis 

Simulation and modelling are commonly employed in DBS, due to the large volume of 

tissue activated, and the fact that it is regularly employed in human clinical research, 

where any extra risk is unacceptable. Finite Element Methods (FEM) and Finite 

Element Analysis (FEA) are regularly used in DBS modelling [140, 141, 143, 232, 233, 

237]. FEM and FEA have historically been used in engineering applications to look at 

how shapes with complex geometries will react and deform in the presence of an 

introduced force, or in this case, how electrical current may behave in a conductive 

medium. FEA has been used in both DBS and ECoG to model the distribution of 

electric current as it is injected into surrounding tissue. 

FEA has two steps, one to generate a mesh of nodes, and the second, to calculate the 

distribution of force (or voltage/electric current) between those nodes using 

mathematics. The nodal mesh is used to discretise complex shapes or regions into 

smaller, less complex shapes, for two dimensions, this is either triangles or trapezoids 

and for three dimensions, pyramids or simple prisms. This is arguably the most 

complicated step, as the mesh generated is required to be highly refined in areas of 

complexity, but sparse enough to make a solution computationally efficient. Partial 
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Differential Equations (PDEs) are used to calculate voltages between nodes in the 

mesh. In the case of electric fields and currents, Maxwell’s equations as the basis PDEs. 

In FEA for electrical stimulation, electrodes are incorporated into the model, from 

which a voltage or current is simulated using boundary conditions [68].  

In the first study to employ FEA to analyse current distributions in ECoG DES, the T1 

MRI scan was used to generate a nodal mesh. Segmentation was used to label voxels 

as GM, WM CSF, scalp or skull [238]. The authors then applied resistivities based on 

previous studies for each tissue type [239]. This was incorporated into the PDEs to 

calculate voltages in the mesh. A current of 10mA was applied at the cathodic 

electrode-tissue interface (this was the boundary condition), flowing to the anodal 

electrode through the mesh. This is shown below in Figure 3.1 A and B. As time has 

progressed, and computational power available has increased, FEA studies in DBS have 

become increasingly complex. Many DBS studies employ FEA to calculate voltage 

distributions, some with tissue anisotropy incorporated [142, 143, 236]. In recent years, 

simulated axonal and neuron models have been incorporated into FEA models, to 

understand how electrical stimulation will depolarise them, using realistic thresholds 

[66, 143, 235, 236]. A diagram showing FEA derived voltage distributions and a 

simulated neuron incorporated are shown in Figure 3.1C and D. 

Originally, the aim was to adapt the methods from DBS, and create methods to routinely 

stimulate current densities based on FEA for SEEG-CCEPs. Initially, an electrode 

model and 2D simple homogenous media were created with the electrode. Creation of 

nodal meshes was also performed, for different tissue types from MRI scans. However, 

it became evident that to create an FEA based method, or even to adapt the methods 

currently used in DBS studies would require intensive and lengthy research. It was 

chosen not to attempt to create an FEA method to understand the VTA in SEEG-

CCEPs. 
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Figure 3.1: FEA modelling to show the electric field and current distributions. A and 

B are adapted from Nathan et al. (1993)[68]. C and D are adapted from McIntyre et 

al. (2003) [66]. A Creation of a nodal mesh, different tissue properties. B Current 

density map of 10mA bipolar stimulation. C Electric field of DBS electrode in an 

isotropic conductor. D Simulated thalamocortical relay neuron added to study 

activation thresholds at various distances. 

2.3 Empirical studies of neuronal activation 

Empirical studies of current spread and axonal have primarily been undertaken in 

animal models, and usually using microelectrodes. Patch-clamp recordings are often 

used to measure action potentials upon single neurons, whose axons are in close 

proximity to stimulating electrodes. While the electrode size and geometries are usually 

far smaller and thinner than the SEEG electrodes used clinically, the fact that they 

directly observe neurons limits the number of assumptions in these studies.  

As outlined in the introduction, seminal work by Weiss, built upon by Lapicque in the 

early 20th century showed the charge required to cause an action potential. This research 

suggested the current and pulse width, translated to an amount of charge density per 

second, required to activate neurons. The rheobase current (Irh) is the theoretical level 

at which an infinite time will depolarise the neuron. The chronaxie times (tch), which 

are dependent on the geometry of the cell or thickness of the fibre, are determined by 

the rheobase current. The minimum charge required to activate a neuron (Qmin) reduces 

as the pulse width shortens (when very short pulse widths (below 100µs) are used). 



Chapter 3: Localising and understanding the area activated during stimulation 

  59 
 

These relationships are shown below in Figure 3.2, presenting the strength-duration 

curves adapted from Merrill et al. [103]. 

 

Figure 3.2: Strength duration curves to initiate action potentials from neurons, as 

described by Weiss et al. [78] and Lapicque [79]. A The chronaxie time (tch) depends 

on the rheobase current (Irh). B this gives the minimum charge required to generate an 

action potential (Qmin). Figure adapted from Merrill et al. [103].  

While strength-duration curves are more relevant for microelectrode and single neuron 

studies, they provide useful information to understand how to design protocols when 

using macroelectrodes.  

Once a basic understanding of action potential generation was established, more 

modern research has uncovered the effective distances from electrodes at which 

neurons are activated. Seminal work by Ranck [57] showed that electrical stimulation 

preferentially activated large diameter myelinated axons, since they had the shortest 

chronaxie times [57]. Many studies have confirmed this, with microelectrode research 

by Nowak and Bullier [58, 59, 75] and Rattay et al. [72, 76, 77] providing strong 

evidence. Furthermore, electrical current obeys an activation threshold roughly 

proportional to the inverse square of the distance from the electrode [58, 59, 75].  

Microelectrode research by Nowak and Bullier [75] found that the stimulation current 

required to excite neuronal elements (I) in rat grey matter was a function of the 

activation threshold current (Ith), an experimental constant k and the distance from the 

electrode (R): 

 𝐼 = 𝑘𝑅2 + 𝐼𝑡ℎ  (6)  
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This intuitively means that stimulation current determines the maximal distance to 

excited elements [21, 75]. One macroelectrode study has been performed, which 

showed that axons up to 7mm from the electrode were depolarised upon bipolar 

stimulation, with thicker axons most easily affected [226]. Monopolar stimulation, as 

expected [68, 69] was shown to have a wider activation area [226]. Equation 6 

developed by Nowak and Bullier was highly concordant with the macroelectrode study 

by Follett and Mann [226], whose results follow a similar power-series trend as shown 

in Figure 3.3. However, this study used concentrically oriented (sheathed) electrodes to 

generate electric fields, quite different from the stimulation configuration commonly 

employed in SEEG and other depth electrodes. Key results of the Follett and Mann 

[226] study are shown below in Figure 3.3: 

 

Figure 3.3: Distance-current threshold for macroelectrodes, sourced from Follett and 

Mann [226]. The plot on the left (L) study of neuronal activation at various distances 

from stimulating electrodes, for both bipolar and monopolar stimulations, this 

incorporated data from two axons, one for the A-B data, and the other the C-D data.  

The right (R) plot shows a similar plot to L, however, this aggregated the results from 

38 axons. It can be seen in both L and R plots that monopolar stimulation has a wider 

field of activation. 

2.4 Volume conducted potential (VCP) in CCEPs responses 

A recent CCEP study by Shimada et al. [121] discovered that a large portion of 

stimulation responses close to the stimulation electrodes were likely related to volume 
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conduction, particularly the early components of CCEP ERPs. Only one other  CCEP 

study, by Keller et al. [112] has taken steps to mitigate volume conducted potentials, 

which was done by omitting the results of contacts within 15mm of the stimulation 

epicentre. The study by Shimada et al. [121] also notes that there was a highly correlated 

response component up to 30mm away from the stimulation site. Regression analysis 

also demonstrated that the response amplitudes fell off as a function of the inverse 

square of the distance (out to about 30mm)[121]. This finding was remarkably similar 

to that defined by Nowak and Bullier [75], as described in equation 6 [75]. After 

studying a very large volume of CCEP responses, it was noticed that particularly close 

responses tended to have a very large SAA. Since in SEEG many electrodes are 

implanted at various distances from one another, the idea was conceived to test if 

stimulation artefact and early CCEP responses showed a similar correlation to distance. 

Based upon prior work by Shimada et al. [121] and Nowak and Bullier [75], we devised 

a method to test if either SAA or early CCEP responses showed correlations to distance 

and stimulation amplitude. Further regressing the relationship between SAA and CCEP 

response amplitude may also provide an understanding of the volume conducted 

component present in CCEP responses.  

2.5 Abstract of novel methods developed 

Several experiments were designed to correlate the spread of stimulation current with 

CCEP responses, to develop a method to quantify the VCP component of CCEP 

responses. Stimulation artefact presents a feature that could quantify the VCP, without 

extra stimulations, or undertaking complex simulations. To demonstrate the SAA could 

be a way to infer the VCP of CCEP responses, a process with five main steps was 

devised. 

1) Quantification of stimulation artefact (SAA) 

2) Quantification of CCEP connectivity 

3) Correlate both with distance from the stimulation site 

4) Correlate different stimulation levels and waveforms 

5) Correlate tissue type with stimulation artefact and CCEP connectivity (as a function 

of distance, level and waveform) 
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2.6 Previous work identifying stimulation artefact 

In SEEG and ECoG CCEPs, stimulation artefact is seen as a large spike, occurring for 

a short duration (between 1-8ms [155]) after each stimulation pulse, at distant areas 

from the stimulation site [30, 155]. It represents the electric field induced by the 

stimulation dipole (volume conduction) and also the amount of electrical current 

shunted through conductive media such as CSF and other brain tissues. Stimulation 

activation has been shown to follow a pattern inversely related to the square of the 

distance from the electrode, as shown in equation 6 [121, 240]. Methods such as wiener 

filters [241, 242], alternating monophasic pulse trains [117, 243] and model based 

methods [155, 244] have been employed to remove it or reduce it. This is performed 

since this artefact can obscure early response components used to determine the 

response latency [155], especially in monosynaptic or oligosynaptic pathways [36]. 

While stimulation artefact can obscure the early components of CCEPs [121, 155], it 

may be useful to provide a measurement of the VCP. Shimada et al. [121] concluded 

that a better estimate of physiological connectivity between distant regions may be 

obtained by accounting for the volume conducted component. Since very little 

empirical research surrounds stimulation artefact, particularly in CCEP stimulation, it 

would be interesting to compare its relationships to cortical responses and the location 

and type of tissue stimulated. 

2.7 Quantifying early structural CCEP responses 

CCEP research in ECoG has identified and utilised two main features, the N1 

component which occurs between 10-50ms and the N2 component which is seen later 

(50-500ms) [112]. The former is thought to occur due to the stimulated responses of 

nearby small u-fibres conducting in an orthodromic and antidromic fashion [36]. 

Conversely, the N2 component is generated from the stimulation of large white matter 

tracts and thalamocortical pathways [36, 44]. Early work into CCEP stimulation for 

brain mapping found that strong responses in the first 100ms were widely associated 

with structural connectivity [100, 245]. Furthermore, it was shown that the N1 

component was strongly correlated with tractography results, indicating early responses 

are related to structural connectivity [124]. In SEEG however, the random orientation 

of pyramidal cells makes the N1 and N2 components difficult to visualise, so they are 

not reliable metrics [21]. In SEEG-CCEPs the RMS value of the ERP has been the 
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primary method utilised in to quantify responses. It is robust to noise, quick to calculate 

and has been used to define the connectivity of many physiological networks, including 

the limbic and fronto-insular structures [55, 92, 243]. Several recent CCEP studies have 

used the RMS of the first 100ms to define structural connections, and have shown a 

high correlation with tractography data [35, 115].  

2.8 Neuronal elements activated by stimulation and tissue type identification 

The cellular composition of the tissue being stimulated and recorded is also an 

important factor when employing CCEPs for brain mapping. Cellular activation by 

electrical stimulation has been shown to have different thresholds in different tissue 

types [102]. Dendrites of neurons are activated at a lower threshold than neuronal soma 

(cell bodies), because of the geometry of each section of cells [58, 59, 75, 105]. There 

has been little work performed using macroelectrodes in the human brain to determine 

to what degree stimulation of Grey Matter (GM) or White Matter (WM) and CSF 

activates distant brain areas. Especially since key FEA simulation work to model, the 

extent of electrical current spread generated in DES has shown that cortical surface 

located (ECoG) electrodes shunt up to 82% of the electric current into CSF [68]. The 

author has attempted to explore this property by correlating early CCEP response 

strength and SAA with tissue types as defined by the presurgical MRI. Segmentation 

of the T1 MRI allows a non-invasive determination of which tissue (GM/WM/CSF) an 

electrode is situated in. Specialised software packages such as SPM are able to give a 

probability value for the GM, WM and CSF of each voxel [238]. Recent work validated 

that the SPM8 – Voxel Based Morphometry (VBM) segmentation algorithms had the 

highest accuracy when compared to Brainsuite and FSL imaging toolboxes [246]. By 

performing a correlation of tissue type with the amplitude of the ERP, an idea of how 

the cellular composition at the stimulation and measurement sites affect response 

strengths can be obtained. 

2.9 Quantifying volume conducted potential using stimulation artefact to scale 

CCEP connectivity estimation 

Stimulation artefact, considered in most cases to be an obscurant by-product of 

stimulation, does,, however, represent something potentially useful: The locations of 

co-activated areas by volume conduction of stimulation current. In quantifying the level 

of stimulation artefact, it is also possible to see the extent of direct electrical stimulation 
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to activate surrounding neurons. No study as yet has been undertaken in this area. This 

study proposes that by quantifying stimulation artefact in SEEG-CCEPs, a way to 

estimate the amount of ERP related to VCP can be calculated. Once the VCP is known, 

CCEP connectivity responses can be made more accurate by subtracting the amount of 

VCP present. This is a similar goal and line of reasoning to Shimada et al. [121]. 

However, before this method can even be conceived, it is necessary to explore and 

understand the relationship between stimulation artefact, and evoked responses. 

3 METHODS 

3.1 Patient selection and clinical diagnostic process 

A cohort of 37 patients (25 males) who underwent pre-surgical SEEG investigations to 

localise the focus of their refractory epilepsy between September 2015 and March 2019 

was recruited into this study. The cohort had a mean age of 33.8+/-12.4 and a mean 

duration of epilepsy of 15.1+/-12 years. In total 511 electrodes were implanted, with 

the mean number of electrodes per patient 13.8+/-2.4. Electrode locations were selected 

based on Video-EEG results, clinical semiology, neuropsychological testing and 

medical imaging tests (MRI, FDG-PET and SISCOM). An average of 58.3 +/-42.9 

pulse trains were performed per patient. A list of relevant individual details is shown in 

Table 3.1. 

3.2 Data acquisition and stimulation 

DIXITM electrodes were used in SEEG procedures, inserted with robotically assisted 

stereotactic guidance. The electrodes were made of a Platinum-Iridium (90%-10%) 

alloy, 0.8mm in diameter, with electrode contacts being 1.5mm long and having a 2mm 

spacing between contacts. Acquisition of electrode data was performed on a Nihon 

Kohden EEG 1200 system, sampled at 1000Hz with an analog highpass filter of 0.08Hz 

and 16-bit analog to digital converters. Two separate stimulation CCEP paradigms were 

performed using an NK Neurostim 1100 system. The first stimulation paradigm 

consisted of a 2Hz train of 60 pulses over 30 seconds, using an alternating monophasic 

waveform of 0.1ms pulse width, at 2mA, 4mA and 6mA respectively. The second 

stimulation paradigm used a stimulation frequency of 0.5Hz, delivered in a train of 30 

pulses over 60s, using a cathode leading biphasic waveform, with 0.1ms pulse width 
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and stimulation currents of 1mA, 2mA and 4mA. During CCEPs, patients were resting 

quietly in bed and back on their regular anti-epileptic medications.  

Patient 
# Sex Age Years of 

epilepsy 
CCEP 

paradigm 

# 
Stim 
Sites 

# 
Pulse 
trains 

# 
Pulses 

# Elec-
trodes 

# 
Contacts 

1 M 59 4 Monophasic 6 43 1924 9 97 
2 M 29 7 Monophasic 13 49 2940 13 154 
3 M 26 19 Monophasic 16 75 4462 15 155 
4 M 46 9 Monophasic 12 81 3571 13 141 
5 M 31 7 Monophasic 28 111 6606 11 130 
6 M 40 12 Monophasic 23 80 4743 16 174 
7 M 34 24 Monophasic 40 165 9778 16 174 
8 M 27 17 Monophasic 31 229 9998 16 178 
9 F 16 8 Both 25 91 3638 11 133 
10 F 22 7 Both 36 123 5513 14 150 
11 M 56 39 Both 24 70 2909 12 133 
12 M 36 28 Both 20 63 2390 7 93 
13 F 52 49 Both 18 50 2367 10 135 
14 M 32 22 Biphasic 19 82 2232 14 177 
15 M 33 22 Biphasic 22 71 1950 13 177 
16 M 30 26 Biphasic 15 49 1327 16 189 
17 M 47 14 Biphasic 16 49 1315 16 189 
18 M 18 13 Biphasic 12 39 1045 15 170 
19 M 21 13 Biphasic 17 56 1512 15 175 
20 M 46 16 Biphasic 12 42 1097 13 123 
21 F 17 2 Biphasic 15 56 1543 15 167 
22 F 53 31 Biphasic 13 44 1190 14 127 
23 M 49 41 Biphasic 15 54 1479 17 214 
24 F 33 4 Biphasic 12 26 599 17 177 
25 F 39 4 Biphasic 10 26 615 15 171 
26 F 36 21 Biphasic 14 34 793 16 217 
27 F 16 1 Biphasic 13 34 855 15 201 
28 F 26 11 Biphasic 13 28 700 14 147 
29 M 34 2 Biphasic 10 24 521 13 156 
30 M 9 0 Biphasic 12 42 1083 17 234 
31 M 46 17 Biphasic 11 19 474 16 221 
32 M 16 14 Biphasic 11 38 1029 13 138 
33 M 35 10 Biphasic 8 21 545 15 184 
34 M 36 18 Biphasic 9 14 228 10 110 
35 M 38 3 Biphasic 12 31 614 14 159 
36 F 41 14 Biphasic 11 19 477 12 129 
37 F 25 11 Biphasic 12 30 754 13 161 

Mean  33.8 15.1  16.4 58.3 2292.3 13.8 161.1 
St. Dev  12.4 11.6  7.7 42.9 2388.4 2.4 33.3 

Table 3.1: Patient details and number of SEEG electrodes and stimulations performed  
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3.3 Data Processing and connectivity quantification 

To quantify the effect of stimulation and understand the areas activated, stimulation 

artefact and early cortical responses were quantified. SEEG data used was monopolar 

(referential) in nature, to best capture stimulation artefact, with bandpass FIR filters 

used (1-300Hz) and an FIR notch filter (50Hz) used to remove powerline 

contamination. To provide a higher signal to noise ratio, individual ERPs for each 

response data channel were averaged in time, subtracting the average voltage from the 

2ms (2 samples) preceding stimulation to remove DC shift. Then ERPs were averaged 

in time, by the number of trials performed per pulse train. The averaged ERP was then 

used to capture the amplitude of stimulation artefact and the magnitude of the evoked 

response. Stimulation artefact was quantified by measuring the largest amplitude swing 

without a polarity change in the time immediately after stimulation. A 12ms window 

was used, ranging from 2ms before stimulation (to provide an offset to amplitude 

correct the ERP) to 10ms after stimulation. For brain area connectivity, early cortical 

responses (first 100ms) were used, since they have been related to structural 

connections [100, 124]. The RMS value from 10ms to 100ms after stimulation was used 

to provide the average deviation over the ERP. Measurement of stimulation artefact 

and RMS of early responses is shown in Figure 3.4. 

.  
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Figure 3.4: The unipolar (referential) ERP data were averaged in time for each pulse 

train, to increase the SNR. A (1mA) and B (4mA) compare key parameters measured 

in the same connection pathway. The stimulation artefact amplitude is shown in red, 

data for the RMS value of the early response (10ms to 100ms) was used to measure 

the strength of the ERP, shown in blue. 

3.4 Imaging acquisition and processing 

Acquisition of the T1 MRI imaging was acquired from a Phillips Acheiva scanner. This 

was performed using an MPRAGE series, with a slice thickness of 1mm, flip angle of 

80, repetition time of 8.2ms, echo time (T1) of 3.7ms and acquisition pixel grid 

dimensions of 1mm x 1mm (256 x 256). CT scans of implanted electrodes were 

acquired on a Toshiba Aquilion One machine. A high-resolution pixel grid of 0.5mm x 

0.5 mm (512 x 512) with a slice thickness of 1mm was used with the acquisition, 

employing a bone window and Single Energy Metal Artefact Reduction (SEMAR). The 

post-implantation CT was coregistered to the T1 MRI, using the image processing 

pipeline described in Chapter 2, based on SPM12. Electrode co-ordinates were 
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manually acquired. The CAT12 toolbox was used to segment the patient-space MRI 

scan and assign likelihoods of each contact being located in GM, WM or CSF. 

 

Figure 3.5: Examples of 1.5T acquired T1 MPRAGE structural MRI. A Tissue 

probability maps were generated using the CAT12 toolbox in SPM12. B GM tissue 

probability map (cortical ribbon). C White Matter probability map. D Cerebrospinal 

fluid tissue probability map. 

3.5 Correlation analyses and regressions 

To analyse the forms of relationships present between SAA, early cortical responses 

and distance from stimulation sites, the curve fitting toolbox in Matlab 2018a was used. 

Linear regression and several nonlinear methods were used, shown in Table 3.2: 

Model type Model equation and order 

Polynomial 𝑦 = 𝑎𝑥 + 𝑏 
𝑙𝑖𝑛𝑒𝑎𝑟 

𝑦 = 𝑎𝑥2 + 𝑏𝑥 + 𝑐 
𝑞𝑢𝑎𝑑𝑟𝑎𝑡𝑖𝑐 

𝑦 =  𝑎𝑥3 + 𝑏𝑥2 + 𝑐𝑥 + 𝑑 
𝑐𝑢𝑏𝑖𝑐 

Exponential 𝑦 = 𝑎𝑒𝑏𝑥 
𝑜𝑛𝑒 𝑡𝑒𝑟𝑚 

𝑦 = 𝑎𝑒𝑏𝑥 + 𝑐𝑒𝑑𝑥 
𝑡𝑤𝑜 𝑡𝑒𝑟𝑚  

Power Series 𝑦 = 𝑎𝑥𝑏 
𝑜𝑛𝑒 𝑡𝑒𝑟𝑚 

𝑦 = 𝑎𝑥𝑏 + 𝑐 
𝑡𝑤𝑜 𝑡𝑒𝑟𝑚  

Table 3.2: Models of curve fits used to determine relationships between stimulation 

artefact, early responses and distance. Coefficients which were able to be optimised 

for the least-squares fitting are shown in red. 
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To obtain the coefficients of each model, least squares methods were used, with a 

bisquare weighting applied to reduce the effect of outliers, since the data was highly 

variable. Residual plots were plotted against the raw data, and residual plots were 

visually inspected to qualitatively evaluate the fits. As well as this, quantitative 

measures of fits included calculation of Akaike’s Information Criteria (AIC) and 

Bayesian Information Criteria (BIC) were computed since it has been shown that R2 is 

not the best method to evaluate nonlinear regression accuracy [247]. However, AIC and 

BIC criteria are usually employed to measure far larger ranges of model orders, and 

resultant AIC and BIC coefficients showed little spread. Because of this, the final 

decision was made based on visual analysis of the fits. This was decided since the high 

variability of the data led to confounding quantitative results using R2, AIC and BIC 

values. In some experiments, the early response and SAA were scaled by the inverse 

square of the distances (1/r2), since it has been shown that this relationship is related to 

activation threshold in electrical stimulation (equation 6)[57-59, 75].  

4 RESULTS 

Several analyses were undertaken, to show the relationships between stimulation 

artefact, early cortical responses, sampled tissue type and most fundamentally, distance 

from the stimulation site. The first of these correlations was that of stimulation artefact, 

followed by the RMS value of the early responses: 
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Figure 3.6: SAA results vs distance from the stimulation site. Plots A, C and E show 

biphasic waveforms and plots B, D and F show alternating monophasic waveforms. 

For plots A and B the best fitting trendlines (two term power series) were shown for 

each stimulation level. This showed a positive relationship increasing with stimulation 

current, which was markedly higher in the monophasic waveform. C and D showed 

the fit of all trialled trendlines for biphasic and monophasic data. The exponential and 

power series provided the best fit overall for both waveforms. E and F show the fit of 

a two term power series to different response tissue types for 4mA stimulation. There 

is no discernible difference in the stimulation artefact amplitude between different 

tissue types. 
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Figure 3.7: Resultant RMS values of early responses to stimulation vs distance from 

the stimulation site. Plots A, C and E show biphasic waveforms and plots B, D and F 

show alternating monophasic waveforms. A and B showed that a two term power 

series was the best fit to the data, similarly to the stimulation artefact data. However, 

there was a weaker relationship to distance, markedly lower in the monophasic 

waveform. C and D fitted all trialled trendlines for biphasic and monophasic data. 

The exponential and power series provided the best fit overall for both waveforms. E 

and F show the fit of a two term power series to different response tissue types for 

4mA stimulation. There is no discernible difference in the RMS values between 

different tissue types. However, there is a clear difference between the amplitudes of 

biphasic monophasic waveforms. 
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4.1 Stimulation artefact modelling results 

As is shown in Figure 3.6, SAA revealed a strong relationship with distance. The 

relationship was best modelled by using a two term power series curve fit, as is shown 

most clearly in Figure 3.6A and B. The fitting results for all nonlinear regression models 

employed are shown in Appendix 1, but showed that relatively similar error 

summations existed for each model, except for a two term power series or a two-term 

exponential fit. The results of the exponential and power series curve fits are consistent 

with the strength-distance relationship described in equation 6, indicating a strong 

relationship to the inverse square of the distance found in other studies [75, 121, 240]. 

Furthermore, there was clear scaling of artefact values with stimulation level, as shown 

in Figure 3.6 A and B, implying good accuracy in the quantification metric chosen. 

When comparing stimulation artefact in different tissue types (for recording contacts), 

there was no discernible difference in the resultant trendlines, as evidenced by the 

overlapping trendlines in Figure 3.6E and F. All tissue types showed a good fit using a 

two term power series for each tissue type, as inspected by visual analysis. There was 

a clear distinction between the biphasic waveform results (Figure 3.6 A, C and E) and 

monophasic pulse trains (Figure 3.6 B, D and F). The amplitudes of the monophasic 

stimulation were far higher, most evident when comparing only the 4mA waveforms in 

Figure 3.6 C-F. This result is most likely explained since the biphasic waveform 

neutralises the build-up of charge [21, 103].  

4.2 Early cortical response modelling results  

The relationship between the RMS value of early cortical response activations followed 

a similar, but less correlated fit using a two term power series model. Figure 3.7 displays 

the RMS values in response to the early response components (first 100ms) of CCEP 

stimulation and used a similar scale to Figure 3.6. It could be seen that the RMS 

responses were markedly lower than the stimulation artefact values. This is expected 

since RMS averages the sustained deviation over the 90-sample window used. As can 

be seen in Figure 3.7A-D, the two term power series again was most suitable, with a 

more subtle upwards inflection at close distances, suggesting that there is less of a 

distance dependent relationship than stimulation artefact. The monophasic waveform 

showed a steeper slope closer to the stimulation site), indicating a stronger distance 

dependent component than responses to biphasic pulses. This was consistent with the 
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results of the SAAs. Early response amplitudes at sites further than 20mm away showed 

similar amplitudes for the trendlines. However, there are high variabilities in amplitude 

at locations this far away. This was true, especially of the biphasic dataset. It can also 

be seen that early response amplitudes are not dependent on the type of tissue or media 

in which they are measured, with Figure 3.7E and F showing similar activation profiles 

in all tissue types.  

4.3 Inverse squared distance corrected early cortical responses vs stimulation 

artefact  

 

Figure 3.8: Various types of linear and non-linear regression analyses upon the 

inverse squared distance corrected SAAs vs the RMS early response amplitudes. A 

and B Show the linear trendlines for different stimulation levels for both monophasic 

and biphasic waveforms. By looking at the data, it can be seen that it follows a linear 

trend. Trendlines imply stronger early responses (more physiological connections) 

relative to stimulation artefact for higher stimulation currents. C and D Demonstrate 

that a linear relationship is the most appropriate since the nonlinear regression tools 

also find the same trend. 
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Once it was discovered that both stimulation artefact and early responses had a power-

series relationship to distance, both data were scaled by the inverse square of the 

distance from the stimulation site and had models fitted. A linear trend emerged. Figure 

3.8A and B show the linear relationships for various stimulation currents, clearly 

showing steeper trendlines for higher stimulation levels. The steeper trendlines indicate 

that at higher stimulation levels, there are increasingly higher early response amplitudes 

when compared to the measured stimulation artefact present. When comparing Figure 

3.8A and B, it is clear that the 2mA and 4mA dataset (blue and red lines) for biphasic 

pulses have a higher slope than the monophasic results. This indicates that biphasic 

responses induced stronger early component responses, compared to the value of 

stimulation artefact measured. When comparing all fitted trendlines using Figure 3.8C 

and D, it is also clearly evident that the relationship is best represented by a linear 

equation. There were extremely high R2 values for all of the fits, as is described in 

Appendix 1, Table 9.6 and Table 9.7, which, in linear fitting indicates high confidence 

in the fit.  

5 DISCUSSION 

The aim of this work was to show that a correlation exists between stimulation artefact 

and early cortical responses in CCEP data. It is proposed that a more accurate 

estimation of CCEP connectivity can be obtained by measuring the volume conducted 

component (SAA) and then subtracting or scaling connectivity estimates by this factor. 

This is in line with recommendations from Shimada et al. who showed that a significant 

amount of CCEP responses consisted of a volume conducted component [121]. The 

work in this study built upon this by creating a method to quantify stimulation artefact 

which, by inference, measured the volume conducted contribution present in a CCEP 

response. While this stops short of providing the details of how to scale CCEP 

connectivity using the measured stimulation artefact, this would be a natural path for 

future research. 

5.1 Stimulation artefact modelling has high concordance with previous studies 

Regression modelling of electrical stimulation artefact followed a trend inversely 

proportional to the distance, matching previous research Nowak and Bullier [58, 59, 

75]. Nowak and Bullier also state that a power function provided a good fit to their data 

[75], similar to these results as demonstrated in Figure 3.6 A and B. Consistent with 
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previous studies, stimulation artefact was very strongly related to distance [68, 75, 121]. 

Visual analysis of the fitted trendlines in Figure 3.6C and D shows that both biphasic 

and monophasic data follow similar inflections, indicating similar amplitude-distance 

profiles between the stimulus waveforms. There was a clear difference between 

monophasic and biphasic artefact amplitudes. The reason for this is obvious, biphasic 

pulses gave far less artefact since they neutralised most of the introduced charge, 

whereas monophasic does not. As expected, there was also clear scaling of artefact 

amplitudes as stimulation currents increased. SAA in different tissue types was roughly 

identical. This was not expected since it was hypothesised that CSF would contain 

higher amplitudes because of its conductivity [68]. Shimada et al. [121] also found that 

the volume conducted component was highly prevalent around the sylvian fissure, 

again indicating that CSF was a pathway for volume conduction or current shunting 

[121]. It was also shown in a seminal DES modelling study that CSF provides a low 

impedance pathway [68]. There are two hypotheses as to why artefact amplitudes in 

CSF may not have shown a difference to GM and WM locations. The first is that 

because CSF is a particularly good conductor, the increase in current may be distributed 

over a wide area, meaning a negligible voltage change would have been seen by the 

measurement electrode. The second hypothesis is that shunting may only be possible 

when the stimulation site is in CSF, rather than the measurement site. Ideally, the tissue 

type of the stimulation site ideally should have assessed, rather than just the response 

site would have been used. However, there were relatively few stimulation sites located 

in or near CSF, therefore, this was not possible. The effect of the stimulation site tissue 

type was chosen. This composition on SAA and response amplitude would be an 

interesting question to answer, given a larger patient cohort. 

5.2 Early cortical response amplitude is not as dependent on distance 

Early cortical responses and distance from the stimulation sites showed a similar power-

series relationship. However, there was a more random trend in this dataset, with 

extremely high variability of the data existing beyond 20mm from the stimulation site. 

An explanation may be that because SAA is entirely volume conducted, it displays a 

strongly distance dependent relationship. Early responses, on the other hand, consist of 

both responses transducted by physiological means, as well as the volume conducted 

component implicit by the voltage change caused directly through stimulation at a 
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distance [121]. The physiological connectivity over short ranges has been hypothesised 

to be due to the activation of u-fibres around the stimulation dipole [36, 112, 124]. 

Nowak and Bullier have also studied the mechanisms of stimulation and conclude that 

tracts around the stimulation site are activated, initiating orthodromic and antidromic 

volleys [58, 75]. Thicker myelinated fibres are most easily activated and will project 

larger distances, while thinner unmyelinated fibres required comparatively more 

current to depolarise [57, 72, 77]. This could be a reason there was quite sustained 

activation out to roughly 100mm in Figure 3.7 A-D. The amplitude of RMS responses 

showed an upward inflection close to the stimulation site, which was consistent with 

the results of Shimada et al. Indicating that responses close to the stimulation site are 

volume conducted in the data used in this study. While it is difficult to separate close 

early responses due to EPSPs and IPSPs from volume conduction due to shunting, it is 

highly likely that this inflection is due to shunting, given the conclusions of Shimada et 

al. [121]. Data collected by the author presented in Figure 3.7A-D showed that RMS 

responses returned to normal at 20mm, similar to Shimada et al. who estimated contacts 

within 30mm were affected by volume conduction. Furthermore, the monophasic data 

showed a stronger upward deflection in the RMS early responses, compared to biphasic 

data. This indicates that there is a higher amount of volume conducted CCEP response 

when using monophasic waveforms. 

5.3 Stimulation artefact shows a strong relationship to early response amplitude 

The strength-distance relationship described by Nowak and Bullier implies current 

required to depolarise neurons in grey matter is related to the squared distance from the 

microelectrode [58, 59, 75]. This was incorporated, by scaling the amplitudes of RMS 

cortical responses and SAAs by the inverse square of the distance from the stimulation 

site. Figure 3.8 showed that by regressing distance corrected early response amplitudes 

and SAAs, a linear relationship emerged. This is concordant with recent findings that a 

volume conducted component of CCEP responses exists (or at least is strongly correlate 

to stimulation artefact) [121]. Given the linear relationships demonstrated in Figure 3.8, 

it may be possible to identify locations of stronger physiological connectivity, in cases 

of high amplitude early responses and small stimulation artefact (indicating no volume 

conducted CCEP). 
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5.4 Biphasic unexpectedly induced stronger early response amplitudes compared 

to monophasic  

It was also quite interesting to see that biphasic pulses had a steeper slope than the 

monophasic pulses in the 2mA and 4mA trendlines in Figure 3.8A and B, this was not 

expected. Monophasic pulses have been identified to generate stronger action potentials 

than their biphasic counterparts, at the cost of increased tissue damage [21, 83, 103]. 

Stimulation artefact of monophasic pulses had a significantly higher amplitude (Figure 

3.6A and B), and a lower RMS value for monophasic pulses Figure 3.7A and B). This 

combination leads to confidence in the result shown in Figure 3.8. However, the result 

grates against what has been found previously, with numerous studies finding that 

monophasic pulses generate stronger action potentials [82, 248]. All stimulations used 

the same pulse widths, ruling out that the charge was different between stimulation 

waveforms. Amplifier saturation due to voltage ratcheting [103] was also ruled out by 

applying alternating anodal and cathodal stimulation monophasic pulses. 

5.5 Early responses increase in higher proportions to stimulation artefact at 

higher currents 

Another intuitive finding shown in Figure 3.8, was that as stimulation current is 

increased, amplitudes of early responses also increase. This has been shown before in 

many neurophysiological papers [37, 58, 59, 75]. A point of contrast existed between 

the monophasic and biphasic waveforms, with higher stimulation levels in the biphasic 

appearing to be closer together than higher stimulus level in the monophasic. This might 

indicate that a saturation point exists and is being approached in the biphasic dataset. 

The monophasic dataset, on the other hand, appears to spread out, indicating that higher 

stimulation levels disproportionally increase the level of early response excitation. 

