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Abstract

Calculating the spatial locations, directions and ragnitudes of electrically active sources of
human brain by using the measured scalp potentials known as source localization. An accu-
rate source localization method requires not only EG data but also the 3-D positions and
number of measurement electrodes, the numerical hdamodel of the patient/subject and the
conductivities of the layers used in the head modeln this study we computationally deter-
mined the effect of noise, conductivity errors ancelectrode mislocalizations for electrical
sources located in somatosensory cortex. We firsamdomly selected 1000 electric sources in
somatosensory cortex, and for these sources we siaied the surface potentials by using av-
erage conductivities given in the literature and 3 positions of the electrodes. We then added
random noise to measurements and by using noisy @atwe tried to calculate the positions of
the dipoles by using different electrode positionsr different conductivity values. The esti-
mated electrical sources and original ones are coraped and by this way the effect of meas-
urement noise, electrode mislocalizations and condtivity errors to somatosensory dipole lo-
calization is investigated. We conclude that for amccurate somatosensory source localization
method, we need noiseless measurements, accuratadiativity values of scalp and skull lay-
ers and the accurate knowledge of 3-D positions nfeasurement sensors.
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Introduction and psychopharmacology. In cognitive neurosciettoe,
event related potentials and temporal change ofnmd-
Electroencephalography (EEG) measures the scaip elglion processing mechanisms are analyzed. In negyolo
trical potentials produced by electrical activitie the ~ source localization studies are focused on loc#dizeof
human brain due to body functions. The electrictiviy ~ activities in somatosensory and motor cortex. Smurc
of the human brain is commonly modeled by eledtricalocalization finds most of its application in clail neu-
dipoles. If the electrical activities of the brdire. electri-  rology, especially dealing with the calculationegileptic
cal dipoles) are known, then the scalp electricééptials ~ sources in epilepsy patients. Depending on thesjeo!
(EEG) can be calculated. But in reality the eleefriac- sources, an epileptic surgery may be planned [4f7].
tivities can not be exactly known; besides, onlglgc clinical applications source localization methodee a
potentials can be measured. Calculating the $pata- commonly used in diagnosis and treatment of epileps
tions, directions and magnitudes of electricalljtivec ~ Schizophrenia, depression, Parkinson and Alzheimer.
sources of human brain by using the measured gealp Source localization is also used in Brain-Compurégr-
tentials is known as bioelectromagnetic inverseblerm,  face (BCI) developments [8-9]. Source localizatizm
electrical source imaging or more commonly sousccall  be performed to identify regions of brains relatedunc-
ization which is a multidisciplinary research figltat is  tional experiments. For example, the electricayive
used to understand electrophysiological, hemodynamiregions of the brain can be determined when a kisua
metabolic, and neurochemical processes that underli auditory or somatosensory (touch, pressure, terhpera

normal and abnormal brain functions [1-3]. pain) stimulus is applied [10]. By this way theatesn-
ship between the applied stimulus and the elettdca

Source localization is commonly used in medicirsgee tivities of the brain can be related. In this stwdy will
cially in cognitive neuroscience, neurology, pswtty, focus on the cases where a somatosensory stimsilus i
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applied. Somatosensory stimulus cause electratblity
on the somatosensory cortex, which lies postedatheé  The influence of electrode misplacement and measure
central sulcus, on the top of the brain. ment noise to source localization has been investih
previously. Khosla et. al. performed simulation d@nd
An accurate source Iocalization_method requiresond  man studies using a 4-layered spherical head nja8g!
EEG data but also the 3-D positions and numberedsn  The |ocations of the dipoles are selected randoatlly
urement electrodes, the numerical head model op#he gyer the brain. In the simulations the scalp padésitvere
the head model [2]. Source localization algoritimshe  jnyerse problem solution all electrodes were assutoe
first stage assume a known source model and c&ddlie e randomly displaced from their original positiars it
potential distribution at electrode positions (8wecalled s found that electrode mislocalization of about it
forward problem solutions); then compares calcdlate gses about 5 mm dipole location afldiBole orienta-
potential distributions and measured ones. Dependin  tion errors and they concluded that for the sphétiead
the error between calculated and measured scagnpot models electrode mislocalizations with standardiadev
est difference between the calculated and meagpated-  [15). In a second study performed in spherical headel
tial in a given constraint is obtained by termingtithe \/gn Hoey et. al. [34] used 27 electrodes and ttagered
procedure [2]. spherical head model. In forward simulations thecel
trode positions were changed by a random azimuth an
elevation angle deviation from the standard pas#tid he
angle deviations were set to be independent andiide
cally distributed Gaussian numbers. During the iisge
localization procedure standard electrode positioese
ssumed and electrode mislocalizations were nantak
hto account. As a result it is found that 7.8 mourse
localization error is obtained for an average of riith
electrode positioning error. They also investigatbd
effect of measurement noise to source localizatiod
they found that the effect of measurement noise Ean
reduced by averaging the data sets, but averagiag bt
influence the localization results in the case letode
mislocalizations. So they strongly recommended toat
accurate source localization it is necessary terdehe
the measurement electrode positions with less.eflwy
concluded that it is important to reduce the messent
noise and the electrode localization error, adrtfleence
of the latter is not reduced by taking into accaunttiple
time instants [34].

