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1. Introduction

In this chapter we explore the use of anatomically accurate head models for radio frequency
(RF) dosimetry and design of electroencephalography (EEG) electrode and leads. The study
is conducted at 300 MHz, which is the frequency used to elicit the proton-based Magnetic
Resonance Imaging (MRI) signal at 7 Tesla (7T). The use of electrically heterogeneous vs.
homogeneous numerical models is explored in terms of investigation of antenna-effect for
EEG leads. While the results in the homogeneous model can be validated with direct
measurements in phantoms, the experimental validation of numerical simulations with
electrically heterogeneous head models would require the use of a multi-structure physical
phantom, much more cumbersome and expensive to build. This study aimed to evaluate
whether the use of a more complex heterogeneous head model would provide additional
information when looking at energy absorbed by a human head wearing EEG
electrodes/leads and exposed to a 300 MHz REF field.

MRI-based high-resolution homogeneous and heterogeneous head models were implemented
for this study. The electromagnetic (EM) interactions between EEG electrodes/leads on the
human head and the incident RF field used to elicit the MRI signal were investigated in terms
of electromagnetic field, induced currents in the leads, and specific absorption rate (SAR) in a
human head. Both perfectly conductive and resistive EEG leads were studied.

Non-significant differences in whole-head SAR (i.e. less than 5%) and a 30% difference in
peak-10g-averaged SAR values were observed with the homogeneous vs. heterogeneous
models. The difference for peak-lg-averaged SAR estimated with the homogeneous vs.
heterogeneous model was up to 100%. The presence of an insulating layer between EEG
electrode and skin resulted in a change of 10% of peak-10g-averaged SAR and 280% for peak
1g-averaged SAR. Results of this study suggest that a homogeneous model could be used to
estimate the changes on whole-head and 10g-averaged SAR due to the antenna effect of EEG
leads at 7 T MRI. Precise modeling of the electrically conductive interface between electrode
and head surface is also fundamental.
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192 Applied Biological Engineering — Principles and Practice

Simultaneous EEG and MRI/fMRI recordings are frequently performed in clinical research
as they provide fundamental information on the physiological and hemodynamic activity of
the brain [Allen 2000, Benar 2003, Comi 2005, Kobayashi 2005, Liebenthal 2003, Matsuda
2002, Mirsattari 2004, Mulert 2005, Purdon 2009]. While clinical application for this
technology (e.g. epilepsy) are mainly limited to MRI fields up to 1.5 T [Stern 2006], the
possibility of increased spatial resolution and signal to noise ratio for brain structural and
functional information drives an increasing number of research groups toward the use of
high field MRI, namely 3T [Goldman 2000, Iannetti 2005, Purdon 2009, Scarff 2004] and even
7T [Mullinger 2008, Vasios 2006].

EEG recordings at high-field MRI present several technological challenges, including signal
and safety issues. The EEG electrodes/leads can affect the MRI signal [Bonmassar 2001], and
the MRI can add noise into the EEG signal [Allen 2000, Lemieux 1997]. The safety issues
present are intrinsic to high-field MRI [Ibrahim 2007] as well as due to interaction between
static, gradient and RF field with EEG electrodes and leads on the human head [Schenk
2000, Shellock 2011].

Safety issues for simultaneous EEG and high-field MRI recordings are typically categorized
as: force and torque on device due to static and spatial gradient fields [Schenk 2000],
peripheral nerve stimulation due to gradient-switching [Shellock 2011], and potential issues
due to induced currents and related adverse thermal effects associated with energy
dissipation inside the head [IEC 2002, FDA 2003].Because of the low magnetic permeability
of the human body [Polk 1986], RF heating from magnetic energy dissipated inside the
human head is typically disregarded and only the electric component of the incident field is
considered when calculating RF heating. The electric energy fed into the RF coil of the MRI
systems is partly radiated into the empty space and partly dissipated with the EEG leads
and the head. If the energy dissipated inside the head is not properly balanced by the
thermoregulatory system, potential adverse thermal effects can occur [Adair 1986]. The
quantity used to quantify the amount of power dissipated in the human body is the SAR,
measured in W/ kg [NCRP 1981].

