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Abstract. We developed a new estimation method for equivalent dipole sources inside the brain. We 
have solved an inverse problem to estimate an equivalent dipole-layer distribution from the scalp 
electroencephalogram using spatio-temporal inverse filters. We estimated the position and moment of 
equivalent dipole sources from dipole layer distributions and separated each dipole layer distribution 
using independent component analysis to identify the number, position, and moment of several dipole 
sources. Computer simulations and human experimental studies in an inhomogeneous three-concentric 
sphere head model were used to evaluate the performance of the proposed estimation method. The 
simulation results indicate that the equivalent dipole sources were estimated accurately using our 
methods. We further applied the proposed method to human experimental data of movement-related 
potentials.  
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1. Introduction 
Noninvasive visualization techniques of brain electrical activity are anticipated for analyses of brain 

functions and identification of the foci of epileptic discharges in the brain. Brain electrical activities 
have been represented either as few dipole sources or as dipole source distributions. Dipole sources 
have been estimated directly from scalp electroencephalograms (EEGs) [Scherg and Von Cramon, 
1985; Mosher et al., 1992; He et al., 1987]. Dipole source localization can provide 3D location and 
moment of individual sources. Whenever electrical activities are distributed over the cortical surface, 
the equivalent dipole source well approximates the center of mass of the cortical map. Moreover, if the 
sources lie around the sulcus on cerebral cortex, the depth and orientation information of dipole 
sources can be estimated from dipole sources. However, the exact number of dipole sources must be 
determined in advance. Furthermore, the dipole fitting requires a large number of iterations to trace the 
dipole sources in three dimensions because the position and moment of dipoles must be estimated from 
a blurred scalp potential (SP).  

In contrast, equivalent dipole imaging has been proposed to estimate cortical dipole layer (DL) 
distribution accounted for SP [Dale and Sereno, 1993; Philips et al., 1997; Grave de Peralta Menendez 
and Gonzalez Andino, 1998; Gevins et al., 1994; Nunez  et al., 1994; Babiloni et al., 1997; Xu et al., 
2003; Wang and He, 1998; Edlinger et al., 1998; He et al., 1999]. We have developed an inverse 
procedure for cortical dipole source imaging using a parametric projection filter (PPF), which enables 
estimation of inverse solutions in the presence of noise information [Hori and He, 2003; Hori and He, 
2004; Hori et al. 2004]. Information related to noise distribution, as defined by the covariance matrix, 
is assumed to be known. The DL imaging presents the advantage that high-resolution brain electrical 
activity can be estimated without an ad hoc assumption on the number of source dipoles. The 
equivalent DL can be set at arbitrary depth inside the brain. However, when sources are mutually 
adjoining, the distributions from each source overlap complexly. Moreover, it is difficult to estimate 
the depth of dipole sources.  
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Consequently, in this study, we considered estimation of the location and moment of the equivalent 
dipole sources using high spatial resolution DL imaging. Each DL with different depth has information 
related to the dipole sources. We therefore used multilayer dipole distributions for source estimation. 
Moreover, overlapped distributions caused by multiple sources were separated using independent 
component analysis (ICA).  

2. Method 

2.1. Estimation Procedure 
Figure 1 shows that the estimation procedure of dipole source comprised DL separation and dipole 

sources estimation. First, time-series DL distributions overlapped by multiple dipole sources were 
estimated from EEG by means of spatio-temporal inverse filter. Second, time-series DL distributions 
were separated into each DL distribution caused by one dipole source using ICA. Third, separated 
EEG data were obtained by multiplying a transfer matrix from DL distribution to SP. Finally, each 
equivalent dipole source was estimated from separated EEG data using several DL distributions with 
different depths. It was difficult to estimate the depth information of the dipole sources from a DL 
distribution alone. Moreover, the transfer function from one DL distribution to another was not 
established. Therefore, we made a separated SP map by applying the transfer function from the DL 
distribution to the SP map that was established. Subsequently, several DL distributions were obtained 
from the separated scalp potential using spatial inverse filter.  
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Figure 1. Block diagram of equivalent dipole source estimation. 
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2.2. Principle of Dipole Layer Imaging 
The head was simulated as an inhomogeneous three-concentric-sphere model. This model 

incorporates variation in conductivity of different tissues such as the scalp, the skull, and the brain; it 
has been used to provide a reasonable approximation to head volume conductor for cortical imaging. 
An equivalent DL which assumed within the brain simulates the brain electrical activity. The transfer 
matrix from the DL to the SP is obtained by considering the geometry of the model and physical 
relationship among the quantities involved. The DL distribution is reconstructed from the recorded SP 
by solving an inverse problem of the transfer matrix.  