In the early studies on source localization, thené&
head is assumed to be a sphere and spherical roasm
were commonly used. But it is known that spherfezdd
model assumptions introduce errors [1,3]. Withdegel-
opment of high-resolution magnetic resonance amd-co
puterized tomography imaging system, realistic hea
models obtained from the MRI or CT images of the-su
ject/patient are used in source localization stufiid-12].
For the electrode positions; there are five diffénmeth-
ods suggested to measure the electrode positioBDin
manual methods [13-14], RF digitizer usage [15-16]
MRI-assisted methods [17-20], ultrasonic methodk- [2
22], and methods those use photogrammetric priacipl
[23-25]. The review of these methods is given ie lit
erature and is not repeated here [25]. Another sittéhat

is necessary for accurate source localization ésdbn-
ductivity/resistivity of the tissues/compartmentsed in
the head model, since they vary according to tleeaagl
health conditions of the subjects/patients [26-28].it is
necessary to perform subject-specific conductiegtiima-
tion with a low error rate, and then use it for maulocal- ) ) )
ization. There are many studies trying to estimaee 1here are a few studies dealing with the electiodal-
conductivities of the head layers [such as the @9e33], ization errors in realistic head models. In thestfione

but it is out of the scope of this paper and thdynet be  Wang et. al. [35] investigated the effect of meament
repeated here. noise and electrode localization error to sourcallpa-

tion. For the noisy measurement case they fourtd3ti8
The scope of this study is to calculate the eftdatlec- dB measurement noise causes an average of 5 mgesour
trode mislocalization, measurement noise and cdivduc localization error, and an average of 5 mm eleetrtod
ity errors to source localizations performed far $ources calization error causes 4.98 mm source localizatioar,
located in the somatosensory cortex. The organizaif  and it has the same effect of 8-10 dB measurenwsén
the paper is as follows: in the remaining partha&f intro- When measurement noise and electrode localization e
duction section the simulation studies that ingggé the rors are present at the same time, the sourceidatiah
effect of noise, electrode localization errors @odduc- error increases to 7 mm [35]. In a second studytilibi
tivity errors to source localization performed aller the stall et. al. used a source model consists of symure/o
brain is summarized. In materials and methods @ecti dipoles and 64 EEG electrodes. In that study foisd
the simulation studies performed are summarized, arthat electrode localization error in the range ef 8m
then results are presented.

582 Biomed Re#adia 2012 Volume 23 Issue 4



Measurement noise, conductivity errors and eleanotslocalization....

causes a mean localization error of 6 mm withouasne
urement noise. In realistic clinical conditionsdad
measurement noise with a SNR of 6 -12), the meeai-lo
ization error due to electrode misplacement is aipr
mately 3.3 mm greater than those caused by ranase n
[36].

