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Abstract 

Epilepsy represents a chronic neurological disease that affects roughly 50 million 

people worldwide, and up to 30% of the patients do not respond effectively to 

medication. For those patients who experience frequent seizures and whose lives are 

greatly impacted, resective surgery removing epileptogenic foci is the last viable 

treatment option. The aim of this research is to develop and evaluate the EEG based 

noninvasive neuroimaging approaches to study the epileptogenic foci of epilepsy 

patients. Toward this goal, we have i) studied the feasibility of performing source 

connectivity based spatio-temporal dipole method for localizing ictal sources; ii) obtained 

the high-density scalp EEG recording in epilepsy patient and studied the effect of 

electrode numbers on source localization accuracy; iii) utilized the dynamic seizure 

imaging approach to track seizure activities in pediatric epilepsy patients; iv) established 

the high-frequency source imaging approach to image the scalp recorded pathological 

high-frequency activity in epilepsy patients; v) developed a method to estimate the source 

extent from noninvasive scalp recording. The methods were rigorously tested in a series 

of computer simulations and in different groups of epilepsy patients. Patient-specific 

structural MRI based head model was used to achieve high-accuracy volume conduction 

modeling of the brain source. Clinical diagnoses such as seizure onset zone of intracranial 

recording, surgical resection, and surgical outcome were used to evaluate the imaging 

approaches. The present study demonstrates the feasibility of utilizing high-density EEG 

recordings and high-resolution source imaging in localizing epileptic activity and 

indicates its potential application in pre-surgical planning of epilepsy patients. 
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Chapter 1 Introduction 
 
1.1 Motivation 

The motivation of this dissertation is to develop noninvasive functional neuroimaging 

approaches to image the epileptic sources in order to help the pre-surgical planning of 

epilepsy treatment. Epilepsy represents a chronic neurological disease that affects 

roughly 50 million people worldwide. Epilepsy patients are often severely disabled by the 

unpredictable seizures that the disease manifests (Fisher et al., 2000, 2005). A panoply of 

pharmacological agents have been used for treating epilepsy. However, about 30% of 

patients do not respond effectively to currently available medication (Cascino, 1994). For 

those patients who experience frequent seizures and whose lives are greatly impacted, 

resective surgery that aims to remove epileptogenic foci remains one of the last viable 

treatment options (Palmini et al., 1991; Siegel et al., 2004; Engel, 2008). Yet, a 

successful surgical outcome can only be achieved if the epileptogenic foci are accurately 

and completely removed or disconnected. Accordingly, techniques that can accurately aid 

in localizing epileptogenic foci are of great importance for epilepsy surgery and a 

successful, seizure-free outcome. 

Intracranial EEG has been used for detecting seizures (Ayala, et al., 2011; Tito et al., 

2009, 2010) and delineating epileptogenic foci (Wilke et al., 2010). Intracranial EEG 

recording from ECoG grid or depth electrodes is also considered as the gold standard for 

identifying the seizure onset zone (Engel, 1987). Although intracranial recordings can 

provide direct neural-electrical measurement from the cortex, they are highly invasive, 

expensive, and painful for patients (Engel, 1987). Intracranial EEG also has limited 
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cortical coverage due to the restriction of surgical operation. Heretofore, noninvasive 

positron emission tomography (PET) and ictal subtraction single photon emission 

computed tomography (SPECT) have been utilized to extract metabolic and perfusion 

information from epilepsy patients (Van Paesschen et al., 2007). FMRI, yet another 

functional imaging technique, has been used to detect hemodynamic responses from the 

neural activities of epilepsy patients (Gotman, 2008; Vulliemoz et al., 2010; Moeller et 

al., 2011; You et al., 2011). Attempts have been made in order to image (and thus 

localize) epileptic foci from noninvasive measurements (Ebersole, 2000; Oishi et al., 

2002; Plummer et al., 2008; Brodbeck et al., 2009). Previous studies have, in fact, 

demonstrated that EEG source imaging could be a useful tool for localizing epileptogenic 

zones because of its high temporal resolution at the millisecond scale as well as its 

noninvasive nature. However, EEG has a limited spatial resolution due to the smearing 

effect of the head volume conduction and the conductivity heterogeneity (Lai et al., 2005; 

Zhang et al., 2006). In order to image epileptogenic zones for aiding pre-surgical 

planning, there is a need to enhance the spatial resolution of EEG.   

Scalp EEG has been widely used in clinical settings to characterize seizure 

activities in epilepsy patients. Patients typically undergo long-term video monitoring to 

capture their seizures and to help lateralize or localize seizure onset regions. Recent 

advancement in the EEG source imaging technique has made it possible to study the 

activities in the brain source space in addition to the traditional scalp EEG trace 

inspection. Many studies have shown the capability of EEG source imaging in localizing 

the brain sources in interictal epileptiform discharges (He et al., 1987; Ebersole, 2000; 
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Lantz et al., 2003; Zhang et al., 2003; Michel et al., 2004; Gavaret et al., 2004; Sperli et 

al., 2006; Plummer et al., 2008; Brodbeck et al., 2010; Wang et al., 2010; Lai et al., 

2011). The imaging of seizure activities and other epileptic activities still remains a 

challenge due to the various types of ictal patterns and contamination of moving artifacts 

in EEG (Assaf and Ebersole, 1997; Worrell et al., 2000; Lantz et al., 2001; Ding et al., 

2007; Koessler et al., 2010; Yang et al., 2011).  

1.2 The organization of this thesis 

This thesis covers some of the research outcomes we achieved regarding the 

noninvasive functional neuroimaging of epileptic sources from scalp EEG. 

Chapter 2 gives the background introduction to the EEG and the EEG source 

imaging principles. Chapter 3 introduces the source space functional connectivity 

analysis for localizing the seizure sources from high-density scalp EEG. The effect of 

electrode numbers was also quantitatively evaluated with a series of computer 

simulations and patient data analysis. Chapter 4 reports a study of utilizing the dynamic 

seizure imaging approach for imaging the seizure activity in pediatric epilepsy patients. 

Chapter 5 presents a study of imaging the high-frequency brain activity in epilepsy 

patients. A paradigm aiming at investigating the underlying sources of scalp recorded 

high-frequency activity was proposed in the study. Chapter 6 covers the study of imaging 

source extent from noninvasive EEG recording. Chapter 7 concludes the work of this 

thesis and discusses the limitations and the future works. 
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Chapter 2 Basics of EEG 

2.1 Introduction to EEG 

 Electroencephalography (EEG) is the noninvasive recording of synchronized 

neuronal activity over the scalp. EEG together with magnetoencephalography (MEG) is 

so far the only noninvasive recording of the neurophysiological activity of the brain. EEG 

has the advantage of high temporal resolution and the EEG recording can capture the 

neurophysiological data at the millisecond time scale. Thus, EEG has been widely used to 

study the normal brain function in healthy subjects and the pathological brain functional 

in diseased brain (Michel et al., 2004; He et al., 2011). Scalp EEG is used in clinical 

settings to characterize seizure activities in epilepsy patients. Epilepsy patients will 

typically undergo long-term video monitoring to capture their seizures and to help 

lateralize or localize seizure onset regions. 

2.2 EEG forward modeling 

 EEG has a high temporal resolution capturing the fine brain dynamics. However, 

the spatial resolution of EEG is somehow limited due to the smearing effect of volume 

conduction of the head, especially for the low conductive skull layer. It is thus very 

important to solve the inverse problem to have a precise estimation of the EEG sources. 

Forward modeling including the source modeling and volume conduction modeling is the 

prerequisite of solving the inverse solutions. Forward modeling is used to establish the 

connections between the source activity of brain and EEG potential measurement over 

scalp. 
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The scalp EEG can be represented by modeling the brain electrical sources and the 

volume conduction effects. The general problem can be written in Equation (2.1).  

( ),A R Q SΦ =            (2.1) 

The Nm-by-Nt matrix Φ is the electrical potential measured on the scalp, the Nm-by-3Ns 

matrix ( ),A R Q  is the transfer matrix (or lead-field matrix), the Ns-by-1 vector R  is the 

location of sources, the Ns-by-3 matrix Q  is the orientation of sources, and the Ns-by-

3Nt matrix S  is the activity of brain sources. Nm is the number of EEG measurement on 

the scalp, Nt is the number of recorded samples in EEG, and Ns is the dimension of EEG 

source locations in source domain. 

2.2.1 Source modeling 

An important issue in EEG source imaging is modeling source configurations. 

Dipolar source model and distributed source model are the most commonly used source 

models in EEG source imaging (He et al, 2002; Michel et al., 2004).  

The assumption for dipolar source model is that a few discrete sources are 

adequate to explain the scalp potential. Studies have shown that equivalent current 

dipolar source model can be successfully applied in localizing focal epileptiform 

activities (Assaf and Ebersole, 1997; Gavarat et al., 2004). However, a priori knowledge 

of the source number is usually hard to determine and dipolar models cannot adequately 

represent the extent of the sources, despite efforts on estimation of the number of dipoles 

(Bai and He, 2005, 2006). In distributed source model, current sources are located in the 

whole source space such as 3D brain volume or 2D cortical surface. Various inverse 

methods were successfully employed to image the electrical sources of epilepsy patients 
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from dipolar source model and distributed source model (Assaf and Ebersole, 1997; 

Gavarat et al., 2004; Michel et al., 2004; Holmes, 2008). To utilize EEG source analysis 

as a pre-surgical evaluation tool in clinical procedure, more studies are needed to 

investigate the feasibility of source modeling in localizing epileptogenic foci of epilepsy 

patients. 

2.2.2 Volume conduction modeling 

The EEG measurement over the scalp can be modeled as the electrical potential 

generated by the current source through the brain volume conduction. If the 

homogeneous assumption was made for the conducting volume, the relationship between 

the electrical potential and current density can be modeled as 

          (2.2) 

where σ is the conductivity value of the volume, Φ is the potential measurement,  is the 

current density, r is the location of the potential sensor related to location of the current 

density. When the volume conduction is modeled as surrounded by a few layers with 

different conductivity values, the relationship between potential and current source can be 

modeled as 

      (2.3) 

where Sj is the boundary between two conductive layers with conductivity values equal to 

σ'' and σ'. 

EEG source imaging techniques can noninvasively study brain activities by 

modeling the brain sources and volume conductor (He et al., 1987; Michel et al., 2004; 
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Plummer et al., 2008; He et al., 2011). In the study, a patient-specific boundary element 

method (BEM) head model was obtained from individual MRI and used for EEG source 

analysis to improve the spatial resolution. Studies have shown that more precise source 

localization results can be obtained in realistic-geometric head models compared to 

simple spherical head models (Herrendorf et al., 2000; Wang et al., 2010).  

Structural MRI T1 images (voxel size: 0.9375* 0.9375* 1.0 mm3, 166 slices on 

average) can be obtained for each patient from either a 1.5 Tesla or 3 Tesla GE Signa 

scanner (General Electric Medical Systems, Milwaukee, WI). These MRI images can be 

used to build realistic geometry BEM of the head, which consists of three layers: scalp, 

skull and brain. The patient specific BEM can be constructed from the segmentation 

results of the three layers using CURRY6 software (Compumedics, Charlotte, NC). The 

conductivity values of scalp, skull and brain can be set as 0.33 S/m, 0.0165 S/m and 0.33 

S/m, respectively (Oostendorp et al., 2000; Lai et al., 2005).  

The performance of EEG source imaging could further be improved by incorporating 

more a prior information such as anisotropic conductivities (Michel et al., 2004) and 

fMRI constrains (He & Liu, 2008; Liu and He, 2008; Yang et al., 2010) of the patients. 

Future studies in more sophisticated finite element method (FEM) head models may be 

necessary to further improve the application of EEG source imaging in epilepsy patients. 

 
2.3 EEG inverse solutions 

Recent advancement in the EEG source imaging technique has made it possible to 

study the activities in the brain source space in addition to the traditional scalp EEG trace 

inspection. Many studies have shown the capability of EEG source imaging in localizing 
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the brain sources in interictal epileptiform discharges (He et al., 1987; Ebersole, 2000; 

Lantz et al., 2003; Zhang et al., 2003; Michel et al., 2004; Gavaret et al., 2004; Sperli et 

al., 2006; Plummer et al., 2008; Brodbeck et al., 2010; Wang et al., 2010; Lai et al., 

2011).  

The inversion problem can be solved by getting the solutions for the following 

general optimization problem. 

s

SBSA )(minarg
22

∗∗+∗−Φ λ
                 (2.4)

 

where 
2

•  is the Frobenius norm operator (L2 norm), λ is the regularization term, 

and B is the source weighting matrix for the inverse solution. Varieties of source models 

and source imaging methods can be applied to solve the above inverse problem. For 

instance, if B is the identify matrix, the solution is the regular minimum norm estimation 

(MNE). The solution is low resolution brain electromagnetic tomography (LORETA) 

when the Laplacian matrix was used to solve the problem. However, the source imaging 

results from L2-norm type methods are generally over-smoothed.  

By performing the sparse L1 norm on the inverse problem, we can obtain some 

spare source of the EEG activity. Furthermore, if we apply the sparse L1 norm on the 

spatial gradient of the source, we are able to reconstruct the signal that only has limited 

spatial jump, i.e. the edges of the source distribution. The new optimization problem 

becomes following 
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s

SVSA )(minarg
12

∗∗+∗−Φ λ
          (2.5) 

where 
1

•  is the L1 norm for spare solution, V is the discrete gradient operator. The 

reason for using L1 norm in (2.5) is that using L0 norm, which is basically counting the 

non-zero elements of a vector, would make the problem non-convex and difficult to 

solve. However, it is well-known that interchanging L0 norm with L1 norm will give 

solutions that are close to the desired solutions (Donoho, 2004). As the optimization 

problem formulated in (2.5) is a convex optimization problem, solving (2.5) is easy due 

to the abundance of developed techniques in convex optimization. Thus, solving such 

seemingly complex optimization problem will not be a difficulty. 

