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Abstract. The paper presents the numerical evaluation of the
electroencephalogram (EEG) electrode artifacts that are caused during exposure
to electromagnetic fields (EMF), in volunteers study. The scope of the study is
to differentially present the electromagnetic (EM) power absorption and local
Specific Absorption Rate (SAR) distribution, with and without the electrodes.
Versions of two basic exposure scenarios are evaluated: flat layered tissue
phantom and anatomical head model exposed to plane wave or patch antenna
radiation at operating frequency of 1966 MHz. Finite Difference Time Domain
(FDTD) method is used in order to model the computational domain. E-field
distributions and SAR values are calculated. The electromagnetic power
absorption by the brain tissues is correlated with the presence of the EEG
electrodes and the relative positioning of their leads. Results conclude in
significant alternations in EM power absorption, E-field and SAR distributions,
due to the co-polarization between the leads and the E-field. Concerning the
realistic scenario, the presence of 32 electrodes and their leads enhances (11%
without and 12.3% with electric contact) the psSARy, comparing to the
reference simulation.

Keywords: Specific Absorption Rate (SAR), Finite Difference Time Domain
(FDTD) method, numerical dosimetry, electroencephalogram (EEG), electrode,
human provocation study.

1 Introduction

In human provocation studies, the electromagnetic (EM) exposure prior the sleep
electroencephalogram (EEG) [1] or the Event Related Potentials (ERP) recordings is
often performed with the volunteers having the EEG cap already worn, in order to
minimize time between exposure and sleep onset or cognitive task initiation. In [2]
the Specific Absorption Rate (SAR) enhancement has been numerically evaluated due
to simultaneous MRI and EEG recordings. Simulations have been conducted for 128
MHz-3 Tesla and 300 MHz-7 Tesla with 16, 31, 62 and 124 electrodes. Hamblin ef al.
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[3] have experimentally and numerically assessed the effect of two 64-electrodes EEG
caps on the SAR values for 900 MHz. The main outcome of the study included
reduction of peak spatial SAR averaged over 10g (psSAR () due to the presence of
electrode leads. Lately [4]-[5], the shielding effect, the SAR alternation and E-field
artifacts have been evaluated for UMTS-like exposure, according to the reported
exposure scenario.

This paper is part of the numerical dosimetry for a human study, according to
published guidelines for provocation studies [6]. The volunteers study is a
collaboration between the Biomedical Simulations and Imaging (BIOSIM) Unit and
the University Mental Health Research Institute, aiming at the assessment of potential
alternations in electroencephalogram (EEG) and event related potentials (ERP)
recordings during acoustic stimuli, due to exposure to UMTS-like EM signal. Before
EEG and ERP recordings, the subjects are exposed for 30 min to EM radiation,
having the EEG cap already worn. In this paper, the EEG electrodes artifacts are
numerically evaluated, concerning the power absorption, the local SAR and E-field
distribution. The electrodes that will be used during the human study are modeled and
the evaluation is carried out with i) flat phantom and ii) realistic head model.

2 Materials and Methods

Two basic exposure scenarios, including modifications, are numerically modeled and
simulated: a) flat layered phantom with one electrode attached and b) anatomical head
model with an EEG cap of 32 electrodes attached. Both scenarios are comparatively
assessed with the corresponding reference ones, without electrodes. The used
operating frequency is 1966 MHz, corresponding to UMTS operating frequency band.
Apart from a plane wave, the numerical models are exposed to the radiation of the
wideband patch antenna SPA 2000/80/8/0/V (Huber & Suhner), placed at x=-180 mm
separation distance. Measurements data of the antenna operation characteristics are in
agreement with the corresponding simulated ones and they are both presented in [7].
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Fig. 1. Description of the electrode's structure: a) real and b) numerical model

Fig. 1(a) illustrates the real model of the electrodes that are attached to Softcap
(Spes Medica) and will be used in the volunteers study. Fig. 1(b) illustrates the
derived numerical model, where the Ag/AgCl electrode (PEC), silicon rabber
electrode holder (g=3.2, 6=0.0265 Si/m), gel cavity (air) and the polyethylene
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connection (g=2.25, 6=0.0005 Si/m), between the electrode and the lead (PEC) are
separately denoted. The electrode lead is covered by PVC (g,=2.8, 6=0.019 Si/m). In
order to simulate the electric contact between the skin and the electrode, gel cavity is
selectively characterized as PEC. Computational dosimetry is conducted for flat
layered tissue phantom and anatomical head model using the SEMCAD-X v14.2
software (SPEAG, Zurich, Switzerland) and the Finite Difference Time Domain
(FDTD) method [8].

