
 
 

  
Abstract— Electroencephalogram (EEG) is an important 

component of the pre-surgical evaluation in the treatment of 
medically intractable epilepsy. However, clinical EEG uses 19 to 
32 electrodes that significantly limits its localization ability. 
Recent development of dense-array recording techniques has 
suggested that increased spatial sampling rate improves the 
accuracy of source localization. In the current study, we 
proposed a 76-channel EEG system for the long-term monitoring 
of epilepsy patients, and proposed a dynamic seizure imaging 
(DSI) technique to image the ictal rhythmic activity that may 
evolve through time, space and frequency. We tested the system 
in a cohort of 8 patients and our results show that the DSI 
estimated the seizure activity in good correlation with 
intracranial recordings, successful surgery outcomes and other 
clinical evidence. The proposed dense-array recording and DSI 
imaging approach enable a non-invasive but quantitative imaging 
of continuous seizure activity. The results suggest that DSI may 
potentially be useful to assist the pre-surgical evaluation in 
patients with intractable epilepsy.  
 

Index Terms— Dense-array EEG, Dynamic seizure imaging 
(DSI), Pre-surgical planning, Epilepsy.  
 

I. INTRODUCTION 
Pilepsy is one of the most common neurological disorders 
that affects 1-2% of world population. In about 30% of 
patients suffering from epilepsy, seizures cannot be 

successfully controlled by medication alone. Surgery 
intervention removing or disconnecting the epileptogenic 
cortex becomes one of the last treatments for the cessation of 
or significant reduction of seizures. 
 EEG is an important component of the pre-surgical 
evaluation for the scalp mapping of seizure activity. The 
waveform of EEG is usually used to determine the 
lateralization or approximate localization of the seizure onset 
zone (SOZ). This procedure, however, suffers from low-
spatial resolution due to the limited number of scalp electrodes 
(e.g., conventionally 19-32 electrodes in the clinical setting). 
To improve the spatial resolution, dense-array EEG 
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techniques have been applied for the recording of inter-ictal 
events [1, 2] and most recently ictal events [3]. Studies 
demonstrated in inter-ictal spikes that increasing the number 
of scalp sensors would significantly increase the source 
localization accuracy [1, 4]. Development of source imaging 
techniques further improves the imaging capability of EEG by 
localizing the scalp events onto the underlying brain 
structures. While previous investigations have been 
successful, the dynamic imaging of seizure activity still 
remains a challenge in the field.  
 In this context, the present study aimed to develop a high-
resolution seizure imaging approach for potential application 
in pre-surgical planning of the epilepsy treatment. We 
proposed a 76-electrode EEG monitoring system and a 
dynamic seizure imaging (DSI) technique. In a cohort of 8 
patients, the dense-array EEG and DSI imaged seizure activity 
in good correlation with intracranial EEG (iEEG) and 
successful surgery outcomes. Such a seizure imaging tool 
characterizing high resolution in both time and space could 
significantly enhance pre-operative planning and have a major 
impact in the management of intractable epilepsy. 

 

II. MATERIALS AND METHODS  

A. Subjects and Data Acquisition  
We studied eight adult patients with medically intractable 

epilepsy. The procedure was approved by the Institutional 
Review Boards of the University of Minnesota (Minneapolis, 
MN) and Mayo Clinic (Rochester, MN). All the patients gave 
informed consent.  

Each patient underwent a long-term video EEG monitoring 
using 76-channel system. Individual electrodes were glued 
over the scalp according to a 10-10 montage. The EEG 
recordings were referenced to CPz and sampled at 500 Hz. All 
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Fig. 1.  Schematic diagram of the dynamic seizure imaging (DSI) approach.  
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the patients underwent a high-resolution 3.0T or 1.5T MRI 
anatomical scan. Three patients had iEEG recording. Seven 
patients underwent resective surgery and all became seizure 
free after one-year follow-up. They then had an additional 
MRI scan 3-4 months post-operatively. The other patient had 
iEEG and a single photon emission computerized tomography 
(SPECT) scan as part of the pre-surgical evaluation. Detailed 
patient information can be found in Table 1.   

 

B. Dynamic seizure imaging  
The relationship between multi-channel EEG signal Y and 

underlying brain activity S can be modeled by a linear system:  
                 (1) 

where S is a source matrix, Y is a signal matrix and B is a 
noise matrix. L is a lead matrix, which can be calculated using 
the boundary element method (BEM) [5-7]. We used a BEM 
model consisting of three conductive layers: the brain, the 
skull and the skin with conductivity of 0.33 S/m, 0.0165 S/m 
and 0.33 S/m, respectively [8-10]. Around ten thousand 
equivalent current dipoles with unconstrained orientations 
were evenly distributed within the 3D brain volume to model 
the source space. Standard electrode positions were used for 
the calculation.  