However, due to the limited number of stimulation amplitudes, a more thorough 

investigation would be required, potentially in animal models to definitively show that 

this is the case in either waveform. This presents a promising avenue of future research, 

since the idea of finding an ideal stimulation parameter set in which to stimulate (in 

SEEG-CCEPs), is an appealing prospect, especially to mitigate the risk of seizure 

induction and reduce cortical fatigue caused by stimulation.  
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5.6 Limitations 

While an attempt has been made to strengthen the conclusions of the work in this 

chapter, there are some limitations to the findings. One limitation may have been caused 

by the 1000Hz sampling rate, while relatively high, the peak in stimulation artefact 

extremely sharp and impulsive in comparison. This under-sampling may have caused 

underestimation of SAA and would account for a large portion of the pulse to pulse 

variability of SAA results in the same pulse train. Trebaul et al. [155] mention this 

difficulty and consequently choose an extremely high sampling rate accordingly. Future 

studies involving simulation artefact would ideally be carried using higher sampling 

rates. Another limit was the fact that this patient population is made up of refractory 

epilepsy patients. Only a small fraction of the contacts in each implantation were 

designated as the EZ in most patients, therefore their contribution is negligible upon 

the trends discovered. Future work may include a comparison of EZ RMS responses 

and SAAs, to determine if epileptic areas display an abnormally high cortical response 

compared to SAA. Another major difficulty was choosing which trendline was the best 

performing. It is difficult to choose one specific metric when evaluating the fit of a 

nonlinear regression model to highly variable data. An attempt was made to use a suite 

of performance metrics (AIC and BIC as well as r2). Despite a comprehensive range of 

fitting metrics, the relatively similar (but good) quantitative performance as shown in 

the tables in Appendix 1 meant that visual analysis of the fits provided the best 

evaluation of performance. 

6 CONCLUSIONS 

The aim of this study was to investigate the relationship of stimulation artefact and 

early RMS responses relationship to each other and to distance and tissue type in the 

context of CCEPs. This was prompted by earlier research by Shimada et al. [121] which 

showed that a portion of CCEP responses was due to volume conduction. It was shown 

that stimulation artefact obeyed a strongly distance dependent relationship, best 

modelled by a power-series trend. Furthermore, stimulation artefact was far higher in 

monophasic waveforms. There was no difference in artefact amplitude in any particular 

tissue type. RMS values of early cortical responses displayed a similar trend, however, 

was far less dependent on distance than SAA. This was assumed to be because early 

cortical responses were physiologically transducted, with a small component close 
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(<20mm) to the stimulation site associated with volume conducted potentials. A 

correlation was identified between SAA and early cortical response amplitude, both of 

which were corrected by the inverse square of the distance from the stimulation site, 

described in equation 6 [58, 75, 121]. This revealed a linear relationship, indicating that 

a volume conducted component exists in the data. It was also shown that biphasic 

stimulation pulses induced higher early cortical responses, for the amplitude of 

stimulation artefact when compared to monophasic waveforms. It was concluded that 

stimulation artefact could provide valuable additional information to estimate the 

volume conducted component, which might then be able to scale CCEP connectivity 

estimates. An interesting future research path would be to explore if the ratio of RMS 

response amplitudes to stimulation artefact amplitudes in epileptogenic areas are 

disproportionately higher than those in healthy tissue. 

7 SUMMARY 

In this chapter, the body of work that exists to show the extent of cellular activation 

induced by intracranial electrical stimulation was described. Most of this work has been 

based on microelectrodes [58, 59, 72, 75-77], DBS [140-143] and ECoG [68, 121]. 

However, the information about current spread was highly translatable to SEEG. 

However, due to the complexity of creating such a model, it was not undertaken. 

Instead, an empirical approach was adopted.  

Based on work by Shimada et al. [121] on VCPs in CCEPs, an investigation into the 

relationship between SAA and early CCEP responses (which are related to structural 

connectivity) was undertaken. This regressed both features by distance and stimulation 

parameters.  The results showed a correlation between SAA and early CCEP responses.  

7.1 Future work 

It is believed that with further research, a method of scaling connectivity estimates 

based on SAA would provide a more accurate estimate of CCEP connectivity. In future, 

it would also be worthwhile to explore if the ratio of RMS response amplitudes to 

stimulation artefact amplitudes in epileptogenic areas are disproportionately higher 

than those in healthy tissue. 
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Chapter 4: Exploring signal 
processing methods to define 

CCEP connectivity 
1 PREMISE AND ABSTRACT 

There are three fundamental steps to defining connectivity in CCEPs: (1) The 

application of a safe and efficacious electrical stimulation protocol, (2) Identifying the 

area activated by stimulation and (3) Correctly grading evoked responses at all sites 

across the brain. In this chapter, methods are explored to improve knowledge of the 

third point; arguably the most important of the three.  

Since SEEG-CCEPs are a relatively young field, little research has been undertaken to 

apply sophisticated signal processing methods to response quantification. While 

undertaking this thesis, the majority of time was spent trying to find and/or develop 

methods which would best quantify ERPs from the background data. When reviewing 

the literature, it was found that there had been only been several SEEG-CCEPs studies 

performed [35, 37, 39, 41, 43, 53, 55, 92, 93, 109, 114, 115, 130] (compared to many 

more in ECoG). SEEG data and ERPs are also far more varied than ECoG, it has proven 

difficult to adapt post-processing methods in ECoG to SEEG-CCEPs [39]. Because of 

this, most SEEG studies have employed RMS to capture CCEP responses. With only a 

handful of techniques being employed to quantify ERPs, this important piece of the 

process was overlooked. Subsequently, a range of novel measures from other fields was 

employed to quantify ERPs.  

Due to the highly variable signals between brain regions [202] and make up of tissue 

surrounding electrodes [56], methods of baseline correction are equally important as 

metrics to define features of a strong ERP. Upon review of the literature, several 

methods to apply baseline SEEG data to correct ERPs by segments of adjacent, 

preceding data [39, 43, 92, 93] were found. Other methods focused on using the time 

in between pulse trains to correct ERP magnitudes [130], whilst others still used 

randomly selected segments (particularly in time-frequency studies) to adjust 

connectivity [50, 162, 249]. A method was developed during this study to obtain local 

scaling from adjacent preceding data, which also accounted for global scaling by 
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comparing the connectivity estimates to a distribution of connectivity estimates from 

randomly selected data segments. The outcome provided not only results that were 

comparable between stimulation sites but also included a statistical level of 

significance. While the method described was developed independently, a recent work 

by Crowther et al. [158] is very similar in the methodology employed, as will be 

described in this chapter.  

There are many steps of data processing before ERPs are quantified and baseline 

correction is applied. Detailed work, in several areas, was undertaken to mitigate 

artefacts that may be introduced from filtering data, as well as introducing novel 

visualisation methods. They have been listed in the chronological order that are 

regularly employed in CCEP connectivity estimations, described in Figure 4.1: 

 

Figure 4.1: Overview of post processing methods in chronological order. Exclusion of 

several types of artefact can be performed at multiple points in the process. 

Quantifying ERP dissimilarity is undertaken simultaneously in this study using a 

method that was developed and described in sections 6 and 8. 

Now that an overview exists for the processing pipeline, a short explanation for each of 

the steps needs to be described. During this chapter, the properties of each of the key 

steps in Figure 4.1 are described along with iterate changes made to each area. These 

will be described for each of these steps in separate sections, in the order listed in Figure 
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4.1, except for the baseline correction step, which will be described before the 

quantification measures. During this thesis, a method was also developed which 

compared the sensitivity of each metric to a range of synthetic ERP patterns, created 

based on the authors experience. The baseline correction method, developed to provide 

a sensitivity score of all metrics to these, was used. This chapter is concluded by 

describing network measures by other studies and the visualisation methods developed 

during this study. 

2 CHOICE OF SIGNAL REFERENCING MONTAGE 

Signal referencing is the process by which information from electrode contacts is 

subtracted to capture the most important information. There is contention about 

appropriate signal referencing in all intracranial recordings [144], with debate focusing 

on balancing mitigation of artefacts with a stable background. As yet, there has been 

no investigation into referencing effects in SEEG during CCEPs, however, extracranial 

references at the scalp vertex and mastoid are commonly used. In the setup used, 

extracranial subdermal references were employed, located at CZ and PZ locations. A 

short description of each of the commonly employed referencing methods will now be 

described, organised from least spatially selective, to those that give the most focal LFP 

information. 

Monopolar montages 

Referential (monopolar) methods have been shown to favour low spatial frequency 

signals [150]. Referential montages have also been shown to be more reliable than 

bipolar, common average, or source deviation recordings when using coherence as a 

measure [250, 251], and have been employed to infer functional connectivity [251]. 

Currently, the majority of CCEP recordings use monopolar referencing, with the choice 

of reference rarely being stated in study parameters. However, monopolar results are 

sometimes difficult to reconcile with clinical data which is usually viewed and 

interpreted in bipolar format [145]. 

Common average montages 

The Common Average Reference (CAR) method averages the data from all active 

electrodes (except for the under analysis) and subtracts it from the electrode, to give a 

spatially mean subtracted signal. This is done for each electrode channel. CAR 
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montages are commonly used in extracranial recordings and occasionally in intracranial 

recordings [147]. However, there are major problems when employing CAR in SEEG, 

mostly because each anatomical site has dramatically different amplitude and signal 

properties [202], particularly in epileptic regions. Furthermore, CAR montages have 

independent polarity per channel making the analysis of the polarised neural activity, 

such as spikes, challenging. 

White matter (WM) montages 

WM electrodes are also commonly used to signal reference; however, this is not a 

common practice in SEEG, especially in clinical research. A recent study by Mercier 

et al. [252] showed that WM electrodes are highly inert, but in some cases can be 

influenced by far field potentials. The study concludes that the stability (lack of 

correlated activity) depends on the distance of the white matter electrode from GM 

cortical areas, which are the primary signal generators [252]. 

Bipolar montages  

The use of bipolar montages cancels the contribution of remote sources [144]. This has 

the effect of selecting higher spatial frequencies [150]. Because of this, if using higher 

frequency signals as connectivity metrics, bipolar montages are preferable. Bipolar 

montages are commonly used for SEEG interpretation, which includes localisation and 

delineation of epileptic networks [145]. During this thesis, all clinical interpretation of 

SEEG was performed in a bipolar montage. It has also been shown that bipolar 

referencing is an excellent method to show localised, higher frequency pathological 

activity [253]. This is also particularly important since high frequency activity at 

seizure onset has been shown to be indicative of EZ regions [254-257].  

Laplacian montages 

Laplacian montages are similar to a bipolar configuration, in this format, data channels 

either side of the electrode contact are averaged, then subtracted [147]. In SEEG, this 

has the effect of giving a middle ground between the rejection of far field potentials, 

while retaining higher frequencies of interest such as broadband gamma activity (signal 

amplitude at >60Hz) [147]. As yet this referencing arrangement has not been commonly 

adopted by the SEEG community, potentially because of the ambiguous polarity of re-

referenced data.  
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Several studies have concluded that there is no optimal referencing type for intracranial 

recordings [147, 252]. As such it was decided to use a mix of techniques, dependent on 

what information is being correlated. In chapter 5, monopolar referencing was 

performed to show the connectivity of the human insula, since this is consistent with 

other SEEG-CCEPs mapping studies [39, 43, 92, 93]. Conversely, bipolar montages 

were used in chapter 6 to evaluate connectivity in epileptic networks. This was because 

epileptogenic regions were identified by clinicians, viewed using bipolar data, therefore 

it was attempted to keep the same information in the methods used in this study. 

Signal re-referencing is effective for removing many types of noise and artefact. Other 

components within neurological signals, however, require further attenuation through 

signal processing methods such as digital filtering.  

3 FILTERING IN THE PRESENCE OF STIMULATION ARTEFACT 

Time series filtering is a commonly employed post-processing step in all CCEP 

research and most clinical electrophysiological research in general. This step is 

employed to reduce electrical interference, target physiological frequencies of interest, 

and in the case of extracranial EEG, reduce muscle artefactual signals [21, 152, 258]. 

Hardware filtering is also employed during SEEG acquisition. Filtering focuses on the 

reduction of powerline (PL) interference, DC signal drift (very low frequencies ~0-

0.1Hz) and anti-aliasing (high frequencies introduced by digital sampling).  

Digital filters are a common technique in electrophysiological signal analysis [151, 

259]. There are four commonly used overarching designs of filters: low-pass, high-

pass, band-stop (notch) and band-pass types. In the course of this thesis, all of these 

filters were used. High-pass was applied for drift attenuation, low pass for anti-aliasing 

and band-stop for PL interference rejection were most commonly used. There were 

many factors to consider about which filter was the best to use, especially considering 

the short segment lengths used with impulsive stimulation artefact being present in the 

data. An excellent description of the key practical features of a filter is shown in Figure 

4.2 below:  
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Figure 4.2: Illustration of important parameters present in a commonly used low-pass 

filter, directly from Widmann et al. [151]. Time domain (impulse and step; panels A 

and B) and frequency domain (magnitude and phase; panels C–E) responses of an 

example filter (18 order linear-phase low-pass FIR filter). The impulse and step 

response reflect the filter output of a step signal (black dashed lines in panels A and 

B). In C, cut off frequency (1) in the centre of the transition band (2) separates 

passband (3) and stopband (4). The deviation from designed passband (magnitude of 

one) and stopband magnitude of zero) is described by passband ripple (5) and 

stopband attenuation (6). Note that the transition bandwidth is defined by passband 

and stopband ripple. The filter delays (7) the output relative to the input. 

All the factors in Figure 4.2 were essential to understand for appropriate usage. The 

impulse response was particularly important since stimulation artefact ringing is not 

widely discussed in CCEP applications. Linear phase in the frequency domain (Figure 

4.2 E) was also preferred since this would provide as little time distortion as possible 

[153]. 

During the review of CCEPs literature, a list of studies was compiled and with notes on 

their filtering band settings, their aims and their acquisition settings. This is shown 

below in Table 4.1. An attempt was made to use filter cut-offs similar to other studies 

and chose a high-pass cut-off of 1Hz, in line with other CCEPs studies, just above the 
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frequency at which signal distortion during ERP analysis can occur [153]. A low pass 

cut-off of 300Hz; the low pass (antialiasing) was largely based on the sampling 

frequency of 1000Hz for the data [260]. In the cases where monopolar referencing was 

used, 50Hz PL filtering was also performed.  

In this thesis, Finite Impulse Response (FIR) was chosen to be employed FIR filters as 

they have the advantages of being always stable, a linear group delay and introduces 

minimum distortion [152, 153]. FIR filters require comparatively more computational 

power compared to IIR filters [151]. However, IIR filters can also calculate a spurious 

output, and should be used with caution at very low transition band frequencies [153]. 

The fact that filtering was performed off-line, and with particularly fast and powerful 

computers was also part of the reason why FIR filters were chosen over IIR filters [151]. 

3.1 Adaptation of filtering methods in the presence of stimulation artefact 

Early in the study, it was noticed that sites which had a high degree of stimulation 

artefact present, caused filter ringing. Filter ringing is a colloquialism in which the 

impulse response (Figure 4.2A) of the filter creates an artefact in response to a sharp 

transition [152, 154]. This was occurring in response to the extremely sharp high 

amplitude signal of stimulation artefact. This was an extremely important problem to 

solve, especially in the case of FIR filters (which are desirable), as the ringing also 

occurred before the stimulus, during baseline segments. Two different approaches were 

undertaken to solve this issue. The first approach was to adapt filtering techniques from 

ECG (which also has high amplitude impulse artefacts in the R wave). The second 

approach developed was to replace data containing the impulsive stimulation artefact 

by interpolation using a spline, thereby removing the impulsive component [130].  
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Purpose of Study Modality 
Sampling 

Frequency 
(Hz) 

Filtering (Hz) Metric used/ ERP 
Time Window (s) Publication 

General purpose CCEP analysis SEEG 1000 1-300 & 50 (notch) Many Prime et al. (2019) (unpublished) 
Connectivity of human Insula SEEG 1000 1-300 & 50 (notch) RMS/0.4s Dionisio et al. [111] 

Developing CCEP methodology ECoG 4800 0.1/70-170 Freq-bands power/0.1s Crowther et al. [158] 
Mapping EZ connectivity ECoG 2048 0 – 538 (assumed) Peak Amplitude/0.1s Van Blooijs (2018) [42] 

Mapping human operculum SEEG 4096 - RMS/0.1s Maliia et al. (2018)[115] 
Localize EZ SEEG 2000 0.5-300 RMS/0.3s Zhang et al. (2018) [43] 

CCEP connectivity correlated with 
SISCOM SEEG 1000 1-300  & 60 (notch) RMS/0.4s Tousseyn et al. (2017) [110] 

Effective connectivity database SEEG 512/1024 1.0-45 Many Trebaul et al. (2018) [109] 
Volume conducted potential analysis ECoG 2000 0.016-600 PCA & regression/0.3s Shimada et al. (2017)  [121] 
CCEP induced frequency responses SEEG 4096 30-100, 100-250, 250-1000 Freq-bands power/0.5s Maliia et al. (2017) [114] 

Correlate HFO and DR’s SEEG 4096 Disabled (assumed) 100-
250Hz HFO 

RMS/0.1-1s and 
Wavelet/0.5s Donos et al (2016)[53] 

Explore TF maps of ER’s ECoG 2048 0-538 (hardware) Wavelet (HHT)/0.1s Mouthaan et al. (2016) [50] 
Compare Response magnitude with 

stimuli SEEG 4096 Disabled StDev/0.1s Donos et al (2016)[37] 

Seizure Spread Pattern SEEG 1000 1-300  & 60 (notch) RMS/0.4s Lega et al. (2015)[93] 
Limbic Network Connectivity SEEG 1000 1-300 RMS/0.4s Enatsu et al (2015)[39] 

Case Study SEEG - - Latency/0.5s Lacuey et al.(2015)[125] 
Connectome ECoG - - N1 and N2/1s Entz et al. (2014)[112] 

Network Parameters ECoG 2000 0.1-1000  & 60 (notch) N1 and N2/1s Keller et al. (2014)[116] 
Localizing EZ SEEG 1000 0.016- 300 Custom/0.5s Boido et al. (2014)[41] 

Insula Connectivity SEEG 1024 - N1 latency/0.5s Almashaikhi (2014)[118] 
Imaging CCEP comparison SEEG/ECoG 1000 - RMS/0.4s Jones et al. (2014)[120] 
Localizing EZ through DR’s ECoG 500 0.3-70 Visual/1.5s Kokkinos et al. (2013)[96] 
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Investigate Limbic Network SEEG 1000 1-300 RMS/0.5s Kubota et al. (2013)[55] 
Localize EZ ECoG 1000/2000 1-300/1-800 RMS/0.4s Enatsu et al. (2012)[52] 

Single Unit SPES SEEG/ECoG 200 
(assumed) 0.5-50 Spikes/4s Alarcon et al. (2012)[97] 

Localizing EZ through HFO ECoG 2048 0 – 538 Wavelet/2s Van’t Klooster et al. (2011)[162] 
Hippocampal Connectivity SEEG 512 0.53-250 & 60 (notch) Latency/- Catenoix et al (2011)[123] 

Language Network Connectivity ECoG 1000 1-300 N1 amplitude/0.04s Conner et al (2011)[124] 
Correlate BOLD and CCEP ECoG - 0-30 N2 amplitude/- Keller et al. (2011)[94] 

Localize EZ ECoG 5000 0-95 & 50 (notch) Phase Info/0.1s Freestone et al. (2011)[95] 
EZ Localization ECoG 2000 1-800 N1 amplitude/- Iwasaki et al. (2010)[159] 

Localizing EZ through DR’s SEEG/ECoG 200 
(assumed) 0.3-70 (assumed) Visual/- Flanagan et al. (2009)[160] 

Localizing EZ through DR’s SEEG/ECoG 200 
(assumed) 0.3-70 (assumed) Visual/- Valentin et al. (2008)[98] 

Motor Network Connectivity ECoG 2500 1-1000 N1 and N2/0.4s Matsumoto et al. (2007)[122] 
Language Network Connectivity ECoG 2000/2500 1-800/1-1000 N1 and N2/0.4s Matsumoto et al. (2004)[36] 

Heschl’s gyrus Connectivity ECoG 1000/2000 2-500 Visual/0.1s Brugge et al. (2003)[101] 
Localizing EZ through DR’s SEEG/ECoG 200 0.3-70 Visual/- Valentin et al. (2002) [100] 

Clinical Sensations SEEG - - Visual/- Ostrowsky et al. (2002)[161] 
Localizing EZ SEEG - - Visual/- Munari et al. (1993) [113] 

Table 4.1: Key post processing considerations for the majority of CCEP studies to date, organised in descending chronological order. Studies 

undertaken during this candidature are shown in green. Filtering, sampling and connectivity metrics used in each study are given (if stated in 

study). Fields containing a hyphen (–) indicates that the information was not given in the study. Filtering (Hz) indicates the cut-off frequencies of 

filters used in the study, where given. All filters are assumed to be post processing filters not acquisition frequencies (except perhaps Boido et al. 

[41]). If notch filters are mentioned, they are stated with the centre removal frequency stated. The slash (/) denotes studies which have some 

participants sampled at different frequencies (therefore different filter cut-offs). 
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3.2 Adapting ECG filtering techniques 

The subtraction method is often employed in ECG to remove PL interference with 

excellent results [154]. ECG signals are usually contaminated by PL noise, owing to 

the distributed locations of the electrodes. To remove this contamination, digital filters 

are often employed; however many of the techniques employed suffer from ringing due 

to the impulsive nature of the R-wave signal [154]. A part of the subtraction method 

involves filtering a non-linearity criterion applied around the time of R waves, with a 

different method of filtering applied to these segments. Definitions of these times are 

shown in Figure 4.3A. These definitions are analogous to the problem during CCEP 

stimulation, at channels which display high levels of stimulation artefact (as outlined 

in chapter 3).  

 

Figure 4.3: Linear and non-linear segments defined in ECG analysis. Figure appears 

in Levkov et al. [154]. Pane A on the left shows channel a is the correct physiological 

ECG. Channel b is an ECG trace with PL interference present. B shows the frequency 

spectra, with ECG in the lower frequencies, and PL interference (fPL) being quite far 

away from ECG components in linear segments. C displays the block diagram of the 

procedure of real-time subtraction filtering in ECG. 
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The basic principle of the subtraction method for PL reduction is to reliably estimate 

the 50Hz PL interference (signal corresponding to fPL in Figure 4.3B) and remove it 

[154]. The first attempt was to use digital filters (both FIR and IIR) to estimate the 50Hz 

component, but the problem of ringing still occurred slightly in estimating the fPL 

component in the data.  

3.3 Novel powerline subtraction method developed during this PhD based on the 

continuous wavelet transform and linear prediction coefficients 

In order to estimate the 50Hz component reliably, a continuous wavelet transform 

(CWT) was used, to constrain the number of samples which would be artefactual. A 

CWT, using the complex Morlet wavelet (cmor1.5) in Matlab 2018a’s wavelet toolbox 

was used, with logarithmically spaced scales [261] (to capture frequency information 

evenly and efficiently). An inverse CWT (iCWT) of only scales between 48-52Hz was 

then performed, to accurately represent the time series. Each time point was then 

labelled as being linear or non-linear, in a similar fashion to Levkov et al. [154]. Time 

points 40ms either side of each stimulation pulse were labelled “non-linear”, all other 

time instances were linear (even in the cases of epileptiform spikes). A method to 

interpolate the 48-52Hz signal (Australian power frequency range) over the course of 

the non-linear segments was then created, using an Autoregressive (AR) model to 

produce the linear prediction values [262]. Once the interpolation had been completed 

for each of the stimulation pulses (non-linear segments), the signal was then subtracted 

from the raw SEEG data. This process was highly similar to the block diagram shown 

by Levkov et al. [154] in Figure 4.3C. The resultant process for this compared to FIR 

and IIR filtering are shown in Figure 4.4:  
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Figure 4.4: Comparison of FIR, IIR and wavelet subtraction filtering applied to a 

strong ERP with stimulation artefact. Note the ringing in the FIR and IIR data traces, 

whereas the wavelet filtered method does not produce any.  

However, despite the better performance of the filtering technique (especially for early 

ERP components), there was a significant computational cost to performing this type 

of filtering. The wavelet subtraction method took roughly 2 hours per 2-hour SEEG 

file, whereas FIR and IIR filters commonly took only 10% of the time to filter the same 

file. Because of this, during this study, alternative methods to filter artefacts were still 

researched. 

3.4 Interpolating stimulation artefact, combined with digital filtering 

While stimulation artefact is a highly impulsive, high amplitude signal, it is brief, and 

the times at which it is present are well defined in this case. An excellent and rigorous 

study describing CCEPs and SPES techniques by David et al. [130] briefly mentioned 

that a cubic spline was used with success to interpolate stimulation artefact. This study 

interpolated between 2ms prior (-2ms) to stimulation and 8ms after stimulation with a 

cubic spline. This work was by the same group who later contributed significantly to 

stimulation artefact reduction methods, by modelling artefact as resistive-capacitive 

circuit elements to better capture early components of CCEP-ERPs [155]. Furthermore, 

this method could be applied to better visualise time-frequency data, which requires the 

mitigation of stimulation artefact. This is especially true in the visualisation of CCEP 

data [50]. 
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Based on the method by David et al.[130], a process to interpolate from -5ms up until 

10ms using a cubic spline method was developed. This was done on the raw data before 

any digital filtering was performed to mitigate filter ringing. Subsequent high-pass, PL 

and antialiasing digital filters were applied to our data. This was a comparatively quick 

method compared to the PL subtraction method which we adapted from [154] using a 

CWT and autoregressive methods. The cubic spline interpolation and three step digital 

filtering took roughly 10 minutes in total for typical a 2-hour file, a significant 

improvement from the 2 hours per 2-hour file using the previous method. There was an 

only minimal ringing artefact in any of the trials which we performed, which could only 

be validated visually since real CCEP data was used. An example is shown in Figure 

4.5. 

 

Figure 4.5: Cubic spline interpolation on an ERP with significant stimulation artefact. 

In most cases, there was no filter ringing after interpolating stimulation artefact. 

3.5 Filtering pre-processing summary and contribution 

In critiquing and designing optimal methods to filter in the presence of stimulation 

artefact, two unique approaches were adapted. The subtraction method attenuated PL 

interference dramatically, and introduced no ringing, but took a comparatively long 

time to perform. A method originally created by David et al. [130], utilising a cubic 

spline interpolant during artefactual segments, then filtering the data with digital FIR 

filters represented the best balance of performance and efficiency for pre-processing 

the CCEP data.  
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4 REMOVING AND MITIGATING ARTEFACTUAL SEGMENTS 

Artefacts due to signal interference or epileptic activity can have a dramatic effect on 

EEG trends, and as such need to be mitigated or removed [156]. Consistent with 

standard practice in SEEG, channels containing broken or damaged electrode contacts 

were removed, as well as channels outside of the brain. Epileptic activity including high 

amplitude spikes may need to be omitted if epileptic activity is not desired in a study 

[21]. As far as is known, Lega et al. [93] is the only author who has mentioned a process 

to mitigate interictal epileptiform activity in CCEP connectivity analysis. Kurtosis has 

been used to automatically detect and exclude data segments containing impulsive 

signals [156]. Kurtosis captures the impulsiveness (tailedness of a distribution) of a 

segment of data: 

 𝐾(𝑥) =
𝐸(𝑥 −  𝜇)4

𝜎4
  (6) 

Where E is the expectation operator, x is the sample, 𝜇 is the mean and  𝜎 is the standard 

deviation. Kurtosis seems to be the only repeatedly used metric for the exclusion of 

epileptiform discharges in CCEP literature [93, 108]. This technique works by detecting 

excluding segments of SEEG data with large spikes. The data used in kurtosis 

calculation should not include stimulation artefact, which may cause the data to be 

incorrectly excluded. Data after 8ms from each stimulation pulse was analysed with 

kurtosis [130]. Excluding events above a threshold of 8 (non-normalised form) has been 

used [93]. While the exclusion of epileptic artefacts (and trials containing them) is 

commonly employed [93], it can reduce the range of data available for analysis. 

Kurtosis also has a weakness in that it is only sensitive to spikes or high amplitude 

signals [263]. 

An alternative way to mitigate the effect of impulsive EEG segments is to use baseline 

segments which account for sporadic epileptic activity outside of stimulation times. A 

statistical method was developed like that developed by Crowther et al. [158], described 

previously in Figure 4.6. The reasoning was that this would dilute the effects of 

interictal activity during CCEP responses by incorporating them into the control 

distribution.  

In devising methods to mitigate the interictal activity, other areas were also identified 

which could improve their exclusion. One such is the length of CCEP baseline-response 
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windows used in a study. Logically it follows that shorter windows will yield fewer 

chances of containing an epileptiform discharge, however, this is difficult since it is 

unknown exactly long response segments must be to capture discernible changes. 

Literature does exist on the times of early responses (first 100ms), delayed responses 

(after 100ms and before 1s) [100], the N1 response (10-50ms) and the N2 response (50-

500ms) [112, 264-266]. These well studied features give an idea of reasonable post-

stimulus intervals to be used, however all of these patterns have been described using 

ECoG, but are relatable to SEEG. Another underexplored method to mitigate 

epileptiform discharge response contamination is to use connectivity metrics which are 

less sensitive to interictal or spiking patterns. Unfortunately, thus far few different 

metrics have been studied in CCEP connectivity analysis. 

5 CONSIDERING THE PROBLEM OF CCEP CONNECTIVITY 

As described, there are three key types of connectivity when assessing the interaction 

between brain regions. CCEPs represents a form of evoked effective connectivity, as 

described eloquently by Keller et al. [44]. In CCEPs, the magnitude of this connectivity 

is assessed by measuring the amplitude and latencies present in ERPs [30, 41, 44]. In 

essence, what all CCEP studies are hoping to detect in an ERP is an unusually large 

change. Properties of this induced change are then used to infer properties about the 

network; amplitude may represent the number of fibres that are activated around the 

electrode that lead directly, or indirectly to the measurement site [36, 118, 125]. The 

latency can represent the conduction velocity, hence the size or thickness of the fibres 

which are activated during stimulation [125, 267]. All of these properties give an 

exciting insight into the inter-regional network make up of a specific patient’s brain. 

Unfortunately, at present, methods to define what constitutes an important change, in 

intracranial ERPs have not been not particularly well explored, especially in SEEG. 

The bulk of the philosophy during this study was spent trying to define a metric and 

methods to detect both subtle and large changes of ERPs in a relatable way. Effectively, 

a search has been conducted for a method to quantify the “dissimilarity” of each ERP, 

compared to resting SEEG patterns. Several properties of an ideal method were devised, 

as a criterion to review ideas about how to create such a novel method: 

1. The method must give a result that considers the range of variation in the 

sampled site. 
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2. The method must give a result which is comparable between stimulation 

locations. 

3. The method must utilise a similar scale between channels so that results for a 

single stimulation site are comparable.  

4. The method would ideally utilise a metric which is capable of detecting a range 

of signal changes, and if possible, linearly grade their intensity. 

5. The metric must be tolerant of interictal epileptiform discharges.  

As outlined in Figure 4.1, quantifying ERP changes and baseline consideration and 

correction are highly intertwined. A large amount of study was undertaken into both 

the baseline selection and correction step, as well as a thorough literature review for 

novel metrics to compare against those currently used.  

In the course of this research, a paper was created, which illustrated a novel method of 

baseline correction, to compare the performance of metrics in detecting ERP changes. 

In the following three sections the framework of this research paper will be outlined. 

Section 6 outlines the trialled methods of baseline correction in other studies and briefly 

introduces the method that was created to perform baseline correction. Section 7 

contains a description and overview of each of the metrics which were employed to 

quantify evoked responses. This section is quite extensive, describing in detail the 

operation of each of the metrics tested. Section 7 also contains a description of metrics 

and methods that were trialled for response quantification, but preliminary testing found 

them unsuitable. Section 8 describes how the methods to compare the performance of 

each of the metrics were created. This describes in detail the process of dissimilarity 

calculation between each respective baseline and ERP segment (Figure 4.13) and 

baseline correction, to give a statistically comparable result (Figure 4.16).  

6 BASELINE SELECTION AND CORRECTION 

No clear choice of baseline segment or method of scaling ERP values is agreed upon 

in the CCEP literature. In the course of this review of CCEP and ERP literature, three 

main approaches to baseline correction stood out:  

 

Name Mode of action Times which baseline data is sourced from 

Approach 1 Local bootstrapping Time immediately prior to stimulation 
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Approach 2 Interpulse baseline Time between the end of the last pulse train and the 
start of the current train 

Approach 3 Randomly selected segments Randomly selected windows of equal length, drawn 
from outside the times of stimulation. 

Table 4.2: Overview of different types of baseline sampling 

Most ERP studies employ approach 1 for baseline correction, where data immediately 

prior to the ERP is used [268]. In line with the ERP literature, the majority of CCEP 

studies, especially those from America, use a baseline just before stimulation to scale 

the ERP [39, 92, 93, 111]. Bootstrapping techniques often use this method as well, with 

time-frequency analysis of CCEP ERPs by wavelets and Hilbert-Huang transform 

using the average values in respective scales from the samples immediately prior to 

stimulation to produce a decibel (dB) scale [50, 51]. The advantage of approach 1 is 

that it offers the most direct comparison between activities (i.e. the same brain state and 

experimental conditions). There is one major disadvantage in the context of CCEPs 

though: Contamination of the baseline with late components of CCEP response. No 

studies have been performed to find out exactly how long it takes for the brain to 

recover from CCEP stimulation. This is of greater concern in studies with higher 

stimulus frequencies (1Hz or 2Hz) and studies with higher stimulus intensities. 

Approach 2 is more unique to CCEP and electrical stimulation analysis. Studies by 

David and Trebaul et al. [109, 130] have developed and employed a method of creating 

a Z-score related CCEP, using the baseline between stimulation pulse trains. In doing 

this, a way to look at the latency of CCEP components and peak amplitudes in a 

statistical sense is possible. Using a baseline that is between pulses, there is minimal 

chance of attributes of CCEP responses present in the baseline. However, this comes at 

the cost of comparability between ERPs and baseline data conditions (since many 

seconds can elapse), especially in the later stimulation pulses of a pulse train. 

Approach 3 uses randomly selected times, usually from before any intervention has 

taken place. A recently developed method by Crowther et al [158] used a process very 

similar to the one independently developed in this study. Crowther et al used randomly 

selected segments outside of the time of stimulation to create a control distribution of 

connectivity values (in their case, gamma frequency band power) [158]. The quantified 

value (of whichever metric is used) of the ERP is then compared to the control 

distribution of values to give a statistically derived “outlierness” measure for each ERP. 

The process of baseline correction used by Crowther et al. [158] is shown in Figure 4.6: 
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Figure 4.6: Demonstration of how to use baseline selection from randomly chosen 

data segments to infer changes induced by stimulation. Figure sourced from Crowther 

et al. [158]. This method offers a way to statistically measure each ERP, making them 

easily comparable. 

The major advantage of comparing all ERPs to a common distribution means that the 

effect sizes and Z-scores of each ERP (or groups of ERPs) are directly comparable. 

This is a major advantage in CCEPs since each pulse train’s effects can be quantified. 

However, there are several disadvantages, similar to approach 2, the time between 

baseline sections and ERPs make comparability difficult. This is particularly 

troublesome in CCEP analysis since each pulse train of stimulation can potentially 

irritate the cortex [269], and over time fatigue the cortical areas; especially close to 

stimulated areas [91]. 

In this work, a process was decided upon, that considered factors from approach 1 and 

approach 3. Simply put, the approach computed the dissimilarity between adjacent 

segments, both for ERPs and randomly selected time windows prior to any CCEP 

stimulation. In this way, the “outlierness” of dissimilarities between adjacent segments 

could be computed, which preserved the comparability of segments (approach 1) while 

making all pulse trains comparable to one-another (approach 3). The fine details of this 

process are described in Section 8 when comparing promising connectivity metrics.  
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7 OVERVIEW OF METRICS CURRENTLY EMPLOYED IN CCEP 

ANALYSIS AND NOVEL METRICS THAT WERE APPLIED 

7.1 Common metrics employed in SEEG-CCEPs analysis 

During the course of the literature review, all available CCEP studies were catalogued 

and their sampling and recording modalities and connectivity metrics used were 

compiled (Table 4.1). It was found that the metrics used most often were related to the 

N1 and N2 responses, but these were restricted to ECoG studies in all but one SEEG 

study (Almashaikhi et al. [118]) [36, 94, 112, 116, 118, 122, 124, 159]. The next most 

common was the use of RMS, which was also almost solely relegated to SEEG studies 

[39, 43, 52, 53, 55, 93, 110, 115]. Visual analysis was employed in seven studies; 

however, this was solely used in ECoG; and specifically in older studies, in the 

exploratory stages of CCEPs research [96, 98, 100, 101, 113, 160, 161].  The remainder 

of metrics used in connectivity have for the majority utilised time-frequency techniques 

such as wavelets [50, 53, 162]. A method, created by David et al. has also been used to 

generate a way to use statistically significant ERPs [109, 155], which then worked on 

latency and other properties of significant peaks in the derived ERP components (also 

used by Keller and Entz et al. [112, 116]). Several single studies have employed a range 

of custom metrics. These included: the power in specific frequency bands of ERPs 

[114], phase transfer information [95], the standard deviation of the early response (ER) 

[37], and a study utilising a custom metric based on inter-trial ERP variability [41].  