Another important parameter that effects the solacal-
ization performance is the conductivities of thgels
within the head model. In source localization agations
the average conductivity values given in the ltem is
used or subject-specific conductivity estimationpisr-
formed. The effect of conductivity errors to souloeal-
ization is also investigated by simulation studieshl-
meier et. al. used a realistic head model to inyats the
effect of skull conductivity variances. In this dyuthe
average conductivity value of the skull given ie thera-
ture is used in forward simulations, but on theense
solution the conductivity of the skull is varieddathe
source localization error due to this conductivibange
is calculated. It is found that the 20% error odilskon-
ductivity causes a source localization error of 18 [87].
Awada et. al., used a realistic head model obtafreed
MR images of a real subject in simulations and gedn
the conductivities between the upper and lowertéimi
given in the literature. In that study it is foutitht con-
ductivity deviations cause a source localizaticwreof 5-
20 mm [38]. In another study Vanrumste et. al. gtive
gated the effect of brain to skull conductivity iaby
simulation studies. In forward simulations brainstkull
conductivity ratio is chosen to be 16, but on tbarse
localization this ratio is chosen to be 80 and seuocal-
ization error is calculated. It is found that seutocaliza-
tion error due to brain to skull conductivity ragéoror is

34 mm when 27 electrodes are used and it is 2&anm

53 electrodes [39].

All the simulation studies mentioned so far [15;38}
dealing with the effect of measurement noise, cotidu
ity errors and electrode mislocalizations to souomal-
ization were performed for the electrical sourcesead-
ing all over the brain. There is no study dealirighwthe
source localization approaches and the effect efph-
rameters for the special part of the brain, i.ena@osen-
sory cortex, motor cortex, or visual cortex. Thisuda-
tion study focuses on the effect of noise, condiigti
error and electrode mislocalizations to somatosgnso
dipole reconstructions in order to complete thikla

Materials and Methods

In this study a three-layer (scalp, skull and bragalisti-
cally shaped head model obtained from high-resmiuti
MRI images (1 mm thick slices using T1 weighted se-
guence in a 1.5 T system) of a patient is useti@s¢ad
model. The realistic head model generation is peréa

by the segmentation the images. The surface patenti
are calculated by boundary element method (BEMJ, an
source localization is performed by a dipole fgaithm.

In the realistic head model obtained from the MRges

of the patient, the brain, skull and scalp are remtidy
570, 630 and 642 triangles, respectively. The stali
head model used in simulations is given in Figur82
EEG electrodes (namely F5a, Fla, Fza, F2a, F6&3;5,
F1, F2, F4, F6, F6p, F4p, F2p, Fzp, Flp, F3p, ASy,
C5, C3, C1, Cz, C2, C4, C6, T4, T5a, P3a, Pz, Pda a
T6a) placed according to the international 10-26tesy
are used as the measurement sensors.

Figure 1. The realistic head model used in the simulati@asScalp, b.) Skull and c.) Brain compart-
ments. In realistic head model; brain, skull amélp are modeled by 570, 630 and 642 triangles, re-

spectively.
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Figure 2. The dipoles selected on the somatosensory contélie figure the brain compartment is visualizediibes,
and dipoles are presented by circles. For simplieitotal of 200 dipoles are visualized.

Selection of dipoles on the somatosensory cortex

pared with the corners of the triangles used inréadistic

The EEG measurements performed during a stimulus rmodel and differences are calculated.

known as evoked potentials. If the stimulus istealato
touch, then an electrical activity occurs in thenatosen-

Step-2: The corners of the triangle which is foduode
nearest topand yin step -1 are chosen to bg.Z

sory cortex. The EEG measurements performed dwing Step-3: Zaxis assumed to be brain surface for the dipole i
somatosensory activity is known as the Somatosgnsofwhose x and y components are previously selected).
Evoked Potentials. The somatosensory cortex istddca Then z component is selected by using a Gaussian distri-

behind the central sulcus, on the top of the baaid it is
responsible for processing of information relatdbuch.
Using the nasion-ear reference system, the sonmetoise

bution with a mean value of.,4-10 mm., and a standard
deviation of 10.0 mm, as well.

cortex is assumed to be between -20 mm to 20 mr in Step-4: All the components of the dipoles (i.e.otép

axis. For the realistic head model used in thighstit is
found that the y axis is between,-64.31 mm to
VYmax=70.52 mm. It is also found that for the brain cegi
the maximum point of z axis i$,z=115.2 mm.

