
 1 of 4

Abstract—The purpose of the present study was to examine the 
spatial resolution of electroencephalography (EEG) by means 
of inverse cortical EEG solution. The main interest was to 
study how the resistivity ratio of the brain, skull and scalp and 
the amount of measurement noise affect the spatial resolution 
of different electrode systems. Inhomogeneous spherical head 
models with two different skull resistivities were used to obtain 
the source-field relationship of cortical potentials and scalp 
EEG field. The resistivity of the skull was 8 or 15 times the 
resistivity of brain and scalp. Truncated singular value 
decomposition was used to evaluate the spatial resolution. The 
results show that lower skull resistivity increases the spatial 
resolution. The results obtained with the lower skull resistivity 
indicate that in any clinical EEG measurement noise 
environment the application of 128 measurement electrodes 
still improves the spatial resolution compared to sparser 
electrode systems. If the measurement noise is very low the use 
of even 512 electrodes is justified. 
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I.  INTRODUCTION 
  
The aim of the present study was to examine the effect of 
skull resistivity and measurement noise on the spatial 
resolution of EEG (electroencephalography). Nowadays 
measurement systems of up to 256 electrodes and over exist 
and there is a general interest to evaluate the benefits of 
high-resolution EEG. 

 The spatial resolution of EEG is affected by blurring 
caused by volume conductor effects, the contribution of the 
low-conducting skull being the largest. If the spatial 
resolution is poor, localization of complex electrical 
activation is difficult. To improve spatial resolution the 
number of electrodes needs to be increased and some sort of 
spatial enhancement method should be applied to the signal. 
One of the most common of these methods is solving the 
cortical potential distribution. 

To solve the cortical potential distribution it is necessary 
to construct a volume conductor model of the head and to 
solve the inverse problem. For the accuracy of the results, it 
is important, in addition to geometry, to give correct 
resistivity values for different tissues. 

In the earliest modelling studies of Rush and Driscoll, 
the resistivity of the skull was 80 times the resistivity of 
brain and scalp [1]. This resistivity ratio has been widely 
applied in modelling studies. In recent years new 

information on the resistivity of the skull has been published 
[2][3]. The latest publications on skull resistivity indicate 
that the ratio could be as low as 8/1 [3]. 
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 We have previously studied the spatial resolution of 
various EEG electrode configurations with a spherical head 
model, where the resistivity ratio was 15/1 [4]. The 
objective was to evaluate the relationship between the 
number of EEG electrodes, measurement noise and the 
accuracy of the inverse solution of cortical potential 
distribution. This was done by means of model-based 
inverse EEG solution. In the present study we will evaluate 
how the spatial resolution changes, if the resistivity ratio is 
8/1.  
 

II.  METHODS 
 
A. Volume Conductor Model 
 In the present study we applied the same methods to 
evaluate the spatial resolution of EEG than we have 
published in [4]. To obtain the source-field relationship of 
cortical potentials and scalp EEG field, a three-layer 
spherical Rush and Driscoll head model was applied. The 
model included the layers of scalp, skull and grey matter. 
Previously we have applied the resistivity ratio for the skull 
different from the Rush and Driscoll model, being 15/1 [4]. 
In the present work we applied the resistivity ratio 8/1 based 
on the recent information on the skull resistivity [3]. 
 In our study we constructed an FDM (finite difference 
model) of the head. From the FDM constructed, the cortical 
surface was so defined that it formed a closed surface. To 
decrease the computational load of the forward transfer 
matrix, groups of adjacent nodes were combined to form 
equal-sized source areas on the cortical surface. The number 
of source areas varied from 52 to 8450 between different 
simulations.  

 We studied five different electrode systems listed in 
Table 1. The distances between electrodes were 60 mm, 33 
mm, 23 mm and 16 mm and 11 mm. These are the distances 
in the commonly applied 10-20 –system and the systems of 
64, 128, 256 and 512 electrodes, respectively. In our study 
we placed the electrodes evenly over the entire spherical 
scalp surface according to the electrode distance. The 
resulting numbers of electrodes in the model were 34, 104, 
232, 462 and 938, corresponding to the previously 
mentioned realistic systems. Thus the number of electrodes 
on half sphere corresponds to realistic electrode systems.  
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TABLE I 
ELECTRODE SYSTEMS STUDIED. IN THE FIRST COLUMN THE 

INTERELECTRODE DISTANCE IS GIVEN. IN THE SECOND COLUMN THE 
CORRESPONDING NUMBER OF ELECTRODES IN THE REALISTIC ELECTRODE 

SYSTEMS IS GIVEN AND IN THE THIRD THE NUMBER OF ELECTRODES PLACED 
ON THE ENTIRE SURFACE OF THE SPHERICAL MODEL IS GIVEN. 