Cortical potential imaging techniques was also applied in epilepsy patients and found 

the consistency between epileptic cortical areas and surgical resections (Zhang et al., 

2003; Lai et al., 2011). Good performance of equivalent current dipole modeling was 

demonstrated in source analysis of temporal and frontal lobe epilepsy (Gavaret et al., 

2004, 2006). Parameterization of ictal data in time domain or frequency domain was also 

applied to study ictal source analysis (Worrell et al., 2000; Morlet and Gotman, 2001; 

Lantz et al., 2001; Boon et al., 2002).  
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Chapter 3 Source Space Connectivity Analysis in Epilepsy 
Patients 

 
3.1 Introduction 

Epilepsy represents a chronic neurological disease that affects roughly 50 million 

people worldwide. Epilepsy patients are often severely disabled by the unpredictable 

seizures that the disease manifests (Fisher et al., 2000, 2005). A panoply of 

pharmacological agents have been used for treating epilepsy. However, about 30% of 

patients do not respond effectively to currently available medication (Cascino, 1994). For 

those patients who experience frequent seizures and whose lives are greatly impacted, 

resective surgery that aims to remove epileptogenic foci remains one of the last viable 

treatment options (Palmini et al., 1991; Siegel et al., 2004; Engel, 2008). Yet, a 

successful surgical outcome can only be achieved if the epileptogenic foci are accurately 

and completely removed or disconnected. Accordingly, techniques that can accurately aid 

in localizing epileptogenic foci are of great importance for epilepsy surgery and a 

successful, seizure-free outcome. 

Intracranial EEG has been used for detecting seizures (Ayala, et al., 2011; Tito et al., 

2009, 2010) and delineating epileptogenic foci (Wilke et al., 2010). Intracranial EEG 

recording from ECoG grid or depth electrodes is also considered as the gold standard for 

identifying the seizure onset zone (Engel, 1987). Although intracranial recordings can 

provide direct neural-electrical measurement from the cortex, they are highly invasive, 

expensive, and painful for patients (Engel, 1987). Intracranial EEG also has limited 

cortical coverage due to the restriction of surgical operation. Heretofore, noninvasive 
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positron emission tomography (PET) and ictal subtraction single photon emission 

computed tomography (SPECT) have been utilized to extract metabolic and perfusion 

information from epilepsy patients (Van Paesschen et al., 2007). FMRI, yet another 

functional imaging technique, has been used to detect hemodynamic responses from the 

neural activities of epilepsy patients (Gotman, 2008; Vulliemoz et al., 2010; Moeller et 

al., 2011; You et al., 2011). Attempts have been made in order to image (and thus 

localize) epileptic foci from noninvasive measurements (Ebersole, 2000; Oishi et al., 

2002; Plummer et al., 2008; Brodbeck et al., 2009). Previous studies have, in fact, 

demonstrated that EEG source imaging could be a useful tool for localizing epileptogenic 

zones because of its high temporal resolution at the millisecond scale as well as its 

noninvasive nature. However, EEG has a limited spatial resolution due to the smearing 

effect of the head volume conduction and the conductivity heterogeneity (Lai et al., 2005; 

Zhang et al., 2006). In order to image epileptogenic zones for aiding pre-surgical 

planning, there is a need to enhance the spatial resolution of EEG.   

Many efforts have been devoted to studying noninvasive EEG source imaging 

approaches in medically intractable epilepsy patients. Studies have shown that electrical 

source imaging can be a useful tool in identifying epileptogenic foci in patients with 

normal or lesion-evident MRI results (Brodbeck et al., 2009, 2010). In a few studies, 

significant correlations were reported between estimated neural-electrical sources and 

surgical resections (Michel et al., 2004; Lai et al., 2011). Moreover, some investigators 

have combined EEG and functional MRI for these purposes (Gotman et al., 2006; 

Vulliemoz et al., 2011). However, source imaging performed with this technique relied 
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mainly on interictal spikes. Considering the clinical importance of ictal events in 

lateralizing or localizing seizure onset zone, source analysis based on ictal activities 

remains to be studied (Assaf and Ebersole, 1997; Worrell et al, 2000). The spatial-

temporal source localization approach (FINE) was previously developed and studied in 

systematic computer simulations and motor evoked potential experiments (Xu et al., 

2004; Ding and He, 2006). It was also applied to image epileptic sources in patients with 

lesion-evident MRI studies (Ding et al., 2007).  Additional studies have suggested that 

more accurate source imaging results could be obtained by increasing the number of 

scalp EEG signal channels (Lantz et al., 2003; Michel et al., 2004; Holmes et al., 2008). 

The aim of this study is to investigate a high resolution electrical source imaging 

technique and high-density EEG recordings for the purpose of identifying seizure onset 

zones in patients with medically intractable partial epilepsy. We applied a patient-specific 

boundary element method (BEM) head model and the source localization approach to 

obtain high spatial-temporal resolution of sources that corresponded to scalp ictal 

activities. Functional connectivity analysis was then utilized to identify the primary ictal 

source from propagated sources (Lu et al., 2012a). Further, we investigated the 

localization improvement that can be achieved using dense array EEG recording. Five 

configurations with 76, 64, 48, 32, and 21 electrodes were tested. The localization of 

seizure onset zone was performed for each configuration using downsampled data. 

Computer simulations were also conducted to study the effect of electrode numbers in 

EEG source imaging. The computer simulation results were compared with the simulated 
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sources and the patient data analysis results were evaluated with surgical resections in 

these patients.  

 

3.2 Methods 

3.2.1 Patients and data acquisition 

Ten patients with medically intractable partial epilepsy were studied using a protocol 

approved by the Institutional Review Boards of the University of Minnesota and Mayo 

Clinic. The patients are consecutive partial epilepsy patients selected according to the 

following criteria: (1) seizures were captured in the high-density EEG recording, (2) the 

patients underwent surgical resections after pre-surgical workup, (3) the patients were 

seizure free after the resective surgery, (4) high-resolution structural MRI were acquired 

before and after their surgical operation. The surgical resections were used to evaluate the 

performance of source imaging results, and this information was not used in the source 

analysis. All the patients had presurgical evaluation including high-resolution structural 

MRI, long-term video-EEG monitoring (5.6 days on average) using 76 channels at Mayo 

Clinic (Rochester, MN, USA). All the patients underwent surgery to remove 

epileptogenic zones, and were rendered seizure free after one year follow up of the 

surgical operation by skilled epileptologists. Table 3.1 summarized the patients’ 

characteristics. 
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Table 3.1 Clinical information of the patients in this study. 
 



 

 15 

 

During the long-term monitoring, scalp EEG was recorded from 76 electrodes 

according to the modified international 10-20 system, with 500 Hz sampling frequency 

and 1-70 Hz band-pass filtering. Standard electrode locations were utilized for the source 

analysis. The long-term video EEG was reviewed for seizure activities and seizure onset 

time was marked by experienced epileptologists. Band-pass filter of 1 and 30 Hz was 

used to reduce the high frequency noise and DC linear trend of EEG. Among the captured 

seizures (1-4 seizures per patient, 27 seizures in total) from the patients, the ictal data in 4 

 

 
Fig. 3.1 Diagram of procedural steps in the present seizure source imaging. 
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seizures were excluded due to the large moving artifacts and all the other seizures (23 

seizures) were used in the study. Seizure segments with approximately 2-3 s were 

selected after seizure onset time. The quasi-stationary and artifact-free conditions of the 

selected segment can be examined by inspecting the waveforms and time-frequency 

representation (TFR) of the EEG signals. Fig. 3.2 shows the waveform and TFR of the 

76-channel EEG signals in one seizure. 

Structural MRI T1 images (voxel size: 0.9375* 0.9375* 1.0 mm3, 166 slices on 

average) were obtained for each patient from a 1.5 Tesla or 3 Tesla GE Signa scanner 

(General Electric Medical Systems, Milwaukee, WI). These MRI images were used to 

build realistic geometry BEM of the head, which consists of three layers: scalp, skull and 

brain. The patient specific BEM was constructed from the segmentation results of the 

three layers using CURRY6 software (Compumedics, Charlotte, NC). The conductivity 

values of scalp, skull and brain were set as 0.33 S/m, 0.0165 S/m and 0.33 S/m, 

respectively (Oostendorp et al., 2000; Lai et al., 2005).  

3.2.2 Electrical source imaging 

The spatial-temporal source localization approach (FINE) was previously studied in 

both computer simulations and human subjects (Xu et al., 2004; Ding and He, 2006; Ding 

et al., 2007). The problem can be expressed as 

( ) ( ) ( )tSQRAt ,=Φ         (3.1) 

where ( )tΦ  is the electrical potential measurement on the scalp at time t,  ( )QRA ,  is the 

transfer matrix from source locations R  with source orientations Q ,  ( )tS  is the source 

activity at time t. The equation is meant to find the source locations R  and source 
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orientations Q  in three dimensional source spaces that best fit the signal subspace. Once 

the transfer matrix ( )QRA ,  is determined, the source waveforms ( )tS  can be estimated 

by solving the inverse problem.  

Patient-specific realistic geometry BEM head models with three layers (scalp, skull, 

brain) were built from the structural MRI images. The lead field matrix ( )QRA ,  was then 

computed from the BEM head model (He et al., 1987; Hämäläinen and Sarvas, 1989). 

We employed the equivalent current dipole as the source model, and the source space 

was set as the whole three dimensional brain. The subspace correlation (SC) between the 

source dipolar topographies and noise-only scalp EEG subspace were defined as  

( ) ( ) ( )
( ) ( ) ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

qrAqrA
qrAFFqrA

rSC T

T

qFINE ,,
,,

min θθ      (3.2) 

where r  is the possible source location at three dimensional source space, ( )rSCFINE  is 

the source correlation value at location r , ( )qrA ,  is the transfer matrix at source 

location r  with source orientation q , θF  is the FINE vector projected to the noise 

subspace.  The sources are obtained by scanning the locations with local minimum of 

subspace correlation. Subspace correlation threshold is set at 5% and only subspace 

correlation values below it are considered as possible sources. Source waveforms of the 

identified sources are then estimated by solving the overdetermined inverse problem. 

3.2.3 Functional connectivity analysis 

The functional connectivity analysis utilizing DTF (Kaminski and Blinowska, 1991; 

Kaminski et al., 2001) is an extension of Granger causality theory (Granger, 1969). 

Instead of being only suitable for paired-wise directional causality as in Granger theory, 



 

 18 

the DTF can be applied to analyze connectivity among multi-channel signals (Astolfi et 

al., 2004, 2005; Babiloni et al., 2005; Wilke et al., 2009, 2010; He et al., 2011). 

Multivariate autoregressive (MVAR) modeling was firstly applied to estimate the model 

parameters of signals as 

( ) ( ) ( ) ( )∑
=

+−Λ=
p

i
tEitXitX

1
       (3.3) 

where ( )tX  is the signal data at time t, ( )iΛ  are the matrices of multivariate model 

coefficients, p is the model order, and ( )tE  is a vector of multivariate white noise. After 

transforming MVAR model parameters into frequency domain,  

( ) ( ) ( )fEfXf =Λ         (3.4) 

( ) ( ) ( ) ( ) ( )fEfHfEffX =Λ= −1       (3.5) 

where ( ) ∑
=

Δ−Λ=Λ
p

k

tkfj
k ef

1

2π , and ( )fH is the transfer function matrix of the system. The 

DTF value ( )fij
2γ  from signal j to signal i can be obtained by normalizing the system 

transfer function matrix 
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=
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f
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2

2

2γ         (3.6) 

Signals which have significant directional DTF value to other signals were considered to 

have directional causality to other signals. Nonparametric surrogate testing was 

conducted to test the significance. The shuffling procedure destroying the phase 

information of the original signals was repeated 5000 times and the DTF values with the 

significance level p<0.05 were considered as directional significant. Spatial-temporal 
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localized sources having significant directional DTF values to other sources were 

considered as the primary sources. 

3.2.4 Evaluation of source imaging results 

The source imaging results were evaluated with the surgically resected areas of the 

patients. Structural MRI images were acquired from these patients a few months after 

their surgical operation (General Electric Medical Systems, Milwaukee, WI). The 

surgically resected areas were evidenced by post-operative magnetic resonance studies. 

Since all the patients were seizure free after the surgical operation following one year 

follow-up, the resected areas of the patients were used as our reference to validate the 

EEG source imaging results. More specifically, localization error of clinical data, which 

was defined as the distance between the estimated source to the boundary of surgical 

resection, was applied to evaluate the source imaging results in patients. The localization 

error was considered zero if the estimated source was located inside the surgical 

resection. 

3.2.5 Effect of high-density EEG for source imaging 

Computer simulation of ictal source analysis was performed using configurations of 

different electrode numbers and noise levels. Dipolar sources with random location and 

orientation were simulated in the 3D brain, and the time course of the source was 

generated from a damped sinusoidal waveform. A realistic geometric BEM head model 

was utilized to compute lead-field matrix and simulate 76-channel scalp EEG. Gaussian 

white noise with different signal-to-noise ratios (SNRs) was added to the generated scalp 

EEG. The simulated 76-channel EEG was spatially downsampled into uniformly 
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distributed 64, 48, 32, and 21 electrode configurations. At each electrode setting and 

noise level, FINE was applied to estimate the sources in the 3D brain. Localization error 

of computer simulation, which was defined as the distance between estimated source and 

truly simulated source, was incorporated to quantitatively compare the performance of 

source imaging with different numbers of electrodes.  

We then tested the effect of electrode numbers on EEG source imaging results in 

patient data. As in computer simulation, patient EEG with different electrode 

configurations (76, 64, 48, 32, and 21 electrodes) was used for ictal source analysis. The 

sources were localized using the same procedure for all electrode configurations. 

Localization error of clinical data represents the distance between the estimated source to 

the boundary of surgical resection. Statistical analysis was performed to test the 

significance between low density configurations and high density configurations. 

Dependent t-test was applied to test the significant paired difference between any two 

electrode configurations. One-way analysis of variance (ANOVA) was also used to test 

the significant group difference among all the electrode configurations. 

 

3.3 Results 

Ten patients with medically intractable epilepsy were analyzed in this study. High-

density EEG was recorded in these patients during the long-term video monitoring at 

Mayo Clinic. All of the patients had resective surgery and were seizure-free after one-

year follow up of the operation.  
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Patient 1 was a 32-year-old male epilepsy patient suffering from left temporal lobe 

seizures. Four seizures were captured from this patient during the pre-operative long-term 

video EEG recording. The scalp EEG waveform (Fig. 3.2) of one seizure in this patient 

showed rhythmic delta activities that were initially observed in left temporal electrodes 

and then remained prominently during the rest of the ictal period. The rising of such 

rhythmic activities were also found in right temporal electrodes, but in a temporally 

delayed and attenuated manner.  

