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Abstract 
 

Calculating the spatial locations, directions and magnitudes of electrically active sources of 
human brain by using the measured scalp potentials is known as source localization. An accu-
rate source localization method requires not only EEG data but also the 3-D positions and 
number of measurement electrodes, the numerical head model of the patient/subject and the 
conductivities of the layers used in the head model. In this study we computationally deter-
mined the effect of noise, conductivity errors and electrode mislocalizations for electrical 
sources located in somatosensory cortex. We first randomly selected 1000 electric sources in 
somatosensory cortex, and for these sources we simulated the surface potentials by using av-
erage conductivities given in the literature and 3-D positions of the electrodes. We then added 
random noise to measurements and by using noisy data; we tried to calculate the positions of 
the dipoles by using different electrode positions or different conductivity values. The esti-
mated electrical sources and original ones are compared and by this way the effect of meas-
urement noise, electrode mislocalizations and conductivity errors to somatosensory dipole lo-
calization is investigated. We conclude that for an accurate somatosensory source localization 
method, we need noiseless measurements, accurate conductivity values of scalp and skull lay-
ers and the accurate knowledge of 3-D positions of measurement sensors. 
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Introduction 
 
Electroencephalography (EEG) measures the scalp elec-
trical potentials produced by electrical activities of the 
human brain due to body functions. The electrical activity 
of the human brain is commonly modeled by electrical 
dipoles. If the electrical activities of the brain (i.e. electri-
cal dipoles) are known, then the scalp electrical potentials 
(EEG) can be calculated. But in reality the electrical ac-
tivities can not be exactly known; besides, only scalp 
potentials can be measured.  Calculating the spatial loca-
tions, directions and magnitudes of electrically active 
sources of human brain by using the measured scalp po-
tentials is known as bioelectromagnetic inverse problem, 
electrical source imaging or more commonly source local-
ization which is a multidisciplinary research field that is 
used to understand electrophysiological, hemodynamic, 
metabolic, and neurochemical processes that underline 
normal and abnormal brain functions [1-3]. 
 
Source localization is commonly used in medicine, espe-
cially in cognitive neuroscience, neurology, psychiatry, 

and psychopharmacology. In cognitive neuroscience, the 
event related potentials and temporal change of informa-
tion processing mechanisms are analyzed. In neurology 
source localization studies are focused on localization of 
activities in somatosensory and motor cortex. Source 
localization finds most of its application in clinical neu-
rology, especially dealing with the calculation of epileptic 
sources in epilepsy patients. Depending on the epileptic 
sources, an epileptic surgery may be planned [4-7]. In 
clinical applications source localization methods are 
commonly used in diagnosis and treatment of epilepsy, 
schizophrenia, depression, Parkinson and Alzheimer. 
Source localization is also used in Brain-Computer Inter-
face (BCI) developments [8-9].  Source localization can 
be performed to identify regions of brains related to func-
tional experiments. For example, the electrically active 
regions of the brain can be determined when a visual, 
auditory or somatosensory (touch, pressure, temperature, 
pain) stimulus is applied [10]. By this way the relation-
ship between the applied stimulus and the electrical ac-
tivities of the brain can be related. In this study we will 
focus on the cases where a somatosensory stimulus is 
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applied.  Somatosensory stimulus cause electrical activity 
on the somatosensory cortex, which lies posterior to the 
central sulcus, on the top of the brain. 
 

An accurate source localization method requires not only 
EEG data but also the 3-D positions and number of meas-
urement electrodes, the numerical head model of the pa-
tient/subject and the conductivities of the layers used in 
the head model [2]. Source localization algorithms in the 
first stage assume a known source model and calculate the 
potential distribution at electrode positions (the so-called 
forward problem solutions); then compares calculated 
potential distributions and measured ones. Depending on 
the error between calculated and measured scalp poten-
tials, the solution is changed to minimize the difference 
iteratively. The source configuration that gives the small-
est difference between the calculated and measured poten-
tial in a given constraint is obtained by terminating the 
procedure [2].  
 