A full evaluation of RF-induced heating requires the calculation of electric field in each point
of the volume of interest. The electric coupling can be analyzed in terms of both a) Faraday-
induced non-conservative coupling and b) conservative capacitive coupling:

E=—joA-VV 1)

Faraday’s induced currents (“eddy currents”), represented by the non-conservative term of
eq. (1) jwA, are generated by coupling between the MRI gradient and/or RF field and
conductive loops within EEG leads, inside the human head, and/or between EEG leads and
human head [Dempsey 2001]. Capacitive coupling - represented by the conservative term of
eq. (1) VV, occurs when the dimensions of the load (i.e., head with leads) are comparable
with the incident wavelength, and the time-varying electric component is “picked up” by
the load, acting as scattering antennas [Armenean 2004, Balanis 2005, Dempsey 2001, Yeung
2002]. Hence, there is a difference of potential (VV in eq. 1) due to charge accumulation that
contributes to the conservative component of the electric field.

For MRI fields up to 1.5 T the EM wavelength (e.g., 4.7m in empty space at 64 MHz/1.5T) is
much longer than dimensions of the head and the capacitive coupling can be disregarded
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(“quasi-static approximation”) [Bottomley 1978]. Consequently, previous studies evaluating
RF heating for EEG leads and MRI systems up to 1.5T have mainly focused on faraday-
induced eddy currents [Lemieux 1997]. Based on these studies, some solutions have been
proposed to overcome the issue of the induced currents along EEG leads, such as twisted
pair configuration [Godlman 2002], or the use of current-limiting resistors [Lemieux 1997].

At high field MRI (3 T or higher) however, this approximation is no longer valid (e.g., RF
wavelength at 300 MHz/7T in empty space is Im) and a full-wave characterization of the
incident RF field [Ibrahim 2007] is necessary. The full-wave model requires the analysis of
the complete Maxwell equations; given the complexity of the geometries considered,
numerical solutions have been implemented [Collins 2005, Gandhi 1999, Jin 1997, Kainz
2003, Trakic 2007, Van der Berg 2007]. Among the different algorithms used, the Finite
Difference Time Domain [Kunz 1993, Taflove 2005] is often the method of choice.

The “antenna-effect” defines the physical phenomenon for which a conductive lead
immersed in an EM field scatters the incident field, becoming a transmitting-antenna
[Balanis 2005]. This mechanism creates two different issues: 1) a mismatch of conductivity at
the interface between a lead and the skin, with charge accumulation (“capacitive” effect)
and enhancement of electric field in the area underneath the electrode [Guy 1975]; 2) a
perturbation of the EM field compared to the one generated by the RF coil only, with related
changes of SAR in the head.

The currents induced along the EEG leads in an RF field depend on the geometry of the
leads, the characteristics of the incident EM field, and the material properties of the lead.
The efficiency of the leads as antennas, hence their effect into the incident EM field, is higher
for lead dimensions comparable with the wavelength of the incident field. Given the typical
length of EEG leads (~50-100 cm) the EM fields generated by rapid gradient switching have
wavelengths too long to generate a significant antenna behavior for the EEG leads
[Dempsey 2001]. Conversely, the antenna effect of the leads will be significant at the RF
frequencies used for imaging. The RF current induced in the leads depend on the relative
position of the leads with respect to the incident RF field, being maximal with leads parallel
to the RF field and null with the leads perpendicular to the RF field [Balanis 2005].

