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Abstract. A variety of methods for solving EEG inverse problem had been proposed. Among others, 
we have been concerned with the equivalent dipole method in which the electromotive forces in the 
brain are approximated by a few dipoles. In order to calculate the potential distributions generated by 
the dipoles, a real-shaped three-shell head model or an individual head model is constructed for each 
subject from his/her MRIs or X-ray CTs. However, these images are not always available. And even if 
they are available, it is time consuming to construct such a head model. So, we had devised a technique 
for constructing approximate head model, which shall be called the semi-individual head model, by 
deforming a standard head model based on three size parameters measured on the subject. As the 
standard head model, we constructed a head model from averaged MRIs provided by the Montreal 
Neurological Institute. In order to evaluate the usefulness of the semi-individual head models, we 
constructed individual and semi-individual head models for 10 subjects and compared them in dipole 
localization. The localization error due to the discrepancy between them was about 8.8mm on average 
when the potentials were noise free. The error increased with the noise level, and was about 10.9mm 
when the S/N ratio in amplitude was 10. 
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1. Introduction 
In dealing with the inverse problems in EEG, the electromotive force distributions in the brain are 

usually approximated by some simplified models such as moving dipoles, fixed dipoles, multipoles, 
continuous source and so on; the parameters of these models are determined uniquely by fitting the 
forward solution to the measured EEG. Depending on the models for the electromotive force 
distribution and fitting schemes, various methods have been proposed to solve the inverse problems 
[1,2,3]. Among others, because of its simplicity, we have been concerned with the equivalent dipole 
method [4] in which the electromotive forces in the brain are approximated by a few dipoles, and their 
locations and moments are determined by means of the least square method from the measured 
potential distribution on the scalp. 

Whichever method may be used, we need some head model to get the forward solutions. A more 
sophisticated head model makes the forward solution more accurate but requires a longer computing 
time. Concentric multiple sphere models allow analytical solution to the forward problem. But the 
resultant EEG contains large error because the real human head is not spherical. Real shaped multiple 
shell head models are piecewise homogeneous, and hence EEG can be calculated effectively by the 
boundary element method. In order to increase the accuracy, we need more sophisticated model such 
as the real shaped inhomogeneous and anisotropic head model, which can be treated only by the 
numerical methods such as the finite element method. However, computational load becomes so heavy 
that it is practically impossible to adopt these models at the present time. So, at this point of time, we 
think the real shaped multiple shell head model is the best judging from the balance between the 
computational load and the accuracy of the computation. In practice, we usually use real-shaped three-
shell head models or SSB (Scalp-Skull-Brain) head models. 
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An individual SSB head model is constructed for each subject based on his/her MRIs or X-ray CTs. 
However, these images are not always available. And even if they are available, it is time consuming to 
construct such a head model. So, we had devised a technique for constructing approximate head model, 
which shall be called the semi-individual head model, by modifying or deforming a standard head 
model based on some measurements on the subject. We also performed computer simulations to 
evaluate how good are these semi-individual head models in dipole analysis compared with the 
individual head models. 

2. The standard head model and individual head models 
As the standard head model, we constructed a SSB head model shown in Fig.1 from the averaged 

MRIs called MNI305 provided by the Montreal Neurological Institute [5]. This model shall be called 
the MNI head model. MNI305 had been obtained by averaging MRIs of 305 subjects, which were 
scaled, rotated and translated to match some template MRI. Each shell (scalp, skull, brain) of the 
standard head model is triangulated with 912 nodes this time, but the number of nodes can be adjusted 
easily as occasion demands [6]. 

Figure 1.  The MNI head model (Scalp, Skull, Brain)

Since the averaged MRIs of lower part of the head are not available in MNI305, the MNI head 
model lacks lower part as shown in Fig.1. However, it works well for dipole estimation, because the 
electrodes are arranged over upper part of the scalp surface and the brain is surrounded by skull with 
low conductivity, and so the lower part does not affect the potentials at electrode sites so much. 