2.1 Flat Layered Phantom Exposure Scenario

For preliminary evaluation, a flat phantom with one electrode attached, is used. The
flat phantom is structured in eight (8) layers [4] and it is considered to simulate the
head biological tissues’ sequence, from the external tissue to the inner one, as it is
tabulated in Table 1. Table 1 also includes the dielectric properties of the tissues at
1966 MHz [9] and the thickness that is used, according to anatomy information [10].

Table 1. Thickness and dielectric properties (at operating frequency 1966 MHz) of the
biological tissues in flat layered phantom

biological tissue thickness (imm) €, c(S/m) p (kg/m3)

dry skin 2 38.62 1.25 1100
fat (not infiltrated) 1 5.33 0.08 916
muscle 4 53.33 1.43 1041
cortical bone 6 11.67 0.30 1990
dura matter 1 42.67 1.40 1013
CSF 2 66.96 3.05 1007
grey matter 4 49.76 1.49 1039
white matter 150 36.78 0.99 1043

The flat layered phantom exposure scenario is illustrated in Fig. 2(a). One
electrode with its lead is attached to the external tissue (dry skin). The electric contact
between Ag/AgCl electrode and skin is modeled by altering the gel cavity dielectric
properties and height. The electrode lead is set differently in order to be co- and cross-
polarized with the incident E-field. A plane wave at 1966 MHz or the patch antenna at
distance x=-180 mm are both used, as electromagnetic sources. The computational
grid consists of ~24 Mcells and the simulation time is set to 20 periods.

2.2 Anatomical Head Exposure Scenario

The proposed anatomical head exposure scenario is illustrated in Fig. 2(b). As
realistic head model, ‘Ella’ from Virtual Family [11] is used, corresponding to MRI
data of a 26 year old adult woman. ‘Ella’ model has a resolution of 0.5x0.5x0.5mm’
and consists of 41 head structures. 32 electrodes (with and without their leads) are
mounted on the numerical head, according to 10-20 extended system [12]. The leads
are placed as horizontally as possibly, in order to minimize the alternations in E-field
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distribution and the enhancement in SAR values [5]. Only the patch antenna is used,
simulating the real experimental scenario, during the human provocation study. The
center of the antenna is placed at (x,y,z)=(-180,0,42) mm, considering as (0,0,0), the
right ear canal. The computational grid consists of 41-95 Mcells, depending on the
exposure scenario ((a) reference, (b) with electrodes, (c) with electrodes and leads),
and the simulation time is set to 35 periods.

E

\ n
(@ (b)

Fig. 2. Geometry of the proposed exposure scenarios at 1966 MHz: a) flat layered phantom
with one electrode and lead attached, exposed to plane wave (co-polarization), b) realistic head
with 32 electrodes and leads attached-according to 10-20 system, exposed to irradiation of the
patch antenna.

3 Simulation Results

All the results are differentially presented as compared to the reference simulations,
i.e. the corresponding ones without the presence of the electrodes and their leads. All
results are normalized to 1 W input power. The gel cavity is generally simulated as
air, except the worst case scenario that is presented for anatomical head. In this
section, results of both exposure scenarios are presented.

3.1 Flat Layered Phantom Exposure Scenario

For the case of the flat layered phantom exposed to plane wave, the surface E,,-field
distribution is illustrated in Fig. 3. The results confirm that the co-polarization of the
electrode lead can cause significant distortion in the E-field distribution, as previous
studies [4]-[5] emphasize. Additionally, there is an E-field enhanced area, parallel to
the electrode lead, between two regions of significantly low values. In case of cross-
polarization (Fig. 3(c)), there is a slight amplification in the center of the flat
phantom, corresponding to the electrode. This amplification is local and almost
superficial and it is restricted to the external layers of the phantom (up to 10 mm). The
presence of the lead has no result in the E-field distribution.



412 M. Christopoulou et al.

0
4
E:
12
16
20
, : . dB
-~ -4
(a) (b) (©)

Fig. 3. Surface E,-field distribution for the a) reference simulation, b) co- and c) cross-
polarization. All values are normalized to 14.5 V/m (0 dB).

Additionally, the psSAR;, [13] is calculated for each exposure scenario.
Comparing to the reference simulation (0.2459 W/kg), an increase of over 11% in the
co-polarization (0.2629 W/kg) and a slight decrease of 1% in the cross-polarization
(0.2339 W/kg) are calculated for the psSAR, values.

