1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
IEEE Trans Electromagn Compat. Author manuscript; available in PMC 2020 June 01.

-, HHS Public Access
«

Published in final edited form as:
IEEE Trans Electromagn Compat. 2019 June ; 61(3): 852-859. doi:10.1109/TEMC.2018.2840050.

Numerical and Experimental Analysis of Radiofrequency-
Induced Heating Versus Lead Conductivity During EEG-MRI at 3
T

Seyed Reza Atefi,

Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital, Harvard
Medical School, Charlestown, MA 02129 USA, and also with the University of Boras 50190,
Boras Sweden (atefi@kth.se).

Peter Serano,

Division of Biomedical Physics, Center for Devices and Radiological Health, Office of Science and
Engineering Laboratories, U.S. Food and Drug Administration, Silver Spring, MD 11401 USA
(pete@serano.org).

Catherine Poulsen,
Philips Neuro, Eugene, OR 97401 USA (catherine. poulsen@philips.com).

Leonardo M. Angelone [Member IEEE], and

Division of Biomedical Physics, Center for Devices and Radiological Health, Office of Science and
Engineering Laboratories, U.S. Food and Drug Administration, Silver Spring, MD 11401 USA
(Leonardo.Angelone@fda.hhs.gov).

Giorgio Bonmassar [Senior Member IEEE]
Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital, Harvard
Medical School, Charlestown, MA 02129 USA (giorgio.bonmassar@mgh.harvard.edu).

Abstract

This study investigates radiofrequency (RF)-induced heating in a head model with a 256-channel
electroencephalogram (EEG) cap during magnetic resonance imaging (MRI). Nine computational
models were implemented each with different EEG lead electrical conductivity, ranging from 1 to
5.8 x 107 S/m. The peak values of specific absorption rate (SAR) averaged over different volumes
were calculated for each lead conductivity. Experimental measurements were also performed at 3-
T MRI with a Gracilaria Lichenoides (GL) phantom with and without a low-conductive EEG lead
cap (“InkNet™). The simulation results showed that SAR was a nonlinear function of the EEG lead
conductivity. The experimental results were in line with the numerical simulations. Specifically,
there was a A7 of 1.7 °C in the GL phantom without leads compared to A 7 of 1.8 °C calculated
with the simulations. Additionally, there was a A7 of 1.5 °C in the GL phantom with the InkNet
compared to a A7 of 1.7 °C in the simulations with a cap of similar conductivity. The results
showed that SAR is affected by specific location, number of electrodes, and the volume of tissue
considered. As such, SAR averaged over the whole head, or even SAR averaged over volumes of 1
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or 0.1 g, may conceal significant heating effects and local analysis of RF heating (in terms of peak
SAR and temperature) is needed.

Keywords

Anatomical models; computational electromagnetic modeling; finite-element method (FEM);
specific absorption rate (SAR)

. Introduction

SIMULTANEOUS electroencephalography (EEG) and functional magnetic resonance
imaging (fMRI) recordings provide data with combined high temporal and spatial resolution
[2], [3] that are very helpful for the noninvasive study of brain function and disorders [4].
However, despite the great advantages of EEG-fMRI, cross-modal artifacts and MR safety
caveats have limited its widespread use [3], [5]-[12]. A major concern when performing
EEG-fMRI stems from possible excessive heating induced by the exposure of EEG
electrodes/leads to the radiofrequency (RF) fields generated by MRI. RF currents are
induced along the EEG leads [13], [14], which may in turn result in excessive RF energy
absorbed in the area of contact between electrode and head. Computational modeling has
been used to evaluate RF absorbed energy, calculated as specific absorption rate (SAR), in
the head with EEG leads. It has been shown that the EEG leads effect on SAR is directly
related to the conductivity of the EEG leads and varies with the EEG electrodes number, RF
field strength, RF coil geometries, and electrical properties of the head tissues and EEG lead
materials [3], [6]-[9], [11], [15]-[22].

The computational modeling studies to date, however, have suffered from several
shortcomings. First, they have not provided a complete numerical quantification of the
relationship between EEG lead conductivity and SAR induced in the head because SAR was
computed across only five lead conductivities [7], suggesting an exponential increase of
SAR versus conductivity. In particular, previous studies did not specifically analyze the
range of 103—5.9x107 S/m, where the transition from low to high local induced currents
occurs. It is hypothesized that in this range the relation between SAR and lead conductivity
may be more complex than a simple exponential increase. Second, analyses were performed
at 7 T rather than the more commonly used 3-T MRI scanner strength. Third, simulations
were conducted using finite-difference time-domain (FDTD) models, which can lead to
inaccurate results influenced by “staircasing” artifacts when modeling the small and curved
structures of the EEG electrodes/leads with isotropic cubic meshes [6], [7], [23], [24].
Alternative methods, based on conformal tetrahedral meshes, such as the finite-element
method (FEM), can produce more accurate results; however, no computational FEM models
of the human head with EEG/MRI have been reported to date. Finally, a very limited number
of studies have linked experimental measurement results to numerical simulations [6].

This study addresses the above issues by implementing FEM computational models to assess
the relationship between EEG lead conductivity and induced SAR in an anatomically
accurate head model with a 256-channel high-density EEG (hdEEG) sensor cap at 128 MHz
(i.e., 3-T proton imaging). A wide range of lead conductivities was investigated, from 1 S/m
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(i.e., conductivity achievable with carbon-blended conductive inks) to 5.8 x 107 S/m (i.e.,
the conductivity of copper, the material typically used in commercially available EEG caps).
Experimental B1 maps and temperature measurements were performed to confirm the
results of the numerical simulations.