Electrodes are arranged on the scalp surface following the standard 10-20 method, and their 
locations are determined based on five anatomical markers (nasion, inion, both ears and the top of the 
head) specified on X-ray CTs or MRIs. For example, the locations of the five electrodes on the median 
plane are determined in the following way. At first, the cross line of the scalp surface with the median 
plane is determined, and its length from nasion to inion is computed. The median plane is defined as 
the one that contains nasion, inion and the top of the head. Then, five electrodes are placed at 10%, 
30%, 50%, 70% and 90% of the total length from nasion. In this way, all the 21 electrodes are 
determined automatically [6]. 

Individual head models for 10 subjects including 4 males and 6 females recruited from Hanada 
College, Japan were also constructed from their own MRIs. The study was approved by the Ethics 
Committee of Showa University School of Medicine. The individual scalp models for 10 subject A 
through J are shown in the upper panel of Fig.2 together with the MNI standard scalp model. In the 
same way, the individual skull models and brain models for the same 10 subjects are shown in the 
middle and the lower panels of the figure, respectively. 

3. Semi-individual head model 
A semi-individual head model is constructed based on three size parameters measured from the 

subject, namely (1) the linear distance between nasion and inion, (2) the linear distance between both 
ears, and (3) the curvature distance from nasion to inion along the cross line of the scalp surface with 
the median plane. The standard model is lineally elongated or contracted along x, y and z-axis, so as to 
approximate the subject's head. Elongation or contraction coefficients are determined so that the three 
size parameters of the deformed standard model are equal to those of the subject. 
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Figure 2.  Individual head modes for 10 subjects with the standard head model 
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Fig.3 shows the semi-individual scalp models 
thus constructed for subjects A through J. Elongation 
or contraction coefficients along x, y and z-axis for 
these 10 subjets are listed in Table.1. The direction of 
x, y and z-axis are from back to front, right to left 
and bottom to top, respectively. The skull and the 
brain of the standard head model are also lineally 
elongated/contracted with the same coefficients. 

4. Evaluation of the semi-individual head 
models in dipole estimation 
In order to evaluate the usefulness of semi-

individual head models, computer simulations were 
performed in the following way. At first we calculate 
potential distribution generated by an original dipole 
specified in an individual head model. Then a dipole is estimated from the potential distribution using 
the semi-individual head model, and the dipole thus estimated is compared with the original one. The 
electric conductivities of scalp, skull and brain were assumed to be 0.33, 0.0042 and 0.33 S/m, 
respectively. 

standard

A B C D

E F G H

I J

Figure 3. Semi-Individual scalp models for 10 subjects

z
0.841
0.919
0.865
0.897
0.963
0.948
0.919
0.959
0.960
0.888

Table 1.  Scaling factors along x,y and z-axis

Subject x y
A 0.912 1.042
B 0.912 1.047
C 0.910 0.960
D 0.885 1.005
E 0.930 1.011
F 0.977 1.134
G 0.860 0.949
H 0.864 0.987
I 0.969 1.084
J 0.894 1.035

4.1. Coordinate transformation 
Since individual and semi-individual head models are described in different coordinate systems, 

the coordinate of the dipole estimated in the semi-individual head model has to be transformed into the 
individual head model before comparison with the original dipole. The transformation, which is a 
composition of rotation and translation, is determined by minimizing the square deviation between the 
electrode locations on the individual head model and the transformed electrode locations on the semi-
individual head model: 

21 21
2 2)n n+ −R T r

1 1

( , ) (n n
n n

S R R
= =

′= − =∑ ∑T R r  (1) 