Given the geometrical complexity of the problem considered, computational EM can help to
further understand the interaction between variably-resistive EEG leads and the human
body. Whole-body averaged, partial body, and whole-head averaged SAR [IEC 2002, FDA
2003] are the values of reference used in the MRI systems to control the maximum RF
transmitted power allowed during an MRI examination. A spatial resolution of 2x2x2.5mm?3
to model the human head is considered accurate when evaluating whole-head SAR in MRI
[Collins 2003]. However, in the specific case of a human head with conductive leads during
MR, the interactions between leads and the RF-field are expected to generate local peaks of
electric field and SAR near the electrodes [Guy 1975]. In this case, the use of the whole-head
SAR as an exclusive dosimetric parameter for safety profile is inaccurate and the estimation
of local 1g- or 10g-averaged SAR is more appropriate [Angelone 2010, Nitz 2005]. In this
study, the hypothesis that 2x2x2.5mm?3 is sufficient for SAR computation was rejected, and a
MRI-based head model with 1x1x1mm?3 isotropic spatial resolution was implemented
[Angelone 2008, Makris 2008]. A similar model has been used to study the effect of purely
metallic EEG leads [Angelone 2004], to evaluate the use of high resistive leads with
numerical simulations on a homogeneous model [MRI 2006], and to evaluate the effect of
EEG electrodes/leads in the human head exposed to RF sources of mobile-phone [Angelone
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2010]. In this chapter we investigate the effect of using electrically heterogeneous vs.
homogeneous human head models.

2. Methods

Numerical head model: Anatomical segmentation and classification at radio-frequency by electrical
properties. MRI data - One healthy 37-year-old, right-handed adult male volunteer
participated in this study. Informed consent was obtained in accordance with Massachusetts
General Hospital policies. High-resolution anatomical MRI data were acquired with a
quadrature birdcage transmit/receive head coil on a 1.5 T scanner (General Electric,
Milwaukee, WI). Data were collected with a T1-weighted 3D-SPGR sequence (TR/TE =
24/8 ms) with 124 slices, 1.3 mm thick (matrix size 256x192, FOV 256 mm). The volume data
was resampled to isotropic voxels with dimensions of 1x1x1 mm?3. Segmentation was then
applied to this dataset volume.

Free Space

Nasal Structuras
Outer Table

Soft Tissug

Fig. 1. High resolution head model with 32 electrodes/leads and RF coil. The 3D view
shows the head model with EEG leads centered in a 16-wire RF coil.

Anatomical segmentation - Twenty-five non-brain anatomical structures (Figure 1) were
manually segmented from the MRI data by an expert anatomist [Makris 2008]. Three brain
structures (Cerebro Spinal Fluid, Grey and White matter) were additionally segmented with
an automatic segmentation algorithm [Dale 1999, Segonne 2004] and coregistered with the
non-brain structures. The final head model consisted of a total of 28 anatomical structures
(Table 1). The total number of Yee cells [Yee 1966] was 4,642,730. The head dimensions were
170 mm in width, 217 mm in depth, and 238 mm in height.
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Heter ogeneous Homogeneous
Anatomical Structures Denstsy 300 M Hz 7 Densutsy 300 MHz 7
(kg/m”) | o (S'm) g (kg/m”) | o (S/m) g
z Grey Matter 1030(a) 0.69 60.00
< White M atter 1030(a) | 041 4377
o0 Cerebro Spinal Fluid 1010(a) 2.22 72.73
Adipose 920@ 007 1174
Air (Resp./Diges./Sinus) 1.3® 0.00 1.00
Bone (Facial) 1850® 0.08 13.43
Connective Tissue 1100® 055  46.77
Cornea 10769 | 115 6137
Diploe/ Bone Marrow 1080® 021  23.16
Dura 10309 | 080 47.95
Ear / Pinna 1100@ 055  46.77
Eye Humor (Aqueous) 1010® 151 69.01
EyeHumor (Vitreous) | 1010%9 | 151  69.01
=z EyelLens 1100 0.64  48.95
< 1040 | os0 59
o’ Epidermis/Der mis 1100@ 0.64 49.82
g Inner Table 1850® | 008 1343
@) Muscle 10409 | 079 5897
= Nasal-Structures 1100@ 0.55 46.77
Nerve 1040®@ | 041  36.90
Orbital Fat 920 007 1174
Outer Table 1850® 0.08  13.43
Retina/Choroid/Sclera | 1170@ | 0.97  58.90
Spinal Cord 1040® 041  36.90
Soft Tissue 11009 | 055  46.77
Subcutaneous Tissue 1100@ 0.55 46.77
Subcutaneous Fat 920®@ 0.07 11.74
Teeth 1850® | 008 1343
Tongue 10409 0.79 5897

Table 1. Anatomical structures and electrical properties of high-resolution heterogeneous
head model at 300 MHz. The electrical properties were constant for all the anatomical
structures in the homogeneous model. (a) [Li 2006]; (b) [Collins 2004], (c) [DeMarco 2003],
(d) [FCC website] based on [Gabriel 1996].