In the early studies on source localization, the human 
head is assumed to be a sphere and spherical head models 
were commonly used. But it is known that spherical head 
model assumptions introduce errors [1,3]. With the devel-
opment of high-resolution magnetic resonance and com-
puterized tomography imaging system, realistic head 
models obtained from the MRI or CT images of the sub-
ject/patient are used in source localization studies [11-12]. 
For the electrode positions; there are five different meth-
ods suggested to measure the electrode positions in 3-D: 
manual methods [13-14], RF digitizer usage [15-16], 
MRI-assisted methods [17-20], ultrasonic methods [21-
22], and methods those use photogrammetric principle 
[23-25]. The review of these methods is given in the lit-
erature and is not repeated here [25]. Another data set that 
is necessary for accurate source localization is the con-
ductivity/resistivity of the tissues/compartments used in 
the head model, since they vary according to the age and 
health conditions of the subjects/patients [26-28]. So it is 
necessary to perform subject-specific conductivity estima-
tion with a low error rate, and then use it for source local-
ization. There are many studies trying to estimate the 
conductivities of the head layers [such as the ones 29-33], 
but it is out of the scope of this paper and they will not be 
repeated here.  
 

The scope of this study is to calculate the effect of elec-
trode mislocalization, measurement noise and conductiv-
ity errors to source localizations performed for the sources 
located in the somatosensory cortex. The organization of 
the paper is as follows: in the remaining part of the intro-
duction section the simulation studies that investigate the 
effect of noise, electrode localization errors and conduc-
tivity errors to source localization performed all over the 
brain is summarized. In materials and methods section, 
the simulation studies performed are summarized, and 
then results are presented.  

 
The influence of electrode misplacement and measure-
ment noise to source localization has been investigated 
previously. Khosla et. al. performed simulation and hu-
man studies using a 4-layered spherical head model [15]. 
The locations of the dipoles are selected randomly all 
over the brain. In the simulations the scalp potentials were 
assumed to be measured by 31 electrodes. During the 
inverse problem solution all electrodes were assumed to 
be randomly displaced from their original positions and it 
is found that electrode mislocalization of about 50 mm 
causes about 5 mm dipole location and 50 dipole orienta-
tion errors and they concluded that for the spherical head 
models electrode mislocalizations with standard devia-
tions in the range of 2-50 mm introduce errors on the 
same order as those due to additive noise levels of 10% 
[15]. In a second study performed in spherical head model 
Van Hoey et. al. [34] used 27 electrodes and three-layered 
spherical head model. In forward simulations the elec-
trode positions were changed by a random azimuth and 
elevation angle deviation from the standard positions. The 
angle deviations were set to be independent and identi-
cally distributed Gaussian numbers. During the inverse 
localization procedure standard electrode positions were 
assumed and electrode mislocalizations were not taken 
into account. As a result it is found that 7.8 mm source 
localization error is obtained for an average of 10 mm 
electrode positioning error. They also investigated the 
effect of measurement noise to source localization and 
they found that the effect of measurement noise can be 
reduced by averaging the data sets, but averaging does not 
influence the localization results in the case of electrode 
mislocalizations. So they strongly recommended that for 
accurate source localization it is necessary to determine 
the measurement electrode positions with less error. They 
concluded that it is important to reduce the measurement 
noise and the electrode localization error, as the influence 
of the latter is not reduced by taking into account multiple 
time instants [34]. 
 
There are a few studies dealing with the electrode local-
ization errors in realistic head models. In the first one 
Wang et. al. [35] investigated the effect of measurement 
noise and electrode localization error to source localiza-
tion. For the noisy measurement case they found that 8-10 
dB measurement noise causes an average of 5 mm source 
localization error, and an average of 5 mm electrode lo-
calization error causes 4.98 mm source localization error, 
and it has the same effect of 8-10 dB measurement noise. 
When measurement noise and electrode localization er-
rors are present at the same time, the source localization 
error increases to 7 mm [35]. In a second study Whitting-
stall et. al. used a source model consists of symmetric two 
dipoles and 64 EEG electrodes. In that study it is found 
that electrode localization error in the range of 0-1 cm 
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causes a mean localization error of 6 mm without meas-
urement noise. In realistic clinical conditions (added  
measurement noise with a SNR of 6 -12), the mean local-
ization error due to electrode misplacement is approxi-
mately 3.3 mm greater than those caused by random noise 
[36]. 
 