The observation system of brain electrical activity on the scalp is defined using the following 
equation:  

 
g(t) = A f(t) + n(t) (1) 

 
where f(t) is the equivalent dipole sources distributed over the DL at time t, n(t) is the additive noise, 
and g(t) is the SP. In addition, A represents the transfer matrix from the equivalent dipole sources to 
the SP signals. It is important to infer the origins from the recorded EEG and to map the sources that 
generate the scalp EEG. The inverse problem shall be defined as 

 
f0(t) = B g(t)  (2) 

 
where B is the restoration filter and f0(t) is the estimated source distribution of the DL. Because the 
measurement electrodes are always much fewer than the dimensions of the unknown signal f(t), this 
problem is an underdetermined inverse problem. Several inverse techniques have been proposed to 
solve such inverse problems. The Wiener filter or parametric Wiener filter that incorporated statistical 
information of both the signal and noise is an inverse technique that was applied to the cortical inverse 
problem [Dale and Sereno, 1993; Grace de Peralta and Gonzalez Andino, 1998]. However, it was 
difficult to obtain the signal covariance; even if the signal covariance is obtained, the filter might not 
provide satisfactory performance for abnormal signals, which is different from the expectation of 
signals. To overcome these problems, we use the parametric projection filter (PPF) as the restoration 
filter [Hori and He, 2003; Hori and He, 2004; Hori et al. 2004]. The PPF is derived as 

 
B = AT ( A AT + γ Q )−1  (3) 

 
The PPF incorporates the covariance matrix of the noise distribution Q derived from the 

expectation over the noise ensemble, E[n(t) n(t)T]. In addition, γ is the regularization parameter, and 
AT is the transpose matrix of A. The regularization parameter determines the restorative ability. We 
have developed a new criterion that estimates the optimum parameter using iterative calculation for 
restoration [Hori and He, 2003]. The criterion estimates the parameter that minimizes the approximated 
error between the original and estimated source signals without knowing the original source 
distribution. In a clinical and experimental setting, the noise covariance Q might be estimated from 
data that are known to be source-free, such as pre-stimulus data, in evoked potentials.  

2.3. Independent Component Analysis (ICA) 
It is difficult to estimate each dipole source from overlapped SPs when multiple dipole sources 

are intricately distributed in brain. In such cases, each DL distribution was separated by ICA, which 
extracts independent sources from the observed signal based on statistical independence of the original 
signal. The FastICA algorithm was used for performing the estimation of ICA [Hyvarinen, 2000]. This 
algorithm is based on a fixed-point iteration scheme maximizing non-Gaussianity as a measure of 
statistical independence. Non-Gaussianity was measured using an approximation of negentropy. The 
outline of ICA algorithm is as follows:  

When independent sources s(t) are mutually mixed by a mixing matrix M, the observed signal 
g(t) is described by 
 

g(t) = M s(t). (4) 
 
First, the number of sources is decided using principal component analysis (PCA). The principal 
component z(t) is expressed as  
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z(t) = V g(t)  (5) 
 
where V is the whitening matrix. Actually, V serves to reduce the dimensionality of the matrix. The 
number of independent signals are obtained using the cumulative proportion of eigen values. Next, 
independent signals are estimated using the appropriate restoring matrix W. Finally, the original signal 
is estimated as 
 

s0(t) = W z(t). (6) 
 
That is, an inverse of the mixing matrix M is described by multiplying a whitening matrix V and a 
restoring matrix W (M-1=WV).  