Classification of anatomical structures at radio-frequency by their electrical properties - The
classification of anatomical structures in terms of electrical properties is necessary to
precisely compute the EM field and SAR in the human head during an MRI experiment. The
electrical properties of anatomical structures, such as electrical conductivity and
permittivity, vary depending on their structural composition. Specifically, the electrical
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properties of the models used in this study were considered as [Vorst 2006]: a) linear with
electric field, b) isotropic, c) dispersive, and d) heterogeneous in space. Under these
conditions, complex permittivity (¢*) is defined as:

e(w)=¢,(0)-je'" (o)

=gr(w)—jatL(m):er(a))—j[M+8d(‘o)J

orn orn

(2)

where ¢ (@) is the frequency-dependent relative permittivity of the material, & is the
permittivity of free space (equal to 8.854-102 F m1), @ is the angular frequency of the field
(® = 2uf, with f frequency in Hz); £”(w) is the frequency-dependent loss factor, with o, (@) the
total conductivity, that includes a frequency-independent ionic conductivity (o;(®)) and the
frequency-dependent losses due to dielectric polarization (&4 (@) ). The frequency used in this
study was 300 MHz which is approximately the RF frequency needed to elicit proton MRI
signal at 7 T.

In the EEG leads, typically built with metals or non-biological materials, the loss component
is due to free electrons only:

8”(0)) _ oot (@) _ o;(@) 3)

orn e

high-spatial resolution of the model allowed distinguishing contiguous structures with
different electrical properties, such as bone-marrow vs. outer table, skin vs. fat.

The anatomical classification, mass density and electrical properties at 300 MHz are shown in
Table 1 and mapped in Figure 2. Two different electrical models - a homogeneous and a
heterogeneous one - were implemented. For the homogeneous case, the same physical
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properties were assigned to all the anatomical structures, i.e., conductivity o,,, =0.8S/m,
relative permittivity &, =59, and density p4 =1040 kg /m®, corresponding to the average
properties of muscle at 300 MHz [FCC Website]. For the heterogeneous model, each
anatomical structure was assigned more specific electrical properties, based on the data of the
comprehensive study by Gabriel et al. [Gabriel 1996a, 1996b, 1996c] (Table 1). The values of
mass density were derived from literature [Collins 2004, DeMarco 2003, Gabriel 1996, FCC
website, Li 2006]. An average value of conductivity and permittivity was assigned to the
anatomical structures without a direct equivalence in the database (i.e., “Subcutaneous
Tissue”, “Connective Tissue”, and “Soft tissue”) [Makris 2008].

Numerical Model of EEG electrodes and Leads - The layout of thirty-two EEG electrodes on a 2D
mask was designed using Circuit Maker (Altium Inc, San Diego, CA) and imported into
Matlab (Mathworks, Natick, MA). The mask was co-registered with the axial slice of largest
diameter on the head model. The EEG electrodes and leads of the mask were projected and
placed on the surface of the head model (“epidermis” tissue, see Figure 1) [Angelone 2006].
The EEG electrodes were modeled as small cylinders (radius: 7 mm, thickness: 3 mm) and
were positioned in direct contact with the skin as for the expanded 10-20 montage [Regan
1989]. The leads were modeled as metallic leads ( Pe /ieads = Peopper =1-67 - 10° Qm ), and were
bundled above the Cz electrode [Regan 1989],oriented vertically, and curved downward as
shown in Figure 1. The complete model (i.e.,, head with 32 EEG electrodes/leads) was then
imported into the XFDTD software (Remcomi Inc., State College, PA). EEG leads were shortened
on one side, to simulate the short circuit created by the low-pass filter in the input stage of the
EEG recording system [Purdon 2008], and connected on the other side to the head surface.