 

 
Fig. 3.2 The waveform and time-frequency representation of the ictal scalp EEG data with
76-channel recordings. The red vertical line marked on the EEG waveform is the seizure
onset time recognized by experienced epileptologists. EEG channels near left temporal lobe
(LT) and right temporal lobe (RT) of the patient were marked on the right side of the EEG
waveform. 
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The source imaging results for Patient 1 is shown in Fig. 3.3. Two sources (S1, S2) 

are identified after applying FINE. Fig. 3.3a, the source locations and extent are 

superimposed and displayed with the pre-operative structural MRI of the patient. The 

waveforms of the two sources are also displayed next to the sources in Fig. 3.3a. The 

arrow between the sources indicates the connectivity analysis results, directing from 

primary source to propagated source. Fig. 3.3b shows the significance level of DTF 

information flow between S1 and S2 as a function of frequency. DTF results above the 

red line indicate the significant information flow (p < 0.05) from this source to the other 

source. In this patient, S1 had significant information flow to S2 while no such 

 

 
Fig. 3.3 Source imaging results of Patient 1. (a) Waveforms (green curves), locations
(highlights on grey MRI images), and directional causality (blue arrow) of two sources (S1,
S2). (b) Significance level of directional DTF values between S1 and S2. Statistical DTF
value above the red line is significant with p-value < 0.05. (c) Surgical resection marked by
red circle on post-operative MR image. Patient 1 had left temporal lobe epilepsy. 
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significance can be observed from S2 to S1. S1 was thus identified as the primary source, 

which is located in the left temporal lobe. Fig. 3.3c shows the post-operative MR image 

with red circle marking out the surgically resected area that is located in the left temporal 

lobe. 

 

Patient 2 was a 50-year-old female with right temporal lobe seizures. One ictal period 

was captured from this patient during the long-term video monitoring. Rhythmic 

activities can be observed over the right hemisphere channels of the patient’s scalp EEG 

during the seizure onset period. This patient underwent right temporal lobe lobectomy. 

The EEG source imaging results of Patient 2 are shown in Fig. 3.4. The two sources 

identified in this patient are located in right frontal lobe (S1) and right temporal lobe (S2). 

 

 
Fig. 3.4 Source imaging results of Patient 2. (a) Waveforms, locations, and directional
causality of two sources (S1, S2). (b) Significance level of directional DTF values between
S1 and S2. (c) Surgically resected area on post-operative MR image. Patient 2 had right
temporal lobe epilepsy. 
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The location and extent of these two sources are displayed in Fig. 3.4a along with the pre-

operative structural MRI of the patient. The waveform of the source activity is also 

shown next to the two source locations in Fig. 3.4a. The connectivity analysis results in 

Fig. 3.4b show significant information flow from S2 to S1. Accordingly, the primary 

source identified in this patient was identified as S2, which is localized in the right 

temporal lobe. Fig. 3.4c shows the post-operative MR image with surgically resected area 

circled in the right temporal lobe. 

 

Patient 3 was a 22-year-old female suffering from left frontal lobe seizures. Three 

seizures were captured from this patient during pre-operative long-term video EEG 

monitoring. This patient completed a left frontal cortectomy. Rhythmic activities can be 

 

 
Fig. 3.5 Source imaging results of Patient 3. (a) Waveforms, locations, and directional
causality of two sources (S1, S2). (b) Significance level of directional DTF values between
S1 and S2. (c) Surgical resection on post-operative MR image. Patient 3 had left frontal
lobe epilepsy. 
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observed in the frontal EEG channels during ictal period of the patient. The EEG source 

imaging results of Patient 3 are shown in Fig. 3.5. FINE identified two sources (S1, S2) 

in the frontal lobe. S1 is in the left frontal lobe and S2 in the right frontal lobe close to the 

midline. Source locations and activities are shown together with the pre-operative MRI in 

Fig. 3.5a. Significant information flow from S1 to S2 is found over the 6-13 Hz 

frequency band in results of Fig. 3.5b. The results indicated that S1 is the primary source 

and is located in the left front lobe, which is in the same area as the surgical resection 

area (Fig. 3.5c).  

 

 
Table 3.2 Summary of source image results in all 23 seizures of the ten patients. The estimated 
sources are compared with surgical resection of the patients. 
 
  PT 1 PT 2 PT 3 PT 4 PT 5 PT 6 PT 7 PT 8 PT 9 PT 10 

+ 4 1 2 1 1 1 0 1 2 3 
++ 0 0 1 1 0 2 1 0 1 0 

+++ 0 0 0 0 0 1 0 0 0 0 
Total 4 1 3 2 1 4 1 1 3 3 

+: within 10 mm distance to the surgical resection boundary. ++: within 20 mm distance to the 
boundary. +++: within 25 mm distance to the boundary. 
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Fig. 3.6 Mean and standard deviation of localization errors in computer simulation.
Localization errors of different electrode configurations (76, 64, 48, 32, and 21 electrodes)
are coded in colors (from white to black). Simulation results in different noise levels are
separated in groups. 
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The results in all the 23 seizures of the ten patients were shown in the Table 3.2. 

Source imaging results in the rest of the patients were also concordant with the surgically 

resected areas shown in post-operative MRI images. To quantitatively evaluate the source 

imaging results, group level analysis of localization error was performed on all the 

patients by calculating the distance between the estimated source and surgically resected 

boundary. To study the effect of electrode number in source imaging, we compared the 

results of different electrode configurations from both computer simulation and patient 

data. 

Fig. 3.6 shows the localization error of the computer simulation using different 

electrode configurations and noise levels. Localization errors in the computer simulation 

were defined as the distance between estimated source and simulated source. Significant 

group difference (ANOVA, p<0.01) of localization error exists among all the different 

 

 
Fig. 3.7 Mean and standard deviation of localization errors in clinical data analysis. 
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electrode configurations (76, 64, 48, 32, and 21 electrodes). In low noise level condition 

(SNR=10 dB), a significant paired difference (t-test, p<0.05) of localization error is 

observed between any pairs of 64, 48, 32, and 21 electrodes. A significant paired 

difference can also be observed between 76 electrodes and other configurations (48, 32, 

and 21 electrodes). When SNR is 0 dB, a significant paired difference (p<0.05) is found 

between pairs of 76, 64, 48, and 32 electrodes. Significant paired difference can also be 

found between high density configurations (76, 64, and 48 electrodes) and 21 electrodes.  

In intermediate noise level condition (SNR=-10 dB), a significant paired difference 

(p<0.01) is observed between pairs of 64, 48, 32, and 21 electrodes. Significant paired 

difference can also be observed between 76 electrodes and other configurations (48, 32, 

and 21 electrodes). In high noise level condition (SNR=-15 dB), significant paired 

difference (p<0.01) exists between any two pairs of all the electrode configurations. 

These computer simulation results suggest that localization error increases as the number 

of electrodes is reduced. Under higher noise level, the localization errors are larger and 

more significantly distinguishable between different electrode configurations. This 

indicates the importance of using dense-array configurations in real conditions. 

Fig. 3.7 shows the group level analysis of localization error in all the patient ictal 

data. Localization errors in clinical data represent the distance between the estimated 

source and surgically resected boundary. In patient results, larger localization error is also 

observed in fewer electrode configurations. Statistical t-test shows that the localization 

error is significantly smaller (p<0.01) in higher density configurations compared to 

configuration with 21 electrodes. The high density electrode configurations (76, 64, and 



 

 29 

48 electrodes) show a significant paired difference (p<0.05) compared to configuration 

with 32 electrodes. An improving trend for localization can be observed by changing 

electrode configurations from 48 to 64 channels and from 64 to 76 channels. A 

significant paired difference (p<0.1) can also be observed between configurations with 76 

and 48 electrodes. The ANOVA test shows a significant group difference (p<0.05) of 

localization error among all electrode configurations. Clinical data analysis presents the 

significant improvement of EEG source localization by increasing EEG signal channels 

from low density to high density electrode configurations. The most significantly 

improved source imaging result is observed in configurations with 76 electrodes. These 

results demonstrate the importance of applying high-density EEG in source imaging and 

suggest that it is necessary to use dense array EEG for high resolution source imaging. 

 

3.4 Discussion 

Despite the development and clinical application of various imaging techniques, 

accurately localizing epileptogenic zones in pre-surgical workup of medically intractable 

epilepsy remains to be vitally important. Intracranial recordings utilizing subdural grids 

and depth electrodes are currently the gold standards of identifying the position and 

extent of epileptogenic zones. Due to the limited spatial coverage and invasive nature of 

intracranial grids, many noninvasive functional neuroimaging techniques (PET, SPECT, 

fMRI) have been developed to enhance pre-surgical planning. Each of these functional 

neuroimaging techniques enables the capture of additional useful information for pre-

surgical workup and, ultimately, enhanced outcomes of epilepsy patients. However, these 
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extant techniques have poor temporal resolution and may not indicate the precise 

epileptogenic zone, but rather regions of seizure propagation. On the other hand, EEG 

represents a direct measurement of brain electrophysiological activities and has a high 

temporal resolution (at millisecond scale), which makes it possible to study the initiation 

and propagation of epileptiform discharges and seizure activities. Long-term video EEG 

monitoring is now available as a routine procedure in most clinical centers, and could be 

a more useful pre-surgical evaluation tool when coupled with source analysis techniques. 

Many attempts have been made to study the application of noninvasive EEG source 

imaging techniques for localizing epileptic sources. Cortical potential imaging techniques 

was applied in epilepsy patients and found the consistency between epileptic cortical 

areas and surgical resections (Zhang et al., 2003; Lai et al., 2011). Good performance of 

equivalent current dipole modeling was demonstrated in source analysis of temporal and 

frontal lobe epilepsy (Gavaret et al., 2004, 2006). Parameterization of ictal data in time 

domain or frequency domain was also applied to study ictal source analysis (Worrell et 

al., 2000; Morlet and Gotman, 2001; Lantz et al., 2001; Boon et al., 2002). The approach 

applied in this study combines spatio-temporal source localization and source 

connectivity analysis for seizures. This integrative approach is capable of characterizing 

causal information flow between different sources and discriminating the primary ictal 

source from propagated sources. 

An important issue in EEG source imaging is modeling source configurations and 

choosing inverse algorithms. Dipolar source model and distributed source model are the 

most commonly used source models in EEG source imaging (He et al, 2002; Michel et 
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al., 2004). The assumption for dipolar source model is that a few discrete sources are 

adequate to explain the scalp potential. Studies have shown that equivalent current 

dipolar source model can be successfully applied in localizing focal epileptiform 

activities (Assaf and Ebersole, 1997; Gavarat et al., 2004). However, a priori knowledge 

of the source number is usually hard to determine and dipolar models cannot adequately 

represent the extent of the sources, despite efforts on estimation of the number of dipoles 

(Bai and He, 2005, 2006). In distributed source models, current sources are located in the 

whole source space such as 3D brain volume or 2D cortical surface. Various inverse 

methods were successfully employed to image the electrical sources of epilepsy patients 

(Assaf and Ebersole, 1997; Gavarat et al., 2004; Michel et al., 2004; Holmes, 2008). To 

utilize EEG source analysis as a pre-surgical evaluation tool in clinical procedure, more 

studies are needed to investigate the feasibility of source imaging approaches in 

localizing epileptogenic foci of epilepsy patients. 

Due to the availability and feasibility of dense array EEG recording systems, high-

density EEG source imaging has been attracting more and more attention from epilepsy 

researchers and clinicians. Studies have shown that more recording electrodes allow for 

accurate epileptic source localization results (Lantz, et al., 2003).  A great precision in 

localizing interictal epileptic activity was reported by applying high-density EEG source 

imaging in epilepsy patients (Michel et al., 2004). Dense array EEG has also proved 

useful in noninvasive ictal localization for both generalized and localization-related 

seizures (Holmes, 2008). In contrast to routine scalp EEG recordings in current clinical 

settings, which only use 19-21 recording electrodes, in this study we utilized high-density 
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EEG with 76 channels to localize ictal onset zones with high resolution. We also 

compared the source imaging results in different electrode configurations by 

downsampling 76 channels into 64, 48, 32, and 21 channels. Our results demonstrated the 

significant improvement of EEG source localization by increasing the electrode numbers. 

That is, the most significantly improved result was observed in configurations with 76 

electrodes. The potential application of high-density EEG may provide more information 

than the traditional scalp EEG recordings and help lateralizing or localizing epileptogenic 

zones.  

Epilepsy patients with partial seizures usually limit their seizure activities in a few 

focal regions of the brain. In this study, seizure source imaging was successfully applied 

to ten partial epilepsy patients in localizing their epileptogenic zones. In extratemporal 

patients or other epilepsy patients, seizure activities may start from more brain regions 

and involve with larger brain networks. Studies in different epilepsy types in the future 

may be interesting and meaningful to extend the seizure imaging in more complex 

epilepsy types. While the nature of the present study involves a substantial amount of 

work including high density EEG recordings, seizure source imaging and comparison 

with surgical resection outcomes, the study is limited in its patient population. Future 

studies in larger patient groups may still be needed to assess the high-density EEG 

recording and seizure imaging in localizing epileptogenic zones. 

In summary, we applied the FINE approach to noninvasively localize the seizure 

activities of medical intractable partial epilepsy patients. High-density EEG recordings 

together with patient specific BEM head models were utilized to improve the spatial 
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resolution of the source imaging. Furthermore, Granger causality analysis using DTF was 

used to further define the primary seizure sources. Our source imaging results in the ten 

epilepsy patients showed high co-localization with their surgical resections. We further 

compared the performance of source imaging from different numbers of electrodes. 

Computer simulation and clinical data analysis showed the improvement of EEG source 

imaging as a result of increasing the number of electrodes. Overall, the present study 

demonstrates the feasibility of high-density EEG recordings and high resolution ictal 

source analysis in localizing ictal onset zones and indicates its potential usage in pre-

surgical planning of epilepsy patients. 
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Chapter 4 Dynamic Imaging of Continuous Seizure Activities 
in Pediatric Patients 

 
4.1 Introduction 

Epilepsy is one of the most important chronic neurological diseases that affect 

children. Approximately 0.5% to 1% of all children under 16 years experience seizure 

events (Shinnar and Pellock, 2002). Children that suffer from epilepsy may face 

intellectual developmental issues and encounter other brain developmental problems. 

Seizure control and treatment are of vital importance to pediatric patients in order to 

improve their quality of life as well as ensure normal brain development. In contrast to 

adult patients, pediatric patients are more likely to experience seizures that originate from 

extratemporal lobe regions, which tend to have a less favorable surgical outcome 

compared to temporal lobe epilepsy (Gilliam et al., 1997; Sperli et al., 2006). It is thus 

important to accurately localize the epileptogenic zone of pediatric epilepsy patients in 

order to achieve improved surgery success. 

Pre-surgical planning techniques from multiple aspects are necessary in order to 

plan a successful surgical resection. Among various techniques, intracranial recordings 

including electrocorticography (ECoG) and depth electrodes are still the gold standards to 

identify the seizure onset zones (Engel, 1987; Lai et al., 2007; Wilke et al., 2009, 2010, 

2011). However, as iEEG has been restricted by its invasive nature and limited spatial 

coverage, noninvasive structural and functional imaging techniques, such as magnetic 

resonance imaging (MRI), positron emission tomography (PET), and single photon 

emission computed tomography (SPECT), have been actively developed and utilized to 
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delineate the epileptogenic zones. Due to the limited temporal resolution and uncertain 

correlation between the imaging response and neuronal activities, these techniques alone 

may not provide sufficient information to identify the seizure onset zone. Additional 

information from other imaging modalities is thus necessary to fully understand the 

epileptic brains and identify the epileptogenic zones. 

