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Abstract: Invasive techniques are becoming increasingly important in the presurgical evaluation of epilepsy. Adopting the 

electrophysiological source imaging (ESI) of interictal scalp electroencephalography (EEG) to localize the epileptogenic zone remains 

a challenge. The accuracy of the preoperative localization of the epileptogenic zone is key to curing epilepsy. The T1 MRI and the 

boundary element method were used to build the realistic head model. To solve the inverse problem, the distributed inverse solution 

and equivalent current dipole (ECD) methods were employed to locate the epileptogenic zone. Furthermore, a combination of inverse 

solution algorithms and Granger causality connectivity measures was evaluated. The ECD method exhibited excellent focalization in 

lateralization and localization, achieving a coincidence rate of 99.02% (p<0.05) with the stereo electroencephalogram. The 

combination of ECD and the directed transfer function led to excellent matching between the information flow obtained from 

intracranial and scalp EEG recordings. The ECD inverse solution method showed the highest performance and could extract the 

discharge information at the cortex level from noninvasive low-density EEG data. Thus, the accurate preoperative localization of the 

epileptogenic zone could reduce the number of intracranial electrode implantations required. 
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1  Introduction  

Epilepsy, defined as a sudden and recurring brain 
dysfunction, has surpassed most common neurological 
diseases, and is second only to headaches. According 
to the latest epidemiological data [1], approximately 
1% of the global population, i.e., approximately 50 
million people, suffer from epilepsy, and in China, the 
prevalence of epilepsy could reach 7.0‰, with 
approximately 9 million epilepsy patients. Despite the 
development of numerous antiepileptic drugs, only 
approximately 2/3 of patients’ seizures can be 
effectively controlled, with 8%-10% of patients 
requiring surgery or neuromodulator techniques for 
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treatment. In electrode implantation surgery, the 
electrodes implanted in the patient’s skull are 
connected to the air, which could increase the risk of 
infection, bleeding, or even neurological damage [2]. 
Therefore, accurate techniques for the localization of 
the epileptogenic zone (EZ) are necessary to reduce 
the number of implanted intracranial electrodes and 
decrease the rate of infection. Otherwise, poor 
localization or incomplete signal acquisition could 
lead to secondary surgery and harm to the patient [3].  

A promising diagnostic solution is to obtain internal 
information from the scalp via electromagnetic 
radiation, which can be used to locate abnormal 
sources in the cerebral cortex using the local or global 
source imaging of the measured electromagnetic 
signals. Electrophysiological source imaging (ESI) [4] 
is an inverse problem that aims to estimate the 
underlying activity of the brain using 
electroencephalography (EEG) data recorded from the 
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scalp. Based on mathematical models, ESI estimates 
the localization of scalp-recorded potentials and plots the 
sources of cerebral activity in a realistic head mode [5]. 
The development of ESI has provided more intriguing 
alternatives for locating the EZ from scalp EEG in the 
preoperative assessment of epilepsy [6]. 

Previous studies have attempted to localize the EZ 
based merely on the ESI of distributed inverse solution 
(DIS) methods with varying results [7]. However, the 
equivalent current dipole (ECD) method aims to 
define the location and/or orientation of single dipoles 
that best explain the EEG signal. Regarding the 
concept of network disorder, more sophisticated 
approaches may be required to identify the EZ from 
scalp EEG recordings accurately. During the interictal 
period, several brain regions participate in the epileptic 
network, and the challenge is to isolate the main driver 
of the network from the secondarily activated regions 
rather than finding the sources with the highest 
energy [8]. Functional brain connectivity analysis can 
be used to analyze the relationship between the 
sources calculated by ESI and may thus provide a 
more reliable EZ localization [9]. In this study, a 
previously published method that combines ESI and 
functional connectivity based on Granger causality is 
adapted. In the reported studies, the focus was merely 
on evaluating different families of “functional” 
connectivity methods, and the adapted version of the 
algorithm enables the successful analysis of 
directionality. We validated the approach using clinical 
scalp interictal EEG recordings from eight patients 
who were rendered seizure-free after surgery. The 
workflow is illustrated in Fig. 1. 