Numerical Model of RF Coil - The RF source was based on a volume RF coil [Jin 1997, Collins
2001]. The coil was modeled with 16 perfect electrically conductive rods of 295 mm in length
and disposed around the head with circular symmetry (diameter 260mm) (Figure 1). The RF
source was simulated as a circular excitation driving the current generators placed on the
centers of the rods with 1A peak-to-peak amplitude and a 22.5¢ phase-shift between any two
adjacent generators.

FDTD simulations - Numerical simulations were performed using commercially available
software XFDTD, based on the Finite-Difference-Time-Domain (FDTD) algorithm. Numerical
simulations were performed at a frequency of 300 MHz. A total of seven perfectly matching
layers were used for boundary conditions [Berenger 1994]. The total volume, including the free
space around the model, was 297x353x303 mm?3; the time step used to meet the Courant
condition for numerical stability [Taflove 2005] was 1.92 ps, and the total number of time steps
was 25,000. Simulations provided the magnitude of electromagnetic field and induced currents
for each voxel, as well as whole-head averaged SAR, 1g- and 10 g-averaged SAR [IEC 2002,
FDA 2003].

3. Results

Model without EEG electrodes/leads - Figure 3 shows the magnetic flux density HBH , and
Figure 4 the electric field EH and induced currents HT“ computed with homogeneous and
heterogeneous head model. The load of the head on the RF coil (i.e. the impedance seen by
each of the 16 sources) was similar (£ 10%) in both models, in line with physical RF coil
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tuning on the bench with anatomically accurate phantoms or human head [Ibrahim 2005].
The characteristic Central Brightening Effect at 7T [Collins 2005] was present in both
models. The superposition of electromagnetic fields determined a complex pattern of
electric field inside the head and local peaks of electric field at the boundaries between skin
and air as well as inside the head. The effect of the tissue conductivity focused the currents
in the most conductive structures (e.g., Cerebro Spinal Fluid and eye region).

Noelec 32 EEG elec/leads

S oo =

o

Fig. 3. Amplitude of magnetic flux density HEH computed with homogeneous and
heterogeneous head model without (“Noelec”) and with EEG electrodes/leads.

The characteristic Central Brightening Effect at 7T [ Collins 2005] was present in both
models.

Head plus metallic leads - Figure 4 shows the effect of metallic leads with the head. The
superposition of the electric field radiated from the RF coil and field scattered by the leads
resulted in an increase of the field near the leads and on the skin, and in a reduction of the
field at the center of the head (“shielding effect of the EEG leads”) [Hamblin 2007]. There
was a peak of induced currents on the skin, near the leads. Because of the EEG-leads
acting as antennas, the coil load and the magnetic field inside the head were different
compared to the control case of no leads.
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Noelec 32 EEG elec/leads

Fig. 4. Amplitude of electric field |E| and induced currents “f” computed with homogeneous
and heterogeneous head model, without (“Noelec”) and with EEG electrodes/leads.
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SAR - The whole-head SAR computed with the two models (with/without leads)
was similar (i.e., 3% difference, see Table 2). No significant difference (<5%) in whole-
head SAR was observed for the case with perfectly conductive EEG leads. The
heterogeneity of the structures and the local differences of electrical properties affected
the 1g-averaged SAR, with up to two-fold difference for the peak 1lg-averaged SAR
(Figure 5) in the control case without leads (Istvs. 3td column, Table 2), and a 30%
difference with EEG leads (2ndvs. 4th column, Table 2). Smaller differences with
homogeneous vs. heterogeneous model were observed in the computation of 10-g
averaged SAR, with a 15% difference without leads and 20% difference with EEG leads
(Table 2).