( , , )t
x y zT T T=T( , , )R R θ ϕ ψ=where  is the rotation matrix specified by three Euler angles , ,θ ϕ ψ ,  is 

the translation vector,  and  are the location vectors of n-th electrodes ( ) on the 
individual and semi-individual scalp models, respectively, and 

nr nR 1 ~ 21n =

n nR′ = +R R T  is the  after nR
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, ,x y zT T Ttransformation. Practically, six parameters , ,θ ϕ ψ  and  are determined by minimizing the 
square deviation S . Let the optimum rotation matrix and translation vector be  and , 
respectively, then the dipole D  estimated in the semi-individual head model at R  is transformed into 
the dipole  at  in the individual head model. 

optmToptmR

optmR′ =D D optm optmR′R = +R T

T

In Fig.4 (a), for example, the individual 
and semi-individual scalp models for subject 
A are shown together painted in red and 
green, respectively, and the electrodes are 
plotted as small spheres in the same color as 
the corresponding scalp model. The green 
one, the semi-individual model, slips out of 
place from the red one, the individual model, 
since they are described in different 
coordinate systems. The semi-individual 
model has to be rotated and translated to fit 
the individual head model as shown in Fig.4 
(b). The blue one that fits best with the 
individual scalp model shall be called the transformed semi-individual model. Note that the 
transformed semi-individual head models are constructed only for the comparison of the estimated 
dipoles with the original dipoles specified in the individual head models. In practical applications, we 
do not need rotation or translation of the semi-individual head models. 

( )b( )a

Figure 4.  Coordinate transformation 

The location vector of n-th electrode on the transformed semi-individual model is given by  
, and so the distance between  optm, optm optmn nR′ = +R R optm,n′R  and  , namely optm,n n′ −R rnr   is the 

fitting error of the n-th electrode. Fig.5 shows the fitting errors of all the 21 electrodes for subject A 
through J. The fitting error differs among electrodes and from subject to subject. For example, in the 
case of the subject A (bar chart at upper left corner in Fig.5), the fitting error is as small as 0.83mm for 
electrode #9 (O1) but it is 8.88mm for electrode #13 (T3), and averaged fitting error over 21 electrodes 
is 5.18mm with the standard deviation 1.94mm as indicated in the bar chart. The subplot at the lower 
right corner in Fig.5 shows the averaged fitting error across 10 subjects for the 21 electrodes. Fitting 
errors for electrodes #9 (O1) and #10 (O2) are small (less than 3mm) while those for electrodes #11 
(F7), #12 (F8) and #13 (T3) are rather large (larger than 6mm). The grand average over 210 electrodes 
(21 electrodes per subject times 10 subjects) is 4.20mm with the standard deviation 2.04mm. 

Figure 5.  Electrode fitting error

5.18 1.94± 3.66 2.01± 4.28 1.60± 4.16 1.58±

3.00 1.25± 5.43
2.57±
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3.40 1.33± 4.60 1.65±
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[mm]
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4.2. Original dipole 
In order to specify the original dipole locations in the 

individual head models, we at first chose 19 sites in the 
standard head model as shown in Fig.6. Sites #15 though 
18 are in the vicinity of the skull base, while #1 through 7 
are on the middle level of the brain, and #8 through 14 are 
on the upper level. Site #19 is at the top of the brain. 
These sites are transformed into each of the transformed 
semi-individual models and used as the original dipole 
locations in the individual head models. 

1
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9 10
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1213

14

15

16

1718

19

Figure 6.  Original dipole locations 

For each site of original dipole, many kinds of 
original dipole with different directions are examined one 
at a time. The directions are specified by the quasi-regular 
polyhedron [6] of type (7,0) that is, roughly speaking, a 
homogeneously triangulated sphere with 492 nodes, and 
the directions of the original dipoles are given by 
connecting the center of the polyhedron to its 492 nodal 
points. In this way, 492 directions of the original dipole 
are examined for each original dipole location. The 
strength of the original dipole is fixed to 1[mA mm]⋅ . As 
a matter of course, the potential distribution changes as 
the location and direction of the original dipole change, 
but the root-mean-square value of the potentials at 21 
electrode sites do not change so much. It remains about 
30μV (within 25 to 35μV). 