The x axis components of the dipoles are selecied kiheir magnitudes are set 1 (unit dipoles).

locations) are checked as if they are inside tl@nbif
not, then the dipole is ignored and a new oneléects.
By using the steps described above, 1000 dipot=sdd
in the somatosensory cortex are selected for tinelat
tions. The dipole orientations are arbitrarilyestéd, and
Thecdet

generating a Gaussian distribution with zero mead a dipoles on the somatosensory cortex are presemed i

20.0 mm standard deviation. Similarly the y axispo-
nents of the dipoles are selected by using a Gausks-
tribution with zero mean and 60.0 mm standard devia

Figure -2. For simplicity a total of 200 dipole®asisual-
ized. The dipole orientations are selected to bpgre
dicular to the brain surface, and ignored in vigaion.

The dipoles whose x and y components are chosen out

side the somatosensory cortex are ignored and me& o In order to investigate the effect of noise, eledér mislo-
are selected. It is also assumed that the somamsen calizations and conductivity errors to somatosensor
cortex lies maximum 20 mm deeper from the cortex su source localization, we performed three differantusa-

face. The corners of the triangles used in braidetiog
are found and then they are used for the calculaifoz
axis components of the dipoles.

For the dipoles whose x and y axes are determined-p
ously, the z axis components are calculated byuatlewv-
ing steps:

tions. In the first one, we investigated only thfed of
measurement noise to somatosensory source logatizat
In this simulation, the conductivities of the layare set
to 0.33 S/m, 0.0042 S/m and 0.33 S/m, for scalpll sk
and brain regions, respectively. These are theageer
conductivity values given in the literature. In tfiest
simulation, we assumed that there are no condtctivi
errors and electrode positions are known exacty.each

Step-1: For the dipole i, (whosgand y components are test dipole generated as described above, the t@dten
previously selected), the and y components are com- distributions at each electrode position is cakadaby
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means of the forward problem solution. To simulata- (SNR) levels are given in Figure 3 and Figure 4pee-
surement noise a zero-mean Gaussian noise was tmdedively. In these figures the error without eleceonhis-
simulated potentials. The strength of noise wasisiefl placement (error due to pure noise) and the eaosed
to achieve 6 different signal-to-noise ratios (SN& in by noise and electrode misplacements together &e p
the study of Wang et. al. The selected SNR (defimed sented.

the square root of the signal power to noise paago)

values are 4, 6, 8, 10, 12 andBy using the noisy meas- 12 , , , , ,
urement for the test dipole, exact electrode locatiand —9— Fnror due to pure noise
conductivities of the layers, a dipole fit algontl{inverse —o&— Error due to noise + electrode misl.
solution) was applied and a dipole is estimated @sti-
mated dipole positions and orientations were costgbar
with the original test dipoles and the positionoesrand
orientation errors were calculated. Assuming thgirmal
position of the i-th dipole isj¥, Vio, Zo , @and its estimated
position iS Xe, Yie Ze, the average dipole position esti-
mation error is calculated by Equation 1:

o

— 1 - 2 2 2
eavg _Nzl\/(xlo - Xi,e) + (yi,o - yi,e) + (Zi,o’ Zi,e)
()

0
Where N is the number of test dipoles, and N=1000 i 4 6 8 10 12

. SNR
this study. Figure 3 - Somatosensory dipole localization error due to

electrode misplacements at different noise levels.

Average position e1ror (1nin)
[ B [=2] o]
1 1 1 1

8_

In the second part we investigated the effect ettebde
mislocalization to somatosensory source reconsbnst
We added random displacements to electrode position 12 : ' ' ' ' -
The electrode displacements were set to the rah@eL6 6 Exror due to pure noise _
mm with a mean of 5.0 mm. By using the mislocalizec g 10| —&— Frror due fo noise + electrode misl
electrode positions and noisy data the inversecsolar- &
calization procedure were performed for differenise
levels. The resultant dipole parameters were coaapar -
with the original ones and the localization anatotation
errors were calculated according to Equation-1thkse
simulations it is again assumed that layer condities
are exactly known and thus have no effect sourcaldo
ization performance.