With this distribution of metrics in mind, a description, on how each of these types of 

metrics will be employed in the course of this research, will be presented. Most of these 

methods, particularly N1-N2, RMS and time-frequency methods were trialled. During 

the course of this thesis, dissimilarity metrics and methods from other disciplines as 

well were also explored. Most notably among these methods were statistical distance 

metrics, and time series similarity metrics (both from computer science and machine 

learning). Each of these metrics will now be described, culminating in a description of 

how a selection of the most promising ones was tested and evaluated. 

7.2 Metrics used in ECoG which were adapted to SEEG 

From the wealth of studies that have been performed in ECoG CCEP and SPES, two 

well-sampled methods to quantify connectivity stand out: The N1 and N2 responses. 
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Defined in a landmark study by Matsumoto et al. [36], the N1 and N2 features have 

been linked to structural [124] and functional connectivity [94], respectively. The N1 

and N2 response are defined as the first and second large negative deflections 

respectively. This is shown below:   

 

Figure 4.7: N1 and N2 feature definitions, as shown in Matsumoto et al. [36]. The 

peak amplitudes represent the strength of their amplitudes are an important 

representation of connectivity. The latencies at which these peaks occur is also 

important, especially for the N1 component [36]. 

The N1 and N2 components are thought to represent two different types of connectivity. 

The N1, which has been well correlated with tractography structural connectivity [124] 

is hypothesised to be due to one, or possibly a combination of a few different 

mechanisms. The first hypothesis was that the N1 could be due to mono and 

oligosynaptic pathway activation, which Matsumoto et al. [36] describe that it 

correlates well with invasive surgical axonal conduction over the given distance 

(between anterior and posterior language areas) [270, 271]. Alternatively, the N1 could 

represent local cortical ‘jitter’, of pyramidal cells and tracts close to the electrode 

depolarising in unison and then secondarily activating neurons at the measurement site, 

causing the relatively blunt peak of the N1 [36]. A common theme among the 

hypotheses for the N1’s occurrence suggested that it represented more local, structural 

connections [36, 112, 124, 272, 273].  

The N2 is postulated to be related to functional connectivity [94]. The wide spatial 

distribution, variable latency and blunt peak have led Matsumoto and others to suggest 

that the N2 is related to slower multisynaptic volleys of a cortico-subcortical- cortical 

connection [36, 94]. Matsumoto et al. [36, 54] also suggested that N2 could be a local 

inhibitory response to the N1 signal. This could be produced by the surrounding cortex 
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immediately after the N1 response via either a local cortico-cortical or a cortico-

subcortico-cortical reverberating circuit [54].  

7.3 Initial implementation of a peak-finding method to detect N1 and N2 

responses 

With the well-defined measurement of N1 and N2 responses, it was initially sought to 

create a way to estimate CCEP connectivity using N1 and N2 features. Since the latency 

appeared to be an important measure (especially for the N1), a way to measure the peak 

latencies at all measured sites was created. RMS was also the most widely used measure 

in SEEG-CCEPs, so a way to correlate RMS values with N1 and N2 peak latencies was 

incorporated. All measures used the time-locked averaged CCEP-ERPs for each pulse 

train, then used a peak finding algorithm to look for prominent deflections at during the 

time windows suggested by Matsumoto et al. and other studies in ECoG [36, 44, 94, 

112, 116, 122, 124]. RMS across a 400ms window (between 10ms and 410ms after 

stimulation) was also calculated (no baseline used, only averaged ERP amplitude). 

Some sporadic success at high monophasic stimulation amplitudes was obtained, 

however, on the whole, there were relatively few visually distinguishable N1-N2 

archetypical responses across a wide variety of stimulation and response sites.  

One particularly strong result was observed when stimulating the Left Heschl’s gyrus 

and observing responses in the ipsilateral Temporal Pole (both mesial and lateral). This 

is shown in Figure 4.8. This response was from the 30 averaged ERPs in 6mA 0.1ms 

alternating monophasic stimulation administered. Both the left Heschl’s gyrus and 

temporal pole regions were not identified to be part of the EZ, or early spread locations. 
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Figure 4.8: Figure showing an example of the method developed in this study to 

capture N1 and N2 latencies amplitudes and latencies. A shows a definition of notable 

features of the ERP. B shows the amplitude and timing of these features, using the 

peak-finding method developed. The N1 was shown in red, and the N2 in green. C 

shows the MRI with contact locations of the stimulation site (Heschl’s, in red) and 

measurement contacts in the temporal pole in green. 

While there were some exemplary responses, as shown in Figure 4.8, there was not a 

high degree of consistency to the N1 and particularly N2 response’s occurrence. Of the 

10 patients tested, only a handful of N1-N2 templates were seen. Because of its sporadic 

nature, it was decided not to use this method in any of the connectivity analyses during 

this study. It was also noted that many CCEP studies in SEEG had utilised RMS solely. 

One study in particular from Enatsu et al. [39] on the connectivity of the limbic network 

notes that “variations of the absolute amplitudes of the recorded peaks make it difficult 

to quantify the responses. Therefore, to quantify the strength of responses, we 

calculated the root mean square (RMS) for each response” [39]. 

7.4 Traditional methods used in SEEG-CCEP studies 

RMS has been the primary method utilised in previous CCEP studies using SEEG. It is 

robust to noise, quick to calculate and has been able to define the connectivity of many 
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physiological networks [55, 92, 243]. It has also been used to study connectivity 

correlated with ictal onset pattern [117] and connectivity of the EZ [52, 159]. Equation 

7 shown below, formalises the calculation of RMS: 

 𝑅𝑀𝑆(𝑥) =   √
1

𝑁
∑ 𝑥𝑖

2

𝑁

𝑖=1

     (7)  

While the calculation of RMS is simple and consistent, following the formula in 

Equation 7, the way in which it is used to calculate connectivity differs from study to 

study. Many studies state that RMS is used, with a baseline correction [39, 43, 92, 93]; 

however these methods do not state whether the baseline RMS value is subtracted or 

divided from the ERP RMS. Other studies use the monotonic increase of RMS values 

with stimulus intensity as a marker [35, 53]. Another method of baseline correction 

calculated RMS values for baseline and ERP segments for each pulse train and used a 

t-test (and a t-value) to compute the change induced by stimulation [110]. It was 

decided to employ the most common method, which is used in most of the North 

American CCEP studies by Lega et al. [93] and Enatsu et al. [39, 55, 92]. Change is 

calculated by dividing the RMS of the ERP by the respective RMS of the pre-pulse 

baseline data, shown below (Equation 8): 

 𝐶ℎ𝑎𝑛𝑔𝑒 =
𝑅𝑀𝑆𝐸𝑅𝑃

𝑅𝑀𝑆𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
   (8)  

In this way, values are more proportional between channels, than a subtractive 

approach; as some areas of cortex may be able to generate higher amplitudes than others 

[202].  

Standard deviation (St Dev) has been employed to summarise connectivity in SEEG-

CCEP in one large study by Donos et al. [37].  This measure can be thought of as a 

mean-subtracted calculation of RMS [37]. This metric has effectively been used to 

show correlations between the amplitude of stimulation pulses and the strength of 

cortical response [37]. Equation 9 shows this below:  
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 𝑆𝑡𝐷𝑒𝑣(𝑥) =   √
1

𝑁
∑(𝑥𝑖 −  𝜇)2

𝑁

𝑖=1

      𝑤ℎ𝑒𝑟𝑒  𝜇 =
1

𝑁
∑ 𝑥𝑖

𝑁

𝑖=1

     (9)  

In the research for this work, the same baseline correction method for RMS, described 

in Equation 8 to quantify induced changes, was used.  

7.5 Wavelets and time-frequency transforms 

Time-frequency metrics are relatively novel, and useful tools to visualise and evaluate 

the activity of specific frequency bands in SEEG and ECoG data [50, 51, 53, 249, 253, 

274-280]. Wavelets, in particular, have been deployed extensively in the study of 

HFOs, which have been shown to be strongly indicative of epileptogenic locations [50, 

51, 249, 253, 275, 276, 280]. Wavelet information is represented as scalograms (time-

frequency maps). An excellent practical technical guide was produced by Torrence and  

Compo [261] and walks through the mathematical formalities in a simple, yet rigorous 

way.  

Numerous studies involving CCEP stimulation and the activity of HFOs in response to 

this, “evoked HFOs” have been used to identify the EZ [50, 53, 162]. Most of these use 

wavelets to detect HFOs. A study by Van’t Klooster et al. [162] was seminal to 

establishing which types of HFOs were useful to delineate EZ locations. This found 

that Fast Ripples (FRs) (250-500Hz) had a positive predictive value (PPV) of 37% to 

infer good post-surgical seizure freedom. In contrast to 26% PPV for ripples (80-

250Hz) and a 17% PPV for spikes [162]. Another study by the same group compared 

whether evoked HFOs were similar to spontaneously occurring ones, concluding that 

FRs were again the most associated with post-surgical seizure freedom [249]. However, 

it showed spontaneous FRs (48% PPV) were more predictive of a good outcome than 

evoked FRs (42% PPV), but differences between evoked and spontaneous PPV’s were 

not statistically significant (p=0.63) [249]. In both of these studies [162, 249], a method 

of bootstrapped (baseline corrected) scalograms were created, based on a method 

developed by Delorme and Makeig [259], known as Event-Related Spectral 

Perturbation (ERSP).  
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 𝐸𝑅𝑆𝑃 (%) =
𝐸𝑅𝑃 − 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒𝐴𝑣𝑒𝑟𝑎𝑔𝑒

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒𝐴𝑣𝑒𝑟𝑎𝑔𝑒
∗ 100        (10) 

This method used the averaged (in time) scalogram information from 10 randomly 

selected EEG segments to create a decibel (dB) ERSP scalogram. An example 

scalogram with HFO activity is shown below: 

 

 

Figure 4.9: ERSP scalogram using dB scale of an evoked HFO, adapted from Van’t 

Klooster et al. [162]. A shows the scalogram with thick black horizontal lines 

denoting the borders between spikes (10-80Hz), ripples (80-250Hz) and FRs (250-

500Hz). B shows the filtered time traces, corresponding to large blobs in the 

scalogram. C shows the zoomed HFO’s of interest from each time trace from B. 

HFOs identified by wavelets have also been linked to DRs, in a CCEP study exploring 

the overlap between these biomarkers [53]. This study also employed a Morlet wavelet 

transform, which is commonly used in ECoG and SEEG analyses [162, 249, 276, 281]. 

Donos et al. [53] found that there was a strongly concordant relationship between HFOs 

(100-250Hz) and DRs (found using RMS in the 0.1s-1s window after CCEP pulses). 

Both have been useful in identifying epileptogenic areas in previous studies [98, 100, 

162, 253, 274, 282].  
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7.6 Adaptation of an ERSP wavelet 

In the course of the research, the methods of Van’t Klooster et al. and Delorme and 

Makeig [162, 249, 259] to create an ERSP Morlet wavelet transform, were studied. To 

visualise HFO’s and other frequency related response properties, a GUI was created 

that had the ability to create scalograms of individual ERPs or other data segments. A 

brief description of the methods used, as well as the GUI’s created are shown in Figure 

4.10: 

 

Figure 4.10: Block diagram and supporting screenshots of SEEG visualiser and ERSP 

scalogram visualiser. A and B describe the purpose of the SEEG visualiser to check 

for artefacts and view multiple channel activity. The black lines in B represent 

stimulation pulses C and D show the ERSP scalogram visualiser using a CWT, with a 

scalogram of pulses averaged shown in D with the corresponding time series shown 

below. A cubic spline interpolant was used to reduce stimulation artefact (seen as the 

high frequency attenuation in the scalogram in D). 

In the course of this research, the ERSP scalogram was initially used as a visualisation 

tool; however, sporadic results were found when using it. Due to the 1KHz sampling 
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frequency, FRs (250-500Hz) were not able to be analysed (due to under sampling,only 

frequencies up to 300Hz were able to analysed reliably). This was unfortunate since 

many works have identified that FRs are likely pathological [283] and indicative of the 

EZ [162]. While ripples (80-250Hz) were able to be studied but appeared with relatively 

low incidence. Ripples have been implicated extensively in both physiological and 

pathological functions [275, 283-286]. Because of this overlap, identifying healthy 

normal brain connections or pathological ones would have been difficult, since ripples 

are known to occur in both cases. For these reasons, it was decided not to perform 

detailed analyses using the ERSP wavelet method created, in this study’s patient 

population. 

7.7 Statistical distance metrics 

After intensive study of comparison measures from other fields, a branch of information 

theory metrics known as SDMs, used widely for pattern recognition, was discovered. 

Statistical Distance Metrics (SDMs work by calculating differences between pairs of 

histograms, signatures, or probability density functions [166]. These metrics are most 

commonly employed in computer science, image processing and computer vision. 

Their main use has been to compare the similarity of images and classify images with 

similar content in machine learning [287]. But have been extended to other areas of 

science such as remote sensing [288, 289] and cell biology [290]. In the course of this 

research, SDMs were adapted to the purpose of inferring CCEP connectivity, using the 

dissimilarity between baseline and ERP histograms to infer the effect of stimulation. 

There are two stages to consider when applying SDMs, the first is translating the time 

series into appropriately sampled histograms, and the second is choosing an SDM to 

quantify the differences or similarities of the data accurately.  

7.8 Histogram binning approaches 

Methods to optimally bin both the ERP and baseline data were reviewed to allow 

binning the data into histograms and bin optimally both the ERP and baseline data (to 

have equivalent ranges for both baseline and ERP histograms) [291-293]. It was 

decided to use fixed width binning since there has been a precedent for this using EEG 

data [112]. However, variable width bins were considered (which are defined as 

signatures) [167], but in doing this, it becomes difficult to compare data in different 
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channels. Five of the most appropriate methods from this review of statistical literature 

were selected and trialled. These were visually inspected for performance on synthetic 

data that was created. Table 4.3 contains a brief description of each method and an 

evaluation of how they performed on synthetic Baseline and ERP data. 

Name Description 
Performance Evaluation (from 

Figure 4.11) 

Relative Posterior log 

likelihood maximisation 

(Knuth) 

Uses a Bayesian framework to 

maximise the information in each 

bin [294]. 

Generally resulted in very few 

bins, but did usually capture the 

shape of the data accurately. 

Friedman-Draconis (FD) 

Similar to the Scott method, but 

uses the interquartile range as a 

distribution estimator [295] 

Worked well for data distributed 

about the combined mean (Figure 

4.11 A), but not very well 

otherwise. 

Scott’s 
Classically used for roughly 

normal distributions [296] 

Worked well for data distributed 

about the combined mean (Figure 

4.11 A), but not very well 

otherwise. 

Shimazaki 

Works to minimize the Mean 

Integrated Squared Error (MISE) 

of the histogram [168] 

Excellent fitting, but took an 

exorbitant amount of time to 

calculate (up to 1 minute for 500 

data points). 

Bayesian Bootstrap (BBS) 

 

Works similarly to the Knuth 

Binning method in that it uses a 

Bayesian approach, but attempts 

to minimise the posterior risk of a 

distribution [291]. 

Had mixed results, used either 

too few (Figure 4.11 A & C) or 

too many bins ((Figure 4.11 B & 

D). 

Table 4.3: Description and evaluation of the binning methods. The data driven 

methods such as Shimazaki, BBS and Knuth all worked the best across a range of 

data. See Figure 4.11 for the results of each method’s performance. 
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Figure 4.11: Binning results across a variety of simulated ERP data. The binning was 

performed across the combined data of the simulated baseline and ERPs in the bottom 

right of all subplots. 

The Shimazaki [168] method gave the most accurate bin divisions, as shown in Figure 

4.11. It consistently gave reasonably shaped distributions, in contrast to the other 

binning methods in Figure 4.11, which gave very low bin numbers in some cases. While 

the Shimazaki method was the most reasonably performing metric, it had several 

problems. The main disadvantage of this method was the extensive time taken to 

calculate the optimal bin widths, which was compounded by a large amount of data per 

patient. The second problem was that of the range of data in epileptic and spiking 

channels. High amplitude spikes (especially in epileptic hippocampi), made accurate 

bin estimation difficult. The middle 95% of the data (from 2.5th percentile to 97.5th 

percentile) was used to resolve this issue. While this seemed to provide a more stable 

result, there was a concern that important data contained in ERPs would be excluded. 
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Despite these issues, the Shimazaki binning method was employed to create the 

histograms, upon which to use a selection of SDMs. 

7.9 Brief description of SDMs 

Information theory is a relatively recent field, driven by a need to understand how to 

best represent information flow in networks [297]. SDMs are widely employed in 

pattern recognition and machine learning, a branch of computer science and 

mathematics that has grown exponentially with the increase in available computing 

power [166]. SDMs represent a powerful tool for quantifying both fine and coarse 

differences; as such, they are becoming more prevalent in many scientific disciplines 

[287, 290, 298, 299].  

In this research, SDMs were explored because they are able to quantify the differences 

between SEEG segments non-parametrically. Specifically, in this problem, the 

minutiae between baseline and ERP data segments. Importantly, these measures do not 

assume that an important change will be represented as a change in a particular 

frequency band or a gross change in the signal’s mean amplitude.  

SDMs have been used to show interregional synchronisation in several EEG studies 

with success [167, 300, 301]. These studies have shown that mutual information (a 

relative entropy measure) is able to give different results to traditional frequency-based 

coherence and other measures [167]. Although there has been success in using these 

measures to show statistical dependencies across brain region in EEG, no studies have 

been performed on intracranial EEG or stimulation. 

A plethora of histogram and probability density function distance metrics exist, with a 

comprehensive survey performed by Sung-Hyuk [166]. After a review of the literature, 

a handful of commonly employed and robust metrics were chosen to use for 

comparison. Those chosen ranged from relatively simple metrics, such as the 

Bhattacharyya coefficient, to highly complex ones such as Jensen-Shannon divergence 

and Earth Moving Distance (EMD), to give a range of techniques. A brief description 

of the operation of each of the metrics and the mathematical formulation, based upon 

the comparison of hypothetical distributions “P” and “Q” is shown in Table 4.4. Many 

metrics derived from probability theory required a cumulative sum of 1, the numbers 

in all bins were therefore scaled to sum to 1 to meet this criterion [166, 294].  
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Metric Equation Description 

Bhattacharyya 

coefficient (BC) 

 

 𝐷𝐵𝐶 (𝑃, 𝑄) =  ∑(√𝑝𝑖  𝑞𝑖   )

𝑘

𝑖=1

 (11) 

 

The Bhattacharya coefficient, is a symmetric form of the Hellinger distance 

[166]. 

Hellinger 

Distance (Hel) 

 

 𝐷𝐻𝑒𝑙(𝑃, 𝑄) = √∑(√𝑝𝑖  −  √𝑞𝑖  )
2

𝑘

𝑖=1

 (12) 

 

Similar to the L1 distance between probability distributions. It attempts to 

identify the overlap between distributions [166, 302]. 

Chi Square 

Distance 

 

 

 𝐷𝜒2(𝑃, 𝑄) =  ∑
2(𝑝𝑖 − 𝑞𝑖)2

(𝑝𝑖 + 𝑞𝑖)

𝑘

𝑖=1

 (13) 

 

Similar to Euclidean distance, but has the added differentiation of being 

doubly weighted. This metric compares histogram similarity rather than 

differences. It can also be considered a true metric [166]. 

Jensen Shannon 

Divergence 

 

 

 𝐷𝐽𝑆(𝑃, 𝑄) =
1

2
∑  𝑝𝑖

𝑘

𝑖=1

log2 (
2𝑝𝑖

𝑝𝑖 + 𝑞𝑖

) + 𝑞𝑖 log2 (
2𝑞𝑖

𝑝𝑖 + 𝑞𝑖

)  (14) 

Measures the distance of two probability distribution are from their average 

distribution (mixture distribution). JS-divergence is a symmetric form of the 

commonly used Kullback-Liebler measure, which works on the differences 

in relative entropy of the distributions [166]. 

Jeffries-

Matusita (JM) 

 

 

 𝐷𝐽𝑀(𝑃, 𝑄) =  √2 (1 −  ∑ √𝑝𝑖𝑞𝑖

𝑘

𝑖=1

) (15) 

Jeffries Matusita distance attempts quantify how separable a pair of 

distributions are. This works well on maximum likelihood classifications 

[166, 289]. 

The 

Kolmogorov-

Smirnov metric 

(KS) 

 𝐷𝐾𝑆(𝑃, 𝑄) = sup|𝑝𝑖| − sup|𝑞𝑖|  (16) 
 

Uses the cumulative probability density functions to compare one distribution 

to another and is a powerful non parametric test [302]. It can provide a robust 

measure of differences in distributions, as the CDF and is sensitive to changes 

in both the location and amplitude of dissimilarities between the signatures. 
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It works simply by taking the absolute differences between the cumulative 

density functions. 

Earth Moving 

Distance (EMD) 

(Wasserstein 

metric) 

 

 
 

 ∑ ∑ 𝑓𝑖𝑗

𝑛

𝑗=1

𝑚

𝑖=1

=  𝑚𝑖𝑛 (∑ 𝑤𝑝𝑖
  ,

𝑚

𝑖=1

∑ 𝑤𝑞𝑗
 

𝑛

𝑗=1

) (17) 

 𝐸𝑀𝐷(𝑃, 𝑄) =  
∑ ∑ 𝑑𝑖𝑗𝑓𝑖𝑗

𝑛
𝑗=1

𝑚
𝑖=1

∑ ∑ 𝑓𝑖𝑗
𝑛
𝑗=1

𝑚
𝑖=1

 (18) 

Earth Moving Distance (EMD) is named so because it attempts to quantify 

the cost of “filling in” one distribution with another. The distance between 

distributions (histograms can be thought of as landscapes) [287]. Equation 17 

is the minimum amount of changes to convert one histogram into the other 

[287]. The minimum amount of work to transform one into another becomes 

an optimization problem, with the flow for each bin defined by Equation 17. 

The actual distance between distributions is then calculated by calculating the 

differences in each bin with the flow (fij) matrix factored in, described in 

Equation 18. The function for this method was developed independently, but 

an optimized version was also implemented for speed and optimization [303]. 

Table 4.4: Description of statistical distance metrics trialled in these studies. In the context of CCEP connectivity, each the metric works by 

comparing the baseline to the ERP histograms, using the bins defined by the Shimazaki method. The metrics are listed above in a rough order 

relating to their complexity.
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7.10 Evaluation of the performance of statistical distance measures 

When evaluating how to implement SDMs and the process of binning, there were a 

number of strengths and weaknesses that were identified. The first weakness was the 

difficulty of the binning range; however, this was overcome by using the middle 95% 

of the data. This seemed to work on even the epileptic channels that were trialled.  The 

second and most serious flaw of this method was that it discarded time as a feature. In 

many studies, ERP morphology has been a well-studied and important aspect of 

response strength estimation [159]. The last point was that this entire branch of 

measures worked on similar pre-processed data. This was a strong positive since there 

was a great benefit to using a wide range of measures, without having to reprocess the 

data and to check its validity. There was also a wealth of literature for SDMs detailing 

their strengths weaknesses and the relatability of results [166, 302]. In light of this 

summary, the search of computer science literature for a metric that may quantify 

dissimilarity continued, with time retained as an important feature if specific motifs 

constantly appeared during ERPs. 

All SDMs were implemented as custom Matlab programs. Algorithms for Windows. 

All metrics were transcribed and adapted from their metrics for their respective papers, 

however, for the Shimazaki binning method, a code was developed by the author [168], 

listed on their personal website (http://176.32.89.45/~hideaki/res/histogram.html). A 

Matlab file for Earth Moving Distance was sourced openly from a file exchange [303].  

7.11 Time Series Similarity Metrics 

After a lengthy review of computer science literature, interest developed in a separate 

field of signal dissimilarity metrics known as Time Series Similarity Metrics (TSSMs). 

TSSMs present a readily available and computationally refined tool to quantify the 

similarity, or dissimilarity of two signals objectively; they are used heavily in machine 

learning [304]. Similarly to SDMs, TSSMs have been applied to almost every scientific 

domain; branches of finance, search query volume, music similarity classification, 

linguistics and geophysics (seismology) are some of the most notable examples [164, 

304]. TSSMs are a form of pattern matching which can work as lock-step measures 

such as Manhattan (L1) or Euclidean (L2) distance or include elastic metrics. Elastic 

metrics are highly interesting, as they are able to warp or stretch one pattern to 

overcome slightly misaligned or compressed sequences. This time warping allows an 

http://176.32.89.45/~hideaki/res/histogram.html
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optimal comparison of two signals [305]. This is an extremely important property in 

this case since an attempt is being made to quantify the overall dissimilarity between 

ERP and prior baseline segment.   

Many different variants of TSSMs exist, however, two notable studies by Ding et al. 

[170] and Serra and Arcos [164] compare the performance of the most commonly 

employed metrics in the domain. Both of these studies tested a suite of TSSMs on their 

ability to classify patterns from the University of California Riverside (UCR) time 

series database, which is considered the benchmark for metric similarity performance 

[306]. A comprehensive discussion of many of the metric’s operations is found in Serrà 

and Arcos, 2014; however, a summary of the method of operation for each metric in 

this work has been included. Methods chosen are stated in Table 6.1, followed by a 

brief overview of the fundamental points of each measure. 

Technique Basis of metric 

L2 distance - Euclidean distance (Euc) Lp-Norms 

Dynamic Time Warping (DTW) 

Elastic 
Time-Warped Edit Distance (TWED) 

Minimum Jump Coefficient (MJC) 

Edit-Distance with Real penalty (EDR) 

Fourier Coefficients (FC) Frequency Domain 

Yule-Walker AR model coefficients 

(ARYule) Autocorrelation domain 
Burg Autoregressive model coefficients 

(ARBurg) 

Table 4.5: Summary of metrics employed and their mode of operation, choice of 

many metrics inspired by Serrà and Arcos [164]. 

Euclidean distance (L2 distance) calculates the absolute difference from one series to 

another, in a point for point comparison. Euclidean distance has one advantage over 

elastic metrics, being quick and simple to compute. However, a small misalignment in 

time means that morphologically similar signals will show very little relationship to 

one another [307]. Elastic metrics offer a way around this but do have their own trade-

offs [164, 170]. It should also be mentioned that Euclidean distance calculated on 

normalised data sets (mean subtracted, unit variance), gives the equivalent to Pearson’s 

correlation coefficient, which is why that metric has not been employed. 
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 𝐸𝑢𝑐𝑙𝑖𝑑𝑒𝑎𝑛(𝑥, 𝑦) =   √∑(𝑥𝑖 −  𝑦𝑖)2  

𝑁

𝑖=1

    (19)  

Dynamic Time Warping (DTW) is a technique that was developed over 40 years ago 

and has remained competitive to other more sophisticated and computationally heavy 

metrics [170]. Elastic metrics are far more computationally expensive than the metrics 

previously mentioned since to find the optimal way in which points in one signal, map 

to points in another signal, a calculation of each respective point must be undertaken 

[169, 307]. This creates what is known as the cost or distance matrix (D). DTW is a 

measure that non-linearly warps one point to the best matching point in the signal under 

comparison. A demonstration of the method to compute the warping path between 

similar patterns (x and y), slightly out of phase is shown in Figure 4.12.  

 

Figure 4.12: Graphical representation of DTW finding the optimal signal matching of 

two out of phase signals. A mapping of points in x to points in y. B Representation of 

the cost matrix for the warping shown in A, the red line is the optimal warping path. 

In Figure 4.12B diagonal movement of the optimal warping path (red line) indicates 

that each point in x maps to the same point in y. When the red line is moving 

horizontally (when y leads x in Figure 4.12A), one point in y maps to multiple points 

in x. Conversely, when the red line is moving vertically, one point in x maps to many 

points in y. The method to calculate the cost matrix to define the warping path is shown 

below and is a common theme to all elastic metrics. 
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 𝐷𝑖,𝑗 = 𝑓(𝑥𝑖 , 𝑦𝑗) + min {𝐷𝑖,𝑗−1, 𝐷𝑖−1,𝑗, 𝐷𝑖−1,𝑗−1 }   (20)  

The cost function 𝑓(𝑥𝑖, 𝑦𝑗) is usually Euclidean distance, specified in Equation 19. i 

and j represent sample indices of signals x and y. The summation of elements using the 

shortest possible path (cost) through the cost matrix D in Equation 4, defines the overall 

DTW distance cost. There are many lower bounding techniques used to reduce the 

computation time of DTW [308], which have given the metric a very good balance of 

selectivity and efficiency. The parameter 𝜔 is used to control the fraction of warping 

allowed, having a lower 𝜔 value decreases computation time and brings the metric 

closer to Euclidean distance. Higher values of 𝜔 may lead to false alignments in the 

presence of artefacts, as well as longer calculation times. There are many 

misconceptions surrounding the application of DTW, but it has been shown that with 

proper consideration, it can be applied to almost all types of data [309]. 

Edit Distance with Real Penalty (EDR) was initially developed to match text strings 

[310] but has been adapted to time series data [311]. This metric has a single tuneable 

parameter 𝜀 which defines the threshold of matching between points of the two 

subsequences under analysis [164, 312]. A cost matrix is computed similarly to DTW 

to define the optimal subsequence matching, which is then translated into a distance 

measure between the two series. The creation of a cost matrix D (similar to Figure 

4.12B) for EDR is shown in Equation 21: 

 𝐷𝑖,𝑗 = {
𝐷𝑖−1,𝑗−1,                             𝑖𝑓  𝑚(𝑥𝑖 , 𝑦𝑗) = 1

 1 + min{𝐷𝑖,𝑗−1, 𝐷𝑖−1,𝑗, 𝐷𝑖−1,𝑗−1} ,     𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒            
 (21)  

Where 𝑚 denotes a matching function, which uses a threshold 𝜀 and the Heaviside step 

function Θ, which makes all positive numbers (including 0) equal to 1, and negative 

numbers equal to 0.  

 𝑚(𝑥𝑖 , 𝑦𝑗) =  Θ(𝜀 − 𝑓(𝑥𝑖, 𝑦𝑗)) (22)  

Effectively this means that any raw pairwise differences in amplitude greater than the 

matching threshold 𝜀 will be swapped for the minimal distance value around the sample 

in question, increasing the overall cost and subsequent distance between the signals.  
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Time Warped Edit Distance (TWED) is a relatively new and novel metric which 

attempts to combine the amplitude mismatch penalty from EDR with the time warping 

elasticity from DTW [313]. This metric has been shown to be very competitive and 

achieved the smallest classification error (best performance) when applied to all data 

sets of the UCR time series database [164]. Since TWED has two tuneable parameters, 

there is a high number of search spaces which must be swept empirically, making this 

metric potentially computationally expensive, the cost matrix is created using:  

 𝐷𝑖,𝑗 = min{𝐷𝑖,𝑗 +  Γ𝑥𝑦 , 𝐷𝑖−1,𝑗 + Γ𝑥, 𝐷𝑖,𝑗−1 +  Γ𝑦} (23)  

The cost functions for Equation 23 on a uniformly sampled series are: 

 

Γ𝑥𝑦  = 𝑓(𝑥𝑖 , 𝑦𝑗) + 𝑓(𝑥𝑖−1, 𝑦𝑗−1) + 2𝜈|𝑖 − 𝑗| 

Γ𝑥    = 𝑓(𝑥𝑖, 𝑥𝑖−1)  +  𝜈 +  𝜆                               

Γ𝑦    = 𝑓(𝑦𝑗 , 𝑦𝑗−1)  +  𝜈 +  𝜆                              

(24)  

The 𝜈 parameter is the time warping penalty applied between deletions, and 𝜆 denotes 

the amplitude mismatch penalty. Once again, the minimum path through the cost matrix 

D is calculated to give the TWED distance. 

Minimum Jump Cost (MJC), is another elastic measure which attempts to find 

cumulative dissimilarities by jumping between a point in one subsequence to the closest 

match in the other subsequence [314]. This measure uses a penalty cost, calculated for 

each jumping point; it also has natural lower bounding, in that the signal can only jump 

forwards. The method to determine where to jump is shown below: 

 𝑐𝑚𝑖𝑛
(𝑖)

= min {𝑐𝑡𝑥

𝑡𝑦 , 𝑐𝑡𝑥

𝑡𝑦+1
, 𝑐𝑡𝑥

𝑡𝑦+2
, …  }  (25)  

The parameter (𝑐𝑖) is the cost of jumping from individual point (𝑥𝑡𝑥) to a point in 

signal 𝑦 where tx and ty are time stamps from signals x and y. The calculation for the 

cost of jumping from one point to all other points not yet covered is shown below, with 

a non-linear penalty applied for the samples which would be skipped, through the 𝜙 

parameter, which is in turn controlled by a factor, 𝛽 [314]. The calculation of the local 

jumping cost is shown below: 
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 𝑐𝑡𝑥

𝑡𝑦+ Δ
= (𝜙Δ)2 + 𝑓 (𝑥𝑡𝑥

, 𝑦𝑡𝑦+ Δ ) (26)  

This measure can be considered a metric if the warping is performed in both directions 

(from series x to y and series y to x), and the minimum distance taken between the 

results. In the experiments undertaken,  𝛽 was varied in a similar manner to previous 

work [164]. 

Aside from the raw time series, other spaces exist, in which similarity searches can be 

performed. The Discrete Fourier Transform (DFT) can be used to translate the entire 

time series, or selected sub-sequences from it, into the Frequency domain. 

Autoregressive models can also be computed from the time series, or selected sub-

sequences, into a model space.  

Autoregressive (AR) Models fit a parametric model to the data, which, as stated, can 

be an entire time series, or a subsequence. AR coefficients have been used in many 

medical settings, such as ECG and EEG [315] and notably as a feature space for brain 

computer interfaces [316]. AR models follow the following structure: 

Where a are the AR coefficients which create all pole models of order 𝜂, which are 

fitted to the input data using both Burg’s method and the Yule-Walker method in this 

work. The accuracy to which AR models can match a time series, depends mainly on 

the order chosen, denoted by 𝜂. To find the optimal order for each series is challenging, 

and 𝜂 values were selected using a similar method to previous work [164]. AR 

coefficients of the same order for different time series can be subtracted using 

Euclidean distance to give an estimate of the dissimilarity between subsequences of 

signals [164, 315, 317]. This is known as the AR metric. AR models of various orders 

can enhance the ability of the model to fit the data; however, this can lead to overfitting, 

with higher order models being highly susceptible to noise [316]. 

Fourier Coefficients (FC) of time series has been shown to be a powerful method for 

dimensionality reduction and summary information [164]. FC’s are able to target 

different frequencies of interest, which may be particularly powerful in the context of 

CCEPs. Previous work has shown that increases in physiological Gamma frequencies 

 𝑥𝑖 = 𝑎0 +  ∑ 𝑎𝑗𝑥𝑖−𝑗

𝜂

𝑗=1

  (27)  
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(40-70Hz) [93], and identification of Ripples and FRs (180-250Hz and 250-500Hz 

respectively), have been linked to epileptic processes [162]. The calculation of FC 

dissimilarity was performed similarly to AR coefficients, with the coefficients for both 

signals being subtracted using Euclidean distance (complex coefficients with phase 

incorporated). The calculation of Fourier Coefficients is shown below: 

 𝐷𝐹𝐶(𝑥, 𝑦) = √(∑(�̂�𝑖 −  �̂�𝑖)2

𝜃

𝑖=1

)    (28)  

Where 𝜃 represents the Fourier coefficient corresponding to the maximum frequency 

under analysis. The frequencies of coefficients were arbitrarily chosen, similar to 

previous work [164].  

7.12 Choosing parameters for TSSMs 

Of the TSSMs used, several have tunable parameters, to tailor the amount of penalty or 

how the model fitting is performed. An empirical sweep of parameters on each of the 

elastic metrics was used to capture the performance at each setting. Parameters were 

chosen based on work by Serrà and Arcos [164] and Ding et al. [170].  indicates what 

the parameter being altered changes in the dissimilarity calculation:  
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Metric 
used 

Parameter and 
meaning 

Min 
value 

Max 
value 

Number of 
increments 

Extra 
value 

Euclidean 
distance N/A - - - - 

Discrete 
Fourier 

transform  

𝜃 – Frequency 
range chosen 1 0.5N 25 - 

Autoregres
sive model 

𝜂 – Model order 
used 1 0.25N 25 - 

DTW 𝜔 – Maximum 
warping fraction 0 1 24 1 

EDR 𝜀 – Amplitude 
mismatch threshold 0.02 1 25 - 

TWED 

𝜐 – Time penalty 
parameter 

 
10-5 1 5 - 

𝜆 – Amplitude 
mismatch threshold 

0 1 5 - 

MJC 𝛽 – Time penalty 
parameter 1 25 24 1010 

Table 4.6: Metrics used and parameters swept for each metric, sourced from Table 1 

in Serrà and Arcos [164]. N is the number of samples used in the baseline and 

response sections (based on 1000Hz sampling N was 500 samples each for the 0.5s 

data segments used in section 8). 