300 MHz Homogeneous H eter ogeneus
noelec 32elec-copper noelec 32elec-copper

Max SAR [W/kg] 1.1 33.9 2.3 38.8
Peak 1g avg. SAR [W/k(] 0.48 1.37 0.92 1.05
Peak 10g avg. SAR [W/kg] 0.29 0.32 0.33 0.40
Whole Head [W/kg] 0.10 0.09 0.10 0.09
Input power [W] 4.1 33 4.5 3.6
Power dissipated in head[W] 2.0 14 24 1.8
Radiated power [W] 21 1.8 2.1 1.9
Efficiency 52% 56% 47% 51%

Table 2. Results for simulations with homogeneous and heterogeneous model, without and
with copper EEG leads.

4. Discussion

While the results in the homogeneous model can be validated with direct measurements in
phantoms, the validation of numerical simulations with heterogeneous head models require
a multi-structure phantom, which would be much more cumbersome and expensive to
build. This study aimed to evaluate whether the use of a more complex heterogeneous
model would provide additional information when looking at SAR changes due to EEG
electrodes/leads in a human head exposed to a 300 MHz RF field.

For this purpose, the study was based on a high-resolution head model segmented by an
expert anatomist from MRI data of an adult healthy subject (Figure 1). In the control-case of
a head model without EEG electrodes/leads, thei EM field was slightly asymmetric [Amjas
2005, Sled 1998]. The EM fields and induced currents were also different between the
homogeneous and heterogeneous models [Amjad 2005].
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SAR unaveraged 1g avg. SAR 10g avg. SAR
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Fig. 5. Specific Absorption Rate (SAR) computed with an electrically homogeneous (top) and
electrically heterogeneous (bottom head) model. Sagittal and coronal maps for SAR
unaveraged, 1g-averaged and 10g-averaged SAR are shown.
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Fig. 6. 3D view of SAR (W/Kg) with copper leads on epidermis and bone structures

(outer table, inner table, bone, teeth). The high-resolution of the model allowed for precise
anatomical definition of thin structures, such the epidermis, where the contact with copper
EEG leads induces local electric field and SAR enhancement. Max SAR =10 W /kg.

Values normalized to 1 W of Input Power.
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SAR estimation with homogeneous and heterogeneous model- No significant differences were
observed for whole-head SAR computed with or without EEG leads for both the
homogeneous and heterogeneous models, suggesting that whole-head SAR may be an
excessively smoothing parameter for RF dosimetry with EEG leads. The small difference
in peak SAR estimated with homogeneous or heterogeneous model for the case with
metallic EEG leads was likely due to the specific location of the peak SAR (i.e., few
mm underneath the electrodes); the volume of interest in the heterogeneous model
included only two structures, epidermis and subcutaneous tissue, with electrical
properties similar to the one used for the homogeneous model. On the other hand,
because of the spatially-limited characteristics of SAR changes it is important to properly
model the variably-conductive interfaces between EEG electrodes, epidermis, and
subcutaneous tissues, both in terms of anatomical structures and electrical properties. As
a further test, we have compared the results obtained with the homogeneous model with
metallic leads with a model where the external layer (i.e., the epidermis) was substituted
with perfectly insulating material (o =0S /m ). Whole-head and 10g-averaged SAR were

not affected by the dramatic change in conductivity at the interface, but there was a 280%
change in computed 1g-averaged SAR.

The use of a heterogeneous head model may allow for improved SAR computation and
visualization for heterogeneous structures with different electrical properties, such as
skin, fat, muscle or bone marrow (Figure 2). However, the use of an anatomically fine-
grained head model may add potential errors when modeling the internal structures of
the head [Gajsek 2002]. Due to the difficulties in matching exactly all the anatomical
definitions to existing literature, some of the anatomical structures were assigned the same
electrical properties; 16 different electrical properties were used to characterize the
anatomical structures (Figure 2). Further work may be performed to improve the
electrical characterization of the numerical head model and to validate using direct
measurements with corresponding physical models.