Another important parameter that effects the source local-
ization performance is the conductivities of the layers 
within the head model. In source localization applications 
the average conductivity values given in the literature is 
used or subject-specific conductivity estimation is per-
formed. The effect of conductivity errors to source local-
ization is also investigated by simulation studies. Pohl-
meier et. al. used a realistic head model to investigate the 
effect of skull conductivity variances. In this study the 
average conductivity value of the skull given in the litera-
ture is used in forward simulations, but on the inverse 
solution the conductivity of the skull is varied and the 
source localization error due to this conductivity change 
is calculated. It is found that the 20% error of skull con-
ductivity causes a source localization error of 3 mm [37]. 
Awada et. al., used a realistic head model obtained from 
MR images of a real subject in simulations and changed 
the conductivities between the upper and lower limits 
given in the literature. In that study it is found that con-
ductivity deviations cause a source localization error of 5-
20 mm [38]. In another study Vanrumste et. al. investi-
gated the effect of brain to skull conductivity ratio by 
simulation studies. In forward simulations brain to skull 
conductivity ratio is chosen to be 16, but on the source 
localization this ratio is chosen to be 80 and source local-
ization error is calculated. It is found that source localiza-
tion error due to brain to skull conductivity ratio error is 

34 mm when 27 electrodes are used and   it is 28 mm for 
53 electrodes [39].  
 

All the simulation studies mentioned so far [15, 34-39] 
dealing with the effect of measurement noise, conductiv-
ity errors and electrode mislocalizations to source local-
ization were performed for the electrical sources spread-
ing all over the brain. There is no study dealing with the 
source localization approaches and the effect of the pa-
rameters for the special part of the brain, i.e. somatosen-
sory cortex, motor cortex, or visual cortex. This simula-
tion study focuses on the effect of noise, conductivity 
error and electrode mislocalizations to somatosensory 
dipole reconstructions in order to complete this lack.  
 
Materials and Methods 
 

In this study a three-layer (scalp, skull and brain) realisti-
cally shaped head model obtained from high-resolution 
MRI images (1 mm thick slices using T1 weighted se-
quence in a 1.5 T system) of a patient is used as the head 
model. The realistic head model generation is performed 
by the segmentation the images. The surface potentials 
are calculated by boundary element method (BEM), and 
source localization is performed by a dipole fit algorithm. 
In the realistic head model obtained from the MR images 
of the patient, the brain, skull and scalp are modeled by 
570, 630 and 642 triangles, respectively. The realistic 
head model used in simulations is given in Figure-1. 32 
EEG electrodes (namely F5a, F1a, Fza, F2a, F6a, F5, F3, 
F1, F2, F4, F6, F6p, F4p, F2p, Fzp, F1p, F3p, F5p, T3, 
C5, C3, C1, Cz, C2, C4, C6, T4, T5a, P3a, Pz, P4a and 
T6a) placed according to the international 10-20 system 
are used as the measurement sensors.  

 

 
 
Figure 1. The realistic head model used in the simulations. a.) Scalp, b.) Skull and c.)  Brain compart-
ments.  In realistic head model; brain, skull and scalp are modeled by 570, 630 and 642 triangles, re-
spectively. 
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Figure 2. The dipoles selected on the somatosensory cortex. In the figure the brain compartment is visualized by lines, 
and dipoles are presented by circles. For simplicity a total of 200 dipoles are visualized. 
 
Selection of dipoles on the somatosensory cortex 
The EEG measurements performed during a stimulus is 
known as evoked potentials. If the stimulus is related to 
touch, then an electrical activity occurs in the somatosen-
sory cortex. The EEG measurements performed during a 
somatosensory activity is known as the Somatosensory 
Evoked Potentials. The somatosensory cortex is located 
behind the central sulcus, on the top of the brain and it is 
responsible for processing of information related to touch. 
Using the nasion-ear reference system, the somatosensory 
cortex is assumed to be between -20 mm to 20 mm in x 
axis. For the realistic head model used in this study, it is 
found that the y axis is between ymin=-64.31 mm to 
ymax=70.52 mm. It is also found that for the brain region, 
the maximum point of z axis is zmax=115.2 mm.  
 
The x axis components of the dipoles are selected by 
generating a Gaussian distribution with zero mean and 
20.0 mm standard deviation. Similarly the y axis compo-
nents of the dipoles are selected by using a Gaussian dis-
tribution with zero mean and 60.0 mm standard deviation. 
The dipoles whose x and y components are chosen out-
side the somatosensory cortex are ignored and new ones 
are selected. It is also assumed that the somatosensory 
cortex lies maximum 20 mm deeper from the cortex sur-
face. The corners of the triangles used in brain modeling 
are found and then they are used for the calculation of z 
axis components of the dipoles.  
 
For the dipoles whose x and y axes are determined previ-
ously, the z axis components are calculated by the follow-
ing steps: 
 
Step-1: For the dipole i, (whose xi and yi components are 
previously selected), the xi and yi components are com-

pared with the corners of the triangles used in the realistic 
model and differences are calculated.   
Step-2: The corners of the triangle which is found to be 
nearest to xi and yi in step -1 are chosen to be Zmax. 
Step-3: Zmax is assumed to be brain surface for the dipole i 
(whose xi and yi components are previously selected). 
Then zi component is selected by using a Gaussian distri-
bution with a mean value of Zmax-10 mm., and a standard 
deviation of 10.0 mm, as well.  
 
