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Abstract. About 30% of patients with epilepsy are unresponsive to drugs and, in case of serious 
impairment, may undergo surgical resection of the epileptogenic zone (EZ). Positive surgical outcome 
depends on multiple factors which must be analyzed in preoperative phase. Basic investigation includes 
clinical examination, video-EEG and high resolution MRI. Actually, invasive exploration by intracerebral 
electrodes may lead to positive outcome for surgery supports where traditional methods cannot provide 
support. In the last years, the contribution provided by functional neuroimaging is greatly increasing the 
hope to replace the use of deep electrodes. The aim of the whole project is to evaluate the importance of 
advanced signal and image processing techniques in the preoperative investigation through cortical 
EEG-correlated functional MRI (EEG-fMRI); this study represents the starting point for a non-invasive 
functional brain mapping of EZ, by the definition of methods and conditions in EEG-fMRI integration 
procedure. Simultaneous EEG-fMRI recording has been performed on six healthy subjects in two 
different conditions of resting state; GLM and ICA procedures have been applied to these data. 
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1. Introduction 
Focal epilepsy is a seizure disorder in which seizures are preceded by an isolated disturbance of a 

cerebral function. Despite the advent of new antiepileptic drugs, still 20-40% of patients of focal epilepsy 
are unresponsive to pharmacological treatment [Schuele et al, 2008]. In such cases, tailored surgical 
resection of the epileptogenic zone (EZ) may suppress seizures without causing new neurological or 
neuropsychological deficits.  

1.1. Preoperative evaluation of epilepsy surgery 

The precise localization of the EZ is essential to remove the source of seizures while minimizing the 
resection of healthy tissue: basic preoperative investigation should include careful scrutiny of ictal clinical 
semeiology and of electroencephalographic (EEG) interictal and ictal modifications (Video-EEG 
monitoring), while extensive employment of high resolution magnetic resonance imaging (MRI) has 
greatly increased successful application of epilepsy surgery.  

The most accurate information for epilepsy surgery relies on electrocerebral activity of cortical and 
deeper structures,  recorded  by subdural (Electrocorticography) or intracranial electrodes 
(Stereo-Electro-Encephalo-Graphy, SEEG). In focal epilepsy SEEG, in particular,  is considered the 
decisive support for surgery planning: it enables successful treatment of many complex cases [McGonigal, 
2007], associating the electric epileptic occurrence with the area of the brain where it has been produced.On 
the other hand SEEG represents an invasive and expensive procedure.  

Also functional neuroimaging (PET, SPECT and fMRI techniques) is actually most commonly used as 
part of preoperative investigations: functional Magnetic Resonance Imaging (fMRI) and its precise spatial 
resolution can be used to map motor, sensory and language functions non invasively, detecting focal 
changes in blood flow and oxygenation levels that occur when an area of the brain is activated. If 
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considered alone, however, it can’t provide the information necessary to comprehend the spatio-temporal 
aspects of epileptic event: fMRI without any integration is not able to replace the precise information 
derived from SEEG signal, localizing the EZ.  

New methodologies allow to combine functional knowledge derived from different technologies: in 
this clinical scenario, cortical EEG recordings coupled with functional imaging and consequent brain 
mapping may be considered as a valuable substitute of deep electrode implantation. 

1.2. Hemodynamic and electric brain signal integration  

Combined imaging techniques is an emerging tool for the study of brain dynamics at high temporal and 
spatial resolution. The hemodynamic BOLD (Blood Oxygenation Level Dependent) signal, from fMRI 
technique, yields highly localized measures of brain activation, with a good spatial resolution (about 2–3 
mm) but a temporal resolution significantly longer than the time needed for most perceptual and cognitive 
processes; cortical electroencephalography (EEG), on the other hand, has the necessary temporal resolution 
to study the dynamics of brain function, but its poor spatial resolution precludes identification of underlying 
neural sources. The coupling between EEG and fMRI signals remains an open challenge for a useful 
combination of these imaging modalities. 

The aim of this work is to evaluate the state of art and the integration methods between cortical EEG 
and fMRI data, on healthy subjects, as a feasibility study for applying them on epileptic patients.   

The expected results for this kind of study have been focused on obtaining significant correlations 
between regional BOLD activation and EEG power modulations representing the different EEG rhythms, 
since they can be used for a deeper and more complete comprehension of human brain dynamics, in the 
place of more invasive procedures. 