These parameters were used in section 8 to compare the performance of TSSMs against 

other types of dissimilarity measures. 

7.13 Evaluation and implementation of TSSMs 

While TSSMs represent a radical departure from what has been used in CCEPs 

previously, these metrics are able to quantify the overall dissimilarity of two signals 

very well [164, 170]. This was thought  was necessary since SEEG samples an 

unusually wide range of tissues [56], and many anatomical sites can have different 

frequencies and amplitudes [202].  

For the purposes of this study, the warping afforded by elastic metrics allows for a best-

case signal comparison between ERP and baseline data. In this process, sections of the 

response that are similar to baseline (normal) EEG will incur a low cost, segments 

radically different to baseline activity incurs a high penalty and add to the dissimilarity. 

While this is computationally expensive, it provides an ERP-morphology independent 

result of change induced by stimulation. One difficulty of using these methods is that 

they generally require a warping fraction parameter to be set, to give the optimal 
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warping path. Based on work by Serra and Arcos [164], a range of these parameters 

was swept to provide a set of results.  

Elastic metrics, AR coefficients and FC, are all dependent on time series information 

flow. Because of this, having data that is not optimally aligned or scaled can affect the 

distance calculation profoundly (especially scaling). There are several techniques 

which can be performed to make sure that the minimum distance is recorded; several 

of these invariance parameters are discussed in a review paper [318]. The most 

important types of invariance for this work include amplitude, offset and phase 

invariance. Several more types exist, but since we used consistent sampling intervals in 

our data set, they were not relevant. All data segments were normalised by mean 

subtracting and scaling by the standard deviation before employing TSSMs. This 

ensured that offset and scale normalised data were used to calculate the dissimilarity 

[164, 318]. Phase invariance is designed to mitigate the effects of a small mismatch in 

time between sequences; this is especially relevant for periodic signals (of which SEEG 

is pseudo-periodic). This problem is usually overcome by circularly shifting one of the 

patterns being compared, and taking the minimal distance recorded after comparing 

each phase shifted instance. However, in our case, it may introduce artificial spikes at 

the start or end of a signal. Therefore it was decided not to perform this in our 

experiments. 

Frequency-based metrics were chosen for their ability to represent a wide range of 

frequency-based changes, or the overall differences in frequency spectra in a compact 

way. Time-frequency transforms such as wavelets, and the Hilbert-Huang Transform 

are powerful [50, 53, 162, 249], but come at the expense of high dimensionality, as 

such they are difficult to apply to large volumes of data with no specific frequency 

bands or latencies of interest [319]. FC’s and AR models have been widely used in 

classification studies because of their ability to represent large amounts of information 

in a very compact way [259, 316, 320, 321]. However, similar to elastic metrics, these 

require a range of frequencies of interest for FC’s, as well as an order selection for AR 

models; the methods used by Serra and Arcos [164] were again employed to select a 

range of parameters to sweep. 

When using TSSMs, several inbuilt Matlab functions were used. These included: 

“dtw”, “edr”, “arburg” and “aryule”. TWED was copied (C-Code) from the original 
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author’s website: (http://people.irisa.fr/Pierre-Francois.Marteau/) and implemented as 

a mex function [313]. MJC was transcribed using the original paper [314] into Matlab 

code. 

8  DEVELOPING A COMMON FRAMEWORK TO COMPARE PROMISING 

METRICS  

Most studies in CCEP analysis use a single metric to define connectivity and explore 

brain networks. To date, no study has compared the performance of different metrics 

used to elucidate network connectivity from CCEP-ERPs. A method was created that 

statistically compared the sensitivity of different promising mathematical techniques to 

gauge the strength of ERPs. The most appropriate methods of those described in 

previous sections from the traditional metrics (RMS and StDev), SDMs and TSSMs, 

were employed to show which were most sensitive and robust. 

Because of the novelty and complexity of intracranial evaluations, as well as the vast 

volume of data, no labelled database for intracranial ERPs exist. Furthermore, as SEEG 

implantations are individualised, it is also relatively challenging to make comparisons 

of how connected one anatomical location may be to another in an individual patient. 

This presents an interesting challenge of how to prove the merits of each dissimilarity 

technique, and to highlight where problems may arise. A variety of signals have been 

simulated to represent cortical responses to stimulation to compare the performance of 

each metric. These are based on the Mater teams experience with SEEG interpretation 

and commonly seen responses from CCEP stimulation. While this is not an ideal way 

to compare the proposed metrics, it does offer better information than testing the suite 

of metrics proposed against a sampling method or physiological signal that is less 

similar to SEEG-CCEPs. A description of the steps taken to evaluate how each 

dissimilarity measure performed is shown below, culminating in a summary flowchart 

(Figure 4.16), similar to the process described by Crowther et al. [158] in Figure 4.6. 

8.1 Selection and pre-processing of SEEG data 

SEEG data was acquired from a single, 22-year-old female patient, who was found to 

have a left perisylvian epileptic focus. This data was acquired during a period of resting 

awareness (awake, idle in bed, on full medications) with no interictal discharges 

present. A Nihon Kohden EEG-1200 machine sampling at 1KHz, with 16-bit analog to 

http://people.irisa.fr/Pierre-Francois.Marteau/
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digital converters was used for acquisition. This machine has inbuilt hardware filters 

which filter unipolar (amplifier ground) data from 0.08Hz to 300Hz. A bipolar 

formatted data stream was created using adjacent contacts [145], both located in the 

grey matter of the right entorhinal area, which was not involved in the seizure or 

interictal activity. This choice of reference also eliminated PL electrical contamination. 

A bandpass 500 pole FIR filter between 1Hz and 300Hz was applied to the bipolar 

referenced data, to remove any sizeable low frequency trends. It is important to note 

that there was no electrical stimulation performed during the data. One thousand 

randomly chosen segments of SEEG data were selected, from the pre-processed data; 

these consisted of one second segments. The first half of each of these segments was 

designated the baseline section (which will be X henceforth), and the last half (0.5s) 

was designated the response section (which will be Y henceforth). Figure 4.13A 

provides an example. 

The dissimilarity measures shown in Table 6.1 were used to quantify the difference 

between each baseline and response signal pair. The dissimilarity calculation was 

performed at a single trial level, since averaging in the time domain would obscure the 

subtle changes introduced. In actual SEEG-CCEPs analyses, the higher dissimilarity 

between the sections X and Y would infer that stimulation has induced a substantial 

change in the time series. Hence the stimulation site is well connected to that anatomical 

location. An overview of the dissimilarity calculations is shown below in Figure 4.13, 

with a focus on the calculation of RMS, DTW and Euclidean distance. 
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Figure 4.13: An example of how a segment of SEEG data is broken into baseline (X) 

and response (Y) sections is shown in A. B shows how the pre-processed SEEG-data 

is used to compute RMS values,  with StDev values also calculated in a similar 

fashion. SDMs also use pre-processed SEEG data in their calculation. Individually 

normalised data is then used for all other metrics. C shows the calculation of 

Euclidean distance between signals. D shows how DTW aligns signals in an optimal 

way. E shows how the DTW distance is computed on the aligned signals, which 

proves to be far smaller than Euclidean distance.   

8.2 Creation and mixing of synthetic cortical responses  

To evaluate how each of the metrics may perform on cortical response patterns, a 

variety of artificial patterns were simulated. Overall, 17 types of the synthetic signal 

were created, with each then superimposed onto section Y of the randomly selected 

SEEG data segments. The synthetic signals were chosen to give a wide range to cover 
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all possible cortical response patterns that may be evoked by electrical stimulation. 

Figure 4.14 shows 16 of the 17 synthetic patterns, a three-spike pattern, which is similar 

to the single spike pattern was also created but has been omitted:  

 

Figure 4.14: Synthetic signals used to simulate possible simple cortical response 

morphologies, note the scale on each plot. 

The synthetic signals were applied in two ways, additively and modulatory. Both may 

be possible responses in a real-world setting. The standard deviation for the section Y 

was used to scale the pattern in the additive method; which was then added onto the 

raw section Y SEEG data. For the modulatory signal, the simulated signal was 

multiplied (not convolved) with Y; this effectively defined the envelope of the SEEG 

signal’s response section. This was performed for each synthetic signal; an example 

using the sine waveform is shown in Figure 4.15. 

8.3 Creation of dissimilarity distributions for synthetic patterns 

The 1000 data segments of raw SEEG data had dissimilarity distances computed 

between sections X and Y. This acted as a control distribution to indicate the variability 

in dissimilarities of the raw SEEG data. Then, a randomly selected sample of 100 of 

the 1000 segments of SEEG data had each synthetic pattern applied, as shown in Figure 

4.15. These 100 segments were overlaid with each synthetic pattern, to ensure that the 

synthetic pattern was the primary change induced. This will be referred to as the 
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“augmented distribution”. Once dissimilarity values were calculated, the degree of 

difference between the control and each mixed distribution was evaluated. 

 

Figure 4.15: Diagram showing how the synthetic signals were mixed with the raw 

(preprocessed) SEEG data. The sine pattern from Figure 4.14 is used as the synthetic 

signal. Note the scales and units for the synthetic signal (bottom left) are different for 

the additive and modulatory methods. For the modulated signal, the baselines are not 

multiplied. Note the sinusoidal trend in the additive signal top right in red. The 

modulated signal envelope is shown in the bottom right in red. 

8.4 Scoring the sensitivity to each synthetic signal 

The dissimilarity values from each augmented distribution were statistically compared 

to the control distribution for each of the distance metrics. This was done using a 

Wilcoxon ranksum test (Mann-Whitney U test), which was chosen because many of 

the distributions seen (control distribution included) were non-normal or had a large 

amount of skew. Previous work used the T-statistic from a two-sided T-Test of RMS 

response values to quantify connectivity in SEEG-CCEPs [93, 110]. A similar 

methodology has been adopted, and the Z-statistic was computed using the Wilcoxon 

ranksum test to give the final sensitivity (connectivity) score. A flowchart of the entire 

process is shown in Figure 4.16: 
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Figure 4.16: Flow chart describing how data was selected and then compared to give 

each metric a sensitivity score for each synthetic signal type. 

8.5 Selection of parameters for metric types 

When using TSSMs, parameters were selected using methods developed based on work 

by Serrà and Arcos [164] and Ding et al. [170]. To give the best-case sensitivity for 

each of the TSSMs, we utilised the parameter that gave the highest Z score for each 

additive or modulated signal analysed. Results of which parameters performed best are 

shown in Appendix 2 (Figure 10.1-Figure 10.4). 
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8.6 Metric comparison results: 

The resultant final sensitivity (connectivity) values from both the additive and 

modulatory methods are shown separately. The absolute value was taken for each 

resultant Z score, in order to give an accurate mean value to compare each metric’s 

performance across the dataset. Results for additive signals are shown in Table 4.7 and 

modulatory signals in Table 4.8. The final row Table 4.7 and Table 4.8 contains the 

average Z score synthetic pattern overlaid and can give a quick overview of how each 

metric performed. A “no-change” pattern was also tested (the 100 raw SEEG patterns, 

with no templates added). This indicated the false-positive sensitivity of each metric. 
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Class Traditional Statistical Distance Metrics Time Series Similarity Metrics Frequency Spectrum 

Name RMS StDev BC CSq Hel JM JS KS EMD Euc DTW EDR TWED MJC FC ARYule ARBurg 
Sine 2.95 6.71 1.92 1.95 1.92 1.92 1.27 0.19 2.45 1.84 0.85 1.7 1.31 2.87 0.08 2.17 2.53 

Cosine 3.76 7.33 2.07 2.18 2.07 2.07 2.66 0.26 2.52 0.49 2.68 2.4 2.62 4.65 1.35 1.89 2.6 
+Triangle 2.7 1.07 2.95 2.86 2.95 2.95 1.94 3.17 2.33 0.57 0.29 2.6 1.66 0.74 1.3 0.18 16.51 
-Triangle 3.81 2.19 2.98 2.97 2.98 2.98 2.04 3.49 1.68 0.76 0.08 1.07 1.4 2.06 0.02 1.43 16.51 

Damp 6.07 3.29 6.75 6.74 6.75 6.75 5.14 6.56 5.34 1.81 0.61 0.08 0.47 1.77 0.76 2.5 2.34 
Grow 5.97 4.51 6.65 6.7 6.65 6.65 5.19 5.66 5.85 0.6 3.79 2.49 2.55 3.82 0.59 1.05 2.46 

+Gauss 2.74 1.33 2.94 2.91 2.94 2.94 2.03 2.79 2.98 0.54 0.39 1.59 1.66 0.62 0.96 0.17 2.44 
-Gauss 4.07 2.58 3.24 3.14 3.24 3.24 2.24 3.89 1.49 0.7 0.2 1.15 1.39 3.34 0.26 1.6 2.21 
Sine-HF 2.99 7.23 0.7 0.37 0.7 0.7 0.78 0.42 0.55 0.98 0.59 1.78 2.02 0.21 2.19 0.99 2.93 

Chirp 3.34 7.81 1.01 1.54 1.01 1.01 3.12 1.31 2.4 0.47 1.28 1.18 8.74 2.01 9.83 2.14 5.26 
Noise 1.23 1.37 1.89 1.98 1.89 1.89 2.24 0.15 2.06 0.73 0.21 5.65 16.51 4.78 14.62 16.51 16.51 

N1 1.55 1.92 0.55 0.49 0.55 0.55 0.26 0.72 0.3 1.17 0.46 0.16 0.62 0.23 0.29 0.13 2.22 
N1-N2 3.49 1.45 4.23 4.33 4.23 4.23 3.35 4.84 2.86 0.85 0.17 0.42 0.94 1.99 1.38 0.13 2.47 

Mean-Shift 11.92 0.41 15.73 15.72 15.73 15.73 12.0 15.08 15.4 0.74 0.05 0.36 1.39 1.49 1.2 0.53 2.26 

Suppression 2.68 0.41 3.05 3.09 3.05 3.05 2.51 3.42 2.28 0.74 0.05 0.36 1.39 1.49 1.2 0.53 2.26 

One-Spike 0.77 0.48 0.85 0.92 0.85 0.85 0.8 1.21 0.32 0.73 0.18 0.64 2.28 1.11 1.89 1.24 16.51 

Three-Spike 0.61 0.67 0.72 0.66 0.72 0.72 0.35 0.59 1.04 0.58 0 0.44 4.41 1.16 3.17 5.19 16.51 

No-Change 0.82 0.41 0.66 0.66 0.66 0.66 0.41 0.77 0.45 0.74 0.05 0.36 1.39 1.49 1.2 0.53 2.26 

Mean of All 
Synthetics 

3.42 2.84 3.27 3.29 3.27 3.27 2.69 3.03 2.91 0.84 0.66 1.36 2.93 1.99 2.35 2.16 6.49 

Table 4.7: Additive signal Z score results for all metrics. Absolute sensitivity (Z) scores are between 0 and 16.51, colours range from the 

minimum to the maximum on the table are graded from dark green, yellow in the middle, to red. The final row represents the mean of all 

synthetic responses for each metric, and has a separate colour scale. AR Burg’s mean was significantly higher, so is shown in bright red.  
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Class Traditional Statistical Distance Metrics Time Series Similarity Metrics Frequency Spectrum 

Name RMS StDev BC CSq Hel JM JS KS EMD Euc DTW EDR TWED MJC FC ARYule ARBurg 

Sine 11.83 1.35 13.82 13.87 13.82 13.82 12.08 12.38 12.68 0.86 4.97 7.58 7 7.46 1.45 13.12 6.3 

Cosine 11.73 0.79 13.16 13.4 13.16 13.16 11.88 12.28 13.01 0.66 7.19 8.2 8.93 8 1.96 3.79 9.75 

+Triangle 14.57 7.21 14.42 14.49 14.42 14.42 12.86 13.26 13.76 0.74 6.32 8.41 8.01 7 2.3 5.72 16.51 

-Triangle 14.49 8.25 14.42 14.48 14.42 14.42 12.96 13.39 13.78 1.13 7.31 8.54 9.64 7.43 0.11 1.88 16.51 

Damp 7.05 2.3 13.39 13.69 13.39 13.39 12.42 11.78 12.65 1.15 8 8.6 11.35 8.74 2.13 2.95 6.83 

Grow 5.95 2.51 13.14 13.41 13.14 13.14 12.37 10.74 12.81 0.49 11.19 9.72 12.17 9.73 1.54 3.45 7.01 

+Gauss 14.25 5.98 14.69 14.87 14.69 14.69 13.72 14.1 14.33 0.76 7.35 9.67 10.09 7.74 2.9 6.24 6.41 

-Gauss 14.1 6.64 15.62 15.64 15.62 15.62 13.16 15.15 12.89 1.09 8.14 9.97 11.36 10.53 0.74 2.79 8.14 

Sine-HF 11.86 1.78 11.8 12.07 11.8 11.8 11.28 11.46 11.66 1.79 3.04 2.93 10.49 1.58 4.28 6.02 16.51 

Chirp 11.97 1.82 11.43 11.65 11.43 11.43 10.76 10.84 11.35 0.49 9.27 3.26 16.42 0.59 14.89 14.23 16.51 

Noise 16.38 14.03 16.34 16.34 16.34 16.34 14.75 16.37 15.84 0.31 14.06 11.46 16.51 11.2 16.51 16.51 16.51 

N1 16.4 10.93 16.51 16.51 16.51 16.51 1.97 16.51 16.51 0.22 14.47 15.18 16.4 11.13 1.16 7.51 16.49 

N1-N2 13.86 5.8 14.2 14.24 14.2 14.2 12.3 13.4 13.19 0.74 5.17 7.15 7.73 7.49 0.35 6.01 16.37 

Mean-Shift 15.44 15.78 13.61 13.1 13.61 13.61 8.39 11.37 11.65 0.74 0.05 0.36 1.39 1.49 1.2 0.53 2.26 

Suppression 15.57 15.39 13.79 13.34 13.79 13.79 8.57 11.92 12.12 0.74 0.05 0.36 1.39 1.49 1.2 0.53 2.26 

One-Spike 0.48 1.09 0.27 0.28 0.27 0.27 0.01 0.57 0.2 0.78 0.35 0.09 3.34 2.42 3.65 3.65 16.51 

Three-Spike 0.01 1.87 0.55 0.48 0.55 0.55 0.16 0.41 0.8 0.57 0.21 0.1 6.05 1.87 5.73 7 16.51 

No-Change 0.82 0.41 0.66 0.66 0.66 0.66 0.41 0.77 0.45 0.74 0.05 0.36 1.39 1.49 1.2 0.53 2.26 

Mean of All 
Synthetics 

10.93 5.77 11.77 11.81 11.77 11.77 9.45 10.93 11.09 0.78 5.96 6.22 8.87 5.97 3.52 5.69 11.09 

Table 4.8: Modulated signal Z score results. Absolute sensitivity Z scores are between 0 and 16.51, ascending values are shown by colours 

ranging from dark green, with yellow in the middle, to red. The final row represents the mean of all synthetic responses for each metric and has a 

separate colour scale. Modulated sensitivity scores were larger than additive ones because there were more drastic signal changes overall.
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8.7 Additive signal results 

By looking at the mean of all synthetic signals of Table 4.7, RMS and the SDMs 

performed the best. ARBurg also has a high average. However, it is due to the high 

sensitivity to only a few patterns, particularly those with spikes or sharp changes. It 

should also be considered that there were relatively low Z scores for most metrics in 

the no-change signal, which indicates a low false-positive likelihood from the data 

tested. Most of the metrics showed a Z score around 1 for this category, suggesting that 

they are each around the same level to generate false positives.  

The SDMs and RMS showed similar results. Both groups showed strong sensitivity to 

changes in the mean amplitude of synthetic ERPs. The SDM family were less sensitive 

to the frequency-based patterns and N1 template than RMS but were more susceptible 

to mean shift and suppression. RMS was consistently the highest value over the additive 

dataset. However, it is difficult to conclude that one metric was the best performing 

since the SDM category had lower false positive potential (no-change signal).  

Elastic metrics such as DTW and EDR also showed a low sensitivity to most patterns. 

TWED had the highest average sensitivity of the elastic metrics but showed a relatively 

high value for the no-change pattern. MJC showed consistently steady performance on 

most of the patterns. However, it did not rank the highest on any patterns.  

The noise additive signal is actually quite a commonly observed pattern seen in 

response to CCEP stimulation. It is interesting that TWED and AR and FC all picked 

up this pattern relatively well. FC performed the best on the noise pattern because white 

noise is present at all frequencies, meaning that since the entire spectrum had higher 

amplitude, there was a huge difference between the baseline and response FC. 

Similarly, AR coefficients estimate power spectral density, therefore giving high 

sensitivity to patterns that affect many frequencies. 

The one-spike and three-spike patterns were also indicative that ARBurg coefficients are 

very sensitive to relatively small signal additions. In this case, it gives a cause for 

concern for anatomical/structural connectivity, since epileptic spikes can be seen 

unrelated to CCEP stimulation and may give falsely high connectivity values. However, 

this sensitivity to epileptic activity may make the ARBurg an excellent candidate for 

defining epileptic responses to stimulation, hence showing the connectivity of epileptic 

networks. 
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8.8 Modulated signal results  

The modulated signal results of Table 4.8 show that the best performing metrics are 

ARBurg, RMS and SDMs. There are interesting results in the case of ARBurg, as it has a 

penchant for the same synthetic signals (spikes and high frequency) in both Table 4.7 

and Table 4.8; which again may represent epileptic responses. All except Euclidean 

distance performed better on modulated signals, which is to be expected since 

modulation in most of the signal cases will change the overall amplitude of the signal 

(and consequently it’s variance).  

Similarly to the additive results in Table 4.7, RMS and SDMs showed highly similar 

results. StDev did not, however, show much improvement in sensitivity to the 

modulated signals. RMS and SDMs again showed high sensitivity to signal mean 

altering patterns, with very little sensitivity to epileptic spikes. 

Of further note, it could be seen that the elastic metrics performed far better on the 

modulated data. TWED, in particular, saw the most substantial change in the noise and 

N1 responses, which are among the more prevalent modulatory responses seen in actual 

responses during CCEP stimulation. MJC also performed well upon this data, proving 

to be more successful than both DTW and EDR. However, it can be clearly seen that 

TSSMs were outperformed by the traditional metrics, SDMs and ARBurg.  

It can be seen that the mean-shift and suppression modulated signals only increased in 

the RMS, StDev and SDM metrics in Table 4.7and Table 4.8. These patterns prove to 

be a good sanity check for the Z statistic calculation since all metrics except for RMS, 

StDev and SDMs work on normalised data (and should have the same Z score).  

The lowest performance was seen again in the Euclidean distance, which is probably 

because of the random temporal nature of the raw SEEG data. It is likely that this 

masked the introduced synthetic trends. This shows that the warping computed by the 

elastic metrics offered far superior performance, as has been demonstrated many times 

before [164, 170]. 

8.9 Metric results discussion: 

RMS has been used in many papers [39, 55, 92, 117], as has StDev [37], but as yet there 

have been no studies comparing their performance or their conclusions. The methods 

used in this paper have shown that both RMS and to a lesser extent, StDev, were useful 
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metrics to define connectivity in CCEP analyses. The results have also indicated that 

SDMs and TWED may also be appropriate metrics for showing connectivity. The 

distance metrics which performed the best to define physiological connectivity are 

listed in Table 4.9. 

Five best and worst performing metrics by sensitivity 

Performance based ranking Metric Reasons for good or bad 
performance 

1 Root Mean Square (RMS) 
Highly sensitive to amplitude 
changes, also very quick to 

compute. 
2 Chi-squared (𝜒2) distance Very sensitive to amplitude 

changes and low sensitivity to 
interictal activity. 3 

Bhattacharyya coefficient 
(BC)/ Hellinger Distance (Hel)/ 

Jeffries-Matusita (JM) 

4 Earth Movers Distance (EMD) 

Sensitive to amplitude 
dependent signals, also had a 

very low self-sensitivity (false 
positive) rate. 

5 Time Warped Edit Distance 
(TWED) 

Sensitive to morphological 
changes, and somewhat to 

amplitude changes. Best of the 
elastic metrics tested. 

   

13 Dynamic Time Warping 
(DTW) Quite sensitive to a broad range 

of changes, but did not excel in 
any particular area. 14 Edit Distance with Real 

Penalty (EDR) 

15 Autoregressive Coefficients 
(Burg) 

Highly sensitive to modulatory 
changes, but extremely 

sensitive to spikes. 

16 Fourier Coefficients (FC) 

Somewhat able to detect 
amplitude changes and some 

frequency based morphological 
changes. 

17 Euclidean Very low sensitivity overall. 

Table 4.9: Perceived rank of each dissimilarity metric to define physiological 

connectivity in SEEG-CCEPs based on the resultant Z scores from Table 4.7 and 

Table 4.8. 

8.10 The validity of the simulated cortical response patterns 

The simulated cortical response patterns attempted to provide a diverse range of 

activity, as SEEG data can be highly variable depending on which areas are sampled 

[202] . This was done to give a complete test of each of the measures. Some of the 

signals are more common responses than others, particularly the sinusoidal signals, 

noise/high frequency pattern and those with changes to the mean amplitude of a signal. 

The N1 and N2 responses were also seen sporadically, but were not consistent among 
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locations sampled in patient cohort using SEEG [39]. The way that the simulated 

signals produced the resultant ERPs was mostly through changes to the signal 

amplitude which is correct from previous experience (50 SEEG-CCEPs cases). 

However, while realistic, the way that the synthetic signals were mixed with the SEEG 

data had the effect of selecting for measures which are sensitive to changes in low 

frequency amplitude. RMS is one such measure. 

8.11 Root mean square is a robust and valid metric 

Both RMS and StDev are basic statistical metrics, and as such work directly on the 

amplitude patterns of the signal. Because all of the synthetic signal changes mostly 

worked by altering the amplitude of the signal, this may have favoured RMS and StDev. 

However, from previous experience, the synthetic signals were appropriately chosen. 

Furthermore, when compared to other metrics employed in work undertaken in this 

study, these were the most well understood in terms of their operation, the quickest to 

compute and had the most prior work to validate their use to CCEP data. RMS was 

shown to be the best performing for physiological connectivity. This confirms several 

network connectivity studies, performed in SEEG-CCEPs, including the organisation 

of the limbic network [39] and connectivity of fronto-insula structures [92]. Along with 

mapping physiological networks, RMS has been used to correlate early responses with 

structural connectivity [35], which was corroborated in a similar finding using ECoG 

[100]. There has only been two SEEG-CCEPs studies looking at the connectivity of 

epileptic networks utilising RMS; it was shown that RMS responses of early seizure 

spread sites were elevated when compared to late seizure spread sites when stimulating 

the EZ [93]. The second work by Zhang et al. [43] is relatively recent and showed 

heightened RMS responses in epileptic areas. RMS has proven to be the most effective 

measure, showing very good sensitivity to a broad range of response patterns. 

8.12 Statistical distance metrics performed very well 

For the same reasons as those listed for RMS and StDev, SDMs performed very well. 

Results from Table 4.7 and Table 4.8 showed most of the SDMs gave very similar 

sensitivity scores, except for the sporadic underperformances in Jensen-Shannon 

divergence and the Kolmogorov-Smirnov metrics. This was to be expected, with 

seminal works by Gibbs et al. [302] and particularly Sung-Hyuk [166] showing that 

most of the distances used showed high degrees of correlation. In the results of this 
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study, Chi-squared distance appeared to be the most sensitive across the range tested. 

EMD while not as sensitive as many of the others, had one of the lowest false-positive 

rates of any of the metrics tested. All SDMs also had very low sensitivity to spikes and 

higher frequency dependent patterns, indicating they would be insensitive to interictal 

epileptiform activity, a valuable property, in this case. SDMs gave a comparable result 

to RMS, indicating the binning of the data using the Shimazaki method performed well, 

and overcoming one of the major limitations listed previously. Since SDMs also 

worked on non-normalised data, this inherently makes them more sensitive to 

amplitude dependent patterns, a key reason why they showed similar sensitivity to 

RMS. In the future, it may be interesting to test Chi-squared distance and EMD against 

RMS for the comparison of physiological networks.  

8.13 AR Metric is perhaps too sensitive to epileptiform activity 

The Yule-Walker AR (ARYule) estimation showed the highest Z value in only a few 

cases, meaning it may not be an appropriate metric to use for SEEG-CCEPs. The Burg 

AR estimation (ARBurg) showed extreme sensitivity to spikes and high frequency 

modulatory signals, making them vulnerable to inflated dissimilarity estimates during 

interictal activity.  This makes the ARBurg measure unsuitable for evaluating 

physiological connectivity, but it may be a potentially useful method to detect epileptic 

activity evoked by CCEP stimulation. AR coefficients have been used in several works 

to define epileptic activity. They were employed as a feature space to differentiate ictal 

vs non-ictal states in temporal lobe structures, highlighting the technique was well 

suited to discern patterns of significance to clinicians [322]. AR coefficients, 

specifically those computed using Burg’s method, have also been used to estimate the 

Power Spectral Density (PSD) in order to differentiate ictal from non-ictal EEG states 

[321]. Because Burg’s method is comparatively quick to calculate and always produces 

a stable model, it has been recommended to be used over the Yule-Walker method 

[323]. For these reasons, ARBurg may be a useful measure to investigate epileptic 

networks. However, both ARYule and ARBurg are not appropriate to define physiological 

connectivity.  

Additionally, ARBurg has been employed along with several other well performing 

metrics to investigate connectivity between seizure propagation locations as a separate 

study in Chapter 6. 
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8.14 Warping in elastic metrics improved performance, especially using TWED 

Elastic methods as a group all have their advantages and disadvantages. As mentioned 

earlier, many of the metrics take a significant amount of time to compute, especially if 

many parameters are varied in them, as is shown in Table 4.6. However, it was shown 

in [164] and [170] that there were very large swings in the distance and overall pattern 

classification when using different metrics. In this work, TWED [313] was shown to 

outperform other elastic measures, which was a similar result to Serrà and Arcos [164]. 

TWED has both an amplitude mismatch penalty 𝜆, and time warping parameter 𝜐; this 

means that it may be able to achieve the best separation, at the cost of search parameters 

required to find the optimal choice. It was shown to be highly sensitive to a variety of 

patterns, particularly the high-frequency additive patterns and all of the modulatory 

alterations. DTW surprisingly did not perform as well as anticipated, DTW was shown 

to be highly competitive to other measures when evaluated on the UCR time series 

database [170, 324]. It was seen that all of the elastic metrics such as EDR, TWED and 

MJC performed best on modulated data, with balanced results on both low frequency 

and high frequency trends as shown in Table 4.8. This is to be expected, as the 

multiplication of most of the simulated signals will result in more drastic morphological 

changes. It should also be noted that Euclidean distance performed significantly worse 

than all of the elastic metrics, which implies that the warping paths created, improved 

the performance for this task. Despite the computational complexity, TWED remains a 

potential candidate to evaluate network connectivity. 

8.15 Purely frequency-based measures did not perform very well  

Fourier coefficients were not very sensitive to many of the response patterns tested. 

This is most likely due to the fact that Euclidean distance was used to compute the 

difference in frequency spectrums. Most of the patterns (except the noise pattern, which 

affects all frequencies) induced a change only in a narrow range of frequencies, which 

were diluted by computing the differences across the entire spectrum. Because of this, 

FC was not considered to be an effective all-round connectivity measure.  

8.16 Limitations of work for clinical relevance and future work 

Because this work has simulated signals of cortical responses, no inferences can be 

made as to how underlying physiological process is captured by each of these metrics. 
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Another limitation is that SEEG data was only used from one anatomical area; this was 

done for two reasons. The first was to limit the amount of variability in the raw SEEG 

data, and the second was to test the measures on a channel with no interictal activity. 

This work intentionally avoided possibly epileptic data since it was found that some 

metrics were extremely sensitive to some patterns of interictal activity. This was done 

because it would be difficult to separate the sensitivity to the synthetic pattern and the 

possible interictal activity, which may bias results towards measures sensitive to 

interictal activity (such as ARBurg). While these constraints were necessary to limit the 

scope of this work, they present a logical line of further enquiry to understand the 

strengths and weaknesses of each measure in a practical sense. 

8.17 Metric comparison conclusion: 

This work aimed to compare the performance of several dissimilarity measures and 

other metrics previously used in SEEG CCEPs analyses. It was found that RMS and 

SDMs were the most useful metrics to detect the simulated cortical response patterns. 

Because of this, they present the best options to define physiological connectivity using 

SEEG-CCEPs. RMS would be the best candidate since it already has a history of use, 

as well as a straightforward process of calculation. Surprisingly, elastic metrics such as 

DTW and EDR were less sensitive to the patterns introduced. 

Additionally, the autoregressive metrics, using coefficients calculated by Burg’s 

method, were extremely sensitive to volatile signals and presented a promising metric 

to investigate the connectivity of epileptic networks. The testing of this will be shown 

in Chapter 6, along with several other metrics.  

Future work to evaluate which metrics best quantify connectivity may be to use cortical 

responses in a well-known anatomical connection, which is highly sampled and 

compare the results for various stimuli levels. This may be similar to work done 

previously to map the standard deviation of responses for different stimulus levels in 

Donos et al. 2016 [37].  

9 NETWORK MAPPING MEASURES 

Once suitable connectivity estimation methods have been employed, as outlined in 

Sections 6-8, higher order network measures can then be applied to show further details 

about how connectivity is organised. Work by Olaf and Sporns [325] has demonstrated 
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that brain networks are categorised as a small world topology with highly connected 

hubs, features of both structural and functional connectivity. Graph theory metrics have 

been employed in many brain connectivity studies in both interventional and non-

interventional connectivity analyses.  

Graph theory measures were first applied in the context of SEEG-CCEPs, by Boido et 

al. [41], to investigate epileptic network properties. This study primarily used clustering 

and modularity of CCEP connectivity results, using a custom metric. The results 

suggested that tight clusters with many bidirectional internal connections may indicate 

pathological networks [41]. Building on this, a recent CCEP study by [42] showed that 

EZ contacts had elevated indegree and outdegree [326] compared to healthy control 

locations. In the context of CCEPs, indegree represents the responsiveness of a location 

to stimulation; outdegree represents the strength of projection of a site to cause 

responses in other areas. The study by Van Blooijs et al. [42] found a similar trend to 

Boido et al. [41], in which EZ locations displayed high connectivity to each other. 

Additionally, Van Blooijs et al. [42] showed that EZ contacts were not very susceptible 

to stimulation from outside of the EZ.  

Graph theory measures have also been used to investigate the functional role of 

anatomical structures. A study by Keller et al. [116] investigated whether specific sites 

acted as integrators with high indegree (communicative hubs) or projectors with a high 

outdegree (sites that influence many others). This methodology has also been applied 

more recently to correlate tractography with CCEPs [35] and categorise the role of 

opercular structures [115].   

Little novel research has been performed by the author to determine network 

connections in this dataset using graph theory. This presents a valid path of future 

research, particularly to investigate the connectivity in epileptic locations, as 

demonstrated previously [41, 42]. 

10  VISUALISING THE RESULTANT CONNECTIVITY ESTIMATES 

Once the influence of the stimulation site upon all others has been quantified using 

appropriate metrics, the next step is to visualise the results. During the course of this 

research, several tools were developed to demonstrate connectivity analyses, mainly in 

conjunction with the image processing pipeline work in Chapter 2. Many studies have 



Chapter 4: Exploring signal processing methods to define CCEP connectivity 

  138 
 

recently demonstrated the utility of multimodal imaging for clinical use [14, 131, 188]. 

In fact, while working on this study, there have been several seminal developments 

involving visualisation of CCEP data, in conjunction with other imaging modalities, 

such as SISCOM [110], tractography [35], HFOs [53] and anatomical connections 

[115]. 

As described in chapter 2, Figure 2.4, a method was created to demonstrate the locations 

of electrodes relative in the patient MRI space. For convenience, this figure is shown 

again overleaf as Figure 4.17. The CCEP GUI that was developed gave an intuitive and 

novel way to quickly show the outgoing connectivity of each stimulation site upon all 

other sampled locations. The program shown in Figure 4.17 was used to compare 

connectivity results from RMS, StDev, SDMs and TSSMs. The GUI was more useful 

to view the results in a clinical context, especially understanding the spatial 

connectivity of stimulated regions within the EZ. 