Seventeen seizures were identified by experienced clinical 
epileptologists and the seizure onset instants were determined. 
We segmented ictal EEG about 30-s before and following the 
seizure onset. Independent component analysis (ICA) was 
used to separate each ictal EEG into a series of temporally 
independent but spatially fixed components [11-13]: 
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where iQ  is the spatial map of the ith IC, and iT  is the time 
course of the ith IC. N is the number of independent 
components (ICs). In ICA, the N we used equals to 80% of 
the number of electrodes.   

The time-frequency change of ictal rhythmic activity is 
observable in raw EEG and also in the time course iT of the 
independent components [11, 12]. Here, we used the 
correlation between the time-frequency patterns of EEG and 
ICs to select seizure components. For each seizure, the noise-
deducted EEG was firstly constructed by removing artifatual 
components [14, 15]. The mean time-frequency representation 
(TFR) of EEG (EEG-TFR) and TFRs of each IC (IC-TFR) 
were calculated using sliding window short time Fourier 
transformation. Statistical significance of the correlation 
between EEG-TFR and each IC-TFR was quantified using a 
surrogate method [16, 17]. Statistically significant 
components were selected for further source analysis. Other 
component selection methods such as clustering techniques 
can be easily incorporated into the framework of DSI for 
various applications of different studies. 

If M out of N ICs can be identified as seizure components, 
solving an EEG inverse problem from Y give the estimation 
of source activity, as:  
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where iS
)

 is the source of the ith IC, which can be estimated 
by solving inverse problems. Different source imaging 
algorithms such as Low Resolution Electromagnetic 
Tomography (LORETA) [18], minimum norm, weighted 
minimum norm, or fMRI-weighted minimum norm [19] can 
be easily incorporated by just change the inverse operator 

1L− . The spatiotemporal source estimation S
)

 can be 
formulated as a linear combination of ICs in the source space, 
which can be seen as an inverse process of ICA. Since ICA 
separated signals according to maximal independence rather 
than absolute independence between signals, the step of re-
combination could combine sources that are partially 
overlapped with each other.  
 The DSI approach provides a source estimation of S

)
, 

which is a spatiotemporal signal with temporal resolution as 
high as EEG signal. Continuous change of seizure source 
distribution can be visualized as )',(S ttr =

)
, where t’ refers 

to the time instant of interest. Similarly, source wave form at 
any brain voxel of interest r’ can be extracted as ),'(S trr =

)
.  

III. RESULTS 
Using ICA, multiple ICs can be identified from each 

seizure. Fig. 2(a) shows the biggest ICs identified from two 
seizures of a patient with frontal lobe seizure. The TFRs show 
increased rhythmic activity at seizure onset progressing to 
alpha band discharges, which is consistent with independent 
observation of experienced epileptologists. The spatial maps 
indicate activity in the left frontal electrodes. Fig. 2(b) shows 
two example ICs identified from two patients with temporal 
lobe seizure. Their TFRs show two different patterns, which 
are also observed in other patients with temporal lobe seizure. 
One pattern shows initial delta activity later progressing to 
theta band activity, and the other shows initial theta activity. 

TABLE I 
PATIENT INFORMATION 

Patient Gender Age Surgery & Outcome 

1 F 22 Surgery:   L. FC 
Outcome: ILAE-1 

2 M 32 Surgery:   L. ATL 
Outcome: ILAE-1 

3 M 58 Surgery:   R. ATL 
Outcome: ILAE-1 

4 F 28 Surgery:   L. TL 
Outcome: ILAE-1 

5 F 45 Surgery: R. TL 
Outcome: ILAE-2 

6 M 49 Surgery: L. TL 
Outcome: ILAE-1 

7 F 50 Surgery: R. TL 
Outcome: ILAE-1 

8 M 36 N/A 
Left (L.), right (R.), ILAE (International League against epilepsy), Anterior 
temporal lobectomy (ATL), Frontal cortectomy (FC), Temporal lobectomy 
(TL). 
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The spatial maps indicate activity in the left temporal 
electrodes.  

Given the estimated spatiotemporal source signal ),(S tr
)

, 
the SOZ can be visualized as the source distribution at the 
seizure onset time determined by experienced epileptologists. 
Fig. 2(c) shows examples of the estimated SOZ (yellow-to-red 
color bar) in comparison with surgically resected regions 
(blue) and SOZs delineated by epileptologists using iEEG 
(green electrodes) in four patients. Upon visual inspection, the 
estimated SOZs are in good correlation with epileptogenic 
focus resected in the surgery and also with SOZs identified 
using iEEG, if available. One patient who did not have 
surgery underwent a SPECT scan and iEEG recording. The 
estimated SOZ is also in good agreement with the SPECT foci 
and iEEG foci. The peaks of the estimated SOZs of 14 
seizures are localized within the surgically resected regions, 
whereas in the remaining 3 seizures the peaks are 0.99±0.16-
cm away from the border of the resection. In most of the 
seizures, the estimated SOZs are concordant with the 
epileptogenic lobe, whereas small regions of false positive 
outside the epileptogenic lobe are observed in 2 seizures. In a 
group level, significant spatial overlapping between the 
estimated SOZs and the surgically resected regions is 
achieved in the seizures analyzed (Fig. 3b). The receiver 
operating characteristic (ROC) curve [20] and the area under 
the ROC curve (AUC) also show good consistency between 
the estimated SOZs and surgically resected regions (Fig. 3b). 
We applied source imaging on raw EEG data in a period of -
50 ~ 50 ms of the seizure onset and selected the source 
distribution best correlated with the resected region for 
calculation of spatial overlapping and AUC index. The 
comparison shows that DSI achieved better performance than 
directly applying source imaging on raw EEG data (Fig. 3b).  