2. Material and Methods 
Spontaneous activity, as measured with BOLD functional MRI in the resting awake or anesthetized 

brain, is organized in multiple highly specific functional anatomical networks (resting state networks, 
RSNs). In literature, six resting state networks have been detected [Damoiseaux et al., 2006]. In this work, 
two conditions of resting state were analyzed: open eyes versus closed eyes. Each task lasted ten minutes, 
six (three females) healthy subjects participated, providing written informed consent.  

Brain imaging was performed with a 3 Tesla Siemens Allegra (head setup) at the Maastricht Brain 
Imaging Center (Maastricht, The Netherlands). Simultaneously, EEG data were recorded using a 
64-channel high-input impedance amplifier system (Brain Products, Munich) and a magnetic-compatible 
cap system (Easycap).   

 

2.1. Pre-processing on EEG and fMRI data 

EEG data processing was necessary in order to obtain data free of artifacts. This was carried out by 
using EEGLAB 6.01 (open source Matlab tool, Mathworks, Natick, MA), by applying template subtraction 
methods, adaptive noise cancellation for gradient artifact removal, ballistocardiogram artifact correction, 
ICA decomposition. Furthermore, as the first run of ICA was completed, Kurtosis method, Renyi’s entropy, 
calculus of spectral power density have been applied to semi-automatically detect eye blinks and muscle 
artifacts. A second run of ICA, based on artifact-free components, was used in order to identify the 
predictors of the EEG rhythms based on their topological and spectral distribution. Functional and 
anatomical images were analyzed with BrainVoyager QX (Brain Innovation, Maastricht, The Netherlands); 
they were processed with tools such as slice-scan-time and 3D motion correction, temporal filtering, 
projection into Talairach space, functional and structural coregistration. Then spatial ICA on the 
coregistered volume has been performed. This step has been followed by the visual definition of the six 
resting state networks (with the aim of a neuroradiologist and a neurologist), based on the choice of the 
functional activation revealed by the spatial IC components. 

 

2.2. Integration of data 

In order to integrate the hemodynamic and electric brain signals, five separated predictors for the fMRI 
session were created from EEG trail, one for each EEG band (delta, theta, alpha, beta and gamma). It can be 
noticed that EEG and fMRI time-courses have a different temporal resolution, so when the spectrum for 
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each independent component (IC) has to be calculated, for each fMRI volume, it would be considered NST 
EEG samples, with 

 
 NST = fsTR          (1) 

 
where fs is the sampling rate of EEG signal and TR is the fMRI repetition time.  

After selecting the first and the last time-points of the EEG signal, the spectrum for the band-pass 
filtered signal (in the relative EEG band) of these time-points was created and its integral expressed in dB 
was evaluated: 
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where fmin and fmax represent the band limits and PSDi represents the spectrum of the NST 

time-points of the ith independent component.  
At the end, then  the spectra of all the ICs were summed up: 
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and finally it was normalized to zero mean and unitary standard deviation.  
The resulting spectrogram has been divided into five sub-bands, corresponding to delta (1–4 Hz), theta 

(4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), and gamma (30–50 Hz) rhythms. The power spectral density 
was calculated for the five frequency bands, thus obtaining a single power time series for each brain rhythm. 
Interband temporal correlation have been calculated from these power time series, thus measuring the level 
of coherence across different bands. Next, these power spectral densities have been smoothed and 
convolved with a canonical hemodynamic response function, generated by using a gamma function (delay 
time, 2 s; rise time, 4 s time, 6 s; undershoot, 0.2; restore time, 2 s), applying the General Linear Model 
(GLM) in order to measure as significantly  each predictor explains the hemodynamic variations of the 
signal. Then, the ICA analysis has been performed on functional data, obtaining 50 ICs; among them, six 
ICs have been detected as the better representation of  RSNs. Thus, correlations between EEG predictors 
and these six ICs have been calculated. 

3. Results 
For a single subject study, the resting state (both in open and closed eyes conditions) has been analyzed 

with GLM and ICA techniques. The EEG predictors have been employed into GLM: it describes the spatial 
localization of predictors representing the five electroencephalographic rhythms.  

The attention has been focused on alpha rhythm and its difference between open and closed eyes 
conditions. For brevity, in this paper only one subject is reported as result for this kind of analysis.  