 

Fig. 1  Conceptual diagram of data analysis  

2  Materials and methods 

2.1  Subjects 

Sixteen subjects, namely, eight epileptic patients and 
eight age- and sex-matched normal controls, 
participated in this study. The data of patients who 
underwent successful interictal epileptiform discharges 
(IEDs) were collected from Tianjin Huanhu Hospital. 
This study was approved by the Medical Ethics 
Committee of Hebei University of Technology. The 
demographic information of the patients and normal 
controls is shown in Tab. 1. All the participants 
provided written informed consent. Diagnostic 
imaging was performed by a certified radiologist and 
neurosurgeon according to the diagnostic protocols of 
the International League Against Epilepsy (ILAE) [10] 

and clinical signs (e.g., seizure presentation and 
exclusion zones). 

Tab. 1  Demographics of patients and controls 

Range of age Number Patients Controls 

10-20 3 16.7±1.527 5 17.8±1.235 6 

20-30 2 27±2.828 4 24±1.414 2 

30-40 2 37±2.828 4 35.5±4.949 7 

50-60 1 55 48 

Total 8 29.1±13.6 29.75±7.3 

2.2  Noninvasive detection  

With the development of image processing technology, 
research on the localization of the EZ using signal 
processing has gradually developed [11]. Scalp EEG, a 
noninvasive technology, routinely records the 
millisecond electrophysiological activity of neurons in 
patients and controls with strong global spatial 
coverage. According to the findings of several recent 
investigations, patients show significant abnormal 
patterns in scalp EEG during the interictal period. 
Therefore, scalp EEG is often considered a superior 
diagnostic tool for epilepsy compared with other 
electrophysiological methods. The operability of scalp 
EEG plays an irreplaceable role in the diagnosis of 
epilepsy, the early warning of seizures, and the 
localization of the EZ. Therefore, we could further guide 
the placement of intracranial electrodes by localizing the 
EZ in advance using noninvasive techniques. 
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2.3  EEG acquisition and preprocessing 

EEG signals were collected prior to EZ removal 
surgery. Patients and controls underwent low-density 
scalp EEG recording (32 electrodes, Electrical 
Geodesics system) in accordance with the standard 
10-20 system, with the data stored in European Data 
Format (EDF), at rest with eyes closed and were 
instructed to remain awake. 

EEG is often contaminated by various physiological 
or nonphysiological sources of activity, such as cardiac 
signals, eye movements, and blinks [12] (Fig. 2a). 
Removing these artifacts using independent 
component analysis is a crucial step in producing 
noise-free signals prior to computing the EEG source 
(Fig. 2b). Owing to the high concentration of energy 
within the range of 0.5-80 Hz, the EEG signals were 
band-pass filtered in this band, restricting the 
frequency content of the signals to the ripple band of 
interest [13]. Furthermore, low frequencies could reduce 
baseline drift, and high frequencies could reduce 
muscle artifacts. A notch filter at 50 Hz was used to 
remove the industrial frequency interference (Fig. 2c). 

 

Fig. 2  Collection and preprocessing of EEG data 

Over the last few decades, IEDs have emerged as 
biomarkers for the identification of epileptogenic 
tissue, which may improve the presurgical diagnosis 
and surgical outcome of patients with epilepsy. IEDs 
usually manifest as spikes (20-70 ms) and sharp waves 
(70-200 ms), with the spikes representing the 
synchronous release of excitatory postsynaptic 

potentials, which have emerged as potential 
presurgical biomarkers for the identification of the EZ. 
In this study, we visually selected portions of the EEG 
data with interictal activity occurring at least 2 h after 
clinical seizures. The EEG signals were manually 
labeled to identify the spikes, as shown in Fig. 2d. 
Then, the spikes were averaged to increase the 
signal-to-noise ratio further and used as input for ESI, 
as shown in Fig. 2e. 