4.3. Estimated dipole 
The estimated dipole changes as the direction of the original dipole changes, and hence 492 

estimated dipoles distribute around each of the original dipole locations as shown in Fig.7. As 
mentioned before, 19 sites are specified as the original dipole locations, but only 10 of them are 
selected for presentation in these figures for figure clarity purpose. Anyway, green points indicate 
original dipole locations and yellow ones the estimated dipole locations. As can be seen from Fig.7, the 
dispersion of estimated dipole is rather large in subject A, while it is small in subject G. 

Subject A Subject G

Figure 7.  Distribution of the estimated dipoles around the original dipoles 

So, in order to evaluate the discrepancy between the original and estimated dipoles, we introduced 
three indices, namely the mean displacement , the dispersion mD  and the total dispersion σ Tσ . They 
are defined as 

492
2 2

gc org est , gc
1

1, ,
492m k

k
D DT mσ σ

=

= − = − = +∑R R R R σ  (2) 

where  is the original dipole location, R  is the k-th estimated dipole location ( ), 
and  is the gravitational center of the 492 estimated dipole locations: 

orgR 1 ~ 492k =est ,k

gcR
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492

gc est ,
1

1
492 k

k=
= ∑R R  (3) 

Mean displacement[mm]

[mm]

[mm]

Dispersion

Total dispersion

5.07 1.84 [mm]±

3.27 2.43 [mm]±

6.18 2.75 [mm]±

Figure 8.  Three indices mD , σ  and Tσ  
in the case of subject G 

The mean displacement  is the distance between the 
original dipole location  and the gravitational center 

, while the dispersion 

mD

orgR

gcR σ  is, to be precise, the 
dispersion of the estimated dipole locations around the 
gravitational center . On the other hand, the total 
dispersion 

gcR

Tσ  is the dispersion of the estimated dipole 
locations around the original dipole location . orgR

As an example, in Fig.8, the three indices are plotted 
for each of 19 original dipole locations in the case of the 
subject G. The mean displacement is large for site 
#15,16,17,18 that are in the vicinity of the skull base. 
The average of the mean displacement over 19 original 
dipole locations is 5.07mm with the standard deviation 
1.84mm. In the same way, the average of the dispersion 
and the total dispersion are 3.27mm and 6.18mm with the 
standard deviation 2.43mm and 2.75mm, respectively. 

Fig.9 shows the mean displacement  for all ten 
subject A through J.  is small in subject C, but it is 
large in subject B and F. The subplot at the lower right 
corner in Fig.9 shows the averaged mean displacement 
across 10 subjects for the 19 original dipole locations. 
The grand average of the mean displacement over 190 
cases, 19 sites times 10 subjects, is 6.72mm with 
standard deviation 3

mD
mD

.59mm. 
In the same way, Fig.10 shows the dispersion σ  for 

all ten subjects. The dispersion σ  is rather large when 
the original dipole is in the vicinity of skull base for all the subjects. Apart from this, σ  is small in 
subject E and G, but is large in subject A, B, C, F and H. In the case of the subject C, the mean 
displacement is quite small but the dispersion is rather large. Contrary to this, in the case of the subject 
G, the mean displacement is not so small but the dispersion is small except for the original dipoles near 
the skull base. Then a question arises, what is the reason why the mean displacement and dispersion 
differ subject to subject. 

Figure 9.  The mean displacement for the subject A through J

4.03 1.93±

10.05 2.68± 2.61 0.99± 6.64 2.43±

7.42 3.63± 11.91 2.46± 5.07 1.84± 7.43 2.95±

4.67 2.49± 7.31 1.70±

[mm]

6.72 3.59 [mm]±

A B C D

E F G H

I J 6.72 1.69± Ave.
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4.4. A Caucasoid model and a Mongoloid model 
One possible reason is the similarity in the shape of the individual head to the standard head. In the 

case of a subject whose head is similar to the standard head, the semi-individual head model is a good 
approximation to the individual head model, and hence the discrepancies of the estimated dipoles from 
the original dipoles are expected to be small. 