3.1. Open eyes condition 

The GLM result on fMRI data, using EEG predictor for alpha rhythm, is shown in Fig. 1 for open eyes 
condition of resting state.  
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Figure 1. Results of applying General Linear Model in open eyes resting state condition for the alpha predictor 

 
For the analyzed subject the correlations between EEG predictors and six ICs representing the six 

resting state networks, obtained from ICA decomposition, result to be: 
RSN1: predominant correlation (17%) with theta predictor 
RSN2: 9% correlation with theta and 7% correlation with beta predictors 
RSN3: 7% correlation with gamma and 6% correlation with delta predictors 
RSN4: 13% correlation with alpha and 15% correlation with delta predictors 
RSN5: 9% correlation with delta and 7% correlation with beta predictors 
RSN6: 9% correlation with alpha and 12% correlation with gamma predictors 
 
Values for interband correlation are shown in Table 1 for open eyes condition.  
 

 Alpha Beta Delta Gamma Theta 

Alpha 1 0,48396 0,1219 0,0088 0,16625 

Beta  1 0,18122 0,87522 0,10576 

Delta   1 0,20282 0,19354 

Gamma    1 0,064498 

Theta     1 

Table 1.Interband values for open eyes condition, obtained from temporal correlations of EEG predictors 
 

3.2. Closed eyes condition 

In Fig. 2 the General Linear Model of fMRI data for resting state closed eyes condition is shown.  
 

 
Figure 2. Results of applying General Linear Model in closed eyes resting state condition for alpha predictor 



84 
 

  
This subject presents the following correlations between EEG predictors and the six resting state 

networks: 
RSN1: 11% correlation with gamma and 6% correlation with alpha predictors 
RSN2: 15% correlation with delta and 7% correlation with gamma predictors 
RSN3: only relevant correlation is 6% correlation with beta predictor 
RSN4: 12% correlation with theta and 9% correlation with alpha predictors 
RSN5: 8% correlation with theta and 9% correlation with alpha predictors 
RSN6: 13% correlation with gamma and 11% correlation with alpha predictors 
  
Interband correlation values are contained into Table 2 for this resting state condition. 
 

 Alpha Beta Delta Gamma Theta 

Alpha 1 0,00518 0,03265 0,00546 0,062 

Beta  1 0,05318 0,552 0,02456 

Delta   1 0,01438 0,06927 

Gamma    1 0,02388 

Theta     1 

Table 2.Interband correlation values for closed  eyes condition 

4. Discussion 

From literature, simultaneous EEG and fMRI acquisitions result clearly important in specific 
situations, such as in epileptic seizure localization, or in those cases where symptoms can change over 
short durations. In addition, the integration of these two techniques could allow to study critical cases with 
both high spatial and temporal resolution. Actually, the most precise information for EZ localization in 
drug-resistant epilepsy surgery evaluation is provided by intracerebral electrode implantation, through 
invasive techniques as SEEG. This work has been focused on providing indications about the important 
role that can be assumed by cortical EEG-fMRI integration into preoperative planning, as valuable 
replacement of SEEG procedure. In particular, into the presented study two different conditions of resting 
state (open eyes versus closed eyes) have been analyzed on six healthy subjects, as a starting point for the 
definition of methods and techniques the surgery evaluation could benefit from. The resting state 
condition has been chosen because it is an easy task that even epileptic patients could easily reproduce. 

Being some data sets not completely free from artifacts even after the pre-processing steps, expected 
results have been partially reached.  However they are extremely interesting, by proving the coexistence 
of different rhythms into the same cerebral area, and their involvement in developing the whole functional 
activity of the brain. In addition, differences on healthy subjects between open and close eyes can be 
viewed as a first attempt to produce a model of normal brain functionalities, that could be compared with 
pathological situations.  

From the simultaneous analysis of different areas into the brain, supported by spatial and temporal 
information, a precise localization of the source of a specific signal can be obtained. Improvements in this 
direction can be represented by additional steps of EEG and fMRI data pre-processing, aimed to remove 
the residual artifacts deeply affecting the quality of the final correlations; furthermore, more subjects can 
be analyzed or different modalities for integration can be evaluated. EEG-fMRI signals acquired during 
preoperative evaluation will be added to electro-clinical information for surgery patient selection and EZ 
localization, replacing almost partially the employment of invasive methodologies.  
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