2.4  Forward model 

ESI primarily addresses two major problems: the 
forward model and reverse localization. The forward 
model explains how signals generated by brain activity 
are transmitted to the scalp, and employs numerical 
calculations to describe the physical features of the 
brain [13-14]. The forward model is primarily intended 
to construct a model of the patients so that the physical 
structure and physical attributes of the head can be 
detailed in the analysis. 

Researchers have sought to develop increasingly 
realistic models of the head using three-dimensional 
(3D) medical scanned images of heads. The boundary 
element method (BEM) [15] employs a given current 
source to calculate the conductor surface or boundary 
potential and requires only the discretization of the 
boundary. Using segmented magnetic resonance 
imaging (MRI) data, the source distribution was 
constrained to a field of current dipoles 
homogeneously distributed over the cortex and normal 
to the cortical surface. Therefore, the number of 
degrees of freedom of the boundary element can be 
reduced, resulting in a decrease in the spatial 
dimensionality of the solution. 

The BEM [16] generally defines a three-layer model that 
accounts for the air/scalp, scalp/skull, and skull/brain 
interfaces. These contact surfaces must be very smooth 
and conductive, and each surface must be meshed into 
small triangular elements. The corresponding potential 

( )v r  at any point r on the uniform boundary element 
conductor is defined as follows 
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where 0σ corresponds to the medium, and ( )0v r  is 
the potential at point r. jσ − and jσ + indicate the 

conductivities of the contact surface Sj internally and 
externally, respectively. dS is the vector of the 
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orthogonal and contact surface elements. 
dS represents the contact surface element area. Each 

contact surface Sj was divided into N triangles. The 

potential of each triangle is calculated using the above 
equation. The potential of the contact surface jS  is 
defined as 
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where R represents the number of contact surfaces 
within the conductor, and an exact integral is typically 
not possible. 

2.5  Realistic head model 

MRI methods can yield high imaging quality of the 
internal brain tissue, for which the spatial resolution 
could be 1 mm×1 mm or even smaller in terms of the 
intralayer pixel size and 2 mm to 1 mm or less in terms 
of the interlayer distance. In this study, we used the T1 
MRI of epileptic patients to construct a realistic and 
subdivided head model. 

(1) Read the MRI image: As the data read have no 
reference, it is necessary to set the reference point for 
the MRI image, including the left ear (LPA), right ear 
(RPA), nasion (NAS), anterior commissure (AC), 
posterior commissure (PC), and any interhemispheric 
point (IH), where NAS, LPA, and RPA are required to 
define the subject coordinate system and are used to 
register the EEG sensors on MRI. AC, PC, and IH are 
optional and are additional anatomical landmarks. The 
reference points are shown in Fig. 3. 

 

Fig. 3  MRI image reference points 

(2) Segmentation: MRI imaging data were 
segmented to produce three layers: brain, skull, and 
scalp. To unify the coordinate space of all the images, 
the resulting images were linearly aligned to the 
standard template space of Montreal Neurological 
Institute (MNI), with a uniform separation of 10 mm, 
and labeled according to the automated anatomical 
labeling (AAL) atlas. Coordinate and affine 

transformations were performed on the images using 
the standard template.  

(3) Meshing: A realistic head model was constructed 
based on the BEM for the segmented data, and 
triangles were used to represent the different tissues in 
the head model. 

(4) Build a realistic head model using split and 
meshed data: Different conductivities must be 
specified for different head tissues. The conductivities 
of the scalp and brain tissue were both 1 and that of 
the skull was 0.012 5, and the number of vertices on 
each layer was 1 922. Each type of tissue was 
considered electrically homogenous and isotropic. The 
subdivisions and reconstructions of the realistic head 
model are shown in Fig. 4. 