2.4. Dipole Sources Estimation 
Figure 2 presents the dipole source estimation method using DL imaging. Peak points that exceed 

a certain threshold were extracted from estimated DL distributions with various radii. The regression 
lines were fitted to these several peak points using least-squares estimation. The peak points might be 
biased at different radii. We drew several lines by changing sampling points according to depth. Then, 
optimum dipole location was searched around these lines. Various SPs were calculated by changing the 
depth and moment of candidate dipole sources. The optimum dipole source was decided by minimizing 
the relative error between the observed and estimated SPs.  
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Figure 2.  Dipole source estimation method using dipole layer imaging. 
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2.5. Simulation Protocol 
Our simulations were performed using an inhomogeneous concentric three-sphere volume 

conductor head model. The radii of the brain, the skull, and the scalp, spheres were taken as 0.87, 0.92, 
and 1.0, respectively. The normalized conductivity of the scalp and the brain was taken as 1.0, with 
conductivity of the skull as 0.0125. The scalp potentials generated by dipole sources inside the brain, 
are calculable by solving the forward problem.  

Two radial dipole sources were presumed to exist in the head model. The eccentricity of both 
sources was set as 0.7 with the angle of ±π/6. Strength of two dipoles changed as 10 Hz and 40 Hz sin 
wave. Furthermore, 10% Gaussian white noise was added as background noise.  

2.6. Human Experimentation 
After approval of the study protocol by the Institutional Review Board, a 24-year-old right-handed 

female normal subject took part in this study after informed consent. She performed fast repetitive 
finger movements, which were cued by visual stimuli. We recorded 10-15 blocks of 2 Hz thumb 
oppositions for both hands, with each 30 s blocks each of finger movement and rest.  

Using a 96-channel EEG system (NeuroScan Lab, TX), electrical potentials were recorded from 94 
scalp sensors. The A/D sampling rate was 250 Hz. One bipolar EMG was recorded and the peak point 
of EMG was used as a trigger for the movement-related potential (MRP) averaging. All data were 
inspected visually; trials containing artifacts were rejected. After the EEG recording, the electrode 
positions were digitized using a 3D localization device with respect to the anatomic landmarks of the 
head. About 450 artifact-free single epochs were averaged according to the following procedure. The 
EEG data were filtered digitally using a band-pass of 0.3-50 Hz.   

3. Results 

3.1. Simulation Results 
Figure 3 presents the results of the source separation. Maps of the SP (a) show overlapped 

distributions of dipole sources. First and second components of SP distributions separated by ICA are 
portrayed in Figs. 3(b) and 3(c). In this case, the number of independent components was two. Even 
with a large difference in strength between first and second dipole sources, the DL distributions were 
separated accurately by ICA. Figure 4 depicts actual and estimated dipole sources in the frontal plane. 
The position and moment of estimated dipole sources showed good agreement with those of actual 
dipole sources.  

Figure 5 shows the position and orientation errors between actual and estimated dipole sources. 
The average and standard deviation of errors over 1s (1000 points) were plotted against the noise level, 
defined as ||n||/||g||. The proposed method presented in Fig. 1 was compared with the traditional method 
to apply ICA to the SP. Especially, as shown for the position error, it was better to apply ICA to the 
DL distributions rather than directly to the scalp potentials. For this reason, the spatial resolution of 
brain electrical activities were improved and the noise involved was reduced by the regularized inverse 
filter, which incorporated noise covariance.  

3.2. Experimental Results of Movement-Related Potentials 
Figure 6 shows 94-channel averaged waveforms of SPs for left-hand movement and right-hand 

movement. Cortical dipole imaging analysis of the MRPs was conducted during the MF: the time point 
with the highest activity in the period of MF waveform was determined to be around 50 ms after the 
peak of EMG. The noise covariance of the PPF was estimated using the EEG data at the time point of 
EMG peak which it seemed that there was no signal as shown in Fig. 6.  

Figures 7 and 8 respectively display the estimated results of the cortical dipole sources for left-
hand and right-hand movement. As shown for realistically shaped cortical surface, the localized areas 
for MF in both hands were located in the premotor cortex, which is consistent with the hand motor 
representation. Most activities of the source in right-hand movement in the period of the MF covered 
the precentral sulcus.  
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Figure 3. Simulated results of dipole source separation: (a) SP, (b) first and (c) second components of SPs 
separated by ICA. 
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Figure 4. Simulated results of dipole source estimation. 
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Figure 5. Errors between actual and estimated dipole sources: (a) position and (b) orientation errors for each 
dipole source were averaged and plotted against the noise level. ICA was applied to the scalp 
potential (Left) and the dipole layer distribution (Right). 