Effect of geometry - This study focused on evaluating the effect of head electrical
heterogeneity as well as lead resistivity on SAR. The geometrical model was constant with
respect to other physical variables (Figure 1) which may affect SAR: number of electrodes,
length and orientation of the leads, position of the head inside the RF coil, and RF source
geometry, as well as size and shape of the head model. In clinical applications, these
variables will be affected by various external constraints, such as length of the imager
used for the MRI recording, position of EEG system inside the MRI room, and geometry
of RF coil used to obtain the best Signal to Noise Ratio (SNR). For example, EEG leads may
be connected to a pre-amplifier placed either on the back of the imager (EEG leads from
the top of the head oriented farther away from the head) or in the front of the scanner
(EEG leads placed along the head and exiting from the neck down); in this case the
minimal physical length of the leads will depend on the placement of the pre-amplifier.
We have modeled 32 electrodes and leads, a configuration currently used in many
laboratories for EEG-MRI recordings. The results of this study cannot be directly
extrapolated to different number of electrodes, because the presence of more leads may
increase the interaction with the EM field, with resulting SAR in the head that could be
higher or lower, depending on the geometry, the shielding effect of the EEG leads
[Hamblin 2007] and the frequency considered [Angelone 2004].
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Antenna effect - The typical length of EEG leads is in the order of ~ 50-100cm, which is
comparable with the wavelength of the RF field at 300 MHz (i.e.,, 1 m in empty space). The
interactions of the EEG leads and RF coils will induce changes in the EM field inside the
head (i.e., “shielding effect” of the EEG leads) [Hamblin 2007] and local SAR enhancement
at the interface between electrodes and skin [Armenean 2004, Yeung 2002]. Low resistivity
EEG leads ( p},,4 < Pmin = 0.0001 Q m ) behave as lossless antenna [Balanis 2005] and will
have maximum induced currents along the leads. The high discontinuity of resistivity
between lead and surrounding medium ( py,; =1.67-10°Q mvs. py,, =1/0y,,1.56 Q m for
the skin/epidermis, Table 1) determines an electric field enhancement at the interface
between leads and head surface (i.e., epidermis). This observation is in line with theoretical
models [Guy 1975] and physical evidence of reports of burns due to “antenna-effect” of
leads [Dempsey 2001].

5. Conclusions

The aim of this study was to investigate the possible effect of using complex heterogeneous
head models when investigating SAR in a human head wearing EEG electrodes/leads while
exposed to RF field of high-field MRI. MRI-based high-resolution homogeneous and
heterogeneous head models with 32 EEG electrodes/leads were implemented.
Electromagnetic simulations based on FDTD algorithm were performed. Non-significant
differences in whole-head SAR (i.e. less than 5%) and a 30% difference in peak 10g-averaged
SAR values were observed with the homogeneous vs. heterogeneous models. The presence
of an insulating layer between EEG electrode and skin resulted in a three-fold change in
computed 1g-averaged SAR. Results of this study suggest that when whole-head, 10g-
averaged, and lg-averaged SAR in a human head wearing EEG electrodes/leads are
computed with a homogeneous rather than electrically heterogeneous model this can result
in a difference of up to 30%. In all cases, a precise modeling of the electrically conductive
interface between electrode and head surface is fundamental to avoid a significant
underestimation of the local SAR.

Future directions — The systematic analysis presented in this chapter improved the scientific
understanding of the complex interactions between radiofrequency electromagnetic field
and a human head with EEG leads. Such a numerical framework can be used to support the
design and development of novel leads for multimodal recording at ultra high-field MRI.
Future work may be directed toward investigating the effect of the specific head model
used, in terms of inter-subject variability and in the presence of anatomical pathologies.
Moreover, further improvement of the electrical model, namely the electrical properties
associated with each anatomical structure, can be obtained by taking advantage of MRI-
based direct measurements, i.e., electrical properties tomography (EPT). Finally, while the
specific absorption rate is the current parameter used for RF dosimetry, the use of
temperature is a more biologically significant quantity, and future work may be directed
toward a better evaluation of the changes in temperature - rather than only SAR - in the
body. The experimental validation with properly matching geometries between numerical
and physical models will most likely be the final fundamental step toward a complete
dosimetric evaluation.
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