 

Fig. 4  Subdivision and reconstruction of the  

realistic head model 

2.6  EEG source imaging 

The inverse solution is mainly divided into two types: 
nonparametric and parametric methods [17]. 
Nonparametric methods are also referred to as DIS 
methods. The DIS divides the cortex surface into 
smaller voxels known as grids. Each active grid point 
indicates an active source, which makes the general 
problem underdetermined and ill-posed because the 
number of knowns (EEG signals from electrodes 
observed on the scalp) is much smaller than the 
number of source points [18]. The most popular 
methods include weighted maximum entropy on the 
mean (wMEM), standard low-resolution 
electromagnetic tomography (sLORETA) [19], dynamic 
statistical parametric mapping (dSPM), and weighted 
minimum norm estimate (wMNE) [20]. DIS can be 
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expressed by the following equation 

 S ε= +B L    (3) 

where
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L  is the lead matrix of 

the function. Each element in the equation  
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represents the contribution of the nth dipole source to 
the mth surface electrode, and the contribution of the 
dipole source inside the entire head model to the mth 
electrode can be expressed as follows 
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   (5) 
Parametric methods are also referred to as ECD 

methods, or concentrated source or spatial-temporal 
dipole fit models [21]. These models range in 
complexity from a single dipole in a spherical head 
model to multiple dipoles (up to 10 or more) in a 
realistic head model. The ECD methods localize the 
EZ by processing and reconstructing the EEG using 
the electric field theory, mathematical principles, and 
computer technology. These models could correctly 
invert the position and direction of cerebral dipoles in 
three axes and the 3D spatial distance between 
localization spots, which might be accurate to the 
centimeter level. The ultimate output of most ECD 
methods is highly reliant on the initial approximation 
of the number of dipoles to be estimated [22], and their 
starting positions and orientations. In the optimal 
dipole, any point inside the sphere has an associated 
optimal dipole with the best dipole position and 
orientation, which fits the observed data better than 
any other dipole with the same location but different 
orientations [23].  

2.7  Functional connectivity 

The connectivity method at the level of the brain 
sources (source space) combines the excellent 

resolution of EEG with superior to exceptional spatial 
resolution [24]. The localization accuracy depends on 
the granularity (coarse to fine grain) of the source 
model used to solve the EEG inverse problem and 
identify networks at the cortical level. In epilepsy, 
Granger causality, a statistical concept of causality 
based on how well one signal can predict another, has 
frequently been used to localize the EZ from interictal 
ESI [25]. These promising results suggest that 
combining ESI and Granger causality may become an 
important alternative for localizing the EZ, aiding 
presurgical planning in patients with epilepsy [26]. 

3  Results and analysis 

3.1  Validation against SEEG gold standard 

For the proposed noninvasive interictal ESI, the final 
challenge is to find a validation strategy to quantify 
the performance of the method optimally. 
Stereoelectroencephalogram (SEEG) analyzes the 
location of the EZ by implanting electrodes on the 
brain, which is considered the gold standard for the 
clinical positioning of the EZ [27]. The evaluation of 
the surgical results is compared with the gold standard 
of SEEG in Fig. 5. 

 

Fig. 5  Validation of the SEEG gold standard (R: Right; L: Left) 

Fig. 5a shows a 3D model of the patient’s cerebral 
cortex after electrode implantation. The location of the 
implanted electrodes is shown in Fig. 5b. After the 
detection of SEEG electrodes, the spikes at the 
beginning of the seizure were detected by electrode 
point A2, which determined that the abnormal 
discharge was located in the amygdala and 
hippocampus region of the right temporal leaf of the 
brain. 

3.2  Localization results 

As evident from the plots in Fig. 6, a very high 
threshold, such as 70%, would lead to the loss of 
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important information in the estimate. Additionally, 
lower thresholds cause the solution to be insufficiently 
accurate. However, the ECD method has an excellent 
coupling performance for focal neurological diseases. 
The DIS method analyzes focal neurological diseases 
without significant features in the energy distribution 
of the cerebral cortex in the localization results, and a 
relatively loose distribution is presented. From a 
comparison between Fig. 6 and the gold standard, it 
can be observed that the ECD method fits best when 
the threshold is 50%. 

 

Fig. 6  Current density distribution result calculated from 5 

ESI methods based on the realistic head model (The subscript 

under each model illustrates the threshold in percentage) 

(1) The source imaging obtained based on the ECD 
method showed that the value with a relatively high 
current density distribution was located at the front of 
the temporal lobe. The source location was distributed 
near the amygdala by increasing the threshold of 50%. 
When the threshold value increased to 60%, some 
information was lost. Combining medical imaging and 
intracranial electroencephalography (iEEG), the EZ 
was comprehensively judged to be the amygdala with 
a threshold of 50%, which is consistent with the results 
obtained by iEEG. 