In the third part we investigated the effect of mgacon-
ductivity estimations to somatosensory source ipaal
tion. Because of this during the forward simulasiome
used the conductivity values of 0.33, 0.0042 ald G/m
for scalp, skull and brain regions; respectiveld aaring SNR

the inverse solutions we changed the conductivities

each region one by one. The conductivities of eagion  Figure 4 - Somatosensory dipole orientation error due to
were changed by a ratio of 1%, 5%, 10%, 20% and.50%Ilectrode misplacements at different noise levels

The procedures were repeated for 1000 SEP dipolgs a
again the resultant dipole parameters were compaitbd
the original ones and the mean localization andnoa:
tion errors were calculated. In the third case ssumed
that the electrode locations are exactly known, tuede

Average orientation ervor (degn
8] B [=2] o
1 1 1 1

el
=2}
o
=
(=1
-
K
8

In the Figures 3 and 4, it is clear that the Iazzdlon posi-
tion and orientation errors for somatosensory d@pare
large at low SNR values and low at high SNR valass,

is No measurement noise in EEG data. expected. On the other hand when there is no measur
ment noise (SNR=) the localization position error is
Results 4.03 mm and localization orientation error is 1déQ@rees

for electrode mislocalizations. In real life sitioals the
The mean localization position and orientation exro Measurements are always noisy and in this case thieen
caused by electrode misplacements at differentenoisSNR is 6-10, the electrode misplacements alsodote

Biomed Res- India 2012 Volume 23 Issue 4 585
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about an extra 2 mm localization error to the seues  50% conductivity error of skull and scalhe mean-
construction procedure. source localization error is higher than 4 mm arkdrgm,
respectively. But on the other hand 50% condugtivit

the wrong conductivity assumptions are given iruFeg5  jzation error.

and Figure 6, respectively. In these calculatidres don-

ductivity of one compartment was changed at eaeh st In Figure 5 it is seen that the dipole orientat@ror is
and the others were assumed to be identical to used minimum for 1% conductivity error and maximum for
in forward simulations. In Figure 5, it is seentthldae  50% conductivity error for each region. For a cartdu
localization error caused by a 1% conductivity erro vity error range of 1% to 10%, the mean orientatoror
causes an error rate of 1 mm and the mean ern@ages is between 0.7 degree to 0.8 degree and it is guikzl

as the conductivity error rate increases, as egge€or and can be ignorable.
5 T T T T T T

P O T S A |, a

—6— Skull 1]

Brain

IS
T

e =
o W o

L]

Average position e11or (mm)

1.5

0 5 10 15 20 25 30 35 40 45 50
Relative Conductivity Exror Rate (%0)

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

rect.
4 T T T T T I
—a— Scalp
—p— Skull
S Brain
R -
P_5 b o o oo e e e —

Average orientation errror (degree)

0 5 10 15 20 25 30 35 40 45 50
Relative Conductivity Error Rate (%0)

Figure 6. Dipole orientation error due to conductivity ersrAt each simulation the conductivity of
one region was changed and conductivities of otbgions were assumed to be correct.
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Discussion

In this study we investigated the effect of measmet
noise, conductivity error and electrode misplacenten
source localization of somatosensory evoked patsnti

Conclusion

We conclude that for an accurate somatosensorycasour
localization method, we need noiseless measurements

We showed that the effect of the measurement nois@ccurate conductivity values of the tissues andatit-

conductivity errors and electrode misplacementruztrbe
negligible and must be taken into account when iagrk
with somatosensory evoked potentials. In realddedi-

tions the EEG measurements are subject to noiseinan

this case a SNR value of 6 to 10 can be obtaimethis$

SNR values the localization error due to pure nasse

rate knowledge of 3-D positions of measurement@sns
Measurement noise can be reduced by averaging bf mu
tiple instants, and sensor positions can be detechnby
the studies suggested in [24], or [25]. For coniditgt
values, it is necessary to apply a subject-specdimduc-
tivity estimation procedure to estimate scalp akdlls

approximately 5 mm. On the other hand when theee arconductivities, as suggested in [29]. For brairgrage

electrode shifts and noise at the same time, tbalifa-
tion error is about 6.5 mm.

conductivities given in the literature may be used.
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