Scalp EEG has been widely used in clinical settings to characterize seizure 

activities in epilepsy patients. Patients typically undergo long-term video monitoring to 

capture their seizures and to help lateralize or localize seizure onset regions. Recent 

advancement in the EEG source imaging technique has made it possible to study the 

activities in the brain source space in addition to the traditional scalp EEG trace 

inspection. Many studies have shown the capability of EEG source imaging in localizing 

the brain sources in interictal epileptiform discharges (He et al., 1987; Ebersole, 2000; 

Lantz et al., 2003; Zhang et al., 2003; Michel et al., 2004; Gavaret et al., 2004; Sperli et 

al., 2006; Plummer et al., 2008; Brodbeck et al., 2010; Wang et al., 2010; Lai et al., 

2011). The imaging of seizure activities still remains a challenge due to the various types 

of ictal patterns and contamination of moving artifacts in EEG (Assaf and Ebersole, 

1997; Worrell et al., 2000; Lantz et al., 2001; Ding et al., 2007; Koessler et al., 2010; 

Yang et al., 2011). Among the seizure imaging studies, temporal lobe epilepsy is the most 

investigated epilepsy type. Few studies have evaluated results with surgical resection as 

well as intracranial recordings in pediatric patients. In this study, we investigate the 

feasibility of using a dynamic seizure imaging technique to identify seizure generators in 

pediatric epilepsy patients (Lu et al., 2012b). To evaluate the source imaging results, we 
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compare the estimated source with both surgical resections and intracranial recordings of 

the patients. 

 
4.2 Methods 

4.2.1 Patients and data analysis 

 

 

 
Fig. 4.1 Schematic diagram of seizure source imaging and the study design. Seizure
activities from scalp EEG recordings are analyzed to image seizure sources. Patient-
specific BEM models are created from pre-operative MRI images of the patients. Surgical
resections and intracranial recordings are used to evaluate the seizure source imaging
results. 
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Table 4.1  Clinical information for all patients. 
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The study design is illustrated in Fig. 4.1. Nine pediatric patients with drug-

resistant partial epilepsy were included in this study. The pediatric patients were selected 

according to the following criteria: (1) seizures were captured during the long-term EEG 

recording, (2) pre-surgical MRI images were scanned, (3) the patient underwent resective 

surgery and the age of patient was below nineteen when the surgery was performed, (4) 

the patient had either a post-operative MRI scan or intracranial recordings. The patients 

were studied under the approved protocol by the Institutional Review Boards of the 

University of Minnesota and the Mayo Clinic. The clinical information for these patients 

is included in Table 4.1. 

The pre-surgical scalp EEG of these patients was recorded in a long-term video 

monitoring system. The EEG data were filtered with a band-pass filter of 1-70Hz and 

sampled at 200 Hz. The scalp EEG was recorded with 32 channels and the electrodes 

were positioned according to the modified international 10-20 system. The EEG data 

were carefully reviewed and seizures marked by experienced epileptologists. A total of 

32 seizures from the patients were analyzed using the dynamic seizure imaging approach. 

High resolution structural magnetic resonance imaging was also performed in all of these 

patients before their surgery. These MRI images (voxel size: 0.9375* 0.9375* 1.0 mm3) 

were obtained from a 1.5 Tesla or 3 Tesla GE Signa scanner (General Electric Medical 

Systems, Milwaukee, WI). Patient-specific realistic geometry boundary element method 

(BEM) head models were constructed from the MRI images using Curry software 

(Compumedics, Charlotte, NC). 

4.2.2 Dynamic seizure imaging  
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The dynamic seizure imaging (DSI) approach separates the scalp EEG into 

independent components (ICs) in sensor space and recombines seizure components in the 

source space to form a spatiotemporal reconstruction of seizure activity (Yang et al., 

2011). The scalp EEG is a mixture of activities from various sources, which include 

functional cortical activations, background brain activities, artifacts and noises. In the 

analysis, seizure EEG can be separated into temporally independent and spatially fixed 

components using the independent component analysis (ICA) in the following format 

(Nam et al., 2002; Delorme and Makeig, 2004; Jung et al., 2009; Yang et al., 2011) 

∑
=

==
CN

1i
iii TMwWMTΦ        (4.1) 

where Φ  is the recorded scalp EEG, CN  is the number of independent components, iw  

is the ith weighting element, iM  and iT  represent the spatial map and temporal 

activation of ith component, respectively.  

Components that correspond to artifacts, such as eye blinks and moving artifacts, 

were removed from the decomposed ICs (Jung et al., 2000). Components characterized 

by temporal-spectral patterns of ictal activities were selected for the source analysis. 

Correlations of spectrogram between IC components and scalp ictal EEG were computed. 

The spectrogram was calculated using a short-time Fourier transform with the time 

window of 200 samples and 50% overlapping. The empirical correlation distribution was 

then created for each IC by computing the spectrogram correlation of surrogated IC time 

series and EEG data (Yang et al., 2011). The ICs with significant correlation (p < 0.1) in 

the surrogated statistical test were selected. The IC components with more than 20% 



 

 40 

residual variances of dipole fitting were excluded for the seizure source imaging 

(Delorme and Makeig, 2004; Jung et al., 2009). After selecting the seizure components in 

Eq. (1), the ictal EEG Φ  can be written as ∑
=

SN

1i
iii TMw  (where SN  is the number of 

seizure components).  

By solving the inverse problem, the estimated source activities Ŝ  can thus be 

expressed as 

( ) ∑∑∑
==

−

=

−− ≈=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
==

SSS N

1i
iii

N

1i
ii

1
i

N

1i
iii
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where 1A −  is the inverse of transfer matrix A , i
1

i MAŜ −=  is the estimated source for ith 

seizure component. The spatiotemporal source distribution Ŝ  could then be obtained by 

combining the IC sources iŜ  and time courses iT  in the source domain. To estimate the 

iŜ , cortical current density model with unconstrained sources (Dale and Sereno, 1993) 

and minimum norm estimation (Hämäläinen and Ilmoniemi, 1984) were used to 

reconstruct the source distribution. The cortex was segmented from high-resolution 

structural MRI of the patients, and the transfer matrix was computed from patient-

specific realistic geometry BEM head model (Hämäläinen and Sarvas, 1989). The BEM 

model consisted of three layers (scalp, skull, brain) and the conductivities were set as 

0.33 S/m, 0.0165 S/m, and 0.33 S/m, respectively (Lai et al., 2005; Zhang et al., 2006).  

2.3 Evaluation of imaging results 

The seizure imaging results were obtained from the nine patients and the results 

were compared with the surgical resection of the patients. The estimated seizure sources 
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were distributed over the cortical surface, and the cortical source location with the 

maximal source strength was considered as the location of the estimated seizure 

activities. All the patients had both resective surgery and post-operative MRIs following 

the surgery. The surgically resected areas were segmented from the post-operative MRI 

images and used to evaluate the DSI results. The results were considered to be 

concordant to surgical resection if the estimated source maximum was located within the 

resection regions.  

In the seven patients with intracranial recordings, we quantitatively evaluated the 

seizure imaging results at seizure onset by comparing the location of estimated sources 

with the SOZs of intracranial recordings. The SOZs were identified from ECoG 

electrodes by experienced epileptologists. The accurate locations of intracranial 

electrodes were segmented from CT images and co-registered with structural MRI 

images. The distance between the estimated source maximum and nearest SOZ electrode 

was calculated. The unit of the distance was defined as the inter-electrode-distance, 

which was the distance between two adjacent ECoG electrodes. The estimated seizure 

activities following seizure onset were also displayed and qualitatively compared to iEEG 

recordings.   

4.3 Results 

Nine pediatric patients with medically intractable epilepsy were analyzed in this 

study. Among the nine patients, eight of them experienced extratemporal lobe seizures 

and one of them had temporal lobe seizures. Seizure imaging results in all patients were 

evaluated by comparing them with surgical resection zones of the patients. In seven 
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patients who had intracranial ECoG recordings, the estimated sources were also 

compared with the SOZ of intracranial recordings.  

 

Patient 1 was a 2-year-old patient who had extratemporal lobe seizures. The 

seizures were characterized as paroxysmal fast activities in the frontotemporal head 

region. Fig. 4.2 shows the seizure imaging results of this patient in comparison with the 

surgical resection and the intracranial recording. Multiple seizure components were 

extracted and the seizure component showing the earliest ictal activation is shown in Fig. 

4.2a. The scalp map suggests right fronto-temporal focus of the activity. Both the time 

course and time-frequency representation show source activity at the alpha frequency 

band following the onset of the seizure. The cortical distribution of the estimated seizure 

 

 
Fig. 4.2 Seizure source imaging results in Patient 1. (a) Example of scalp topography,
activity, and time-frequency representation of one seizure component. (b) Estimated source
at seizure onset. (c) Estimated seizure sources following seizure onset. The estimated
sources were displayed by projecting them onto the cortical grid surface. (d) Power
distribution of recorded ECoG activities following seizure onset. (e) Seizure onset zone
(red color) marked on ECoG grid and surgical resection circled on post-operative MRI
image of the patient. 
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activity (Fig. 4.2b) indicates seizure onset in the right lateral frontal region. Intracranial 

recordings were performed on this patient, which covered the right frontal lobe and right 

temporal lobe of the patient. Part of the estimated cortical source distribution that 

overlaps with the intracranial grids is plotted and projected onto the grid surface (Fig. 

4.2c). Both estimated seizure sources, and the power distribution of recorded ECoG 

activities (Fig. 4.2d) show that the seizure was consistently active in the right lateral 

frontal lobe. The seizure onset zone marked on Fig. 4.2e shows that the seizure started 

from the right frontal grid of this patient. The red circle on the post-operative MRI image 

(Fig. 4.2e) shows that part of the right frontal lobe was removed during the surgery. 

These results suggest that the estimated seizure source in the right frontal lobe is in 

concordance with the surgically resected region and the SOZ delineated from intracranial 

electrodes.  
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Patient 2 was another extratemporal lobe patient whose seizure activities involved 

multiple brain regions. The scalp EEG of the analyzed seizure showed occipital and 

temporal lobe activities. Multiple seizure components were extracted and the seizure 

component showing the earliest ictal activation is shown in Fig. 4.3a. The spatial map 

indicates parieto-occipital lobe focus of seizure activities. The time course and time-

frequency representation show seizure activities in theta band following the seizure onset. 

The estimated seizure onset source over the cortex (Fig. 4.3b) shows that the seizure 

sources were activated in the occipital lobe of the patient. The seizure onset zone marked 

in Fig. 4.3e shows that the seizure started from the occipital region of this patient. The 

 

 
Fig. 4.3 Seizure source imaging results in Patient 2. (a) Example of scalp topography,
activity, and time-frequency representation of one seizure component. (b) Estimated source
at seizure onset. (c) Estimated seizure sources following seizure onset. The estimated
sources were displayed by projecting them onto the cortical grid surface. (d) Power
distribution of recorded ECoG activities at seizure onset and after propagation. (e) Seizure
onset zone (red color) marked on ECoG grid and surgical resection circled on post-
operative MRI image of the patient. 
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post-operative MRI image in Fig. 4.3e shows that part of the occipital region of this 

patient was resected during the surgery. The estimated sources in Fig. 4.3c show that the 

seizure sources were firstly activated in occipital lobe and then sources in the posterior 

temporal lobe were also activated, which was confirmed by the power distribution of 

recorded seizure activities from intracranial electrodes (Fig. 4.3d). The seizure 

development involving multiple regions was successfully tracked by the seizure imaging 

approach. The estimated seizure onset source is located in the left occipital region and it 

is concordant with the surgical resection and SOZ of the intracranial recording. 

 

Patient 8 was an epilepsy patient with temporal lobe seizures. The scalp EEG of 

the patient showed delta frequency activities over the left temporal region. Multiple 

seizure components were extracted and the seizure component showing the earliest ictal 

 

 
Fig. 4.4 Seizure source imaging results in Patient 8. (a) Example of scalp topography,
activity, and time-frequency representation of one seizure component. (b) Estimated source
at seizure onset. (c) Post-operative MRI image of the patient. The surgical resection is
marked by red circle. 
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activation is shown in Fig. 4.4a. The spatial map indicates left temporal seizure activities. 

The time course and time-frequency representation show seizure activity in the delta 

frequency band following the seizure onset. The estimated seizure sources in Fig. 4.4b 

show that the seizure source is active in the left temporal lobe of this patient. The post-

operative MRI image of this patient (Fig. 4.4c) shows that part of the left temporal lobe 

was resected during the surgery. The estimated seizure source in the left temporal lobe is 

concordant with the surgical resection zone that is shown in the post-operative MRI 

image. Since the intracranial recording was not available in this patient, a comparison 

between the source imaging results and the SOZ was not performed. 

 

The seizure imaging results in all nine epilepsy patients are summarized in Table 

4.2. The source imaging result is considered to be concordant to surgical resection if the 

estimated source maximum is located within the resection zones. In seven of the nine 

 
Table 4.2  Source imaging results in all pediatric patients. 

 
Pt Surgery  Location of source 

maximum  
Concordance 
to resection 

Concordance 
to SOZ † 

1 Right frontal lobe  Right posterior frontal + < 1 
2 Left occipital lobe Left occipital + < 1 
3 Left frontal lobe Left posterior frontal ++ ~ 2 
4 Left frontal lobe Left superior frontal + ~ 1 
5 Right frontal lobe  Right superior frontal + ~ 1  
6 Right frontal/right 

temporal lobe  
Right superior frontal + ~ 1 

7 Right frontal lobe  Right anterior frontal + ~ 3 
8 Left temporal lobe  Left temporal + N/A  
9 Left parietal lobe  Left parietal ++ N/A  

+: Source maximum is located inside surgical resection; ++: Source maximum is close to surgical 
resection; †: Concordance to SOZ is defined as the distance from source maximum to SOZ in the 
unit of inter-electrode-distance of ECoG electrodes. Comparison to SOZ are N/A in two patients 
because the intracranial recordings were not available in these two patients. 
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patients, the estimated source maxima were located inside the surgical resection zones. 