Fig.11 shows the individual head models in horizontal view for subject A through J and the MNI 
standard head model. The MNI model is based on MRIs obtained from Canadian subjects (Caucasoid), 
and it looks like an ellipse in the horizontal view. On the other hand, all the subjects A though J are 
Japanese (Mongoloid), and their heads look like upside-down pears (bulbous at the top but narrow at 
the bottom). An ellipse cannot be transformed into a pear-shape by a contraction or elongation along 
the major axes. It seems better to use a head model based on averaged MRIs obtained from many 

Figure 10.  The dispersion for the subject A through J

[mm] A B C D

E F G H

I J

5.84 2.05±

6.24 3.01± 5.34 2.01± 4.99 3.41±

4.13 3.41± 5.91 3.28± 3.27 2.43± 6.01 2.98±

4.88 2.61± 5.24 3.02±

5.18 3.00 [mm]
5.18 2.66± Ave.

±

A B C D

E F G H

standard
I J

Figure 11.  Individual head models in horizontal view
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Mongoloid subjects, but such MRIs are not available at the present time. Therefore, as an attempt, we 
use an individual head model of subject J as the standard head model. 

Fig.12 shows the mean displacement in the case that the individual head model for the subject J is 
used as the standard head model. Comparing with Fig.9, the mean displacement decreased 
considerably in subject B, F and also in D and E, while it increases in subjects A and C. In all subjects, 
the mean displacement for the sites near the skull base decreases, and its variation among the subjects 
and also among the original dipole locations becomes smaller. Grand average of the mean 
displacement excluding the subject J is 5.55mm with the standard deviation 2.03mm. 

4.5. Comparison with the concentric 3-layer sphere model 
In order to verify the usefulness of the semi-individual head models as compared with the 

concentric 3-layer sphere model in dipole estimation, we performed computer simulations as follows. 
We adopted a concentric 3-layer sphere model with radii 65, 71, 75 mm, respectively, as the basic 

one, and 21 electrodes are placed according to the standard 10-20 method. This basic sphere model is 
scaled isotropically, rotated and translated to fit the individual head model. Namely, the scaling, 
rotation and translation are determined by minimizing the square deviation between the electrode 
locations on the individual head model and those on the concentric 3-layer sphere model. Note that the 
sphere model is scaled isotropically, or elongated/contracted along x, y and z-axis with the same factor. 
If not so, the resultant one is not a concentric 3-layer sphere model but a concentric 3-layer ellipsoid 
model. The grand average of the electrode fitting error over 210 electrodes (21 electrodes times 10 
subjects) was 10.91mm with the standard deviation 5.79mm, more than twice as large as in the case of 
the semi-individual head models. 

Dipole localization errors were evaluated in the same way as described in subsections 4.2 and 4.3. 
The grand averages and the standard deviations of the mean displacement, the dispersion and the total 
dispersion over 190 cases (19 sites times 10 subjects) are listed in Table 2 with those obtained in the 
cases that the MNI head model and the individual head model of subject J are used respectively as the 
standard head model. The mean displacement, the dispersion and the total dispersion are all smallest 
when the individual head model of subject J is used as the standard head model, and they are largest in 

Figure 12.  The mean displacement (subject J as the standard)

[mm] A B C D

E F G H

I J

6.17 1.53±

6.11 1.63± 7.13 1.23± 3.52 1.43±

4.75 2.37± 5.98 1.84± 6.11 2.05± 5.08 2.33±

5.08 1.05±

5.55 2.03[mm]
5.55 0.91±

Ave.9±

Table 2.  Grand average and standard deviation of dipole location estimation error in [mm]. 