 

Figure 4.17: CCEP data visualisation GUIs. A shows the largest results as a scaled 

colormap upon a surface reconstruction of the patient’s own brain, rendered from 

their T1 MRI. Brighter colors represent stronger connections, the red dot indicates the 

stimulation dipole, and the lines from the stimulation site represent the top 10 

outgoing connections. If more than one stimulation was analysed, the opacity of each 

contact was used to scale results by the global average of results. 
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Figure 4.17 was useful as an exploratory tool to interpret the huge volumes of CCEP 

data quickly. As far as is known, this was one of only a few attempts to visualise CCEP 

connectivity. Some excellent earlier visualisations were undertaken by Donos et al. [35, 

53] for Maliia et al. [115]; both from the same group in Romania. There have also been 

many visualisation methods created in ECoG-CCEPs [44, 112, 116, 327]. A useful 

feature of the GUI created was to be able to show the ERPs at individual sites in 

response to stimulation. This was instrumental in understanding the range of ERP 

morphologies present, informing the patterns and mixing methods used to rank metric 

performance in Section 8. 

The programs in Figure 4.17 were useful to visualise inter-regional connectivity easily. 

However, it was discovered early on that it was not an efficient way to compare 

differences in connectivity results for different metrics. A scatterplot system was 

developed, similar to a Quantile-Quantile (Q-Q) plot [170], to compare connectivity 

results using different connectivity metrics. The GUI developed is shown in Figure 

4.18. 

 

Figure 4.18: Scatter (Q-Q) plotting GUI  comparing the average normalised 

connectivity results for two metrics, grouped by anatomical site. Data on the red line 

indicates an equal connectivity result for both metrics. Data above the red line 

indicates AR coefficients showed comparatively stronger connectivity than RMS.  



Chapter 4: Exploring signal processing methods to define CCEP connectivity 

  140 
 

The scatterplot in Figure 4.18 was used to view connectivity results of different metrics. 

It proved extremely useful to quickly understand which metrics were able to rank EZ 

contacts highly, since usually the ranking comparison of one particular site was 

important. This was very useful to compare which metrics were sensitive to 

epileptogenic locations, and informed metric choices for Chapter 6. However, this was 

not as useful as the GUI from Figure 4.17 to understand the spatial connectivity. 

The GUIs in Figure 4.17 and Figure 4.18 were useful to show the connectivity for 

stimulations in a single patient or pulse train, but were not designed to work at a group 

level. A useful method for visualising connectivity of large amounts of data are Circro 

(circle) plots. During this research, an open source Circro toolbox [328] was used and 

adapted to our purposes to study connectivity of specific anatomical structures across 

multiple patients. Circro plots have been utilised by CCEP studies previously [35]. 

During this PhD we utilised Circro plots to demonstrate the connectivity of the frontal 

operculum in a small group of patients, shown below: 

10.1 Visualising anatomical connectivity of the frontal operculum 

The frontal operculum (FO) is a mesial structure of the brain, located anterior and 

slightly superior to the anterior insula, the FO has been implicated in a wide variety of 

autonomic and cognitive functions, such as language production, swallowing, taste and 

emotional empathy. While function has been investigated, only two CCEP studies 

focusing on the connections of the frontal operculum exist [92, 115].  

10.2 Methods: 

This retrospective analysis drew from a cohort of 20 patients who underwent SEEG at 

the Mater Hospital in Brisbane, Australia. Eight right handed patients with electrode 

contacts in either FO region and who had CCEP stimulation were included in this study, 

of which 6 had bilateral CCEP stimulation. This included 7 patients with right FO 

stimulation and 7 patients with left FO stimulation. All stimulation results were grouped 

anatomically and described by MNI coordinate lookup on the MNI-251 template to 

assess whether the stimulation area was the FO region.  

The electrical stimulation was performed using a bipolar electrode configuration, with 

cathode leading charge balanced biphasic waveforms used to mitigate cortical irritation. 
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The stimulation was performed at 1mA, 2mA and 4mA using an interpulse duration of 

2s (0.5Hz) in order to ensure a return to normal activity.  

All data were filtered to remove powerline noise (50Hz) and sampled at 1000Hz, results 

used a calculation of the ratio of the RMS value of baseline segments (400ms duration) 

outside of stimulation and ictal activity contrasted with the RMS of activity 

immediately (first 400ms) following stimulation pulses as per equation 8. The left and 

right stimulation results were averaged separately, and a rank value (percentile) was 

compiled for all contacts. The 100th percentile represented the strongest ranked 

connection in the pulse train, percentile values for each contact scaled by the number 

of valid contacts down to the 0th percentile. To summarise which structures showed the 

highest connectivity of those sampled using RMS. Sites of stimulation are shown in 

Figure 4.19. 

 

 

Figure 4.19: Axial and sagittal slices showing the location of stimulation in both the 

left FO (orange points) and right FO (red points) superimposed on to the MNI251 

template brain for ease of comparison. 

10.3 Results 

The resultant ranks compiled for the top 20% of recorded sites for both left and right 

stimulation are shown overleaf in Table 4.10. 
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Left Anatomical Region Percentile # 
Contact 

Right Anatomical 
Region Percentile 

# 
Contac

t 
Right middle cingulate 

gyrus 100.0 2 Right supplementary 
motor cortex 98.6 8 

Left posterior insula 98.6 4 Left supplementary motor 
cortex 97.3 8 

Right entorhinal area 97.3 7 Right opercular part of the 
inferior frontal gyrus 95.9 35 

Right superior parietal 
lobule 95.9 5 Left precentral gyrus 94.6 24 

Left parietal operculum 94.6 6 Right middle cingulate 
gyrus 93.2 1 

Left opercular part of the 
inferior frontal gyrus 93.2 26 Left parahippocampal 

gyrus 91.9 4 

Right angular gyrus 91.9 4 Right fusiform gyrus 90.5 16 
Left precentral gyrus 90.5 25 Left parietal operculum 89.2 8 

Right precentral gyrus 89.2 14 Right superior parietal 
lobule 87.8 20 

Left supplementary motor 
cortex 87.8 8 Right supramarginal 

gyrus 86.5 6 

Left central operculum 86.5 7 Left middle frontal gyrus 85.1 121 
Right Middle frontal 

gyrus 85.1 86 Left posterior insula 83.8 12 

Left anterior insula 83.8 41 Right posterior cingulate 
gyrus 82.4 8 

Left middle frontal gyrus 82.4 87 Right  middle temporal 
gyrus 81.1 84 

Table 4.10: The results showed similar structures connected bilaterally, with prevalent 

connections to the insula (anterior and posterior), motor areas, cingulate cortex, 

parietal regions and inferior frontal areas. 

Left FO regions were well connected to the ipsilateral insula, mid cingulate, primary 

motor as well as supplementary motor and parts of the central and parietal operculum. 

This is shown graphically below using Circro plots [328], with the colour of the line 

representing rank (strength) of connectivity, the thickness of the line indicating the 

number of contacts recorded, and the coloured bar on the outside of the circle 

representing the variability of the result, brackets on labels indicating the number of 

patients and total number of contacts in which the responses were recorded and 

averaged, respectively. The top 40% of ranks are shown: 
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Figure 4.20: Efferent connectivity of the left frontal operculum in seven patients. 

 

Figure 4.21: Efferent connectivity of the right frontal operculum in seven patients. 
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10.4 Discussion 

The FO has been shown to be heavily implicated in language functions in a previous 

CCEP and stimulation study by Maliia et al. [115]. Another study of those with FO 

based gliomas found that damage to the Superior Longitudinal Fasciculus (SLF) was 

particularly indicative of language deficits [329]. Given the bilateral associations of FO 

regions to parietal structures, such as the angular gyrus, left and right superior parietal 

lobules and supramarginal gyri, these results support this finding. The same study 

showed that if the SLF was undamaged, there was little chance of deficits when 

resecting the FO [329].  

There is also evidence from seizure semiology analysis that frequency coupling 

between insula-opercular and mesial temporal structures produces oral automatisms 

[179]. This indicates that coupling between the mesial temporal regions and frontal 

operculum may further be implicated in automotor functions such as swallowing [115, 

179]. The integration of the FO in motor tasks is supported by previous research by 

Enatsu et al. [92] and Maliia et al. [115], demonstrating connections to premotor areas 

and motor areas. These results agree with this, particularly in the right FO area, which 

was well connected to both SMA (SMC) regions and the left precentral gyrus. 

The FO has also shown to be connected to the insula in previous CCEP studies, by 

frontoinsular U-fibres [92]. This was more so in the left FO, which had connections to 

the ipsilateral insula. However, this was not seen in the right FO stimulation, which 

shows a major point of difference in connectivity between left and right FO as the right 

FO was more connected to the contralateral insula. 

While many results appear to support published work, numerous functional MRI 

(fMRI) studies show BOLD connectivity between FO regions and mesial temporal 

structures. The results reported here do not display this. However, this may be explained 

by mechanical differences between CCEPs and fMRI [120]. The main limitations to 

this work are the number of patients and the lack of literature that exists currently 

around the connectivity of the FO regions.  

10.5 Conclusion 

Both the left and right FO shows broad connectivity and similar patterns between 

hemispheres to areas that correlate with functions and connections reported. With 
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further research, and more comprehensive imaging and neurophysiological recordings, 

a greater understanding of the mechanisms of how this region integrates with other 

structures may be shown. 

While the above study was relatively brief, it demonstrates the utility of Circro plots 

for showing CCEP connectivity. An opportunity to apply methods developed in this 

study to a larger cohort of patients arose in a study exploring insula connections. This 

is incorporated into this thesis as Chapter 5.  

11 SUMMARY 

Inferring connectivity from CCEPs is an elaborate multistep process. In this chapter, 

the contributions to the field of CCEPs explored during this thesis were outlined. Those 

of particular note was the work undertaken in artefact-free filtering, methods to select 

the baseline, the implementation and comparison of novel dissimilarity metrics and 

lastly, visualisation of connectivity results.  

The filtering of the CCEP signal without contamination of the early response, which 

occurs near the stimulation artefact, required careful consideration. By reviewing 

procedures in ECG, in particular, the subtraction method [154], a novel way was created 

in which to pre-filter SEEG-CCEP data. This required the use of time-frequency 

transforms, and avoided the ringing introduced around high amplitude stimulation 

artefact. A method based on prior research by David et al. [130] was also implemented 

to mitigate stimulation artefact using a cubic spline. This attenuated impulse-response 

induced artefacts and was particularly useful for time-frequency analysis (Figure 

4.10D).  

Possibly the most useful contribution in this thesis was the development of a method 

accounting for both local and global intra-channel activity. In Section 6, the three 

approaches to baseline selection were detailed. A technique which included both the 

local changes from immediately before stimulation was combined with a way to 

statistically compare this to a range of randomly selected baselines. This approach, 

developed independently, was similar to a method devised be Crowther et al. [158], 

shown in Figure 4.6. Interestingly, in using this method, the problem of interictal 

activity occurring during CCEP stimulation was also solved. Since interictal activity 

would be included in the randomly selected segments, as well as CCEP-stimulation 
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segments, their effect would be factored into the resulting statistical Z-score for each 

stimulation pulse train. this approach was then employed to compare the sensitivity of 

different connectivity metrics statistically.  

Recognising that SEEG acquires data from a wide range of areas, all of which have 

unique and varied electrographic signatures [202], test metrics were sought which 

would be able to capture a wide array of changes. A method was created to integrate 

synthetic patterns, created based on experience in resting state SEEG data, to compare 

the sensitivity of a wide range of metrics. To this end, two well studied families of 

dissimilarity measures were discovered and implemented: Statistical Distance Metrics 

(SDMs) and Time Series Similarity Measures (TSSMs). These measures against 

commonly employed metrics used in CCEP analysis were tested: Root Mean Square 

(RMS and Standard Deviation. In doing this, it was discovered that RMS was the most 

suitable metric to quantify the connectivity between anatomical sites (Table 4.9). SDMs 

performed well, while most of the TSSMs did not. Additionally, it was found that one 

particular type of TSSM: Autoregressive models calculated using Burg’s method, were 

particularly sensitive to spikes and high frequency signals. Well performing metrics for 

the high-frequency and spiking signals will be used later in this study to investigate 

CCEP connectivity of seizure locations in Chapter 6. While the finding that RMS was 

the best performing metric was surprising, this is the first attempt to compare sensitivity 

levels for different connectivity metrics in CCEPs. 

Visualisation of SEEG and CCEP data is also a relatively unacknowledged challenge. 

In the course of this research, it was found that a few software tools such as that SEEG 

data and Time-frequency GUI (Figure 4.10), CCEP connectivity GUI (Figure 4.17) and 

Q-Q scatterplot (Figure 4.18), as well as the imaging pipelines in chapter 2, 

dramatically shortened the time taken to compare results. Because of this, the quality 

of the inferences from these results also improved. Circro plots [328] were an effective 

way to visualise CCEP connectivity results, across multiple patients, demonstrated with 

a brief analysis of the connections of the frontal operculum. Customised Circro plots 

were also utilised in a large study of the human insula incorporated as a paper recently 

published in the journal Cortex [111], as Chapter 5.  
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11.1 Future work 

In this chapter, several avenues of further research have been identified. One path 

would be to test a handful of well performing metrics, on a well-known anatomical 

connection, to validate the findings from section 8 on real ERPs. Applying network 

mapping techniques would also provide more detailed information about the topology 

of networks derived from CCEP connectivity. Another pathway would also be the 

creation of a CCEP toolbox based on the processing and visualisation methods 

developed in this chapter. CCEPs is currently limited in utility because of the difficulty 

in applying post-processing techniques to generate connectivity analyses.  Releasing a 

toolbox that united results in a user-friendly method would increase the adoption of 

CCEPs as a tool dramatically. 
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Chapter 5: Applying cortico-cortical 
evoked potentials to understand 

the connectivity of the human 
insula 

1 PREMISE AND ABSTRACT 

CCEP studies are uniquely positioned to draw insightful novel conclusions about 

human brain connectivity. Using SEEG as a modality, CCEPs have been used to map 

connections of the limbic network [39], the hippocampal and cingulate connectivity 

[55], connections between frontal structures and the insula [92], as well as opercular 

structures [115]. In chapter 4, the process used to infer connectivity from CCEP data 

was outlined and compared the sensitivity of many metrics to a variety of synthetic 

ERPs. The results concluded that RMS was the most suitable metric to determine brain 

connectivity using CCEPs. A study also demonstrated the utility of CCEP studies to 

evaluate the connectivity of difficult to sample brain areas, with a study of the frontal 

operculum in eight patients. 

In this chapter, many of the techniques and methods developed in chapter 4 are applied 

to map the connectivity of the human insula. This work enlisted a large population of 

patients who underwent SEEG evaluation and CCEP stimulation at the Cleveland 

Clinic epilepsy centre in 2014 and 2015. This chapter was published as a journal article 

in “Cortex” titled “Connectivity of the human insula: A cortico-cortical evoked 

potential (CCEP) study” (online in June 2019). The candidate’s contribution to this 

paper was to write the methods section, parts of the introduction and discussion, as well 

as processing a large portion of the data. The candidate also developed novel methods 

(outlined in chapter 4), which were used to compile quartile values and create all 

connectivity figures published in the final paper. 

The human insula is increasingly being implicated as a multimodal functional network 

hub involved in a large variety of complex functions. Due to its inconspicuous location 

and highly vascular anatomy, it has historically been difficult to study. CCEP 

stimulation was performed in each sub-region of the dominant and non-dominant insula 
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in 30 patients who underwent stereo-EEG. Connectivity strength to the various cortical 

regions was obtained via a measure of (RMS), calculated from each gyrus of the insula 

and ranked into weighted means.  

The results of all cumulative CCEP responses for each individual gyrus were 

represented by Circro plots. Forty-nine individual CCEP pairs were stimulated across 

all the gyri from the right and left insula. In brief, the left insula contributed more 

greatly to language areas. Sensory function, pain, saliency processing and vestibular 

function were more heavily implicated from the right insula. Connections to the 

primary auditory cortex arose from both insula regions. Both posterior insula regions 

showed significant contralateral connectivity. Ipsilateral mesial temporal connections 

were seen from both insula regions. In visual function, we further report the novel 

finding of a direct connection between the right posterior insula and left visual cortex. 

This study concluded that the insula is a major multi-modal network hub within the 

cerebral cortex; having major roles in language, sensation, auditory, visual, limbic and 

vestibular functions as well as saliency processing. In temporal lobe epilepsy surgery 

failure, the insula may be implicated as an extra temporal cause, due to the strong mesial 

temporal connectivity findings. 

2 INTRODUCTION 

The human insula has been viewed as an enigmatic cortical region. This is partly due 

to its anatomical location nestled behind the frontal, temporal, and parietal opercular 

cortices and dense surrounding vascular network, which has made it historically a 

challenge to study [330, 331]. The adult anterior insula comprises three anterior short 

gyri (anterior (ASG), middle (MSG) and posterior (PSG)), separated from the posterior 

insula by a central insula sulcus. The posterior insula comprises the two long gyri 

(anterior (ALG) and posterior (PLG)) [332, 333].  

Despite covering only 2% of the cerebral cortex, the insula acts as a highly diverse 

functional highway implicated in a vast number of homeostatic, cognitive and affective 

processes. These include; vestibular, visceromotor and viscerosensory functions, 

somatomotor, pain and temperature, motor association, ocular motor, language, limbic 

integration, auditory function and also spans the realms of cognition including memory, 

body awareness, emotion and self-recognition [172, 334]. 
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How the insula is able to integrate and be involved in such a wide array of functions 

has prompted attempts to uncover its connectivity networks. Initially, such discoveries 

were based on tracer injection studies and dissection in both humans and primates [335-

337]. With the advent of diffusion tractography and advanced fMRI algorithms, further 

insula connections were observed in vivo [338-340].  

Given the significant efferent output from the insula, it comes as no surprise that it may 

potentially be able to mimic epilepsies arising from any lobe of the brain and also 

account for epilepsy surgery failure in temporal, frontal and parietal lobe epilepsy 

surgery [180-183]. Thus, the importance of sampling the insula by intracranial 

electrodes in lesion-negative refractory epilepsy is increasingly being recognised. 

Despite this, however, there are still only a handful of reports using CCEP 

methodology, which has attempted to describe the connections of the human insula 

[118, 125, 176, 178].  

In this study, CCEP data of individual gyri in the dominant and non-dominant insula 

was analysed, in patients undergoing epilepsy surgery with SEEG. Maps of 

connectivity measures, based on the averaged RMS values, were generated, 

highlighting the connectivity strength of various cortical regions.  

3 PATIENTS AND METHODS 

Determination of sample size, all data exclusions, all inclusion/exclusion criteria, 

whether inclusion/exclusion criteria were established prior to data analysis, all 

manipulations, and all measures in the study are reported. 

This retrospective analysis utilised 192 patients who underwent SEEG evaluation in 

2014 (99 patients) or 2015 (93 patients) for epilepsy surgery at the Cleveland Clinic 

Epilepsy centre. SEEG electrodes were typically 6 to 16 contacts, 2.5mm long, 0.8mm 

diameter, separated by 2 mm of space. Placement into the insula was either in an 

orthogonal or oblique manner depending on the desired coverage. Patients with 

electrode contacts in either of the insula regions were selected (n= 71). CCEPs were 

performed with the patient on full medications at the end of the evaluation.  

Of the 71 patients, 42 patients had CCEPS performed in either insula region. To 

standardise inter-regional connectivity, patients with previous epilepsy surgery, insula 

abnormalities on MRI or seizure onset in the insula, were excluded (9 patients). A 
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further 3 patients were excluded because there was ambiguity as to whether the 

electrode was sampling the insula or an adjacent structure (e.g. operculum). In total, 30 

patients were selected for ongoing analysis.  

The methods for obtaining CCEPs at our centre have previously been outlined [36]. 

Stimulation was performed with the Grass S88 stimulator (Warwick, RI, USA) using 

an automated interface in Nihon-Kohden software. A paradigm using 1Hz stimulation 

with 0.3msec monophasic pulses of alternating polarity between two adjacent electrode 

contacts located in the desired anatomical region was utilised. Thirty trials were 

performed at 2mA, 4mA and 6mA intensities and 60 trials at the 8mA setting. This 

stimulation protocol is safe and would not cause localised tissue injury [21, 103]. 

Stimulus intensity was truncated if after discharges or seizures had occurred. 

3.1 Anatomical analysis and determining regions of interest 

The anatomical location of each electrode contact, for every SEEG case, had previously 

been tabulated for clinical use. Confirmation of electrode placement for all 30 patients 

was re-reviewed using the CT and MRI reconstructions assembled via the Curry 

Neuroscan software (Compumedics, USA), prior to any CCEP analysis. In particular, 

the insula contacts were analysed for their location with the insula itself. Any contacts 

that were extra-cerebral, placed in white matter or showed continued artefact, were 

removed from the analysis. 

3.2 CCEP analysis 

The raw SEEG electrode CCEP averaged data was extracted from the 256-channel 

montage display of the Nihon Kohden digital EEG machine (NeuroWorkbench version 

05-20; Nihon Kohden America, Inc., CA, USA). This raw CCEP- SEEG epoch files 

were then reviewed in MATLAB (MATLAB, Mathworks Inc.). Synchronization pulses 

were captured in the NK software to define the precise time of the stimulation event. 

The evoked response, sampled at 1000Hz, was then bandpass filtered at 1-300Hz and 

notch filtered at 60Hz (local powerline frequency). The selected time window 

parameters included a 100msec baseline period prior to stimulation onset and 400msec 

time window following the onset of stimulation. Averaged evoked potentials acquired 

at stimulation amplitudes of 2, 4, 6 and 8mA were analysed. This was slightly different 
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from the process described in chapter 4 but has been utilised in previous studies [39, 

93].  

CCEP responses using subdural grid recordings have been reported to comprise two 

peaks- an early N1 and late N2 negative response. However, in SEEG, there are often 

inconsistencies in the CCEP morphology, in part due to electrodes located within sulci 

or traversing grey and white matter [21]. Rather than relying on the latency or amplitude 

of the response, analysis of the RMS was utilised to quantify its strength. The RMS is 

a statistical measure of signal amplitude, which was shown in Chapter 4 to very 

sensitive to a wide array of ERP morphologies. The ratio of the baseline RMS value at 

100ms before a stimulation pulse was compared to the RMS value at 10 to 400 

milliseconds after stimulation. A kurtosis method (threshold setting at 8) was utilised 

to reject stimulation artefact, but not large evoked responses [279]. Rejected items were 

manually analysed to confirm the presence of a stimulation artefact and not an 

exaggerated evoked potential. 

Responses to CCEP stimulation were based on RMS values. These were calculated 

upon the averaged evoked potentials and baselines, consistent with prior CCEP 

methodology [36, 39, 93]. Electrode contacts were grouped by anatomical region of 

interest (ROI), with results in the same ROI averaged in order to give a connectivity 

summary for that ROI. It was assumed that stimulations from the same anatomical area 

would activate the same network, therefore if multiple stimulations were performed 

within the same gyri in a patient, results were averaged across stimulations. These 

results were ranked into Quartile Values (QV) for each ROI for the stimulated gyri, 

resulting in a range from 1 to 4. This process was similar to that described by Donos et 

al. [35]. Weighted means (WM) were computed for RMS quartile values, which took 

into account the number of trials incorporated in the QV and allowed for comparison 

between patients. Standard deviation of results across patients for each QV was also 

computed to see if the spread was large for an ROI. QVs were shown on specialised 

custom Circro plots, which captured the connections of the stimulated gyri. Since this 

research was exploratory in nature, there were no hypotheses tested, and therefore, the 

standard deviation can be thought of as a reliability check for results, with larger 

spreads considered less reliable. Epileptic contacts were also left in the analysis for 

completeness. 
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3.3 Circro plots 

Circro plots denoted the projections of the stimulation site graphically and were created 

using a modified open source toolbox (https://github.com/bonilhamusclab/circro) 

[328]. The plots are organised so that right hand anatomical sites, representing the right 

hemisphere, are in bold, and left hemisphere anatomical sites placed on the left. Total 

anatomical sites differed slightly between the various gyri stimulated as there was 

variability in sampling across patients, due to individualised hypotheses in SEEG. 

The number following the anatomical site indicates how many contacts and patients 

were sampled during stimulation of a particular insula gyrus. Heights of columns on 

the circle border illustrate the number of electrode contacts sampled graphically, and 

the colour highlights the standard deviation of the responses across patients, which may 

be thought of as a reliability measure since no statistical analysis could be performed. 

Lines between sites show the strength of connectivity between ROIs, with colours 

representing the WM of QV’s. The thickness of the line indicates the relative number 

of electrode contacts sampled at the response site, normalised by the number of contacts 

in the most sampled site on each plot. The colour bars on the left and right show the 

scales for both standard deviation and the weighted mean of quartile values. Because 

of the number of connections, a Circro plot for each insula gyri was created. 

4 RESULTS 

Table 5.1 shows the patient demographics for all 30 patients. Dominant language areas 

were in the left hemisphere for all patients, including the 3 patients who were left 

handed and shown to be left dominant by WADA testing. Right and left gyri are 

denoted by R and L prefixes, respectively. Due to the volume of the data, only 

significant connections with a weighted mean QV greater than 3 are discussed, as these 

connections are considered to be the most robust. Circro plots are shown for each 

individual gyrus in Figure 5.1 to Figure 5.10 with anatomical abbreviations provided in 

Table 5.2.  

https://github.com/bonilhamusclab/circro


Chapter 5: Applying cortico-cortical evoked potentials to understand the insula 

  154 
 

Age 
/hand 

Age 
Onset 

SEEG 
Seizure focus MRI FDG- PET SPECT Insular 

Contact 
Insula 50Hz 
Stimulation Surgery 

19y/ RH 7y 
Left Middle 

Frontal Gyrus 
(MFG) 

Mild dysplasia L hippocampus Bitemporal hypometabolism 
without asymmetry. 

Hyperperfusion in L dorsal lateral 
central, adjacent frontal opercular, 

and posterior insula. 
L MSG Throat sensation 

(dry) Left MFG resection 

21y/RH 9y 

Left 
orbitofrontal 
and mesial 
temporal 

Slight asymmetric enlargement 
of L amygdala 

Reduced FDG activity in b/l  
mesial temporal lobes 

including mesial temporal 
regions. 

N/A 
L ALG N/A Left orbitofrontal 

and temporal 
L MSG N/A 

20y/RH 14y 
Left Middle 

temporal gyrus 
(MTG) 

Unremarkable 
Hypometabolism in L  

lateral anterior temporal 
lobe. 

B/l Hyperperfusion in cluster areas 
of L temporal, frontal and parietal 

region. 
L ALG N/A Left temporal 

lobectomy 

28y/RH 5m Not 
localizable Unremarkable Bitemporal and L parietal 

hypometabolism. 

Hyperperfusion in R posterior 
frontal, R temporal, and L anterior 

parietal lobe 

L MSG N/A 
NA L PSG N/A 

L PLG N/A 

34y/RH 24y Left temporal Unremarkable 
B/l moderate 

hypometabolism in mesial 
temporal lobes 

N/A L ASG N/A Left temporal 
lobectomy 

43y/RH 5y 
Right 
frontal 

operculum 

R frontal opercular cortical 
malformation, b/l hippocampal 

volume loss 

Mild hypometabolism in b/l 
anterior medial temporal 

regions 

Hyperperfusion in R posterior 
insular region or R dorsal lateral 

central region 

R ALG L hand burning 
Frontal operculum 

L ASG N/A 

39y/RH 18y Right frontal 
operculum Unremarkable 

B/l hypometabolism in 
anterior mesial temporal 

regions, more on the R side 
N/A 

R PLG L hand tingling 
Frontal operculum R ASG Nil 

R ASG Nil 

49y/RH 22y Bilateral 
orbitofrontal 

Encephalomalacia in L frontal 
lobe 

Left frontal 
hypometabolism N/A R MSG N/A NA 

61y/RH 10y Left temporal Unremarkable Severe hypometabolism in 
L mesial temporal lobe 

Hyperperfusion in cluster area of 
L basal frontal or L lateral deep 

parietal region 

L MSG Difficulty reading 

L lateral temporal 
lobectomy 

L PLG Painful electric 
shock in R calf 

L ALG Loss of verbal 
fluency 

L PLG N/A 

20y/RH 5y Right pars 
orbitalis 

 
Unremarkable 

Mild bitemporal and focal 
hypometabolism in R mid to 
anterior dorsomedial frontal 

cortex. 

Hyperperfusion in both 
hemispheres in R posterior dorsal 
medial frontal, R posterior basal 

medial temporal and L mid 
cingulate gyrus. 

R ASG N/A Right pars orbitalis 
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12y/RH 4m 
Right Superior 
Frontal Gyrus 

(SFG) 
Unremarkable Mild-moderate bitemporal 

hypometabolism. 
No dominant foci of ictal 

hyperperfusion. 
R MSG N/A Right superior 

frontal resection R MSG N/A 

30y/LH 10y Right temporal Unremarkable 
B/l  temporal 

hypometabolism more 
pronounced on the R 

N/A 
R ALG N/A Right temporal lobe 

resection R MSG N/A 

27y/RH 17y 
Right Superior 
Frontal Gyrus 

(SFG) 
Unremarkable Bitemporal hypometabolism N/A R Circ S N/A Right superior 

frontal resection 

36y/LH 1y 
Right superior 

and Middle 
frontal gyrus 

Unremarkable 
Mild b/l temporal and 

frontal parasagittal 
hypometabolism 

Hyperperfusion in L medial 
parietal and  occipital regions R Circ S Whole body 

parasthesias 
Right frontal 

resection 

38y/RH 31y 
Right 

neocortical 
temporal lobe 

Unremarkable 

Hypometabolism with mild 
asymmetry in R anterior 
medial basal temporal 

region 

Hyperperfusion in R superior 
temporal, frontal operculum and 

posterior insula 
R PLG Left hemibody 

parasthesias 
Right temporal lobe 

resection 

20y/RH 9y Multifocal 
B/L schizencephaly and 

pachygyria in the parietal 
regions. 

N/A 
Hyperperfusion in bilateral 

temporal, opercular regions and 
left posterior insular region 

R ASG N/A 
No surgery R PSG N/A 

L PSG R hand tingling 

53y/RH 35y 
Left mesial 
temporal 
region 

Questionable asymmetric 
cortical thickening of inferior 
margin of L anterior temporal 

pole 

Asymmetric 
hypometabolism involving 
L anterior temporal lobe, L 
orbitofrontal and L insula 

regions 

N/A L ASG N/A Left temporal 
lobectomy 

25y/RH 4.5y Multifocal 
regions 

 
L hippocampus MTS, abnormal 

sulcation at rectus gyrus and 
anterior interior frontal lobe 

Severe hypometabolism 
Left hemisphere 

Hyperperfusion in L mid to 
anterior temporal regions 

extending to the L insular region. 
Also in L anterior medial frontal 
regions extending to the R mid 

cingulate gyrus. 

L PSG Nil 

No surgery 
L ALG Nil 

28y/RH 19y Right 
Temporal 

Heterotopic gray matter in R 
medial temporal lobe Bitemporal hypometabolism 

Hyperperfusion in L posterior 
basal frontal region, b/l insula and 

dorsal central regions 
R MSG N/A Right temporal 

lobectomy 

35y/RH Unkno-
wn 

Right mesial 
temporal 
region 

Unremarkable 
B/l temporal, parietal and 
occipital hypometabolism. 

R temporal asymmetry 
N/A R ASG N/A Right anterior 

temporal lobectomy  

32y/RH 4y Left Parietal 
Operculum 

 
Unremarkable 

Bitemporal hypometabolism 
without asymmetry. Mild 

hypometabolism in L 
parietal operculum region. 

Hyperperfusion in L parietal 
operculum, L medial occipital, L 

lateral temporal and occipital 
regions 

L PLG Whole body 
sensation No surgery 
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54y/RH 25y Right temporal 
region Unremarkable Focal hypometabolism in R 

mesial R temporal N/A R PLG N/A Right temporal 
lobectomy 

31y/RH 8m Right Angular 
gyrus Unremarkable 

Bitemporal hypometabolism 
with asymmetry in R mesial 
temporal, R orbitofrontal, R 
anterior parasagittal frontal, 

R parietal operculum 

Hyperperfusion in R basal medial 
temporal occipital junction R PLG N/A Right parietal 

resection 

52y/RH 5y B/L temporal Unremarkable Diffuse cortical 
hypometabolism, N/A R ASG N/A Neuropace 

L ASG 

24y/RH 15y 

Right 
temporo-
occipital 
regions 

Unremarkable 
Bitemporal hypometabolism 

with R lateral temporal 
asymmetry 

Hyperperfusion in R lateral 
temporal parietal region R PLG Auditory- high 

pitch sound 
Right temporo-

occipital resection 

69y/RH Unkno-
wn 

Left Mesial 
temporal Unremarkable N/A Hyperperfusion in L posterior 

lateral temporal region 
L PLG 

R foot painful 
stabbing 
sensation 

Left temporal 
lobectomy 

L MSG N/A 

45y/RH 5y Right temporal 
lobe 

 
Bilateral hippocampal 

symmetric hyperintensity in 
T2/FLAIR with mild volume 

loss. 

Diffuse hypometabolism in 
b/l temporal lobes more 
pronounced on the R. 

Hyperperfusion in both 
hemispheres in areas of R 

posterior basal frontal regions and 
R mid deep medial frontal region 

R ASG Nil 
Right temporal 

lobectomy 
R PLG 

Warm feeling and 
parasthesias in 

both arms 

17y/LH 6y 

Right planum 
temporale and 

parietal 
operculum 

Unremarkable 

Hypometabolism of b/l 
parietal lobes more 

pronounced in the superior, 
parasagittal regions and 
bilateral temporal lobes 

more pronounced on the L 

N/A R ALG L arm numbness No surgery 

23y/RH 14y Left 
orbitofrontal Unremarkable L frontal and temporal 

hypometabolism N/A L PLG N/A L orbitofrontal 

27y/RH 10y 
R hemisphere 

multifocal 
epilepsy 

Subependymal heterotopia 
along atrium of R lateral 

ventricle. Thickened cortex in R 
frontal operculum 

Hypermetabolism in R 
anterior supramarginal 

gyrus 
N/A 

R PLG 
N/A Neuropace 

R PSG 

Table 5.1: Patient information and demographics. Abbreviations: y: year, m: month, R: Right, L: Left, N/A: not applicable, FCD: focal cortical 

dysplasia, RH: R-handed, LH: L-handed, b/l: bilateral, ASG: Anterior short gyrus, MSG: Middle short gyrus, PSG: Posterior short gyrus, ALG: 

Anterior long gyrus, PLG: Posterior long gyrus.   
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Figure 5.1: Right ASG connectivity 
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Figure 5.2: Left ASG connectivity 
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Figure 5.3: Right MSG connectivity 
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Figure 5.4: Left MSG connectivity 
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Figure 5.5: Right PSG connectivity 
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Figure 5.6: Left PSG connectivity 
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Figure 5.7: Right ALG connectivity 
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Figure 5.8: Left ALG connectivity 
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Figure 5.9: Right PLG connectivity 
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Figure 5.10: Left PLG connectivity 
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  AC - Anterior Cingulate Hip t - Hippocampal Tail MTG - Middle Temporal Gyrus Precu post - Precuneus Posterior 

AG - Angular Gyrus IFG Poperc - Inferior Frontal Gyrus 
Pars Opercularis 

OcG lat - Occipital Gyrus (Lateral) Precu sup - Precuneus Superior 

Amy - Amygdala IFG Porb - Inferior Frontal Gyrus Pars 
Orbitalis 

OcG mes - Occipital Gyrus (Mesial) Put - Putamen 

Cin s - Cingulate Sulcus IFG PT - Inferior Frontal Gyrus Pars 
Triangularis 

OrF lat - Orbitofrontal Gyrus (Lateral) SFG lat - Superior Frontal Gyrus 
(Lateral) 

Clau - Claustrum IFS - Inferior Frontal Sulcus OrF mes - Orbitofrontal Gyrus (Mesial) SFG mes - Superior Frontal Gyrus 
(Mesial) 

Col s - Collateral Sulcus Ins ALG - Insula Anterior Long Gyrus Para lob - Paracentral Lobule SFS - Superior Frontal Sulcus 

CS - Central Sulcus Ins ASG - Insula Anterior Short Gyrus PC - Posterior Cingulate SMG - Supramarginal Gyrus 

Cun - Cuneus Ins Cir s - Insula Circular Sulcus PHG - Parahippocampal Gyrus SPL - Superior Parietal Lobule 

Ent c - Entorhinal Ins MSG - Insula Middle Short Gyrus Pl. pol - Planum Polare STG - Superior Temporal Lobule 

Fim - Fimbriae Ins PLG - Insula Posterior Long Gyrus Pl. tem - Planum Temporale STS - Superior Temporal Sulcus 

FO - Frontal Operculum Ins PSG - Insula Posterior Short Gyrus PO - Parietal Operculum SubC s - Subcentral Sulcus 

FP lat - Frontal Pole (Lateral) IPL - Inferior Parietal Lobule POs - Parieto-Occipital Sulcus SubC g - Subcentral Gyrus 

FP mes - Frontal Pole (Mesial) IPS - Inferior Parietal Sulcus PostC g - Post Central Gyrus SyFi - Sylvian Fissure 

Fus - Fusiform ITG - Inferior Temporal Gyrus PostC s - Post Central Sulcus T.Pol lat - Temporal Pole (Lateral) 

GP - Globus Pallidus ITS - Inferior Temporal Sulcus PreC g - Precentral Gyrus T.Pol mes - Temporal Pole (Mesial) 

GyR - Gyrus Rectus Lin - Lingula PreC s - Precentral Sulcus Unc - Uncus 

Heschl - Heschl's Gyrus MC - Mid Cingulate Precu ant - Precuneus Anterior  

Hip h - Hippocampal Head MFG - Middle Frontal Gyrus Precu inf - Precuneus Inferior  

Table 5.2: Abbreviations for figure labels in circro plots (Figure 5.1- Figure 5.10) 
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4.1 The Anterior Short Gyrus 

Six patients had CCEPs in the R-ASG, with one patient having two electrode pairs located 

within the R- ASG, totalling 7 separate pairs of CCEP stimulations.  A total of 639 electrode 

contacts in 76 bilateral grey matter regions were analysed. 457 contacts were located in the 

right hemisphere across 46 anatomical areas, while 182 contacts in the left hemisphere 

accounted for 30 anatomical regions. 