The estimated source maxima of the other two remaining patients were within 2 cm 

distance to the resection boundary. Intracranial recordings are available in seven of the 

nine patients. In five patients, the estimated source was either smaller than one or only 

one inter-electrode-distance away from the SOZ. It is worthwhile to note that a distance 

smaller than 1 inter-electrode does not necessarily indicate a localization error, because 

activities between two electrodes cannot be directly measured by the iEEG. The average 

distance to SOZ of the seven patients is 1.4 inter-electrode-distances. These results 

demonstrate that the seizure imaging results are co-localized with the surgical resection 

and intracranial recordings of the studied patients. 

4.4 Discussion 

Long-term EEG monitoring can non-invasively capture seizure activities with 

more spatial coverage. The advancement of source imaging approaches has made it 

possible to study the underlying brain source activities in addition to the traditional EEG 

trace interpretation. Several source analysis methods have been applied to study ictal 

activities of epilepsy patients (Assaf and Ebersole, 1997; Lantz et al., 1999; Worrell et 

al., 2000; Merlet and Gotman, 2001; Koessler et al., 2010; Holmes et al., 2010). 

However, the localization of seizure activities remains challenging because ictal EEG 

signals are usually contaminated by artifacts and noise. The ictal discharge can change in 

time, space and frequency, which increases the difficulty for the source imaging. To 

separate the spatial, temporal and spectral patterns from seizure activity, blind source 

separation techniques (Nam et al., 2002; Patel et al., 2008; Jung et al., 2009) have been 
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used to decompose seizure activities into independent components. Along this line, a 

dynamic seizure imaging approach (Yang et al., 2011) has recently been developed to 

image the continuous change of ictal activities. Instead of solving the inverse problem on 

discrete EEG time instants, the dynamic seizure imaging approach extracts seizure 

components with temporal-spectral features and recombines the components in the source 

domain to form a spatiotemporal imaging. In this study, the dynamic seizure imaging 

approach was applied in nine pediatric patients and DSI was able to extract the activities 

of seizure sources. The estimated seizure sources were consistent with surgical resections 

and intracranial recordings of the patients.  

EEG source imaging techniques can noninvasively study brain activities by 

modeling the brain sources and volume conductor (He et al., 1987; Michel et al., 2004; 

Plummer et al., 2008; He et al., 2011). In the study, a patient-specific BEM head model 

was obtained from individual MRI and used for EEG source analysis to improve the 

spatial resolution. Studies have shown that more precise source localization results can be 

obtained in realistic-geometric head models compared to simple spherical head models 

(Herrendorf et al., 2000; Wang et al., 2010). The performance of EEG source imaging 

could further be improved by incorporating more a prior information such as anisotropic 

conductivities (Michel et al., 2004) and fMRI constrains (He & Liu, 2008; Liu and He, 

2008; Yang et al., 2010) of the patients. Future studies in more sophisticated finite 

element method head models and fMRI-constrained EEG may be necessary to further 

improve the application of EEG source imaging in epilepsy patients. 
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While adult epilepsy patients are more likely to experience temporal lobe 

seizures, pediatric epilepsy patients suffer more from extratemporal epilepsy (Gilliam et 

al., 1997; Sperli et al., 2006). The overlapping of the epileptogenic zone and the 

functional brain region make it more difficult to achieve favorable surgical outcome in 

extratemporal cases without jeopardizing eloquent function of patients. As a result, it is 

more important yet challenging in pediatric patients to correctly differentiate the 

epileptogenic zone from normal brain tissues. Among the eight studied extratemporal 

epilepsy patients, the estimated seizure onset results of six patients were located within 

the resected region. In the remaining two patients with parietal and frontal seizures, the 

estimated source maxima were not located within the resected region but very close to the 

boundary of the resection. This could be the localization error of EEG source imaging 

and could also be explained by the limited resection size in these two patients. These two 

patients were not seizure free, which means that the epileptogenic zone was not 

completely resected in the surgery. Although it is important to remove the entire 

epileptogenic zone to obtain a seizure free outcome, resective surgery has to be 

conservative in extratemporal patients to preserve functional brain areas. Future studies 

of DSI in distinguishing functional brain regions could further help in separating eloquent 

cortex from pathological tissues and thus provide more information for surgical planning. 

Another challenging problem in pre-surgical planning of epilepsy patients is to 

identify the epileptogenic zones in MRI-negative patients. With the advancement of MRI 

imaging techniques, more mild changes in brain structure could now be visible in MRI 

scans. However, it is not rare to have epilepsy patients with normal images in various 
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MRI scan sequences (Rosenow and Lüders, 2001; Brodbeck et al., 2010). Furthermore, 

the structural lesions visible in MRI may not be epileptic and the true epileptic brain 

tissue may exist in regions that are distinct from the MRI lesions. Noninvasive 

approaches localizing epileptic regions are thus extremely helpful in these MRI-negative 

patients. Among the nine patients included in this study, five of them have visible lesions 

and the remaining four patients have normal MRI images. The seizure imaging in three of 

these four MRI-negative patients shows concordant results with the surgical resections. 

While more studies are needed to further investigate the additional value of noninvasive 

EEG in MRI-negative patients, the results in our study suggest that the seizure imaging 

approach could potentially be helpful in localizing epileptic regions of pediatric patients 

with normal MRI. 

In conclusion, we applied a spatiotemporal seizure imaging approach to localize 

the seizure activities of nine drug-resistant pediatric epilepsy patients. This approach 

studied the time-frequency seizure features and imaged the onset as well as the 

continuous activations of seizures. The dynamic study of seizures is important to epilepsy 

patients in order to better understand the seizure characteristics and mechanism. The 

estimated seizure sources in the present study were compared with the surgical resections 

and intracranial recordings of the patients. Concordant results were obtained by 

comparing the source locations with the resection regions and SOZ of intracranial 

electrodes. This study demonstrates that the seizure imaging technique can help to 

noninvasively localize seizure sources in pediatric patients. It also has the potential to 
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help guiding the implantation of intracranial electrodes and to provide additional 

information for pre-surgical planning of epilepsy surgery patients. 
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Chapter 5 Noninvasive Imaging of the High Frequency Brain 
Activity 

 
5.1 Introduction 

Epilepsy is a chronic neurological disorder affecting over 50 million people in the 

world. Patients with epilepsy are usually treated with antiepileptic drugs (AEDs) to 

control their seizures. However, about 30% of the patients do not respond to the 

medications and their seizures continue despite trying multiple AEDs (Cascino, 1994). 

Neurostimulation treatments may be performed in some medically resistant epilepsy 

patients to suppress seizures. However in the close-loop responsive cortical stimulation 

(Morrel, 2011), localizing the epileptogenic zone is important for guiding the 

implantation of brain stimulation leads. Surgical intervention is a viable option for the 

medically resistant focal epilepsy when seizures are impacting their quality of life and no 

AEDs or medical devices are controlling the seizures (Engel, 1987). Accurate 

localization of the epileptogenic zone thus plays a critically important role in guiding the 

resective surgery and in directing brain stimulation. 

Despite considerable efforts made so far, it remains challenging to accurately identify 

the epileptogenic zone for favorable surgical outcome. Intracranial EEG (iEEG) 

recordings utilizing subdural grids and depth electrodes are still the gold standard of 

determining the seizure onset zone (SOZ) of epilepsy patients (Rosenow and Lüders 

2001). However, intracranial recording is an invasive procedure and it involves risks such 

as cerebral hemorrhage and infection. Current clinical practice requires a prolonged 

recording for up to ten days in order to identify SOZ, which further increases the risks 
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and complications of this procedure. Furthermore, the intracranial recording has limited 

spatial coverage since only a limited portion of the cortical surface or brain regions can 

be covered by the intracranial electrodes (Lai et al., 2011; Wilke et al., 2010; Wilke et al., 

2011). Structural magnetic resonance imaging (MRI) has also been widely used to image 

the abnormal structural lesions in epilepsy patients. However, the MRI lesion is not the 

ideal indicator of epileptogenic zone. Some patients may have multiple non-epileptic 

lesions while structural lesions may not be revealed with MRI in many other patients. 

Additional information from other modalities is thus much needed to further understand 

the epilepsy and to better delineate the epileptogenic zone. 

High frequency (HF) brain oscillations are the recorded electrical activity ranging from 

30 Hz to 500 Hz, and include gamma, ripple and fast ripple activity (Engel Jr. and da 

Silva 2012). Since the discovery of HF activity in epilepsy patients, many studies have 

suggested that HF activity may represent an effective biomarker of epileptogenicity 

(Bragin et al., 1999; Jacobs et al., 2012; Jirsch et al., 2006; Worrell et al., 2008; Worrell 

et al., 2012). Studies have shown that HF activity was strongly correlated to the SOZ, 

with significantly higher HF occurrence rates and durations inside the SOZ than the non-

SOZ area (Crépon et al., 2010; Jacobs et al., 2008). The HF activity is also highly 

correlated with the follow-up outcome of epilepsy surgery (Akiyama et al., 2011; Ochi et 

al., 2007). Studies have shown that the complete removal of brain areas with HF activity 

was more likely to achieve a favorable surgical outcome in the epilepsy surgery (Jacobs 

et al., 2010; Wu et al., 2010). 

EEG/MEG are the noninvasive recording of electrophysiological brain activity and 
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they have been widely used in research labs and clinical centers to help study functioning 

brain activity and pathological brain abnormalities (Astolfi et al., 2005; Astolfi et al., 

2008; Bai and He 2006; Baillet et al., 2001; Billings et al., 2013; Ding et al., 2007a; 

Ebersole and Hawes-Ebersole 2007; Guggisberg et al., 2008; He et al., 1987; He et al., 

2011a; He et al., 2011b; He and Ding 2013; He et al., 2013; Lai et al., 2011; Lantz et al., 

2003; Lu et al., 2012a; Lu et al., 2012b; Michel et al., 2004; Sekihara et al., 2001; Van 

Veen et al., 1997; Wang and He 1998; Wilke et al., 2008; Yang et al., 2011; Yang et al., 

2012; Zhang et al., 2003). EEG has been routinely recorded in epilepsy centers to identify 

interictal activity or seizure activity to diagnose and classify epilepsy. Recent studies 

have also shown that HF activity can be recorded from scalp EEG in both children and 

adult epilepsy patients (Andrade-Valenca et al., 2011; Kobayashi et al., 2011). HF 

activity on scalp EEGs including gamma and ripples were frequently associated with 

spikes and their occurrences were much higher within than outside of the seizure onset 

zone (Andrade-Valenca et al., 2011). Since the HF activity can be recorded in scalp 

EEGs, studies estimating the underlying sources of HF activity are desirable to further 

investigate the feasibility of noninvasively localizing epileptogenic zone. 
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In the present study, we utilized the noninvasive EEG source imaging approach to 

image the sources of HF activity recorded by the scalp EEG. HF activity was obtained 

from non-REM sleep stage of focal epilepsy patients and independent component 

analysis was used to extract the HF components for source imaging. The estimated 

sources for HF activity were then quantitatively compared with the surgically resected 

region and intracranial recordings of the patients. 

 

 

 
Fig. 5.1 Illustration diagram and study design of imaging high frequency (HF) activity. A:
Experimental recording including non-REM sleep scalp EEG recording, pre-operative and
post-operative MRI scans. B: Concatenated high frequency activity. C: Independent
component according to the HF activity. D: Patient-specific boundary element head model.
E: Source imaging of the HF activity. F: Surgical resection and intracranial recording of the
patient. 
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5.2 Methods 

5.2.1 High frequency source imaging 

The high frequency source imaging (HFSI) approach (Lu et al., 2014) consists of 

concatenating the scalp recorded HF activity and imaging the high frequency components 

using the EEG source imaging. The scalp HF activity was obtained by reviewing the 

interictal data of the non-REM sleep EEG recording. The EEG data were high-pass 

filtered at 30Hz and the HF activity was identified as the activity with at least 3 

consecutive oscillations. 

The scalp EEG can be represented by modeling the brain electrical sources and the 

volume conduction effects. The general problem can be written in Equation (5.1).  

( ),A R Q SΦ =            (5.1) 

The Nm-by-Nt matrix Φ is the electrical potential measured on the scalp, the Nm-by-

3Ns matrix ( ),A R Q  is the transfer matrix (or lead-field matrix), the Ns-by-1 vector R  is 

the location of sources, the Ns-by-3 matrix Q  is the orientation of sources, and the Ns-

by-3Nt matrix S  is the activity of brain sources. Nm is the number of EEG measurement 

on the scalp, Nt is the number of recorded samples in EEG, and Ns is the dimension of 

EEG source locations in source domain. The brain sources are modeled as the dipolar 

current sources located in the 3D brain and the transfer matrix is calculated from the 

boundary element method (BEM) head model (Hämäläinen and Sarvas 1989; He et al., 

1987). 

Since the HF activities are small oscillations and they cannot be averaged, 

independent component analysis (ICA) was utilized to extract the HF activity. The 
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spatial-temporal EEG activity can be represented by multiple independent components 

using ICA as in Equation (5.2) (Delorme and Makeig 2004; Yang et al., 2010; Yang et 

al., 2011). 

 
CN

i i i
i 1

Φ WMT w M T
=

= = ∑                (5.2) 

where Φ  is the recorded scalp EEG, CN  is the number of independent components, iw  

is the ith weighting element, iM  and iT  represent the spatial map and temporal activation 

of ith component, respectively. Each component stands for an independent brain activity 

with spatial map and temporal activation. The components corresponding to the HF 

activity can be selected according to the repetitive appearance of HF activity in the 

component temporal activation. The brain source could then be estimated by solving the 

inverse problem of the spatial maps of HF components (Yang et al., 2011). Specifically, 

the source reconstruction for each HF component iŜ  will be obtained from its spatial map 

iM , and the overall brain source S  could then be obtained by combining the HF 

component sources in the source domain as ∑
=

SN

1i
iii T̂Ŝw , where iŜ  is the source of ith HF 

component and iT̂  is the HF activity of ith component. The estimated source S  is thus the 

integrated result of all the identified HF component sources and it is the same as the 

individual component source when there is only one identified HF component. Varieties 

of source models and source imaging methods can be applied to solve the above inverse 

problem, and here we utilized the distributed current density source model and 

sLORETA weighted minimum norm estimation (SWARM) to estimate the brain sources 



 

 58 

(Wagner et al., 2007). The patient-specific BEM head models were built from the pre-

operative structural MR images of the patients. The volume conduction head modeling 

included three layers (scalp, skull and brain) and their conductivity values were set as 

0.33 S/m, 0.0165 S/m and 0.33 S/m, respectively (Lai et al., 2005; Zhang et al., 2006). 

5.2.2 Computer simulation of imaging high frequency activity 

A series of computer simulations were performed to study the feasibility of imaging HF 

activity from the scalp EEG. Dipolar sources were simulated in the cortical structures and 

the simulated dipoles had random orientations. A standard head volume conduction 

model, built from MRI images of a human subject, was used to compute the forward 

problem and the scalp EEG with 76 channels were generated according to the source 

waveforms. Gaussian white noise was added to the scalp EEG signals to simulate noise 

contaminated measurements. In order to simulate the noisy conditions in EEG, the 

generated HF activity on scalp EEG is only slightly larger than the added noise in the 

EEG channels. We defined the signal-to-noise ratio (SNR) as the root-mean-square 

amplitude ratio of the signal and noise in the channel, which has the most dominant HF 

activity. A thousand trials with mean SNR 1.32 and standard deviation 0.39 were 

simulated to investigate the feasibility of studying HF activity. The HF activity of dipolar 

sources was simulated as the sinusoidal oscillation with the frequency at 40 Hz and the 

duration of the activity was set as 100 milliseconds. Background activity with 400 

milliseconds in length was also simulated in addition to the HF activity, which leads to 

500 milliseconds data for each data segment. Twenty data segments (10 seconds in total) 

were generated for each simulated dipolar source and the HF activity together with 
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background activity was used to estimate the source location and source orientation. 