(2) The dSPM, sLORETA, and wMNE are all 
accurate in terms of lateralization and are located on 
the right side of the brain. When the threshold value 
was below 50%, the source distribution was scattered 
and did not exhibit a good fit. When the threshold 
value was greater than 50%, important information 
was lost. Among the three DIS methods, the wMNE 
was closer to the true source.  

(3) The source location obtained based on the 

wMEM could not refer to the location of the EZ, 
which is mainly located near the right middle temporal 
gyrus. The fixed side is not accurate, mainly because 
the wMEM is used to locate oscillatory activities [28].  

3.3  Functional connectivity 

The preferred techniques based on Granger causality 
for extracting interictal connectivity patterns are 
partial directed coherence (PDC) and directed transfer 
function (DTF) [29]. PDC models only direct 
connections, whereas DTF considers indirect and 
cascade connections [30]. The above localizion results 
show that the wMNE and ECD have significants. We 
performed a joint comparison of the above two inverse 
algorithms and Granger causality (PDC and DTF) and 
observed excellent matching. We used the 
Desikan-Killiany atlas to divide the regions of interest 
in the brain functional network. 

The results obtained from Granger causality are 
shown in Fig. 7. Fig. 7a depicts the flow of 
information recorded intracranially, with identified 
spikes spreading from the A, B, C, and D to F 
electrodes, indicating that the abnormal discharge 
spreads from the right temporal to the right anterior 
lobe and insula. When combining ECD and DTF on 
the same scalp EEG data, the source connectivity 
approach retrieved a five-node network in the left 
temporal and right temporal regions, involving the 
fusiform, parahippocampal, entorhinal, and middle 
temporal regions. Compared with the normal causality 
network from the healthy controls (Fig. 7b), there are 
four abnormal information flows in the five nodes. The 
information alternated abnormally between 
hemispheres in the epileptic brain. The information 
flow from the entorhinal to the middle temporal region 
was consistent with the intracranial recordings. 
Compared with ECD/PDC, wMNE/ECD, and 
wMNE/DTF, the results were concordant with the 
intracerebral recordings in iEEG signals. ECD/DTF 
were identified by visual analysis as regions involved 
in the main interictal activity (entorhinal), and in the 
propagated interictal activity (middle temporal). These 
results might be explained by the better fit 
demonstrated by the accuracy of ECD localization. 
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Fig. 7  Results of epilepsy patients and healthy controls 

obtained from Granger causality network  

3.4  Quantitative analysis 

SPSS 17.0 statistical software was used for data 
analysis, and count data are represented by [n(%)]. 
Tab. 2 shows a comparison of the results of various 
ESI methods and the gold standard. 

Tab. 2  Comparison of ESI results and gold standard 

Inverse algorithm 
Match 

number of 
electrodes 

Coincidence 
rate (n%) 

2χ  p 

sLORETA (n=102) 93 91.18 7.439 0.006

wMEM (n=102) 90 88.24 10.714 0.001

wMNE (n=102) 96 97.06 4.293 0.035

dSPM (n=102) 92 90.20 8.518 0.004

ECD (n=102) 100 99.02 0.505 0.047

In this study, eight patients were implanted with a 
total of 102 electrodes: 48 on the left side and 54 on 
the right side. As a large sample of data is required for 
more accurate results in statistical analysis, we used 
the total number of electrodes implanted in all the 
patients as the sample size for data analysis. We used 
the Yates continuous calibration test to check the 
coincidence rate of various ESI methods and 
implanted electrodes, and p<0.05 was considered 
statistically significant for differences. The methods 
except the wMEM used in this study were accurate in 
the lateralization of the EZ, but the dSPM and 
sLORETA had some discrepancies with the electrode 
implantation location. The wMNE and ECD methods 
with a threshold of 50% were consistent with the gold 
standard in terms of lateralization and localization, 
which could provide a valid clinical reference. 
Compared with the localization of the gold standard, 

the difference was statistically significant (p<0.05). 
However, the localization range was less clinically 
significant based on the wMNE. From the quantitative 
analysis, the ECD method is more accurate in terms of 
lateralization and localization than the wMNE and has 
an excellent localization range. 