Step-4: All the components of the dipoles (i.e. dipole 
locations) are checked as if they are inside the brain. If 
not, then the dipole is ignored and a new one is selected.   
By using the steps described above, 1000 dipoles located 
in the somatosensory cortex are selected for the simula-
tions.  The dipole orientations are arbitrarily selected, and 
their magnitudes are set 1 (unit dipoles).  The selected 
dipoles on the somatosensory cortex are presented in 
Figure -2. For simplicity a total of 200 dipoles are visual-
ized. The dipole orientations are selected to be perpen-
dicular to the brain surface, and ignored in visualization. 
 
In order to investigate the effect of noise, electrode mislo-
calizations and conductivity errors to somatosensory 
source localization, we performed three different simula-
tions. In the first one, we investigated only the effect of 
measurement noise to somatosensory source localization. 
In this simulation, the conductivities of the layers are set 
to 0.33 S/m, 0.0042 S/m and 0.33 S/m, for scalp, skull 
and brain regions, respectively. These are the average 
conductivity values given in the literature. In the first 
simulation, we assumed that there are no conductivity 
errors and electrode positions are known exactly. For each 
test dipole generated as described above, the potential 
distributions at each electrode position is calculated by 
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means of the forward problem solution. To simulate mea-
surement noise a zero-mean Gaussian noise was added to 
simulated potentials. The strength of noise was adjusted 
to achieve 6 different signal-to-noise ratios (SNR), as in 
the study of Wang et. al. The selected SNR (defined as 
the square root of the signal power to noise power ratio) 
values are 4, 6, 8, 10, 12 and ∞. By using the noisy meas-
urement for the test dipole, exact electrode locations and 
conductivities of the layers, a dipole fit algorithm (inverse 
solution) was applied and a dipole is estimated. The esti-
mated dipole positions and orientations were compared 
with the original test dipoles and the position errors and 
orientation errors were calculated. Assuming the original 
position of the i-th dipole is xi,o, yi,o, zi,o , and its estimated 
position is xi,e, yi,e, zi,e , the average dipole position esti-
mation error is calculated by Equation 1: 
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Where N is the number of test dipoles, and N=1000 in 
this study.  
 
In the second part we investigated the effect of electrode 
mislocalization to somatosensory source reconstructions. 
We added random displacements to electrode positions. 
The electrode displacements were set to the range of 0-10 
mm with a mean of 5.0 mm. By using the mislocalized 
electrode positions and noisy data the inverse source lo-
calization procedure were performed for different noise 
levels. The resultant dipole parameters were compared 
with the original ones and the localization and orientation 
errors were calculated according to Equation-1. In these 
simulations it is again assumed that layer conductivities 
are exactly known and thus have no effect source local-
ization performance. 
 
In the third part we investigated the effect of wrong con-
ductivity estimations to somatosensory source localiza-
tion. Because of this during the forward simulations we 
used the conductivity values of 0.33, 0.0042 and 0.33 S/m 
for scalp, skull and brain regions; respectively and during 
the inverse solutions we changed the conductivities of 
each region one by one. The conductivities of each region 
were changed by a ratio of 1%, 5%, 10%, 20% and 50%. 
The procedures were repeated for 1000 SEP dipoles and 
again the resultant dipole parameters were compared with 
the original ones and the mean localization and orienta-
tion errors were calculated. In the third case we assumed 
that the electrode locations are exactly known, and there 
is no measurement noise in EEG data.  
 
Results  
 
The mean localization position and orientation errors 
caused by electrode misplacements at different noise 

(SNR) levels are given in Figure 3 and Figure 4, respec-
tively. In these figures the error without electrode mis-
placement (error due to pure noise) and the error caused 
by noise and electrode misplacements together are pre-
sented. 

 

 
Figure 3 - Somatosensory dipole localization error due to 
electrode misplacements at different noise levels.  

 

 
 
Figure 4 - Somatosensory dipole orientation error due to 
electrode misplacements at different noise levels 

 
In the Figures 3 and 4, it is clear that the localization posi-
tion and orientation errors for somatosensory dipoles are 
large at low SNR values and low at high SNR values, as 
expected. On the other hand when there is no measure-
ment noise (SNR=∞) the localization position error is 
4.03 mm and localization orientation error is 1.80 degrees 
for electrode mislocalizations. In real life situations the 
measurements are always noisy and in this case when the 
SNR is 6-10, the electrode misplacements also introduce 
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about an extra 2 mm localization error to the source re-
construction procedure. 
 