Localization error (LE) was used to assess the source localization performance by 

calculating the distance between the location of maximal estimated source and the 

location of simulated target source. The computer simulation was carried out in 1000 

trials and each trial consisted of a dipolar source with random location and orientation. 

  

5.2.3 Patient Data Acquisition and Analysis Protocol 

The schematic diagram of patient data study is shown in Fig. 5.1. Five medically 

intractable focal epilepsy patients were studied and the study protocol was approved by 

the Institutional Review Boards of the University of Minnesota and the Mayo Clinic. 

Four patients underwent resective surgery (not spare procedure) and they had surgical 

outcome follow-up one year after the surgery. Two patients had intracranial recordings 

available and the seizure onset zones (SOZs) were identified for the patients by 

experienced epileptologists. All the patients had pre-operative long term EEG monitoring 

and pre-operative structural magnetic resonance imaging (MRI) scans. The clinical 

information of the patients is shown in Table 5.1. 

Table 5.1 Clinical information for the patients. 
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The pre-operative scalp EEG was recorded in the long term video monitoring system 

with 76 electrodes placed according to the modified international 10-10 montage. The 

EEG data were filtered with a low-pass filter at 200 Hz and sampled at 500 Hz. The non-

REM sleep EEG was then high-pass filtered above 30 Hz and displayed at expanded 

time-scale to mark the HF activity (Andrade-Valenca et al., 2011). The EEG segments 

containing HF activity were then concatenated together for independent component 

analysis. The pre-operative and post-operative MRI images (voxel size: 0.9375* 0.9375* 

1.0 mm3) of the patients were acquired from a 1.5 Tesla or 3 Tesla GE Signa scanner 

(General Electric Medical Systems, Milwaukee, WI). 

The source imaging results of high frequency activity were compared with the results 

of interictal spikes. The spikes were identified as these brief interictal discharges that had 

abrupt polarity changes from the background EEG. The dominant interictal spikes with 

similar morphology and topography were selected from each of the studied patients. The 

number of studied interictal spikes was the same as the number of studied HF activity and 

the interictal spikes were averaged according to their global field power (GFP) peak for 

further analysis. The source analysis of the interictal spikes was then performed by 

solving the inverse problem at the peak timing of the averaged spikes. Same as in 

estimating the HF activity sources, the SWARM source reconstruction algorithm was 

utilized to estimate the sources of interictal spikes. 
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5.2.4 Evaluation of imaging results in patients 

The estimated sources for HF activity in patients were evaluated by comparing with the 

surgical resection and intracranial recordings in the same patients. The source location of 

HF activity was obtained by finding the strength maximum of the estimated source 

distribution. The surgically resected area was segmented from the post-operative MRI 

images of the patients. The SOZ was determined from the intracranial recording. Four 

patients had surgical resection and all of them were rendered seizure free within at least 

one year follow-up after the surgery. The localization error, which was defined as the 

distance from the maximal estimated EEG source to the border of surgically resected 

 
 Fig. 5.2 Computer simulation of HF activity in a standard head volume conduction
model. (a) Location of one simulated dipole source without extent in frontal lobe. (b) 
Scalp EEG traces generated from the simulated source. (c) Estimated sources and
independent component of the HF activity. (d) Localization error (LE) of computer
simulation in 1000 trials. The simulated dipoles are categorized in four groups according
to the dipole locations (Frontal, Occipital, Parietal and Temporal groups). 
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regions or to the SOZ of the intracranial recording, was used to quantify the performance 

of HF source imaging in the epilepsy patients. Two patients had intracranial recording 

available, and the estimated sources were compared with the seizure onset zone that was 

marked on the intracranial recording electrodes. 

5.3 Results 

5.3.1 Computer simulation 

The computer simulation results of imaging HF activity are shown in Fig. 5.2. One 

thousand trials were simulated and each trial included a dipolar source with random 

location and orientation located in the cortex. Fig. 5.2a shows the simulation settings of 

one simulated dipolar source. The location of the dipolar source is highlighted with the 

green dot and it is located in the left frontal lobe. Fig. 5.2b shows the simulated scalp 

EEG from the dipolar source based on the forward computation of the standard head 

modeling. Fig. 5.2c shows the source imaging results and the independent components of 

the high frequency activity. The estimated source is in the left frontal lobe and it is co-

localized with the simulated source in frontal head region. The source imaging results 

from the 1000 trials are shown in Fig. 5.2d. The localization error is used to evaluate the 

performance in the computer simulation. The simulated trials are categorized into four 

groups (frontal, occipital, parietal and temporal groups) according to the locations of 

simulated dipoles. The results show that the mean localization errors are around 1 cm for 

all the groups with the smaller localization errors in frontal and parietal groups. 
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5.3.2 Imaging the high frequency activity 

Patient 1 was a medically intractable patient with right temporal lobe epilepsy and the 

imaging results in the patient are shown in Fig. 5.3. Fig. 5.3a displays the wide-band raw 

EEG activity (left panel) and high-pass filtered EEG (right panel). The non-REM sleep 

EEG showed interictal spikes in the right hemisphere. Fig. 5.3b shows the independent 

component corresponding to the HF activity. The time activation of the component shows 

repetitive HF activity and the spatial map indicates that the activity is in the right 

temporal region. The source imaging result of the HF activity is displayed together with 

the cortex of the patient in Fig. 5.3c. This patient had the right temporal lobectomy and 

the resected brain region is highlighted with the red circle in Fig. 5.3d. The maximum of 

the estimated source is located in the right temporal lobe, which is concordant with the 

 
Fig. 5.3 Results in Patient 1. (a) Left: Raw EEG; Right: High-pass filtered EEG above 30
Hz. HF activity is marked with red circle. (b) Spatial map and temporal activation of one
HF component. (c) Source imaging results of HF activity. (d) Surgical resection is
highlighted in red. 
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surgical resection of the patient. 

 

The imaging results of Patient 2 are shown in Fig. 5.4. This patient had left temporal 

lobe epilepsy and was 33 years old during the epilepsy treatment. The non-REM sleep 

raw EEG show spikes in the left hemisphere and the high-pass filtered EEG show high 

frequency activity in left temporal head regions (Fig. 5.4a). Fig. 5.4b shows the 

independent component of the HF activity, which has repetitive HF time course and the 

spatial map is focused in left temporal region. The source imaging result of the HF 

activity is shown in Fig. 5.4c and the source maximum is in the left temporal lobe of the 

patient. This patient had left temporal lobectomy as demonstrated in Fig. 5.4d. 

 
Fig. 5.4 Results in Patient 2. (a) Left: Raw EEG; Right: High-pass filtered EEG above 30
Hz. HF activity is marked with red circle. (b) Spatial map and temporal activation of one
HF component. (c) Source imaging results of HF activity. (d) Surgical resection is
highlighted in red. 
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Patient 5 was a 26-year-old female epilepsy patient with left temporal seizures. The 

non-REM sleep EEG shows interictal spikes and the high-pass filtered EEG shows high 

frequency activity in the left hemisphere (Fig. 5.5a). Fig. 5.5b shows the independent 

component of the HF activity, which has repetitive HF time course and the spatial map is 

focused in left temporal region. The source imaging result of the patient is in the left 

temporal lobe region and it is concordant with the seizure onset zone of intracranial 

recording as shown in Fig. 5.5d. 

 
Fig. 5.5 Results in Patient 5. (a) Left: Raw EEG; Right: High-pass filtered EEG above 30
Hz. HF activity is marked with red circle. (b) Spatial map and temporal activation of one
HF component. (c) Source imaging results of HF activity. (d) Seizure onset zone of
intracranial recording is highlighted with red dots. 
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The source imaging results of all five patients are summarized in Fig. 5.7. The 

estimated sources of the patients were evaluated with surgical resection and intracranial 

recordings. In three out of the four patients with surgical treatment, the estimated source 

maxima were located inside the surgically resected regions. The estimated source in the 

remaining patient was close to the resection boundary. In the two patients with 

intracranial recording available, the estimated sources were overlapped with the SOZ 

determined from intracranial recordings. In addition to the source analysis of high 

frequency activity, we also analyzed the sources of interictal spikes in the same group of 

studied patients. 

5.3.3 High frequency activity and interictal spikes 

The source imaging results of high frequency activity were compared with the results 

of interictal spikes. Fig. 5.6 shows the source imaging results of HF activity and interictal 

 
 
Fig. 5.6 Comparison between source imaging of HF activity and interictal spike in
Patient 4. (a) Source imaging results of HF activity. (b) Source imaging results of
interictal spike. (c) Intracranial recording and surgical resection. 
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spike in Patient 4. Fig. 5.6a shows the results of HF activity as displayed with intracranial 

recording electrodes and pre-operative MRI images of the patient. The imaged source of 

HF activity is located in the left parietal lobe, and it is concordant with the SOZ of 

intracranial recording and the surgical resection as highlighted in Fig. 5.6c. The source 

imaging result from conventional interictal EEG spike is shown in Fig. 5.6b. The spike 

result is in medial area and it is slightly shifted from the SOZ as determined from 

intracranial EEG and surgical resection. This result suggests that the HF activity source 

imaging could more accurately image the location of epileptogenic sources than the spike 

analysis. The localization of HF activity and spikes are also quantitatively compared in 

the four patients (Patient 1, Patient 2, Patient 3, and Patient 4) who had surgical resection 

available and in the two patients (Patient 4 and Patient 5) who had intracranial recording 

available. The averaged localization error to the surgical resection is 0.25 cm in HF 

activity and 0.53 cm in the spike results (Fig. 5.7a). The averaged localization error to the 

seizure onset zone of intracranial recording is 1.2 cm in HF activity while it is over 2 cm 

in the spike results (Fig. 5.7b). The above results show that the HF activity is more 

effective in imaging the epileptogenic zone than the interictal spike as compared with the 

SOZ of intracranial recording and the surgical resection. 

 

5.4 Discussion 
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In the present study, we imaged the brain sources of scalp high frequency activity in 

five medically intractable focal epilepsy patients. The estimated brain sources of HF 

activity were concordant with the locations of surgical resection and SOZ determined 

from intracranial recordings. The imaging of HF activity also showed improved 

performance in localizing epileptogenic zone as compared with the traditional source 

analysis of interictal spikes. This study demonstrates that source imaging of the scalp HF 

activity may represent a new noninvasive way of identifying the epileptogenic zone for 

the pre-surgical planning of epilepsy treatment. 

High frequency brain oscillations appear to be an effective biomarker of delineating the 

pathological epileptogenic zone from the normal brain regions (Jacobs et al., 2012; 

Worrell and Gotman 2011). Studies have shown that brain areas with high frequency 

(HF) activity greatly overlapped with the SOZ and the HF activity is more likely to occur 

within the SOZ than in other regions. Retrospective studies also showed that there is a 

strong association between seizure-free outcome and removal of HF generating regions 

during the surgical treatment (Ochi et al., 2007). Another reason to suggest HF activity as 

 
Fig. 5.7 Localization error between source imaging of HF activity and spike (a)
Localization error comparing with surgical resection. (b) Localization error comparing
with SOZ of intracranial recording. 
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an effective biomarker is that HF activity is useful in revealing epileptogenic zone rather 

than indicating the non-specific pathological MRI lesions (Jacobs et al., 2009; Staba et 

al., 2007). This property ensures that HF activity could be used to identify the 

epileptogenic zone in MRI-negative patients and to exclude the non-epileptic MRI 

abnormalities in patients with multiple lesions. Since the report of successful recording of 

HF brain oscillation in epilepsy patients, various studies have demonstrated the 

usefulness of HF activity in the pre-surgical planning of epilepsy treatment. Recent 

studies of epilepsy patients also reported the recording of HF brain oscillations in scalp 

EEGs, which suggested the importance of noninvasive study on the HF activity for 

potential clinical application (Andrade-Valenca et al., 2011; Kobayashi et al., 2011). 

EEG/MEG source imaging has been previously used to analyze the functioning brain 

response in normal subjects and to study the pathological brain activity in epilepsy 

patients (Darvas et al., 2004; He and Ding 2013; Kaiboriboon et al., 2010; Lai et al., 

2011; Lu et al., 2012b; Plummer et al., 2007; Wang et al., 2012b). The advancement in 

source imaging techniques has enabled the feasibility of studying the underlying brain 

sources from the noninvasive recording of electromagnetic activity. Scanning methods 

such as multiple signal classification and spatial filtering approaches has been utilized to 

probe the brain electrical sources from noninvasive recordings (Ding et al., 2007b; Leahy 

et al., 1998; Lu et al., 2012b; Mosher and Leahy 1999; Van Veen et al., 1997; Xu et al., 

2004). Source imaging methods for current density models were also developed to image 

the active brain sources with certain distribution (Dale et al., 2000; Hämäläinen and 

Ilmoniemi 1984; Pascual-Marqui 2002). Previous source imaging studies of epilepsy 
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patients have been mainly focused on the spikes during the interictal periods. Considering 

the effectiveness of high frequency brain activity in characterizing the epileptogenic 

zone, it remains important to study the cortical brain sources corresponding to the scalp 

high frequency activity. In this study, the scalp high frequency activity was successfully 

imaged and the estimated brain sources were concordant with the seizure onset zone as 

referenced from surgical resection and intracranial recording of the patients. 

An important issue in the EEG source analysis of epilepsy patients is to record the 

desired epileptic events and to image the events with high spatial and temporal resolution. 

In this study, the scalp electrophysiological activity of epilepsy patients was recorded 

using the long-term video EEG monitoring system. The long-term monitoring enabled the 

recording of EEG activity during the sleep stage of the patients while the head moving 

artifacts could be minimized (Andrade-Valenca et al., 2011). The sampling frequency of 

the recording was set at 500 Hz to capture the high frequency activity above 30 Hz of the 

scalp EEG. Studies have shown that the source localization accuracy could be improved 

by utilizing the dense-array EEG recording system (Lantz et al., 2003; Lu et al., 2012b). 