Five pairs of electrodes from the L-ASG had CCEP responses obtained from 5 patients. A total 

of 430 electrodes were analysed across 67 regions of the brain, with 125 contacts in the right 

hemisphere, across 28 anatomical areas and 305 contacts in the left hemisphere derived from 

39 regions. Figure 5.1 and Figure 5.2 represent all the various connections of the insula ASG 

across these contacts. 

Ipsilateral connections - Frontal connections: 

Both ASG had strong connections to the frontal opercular regions (right- 24 contacts, WM 3.5 

and left 26 electrodes, WM 3). Both areas were also strongly connected to the inferior frontal 

gyrus- pars opercularis (right- 22 electrodes, WM 4 and left- 15 electrodes, WM 3.6). 

Differences between the right and left ASG were seen in connections to the following: 

Lateral pre-frontal areas. The R-ASG connections were strongly represented in the inferior 

frontal gyrus pars triangularis (PT) and orbitalis (PO) (13 and 17 electrodes respectively) and 

also in the lateral frontal pole (15 contacts). In contrast, the L-ASG had only a very weak 

connection to pars orbitalis (WM 1.4, 5 electrodes) and to the entire frontal pole contacts (WM 

1 in a total of 14 electrodes from mesial to lateral). No IFG pars triangularis representation was 

available on the left. The L-ASG also strongly linked to the primary motor area (2 contacts). 

This was not seen with the right. 

Temporal connections: 

Shared strongly connected common efferents from the right and left ASG, were seen in the 

following temporal lobe locations: 

(1) Mesial temporal areas (R-ASG: uncus (2 contacts), hippocampal head (11 contacts), 

amygdala and entorhinal cortex (18 and 1 contact respectively), and L-ASG: hippocampal head 

(8 contacts), uncus (1 contact,), entorhinal cortex (5 contacts), amygdala and collateral sulcus 

(6 and 3 contacts respectively))  
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(2) temporal pole (R-ASG; mesial to lateral 7 contacts), L-ASG; mesial temporal pole (12 

contacts)  

(3) temporal neocortical areas (R-ASG; superior temporal sulcus (STS) 2 contacts and superior 

temporal gyrus (STG) 16 contacts).  L-ASG; STS (6 electrodes).  

(4) temporal operculum (anterior) (R-ASG; planum polare (5 contacts), L-ASG planum polare 

(8 contacts) 

Differences in the strength of connectivity was found between the L-ASG which was seen to 

have a strong connections in the basal temporal region (fusiform gyrus (4 contacts, WM 3), 

ITG (8 contacts, WM 3) while the R-ASG was poorly connected to these areas (fusiform, 14 

contacts, WM 1.4 and ITG 6 contacts WM 1). 

Parietal connections:  

Both ASG were highly connected to the angular gyrus. Differences included the R-ASG being 

strongly connected with the lateral parietal connections (R-ASG; supramarginal gyrus (SMG), 

14 contacts and intraparietal sulcus (IPS), 2 contacts). The L-ASG, however, had a poor 

connection to the left SMG (WM 1.7, 6 contacts) and no electrodes were sampling the IPS.  

Other regions 

The L-ASG strongly connected to the ipsilateral claustrum (1 contact), This was not sampled 

on the right. 

Contralateral connections: 

Contralateral connections from the R-ASG were to the left IFG PT (5 contacts), claustrum (1 

contact), lateral orbitofrontal region (5 contacts) and the left anterior cingulate (8 contacts). Of 

note, the right anterior cingulate also had contralateral connectivity via the L-ASG but less so 

(WM 2, 6 contacts) 

The L-ASG had a very strong contralateral connection to the right anterior precuneus (1 

contact). Contralateral strong connectivity was also seen in the angular gyrus (2 contacts), 

frontal operculum (5 contacts), hippocampal head (3 contacts), inferior frontal sulcus (IFS) and 

the STS (2 electrodes each). 

In comparison, the R-ASG also showed a moderately strong connection to the opposite frontal 

operculum, however, not clearly as strong (WM 2.4 but with a SD of 0.8 in 14 electrodes). The 

contralateral connection from R-ASG to left hippocampal head was also seen to be present but 
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modest (8 contacts, WM 2). The R-ASG lacked sampling in the contralateral (left) precuneus 

and angular gyrus. 

Intra and inter-insula connectivity: 

R-ASG was strongly connected to the ipsilateral PSG (8 contacts). Contralateral connections 

were modest.  

The L-ASG is most strongly connected to the ipsilateral ALG (WM 4, 3 electrodes), MSG 

(WM 3.2, 5 contacts), PLG (WM 3, 2 contacts) and shows strong contralateral connectivity to 

the R-ASG (WM 3.2, 5 contacts) and R-PSG (WM 3, 3 contacts).  

4.2 The middle short gyrus  

Four patients had CCEPs performed in the R-MSG, with one patient having 2 pairs of 

electrodes placed orthogonally, giving a total of 5 stimulated CCEP pairs. In total, 218 grey 

matter electrodes were analysed in 40 anatomical regions. This was divided into 149 electrode 

contacts in the right hemisphere across 21 anatomical sites and 69 contacts in the left 

hemisphere representing 19 individual anatomical areas. 

Five pairs of L-MSG CCEPs were tested across 5 patients. In total, 538 electrode contacts were 

analysed from 78 regions of the brain. 92 contacts were placed in the right hemisphere across 

21 anatomical regions and 446 contacts in the left hemisphere across 57 areas. Figure 5.3 and 

Figure 5.4 represent the right and left MSG. 

Ipsilateral connections -frontal connections: 

Both MSG were strongly connected to their respective frontal operculae (R-MSG: 8 contacts 

and L-MSG 22 contacts). Differences in connectivity were seen in the following connections: 

1. Anterior Cingulate (AC)- The L-MSG was strongly connected to the AC (WM 2.9, 6 

contacts).  

2. Orbitofrontal regions- the R-MSG was strongly connected to the right mesial to lateral 

orbitofrontal regions (8 contacts in total). The L-MSG had a descending ipsilateral connectivity 

strength from mesial (WM 2.7, SD 1, 11 electrodes) to lateral (WM 2, 3 contacts) and unknown 

contralateral orbitofrontal connection. 

3. Gyrus rectus and IFG- the L-MSG was strongly connected to the following areas; Gyrus 

rectus (6 contacts), IFG- PO and PT (3 and 6 contacts respectively). In contrast, the R-MSG 
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was not as robustly connected to the ipsilateral IFG PO (WM 2.7, SD 1.3, 7 contacts) and gyrus 

rectus (WM 2.6, SD 1.3, 4 contacts).   

4. Other- The R-MSG also was strongly connected to the ipsilateral IFS (only 1 contact) and 

SFS (4 contacts). The status of these connections from the left MSG is unknown. The L-MSG 

strongly connected to the left motor cortex (13 contacts), which was not sampled on the right. 

Temporal connections 

Both MSG connected strongly to the temporal poles (R-MSG 8 contacts, L-MSG 4 contacts), 

and middle temporal gyrus (MTG) (R-MSG 6 contacts and L-MSG 27 contacts). 

The R-MSG had strong connections to the hippocampal head (6 contacts, SD 0), whereas the 

left was weaker (WM 2.6, SD 0.5, 7 contacts) although the connection to the hippocampal tail 

and fimbriae were stronger (WM 4 and 3, SD 0 respectively). 

Furthermore, L-MSG stimulation showed strong responses in the ipsilateral temporal 

operculum (planum polare and temporale 12 and 15 contacts respectively), the STG (10 

contacts), ITS (5 contacts), uncus (3 contacts) superior temporal sulcus (9 contacts).  These 

areas were not sampled on the right. 

Parietal connections 

The L-MSG also had a strong bilateral connection to the superior parietal lobules, whereas the 

R-MSG was only modestly connected to its own side (WM 2, SD1, 6 electrodes). The L-MSG 

strongly connected the ipsilateral primary sensory cortex (5 contacts). This was not sampled 

on the right.  

Other regions:  

L-MSG showed strong connections to the subcortical structures (globus pallidus and putamen) 

and to both (ipsilateral and contralateral) claustra. The connectivity of the R-MSG to these 

areas is unknown. 

Contralateral connections: 

Differences in frontal lobe connectivity were seen in both MSG as follows: The L-MSG also 

showed a strong connection to the right frontal operculum (WM 3, SD 0, 3 contacts) and to the 

right IFG PO (WM 2.8, SD 0.98, 5 contacts) although this was not mirrored from the right (R-

MSG to left FO WM 1, SD 0, 3 contacts and IFG PO WM 2,SD 0, 3 contacts). 
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The R-MSG was seen to connect to the left AC (2 contacts) strongly, but had a poorer 

connection ipsilaterally (WM 2.2, SD 0.6, 9 contacts). In contrast, the L-MSG had a very weak 

connection to the right AC (WM 1, SD 0, 3 contacts). The R-MSG also projected to the whole 

left orbitofrontal region (6 contacts mesial to lateral) and to the gyrus rectus (WM 3, 4 

electrodes). A stronger connection to the left MFG (WM 3, SD0, 5 contacts) was seen from the 

R-MSG, than ipsilaterally (WM 2.9, SD 0.8, 16 electrodes).  

Contralateral connections to the left MTG from the R-MSG were also significant (3 electrodes). 

As mentioned, the L-MSG also had strong connectivity to the contralateral superior parietal 

lobule and claustrum.  

Intra and inter-insula connectivity: 

R-MSG was strong connected with the ipsilateral PSG (WM= 4, 4 contacts).  

L-MSG showed strong connections (WM 3-4) in the ipsilateral ALG (4 contacts), MSG (11 

contacts), PSG (2 contacts) and PLG (12 contacts). Strong contralateral connections were seen 

in the right MSG (1 contact) and PSG (1 contact). 

The posterior short gyrus 

Three patients had CCEPs stimulated from the R-PSG. In total, 253 grey matter electrodes 

were tested from 46 locations in the brain. 202 electrodes were found in the right hemisphere, 

representing 36 distinct areas. Stimulations of the R-PSG to 51 electrodes  in the left 

hemisphere were present, representing 10 distinct anatomical sites. 

In the L-PSG, 3 pairs of CCEP stimulations across 3 patients were recorded, spanning 252 

contacts in 48 brain regions. 57 electrode contacts had been placed in the right hemisphere 

spanning 13 anatomical regions, while 195 electrodes where place in the left hemisphere across 

35 anatomical areas. Figure 5.5 and Figure 5.6 represent connections from both PSG. 

Ipsilateral connections - frontal connections: 

Both PSG had strong connectivity to the frontal operculum (R-PSG WM 3.75, 20 electrodes, 

L-PSG WM 4, 17 electrodes) and the mesial SFG (R-PSG WM 3, 2 contacts; L-PSG WM 3, 4 

contacts). Differences between the PSG included the following areas: 

1. Anterior Cingulate (AC)- The R-PSG was strongly connected to the right AC (2 contacts), 

whereas the left AC was only moderately well connected by the left PSG (WM 2, SD 0, 2 

contacts). 
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2. Orbitofrontal gyrus- the R-PSG strongly connected to the mesial orbitofrontal gyrus (2 

contacts), which was weaker on the left (WM 2, SD 0, 8 electrodes) 

3. L-PSG to paracentral lobule (5 contacts) and left subcentral gyrus (2 contacts) was strong.  

The connection of R-PSG to the right subcentral gyrus was present but weaker (WM 2, 2 

contacts) and unknown for the paracentral lobule. 

Temporal connections: 

The temporal operculum is very highly connected by the PSG on both sides (Heschl’s gyrus: 

R-PSG WM 4, 4 contacts; L-PSG WM 3, 6 contacts. Planum temporale: R-PSG WM 4, 16 

contacts; L-PSG 3.25, 16 contacts. Planum polare: R-PSG WM 3, 5 contacts and L-PSG WM 

4, 5 contacts). 

The mesial temporal structures comprising the amygdala, hippocampus and mesial temporal 

pole showed strong efferents from the R-PSG (all WM 3, 3 contacts each). The L-PSG also 

had strong links to the hippocampus (WM 4, 2 contacts) and uncus (WM 3, 2 contacts) but 

only a modest connection to the amygdala (WM 2, 2 contacts). The mesial temporal pole region 

on the left was not sampled.  

The temporal neocortical areas of the STG and STS were strongly connected by the R-PSG 

(WM 3.3 and 4 and contacts 15 and 1 respectively) and the STG and MTG by the L-PSG (WM 

3.1 and 3 and 7contacts each respectively).  In contrast, the R-PSG to ipsilateral MTG was 

however modestly connected (WM 1.8, SD 0.8, 11 electrodes)  

Parietal connections: 

The R-PSG connected strongly to the ipsilateral SMG (2 contacts). The connection for L-PSG 

was not sampled. The L-PSG had a very strong ipsilateral connection to the ipsilateral parietal 

operculum (WM 4, 16 contacts), whereas the right PSG connection was not as strong (WM 

2.6, 19 electrodes) 

Other regions: 

The R-PSG was strongly linked to the lateral occipital gyrus (7 contacts). The left was 

unknown. 

Contralateral connections: 

The R-PSG was highly connected to the contralateral (left) parietal operculum (PO) (WM 4, 2 

contacts), whereas the L-PSG had a modest connection only to the right PO (WM 2, 8 contacts, 
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SD 0). Conversely, the L-PSG had a strong connection to the right (contralateral) FO (WM 3, 

5 contacts), whereas the right PSG to the left FO was weaker (WM 2, 9 contacts). 

Both the PSG’s were well connected to the contralateral STG, although the right was stronger 

(R-PSG to left STG-WM 3, 8 contacts and L-PSG to right STG- WM 2.7, 7 contacts). 

Intra and inter- insula connectivity: 

Stimulation of the R-PSG resulted in the strongest connectivity (WM= 4) in the ipsilateral 

insula contacts comprising the ASG, ALG and PLG. A strong connection was also seen to the 

left PLG (5 contacts) 

The L-PSG connectivity was mainly to ipsilateral ALG. Only moderate connections (WM 2) 

were seen to the right ASG, PLG and PSG. 

4.3 The anterior long gyrus  

Four pairs of electrodes, from 4 patients, had CCEP stimulation from the R-ALG. 304 electrode 

contacts were studied from 47 anatomical regions. 292 electrode contacts highlighted 42 

separate anatomical areas in the right hemisphere, while 12 electrode contacts were placed in 

the left hemisphere across 5 anatomical regions. 

Five pairs of L-ALG CCEP responses were acquired from 5 patients, spanning 559 electrodes 

from 68 regions of the brain. 70 electrodes were implanted in the right hemisphere across 17 

anatomical areas and 487 in the left hemisphere across 51 anatomical regions. Figure 5.7 and 

Figure 5.8 show the connectivity of both ALG 

Ipsilateral connections-frontal connections: 

Both ALG were strongly linked to the frontal opercular regions (R-ALG WM 4, 10 contacts; 

L-ALG WM 3.6, 15 electrodes). 

The L-ALG was highly linked to the ipsilateral gyrus rectus (WM 3, 16 contacts), the precentral 

gyrus (WM 3.6, 13 contacts) and sulcus (WM 3 but only 1 contact). The R-ALG however, only 

showed weaker connectivity to these regions (right Gyrus Rectus WM 1.7, SD 0.9, 6 contacts 

and right pre-central gyrus WM 2, SD 0, 6 electrodes) 

R-ALG strongly connected to the ipsilateral IFG pars orbitalis (POrb) (5 contacts), the 

subcentral gyrus (3 contacts) and mesial frontal pole (3 contacts). On the left, the connection 

to the mesial frontal pole was much weaker (WM 1.8, SD 0.4, 13 electrodes) and those to the 

subcentral gyrus and IFG POrb were unknown. 
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Temporal connections: 

Both ALG had strong ipsilateral connections to mesial temporal areas including the uncus (R-

ALG WM 4, 1 contact; L-ALG WM 3.2 6 contacts), amygdala (R-ALG WM 3, 7 contacts; L-

ALG WM 3.6 10 contacts) and parahippocampal gyrus (R-ALG WM 3, 3 contacts; L-ALG 

WM 3.4 and 8 contacts). L-ALG additionally revealed major efferents to the collateral sulcus 

(WM 4, 2 contacts) and fimbria (WM 3, 2 contacts) although these were not sampled from the 

right.  

Lateral temporal contacts showed a difference between the two regions. Firstly, the L-ALG 

showed significant efferents to the lateral temporal pole (WM 3, 6 contacts) and the STG (WM 

3.3, 11 contacts). Conversely, the R-ALG displayed a slightly less strong connection to STG 

(WM 2.9, 16 contacts) and very weak connections to the lateral temporal pole (WM 1, 4 

contacts). The R-ALG showed strong connections to the STS (WM 4, 2 contacts), which was 

weaker from the L-ALG (WM 2, 2 contacts). 

Both ALG were also highly connected to their respective temporal opercular regions (right 

ALG- planum polare and temporale (WM 3.2 and 4 and 2 and 4 electrodes, respectively. L-

ALG- planum temporale and polare (WM 3.2 and 3, 10 and 12 electrodes respectively). It is 

worth noting that the L-ALG strongly connected to Heschl’s gyrus (WM 3, 14 contacts) 

whereas the R-ALG connection to ipsilateral Heschl’s was weaker (WM 1.8, SD 0.4, 5 

contacts). 

Parietal connections: 

Both ALG were highly connected to their corresponding parietal operculum (R-ALG- WM 3.6, 

11 contacts; L-ALG WM 4, 27 contacts). The R-ALG connected strongly to the ipsilateral 

primary sensory cortex (4 contacts). Interestingly, there was almost no connection seen from 

the L-ALG to this area (WM 1, SD 0, 2 contacts). The L-ALG showed strong connectivity to 

the ipsilateral posterior precuneus (4 contacts). The R-ALG was also connected to precuneus 

(anterior) but moderately so (WM 2.4, SD 0.5, 5 electrodes). 

Other areas: 

The L-ALG was strongly connected to the ipsilateral claustrum and globus pallidus. These 

connections were unknown from the right. 
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Contralateral connections: 

R-ALG connected to the left mesial orbitofrontal region and L-ALG to the right inferior frontal 

sulcus (both areas single contacts). The left ALG was also strongly connected to the right ASG 

(WM 3, 2 contacts). 

Intra and inter- insula connectivity  

CCEP analysis in the R-ALG revealed highly connected areas in the right (10 contacts). L-

ALG connections were best in ipsilateral ASG (WM 4, 3 contacts), MSG (WM 3.8, 10 

contacts) and PSG (WM 3, 3 contacts). 

4.4 The posterior long gyrus  

Six pairs of CCEPs from 6 patients were recorded from the R-PLG. In total, 556 contacts from 

64 anatomical regions were analysed. 515 electrode contacts were located in the right 

hemisphere in 52 areas and 41 electrodes in the left hemisphere in 12 anatomical regions. 

Six pairs of L-PLG CCEPs were performed in 5 patients, spanning 648 electrodes over 77 

regions of the brain. 70 electrodes in the right hemisphere in 14 anatomical areas and 578 

electrodes were located in the left hemisphere across 63 anatomical areas. Figure 5.9 and Figure 

5.10 outline the full connectivity profiles from both these regions. 

Ipsilateral connections - Frontal connections: 

Both PLG demonstrated strong ipsilateral connections to the primary motor region (R-PLG 

WM 3.6, 7 contacts to the right precentral gyrus. L-PLG WM 3, 4 contacts to the precentral 

sulcus. Of note, no precentral sulcus contact was available on the right, and the precentral gyrus 

contact on the left showed a weaker connection (WM 2.2, SD 0.6, 18 contacts). 

The R-PLG also had a strong connection to the frontal operculum (WM 4, 13 contacts), 

although the left PLG wasn’t as strongly connected (WM 2, SD 1.0, 25 contacts).  

The L-PLG was well connected to the IFG-P Operc and IFG-PT (WM 3.4 and 3.2 and 8 and 

10 contacts respectively) with poor connectivity to IFG POrb (WM 1, 3 contacts). In contrast, 

the R-PLG showed strong connectivity with IFG-POrb (WM 3.8, 14 electrodes), moderate 

connectivity with IFG-PO (WM 2.3, SD 0.7, 25 electrodes) and very poor connectivity with 

IFG PT (WM 1, SD 0, 6 electrodes). 
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The R-PLG was well connected to the ipsilateral IFS (WM 3, 2 contacts), but the L-PLG was 

a weak connection in only 1 representative contact (WM 2). 

Temporal connections: 

Both PLG shared similar qualities being highly connected to the temporal operculum (R-ALG- 

WM 3.8-4, Heschl’s gyrus (9 contacts), planum polare and temporale (10 and 20 contacts 

respectively)); L-ALG- WM 3.2-4, planum temporale (21 contacts), Heschl’s gyrus (12 

contacts) and planum polare (17 contacts). 

Both regions also demonstrated links to certain mesial temporal areas but to varying degrees. 

Strong links were seen from the R-PLG to the ipsilateral amygdala (WM 4, 10 contacts), uncus 

(WM 4, 1 contact), parahippocampal gyrus (WM 3.8, 4 contacts), entorhinal cortex (WM 3, 1 

contact) and the hippocampus (WM 3.3, head and tail 23 contacts total). However, the L-PLG 

only showed a strong connection to the tail of hippocampus (WM 3.5, 8 contacts) and the more 

anterior mesial temporal connections were weaker (hippocampal head (WM 2.5, 4 contacts, 

SD 0.8), amygdala (WM 1.8, 13 contacts), uncus (WM 1.5, 8 contacts), parahippocampal gyrus 

(WM 1, 1 contact)). 

Both PLG also strongly connected to the ipsilateral STG (R-PLG WM 3., L-PLG WM 3,15 

contacts each). The R-PLG also highlighted strong efferents to the STS (WM 3, 15 contacts), 

while the left side was less well connected to this region (WM 2, 9 contacts) 

The L-PLG strongly connected with the temporal pole (WM 4, 16 contacts in total, stronger 

connections lateral to mesial), ITG and ITS (WM 3 and 4, 9 and 5 contacts respectively). In 

comparison, connection to the ITG from the R-PLG was modest (WM 2.1, 21 contacts) and  

poorer to the temporal pole (WM 2 for the mesial part and WM 1 for the lateral part in a total 

of 4 contacts) 

Parietal connections: 

Both PLG were also highly connected to the parietal opercular regions (R-PLG WM 3.2, 9 

contacts and L-PLG WM 3.2, 27 contacts). 

The R-PLG was strongly connected to the ipsilateral sensory cortex (WM 3, 7 contacts). The 

L-PLG showed strong connectivity to the left postcentral sulcus (WM 3, 3 contacts) but a 

weaker connection to the postcentral gyrus (WM 2.2, 22 contacts,) 

The L-PLG was strongly connected to the supramarginal gyrus (WM 2.6, 25 contacts), whereas 

the right PLG was moderately well connected (WM 2.6, SD 1.1, 19 electrodes). 
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Connectivity of the L-PLG to the inferior precuneus was strong (WM 3, SD 0, 4 electrodes) 

but weaker from the R-PLG (WM 2, 2 contacts) 

Other regions 

Both PLG were also highly connected to the claustrum (WM 4, 2 contacts from right and 4 

from the left) 

The L-PLG had very strong bonds (WM4) with the subcortical areas (globus pallidus and 

putamen), representation of these areas on the right was absent. 

The left PLG connected strongly to the paracentral lobule (WM 3.1, 11 contacts), whilst the 

right PLG had a weaker connection to the right paracentral lobule (WM 2, 6 contacts). 

Contralateral connections: 

The R-PLG was the highly connected to the contralateral lingula (WM 4, 2 contacts, SD 0), 

the temporal regions (collateral sulcus (WM3, 4 contacts), ITG (WM 3, 3 contacts), temporal 

pole (WM 3, 2 contacts)), including the temporal operculum (planum temporale- WM 3, 5 

contacts). Contralateral connections from the L-PLG to the right planum temporale, STG and 

STS were weak. 

Interestingly, the left PLG had a bilateral projection to the frontal opercular regions with an 

equally connected moderate value (WM 2). 

Intra and inter- insula connectivity: 

Strong intra-insula contacts from the L-PLG were seen in the ipsilateral ALG, MSG and PSG. 

Ipsilateral intra-insula connections from the R-PLG were weaker and included the right ASG 

(WM 2.6, 9 contacts) and the ALG (WM 2, 1 contact). Contralateral L-PLG to the right MSG 

was present but weak (WM 1). Contralateral insula connections from the right were not 

sampled. 

5 DISCUSSION 

CCEPs of the individual gyri in the human insula in both hemispheres, highlight the extensive 

and complex networks arising from each sub-region of this cortical area. These efferent 

connections explain why the insula is a major integrative hub and so highly involved in a large 

number of important functions.   
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5.1 Language function and the insula 

The insula is increasingly being recognised as having a major role in the language network 

[341-344]. Cortical regions involved in language function are complex and involve two major 

modalities (1) regions for speech articulation and motor control- including Broca’s region (IFG 

pars opercularis and triangularis) and the primary motor cortex and (2) language association 

areas, comprising widespread cortical regions including the temporal pole, primary auditory 

cortex, fusiform gyrus, SMG, angular gyrus and the superior, middle and basal temporal gyri 

[345] and the SMA [346].  

The work undertaken in this study shows strong connectivity to both language motor and 

association areas, from the dominant insula. What is striking is the finding of maximal language 

efferents from each opposing pole of the insula, meaning that the ASG sends long efferents to 

the posterior brain regions and the PLG conversely, connects more anterior brain regions. The 

ASG and PLG both relay connections to the basal temporal language areas (ITG and fusiform) 

and parietal language areas (angular gyrus and SMG). 

Speech articulation and motor control have been shown to involve the precentral gyrus of the 

insula [341, 347-351] as well as the recognised inferior frontal gyrus (Broca’s) and primary 

motor area. Cortical stimulation studies in the insula, resulting in speech disturbances, have 

also helped confirm this [177, 352]. The obtained CCEP results provide insight into this 

mechanism, showing that the left ASG and MSG are strongly connected with IFG- pars 

opercularis and with the primary motor cortex.  However, the involvement of the posterior 

insula is further reported. The ALG also connects to the primary motor cortex, and along with 

the PLG, both are strongly linked to IFG pars opercularis, and pars triangularis. These regions 

also show strong connectivity to the primary auditory cortex, a key language association area 

that modulates functional connectivity during a motor speech [353]. This posterior insula-

auditory-speech motor network that is described is implicated in studies of deaf individuals, 

utilising lip-reading and articulatory-based cues, which show grey matter hypertrophy in the 

posterior insula [354].  

The insula PSG also shows a similar connectivity pattern. Although it is well connected to the 

auditory cortex and Broca’s areas, it is conversely not strongly connected to the primary motor 

cortex. This may explain the recent study, arguing against the specific role of the precentral 

gyrus of the insula in articulation [355]. Rather it suggests that the role is, in fact, modulation 

of articulation in combination with the IFG pars opercularis, a role that is also shared by the 
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SMA [346]. The work undertaken in this study shows that the PSG is strongly connected to 

these regions too.  

Language association regions are also highly connected by the dominant insula, with the lateral 

temporal language areas receiving strong projections from the importation of the insula, namely 

MSG, PSG and ALG. The temporal pole is also highly connected from both anterior and 

posterior insula regions (ASG, MSG, ALG and PLG), which correlates well with primate 

studies, where these strong connections are attributed to a limbic integrating system for 

complex, pre-processed visual and auditory information with the insula [335]. 

Stimulation findings have previously reported speech disturbances arising from both insulas, 

particularly during stimulation of the MSG [177]. The study may explain these findings to 

some degree given that the non-dominant insula projects to contralateral language areas 

(namely R-ASG to left pars triangularis; R-MSG to left MTG, R-PSG to left STG and R-PLG 

to the left temporal pole). It has been observed that while the right MSG has moderate 

connections to left language networks, it is also highly connected from the left MSG. The right 

anterior insula has shown to be an important mediator in speech and language function [344] 

but also strongly activated during non-lyrical singing (non-lyrical tune) [356]. While strong 

intra-insular connectivity from the right to left MSG was not found, the right MSG was still 

fairly well connected to the ipsilateral Heschel’s gyrus and primary motor cortex. It was 

hypothesised that in situations such as non-lyrical singing, the left MSG might enhance the 

right, or even suppress the left, in order to engage non-verbal language function.  

The authors report that the intra-insular connectivity of the dominant insula appears to have a 

“closed-loop” like connectivity. The anterior insula structures are highly connected in a 

“downstream- upstream” gradient (ASG to MSG, ALG, PLG; MSG to PSG, ALG, PLG; PSG 

to ALG, PLG; ALG to all and PLG to ALG, PSG, MSG). It remains to be elucidated how, and 

if such connectivity has a role to play in language function.   

5.2 Sensation: pain, interceptive awareness and somatosensory afferents 

Multimodal information processing networks across sensorimotor, emotional and homeostatic 

domains are increasingly being attributed to the insula [357, 358]. Although some studies 

suggest an asymmetry in function, with the right/non-dominant insula being attributed to 

negative affect, hunger survival, avoidance behaviours [174], cardiac control [359] and also in 

pain [161], such lateralization of valence is not so clearly defined at present [360, 361]. This 
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current study, however, reveals an asymmetry in connectivity. The right insula, at least for 

somatosensory function, has more ipsilateral and contralateral connections than the left. This 

may be due to earlier development of the right hemisphere, making developmental connections 

more complete [357], especially in the context of patients with epilepsy, where pathological 

activity may impair plasticity. Thus these results may be biased with respect to lateralization.  

Sensory integration appears to follow a hierarchy within the insula in a “bottom-up”/posterior-

to-anterior axis, whereby sensory inputs to the posterior insula are propagated to the mid-insula 

region for homeostatic processing and then onto the anterior regions for saliency processing 

[161, 173, 362-364]. This research supports the existence of this axis to a degree; especially as 

both posterior insula regions (ALG and PLG) are highly connected to the ipsilateral anterior 

gyri. The study also demonstrates that the left posterior intra-insula contacts are more widely 

connected to their ipsilateral short gyri than on the right. The left ALG is also strongly 

connected to both the ASG. These additional connections from the left may provide an 

explanation as to why the left hemisphere shows dominance for positive emotional stimuli in 

the anterior and mid insula regions and during the perception of emotion in others, despite both 

posterior insula regions being activated in both cases [161]. The left insula (having a later 

embryological development) may be responsible for higher cognitive situational assessment 

and thus support the notion that the right insula is a default network concerned mainly with 

“negative” emotional processing (hunger, avoidance, pain) to ensure species survival [359]. 

Further evidence comes from the findings that the right anterior insula becomes activated by 

emotionally aversive stimuli and harm avoidance behaviour [365] and that dysfunction of this 

system may be the key in everyday anxiety disorders [366]. 

Pain processing is also a role ascribed to the insula along with the anterior cingulate region 

(AC), the parietal operculum (SII), the primary sensory cortex (S1) and the limbic structures 

including the amygdala, hippocampus and orbitofrontal cortex and precuneus [367-369]. Of 

these regions, the AC is thought to be more specific to pain processing [370-372] compared to 

SII, where historical stimulation failed to produce nociceptive experiences [373].  

Specifically, the MSG has been implicated in pain processing with stimulation studies [175]. 

The CCEP studies support this finding given that both MSG are highly connected to the left 

AC with additional cross connectivity from the right ASG. The right AC appears to be less 

well connected by the insula receiving inputs mainly from the right PSG. Connectivity of the 

right anterior insula to the AC has been shown to be important in bladder control and urgency 
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[374]. Another CCEP study did not find evidence of connections from the insula to anterior 

cingulate [118]. 

Insula to cingulate connections involves Von Economo neuronal (VENs) networks, specialised 

neurons present in the anterior cingulate and frontoinsular cortices [375], which are more 

abundant on the right side [376]. If the findings of the dual efferent innervation of the left AC 

are extended, further afield in neurology, it may provide addition insight into the neurological 

illness of fronto-temporal dementia (FTD). In this disorder, decreased VEN densities are a 

pathological marker [377] but only patients with right-sided FTD present with behavioural 

disturbances [378]. This is presumably since the right AC only receives a paucity of ipsilateral 

insula connections, resulting in a frontal disconnection syndrome, whereas the left is relatively 

protected by the benefit of bilateral innervation.  

The right and left MSG and PSG also show strong connections to mesial temporal and frontal 

limbic areas as well as SI and SII as well as the novel finding of the right PSG connecting to 

the contralateral SII, which supports the hypothesis that the mid-posterior insula is, in fact, a 

multimodal homeostatic or interoceptive area [171].  

The strong connectivity of both posterior insula regions to S1 and SII is highlighted, confirming 

their role in the sensory network. This was also demonstrated through fMRI [379]. Significant 

connectivity of the posterior insula regions to their respective amygdala and hippocampi were 

seen, but with additional right posterior insula cross- connections to the contralateral left 

orbitofrontal region. Studies in anger responses have shown increased activity in the right 

posterior insula and STG and to a lesser degree, the left posterior insula and hippocampus 

[380]. 

It is hypothesised that the posterior insula may itself have independent emotional, sensory 

processing capabilities rather just a relay to the anterior insula for processing.  

The precuneus has also shown to be part of the sensory network, especially in visuo-tactile 

texture matching in fMRI studies in healthy volunteers [381]. The precuneus and mesial limbic 

regions are connected via the insula, although only one study has demonstrated this in humans 

[382]. This research demonstrates this connection of the left posterior insula (ALG and PLG) 

and left ASG being strongly connected to the ipsilateral precuneus and also the mesial limbic 

networks. 
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Interoceptive awareness (conscious awareness of inner bodily signals) [358] is mediated by the 

right anterior insula to higher-order areas of visceral representation such as the orbitofrontal 

cortex [383, 384]. The CCEP data highlight the right MSG and PSG efferents to the ipsilateral 

orbitofrontal cortex and the novel finding that the right anterior (ASG) and posterior insula 

(ALG) are also highly integrated with the left (contralateral) orbitofrontal region. The left 

insula is not as well connected to either orbitofrontal area, and this may explain why previous 

CCEP studies may have failed to show insula- orbitofrontal connectivity [118] or that only the 

left ASG has some connection to the orbitofrontal regions [123]. 

The insula-orbitofrontal networks are attributed to processing the final evaluation of reward or 

punishment implicated by certain stimuli [385]. An example of this network at play comes 

from the sensation of taste. A recent fMRI study implicated the left MSG and ALG as the 

determinants of the pleasantness of taste, and the right ALG and PLG being involved in taste 

concentration processing, in a male-only cohort [386]. This connectivity study confirmed the 

findings of insula-orbitofrontal connectivity to be present, but weak, from the left and absent 

from the right. However, a partial explanation may be due to the cases being of mixed sex. 

5.3 Vision 

Few studies in the human insula have reported direct links between the visual cortex and insula. 