The source localization and orientation errors caused by 
the wrong conductivity assumptions are given in Figure 5 
and Figure 6, respectively. In these calculations the con-
ductivity of one compartment was changed at each step 
and the others were assumed to be identical to ones used 
in forward simulations. In Figure 5, it is seen that the 
localization error caused by a 1% conductivity error 
causes an error rate of 1 mm and the mean error increases  
as the conductivity error rate increases, as expected. For  

50%  conductivity  error  of   skull  and  scalp,  the  mean-
source localization error is higher than 4 mm and 2.5 mm, 
respectively. But on the other hand 50% conductivity 
error of brain causes 1.6 mm somatosensory source local-
ization error. 
 

In Figure 5 it is seen that the dipole orientation error is 
minimum for 1% conductivity error and maximum for 
50% conductivity error for each region. For a conducti-
vity error range of 1% to 10%, the mean orientation error 
is between 0.7 degree to 0.8 degree and it is quite small 
and can be ignorable. 
 

 
 

Figure 5. Somatosensory dipole localization error due to conductivity errors. At each simulation the 
conductivity of one region was changed and conductivities of other regions were assumed to be cor-
rect. 

 

 
Figure 6. Dipole orientation error due to conductivity errors. At each simulation the conductivity of 
one region was changed and conductivities of other regions were assumed to be correct. 
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Discussion  
 
In this study we investigated the effect of measurement 
noise, conductivity error and electrode misplacement to 
source localization of somatosensory evoked potentials. 
We showed that the effect of the measurement noise, 
conductivity errors and electrode misplacement can not be 
negligible and must be taken into account when working 
with somatosensory evoked potentials. In real life condi-
tions the EEG measurements are subject to noise, and in 
this case a SNR value of 6 to 10 can be obtained. In this 
SNR values the localization error due to pure noise is 
approximately 5 mm. On the other hand when there are 
electrode shifts and noise at the same time, the localiza-
tion error is about 6.5 mm. 
 
The measurement noise is assumed to be a white-noise 
with Gaussian distribution. It is known that white noise 
can be reduced by averaging [35]. By averaging, the mea-
surement noise can be reduced, so the SNR can be in-
creased, causing less measurement noise. In this case 
when SNR is high, it is more important to know the accu-
rate positions of the measurement electrodes. So it is 
important to precisely measure the measurement sensor 
positions in 3-D. A review of EEG electrode position 
determination systems can be found in literature [24-25]. 
As suggested at those works, the EEG electrode positions 
can be determined by the usage of photogrammetric sys-
tems, or MRI based systems with low error rates.  
 
It is found in this study that tissue conductivities are an-
other important parameter for somatosensory dipole local-
ization. A scalp conductivity error rate of 50% introduces 
a mean somatosensory dipole localization error of 4.5 
mm. On the other hand, skull conductivity error rate of 
50% introduces a mean somatosensory dipole localization 
error of 2.8 mm. Brain conductivity error rate of 50% 
introduces lower source localization position error, on the 
order of 1.5 mm. This can be explained as follows: soma-
tosensory dipoles are located on the top of the brain, just 
under the cortex, and there is a small volume of brain 
between those dipoles and measurement electrodes. Due 
to this positional constraint, the conductivity error of 
small volume of brain introduces less error of source 
localization. This is a new outcome about the source lo-
calization. 
 
There are some simulations studies (as presented in the 
introduction section) dealing with the effect of electrode 
mislocalization, conductivity error and measurement 
noise to source localization for dipoles spreading all over 
the brain. On contrary this study focuses on the dipoles 
located just only on the somatosensory cortex. It is not 
meaningful to compare the results of this study with the 
previous ones, because simulation parameters such as the 
electrode number, forward and inverse solution algorithm, 
or head models differ. So it is better to asses the results of 
each study alone. 

 
Conclusion 
 
We conclude that for an accurate somatosensory source 
localization method, we need noiseless measurements, 
accurate conductivity values of the tissues and the accu-
rate knowledge of 3-D positions of measurement sensors. 
Measurement noise can be reduced by averaging of mul-
tiple instants, and sensor positions can be determined by 
the studies suggested in [24], or [25]. For conductivity 
values, it is necessary to apply a subject-specific conduc-
tivity estimation procedure to estimate scalp and skull 
conductivities, as suggested in [29]. For brain, average 
conductivities given in the literature may be used.  
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