High-density EEG recording with 76 electrodes were utilized in this study to overcome 

the limited spatial sampling of 19 or 21 channels as in the routine clinical settings. The 

patient-specific realistic geometric BEM head modeling was used in the study to further 

minimize the localization error that is caused by the inaccuracy of volume conduction 

modeling (Hämäläinen and Sarvas 1989; He et al., 1987; Wang et al., 2010). In the 

present study, the scalp recorded HF activity was processed with independent component 

analysis to extract the HF components. The number of selected ICs varies among the 
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patients and it ranges from one to three components in the studied patients. When more 

than one IC is identified, the HF sources for each of the identified IC are estimated and 

the source results are obtained by combining the component sources in the source 

domain. HF activity was obtained during the non-REM sleep EEG of the patients in order 

to minimize the recording noise. Future studies incorporating advance techniques to study 

the HF activity in other routine EEG recordings such as during less frequent spikes or 

during ictal events may be necessary to further investigate the high frequency activity in 

more noisy conditions and improve the clinical application. All patients in the current 

study had partial epilepsy with single epileptic focus, and studies including more patients 

and more complicated patients such as patients with multiple foci would be beneficial to 

expand the analysis in more general epilepsy cases. Future studies comparing the scalp 

HF activity with invasive high frequency activity may also be necessary to further 

understand the epileptic activity and enhance the application. 

Despite the great efforts of many studies in imaging the epileptogenic zone, it remains 

a significant challenge to accurately identify the abnormal brain regions for a successful 

surgical treatment. Various imaging modalities have been used to image the epileptogenic 

zone in medically intractable epilepsy patients. Single-photon emission computed 

tomography (SPECT) and positron emission tomography (PET) have been applied to 

study the perfusion and metabolism of epileptic brain. Functional MRI (fMRI) was also 

utilized to study the BOLD response under resting state of epilepsy patients. Recent 

studies have shown that multimodal neuroimaging combining the EEG and fMRI could 

achieve improved performance by integrating the high temporal resolution of EEG and 
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high spatial resolution of fMRI (Babiloni et al., 2005; He and Liu 2008; Liu and He 2008; 

Pittau et al., 2011; Vulliemoz et al., 2011; Yang et al., 2010). Studies also revealed the 

strong spatial correlation between the task-related fMRI activation and gamma activity of 

intracranial EEG in the same epilepsy patients (Lachaux et al., 2007). Advanced 

algorithms and techniques have been previously developed to help on the diagnosis and 

treatment of epilepsy (Collier et al., 2012; Conradsen et al., 2012; De Silva et al., 2012; 

Fukushima et al., 2012; Liu et al., 2013; Rana et al., 2012; Sun et al., 2012; Temko et al., 

2012; Wang et al., 2012a; Wu et al., 2012a; Wu et al., 2012b; Yadav et al., 2012a; Yadav 

et al., 2012b). Future studies investigating the feasibility of integrating high frequency 

EEG activity and spontaneous fMRI is still necessary to further develop advanced 

multimodal neuroimaging techniques for the clinical application in epilepsy patient 

management. 

In conclusion, we proposed the high frequency source imaging method to image the 

high frequency brain activity from scalp EEGs of epilepsy patients. A series of computer 

simulations have been performed to test the feasibility of imaging the dipolar sources 

with high frequency source activity. The proposed method has been evaluated in five 

medically intractable epilepsy patients and it successfully imaged the underlying sources 

of scalp high frequency activity as compared with the surgical resection and intracranial 

recording of the patients. The present study demonstrates, for the first time, the feasibility 

of noninvasively imaging scalp high frequency activity in the epilepsy patients. It also 

indicates its potential application as a novel noninvasive way of localizing the 

epileptogenic zone and in aiding the pre-surgical planning of epilepsy treatment. 
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Chapter 6 Noninvasive Imaging of the Source Extent from 
EEG 

  
 
6.1 Introduction 

Epilepsy is a chronic neurological disease that affects about 50 million people 

worldwide. Patients with epilepsy will have unpredictable and uncontrolled seizures, 

which greatly impact the quality of life of the patients. Epilepsy patients can be treated 

with antiepileptic drugs (AED), however, about 30% of the patients cannot have their 

seizures suppressed even after trying multiple antiepileptic medications. Many patients, 

with frequent seizures but resistant to the medications, are seeking the hope from 

resective surgery, which can eliminate the seizures and cure the epilepsy. The accurate 

estimation of source location and extent of epileptogenic zone is thus of great importance 

to provide a useful tool in aiding the pre-surgical planning of resective surgery. 

The current gold standard of identifying the epileptogenic zone in clinic is using 

the intracranial recordings, such as cortical grid or depth electrodes. During the 

intracranial monitoring, the patients are generally required to undergo open-skull 

procedure and the recording electrodes will be implanted over the cortical surface or 

inserted into the brain tissue. The intracranial recordings will last for a few days and the 

electrophysiological data will be reviewed to identify the seizure onset zone (SOZ) for 

surgical resection. Considering the invasive nature of the intracranial monitoring and the 

high cost of performing such procedures, the intracranial recordings are only available in 
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large epilepsy centers. In addition, the intracranial recordings have limited spatial 

coverage and only a limited portion of the brain can be covered with electrodes, due to 

the access constrains of open-skull procedure and the prevention of impairing normal 

brain function. 

Electroencephalography (EEG) is the noninvasive recording of synchronized 

neuronal activity from human brain. Scalp EEG has high temporal resolution at 

millisecond scale and it has been widely used to study the normal brain function in 

healthy subjects and the pathological brain functional in diseased brain (Michel et al., 

2004; He et al., 2011). EEG is routinely used in hospitals and clinics to help the diagnosis 

and monitoring of epilepsy. EEG source imaging has also been utilized to study the 

underlying brain sources of neuronal activity. Previous studies have shown the great 

usage of EEG source imaging approaches in localizing the sources of interictal activity 

and seizure activity of epilepsy patients (Wang et al., 2010; Lai et al., 2011; Lu et al., 

2012, 2014; Yang et al., 2011). 

Source localization approaches based on various principles and techniques have 

been developed to provide the estimation of EEG sources. Equivalent dipole model was 

proposed and used to solve the inverse problem and gave the estimation of a few isolated 

brain sources. Spatio-temporal approaches, such as beamforming, multiple signal 

classification (MUSIC), and first principle vectors (FINE), were also used to localize the 

source with great resolution (Mosher et al., 1992; Van Veen et al., 1997; Lu et al., 2012). 

Physiologically meaningful prior information, such as minimum source energy 
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assumption in minimum norm estimation (MNE) and maximized smoothness assumption 

in low resolution brain electromagnetic tomography (LORETA), were also used in the 

source imaging approach to give robust estimation of the source activity (Hämäläinen and 

Ilmoniemi, 1984; Pascual-Marqui et al., 2002). The aforementioned methods have shown 

great performance in localizing the functional brain activity; however, these methods 

were not specifically designed for estimating the source size and it is still challenging for 

the methods to provide accurate estimation of the source extent. It is also desirable to 

have source imaging method to image both the location and size of the brain activity, 

which is of great clinical importance in identifying the epileptogenic zone in epilepsy 

patients. 

In this study, we developed an EEG source extent imaging approach which can 

image both the location and size of the EEG source. Innovative edge sparse estimation 

method and multi-resolution method were incorporated in the proposed imaging approach 

in order to give an accurate estimation of the source extent. The method was evaluated 

with a series of computer simulations and a group of epilepsy patient data. The results 

shows great concordance of the estimated source extent by comparing with the simulated 

source size or clinical identified epileptic brain size. 

6.2 Method 

6.2.1 EEG source extent imaging 

We developed a novel approach to accurately estimate the source extent in 

epilepsy patients. Innovative edge sparse estimation method and multi-resolution method 
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were incorporated in the proposed imaging approach in order to give an accurate 

estimation of the source extent. The general problem of EEG source imaging can be 

expressed as 

( ) ( ) ( )tSRAt =Φ        (6.1) 

where ( )tΦ  is the measured EEG potential on the scalp layer at time t,  ( )RA  is the lead-

field matrix for source locations R ,  ( )tS  is the source activity at time t. The forward 

equation is established to estimate the source locations R  in the cortical source spaces 

that best fit the EEG signal. Once the lead-field matrix ( )RA  is constructed, the source 

activity ( )tS  can be estimated by solving the inverse problem. The general formulation of 

the inverse problem can be written as Equation (2).
 

s

SBSA )(minarg
22

∗∗+∗−Φ λ
                     (6.2)

 

where 
2

•  is the Frobenius norm operator (L2 norm), λ is the regularization term, 

and B is the source weighting matrix for the inverse solution. Varieties of source models 

and source imaging methods can be applied to solve the above inverse problem. For 

instance, if B is the identify matrix, the solution is the regular minimum norm estimation 

(MNE). The solution is low resolution brain electromagnetic tomography (LORETA) 

when the Laplacian matrix is used to solve the problem. However, the source imaging 

results from L2-norm type methods are generally over-smoothed. By performing the 

sparse L1 norm on the inverse problem, we can obtain some spare source of the EEG 
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activity. Furthermore, if we apply the sparse L1 norm on the spatial gradient of the source, 

we are able to reconstruct the signal that only has limited spatial jump, i.e. the edges of 

the source distribution. The new optimization problem becomes following 

s

SVSA )(minarg
12

∗∗+∗−Φ λ
         (6.3) 

where 
1

•  is the L1 norm for spare solution, V is the discrete gradient operator. 

The reason for using L1 norm in (6.3) is that using L0 norm, which is basically counting 

the non-zero elements of a vector, would make the problem non-convex and difficult to 

solve. However, it is well-known that interchanging L0 norm with L1 norm will give 

solutions that are close to the desired solutions (Donoho, 2004). As the optimization 

problem formulated in (6.3) is a convex optimization problem, solving (6.3) is easy due 

to the abundance of developed techniques in convex optimization. Thus, solving such 

seemingly complex optimization problem will not be a difficulty.  

In addition to the edge sparse estimation method, we also propose a multi-

resolution method to refine the extent estimation in a two-step approach. Edge sparse 

method is firstly applied on the whole source space in order to get an initial estimation of 

the source distribution. Another edge sparse reconstruction based on the initial estimation 

is then performed to obtain a refined estimation of the source extent. If λ is large enough, 

the underlying source will be overestimated. We can use this to weight the optimization 

problem. Intuitively, the dipoles located outside the initial estimate can be penalized more 

by assigning a larger weight to them, while the dipoles located within the initial estimate 
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can be assigned a smaller weight and thus penalized less. Thus a second optimization 

problem formulated as follows can be used  

s

SWSVWSA )(minarg
12112

∗∗+∗∗+∗−Φ γλ
        (6.4) 

where W1 and W2 are diagonal weighting matrices derived from the initial 

estimate which is derived from solving (6.3). The reason the second term is added, is to 

guarantee a zero background. A slow alternating background may not adversely affect the 

first and second term in (6.4) so the addition of the third term damps such oscillations. 

The two optimization problems described in (6.3) and (6.4) can be easily solved. The 

proposed method works well, since it not only considers the inherent redundancy of the 

underlying source, i.e. edge-sparsity, but also increases its precision by weighting out 

improbable dipoles in a data-driven approach. The efficient and fairly mature 

mathematical techniques of solving the proposed optimization problem and the excellent 

performance of the proposed method make it a perfect candidate for clinical applications. 

The proposed optimization method can be applied to interictal spikes to find the extent of 

the SOZ. 

6.2.2 Computer simulation 

 In order to systematically test the proposed extent imaging method, a 

series of computer simulations were performed. A realistic geometry cortex was formed 

from the MR Images of a patient. 100 random locations were selected from this cortex. 

At each location a source with different extent was created, i.e. a circular source with 
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radius 10mm, 20mm and 30mm. Solving the forward problem, using a realistic head 

BEM model composing of three layers which modeled scalp, skull an brain with 

conductivities of 0.33 S/m, 0.0165 S/m and 0.33 S/m, the scalp potential was formed (in a 

128 channel EEG recording setting). White Gaussian noise was added to the simulated 

scalp potential and the inverse solution under different signal-to-noise ratio (SNR) levels 

was obtained using the proposed sparse method. 

 

The schematic diagram of the method can be found in Fig. 6.1. The edge sparse 

estimation is based on the prior information that source is densely distributed but the 

Fig. 6.1 Schematic diagram of the proposed method. Two novel strategies (edge sparse
estimation and multi-resolution method) were proposed to accurately estimate the source
extent.  
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source edge is sparse. The source extent can thus be obtained by adding the edge-sparse 

term into the source optimization solution. The multi-resolution method is based on a 

two-step approach. The first step is to use the edge sparse method to get the initial source 

estimation from the whole source space. The initial source solution is smooth and 

overestimates the extent. The second step is then performed to more accurately estimate 

the source extent by applying less penalize in initial active sources and more penalize in 

initial non-active sources. 

 

6.2.3 Patients and data analysis 

The noninvasive scalp EEG of five epilepsy patients was obtained during a 

clinical EEG recording system. The EEG signals were pre-processed with a band-pass 

filter (1-70Hz) and the sampling frequency is 500 Hz. The EEG data was obtained with 

76 channels and the recording electrodes were set up according to the modified 

international 10-20 montage. The EEG data were reviewed to identify the interictal 

spikes of the patients. A total of five patients were analyzed using the source extent 

imaging approach. Pre-surgical structural magnetic resonance imaging (MRI) was 

acquired in all the patients. The MR images have the resolution of 0.9375 mm * 0.9375 

mm * 1.0 mm and they were acquired from a 1.5 Tesla or 3 Tesla GE Signa scanner 

(General Electric Medical Systems, Milwaukee, WI). Patient-personalized realistic head 

model using boundary element method (BEM) was obtained from the MR images in 

Curry tools (Compumedics, Charlotte, NC). 
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6.2.4 Evaluation of source extent imaging  

The source extent imaging results were quantitatively evaluated in the computer 

simulation and patient data analysis. In case of simulations, there are specific metrics that 

can be used to evaluate the obtained solution, as the true underlying source, i.e. the 

simulated source, is known in advance. Some examples that can be implemented are as 

follows. The localization error (LE) which is defined as the distance between the center 

of mass of the estimated and simulated source is one measure that shows the relative shift 

between the true and estimated source. Another one is the ratio of the estimated source 

area to the true simulated area, which shows how precise the estimate of the extent is. 