Recently, high-resolution tractography studies have reported, for the first time in humans, 

ipsilateral connections between the insula lobe and the visual cortex as well as parietal and 

temporal visual association areas (supramarginal and angular gyri, fusiform gyrus, cuneus and 

precuneus) [382]. The insula, with respect to visual function, is thought to act as a cross modal 

cortical integrator for stimulus perception [387, 388] as well as visual consciousness [389]. The 

latter also requires parietal integration (precuneus and lateral parietal cortex) as part of the 

default mode network [390].  

This study supports such findings and adds a novel dimension to the literature. Firstly, it 

appears that connectivity from the left insula, to visual association areas, is more ubiquitous, 

although this may be due to limited sampling between the insula and occipital regions within 

the database. The ASG on both sides were found to be more highly connected to structures 

implicated in the ventral visual stream [391], including the fusiform gyrus (left ASG), the 

inferior temporal gyrus (left ASG), the angular gyrus (both) and the intra-parietal sulcus and 

supra-marginal gyrus (right ASG respectively). This may explain why the dysfunction of the 

anterior insula has recently been implicated in migraine with aura [392]. The right posterior 
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short gyrus also shows strong connectivity between the lateral occipital cortex and supra-

marginal gyrus with respect to the visual integration from the right insula.  

One finding, unreported to date, is the strong contralateral connectivity from the right posterior 

long gyrus to the left lingula and inferior temporal gyrus, with weak ipsilateral connections to 

these same areas. These findings may provide clues in the specific role of the right PLG in 

visuospatial navigation, namely that activation of visual cortex and motion-sensitive areas 

(such as the inferior temporal gyrus) are associated with a deactivation of the right posterior 

insula [393], whereas in the blind, the opposite is true and imagined locomotion activates the 

posterior insula [394], which may act as an alternative sensorimotor region when vision is 

impaired or limited (e.g. navigating at night). 

5.4 Hearing: 

The insula is an integral part of the auditory system, along with the primary auditory cortex 

(Heschl’s Gyrus), the planum temporale and lateral superior temporal gyrus [395]. 

Connectivity studies in monkeys support the involvement of the posterior insula as an 

important auditory region [396]. These CCEP findings confirm strong connections to Heschl’s 

gyrus from the right (PSG and PLG) and left insula (PSG, ALG, PLG). Interestingly, the right 

ALG was not well connected to the ipsilateral Heschl’s and left sided insula connections 

appeared more extensive when compared with the right. Planum temporale was strongly 

connected ipsilaterally from both mid-posterior insula regions (PSG, ALG and PLG on the 

right and MSG, PSG, ALG and PLG) and the lateral superior temporal gyrus as similarly 

connected by the posterior long gyri on both sides and additionally by the posterior short gyrus 

on the left. Impairment of these mid-posterior insula connections has previously been 

implicated in music aversion in dementia [397].   

A novel finding in this CCEP research is the finding of connectivity from both PLG to the 

contralateral Heschl’s, in both hemispheres, along with MSG from the right and PSG from the 

left. This may explain the reported findings of contralateral ear hypoacusis during posterior 

insula stimulation [368]. 

Furthermore, the anterior insula showed weaker connections to Heschl’s but stronger 

connections to secondary auditory areas, suggesting they may have an integrative role in 

auditory processing, as previous suggested in stroke studies of the insula [398].  
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5.5 Intra and inter-insula connectivity: 

Connectivity between the two insula lobes has been reported to occur from both anterior and 

posterior regions in animal studies [399, 400] but is sparsely reported in humans. Using CCEPs 

one study in humans, could not find proof of connectivity between the posterior insula regions 

[118]. In another single case report, utilizing latency as a connectivity marker, the anterior 

insula regions on both sides were found to be linked (right PSG to left PSG and left MSG and 

left PSG to the right PSG) [125]. The same study could not,, however, confirm contralateral 

connectivity from the posterior insula. 

This study highlights strong cross-connectivity mainly from the left ASG, MSG and ALG and 

only moderate connections from the right ASG and PSG. The PSG appear to be the major hubs 

between anterior and posterior insula regions within each respective insula. Additionally, the 

polar opposites of each insula do show connectivity (ASG to PLG and vice versa) although this 

is only a moderately strong connection within the right insula but a stronger connection from 

the left. 

5.6 Limbic connectivity and epilepsy  

Surgical failure in patients diagnosed with temporal lobe epilepsy is increasingly being 

attributed to a failure of recognition of the insula as an epileptogenic zone due to the significant 

connections to the mesial temporal regions [183, 373, 401]. The findings from this study 

confirm the significant connections to the mesial temporal structures from all gyri of the right 

insula. The left insula similarly showed full connectivity to the hippocampus, but the amygdala 

received connections from the ASG, PSG and ALG only. The left ASG was also strongly 

connected to the right hippocampus. This may explain why patients with left sided temporal 

lobe epilepsy exhibit greater white matter damage [402], especially as both hippocampi are 

highly connected to their ipsilateral insula [39]. 

Structural imaging studies have shown strong connectivity of the amygdala and temporal pole 

by the anterior insula in the human and macaque monkey [334, 338, 339, 402]. Conversely, 

prior CCEP studies in humans showed the reverse situation with the connectivity of the 

amygdala with posterior but not anterior insula connections [118]. Similarly, this study showed 

hippocampal connections from all the insula except PSG. 

In the results found here, the right temporal pole was connected by the right ASG and MSG 

while the left temporal pole received connections from the ASG, MSG, ALG and PLG.  Cross 
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connectivity from the right PLG was also seen to the left temporal pole. The strong connectivity 

to this region from both insulas may explain why it is also implicated in language and naming 

[403]. 

5.7 Vestibular 

The insula has been implicated in vestibular function, particularly the right insula. Some studies 

have implicated both anterior and posterior insula regions [404], whereas others have 

implicated the poster-superior part in conjunction with the adjacent parietal opercular region, 

termed the parieto-insula vestibular cortex [405, 406]. Cortical stimulation studies in epilepsy 

patients undergoing SEEG have confirmed vestibular sensations in the posterior insula [407]. 

While the extended vestibular network is still not well established [406], cortical stimulation 

studies in humans have also implicated the superior and middle temporal gyri, inferior parietal 

lobule, intraparietal sulcus and angular gyrus [408-411]. This multi-lobar involvement has also 

been confirmed by animal studies [412, 413]. Neurons comprising the vestibular cortex are 

multisensory incorporating optokinetic and somatosensory stimuli [414].   

The results from this study show connectivity to the vestibular network mainly from the right 

insula with bilateral connectivity from the right anterior insula (ASG, MSG and PSG). What is 

particularly pertinent is the finding that both posterior long gyri are well connected to the STG 

and parietal opercular regions and that it is the right PSG, which connects the STG and parietal 

opercular regions on both sides. Vestibular stimulation, during fMRI, highlighted increased 

neural activity in the posterior insula and STG [415], but conversely during visual stimulation 

of a rotating stimulus bilateral insula blood flow decrease was observed on PET [416]. The 

right PSG also has contralateral connections to the left PLG, which in turn has strong 

connections to most of the left insula. As the PSG has been shown to have afferents from all 

types of vestibular receptors [417], it is proposed that it may be a major hub for sensory 

switching reciprocal inhibition, allowing for a change in the dominant sensory system, 

depending on the prevailing sensory mode.  

6 CONCLUSION 

CCEPs of both human insulae efferents confirm this structure to be a major multi-modal 

network hub within the cerebral cortex. The sheer amount of connections explains the complex 

neurophysiological function and that it is a key region involved in both functional and effective 

connectivity.  
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7 SUMMARY 

This chapter applied techniques and methods defined in Chapter 4 to study the connectivity of 

the Insula in a large cohort of patients. RMS was used to quantify the connectivity, which was 

previously shown to be the best method available.  

The published study “Connectivity of the human insula: A cortico-cortical evoked potential 

(CCEP) study” was the largest CCEP study of the connectivity of the human insula to date 

[111]. Circro plots visualised the wide-ranging connections of the Insula by using the novel 

methods described in Chapter 4 . In conjunction with a comprehensive literature review, novel 

findings of the function of the insula were able to be undertaken. Guided by these results, it 

was found that many strong connections have implications all types of sensory processing 

(particularly vision, hearing and balance).  

While this study was not focused specifically on epileptogenicity, the strong connectivity to 

mesial temporal structures has major implications for invasive epilepsy investigations. Several 

published studies in the literature have indicated that the wide variety of functions and 

integrative nature of the insula means it can mimic a wide variety of epileptic subtypes.  

This chapter demonstrates that CCEP studies using the methods developed in chapter 4 can 

generate highly novel findings of specific anatomical structures. Future work may include the 

application of graph theoretic techniques, as have been used by other studies to show network 

clustering and hierarchies.   
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Chapter 6: Applying tested measures to 
explore connectivity in epileptic 

networks 
1 PREMISE AND ABSTRACT 

CCEPs have two main overarching purposes, firstly, to define the anatomical and functional 

connectivity of healthy brain networks and secondly, to explore connections of seizure spread 

pathways [54]. In Chapter 4, the sensitivity of many connectivity metrics on a range of patterns 

was compared. In Chapter 5 CCEPs, using RMS, the best performing metric from extensive 

testing, were applied to show the connectivity of the insula [111]. In this chapter, a selection 

of metrics evaluated in Chapter 4 was utilised to study the connectivity of seizure spread 

networks.  

Many studies exist which hypothesise and explore the physiological mechanisms of epileptic 

seizure spread and biomarkers to identify epileptogenic cortex [18, 23, 26, 28, 29, 184, 218, 

257, 280, 418-424]. Most of these use the analysis of spontaneously occurring seizures. A 

number of more recent studies have utilised CCEPs to investigate epileptic networks [41-43, 

50, 52-54, 93, 97, 100, 114, 117, 159, 160, 162, 241, 245, 249, 425, 426], however there are 

particularly few that utilise SEEG-CCEPs [41, 43, 53, 93, 114].  

Of the few studies in SEEG, a relatively small range of metrics to quantify connections in 

epileptic networks have been trialled. The aim in this chapter was to use metrics which were 

sensitive to the synthetic ERP morphologies associated with the epileptiform activity (such as 

spikes and high-frequency); along with metrics commonly used in CCEP published studies, to 

show connections between seizure spread locations. Methods developed specifically adapted 

to SEEG are sorely needed, since most of the techniques employed in SEEG-CCEPs to data 

have been adapted from studies in ECoG, which has significant differences to SEEG [21]. 

Work from Chapter 4 found that RMS was the best performing metric across those tested, but 

a method known as the AR metric was shown to be very effective for the detection of spikes 

and high frequency signals. Five different metrics were applied to CCEP data from a cohort of 

17 patients (8 females) with a mean age of 33+/-11.5, who had a localisable and surgically 

operable epilepsy and had CCEP stimulation performed. EZ contacts were defined from the 

clinical SEEG evaluation by experienced epileptologists, and stimulation sites were defined 
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into EZ, early spread (ES), late spread (LS) and not involved (NI), depending on their initial 

time of involvement in typical seizures. 

The results indicate that of those tested, only the AR metric is an effective feature space to 

quantify connectivity in seizure spread networks. AR coefficients are a compact representation 

of a frequency spectra [322], suggesting that connectivity between seizure spread locations is 

best shown using frequency-based methods. It was also found that intra-EZ connectivity 

defined using AR coefficients was the only significant result compared to other stimulated 

seizure spread locations. This was consistent with other CCEP studies, which have shown tight, 

bidirectional clusters are a hallmark of epileptogenic locations [41, 42].  

Since the AR metric has shown frequency-based methods to be suitable, potential future studies 

would identify which frequencies are increased in response to CCEP stimulation in epileptic 

locations. Similar results have been shown in previous CCEP studies [53, 114]. Training and 

evaluation of a classifier utilising AR coefficients would also be of future value, with potential 

to utilise AR coefficients to delineate EZ areas. Graph theoretic analyses would also be a viable 

addition to this research, which would demonstrate the network properties present using 

connections defined by AR coefficients. Despite these supplementary items, it is believed that 

by showing that AR coefficients are a sensitive metric for responses in epileptic networks, this 

chapter contributes novel, useful information about the communication and interaction 

between pathological tissue. 

2 INTRODUCTION 

The Epileptogenic Zone (EZ), in terms of SEEG, was first defined by Talairach and Bancaud 

in the 1960s [23]. They later created the methodology utilising the anatamo-electro-clinical 

principles of SEEG [27, 28]. A recent review by Kahane et al. [26] of methods developed by 

Bancaud and Talairach states that the EZ was a working hypothesis, with a focus on electro-

clinical correlation with knowledge of the anatomical areas associated with seizure semiologies 

[23, 26]. More recently, the EZ has been defined by Rosenow [18] and Luders [18, 29] as “the 

minimum amount of cortex requiring resection to achieve seizure freedom”. A more practical 

definition that requires validation by post-surgical results [26, 184]. Whether by SEEG or 

ECoG, the overall goal of any intracranial evaluation is to localise the EZ and understand it’s 

boundaries and the functional roles associated with anatomical structures within it [54]. 
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2.1 Biomarkers which have yielded identification of EZ locations from spontaneous 

seizures 

Several recent works by separate groups from around the world have yielded good results in 

developing tools to differentiate EZ contacts from non-EZ contacts. Of note, frequency-based 

measures underpin each of these methods. A measure known as the Epileptogenicity Index (EI) 

developed by Bartolomei et al. [422], has been used in many studies since its inception [256, 

423, 424]. This measure is based on the ratio of high frequency (Beta and Gamma) activity, 

divided by the activity of low frequency (Theta and Alpha) over a sliding window [422]. A 

study by Gnatkovsky et al. [420] proposed a method which consisted of several biomarkers, 

combined to rank epileptogenicity of sampled locations at seizure onset. The three biomarkers 

consisted of (1) fast activity at (80–120 Hz), (2) simultaneous very slow transient polarizing 

shift and (3) voltage depression (flattening). The group then used this to classify EZ contacts, 

which showed an accuracy of 74% and correct identified the expert-clinician defined EZ in 12 

out of 14 patients.  

Building on work by Gnatkovsky et al. [420], Grinenko and Li et al. [280] recently proposed a 

method to define the EZ based on a suite of features, identified using a Morlet wavelet 

transform and several subsequent signal conditioning measures to classify EZ contacts. This 

work identified that the “fingerprint of the epileptogenic zone” could be detected by three key 

features: (1) pre-ictal spiking, (2) Multiband Fast Activity (MBFA) and (3) simultaneous low-

frequency suppression (LFS). This study showed excellent results, with a 90.6% positive 

predictive value, correctly identifying the clinically defined EZ in 15 out of 17 patients [280]. 

It should also be noted that most of the information for the classifier was derived from the 

Event Related Spectral Perturbation (ERSP) wavelet transform to identify MBFA and LFS. A 

very recent study by Woolfe et al. [427],  focused on using two of the features (MBFA and 

LFS) proposed by Grinenko and Li et al. [280] to identify the EZ. This used MBFA and LFS 

to achieve a 95% accuracy for delineating the clinically-defined EZ, on a group of 20 temporal 

and extra-temporal lobe surgically excised and seizure free patients [427].  

While these studies do not directly relate to stimulation-based markers of epileptic responses, 

they indicate useful, differentiating markers for epileptic networks. By utilising metrics which 

may detect these markers or similar features, this may improve stimulation-based connectivity 

inferences in epileptic networks.  
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2.2 Stimulation used to probe seizure networks 

As outlined in Chapter 2, electrical stimulation has been crucial to the exploration and 

identification of the properties of the EZ from the inception of SEEG [31, 33]. The majority of 

stimulation based studies in ECoG and SEEG have utilised higher frequencies (25-50Hz) [19, 

30, 34, 54, 61, 115, 126, 192, 277, 428], with higher stimulus frequencies more likely to induce 

ADs, a marker of hyperexcitable tissue [90, 191]. Despite their relatively lower incidence in 

the literature, CCEPs have been associated with pathological network connections since early 

in the history of SEEG. Seminal work by Buser and Bancaud [185] showed altered CCEP 

responses in the ipsilateral amygdala during stimulation of hippocampi, depending on the 

presence of mesial temporal lobe epilepsy. 

2.3 Previous work using stimulation to determine the EZ location using CCEPs 

There has been little work to date to show how epileptic seizure propagation pathways can be 

mapped with CCEPs in SEEG. Van’t Klooster et al. developed a robust method to identify the 

EZ through the detection of pathological HFO’s in response to SPES using ECoG [162]. This 

study used wavelets to quantify the time-frequency response within the EZ and showed that 

FRs were evoked in the EZ more often than other sampled areas [162]. This showed that 

frequency-based measures were well suited to study the influence of surrounding sites on the 

EZ. In another study by Maliia et al. [114] using SEEG, it was demonstrated that stimulation 

in the EZ was able to cause the incidence of ripples and fast ripples in surrounding sites. The 

same group also showed that delayed responses, defined to be epileptogenic in pioneering work 

by Valentin et al. [100], were concordant with HFOs (in the 100-250Hz frequency band) [53, 

100]. Work by Lega et al. [93] showed that CCEP stimulation in EZ contacts had induced 

higher RMS response in sites of early seizure spread, compared to late seizure spread, 

indicating higher connectivity in seizure pathways [93]. This work also found an increase in 

post-CCEP stimulation gamma band power in early compared to late sites, again indicating 

that frequency-based measures are applicable to identify connectivity in epileptic networks 

[93].  

A recent study by Zhang et al. [93] using RMS to quantify the responses, showed that the mean 

amplitudes in the first 300ms was far higher in EZ contacts when compared to non-EZ contacts 

[429]. However, in this work, it is uncertain if a baseline was used and if the distance was 

corrected for. The finding from this paper stands in contrast to the frequency-based measures, 

which have shown EZ properties previously. Even more recently, Van Blooijs et al. [42] 



Chapter 6: Applying tested measures to explore connectivity in epileptic networks 

192 
 

utilised the peak responses of CCEP-ERPs to construct graph theoretic measures such as 

indegree, outdegree and centrality. This study showed that the EZ appeared to be densely 

connected with itself, receiving little input from outside the EZ in patients who were seizure 

free after surgery [42]. This agrees with work by Boido et al. [41], who, using a custom metric 

based on the inter-trial consistency of CCEP-ERPs, constructed graph-networks and showed 

that the EZ was made from tightly clustered densely interconnected motifs [41]. These findings 

stand in slight contrast to frequency-based measures to define the EZ since they use low 

frequency, non-periodic signal features. Given the range of findings in the literature, several of 

the best performing metrics outlined in previous chapters have been tested. 

2.4 Using time frequency information to visualise evoked epileptic responses 

In an attempt to leverage the proven information given by frequency-based measures [93, 114, 

162], an ERSP time-frequency visualiser was originally developed and demonstrated in 

Chapter 4. This tool used methods, similar to that used by Van’t Klooster et al. [162, 249, 276], 

Grinenko and Li et al. [280] and Woolfe et al. [427] to view frequency-based changes in 

response to stimulation. Unfortunately, upon reviewing CCEP responses to stimulation, no 

response morphology (MBFA and LFS) consistently significant in EZ contacts was noticed. 

No FR’s could be analysed since the 1000Hz sampling rate could only reliably measure up to 

about 300Hz (FR’s are 250-500Hz). Subsequently, it was not employed to investigate epileptic 

HFOs since they could be physiologically based [281, 283, 430, 431].  

After utilising the program shown in Figure 6.1 on many patients, a more quantitative approach 

was opted for to exploring connections of seizure spread locations. To do this, a method similar 

to that employed in Chapter 4 was used, however this time a suite of metrics was used to 

determine which metric showed the strongest responses to stimulation in clinically defined EZ 

contacts.   
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Figure 6.1: ERSP wavelet time frequency visualiser. No consistent MBFA or HFOs seen. 

2.5 Overview of the metrics used in this work 

This chapter utilises several of the best performing measures from chapter 4, which ranked 17 

metrics on their sensitivity to detect synthetic cortical activation patterns. A handful of the 

metrics were chosen, which were shown sensitive to epileptiform patterns, or utilised in other 

CCEPs studies. The choices made were informed in large part by using the Q-Q plotting 

visualiser developed (Figure 4.18). This was used to explore several patients CCEP 

connectivity results, anecdotally finding that AR models and TWED metrics showed high 

connectivity to EZ contacts. The metrics that were chosen to be employed are shown in Table 

6.1: 

Technique Basis of metric 

Root Mean Square (RMS) Basic Statistics 

Standard Deviation (StDev) Basic Statistics 

L2 distance - Euclidean distance (Euc) Lp-Norms 

Autoregressive model coefficients (AR) Model Based 

Time-Warped Edit Distance (TWED) Elastic 

Table 6.1: Summary of metrics employed and their mode of operation 
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Each of these metrics are sensitive to different types of pattern, RMS has been employed in 

many CCEP investigations [35, 39, 53, 55, 92, 115], as has StDev to a lesser degree [37]. These 

measures target the low frequency-high amplitude and high frequency low amplitude patterns 

respectively. RMS was shown to be a very effective all-around measure in Chapter 4, with few 

caveats to its connectivity estimates.  

It was decided not to employ SDMs, which gave a very good account of performance in 

Chapter 4. There was a concern that the thresholding of the binning ranges used to mitigate the 

effect of spikes in SDMs may give confusing results (since EZ channels will contain many 

spikes). It was also found that SDMs had a very similar sensitivity profile to RMS, therefore, 

would probably show similar results to RMS.  

Euclidean distance has historically been used in many signal processing applications and was 

found to be a poor performer in identifying signal similarity [164, 309];  as well as being 

insensitive to simulated cortical activation patterns from Chapter 4. It has been included in this 

study as a control measure to confirm that other metrics are comparably better.  

TWED has shown very good performance in similarity search testing [164] and was shown to 

be quite sensitive to cortical activation patterns in this research. However, a limitation of this 

measure is the high amount of parameter spaces which can be adjusted, which can give vastly 

different results. 

AR coefficients fit a parametric model to the data, modelling the frequency spectrum in a 

compact, albeit cryptic representation. In the past, AR coefficients have been used on scalp 

EEG data for seizure detection [321, 322], and to classify single trial EEG responses using a 

brain computer interface [316]. AR coefficients also showed high sensitivity to simulated 

spikes and high frequency signals, as described in Chapter 4. The frequency-based nature of 

the AR metric indicates that it is well suited to investigate epileptic networks. 

2.6 Estimation of connectivity from CCEPs 

Recent work by Crowther et al. [158] has described a process to determine the effect of 

intracranial stimulation, using statistical methodology. As was described in Chapter 4, a similar 

method to determine the influence of stimulation using Z scores were developed and used to 

compare the performance of different metrics. Both methods fundamentally used the creation 

of a distribution of connectivity values, or dissimilarity values in the absence of stimulation, 

compared to the dissimilarity values at the time of stimulation to quantify the intervention. A 
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slightly different approach, created by Tousseyn et al. [110] used a t-test to define connectivity, 

and combined with Ictal – SPECT hyperperfusion, was also able to show concordance between 

methodologies. During this study, one metric also showed a strong correlation of CCEP 

responses with distance from the stimulation site [110]. A factor was given significant research 

in Chapter 3. The distance-activation relationship has also been well defined in other modalities 

such as microelectrodes [72, 74, 76] and DBS [432], making this an important factor to also 

control for. This work synthesises parts of each approach, to propose a method of connectivity 

analysis, using a Z-statistic computed for each stimulation pulse train. This was used to infer 

the effect of the stimulated area on all other sampled networks, with a focus on epileptic 

stimulation sites.  

3 METHODS: 

3.1 Patient cohort and inclusion criteria: 

A cohort of 17 patients with refractory epilepsy undergoing SEEG evaluation at the Mater 

hospital between 2016 and 2018, who had CCEP stimulation performed was included. Of these, 

there were 8 females; the cohort had a mean age of 33.11+/-11.5 and a mean duration of 

epilepsy of 11.55+/-7.05 years. An inclusion criterion was that all patients had to have a focal 

EZ. There was no requirement to have undergone resective surgery in the criteria. However, 

the majority of patients have had surgery and undergone follow-up. Table 6.3 shows the key 

details of each of the patients included in this study. 

3.2 Data acquisition and stimulation - technical details 

SEEG data was acquired using DIXI microdeep depth electrodes, 0.8mm in diameter, 1.5mm 

Platinum-Iridium electrode contacts spaced 2mm apart. Acquired on a Nihon Kohden EEG-

1200 system, recording at 1000Hz with high pass hardware filters set at 0.008Hz. Stimulation 

was performed on an NK Neurostim 1100 system. CCEP stimulation was performed with 

0.5Hz charge balanced biphasic waveforms with cathode leading pulses. These were performed 

using a pulse width of 0.1ms and at 1,2 and 4mA stimulation currents in pulse trains of 60s. It 

was assumed that the first 400ms contained cortical responses. 

3.3 SEEG data pre-processing and definitions of baseline and ERP segments: 

For all metrics, a bipolar referencing arrangement between adjacent contacts was used [145], 

which also eliminated powerline electrical contamination. Stimulation artefact was removed 



Chapter 6: Applying tested measures to explore connectivity in epileptic networks 

196 
 

by interpolation using a cubic spline [109, 130] from 3ms before stimulation, to 10ms after 

stimulation, as described in Chapter 4. All bipolar data was then bandpass filtered between 1Hz 

and 300Hz using a 500 pole FIR filter. For each stimulation pulse, the 400ms before stimulation 

was used as baseline data, the 10-410ms after stimulation provided the response (ERP) data. 

An interictal file was used, with 1000 baseline-response segments defined far away from 

clinical events (at least 2mins from any notes, and 30 mins from seizures) to provide a 

distribution of baseline segments. The SEEG data in these segments were then used to quantify 

the dissimilarities of both CCEP responses and the resting state (interictal) dissimilarities. 

3.4 Quantifying connectivity using the dissimilarity metrics 

The dissimilarity measures shown in Table 6.1 were then employed to quantify the value of 

every baseline and response section of each stimulation pulse in a pairwise manner. The ratio 

of the response metric value and the baseline metric value was then performed for each of the 

metrics.  Once the dissimilarity values for both states were quantified, a Wilcoxon-ranksum 

test was used to give a Z-score for each pulse train, in each metric, identical to the process in 

Chapter 4. 

3.5  Organising EZ contacts and grouping stimulation locations by seizure involvement 

Typical seizures were analysed and the time of involvement of each stimulation site was 

categorised as Early Spread (ES), Late Spread (LS) or Not Involved (NI) by epileptologists 

involved in the case to understand which of the stimulation sites influenced the EZ the most. 

Definition of Stim Site Criteria of start of SZ involvement (relative to EEG onset) 
Epileptogenic Zone 

(EZ) Involved consistently at spontaneous seizure onset 

Early Spread (ES) Start involvement within 5 seconds, and not defined as EZ 
Late Spread (LS) Start involvement between 5s and 20s 
Not Involved (NI) Start involvement later than 20s or uninvolved 

Table 6.2: Definitions of stimulation site groupings, contacts entered one of the three groups 

defined by the time they became involved in a typical seizure 
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Patient 
Name 

Age at SEEG 
(Years 

Epilepsy)/Sex 
Hand 

# 
Pulse 

Trains 
(EZ) 

# 
Contacts 

(EZ) 
Type of epilepsy Surgical intervention Outcome 

Patient 1 16(8)F Right 47(6) 133(4) 
Focal right amygdala and mesial 

temporal network 
Right anterior temporal 

lobectomy 
Seizure free (3.5 years) 

Patient 2 22(7)F Left 54(5) 150(9) Left temporo-perisylvian network 
Left anterior temporal 

lobectomy 
Seizure free (3.5 years) 

Patient 3 36(28)M Right 40(2) 93(5) Focal left mesial temporal 
Left anterior temporal 

lobectomy 
Seizure Free (2.5 years) 

Patient 4 18(13)M Right 39(2) 170(4) Focal, left posterior orbital 
Left awake craniotomy to 

preserve language 
Seizure free (2 years) 

Patient 5 21(13)M Left 56(6) 175(3) 
Focal, right mesial dorsal 

orbitofrontal sulcus 
Right orbitofrontal 

Resection 
Seizure free (2.5 years) 

Patient 6 46(16)M Right 42(8) 123(16) 
Focal, right entorhinal/perirhinal to 

perisylvian network 
Right temporal lobe 

resection 
Seizure free (1.5 years) 

Patient 7 45(8)M Right 26(1) 159(4) 
Focal, left entorhinal cortex and 

amygdala 
RF Ablation Seizure free (2.5 years) 

Patient 8 39(4)F Right 26(8) 171(16) 
Focal left hippocampus, amygdala 

and temporal pole 

Left anterior temporal 
lobectomy (partial 

neocortical sparing) 
Seizure free (1.5 years) 

Patient 9 36(21)F Right 34(4) 217(7) 
Left mesial basal temporal network, 

with secondary epileptogenesis to the 
mesial temporal network 

Left Image Guided 
Temporal Craniotomy and 

resection of mesial temporal 
lesion 

No change (1.5 years) 

Patient 
10 

16(1)F Right 34(1) 201(3) Focal left perirhinal region RF ablation Initial seizure reduction, 
however seizure frequency 
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Table 6.3: Patient data for cohort of study. All patients had well localised EZ contacts, with CCEP stimulation performed in seizure spread sites. 

has to original burden (1 year 
6 months) 

Patient 
11 

34(2)M Right 24(2) 156(3) 
Focal right supracalcarine inferior 
cuneus, anterior cuneus and lateral 

occipital gyrus 

Right image guided occipital 
craniotomy and removal of 

cavernoma 

Seizure free to date (9 
months) 

Patient 
12 

46(17)M Right 19(6) 221(15) Focal, left mesial temporal network 
Left Image Guided Anterior 

Temporal Lobectomy 
Seizure free (1 year) 

Patient 
13 

36(18)M Right 14(0) 110(5) Focal, left mesial temporal network Awaiting surgery N/A 

Patient 
14 

38(3)M Right 31(2) 159(2) Focal, Right posterior insula RF Ablation 
80% seizure reduction (6 

months) 

Patient 
15 

41(14)F Right 19(3) 129(17) Focal left amygdala/entorhinal RF Ablation N/A 

Patient 
16 

25(11)F Right 15(1) 161(6) 
Focal right hippocampus, right 

entorhinal & amygdala with spread to 
the lateral neocortex. 

Awaiting surgery N/A 

Patient 
17 

47(10)F Right 14(2) 172(4) Focal left hippocampus Awaiting surgery N/A 



Chapter 6: Applying tested measures to explore connectivity in epileptic networks 

  199 
 

A graphical representation of the definitions for Patient 1 is shown in Figure 6.2: 

 

Figure 6.2: Implantation for Patient 1, with EZ contacts shown in red (both pairs 

stimulated in this case). The stimulated contact pairs for the early spread, late spread 

and not involved were shown in green, light blue and orange. 

Once the EZ contacts were defined for each patient, and all of the stimulation sites were 

grouped according to their involvement, the rankings of the EZ contacts for each patient 

were compiled. Depending on the group of the stimulation site’s inclusion in the ES, 

LS or NI groupings, the influence on the EZ contacts from each category could then be 

determined. 

3.6 Overview of the process  

The process to infer the effect of sites becoming involved in seizure activity at different 

times was quite complicated. The process began by re-referencing to a bipolar montage 

and bandpass filtering. Once this was performed, dissimilarity calculations were 

performed for all channels independently for each CCEP stimulation pulse. This 

dissimilarity process was also performed for 1000 segments in an interictal file, to give 

a baseline of dissimilarity values. The dissimilarity values for each pulse train were 

then compared to the same channels interictal (baseline) dissimilarity distribution to 

give a Z-statistic. The Z-statistics of each of the of EZ contacts were then grouped by 

when stimulation sites became involved in seizure activity to show its effect on the EZ. 

This is described in a flowchart in Figure 6.3. For clarity, each of these steps will be 

described in detail. 
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Figure 6.3: Processing flowchart to infer CCEP connectivity Z scores (similar to 

Chapter 4). This data was used to quantify the connectivity of stimulation sites 

involved at different times in seizure activity on the EZ.  

3.7 Correlating stimulation site effect on the EZ  

As outlined in Chapter 3, it is a well-known property that locations far from stimulation 

sites are activated less than contacts close to the stimulation dipole [110]. As can be 

seen from the example for the stimulation site categorisations shown in Figure 6.2, 

earlier involvement in seizure activity is typically closer, with not involved sites in 

Figure 6.2 being a larger distance away. The Z-scores were regressed with their distance 

from the stimulation dipole, using a located weighted smoothing (LOWESS) regression 

[433]  to overcome the high variability in Z scores over distance. In order to compare 
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if stimulations in any particular category were stronger than others, a sample of 

electrode contacts for ES, LS and NI stimulation sites equidistant when looking at the 

distance between EZ stimulation sites and other contacts in the EZ. This allowed 

investigation as to whether the EZ had any particular metric that was associated, which 

differentiated it from healthy ones. Several post-hoc statistical tests were conducted for 

each metric in order to confirm the significance of all findings. 

3.8 Results: 

Results of analysis of connectivity of the EZ is ultimately a two-part problem. Firstly, 

what is the influence on other areas when the EZ is stimulated? Secondly, how is the 

EZ affected upon stimulating other areas of the brain? The results of how the EZ is 

affected by stimulations is investigated in Figure 6.4. 

As can be seen in Figure 6.4, there were large amounts of variance for all metrics, when 

recording the EZ contacts. However, there were large variations in all data shown, not 

just the EZ contacts. It can also be seen that only the AR metric showed an increase 

from the other metrics. This is particularly so in response to stimulation in the EZ 

contacts. It can also be seen that the only the AR metric showed a large difference from 

controls. This result indicates two important things. Firstly, that stimulation within the 

EZ network influences EZ contacts more than stimulation sites outside of it. Secondly, 

the AR metric detected this connection the best of the metrics used. It should be noted 

that sites involved in typical seizures were always further away from the EZ contacts 

than those involved earlier, demonstrated in Figure 6.2. To account for this, the AR 

metric Z-scores were plotted and regressed in response to different stimulation 

categories against distance from the stimulation site. 
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Figure 6.4: Z scores recorded in EZ contacts in response to the various categories of stimulation sites. Two groups are shown for each metric, 

e.g. RMS measured in EZ is denoted “RMS-E” and RMS measured at control locations is denoted “RMS-C”. Control sites were randomly 

chosen, but could not be in the EZ. This showed that EZ stimulations, logically, showed the highest connectivity to EZ contacts. It also showed 

the AR metric was more sensitive than other metrics to this property. Black stars (*) between EZ and control groups denoted statistically 

significant differences between the medians at the 5% significance level. 
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3.9 AR metric shows distance-based relationship with Z score 

 

Figure 6.5: EZ Z-score vs distance for each stimulation category. The AR metric 

results are shown on the left in A, and RMS on the right in B LOWESS trendlines 

were plotted over the range of distances included for each group and provided a way 

to indicate the trend of each dataset. 

Reviewing the information in Figure 6.5, the AR metric shows a clear indication that 

distance is a major factor. However, this is not apparent in RMS. All other metrics were 

also analysed and found to have a similar trend to RMS (no Z-score relationship to 

distance from stimulation site). For AR data, the trendlines show a roughly 

exponentially decaying relationship. However, multiple curve fitting attempts 

(polynomial, exponential, power series) to model this provided weak results, being 

heavily affected by the high variation in the data. In order to visualise distance-related 

trends, a LOWESS tool was used [433], which overcame the high variability and  

displayed an exponentially decaying relationship to distance for the AR metric. This 

relationship indicated that the EZ did not necessarily display higher changes in response 

to stimulation, but contacts used were simply closer; which required further analysis. 

3.10 Compensating for distance to show the contrast between EZ and other 

stimulation sites 

In order to control for the Z-score-distance relationship for the AR metric, the distances 

between EZ stimulation sites and EZ contacts were measured for each patient. Then 
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similarly distant contacts were used for the other groups of stimulation sites. This was 

intended to compare if stimulation in the EZ was higher than stimulation in other types 

of stimulation sites, hence understand if the AR metric could be used as an indicator 

for epileptic properties.  

 

Figure 6.6: Z scores for each stimulation group, using similar distances as EZ 

stimulation locations from EZ contacts. The scatterplot in A on the left shows 

LOWESS trendlines are relatively similar for each category (corresponding to 

colour). B shows the boxplots of the distance matched values from A.   

Figure 6.6A displayed a similar relationship as that in Figure 6.5A, with decreasing Z 

scores as distance increased. Since similar distances were used, the LOWESS trendlines 

showed a more similar relationship, with no real discernible differences between trends 

in Figure 6.6A. Figure 6.6B, shows an interesting pattern emerging, indicating 

stimulations in the EZ were higher. However, this was not tied to the time of 

involvement in seizure activity. The ES category showed the lowest range of Z scores, 

followed by LS and then NI. Statistical tests confirmed that the EZ group was higher 

by a statistically significant margin than stimulation in other areas. Wilcoxon ranksum 

and Kolmogorov-Smirnov tests confirmed a significant difference at the 5% 

significance level, with all p-values <0.045 in each group. The Z-scores and p-values 

are shown in Table 11.1, in Appendix 3. It was decided to use a single test for each 

relationship rather than a one-way ANOVA, to clearly identify the significance of each 

result.  
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Unfortunately, a distance-matched analysis of how the ES, LS and NI stimulation sites 

influenced EZ contacts was unable to be performed, leaving this as a question for a 

study with a greater population. 