According to the results, there are two hypotheses. 
① The head model used in this study was computed 
using the BEM method with three layers (skin, skull, 
and brain). We developed a head model based on the 
BEM, where each volume element represents a dipole 
that focuses on the surface and may obtained a more 
accurate localization result combined with ECD 
method. Nevertheless, other methods exist for 
computing head models, such as the finite element 
method, or adding other layers, such as the 
cerebrospinal fluid [29]. These methods may affect the 
localization of the EZ. ② Another hypothesis is that 
the patients in this experiment had focal epilepsy. 
Focal epilepsy is typically caused by a focal point in 
the cerebral cortex. The DIS produces a diffusion 
effect for focal source localization, whereas the ECD 
produces a better fitting effect for the EZ. If epilepsy is 
generalized or the epileptic focus involves multiple 
regions of the brain, DIS can better represent multiple 
sources simultaneously. 

4  Discussions 

Scalp EEG is a noninvasive method that can collect 
spontaneous rhythmic electrophysiological activity in 
neurons. However, it is difficult to localize the EZ 
from the EEG owing to volume conduction and the 
frequent occurrence of artifacts during the interictal 
period. These challenges may be overcome by using a 
combination of ESI and functional connectivity 
analysis for low-density EEG recordings. 

In 2014, Ted [31] tested different inverse solutions on 
ESI, which were lateralized in 47% of patients using 
the ECD method (75% accuracy) and in 29% of 
patients using the DIS method (60%-80% accuracy). 
Recently, Kovac et al. [32] used ESI based on ECD and 
DIS to localize the EZ in 87 patients. The results 
showed that using the ECD method yielded 
meaningful results in 79 cases, significantly more than 
the use of DIS (n=69). Nevertheless, these studies 
were unable to detect statistically significant and 
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meaningful differences in the performance of various 
inverse models. We speculate that the ECD model 
usually represents the focal electrical activity. 
However, DIS models are more suitable for 
characterizing the extended sources. 

Regarding the combination of the inverse solution 
algorithm and functional connectivity, most reported 
studies have empirically selected a combination that 
was shown to have a dramatic impact on the results, in 
terms of the identified network topology. Recently, 
Hassan et al. [33] in 2018 have used two DIS methods 
and two connectivity measures (phase locking value 
(PLV) and cross-correlation coefficient) for 
localization. The results showed that the method based 
on PLV combined with the wMNE inverse algorithm 
performed better. Moreover, this study focused on 
evaluating different connectivity methods regardless of 
the directionality of these connections. 
Two-directional connectivity algorithms were 
evaluated in this study. We focused on the method of 
causal connectivity of brain regions, which is an 
interesting supplementary feature in the context of EZ 
localization. Globally, the results revealed that the 
appropriate combination of inverse solution algorithms 
and connectivity measures could have a significant 
impact on EZ localization from scalp EEG signals. As 
each of the reverse and functional methods has its own 
assumptions and characteristics, there is no consensus 
yet regarding the best combination. Therefore, a 
deeper analysis of the combination of inverse 
algorithms and connectivity is required in the future. 

5  Conclusions 

Interictal ESI is a promising neurophysiological tool 
for the EZ localization in drug-resistant focal epilepsy. 
Connectivity analysis has been shown to add 
substantial information to pure ESI. According to the 
experimental results, the ECD method based on the 
realistic head model could obtain an accurate 
localization, and an appropriate combination of 
inverse algorithm and functional connectivity also 
helped substantially increase the interpretability and 
credibility of the result, which could provide a more 
valuable and objective interpretation of the scalp EEG. 

Clinically, the proposed method can guide the 
placement of intracranial EEG electrodes to reduce the 
number of intracranial electrodes, economic cost, and 
patient pain. 
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