 
 

The forward problem of EEG can be described with the 
equation: 

= Ab x             (1) 
 

where b is a vector containing information on the measured 
EEG field, x is a vector containing information on the 
source. A is the forward transfer matrix containing the 
information on the volume conductor. 
 To solve the inverse problem the matrix A needs to be 
inverted. The problem is ill-posed and regularization is 
needed. In our method, TSVD (truncated singular value 
decomposition) was applied to study the inversion of the 
matrix A. We studied the cortical potential distribution as a 
solution to the inverse problem. It can be considered as an 
equivalent source, because it is the electric field produced 
by all the electrical sources within the brain.  

 
B. Spatial Resolution 

 To study the spatial resolution of cortical potential 
distribution, we applied the same method than published in 
[4]. In addition to being a convenient method to handle the 
ill-posedness of the forward transfer matrix, TSVD is a 
practical means of studying the effect of measurement noise 
on the spatial resolution. The nullspace of the matrix A 
consists of the basis vectors which lead to the signal smaller 
than the measurement noise: 
 

i <σ σ1 e b  (2) 

 
where e is the measurement error in b, including noise [5]. 
The relation in (2) is known as relative noise level (NL). 
The nullspace starts with the index i of the first normalized 
singular value smaller than the relative noise level. The 
basis vectors of the source space belonging to the nullspace 
cannot be reconstructed, when the inverse problem is 
solved. As the relative noise level increases the number of 
reconstructable basis vectors decreases. This results in a 
more smeared inverse solution of the source potential 
distribution on the cortical surface, i.e. the spatial resolution 
decreases. We applied TSVD to all calculated forward 
transfer matrices and solved the number of reconstructable 

basis vectors for each transfer matrix.  
 We have previously estimated the relative noise level in 
EEG measurements [6]. The definition of the measurement 
noise in the case, where the whole cortical potential 
distribution is to be solved, differs for example from the 
measurement noise in dipole localization. When the cortical 
potential distribution is to be solved the background activity 
of the brain is not considered to be noise but actual signal. 
Both the magnitude of the measurement noise and 
magnitude of the signal affect to the relative noise level. The 
noise can be more easily controlled, but the signal amplitude 
depends on what kind of brain activity is being measured. 
We have approximated that in normal clinical setting, the 
typical values of relative noise level vary between 0.01 and 
0.1. On the other hand in a noisy environment, the relative 
noise level can be noticeably higher than 0.1.  
 In the present study we compared the spatial resolution 
of different electrode systems when the resistivity of the 
skull was 8 times and 15 times the resistivity of scalp and 
brain.  
 

III.  RESULTS 
 
 Spatial resolution of different electrode systems is 
investigated by studying the number of reconstructable basis 
vectors (RBVs) based on (2). In Fig. 1 and Fig. 2 the 
resistivity ratio for the skull is 8/1 and 15/1, respectively. 
The numbers of reconstructable basis vectors in both figures 
are sketched for relative noise levels 0.01 (a), 0.02 (b), 0.04 
(c) and 0.1 (d). 
 In Fig. 1(a) and Fig. 2(a) relative noise level is 0.01. It 
can be seen that with both resistivity ratios, the system of 
512 electrodes gives the best possible spatial resolution, 
because more RBVs can be reconstructed than with sparser 
electrode systems. In Fig. 1(a) the number of RBVs with 
512 electrodes is 38 % larger than in Fig 2(a). This result 
shows that if the resistivity ratio is 8/1, the spatial resolution 
is better than if the ratio is 15/1. 
 In Fig. 1(b) and Fig. 2(b) relative noise level is 0.02. In 
Fig. 1(b) the largest number of RBVs can be reconstructed 
with 512 electrode system. In Fig. 2(b) almost same number 
of RBVs can be reconstructed with 256 and 512 electrode 
systems, and thus they have similar spatial resolution. What 
is again seen in these figures is that in Fig. 1(b) the 
maximum number of RBVs is 44 % larger than in Fig. 2(b). 
 As we have previously concluded, as the measurement 
noise increases the advantage of dense electrode systems 
decreases [4]. This is now clearly seen for both resistivity 
ratios in Fig. 1(a)-(d) and Fig. 2(a)-(d).   
 In Fig. 1(c) and Fig. 2(c) the relative noise level is 0.04. 
If resistivity ratio is 8/1, 512- and 256-electrode systems 
give quite similar spatial resolution, which is better than 
obtained with 128-electrode system. On the other hand, if 
the resistivity ratio is 15/1, the spatial resolution of all these 
three systems is similar. It can also be seen that in Fig. 1(c),  
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(b) 
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Fig. 1. Effect of relative noise level on the number reconstructable basis 
vectors. The resistivity ratio for the skull is  8/1.  (a) NL = 0.01, (b) NL = 