 106



(a) 

0 100 200 300 400 500
-6

-4

-2

0

2

4

6

time [ms]

M
R
P

EMG MF

Time [ms]

Av
er

ag
ed

 M
RP

(b) 

0 100 200 300 400 500
-6

-4

-2

0

2

4

6

time [ms]

M
R

EMG MF

P
Av

er
ag

ed
 M

RP

Time [ms]

 
 

Figure 6.  Averaged movement-related potentials for (a) left-hand movements and (b) right-hand movements. 
EMG, EMG peak; MF, motor field. 
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Figure 7. Estimated dipole sources of MRPs for left-hand movement projected over (a) horizontal, (b) sagittal, 
and (c) coronal planes.  
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Figure 8. Estimated dipole sources of MRPs for right-hand movement projected over (a) horizontal, (b) sagittal, 
and (c) coronal planes. 
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4. Discussion 
We used the PPF that required a priori noise information to solve the inverse problem of cortical 

dipole imaging. The restorative ability might be improved substantially by the PPF if the noise 
covariance could be estimated precisely. Figure 6 shows that, in our experimental study of movement-
related potentials, the preparation potentials were observed before the EMG peak, although major 
potentials were observed after the EMG peak. We assumed that the data around the time point of the 
EMG peak changing from preparation to the period of MF had no source information. For that reason, 
we used them for calculating noise covariance. Our previous results demonstrated that the PPF using 
this noise covariance provided better performance than Tikhonov regularization, which did not use 
noise information [Hori et al., 2007]. The noise of DL distributions was reduced by the PPF, although 
the signal to noise ratio of EEG was low: our method might be effective for single or a few trial data 
with which noise is not fully reduced.  

We applied ICA for the DL distribution instead of SP. The traditional method was used to separate 
each signal directly from the scalp-recorded potentials. The SP maps were blurred because of low 
conductivity of the skull and were contaminated with noise. In contrast, the spatial resolution of the DL 
distribution was much better than that of SP. Moreover, the regularized inverse filter incorporated with 
statistical noise information acted as a noise reduction filter. For these reasons, the several dipole 
sources were easily separated from each other. As a result of experiments, the location and moment of 
the dipole sources were estimated more precisely from the DL distribution than from the SP.  

Figures 3 and 4 illustrate that if ICA accurately separates dipole sources, dipole sources were 
estimated well using our method. Furthermore, it was confirmed that the estimation error of dipole 
sources did not depend on the signal to noise ratio when ICA was applied to the DL distributions, 
which is different from results obtained using the traditional method. The location error of dipole 
sources estimated from our proposed method was significantly smaller than that of traditional method. 
These simulation results obtained using our method can support a dipole source localization technique 
for noisy conditions.  

In human experiments, one dipole sources was estimated at the deep location shown in red in Fig.8. 
Because the deep-seated sources do not much affect the SP, it was inferred not to be the true source. 
Other dipole sources were estimated respectively at the right-hemisphere and left-hemisphere for left-
hand and right-hand movements. Apparently, the sources are slightly distant from the cortical surface. 
For this reason, our simulation was performed with a three-sphere head model whereas the estimated 
dipole sources were projected onto the normalized human realistic head model for visualization. 
Consequently, the gap separating the sphere model and realistic model might cause depth error. 
Examination using whole realistic head model is necessary to validate our method’s performance. 
Although the estimated dipole sources showed good agreement with physiological knowledge, it is 
difficult to confirm whether the results were true or not from these experiments. Consequently, it is 
necessary to apply our method to other human experiments to examine the estimation ability.  

5. Conclusion 
We proposed a new localization method of equivalent dipole sources composed of dipole source 

imaging, separation, and estimation. In our simulations, the dipole sources were estimated accurately 
using dipole layer imaging and ICA. Results of this experimental study indicate that contralateral 
predominant activity of MF would occur after the EMG peak for both hands, which extends previous 
evidence supporting a hemispheric functional asymmetry of motor control. Further investigations using 
a more realistic head conductor model and experimental data are necessary to validate the performance 
of the proposed model in cortical dipole source localization. 
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