Another metric is the ration of the overlapping area between the true and estimated 

source divided by either the true source area or the estimated source area. One other 

metric would be the AUC, sensitivity and specificity which show how good the two 

distributions, i.e. the estimated and true underlying source, match.  

The proposed EEG source extent imaging algorithm was also tested in real 

clinical data the five epilepsy patients. The studied patients suffered from frontal, 

temporal, or parietal partial epilepsy and their interictal spikes were analyzed to estimate 

their source extent. Four of the patients underwent surgery and were seizure free 

afterwards. Each patient had interictal spikes recorded during the EEG monitoring. The 

spikes were averaged and the proposed method was used to find the inverse solution at 

spike peak time. Three patients underwent invasive ECoG recording prior to surgery and 

the epileptologist marked seizure onset zone (SOZ). The ECoG electrode location was 
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extracted from CT images of the patients and compared with the obtained inverse 

solution. 

6.3 Results 

 

 Computer simulations were performed to test the feasibility of the source extent 

imaging. Fig. 6.2 shows the results of different source sizes (with extents of 10 mm, 20 

mm and 30 mm) when the simulated SNR level is 20dB, and the estimated results are 

consistent with the simulated sources. White Gaussian noise was added and the inverse 

was solved using the proposed method. The results are shown in the top row of left panel 

and the simulated sources are shown in the lower row of left panel. The same procedure 

was repeated for simulated random locations over the cortex. The extent of the estimated 

source in 100 simulations is compared to that of the simulated source in the right panel. A 

 

Fig. 6.2 Simulation results. In the left panel three different source sizes were simulated
with extents of 10 mm, 20 mm and 30 mm (lower row). The extent of the estimated source
is compared to that of the simulated source in the right panel in 100 simulations. The SNR
is 20dB. 
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linear relationship was observed between the simulated and estimated source size with 

the fitting slope as 1.03 and the fitting intercept as 0.06.  

 

 

Fig. 6.3 Simulation statistics. The performance of the simulation study is quantified using
the following measures, localization error, AUC and the ratio of the area of the overlap
between the estimated and true source to either the area of the true source or the area of the
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Fig. 6.3 shows the statistical analysis of evaluating the computer simulation 

results. Different metrics, such as localization error, AUC, and volume overlapping were 

used to quantify the performance. It can be seen that the mean localization error is within 

5 mm for all the three different simulated source sizes. The mean overlapping to the 

simulated source and estimated source are all above 70%. The mean AUC values for 

different source sizes are all above 0.8. All these results suggest that the method can 

accurately estimate the source size in computer simulation. Fig. 6.4 shows the extent 

Fig. 6.4 Simulation statistics and performance of the simulation study when the SNR is
10dB. Results are quantified using the following measures, localization error, AUC and the
ratio of the area of the overlap between the estimated and true source to either the area of
the true source or the area of the estimated source. The statistics are shown in the left panel.
In the right panel, the relation between the extent of the estimated and simulated source is
delineated (top row). Two different source sizes namely, 10 mm and 15 mm, were
simulated and the results are depicted in the right panel (bottom row). 
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estimation when the simulated SNR is about 10dB and they also show the consistent 

results as compare with the simulated source. 

 

 Fig. 6.5 shows the extent estimation results in an epilepsy patient. This patient is a 

pediatric patient with frontal lobe epilepsy. This patient had frequency interictal spikes 

during the EEG recording. Fig. 6.5(a) shows an example interictal spike with the spike 

peak marked out with the vertical red line. Fig. 6.5(b) shows the butterfly display of the 

interictal spikes which shows a clear spike in the EEG signals. Fig. 6.5(c) shows the 

source extent imaging results in consecutive 20 millisecond time window centered at 

spike peak. The SOZ of the intracranial recording was marked in Fig. 6.5(c) and the 

surgical resection of the patient was marked in Fig. 6.5(d). It can be noticed that the 

 
Fig. 6.5 Source extent estimation results in a patient with frontal epilepsy. (a) Scalp EEG
wave of the interictal spike. (b) Butterfly plot of the spike waveform. (c) Estimation results
of source extent at different latency of the interictal spike. Right subpanel shows the SOZ of
the intracranial recordings. (d) Surgical resection of the patient. 
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patient had left frontal resection and the estimated source extent is consistent with the 

clinically diagnosed SOZ. 

 

Fig. 6.6 shows the extent estimation results in another epilepsy patient. This 

patient had medically intractable parietal lobe epilepsy. This patient had frequency 

interictal spikes during the EEG recording. Fig. 6.6(a) shows an example interictal spike 

with the spike peak marked out with the vertical red line. Fig. 6.6(b) shows the butterfly 

display of the interictal spikes which shows a clear spike in the EEG signals. Fig. 6.6(c) 

shows the source extent imaging results in consecutive 20 millisecond time window 

 

Fig. 6.6 Source extent estimation results in a patient with parietal epilepsy. (a) Scalp EEG
wave of the interictal spike. (b) Butterfly plot of the spike waveform. (c) Estimation results
of source extent at different latency of the interictal spike. Right subpanel shows the SOZ of
the intracranial recordings. (d) Surgical resection of the patient. 
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centered at spike peak. The SOZ of the intracranial recording was marked in Fig. 6.6(c) 

and the surgical resection of the patient was marked in Fig. 6.6(d). It can be noticed that 

the patient had focal left parietal resection and the estimated source extent is consistent 

with the clinically diagnosed SOZ and the surgical resection. 

 

Left panels of Fig. 6.7 show the extent estimation results in two temporal lobe 

epilepsy patients. Right panel of Fig. 6.7 shows the quantitative results in the five studied 

patients by comparing with the iEEG-SOZ and surgical resection. Fig. 6.7(a) shows the 

results in a left temporal epilepsy patient and the results were compared with the iEEG-

SOZ of the patient. Fig. 6.7(b) shows the result in a right temporal epilepsy patient and 

the results were compared with the surgical resection of the patient. It can be seen from 

the quantitative results of the Fig 7(c) that there are about 50% and 90% overlapping with 

the source solution and the SOZ respectively, when the SOZ of intracranial recording 

 

Fig. 6.7 Source extent estimation results in all patients. (a) Estimation results of source
extent in a temporal epilepsy patients by comparing with SOZ of the intracranial recordings.
(b) Estimation results of source extent in another temporal epilepsy patients by comparing
with surgical resection. (c) Quantitative results of the source extent estimation by
calculating the area overlapping of the estimated source with SOZ and resection. 
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were compared. There are about 70% overlapping with the source solution and resected 

region, when the surgical resections of the patients were compared. 

6.4 Discussion 

When studying the interictal spikes of a patient with focal partial epilepsy, the 

epileptogenic zone responsible for generating spikes is located in a focal area; thus, the 

distribution of the current source of this activity can be assumed to be active, i.e. nonzero, 

in a continuous area and non-active in other areas. In sparse processing language, this 

characteristic of source distribution translates to sparse edges. Taking the gradient of the 

spatial current distribution will result in a sparse signal, as only the boundary of the 

source has the nonzero spatial gradient of the sources. This prior knowledge can be 

incorporated in the problem to achieve better results. This new proposed method can 

potentially yield better results as it is using a priori information which was not directly 

incorporated in previous inverse methods. Although, previous methods such as LORETA 

tried to impose a smoothness condition by including an additional regularization term 

containing the Laplacian of the current distribution, yet the outcome was pretty smoothed 

as the L2 norm was used in that case. By performing the sparse L1 norm on the spatial 

gradient of the source, we are able to reconstruct the signal that only has limited spatial 

jump, i.e. the edges of the source distribution.  

In order to reach better inverse solutions any sort of redundancy in the underlying 

process of the problem, i.e. generation of spikes in brain tissue, should be used to better 

use the limited scalp measurements. This means that using powerful data analysis tools 
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such as sparse signal processing techniques will remedy the problem, due to the fact that 

in many natural phenomena there is some sort of redundancy in the underlying process 

which if properly understood and studied could potentially be used to extract more 

information and thus solve the problem more efficiently. This means that taking the right 

mathematical transform from a seemingly non-sparse signal can project the signal into a 

sparse domain, i.e. more data elements being zero. This translates to a smaller number of 

variables, which implies that the limited number of measurements can be used to solve 

the underdetermined problem, more effectively. As an example, a piecewise continuous 

signal is not sparse as it has many non-zero elements, but when the spatial derivative of 

this signal is taken, only the edges will remain non-zero. Thus an inherently non-sparse 

signal can be transformed into a domain where it is sparse and has more zero elements.  

The solution to equation (6.3) is generally a better solution than the weighted 

minimum norm like solutions, in the sense that the solution is limited in space (without 

any subjective thresholding); however, it still depends on the hyper-parameter λ. If λ is 

too small, the solution will be noisy and unstable, i.e. there will be alternating non-zero 

current dipoles in the originally silent background. On the other hand if λ is large, the 

solution is smooth but overestimating the extent quite extensively (specifically in the case 

of small simulated sources). As a result, the optimization problem in (6.3) is a good step 

towards a better solution, yet does not meet the set goals. We propose a multi-resolution 

method to accurately estimate the source extent in a two-step approach as shown in 

equation (6.4). The edge sparse estimation method together with the multi-resolution 

method is a good strategy for solving the regularized inverse problem with great accuracy. 
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In conclusion, we proposed an approach for imaging the source extent from 

noninvasive EEG. The edge sparse method and multi-resolution method were utilized to 

accurately estimate the source extent. The approach was studied in a series of computer 

simulations and patient data analysis, and the results are consistent with the simulated 

source size and the clinically diagnosed epileptic source size. The study demonstrates the 

usefulness of utilizing sparse method in estimating the source extent and it indicates the 

potential application of identifying both the source location and source extent for the 

epileptic activity. 
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Chapter 7 Summary and Conclusions 
 

Functional neuroimaging is a great tool to study the underlying brain source from 

noninvasive scalp EEG. It is of enormous importance to study the normal brain function 

and pathological diseased brain. In this dissertation, we intensively studied the feasibility 

of utilizing the EEG source image approaches to noninvasively imaging the epileptic 

sources. Both the source-space connectivity method and dynamic seizure imaging 

approaches have shown promise in localizing and tracking the seizure activities. The 

EEG source imaging can help to noninvasively image the scalp recorded high-frequency 

activity to better study the pathological biomarker of epileptogenesis. Our study also 

demonstrates the potential application of spare method in estimating the source extent, 

which will enable us to estimate both the location and extent of the epileptogenic zone. In 

overall, the present study demonstrates the feasibility of high-density EEG recordings and 

high-resolution EEG source imaging in localizing epileptic activities and indicates its 

potential usage in pre-surgical planning of epilepsy patients. 

Despite the development and clinical application of various imaging techniques, 

accurately localizing epileptogenic zones in pre-surgical workup of medically intractable 

epilepsy remains to be vitally important. Intracranial recordings utilizing subdural grids 

and depth electrodes are currently the gold standards of identifying the position and 

extent of epileptogenic zones. Due to the limited spatial coverage and invasive nature of 

intracranial grids, many noninvasive functional neuroimaging techniques (PET, SPECT, 

fMRI) have been developed to enhance pre-surgical planning. Each of these functional 
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neuroimaging techniques enables the capture of additional useful information for pre-

surgical workup and, ultimately, enhanced outcomes of epilepsy patients. However, these 

extant techniques have poor temporal resolution and may not indicate the precise 

epileptogenic zone, but rather regions of seizure propagation. On the other hand, EEG 

represents a direct measurement of brain electrophysiological activities and has a high 

temporal resolution (at millisecond scale), which makes it possible to study the initiation 

and propagation of epileptiform discharges and seizure activities. Long-term video EEG 

monitoring is now available as a routine procedure in most clinical centers, and could be 

a more useful pre-surgical evaluation tool when coupled with source analysis techniques. 

Due to the availability and feasibility of dense array EEG recording systems, 

high-density EEG source imaging has been attracting more and more attention from 

epilepsy researchers and clinicians. Studies have shown that more recording electrodes 

allow for accurate epileptic source localization results (Lantz, et al., 2003).  A great 

precision in localizing interictal epileptic activity was reported by applying high-density 

EEG source imaging in epilepsy patients (Michel et al., 2004). In contrast to routine scalp 

EEG recordings in current clinical settings, which only use 19-21 recording electrodes, in 

this study we utilized high-density EEG with 76 channels to localize ictal onset zones 

with high resolution. We also compared the source imaging results in different electrode 

configurations by downsampling 76 channels into 64, 48, 32, and 21 channels. Our 

results demonstrated the significant improvement of EEG source localization by 

increasing the electrode numbers. That is, the most significantly improved result was 

observed in configurations with 76 electrodes. The potential application of high-density 
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EEG may provide more information than the traditional scalp EEG recordings and help 

lateralizing or localizing epileptogenic zones.  

An important issue in EEG source imaging is modeling source configurations and 

choosing inverse algorithms. Dipolar source model and distributed source model are the 

most commonly used source models in EEG source imaging (He et al, 2002; Michel et 

al., 2004). The assumption for dipolar source model is that a few discrete sources are 

adequate to explain the scalp potential. Studies have shown that equivalent current 

dipolar source model can be successfully applied in localizing focal epileptiform 

activities (Assaf and Ebersole, 1997; Gavarat et al., 2004). However, a priori knowledge 

of the source number is usually hard to determine and dipolar models cannot adequately 

represent the extent of the sources, despite efforts on estimation of the number of dipoles 

(Bai and He, 2005, 2006). In distributed source models, current sources are located in the 

whole source space such as 3D brain volume or 2D cortical surface. Various inverse 

methods were successfully employed to image the electrical sources of epilepsy patients 

(Assaf and Ebersole, 1997; Gavarat et al., 2004; Michel et al., 2004; Holmes, 2008). To 

utilize EEG source analysis as a pre-surgical evaluation tool in clinical procedure, more 

studies are needed to investigate the feasibility of source imaging approaches in 

localizing epileptogenic foci of epilepsy patients. 

Another challenging problem in pre-surgical planning of epilepsy patients is to 

identify the epileptogenic zones in MRI-negative patients. With the advancement of MRI 

imaging techniques, more mild changes in brain structure could now be visible in MRI 

scans. However, it is not rare to have epilepsy patients with normal images in various 
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MRI scan sequences (Rosenow and Lüders, 2001; Brodbeck et al., 2010). Furthermore, 

the structural lesions visible in MRI may not be epileptic and the true epileptic brain 

tissue may exist in regions that are distinct from the MRI lesions. Noninvasive 

approaches localizing epileptic regions are thus extremely helpful in these MRI-negative 

patients. More studies are still needed to further investigate the additional value of 

noninvasive EEG in MRI-negative patients, which will help to test the feasibility of 

functional neuroimaging in localizing epileptic regions with normal MRI. 
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