0.02, (c) NL = 0.04, (d) NL = 0.1. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 2. Effect of relative noise level on the number reconstructable basis 
vectors. The resistivity ratio for the skull is 15/1. (a) NL = 0.01, (b) NL = 

0.02, (c) NL = 0.04, (d) NL = 0.1. 
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the number of RBVs with 256 and 512 electrodes is 
approximately 41 % larger than the number of RBVs in Fig. 
2(c) obtained with the same electrode systems. Thus if the 
resistivity ratio 8/1 the spatial resolution is better than if 
resistivity ratio 15/1. 
 

IV. DISCUSSION 
 
When comparing the spatial resolution of different electrode 
systems, it is clearly seen that if the resistivity ratio between 
skull and brain or scalp is 8/1 better spatial resolution is 
obtained than if resistivity ratio is 15/1. With both ratios it is 
seen, that as the amount of measurement noise increases, the 
advantage of dense electrode systems decreases.  
 It is interesting that with any relative noise level, if the 
resistivity ratio is 8/1 it is useful to apply more electrodes to 
improve the spatial resolution than if the resistivity ratio is 
15/1. As an example, we can consider a case, where the 
relative noise level in clinical EEG measurement is 0.04. 
Based on our results, if the resistivity ratio for the skull is 
8/1, it is advantageous to apply 256 electrodes to obtain the 
best possible spatial resolution, which is seen in Fig. 1(c). If 
the resistivity ratio is 15/1, the application of 256 electrodes 
does not give better spatial resolution than 128 electrodes as 
seen in Fig. 2(c). 
 In [4] we concluded that in any clinical EEG 
measurement it is beneficial to apply a system where the 
inter electrode distance is 33 mm to obtain the best possible 
spatial resolution. This distance corresponds to 64 
measurement electrodes. Based on the new results obtained 
with the lower skull resistivity, it seems that in clinical EEG 
measurements even the use 128 electrodes (electrode 
distance 23 mm) improves the spatial resolution. 
 Also in [4] we concluded that in a realistic measurement 
setup, where the noise is as low as possible, the use of even 
256 electrodes (electrode distance 16 mm), is beneficial. 
Based on the new results, even the use of 512 electrodes 
(electrode distance 11 mm) can give better spatial 
resolution. 
 In [7] Malmivuo and Suihko studied the spatial 
resolution of EEG with various resistivity ratios for the 
skull. They conducted their studies with the concept of half 
sensitivity volume (HSV) on a three-layer spherical head 
model in a noiseless situation. Based on their results, if the 
relative skull resistivity is 5/1 or 10/1, the spatial resolution 
of EEG still improves when the distance between electrodes 
is decreased from 16 mm to 11 mm. This result is in 
agreement with our results obtained if the resistivity ratio is 
8/1 and the relative noise level is low. 
 The main question that still remains is the correct 
information on the skull resistivity, because the results 
obtained by several research groups are controversial. Also 
the effect of realistic head anatomy, especially the skull 
anatomy, should be taken into account before drawing final 

conclusions about EEG spatial resolution. However our 
results clearly show the increase in spatial resolution and the 
usefulness of high-resolution EEG even in normal clinical 
environment, if the new information on the skull’s low 
resistivity is valid. 
 

V.  CONCLUSION 
 

 The results obtained in the present study by applying a 
three-layer spherical head model show that if the resistivity 
ratio is 8/1 for the skull, spatial resolution of EEG is better 
than if the resistivity ratio 15/1. The results further assure 
the benefits of high-resolution EEG. 
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