4  DISCUSSION: 

In this work, the aim was to test the performance of several similarity metrics and 

commonly used metrics on their ability to show connectivity in epileptic networks. 

Based on these results, it was found that the AR metric provided the best estimate of 

the connectivity between the EZ and sites involved in seizure activity at progressively 

later times. The trend demonstrated in Figure 6.5 indicated that the magnitude of Z-

scores of the AR metric was highly distance-dependent, not apparent in the other 

metrics tested. Finally, after controlling for distance from stimulation dipole, it was 

shown that stimulations in the EZ, affecting other contacts in the EZ, were higher than 

comparably distant contacts in the ES, LS and NI stimulation locations (Figure 6.6). 

Indicating that the EZ is highly connected to other nodes within itself.  

4.1 Stimulation sites showing significant effects 

The results of Figure 6.4 showed that while the EZ stimulation responses in the EZ 

were higher than in control contacts for AR, RMS and StDev, only AR showed a Z 

score above 2. It was surprising that TWED did not show a stronger result, as it was 

found to be highly effective to quantify simulated CCEP responses, especially those 

involving high frequency signals (Chapter 4). Responses in the EZ were only 

sporadically higher than controls, with no obvious descending pattern for any metric, 

aside from the larger responses to EZ stimulations.  

Since no clear descending pattern of Z-scores emerged for later seizure spread times, 

this could mean one of two things: (1) That the EZ is only influenced by either close 

stimulations, or stimulations of other EZ contacts, which has been previously suggested 

by other studies [41, 42, 159]. (2) The metrics chosen are not good indicators of 

connectivity in epileptic networks. In support of the first point, several CCEP studies 

analysing networks have shown that the EZ is densely connected with itself, but 

receives little afferent influence. Van Blooijs et al. [42] indicated that EZ locations were 

densely connected with itself but had little input arriving from non-EZ locations [42]. 

A finding that was echoed by Boido et al. [41], who found that highly dense network 
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clustering with more internal connections, may be a property of epileptogenic tissue. 

Upon the second point of the suitability of the metrics, it is possible that each of the 

metrics is ineffective to detect pathological changes. However, AR models have been 

shown in previous work to be an effective feature space for epileptic activity [321, 322], 

and RMS and frequency based measures have previously been used to differentiate 

early and late seizure spread sites [93]. This makes it unlikely that the metrics are 

unsuitable. An interesting question is what signal properties AR models are capturing.  

4.2 Signals captured by AR models 

AR models are a system of coefficients which capture the information of the frequency 

power spectrum of a segment of the signal [322]. It has been shown in previous work 

that they are an effective feature space to differentiate ictal and non-ictal EEG segments 

[321, 322], as well as being used as a feature space to classify single trial EEG segments 

for a brain computer interfaces [316]. More recent work directly relating simulated 

CCEP response patterns found that the AR metric was extremely sensitive to spikes in 

data and high frequency signals (Chapter 4). This infers that what the AR metric is 

capturing is the higher frequency information in response to electrical stimulation. This 

finding fits well with other methods to investigate epileptogenic networks, most of 

which have been frequency based. HFOs, specifically FRs, have been shown to be a 

reliable marker to identify the EZ in response to electrical stimulation [50, 162]. It was 

also shown that the post stimulation power of the low gamma band (30-70Hz) was a 

marker to differentiate sites of early and late seizure spread in response to stimulation 

in the EZ [93]. While it is unknown exactly which frequencies are being captured by 

the AR metric employed, it is a potential subject of future work. 

4.3 Connectivity of non-EZ locations 

A surprising result was found in Figure 6.6B. It was expected that ES locations would 

exert a higher influence on the surrounding regions than LS and NI contacts, but the 

opposite result was observed. Unfortunately, the review of the literature did not find 

any reason as to this unexpected finding. One speculation of ours is that perhaps the 

AR metric could be showing related network connectivity, i.e. stimulation of the EZ 

produces a strong response in the EZ, as does NI to surrounding locations. But ES is 

low since ES is comparing areas that are involved in the seizure early (quite epileptic), 

to ones that are involved later (potentially healthier). There are grounds for this 
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hypothesis for this when considering findings by Boido et al. [41] and Van Blooijs et 

al. [42], which state that EZ and seizure spread locations are densely interconnected 

within themselves. This may explain the low Z scores measured in surrounding distance 

matched control contacts (which are potentially healthier). However, this theory may 

be contradicted by findings by Iwasaki et al. [159], in which EZ stimulations produced 

high amplitude responses in surrounding sites, but stimulations at healthy sites 

produced no significant ERPs in surrounding locations. Based on findings from Iwasaki 

et al. [159], the larger than responses to NI stimulations are difficult to reconcile. This 

finding is particularly difficult to confirm or deny since no CCEP studies have 

specifically addressed stimulation at sites involved at different times in habitual 

seizures. While the ascending trend of local connectivity in ES, LS and NI stimulation 

sites was an interesting finding, it is uncertain what this implies about connectivity in 

epileptic networks in general. 

4.4 AR models display a strength-distance relationship 

An interesting observation relating to Figure 6.6A and Figure 6.5A is how the response 

amplitudes are related to distance from the stimulation site. This infers that CCEP 

stimulation creates a frequency-based response in the surrounding tissue. Research 

conducted into the neural elements excited in response to microelectrode stimulation 

showed a very strong relationship with distance from the electrode and action potential 

generation [74, 76]. This has also been confirmed by modelling work performed in DBS 

[74]. It was especially surprising that only the AR metric showed a relationship to 

distance, which was at odds with results demonstrated in chapter 3. One reason for this 

may have been the choice of bipolar signal referencing, which may have dampened the 

sensitivity to RMS responses by removing low-frequency components [150, 434]. 

While this may have blunted the sensitivity of RMS, bipolar montages are used 

clinically to define epileptogenic networks [145, 147] and have been shown to be best 

to detect higher frequencies [149, 150]. The trends observed in Figure 6.5 and Figure 

6.6 with regards to the AR metric, indicates that subsequent cortical responses may be 

frequency based in nature. However, exactly which frequencies in each anatomical site 

and at what distance from the electrode would be a good area of future study.  
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4.5 Limitations of the study and future work 

The most prevalent limitations of this work relate to the sampling space of SEEG 

implantations, the number and specific locations stimulated, and possibly foremost, the 

clinical definitions of the EZ and categories of seizure involvement. An attempt has 

been made to match the definitions of seizure spread categories and EZ definitions to 

prior work to by Lega et al. [93]. However, a change was made to change the cut-off 

between early and late spread sites to 5s from 3s to better suit the patient cohort’s 

seizure durations. The number of specific locations to be stimulated was simply related 

to the volume of patients who had undergone SEEG CCEP evaluation in the medical 

unit. The individual nature of SEEG implantations and a variable number of EZ 

contacts (Table 6.3) also makes a comparison between patients difficult. However, the 

same definitions and processing paradigm were applied to each patient to mitigate these 

differences. In chapter 3, results showed that volume conducted responses occurred up 

to 20mm away from stimulating electrodes. This was a difficult factor to mitigate in the 

case of EZ stimulations since EZ locations were quite close together in our patient 

population. The effects volume conducted potentials were minimised by using 

equidistant contacts for all stimulation groups, as described in Figure 6.6. Lastly, many 

studies which attempt to define EZ locations employ a classification step, such as a 

support vector machine (SVM) [280] or similar method to test the predictive power of 

their methods. In this work, it was chosen to focus on the data-related trends to 

understand results (particularly those related to AR models) and explore properties of 

epileptic networks. A logical future project would be to construct and train a classifier 

using AR coefficients as a feature space, to critique their predictive power to define EZ 

locations. 

5 CONCLUSION: 

The aim of this work was to determine which of a range of novel metrics could best 

explain the connectivity patterns in clinically defined epileptogenic locations. CCEP 

responses were quantified using six different metrics, with the AR metric performing 

the best for the task, indicating that frequency-based changes occur in response to 

stimulation in epileptic networks. The AR metric also showed a relationship to distance 

from the stimulation site, which surprisingly no other metric did. AR metric results also 

indicated epileptic sites had a higher influence on surrounding sites when compared to 
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stimulations in locations involved later in the seizure. Since the AR metric captures 

frequency-based information, future research may focus on exactly which frequency 

bands are excited in epileptic sites in response to CCEP stimulation. 

6 SUMMARY 

In this chapter, a selection of commonly used CCEP metrics was applied, as well as 

those sensitive to epileptic patterns tested in chapter 4, to show connections between 

seizure spread locations. Novel methods were utilised, outlined in chapter 4, to evaluate 

the performance of each of these promising metrics, and in doing so, uncovered 

properties related to connectivity in epileptic networks in general.  

A thorough critique was given of methods used to define the Epileptogenic Zone (EZ) 

at the beginning of this chapter. This showed that frequency-based biomarkers had been 

the most extensively utilised in to delineate the EZ. It was then outlined that stimulation 

induced HFO’s, primarily evoked FR’s [162] have been used to indicate the EZ in 

response to CCEP stimulation. Other frequency-based methods such as High-Gamma 

band (100-200Hz) power in CCEP responses have also been associated with seizure 

propagation networks [93]. Based on this information, the ERSP wavelet GUI tool 

introduced in chapter 4 was used to visualise CCEP responses in EZ contacts across a 

wide range of patients. Unfortunately, a consistent trend was not noted amongst EZ 

CCEP responses which were vastly different to other contacts. 

Using the sensitivity calculation method (Z-Score) employed in chapter 4, six metrics, 

defined in Table 6.1, were employed to evaluate connectivity within epileptic networks. 

Of the six metrics tested, the AR metric indicated connections between stimulation sites 

involved at different times of seizure spread most in line with what was expected. It 

was concluded that since the AR metric works primarily on the frequency-based 

information, communication between seizure spread sites must be frequency 

dependent. Results in chapter 4 showed that the AR metric is sensitive to spikes and 

high frequency information. Therefore communication in epileptic networks is most 

likely based on these patterns. These findings were well supported by the review of the 

literature undertaken, which surmised that frequency-based measures were most 

commonly employed in studies to define the EZ. 
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Using the AR metric, it was also shown that connections between EZ locations, were 

significantly stronger than ES, LS or NI locations to surrounding tissue. However, there 

was a counter-intuitive trend in which ES demonstrated weaker responses in the 

surrounding tissue than NI sites. The reasoning for this is unknown since there were 

conflicting findings upon review of the literature.  

Two surprising findings occurred from the interpretation of the AR metric results in 

this study. Firstly, the AR metric was the only metric to display a distance-dependent 

relationship. Based on this, it was inferred that stimulation creates a frequency-based 

response in the surrounding tissue, a novel finding not described in the CCEP literature 

to date. Secondly, EZ stimulations seemed to be the only group which effected other 

EZ contacts. This finding was well supported by previous CCEP based studies, which 

have shown that the EZ is well connected to itself, but receives little input from non-

EZ locations [41, 42].  

This chapter demonstrates a significant contribution to the CCEP literature. A novel 

method was employed and showed that the AR metric is the most suitable (of those 

tested) to analyse connections in epileptic networks. It was also confirmed that EZ 

locations have tight reciprocal connections, with restricted input from locations outside 

the EZ. Future work would focus on which frequency bands are most increased in EZ 

locations in CCEP responses. As well as this, the implementation of a classifier, using 

AR information as a feature space may also prove to be a clinically useful tool. 
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Chapter 7: Summary and novel 
contributions 

OVERALL SUMMARY 

In this thesis, many paths were pursued to improve the quality of connectivity estimates 

in SEEG-CCEPs. There were three main points that were identified to do this: (1) 

Creating safe and efficacious stimulation paradigms, (2) Understanding the area 

activated during stimulation and (3) Quantifying responses to stimulation in a 

comparable way. The first chapter outlined the introductory literature, as well as the 

research undertaken to design a safer, less intense stimulus paradigm used in these 

studies. In chapter 2, the image processing research performed was outlined, and the 

development of a method to identify electrode positions and coregister other 

neuroimaging modalities. This paved the way to correlate stimulation artefact and early 

responses with distance to understand the extent of stimulation in chapter 3. Chapter 4 

contained a wide-ranging overview of post-processing considerations, which outlined 

a novel method to test the performance of new connectivity metrics. This concluded 

that RMS was the best of those tested to study anatomical connections, which was 

applied in a detailed CCEP study of the human insula in chapter 5 (the largest to date). 

A method known as the AR metric was found to be sensitive to epileptiform patterns, 

tested in chapter 4. the AR metric was then utilised in a study of connectivity between 

seizure propagation locations in chapter 6. It was found that EZ locations were well 

connected to each other, but were not affected by locations outside of the EZ, in line 

with other published literature. The contributions from chapters 2 to 6 will now be 

outlined in detail. 

CHAPTER 2: INFORMING ELECTRODE PLACEMENT AND CCEP 

STIMULATION LOCATIONS 

Chapter 2 focused on integrating the clinical information from SEEG analyses, DES 

and multimodal imaging to plan CCEP stimulation paradigms. Because of the imaging 

focus of this chapter, it was also detailed how a novel MRI/CT alignment and 

information extraction pipeline was created, which gave rise to a CCEP visualisation 

GUI. 
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The close interaction with clinical epileptologists involved in SEEG cases was crucial 

when designating stimulation locations to explore seizure spread networks, and 

locations for novel connectivity insights. the clinical SEEG findings were weighted, as 

well as the DES findings, to create stimulation paradigms to avoid accidentally 

stimulating seizures and ADs. While this was not a novel scientific addition to the field, 

it helped glean better quality and more reliable data, inspiring further confidence in the 

findings made. 

Through the interaction with medical imaging, a novel image processing pipeline based 

on SPM12 was developed.  The results from this program aligned the MRI and CT 

scans, automatically logged information about the underlying tissue, as well as allowing 

for the quick manual acquisition of electrode co-ordinates. In creating this imaging 

pipeline, an intricate understanding of the process to coregister other neuroimaging 

modalities was gained. Ictal SPECT (SISCOM), FDG-PET and VBM were able to be 

superimposed into register with MRI and CT data. This constituted a major section of 

research throughout this PhD. The CCEP connectivity GUI developed from this work 

proved to be a useful tool to show the spatial connections of CCEP results quickly. 

While no significant correlations of CCEP results with these imaging modalities were 

able to be undertaken, they present a valid opportunity for further research. Also 

undertook was a novel quantitative analysis of SISCOM data, in SEEG defined EZ 

locations, confirming that the EZ is indeed significantly more hyperperfused, 

concordant with SEEG findings.  

CHAPTER 3: LOCALISING AND UNDERSTANDING THE AREA 

ACTIVATED DURING STIMULATION 

In this chapter, the body of work that exists to show the extent of cellular activation 

induced by intracranial electrical stimulation is described. The aim was to create a 

method to understand the area of tissue activated by CCEP stimulation.  

Building on previous macroelectrode work on volume-conducted potentials, it was 

found that stimulation artefact followed a classic distance-based trend, close to the 

inverse square of the distance from electrodes. This relationship was closely mirrored 

by early CCEP responses. Regressing distance corrected stimulation artefact amplitude 

and early response amplitude; a linear relationship was found to exist between the two 

datasets. This indicated that the amount of shunted electrical current (measured as 
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stimulation artefact) was a large factor in the magnitude of early responses, indicating 

that measuring stimulation artefact may be useful to indicate the amount of volume-

conducted CCEP responses. This had not been shown before in any published CCEP 

or DES literature. 

In future, a valid research path would be to create a method to scale connectivity 

estimates based on the amplitude of stimulation artefact present at distant recording 

sites.  

CHAPTER 4: EXPLORING SIGNAL PROCESSING METHODS TO DEFINE 

CCEP CONNECTIVITY 

Inferring connectivity from CCEPs is a complex multistep process. A significant 

portion of the time in this PhD was spent trying to find ways to improve the post-

processing steps outlined in this chapter. Those of particular note was the work done in 

artefact-free filtering, methods to select the baseline, the implementation and 

comparison of novel dissimilarity metrics and lastly, visualisation of connectivity 

results.  

The filtering of CCEP data without contaminating the early section of the response near 

stimulation artefact required careful consideration. By reviewing procedures in ECG, a 

novel way in which to pre-filter SEEG-CCEP data was created. This required the use 

of time-frequency transforms, and avoided the ringing introduced around high 

amplitude stimulation artefact. A method based on prior research by David et al. [130] 

was also implemented to mitigate stimulation artefact using a cubic spline. This 

attenuated impulse-response induced artefacts and was particularly useful for time-

frequency analysis. 

Possibly the most useful contribution in this thesis was the development of a novel 

method which accounted for both local and global intra-channel activity. The method 

proposed captured local changes from immediately before stimulation, with a way to 

statistically compare this to a range of randomly selected baselines. This approach, 

developed independently, was similar to a method devised be Crowther et al. [158]. 

Interestingly, in using this method, the problem of interictal activity occurring during 

CCEP stimulation was also solved. This approach was then employed to compare the 

sensitivity of different connectivity metrics statistically.  
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A new method was created to integrate synthetic patterns, created based on the authors 

experience into resting state SEEG data to compare the sensitivity of all a wide range 

of metrics. To this end, two well studied families of dissimilarity measures were 

discovered and implemented: Statistical Distance Metrics (SDMs) and Time Series 

Similarity Measures (TSSMs). These measures were tested against commonly 

employed metrics used in CCEP analysis. It was concluded that RMS was the most 

suitable metric to quantify the connectivity between anatomical sites, and subsequently 

used RMS to study the detailed efferent connections of the insula in chapter 5. 

Additionally, it was found that AR models calculated using Burg’s method, were 

particularly sensitive to spikes and high frequency signals. In light of this, the AR 

metric, and several others were tested to investigate the CCEP connectivity of seizure 

locations in chapter 6. This was the first investigation to compare metrics for CCEP 

responses, based on the review of published literature. 

Visualisation of SEEG and CCEP data is also a relatively unacknowledged challenge. 

In the course of this research, several software tools were developed to improve the 

presentation of results and speed up the connectivity analyses. This also began to 

integrate multimodal imaging with CCEP connectivity results, one of the first attempts 

to do so in this field. A useful path of future research is to create a CCEP software 

toolbox based on the processing and visualisation methods developed in this chapter. 

This would be ideal since CCEPs is currently limited in utility because of the difficulty 

in applying post-processing techniques.   

CHAPTER 5: APPLYING CORTICO-CORTICAL EVOKED POTENTIALS 

TO UNDERSTAND THE CONNECTIVITY OF THE HUMAN INSULA 

Chapter 5 applies methods developed by the candidate, shown in chapter 4, to undertake 

the largest CCEP connectivity of the human insula to date. The candidate was a co-

author on the paper “Connectivity of the human insula: A cortico-cortical evoked 

potential (CCEP) study” recently published in Cortex [111]. The candidate made a 

significant contribution to this paper by developing methods used in this study, writing 

the methods section and parts of the introduction and discussion, as well as processing 

a large portion of the data. The candidate also developed and then applied novel 

methods (outlined in chapter 4), which were used to compile quartile values and create 

all connectivity figures published in the final paper. RMS was used to quantify the 
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connectivity, which was previously shown to be the best method available. In 

conjunction with a comprehensive literature review, novel findings of the function of 

the insula were elucidated.  

This study concluded that the insula is a major multi-modal network hub within the 

cerebral cortex; having major roles in language, sensation, auditory, visual, limbic and 

vestibular functions as well as saliency processing. In temporal lobe epilepsy surgery 

failure, the insula may be implicated as an extra temporal cause, due to the strong mesial 

temporal connectivity findings. Future work may include the application of graph 

theoretic techniques, as have been used by other studies to show network clustering and 

hierarchies.     

CHAPTER 6: APPLYING TESTED MEASURES TO EXPLORE 

CONNECTIVITY IN EPILEPTIC NETWORKS 

In this chapter, a selection of commonly used CCEP metrics, as well as those sensitive 

to epileptic patterns tested in chapter 4 was applied, to show connections between 

seizure spread locations. Novel methods were utilised, outlined in chapter 4 to evaluate 

the performance of each of these promising metrics, and in doing so, uncovered 

properties related to connectivity in epileptic networks in general.  

This chapter demonstrates a significant contribution to the CCEP literature. A novel 

method was employed and showed that the AR metric is the most suitable (of those 

tested) to analyse connections in epileptic networks. Two surprising findings occurred 

from the interpretation of the AR metric results in this study.  

Firstly, the AR metric was the only metric to display a distance-dependent relationship. 

Based on this, it was inferred that stimulation creates a frequency-based response in the 

surrounding tissue, a novel finding not described in the CCEP literature to date. 

Secondly, EZ stimulations seemed to be the only group which effected other EZ 

contacts. This finding was well supported by previous CCEP based studies, which have 

shown that the EZ is well connected to itself, but receives little input from non-EZ 

locations.  

Future work would focus on which frequency bands are most increased in EZ locations 

in CCEP responses. As well as this, the implementation of a classifier, using AR 

information as a feature space may also prove to be a clinically useful tool. 
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Chapter 8: Recommendations for 
clinical application based on 

research from this thesis 
As yet, no accepted international standards exist to perform CCEP stimulation and 

analyse connectivity estimates made. International collaboration is required to improve 

methods and generate comparable and informative connectivity estimates, as suggested 

by Matsumoto et al. [54], and highlighted in the multicentre collaboration by Trebaul 

et al. [109]. In the following chapter, we outline our recommendations on how to 

perform CCEP stimulation and post-processing in clinical practice, based on our own 

experience and research. These are by no means rigid parameters; however, by 

providing a set of default settings and outline, it is hoped that performing CCEP 

analysis could be undertaken by other clinical groups embarking on this technique.  

There are three main areas to consider in the design of a CCEP protocol: First, the 

comfort, safety and alertness of the patient. Second, the safe and effacious electrical 

stimulation performed. Lastly, the post-processing steps performed to infer 

connectivity between areas. A strong dichotomy exists in the post-processing area; 

results in chapters 4,5 and 6 indicated that different approaches should be undertaken 

to investigate epileptic networks and the connectivity between comparatively healthy 

brain areas. This is graphically shown as a flowchart below: 

 
Figure 8.1: Organisation and aims for sections of CCEP protocol recommendations 
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1.1 Recommendations for clinical practice (patient considerations): 

It is advisable to perform CCEPs once sufficient seizures have been obtained, and 

patients are back on full AEDs. Ideally, CCEPs should be performed as long as possible 

after a seizure or DES, in order to let the brain recover from fatigue. In our experience, 

CCEPs should be performed while the patient is awake, since the high amplitude nature 

of sleep structures may mask responses to stimulation, particularly if RMS is used as a 

connectivity metric. 

1.2 Recommendations for clinical practice (acquisition and electrical stimulation 

parameters): 

Based on our own experience and review of the literature, we opted for a conservative 

approach to the stimulation intensity; this was to prevent the initiation of ADs and 

seizures. We would recommend the use of stimulation parameters used in the current 

stimulation paradigm, shown in Table 1.7. 

Recording of SEEG-CCEPs data should utilise sampling rates at or above 1KHz where 

possible. Setting the analog high pass (low-cut) filters to 0Hz or as low as possible 

should also be performed if low frequency responses are desired. The analog low-pass 

(high cut) filters should be set to one-third of the sampling rate at most as well. Using 

a time stamp from the stimulator to indicate the time of each stimulation pulse also 

gives the exact timing of stimulation pulses. 

Bipolar stimulation of adjacent contacts is recommended, having been performed in all 

SEEG-CCEPs studies to date. If stronger stimulation settings are desired, the pulse 

width should be increased. This maintains a highly focal simulation. The pulse width 

(ideally) should not exceed the maximal charge for the specified electrode geometry, 

as shown in Figure 1.5. Ideally, as many individual pulses as possible should be 

performed for each stimulation train, with a minimum of 10 pulses per train (as per 

Table 1.6). A charge-balanced cathode leading biphasic stimulus waveform is 

recommended. The stimulation frequency used should be as low as possible, but high 

enough to obtain a sufficient amount of trials. As much time between stimulation pulse 

trains should be allowed; at least 15 seconds is recommended.  

Highly epileptic areas should be left until last, to mitigate the risk of generating AD’s 

or seizures. Sites difficult to sample using other methods (ECoG and MEG) should be 
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prioritised for research, or areas involved in seizure spread pathways (especially in 

cases of atypical seizure spread patterns). The order of stimulation should be such that 

the sites at least risk of triggering a seizure or AD’s are performed first, then moving to 

areas of higher risk.  

1.3 Recommendations for clinical practice (post-processing considerations): 

Many of these settings and methods are highly novel and experimental, and as such, it 

is difficult to state the best settings for all cases. Our recommendations of the best post-

processing steps to produce CCEP connectivity results are detailed in this section, but 

many other alternatives exist, mostly listed in Table 4.1. In the course of this research, 

we showed that it might best to analyse epileptic networks and comparatively healthy 

brain area connectivities in two different ways.  

The detailed methodology to process the anatomical connections of specific brain areas 

is outlined in Chapters 4 and 5. Recommendations for methods to process CCEP data 

to produce detailed connectivity analyses, similar to that shown in chapter 5 are 

described in Table 8.1.  
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Recommended post-processing methods to define inter-regional connectivity 

Parameter Recommendations 

Reference choice 

Unipolar referencing should be employed, as it has been 

used in all SEEG-CCEPs studies for anatomical connectivity 

previously 

Filtering settings 

Cubic spline interpolant and then apply 501 pole FIR 

bandpass filters to remove signal components less than 1Hz 

and more than 30% of the sampling rate. 

Signal window 

length 

100ms length (early responses) is recommended , since it has 

been shown to correlated with structural connections.  

Connectivity metric 
Using the RMS calculation as defined by equations 7 and 8. 

Alternative methods can be found in Table 4.1. 

Connectivity ranking 

(per pulse train) 

Quartile values or percentile rank values should be computed 

for each pulse train, described in chapters 4 and 5. Similar 

methods are described by Donos et al. [35]. 

Excluded contacts 

(not included in 

ranking) 

EZ contacts and white matter (WM) contacts should be 

excluded from the analysis, since it is uncertain what CCEP 

responses in these areas may represent. 

Combining 

connectivity values 

for different pulse 

intensities (inter 

pulse train) 

Weighting equally the ranked quartile values from each 

stimulation pulse train, and combining the subsequent 

weighted mean quartile values is recommended. This is 

described in chapter 5. An alternative method of ranking 

responses at different stimulation levels is described by 

Donos et al. [37]. 

Table 8.1: Recommended post-processing methods to show connections between 

healthy anatomical sites 

Detailed descriptions of the methods to analyse the connectivity of epileptic areas can 

be found in chapter 6. This is a more novel and recent procedure, having been developed 

almost entirely in the course of this PhD, as such there are less clearly defined choices 

for some parameters. Important processing parameters are described in Table 8.2. 
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Recommended post-processing methods for connectivity of epileptic networks 

Parameter Recommendations 

Reference choice 
Bipolar referencing should be employed, since frequency-

based information is best shown in this format 

Filtering settings 
Cubic spline interpolant and then 1Hz-30% of sampling 

rate 501 pole FIR filters applied. 

Signal window length 

The window length of 0.5s is recommended. However, 

response windows longer than 100ms and up to 1s in 

length could be used. Since responses in this time have 

been related to epilepsy [100]. 

Connectivity metric 
The ARBurg metric described in chapters 4 and 6 is 

recommended. 

Connectivity ranking 

(per pulse train) 

Z scores for each pulse train should be created, similar to 

the methods employed in chapter 6. 

Excluded contacts 

(not included in 

ranking) 

WM contacts should be excluded from the analysis 

Combining 

connectivity values 

for different pulse 

intensities (inter pulse 

train) 

At present it is not recommended to combine Z scores.  

Therefore, with these methods, results of a single patient or 

stimulation category can be visualised as shown in chapter 

6.  

Table 8.2: Recommended post-processing methods to show connections between 

epileptic network locations 

These recommendations represent the practical experience gained from more than 50 

SEEG-CCEPs cases. It is hoped that they prove useful to other centres developing their 

own paradigms, and to groups looking to improve their own methods.  
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Appendix 1  
Abreviation/Acronym Name of term 
sse Sum of squares due to error 
rsquare R-squared (coefficient of determination) 
dfe Degrees of freedom in the error 
adjrsquare Degree-of-freedom adjusted coefficient of 

determination 
rmse Root mean squared error (standard error) 
AIC Akaike’s information criteria 
BIC Bayesian information criteria 
SAE Sum of absolute error 

Table 9.1: Definitions of comparative quantitative measures used to compare fitting 

values 

1 RESULTS CORRESPONDING TO FIGURE 3.6A-D – STIMULATION 

ARTEFACT VALUE VS DISTANCE TRENDLINE FITS 

Name sse rsquare dfe adjrsquare rmse AIC BIC SAE 
Poly1 2.568E+07 0.95 42639.00 0.95 24.54 -8.94 8.25 40.32 
Poly2 2.510E+07 0.95 42638.00 0.95 24.26 -6.89 18.89 38.03 
Poly3 3.381E+07 0.93 42637.00 0.93 28.16 -5.49 28.89 31.76 

Power1 3.259E+07 0.94 42639.00 0.94 27.65 -9.41 7.78 29.26 
Power2 2.730E+07 0.95 42638.00 0.95 25.31 -7.06 18.72 29.18 
Exp1 2.572E+07 0.95 42639.00 0.95 24.56 -8.94 8.25 38.99 
Exp2 2.776E+07 0.95 42637.00 0.95 25.52 -5.09 29.28 29.392 

Table 9.2: Corresponding to 4mA biphasic stimulation artefact vs distance trendline 

fits. This corresponds to data shown in Figure 3.6A and C  

Name sse rsquare dfe adjrsquare rmse AIC BIC SAE 
Poly1 6.030E+08 0.70 40496.00 0.70 122.0 -15.7 0.99 96.41 
Poly2 2.170E+08 0.89 40495.00 0.89 73.20 -11.7 13.39 84.17 
Poly3 8.041E+08 0.61 40494.00 0.61 140.9 -12.3 21.12 75.75 

Power1 1.353E+07 0.95 40496.00 0.95 18.28 -8.1 8.58 21.10 
Power2 2.002E+08 0.89 40483.00 0.89 70.33 -11.5 13.55 71.07 
Exp1 1.327E+08 0.93 40484.00 0.93 57.26 -12.7 4.01 79.25 
Exp2 1.515E+08 0.92 40482.00 0.92 61.18 -9.0 24.46 71.03 

Table 9.3: Corresponding to 4mA monophasic stimulation artefact vs distance 

trendline fits. This corresponds to data shown in Figure 3.6B and D 

2 RESULTS CORRESPONDING TO FIGURE 3.7A-D –EARLY RESPONSE 

RMS VALUES VS DISTANCE TRENDLINE FITS 

Name sse rsquare dfe adjrsquare Rmse AIC BIC SAE 
Poly1 1.7775E+07 0.860 42639.000 0.860 20.417 -8.199 8.988 25.229 
Poly2 1.7126E+07 0.865 42638.000 0.865 20.042 -6.125 19.656 24.653 
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Poly3 1.6886E+07 0.867 42637.000 0.867 19.901 -4.097 30.277 24.131 
Power1 1.7195E+07 0.865 42639.000 0.865 20.082 -8.133 9.054 24.267 
Power2 1.6864E+07 0.867 42638.000 0.867 19.887 -6.094 19.686 22.951 

Exp1 1.7695E+07 0.861 42639.000 0.861 20.371 -8.190 8.997 25.106 
Exp2 1.6990E+07 0.866 42637.000 0.866 19.962 -4.109 30.265 23.136 

Table 9.4: Corresponding to 4mA biphasic RMS values vs distance trendline fits. This 

corresponds to data shown in Figure 3.7A and C 

Name sse rsquare dfe adjrsquare Rmse AIC BIC SAE 
Poly1 1.2674E+07 0.955 40496.000 0.955 17.691 -7.999 8.711 22.739 
Poly2 2.5477E+07 0.910 40495.000 0.910 25.083 -7.396 17.670 21.734 
Poly3 1.1793E+07 0.958 40494.000 0.958 17.065 -3.855 29.566 21.223 

Power1 1.3535E+07 0.952 40496.000 0.952 18.282 -8.131 8.580 21.096 
Power2 2.5272E+07 0.910 40495.000 0.910 24.981 -7.380 17.686 19.796 

Exp1 2.9165E+07 0.896 40496.000 0.896 26.836 -9.666 7.044 22.431 
Exp2 1.0360E+07 0.963 40494.000 0.963 15.995 -3.596 29.825 19.987 

Table 9.5: Corresponding to 4mA monophasic RMS values vs distance trendline fits. 

This corresponds to data shown in Figure 3.7B and D 

3 RESULTS CORRESPONDING TO FIGURE 3.8A-D INVERSE DISTANCE 

CORRECTED STIMULATION ARTEFACT VALUE VS RMS VALUES 

TRENDLINE FITS 

Name sse rsquare dfe adjrsquare rmse AIC BIC SAE 
Poly1 35.8741 1.000 6159.000 1.000 0.076 18.027 35.214 0.452 
Poly2 42.8015 1.000 6158.000 1.000 0.083 19.674 45.455 0.447 
Poly3 55.2833 0.999 6157.000 0.999 0.095 21.162 55.536 0.391 

Power1 37.6532 1.000 6159.000 1.000 0.078 17.930 35.117 0.399 
Power2 43.7087 1.000 6158.000 1.000 0.084 19.632 45.413 0.405 

Exp1 135.1834 0.999 6159.000 0.999 0.148 15.374 32.561 1.402E+25 
Exp2 168.3663 0.998 3185.000 0.998 0.230 18.935 53.309 0.759 

Table 9.6: Corresponding to 4mA biphasic distance corrected RMS and stimulation 

artefact values. This corresponds to data shown in Figure 3.8A and C 

Name sse rsquare dfe adjrsquare rmse AIC BIC SAE 
Poly1 49.0894 1.000 9797.000 1.000 0.071 16.923 33.634 0.516 
Poly2 66.4765 1.000 9796.000 1.000 0.082 18.317 43.383 0.461 
Poly3 112.4746 1.000 9795.000 1.000 0.107 19.265 52.686 0.440 

Power1 48.9654 1.000 9797.000 1.000 0.071 16.928 33.639 0.464 
Power2 67.9912 1.000 9796.000 1.000 0.083 18.272 43.338 0.453 
Exp1 153.2995 0.999 9797.000 0.999 0.125 14.646 31.356 0.917 
Exp2 501.1303 0.998 9795.000 0.998 0.226 16.277 49.698 0.478 

Table 9.7: Corresponding to 4mA monophasic distance corrected RMS and 

stimulation artefact values. This corresponds to data shown in Figure 3.8B and D
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Appendix 2 
Complete Parametric results 

As shown in Table 4.6, six of the 17 metrics required a parameter term to fine tune their 

operation. The parameter with the maximal Z score was chosen, as it was thought to 

represent the best-case result for these purposes (since all metrics were being evaluated 

against one another). The parameter values are shown on the y-axis of the following 

seven plots, and the simulated signal type is shown on the x-axis. The colour in each of 

the locations corresponds to how many of the additive (Table 4.7) and modulated (Table 

4.8) maximal Z scores corresponded to that particular signal (as denoted by the colour 

bar in each plot). 

 

Figure 10.1: DTW (left) and EDR (right) Metric maximal Z score parameters for each 

signal 

 

Figure 10.2: MJC (left) and TWED (right) Metric maximal Z score parameters for 

each signal. Note that TWED has two parameters swept, outlined in Table 4.6 
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Figure 10.3: FC Metric maximal Z score parameters for each signal (frequency range 

is 0Hz -𝜃Hz) 

 

Figure 10.4:ARYule (left) and ARBurg (right) autoregressive modelling metric maximal Z 

score parameters for each signal 
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Appendix 3 
Statistical test values between different stimulation sites and distance-controlled 

contacts, relating to Figure 6.6B.  

Relationship 

Wilcoxon ranksum 

Z-Statistic 

(p-value) 

Kolmogorov-Smirnov 

result (95%) 

(p-value) 

EZ to control ES 5.28(1.25e-7) True (3.31e-8) 

EZ to control LS 3.07(0.002) True (0.003) 

EZ to control NI 2.01(0.045) True (0.0423) 

Table 11.1: Post hoc statistical tests used to confirm that EZ stimulations were 

significantly different from other stimulation categories. A 95% significance (p-value 

<0.05) was used. All tests were one-tailed in nature (only testing if the EZ was 

higher). 
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