Mean displacement Dispers ion Total dispers ion
 MNI head model 6.72 ± 3.59 5.18 ± 3.00 8.84 ± 3.97
 Individual head model of subject J 5.55 ± 2.03 4.78 ± 2.09 7.53 ± 2.34
 3-layer spherical head model 7.71 ± 3.88 13.35 ± 6.81 15.77 ± 7.10
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the case of concentric 3-layer sphere model. Especially, the dispersion and the total dispersion obtained 
from the concentric 3-layer sphere model are more than twice as large as those obtained from the other 
two models. These results demonstrate the benefit of constructing the semi-individual head models 
from the standard head model. 

5. Influence of the Measurement Noise on the Dipole Estimation 
We also performed computer simulations to 

evaluate the influence of the measurement noise on 
the dipole estimation. The processes of the 
computer simulation are almost the same as the 
ones described in the previous section except that 
Gaussian noise with zero mean were added to the 
calculated potentials to simulate measured 
pote

tes times 
10 s

plitude is

ut 30μV, so the noise amplitude 3μV 
corresponds to the S/N ratio in amplitude about 30μV/3μV=10. 

6. 

 MRIs obtained from Mongoloid subjects were used 
as the standard head model for Japanese subjects. 

RMS [μV]n

Averaged mean displacement[mm]

Averaged dispersion

Averaged total dispersion
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Figure 13.  Influence of the measurement noise 

ntials. 
As shown in the previous section, estimated 

dipoles are distributed around the corresponding 
original dipoles even if the potentials are noise free. 
For example, in the case of subject G, the average 
of the mean displacement over 19 original dipole 
locations is 5.07mm, and the averaged dispersion is 
3.27mm as shown in Fig.8. When the noise with 
amplitude (root-mean-square value) 2μV or 4μV, 
for example, is added to each of the 21 potentials at 
21 electrode sites, the averaged dispersion increases 
to 5.27mm or 8.49mm, respectively, but the 
averaged mean displacement stays almost constant. 
In this way, we get Fig.13 in which the averaged 
mean displacement, the averaged dispersion and the 
averaged total dispersion are plotted as the 
functions of noise amplitude with colored lines 
corresponding to 10 subjects, and their grand 
averages, averaged over 190 cases (19 si

ubjects), are plotted with black lines. 
As can be seen from Fig.13, the averaged mean displacement stays constant although it differs 

subject to subject. On the hand, the averaged dispersion does not vary so much among subjects, and 
increases with the noise amplitude. The grand average of the mean displacement is about 6.7mm 
independently of the noise amplitude, while the grand average of the dispersion increases from 5.2mm 
to 9.7mm as the noise amplitude increases form 0μV to 4μV. In this range of the noise amplitude, the 
grand average of the total dispersion, which is the index of the localization error, changes from 8.8mm 
to 12.1mm. In other words, the localization error is about 8.8mm even if the potentials are noise free, 
and it is about 10.9mm when noise level is 3μV, or the S/N ratio in am  about 10. As 
mentioned in the sub-section 4.2, strength of the original dipole is fixed to 1[mA mm]⋅ , and the root-
mean-square value of the potentials on the scalp surface is abo

Conclusions 
We proposed a simple method to construct semi-individual head models by deforming a standard 

head model based on three size parameters measured on the subjects, and evaluated their adequacy for 
the dipole estimation by means of computer simulation. When the MNI head model, which is 
constructed from the averaged MRIs obtained from Caucasoid subjects, is used as the standard for 
Mongoloid subjects, localization error due to the discrepancy between individual and semi-individual 
head model was about 8.8mm on the average when the potentials were noise free. The error increased 
with the noise level, and was about 10.9mm when the S/N ratio in amplitude was 10. There is good 
reason to expect that the discrepancy between individual and semi-individual head models might be 
smaller if a head model constructed from averaged
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