For the case of the flat layered phantom exposed to the SPA 2000/80/8/0/V patch
antenna irradiation, the local SAR distribution at x=0 mm and z=0 mm, where the
electrode has been placed, is comparatively illustrated in Fig. 4. The results confirm
that the local SAR distribution presents almost the same pattern for the reference and
the cross-polarization scenario. In the co-polarization scenario, the presence of the
electrode lead causes SAR attenuation of approximately 15 dB in selected tissues,
such as dry skin. Comparing the local SAR calculated for each biological tissue, dry
skin, muscle and CSF are the ones that absorb the most of the radiated EM power.
This is related to their comparatively large values of electrical conductivity as well as
their small distance from the EM source.
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Fig. 4. Local SAR distribution for the a) reference simulation (x=0 mm) b) co- (x=0 mm) and

¢) cross-polarization (z=0 mm). All values are normalized to 0.6 W/kg (0 dB).

3.2  Anatomical Head Exposure Scenario

In case of the anatomical head model exposed to the radiation of the patch antenna, E-
field distribution and SAR values in each brain structure are assessed. Fig. 5
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illustrates the E-field distribution at y=0 slice for (a) reference, (b) with electrodes and
(c) with electrodes and leads simulations. Enhancement of the E-field values along the
leads is obvious at both sides of the head. Comparing the three simulations, the E-
field distribution in the head remains almost unchanged.

(a) (b) (©)

Fig. 5. E-field distribution at the y=0 slice. Simulation (a) reference, (b) with electrodes, (c)
with electrodes and leads. All values are normalized to 10* V/m (0 dB).

In order to simulate the worst case scenario of electric contact between the
electrode and the skin, the gel cavity for each of the 32 electrodes is characterized as
PEC. Therefore, Fig. 6 compares the local SAR surface distribution for the following
simulations: (a) reference, (c) electrodes and leads, with gel cavity characterized as air
and (d) electrodes and leads, with gel cavity characterized as PEC. It is obvious that
when there is no electric contact between the skin and the electrode, no significant
difference in the local SAR surface distribution is reported. In (d) scenario, the
characterization of the gel cavity as PEC leads to attenuation of the SAR values below
the cavity and amplification of the EM absorbed power around the electrode.

Fig. 6. Local SAR surface distribution. Simulation (a) reference, (c) with electrodes and leads
(gel cavity: air), (d) with electrodes and leads (gel cavity: PEC). All values are normalized to
50.37 W/kg (0 dB).

Additionally, the psSAR 40, [13] and the averaged SAR over the whole mass of
selected brain structures are calculated for all simulations. Comparing to the reference
simulation (0.5015 W/kg), an increase of 11% in the (c) scenario simulation (0.5569
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W/kg) and 12.3% in the (d) scenario (0.5632 W/kg) are calculated, correspondingly
for the head psSAR,,, values. Indicatively, Table 2 includes the psSAR,;, and
averaged SAR calculations in selected brain structures and head for both hemispheres,
comparing (a), (c) and (d) simulation scenarios. Concerning the psSAR;,, the
maximum alternation (45% decrease) is noticed in thalamus for simulation (d),
comparing to the reference one. For averaged SAR, the corresponding maximum
alternation (44% decrease) is assessed also in thalamus for simulation (d).

Table 2. psSAR, and averaged SAR values calculated in selected brain structures and head for
(a) reference, (c) electrodes with leads and (d) electrodes with leads and gel cavity as PEC
simulations.

. psSAR,, (W/kg) Avg. SAR (W/kg)
brain structure or head @) © ) (@ © )
grey matter 0.312  0.308  0.360 0.036 0.036 0.030
white matter 0.164  0.163  0.153 0.021 0.029 0.018
thalamus 0.022  0.022  0.012 0.009 0.006 0.005
midbrain 0.013  0.012  0.008 0.004 0.004 0.003
averaged brain w/o CSF  0.297 0.291 0.351 0.028 0.029 0.024
head 1.812 1.819  2.320 0.042 0.043 0.040

4 Conclusions

A detailed numerical evaluation for EEG electrodes artifacts is described in this
paper. Versions of two basic exposure scenarios are evaluated: i) flat layered phantom
with one electrode attached and ii) realistic head model with 32 electrodes attached.
Results conclude in significant alternations in EM power absorption, E-field and SAR
distributions, due to the co-polarization between the leads and the E-field. Concerning
the realistic scenario, the use of 32 electrodes and their leads results in an 11%
increase (12.3% with electric contact) of the head psSAR;y, comparing to the
reference simulation. Future work can be focused on altering the number of the
electrodes and orientation of their leads on the realistic head. This study along with
variation and uncertainty numerical evaluation completes the full numerical dosimetry
assessment that should always precede a human provocation study.
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