Given the spatiotemporal signal ),(S tr
)

, dynamic change 
of ictal rhythmic activity can be viewed as a movie over time. 
Fig. 3(a) shows an example of the time-varying source 
spectral power distribution of the ictal rhythm in 1-s time 
window of one patient with temporal lobe seizure. The source 
distribution over time suggests that the seizure activity starts 
from left temporal lobe and propagates to the parietal lobe and 
right temporal lobe later. Although a 1-s time window was 
used here for presentation, the time-varying source 
distribution can be visualized in a much finer time scale, 
because the estimation ),(S tr

)
 has a temporal resolution as 

high as the original EEG signal.  
 

IV. CONCLUSION AND DISCUSSION 
In this study, we have proposed a new 76-channel EEG for 

long-term monitoring of epilepsy patients. The feasibility of 
the 76-channel long-term EEG monitoring has been 
demonstrated in a cohort of 8 patients. The EEG in this study 
was recorded over 5.5±3.2 days that successfully captured 
each clinic event, producing a yield rate of 100%. The 
mounting of the 76 electrodes only required 60 minutes 
preparation time by two experienced medical staff in contrast 
to 30 minutes for the preparation of a standard 32-channel 
clinical EEG. Previous studies have reported a dense-array but 
fast-capping EEG technique for which the preparation time 
can be as short as 15 minutes [3]. However this technique is 
limited by relatively shorter recording time (2-3 days) because 
the patients cannot comfortably wear the cap for long-term 
[3]. The 76-channel EEG, on the other hand, other than the 
additional electrodes, was identical with the conventional 
clinical EEG whose feasibility of long-term monitoring has 
been demonstrated over several decades’ worth of clinical 
practice.  

Another innovation of the present work is the proposed 
dynamic source imaging algorithm. In order to image the 
dynamic change of seizure activity, many efforts have been 
made, such as the application of dipole fitting techniques [21, 
22] and the recent development of sub-space scanning 
techniques [23, 24]. Using distributed source model, a 
straightforward method is conducting source imaging instant 
by instant for each millisecond or for each short time window 
[3, 25], which can involve extensive computation. A previous 
study [26] improved the analysis of ictal EEG by decreasing 
the complexity of seizure data using the concept of 
“microstates”. Here we proposed a novel dynamic source 
imaging technique which images the continuous change of 
ictal rhythmic activity with high spatiotemporal resolution. 
Using this decomposition-and-recombination process, 
regardless of the length of continuous ictal data, we can 
achieve a spatiotemporal imaging by solving a limited number 
(equal to the number of selected seizure components) of 
inverse problems, which decreases the complexity of 
computation. Also, the separation of seizure components from 
artifacts, noise and other background brain oscillations largely 

Fig. 2.  (a) Time-frequency representations and scalp maps of two biggest ICs 
identified in two seizures in a patient with frontal lobe seizure. (b) Two 
example ICs from two patients with temporal lobe seizure. (c) Examples of 
DSI-estimated SOZs in 4 patients in comparison with surgically removed 
brain regions (blue) and SOZs delineated using iEEG (green electrodes). 
Black electrodes represent electrodes not involved in the seizure onset. Those 
electrodes were not plotted in the 4th one because the dense intracranial 
electrodes cover a big region of the brain surface.  
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enhances the source analysis and allows us to focus the 
analysis on dynamic change of ictal rhythms.  

As imaging of seizure sources is the ultimate goal for 
surgical planning in epilepsy, the present study opens a new 
approach for epilepsy source localization. Compared with 
most other approaches where source localization is performed 
in interictal EEG or magnetoencephalogram (MEG), the 
present approach enables us to directly localize and image the 
dynamic seizure activity from seizure EEG. The high degree 
of concordance with successful surgical resection in the 
patient group indicates the promise and potential of this 
innovative methodology for surgical planning in epilepsy 
patients.  
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Fig. 3.  (a) An example of the source distribution in 1-s time window after 
seizure onset in a patient. (b) In group level, the DSI-estimated SOZs 
showed better overlapping and consistency with surgically resected regions
than directly applying source imaging on raw EEG data. The ‘Overlap’ is 
defined as the overlapped volume of the estimated SOZ with the resected 
region normalized by the size of the resected region.  
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