This paper is organized as follows. Section Il describes the computational model
(geometrical and physical properties, numerical implementation for electromagnetic and
thermal simulations, and uncertainty analysis) followed by the description of the
experimental setup for B1 and temperature measurements. Section Il includes the results of
numerical electromagnetic and thermal simulations, numerical uncertainty analysis, and B1
and temperature measurements. This paper ends with the discussion and conclusion sections.
Additionally, supporting documentation includes additional data and results with tables and
figures, referenced in the main paper with the initial letter S.

Methods

A. Computational Model: Geometry and Physical Properties

A realistic geometric model included an anatomically accurate head and torso model [13],
[19], [25], a 256-channel hdEEG sensor cap, an RF transmit (Tx) coil [26], and a phased-
array RF receive (Rx) coil model, see Fig. 1.1 The hdEEG cap included 258 electrodes
(including the ground and reference electrode) multiplexed with 32 leads, each modeled as a
700 mm long x 8 mm wide strip to simulate multiple leads printed with conductive ink. The
Tx coil was modeled based on a generic clinical RF Tx birdcage body coil [26], [27], and
was loaded with the head-torso model with the hdEEG cap and (open-loop) Rx coil.
Electrical properties of the anatomical structures were assigned based on available literature
values for 128 MHz, see Table I. The RF transmit coil dimensions were assigned as in [26],
and it was tuned as described in [26]. A tuning capacitance with an initial value was
estimated and adjusted until the unloaded coil system was tuned at 128 MHz, for a final
value of 13.5 pF. The coil input ports were on the superior end ring of the coil at 45° and
135° angles and defined as sinusoidal voltage input ports. Both ports were driven by
identical voltage magnitudes but 90° phase difference to generate a quadrature excitation. A
circuit solution comprised of a set of 32 voltage amplitude and phase offset inputs were
computed and included in the high-frequency structural simulator (HFSS) model to scale the
3-D field solution to the tuned coil condition, using a 13.5-pF tuning capacitance. The input
voltage of the coil input ports was then adjusted to 146 V in the circuit simulator [28].

B. Computational Model: Numerical Implementation

Numerical simulations at 128 MHz were implemented using HFSS (ANSY'S, Burlington,
MA, USA), a FEM-based solver. Simulation convergence was evaluated by ensuring that the
maximum change in peak SAR in the head was less than 1% with concurrent solver passes
of increasing mesh density. The total geometry, including the RF coils, EEG cap, and
anatomical model simulated in HFSS, consisted of 403 433 tetra elements. The simulation

1coil dimensions and dielectric properties are in Tables Sl and SlI, which can be found in the supplementary material accompanying

this paper.
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ran on a DELL PowerEdge 730 PC with 763 GB of RAM and two 2.3-GHz Intel Xenon E5-
2696 CPUs with 14 logical cores. RF coils were solved once and the electromagnetic field
generated on the surface of a cylinder covering the entire model was saved. Such
electromagnetic field was then used as a radiating boundary condition on the surface of this
cylindrical container, which improved the simulation run time. The simulation run time for
solving the MRI coils was around 12.5 h, while the simulations of the case with the cap
(hdEEG) and without the cap (NoCap) lasted around 4 h each. The simulation runtime for
the conductivity sweep was around 18 h.

The quantities of interest analyzed during postprocessing were the magnitude of the current

density ||7||, electric field magnitude ||E||, and SAR at four resolutions; namely, the peak of
the single-point SAR (pSAR), 0.1-g averaged SAR (0.1-g SAR), 1-g averaged SAR (1-g
SAR), and SAR averaged over the whole head.? These quantities were estimated for nine
val-ues of EEG lead conductivity (o) = 1, 10, 102,..., 105, 107, and 5.8 x 107 S/m. The ratio
of SAR with and without hdEEG was calculated as follows:

SAR
R= = hdEEG )
S No—Cap

C. Temperature Simulations

The temperature simulations were performed by solving the heat equation
2
oT _ o|E||
pC, 5=V - (K VT) + ff/(; = dudydz (2)

where 7(K) s the absolute temperature, C,(J/(kgK)) is the specific heat capacity at one
atmosphere of constant pressure, p[kg/m3] is the mass density, K7[W/(mK)] is the thermal
conductivity (Cp = 3391 [j/kgK)], o = 1099 [kg/m3] and K= 0.37 [W/(mK)] for skin [29]),
and @ is the volume of 1 g of head tissue at the point where Tis estimated. The temperature
distribution values of 7 were estimated by solving the heat equation in solids [see (2)],
which is used to model heat transfer by conduction only. The equation was solved by
considering the SAR calculated by the HFSS-based EM simulations (right term) as a heat
source term. The external surface of the head was set to Dirichlet boundary conditions with
7 =20.15 °C. The solution for temperature values 7 was calculated in a Cartesian 3-D and
using a FEM-based commercially available software (Multiphysics 4.4, COMSOL,
Burlington, MA, USA).

D. Uncertainty Analysis

Uncertainty analysis of the numerical simulations was performed as in [13] and [30]. The
uncertainty for each parameter was calculated by selecting the original value plus a second

2 simplified model of a thin wire attached to a sphere placed inside a homogenous electromagnetic field and presented in Fig. S1,
which can be found in the supplementary material accompanying this paper.
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value representing a linear increment in the original value associated with geometrical
changes or intersubject variability; peak 1-g SAR in the head model was calculated for both
values. Based on the two selected values and their 1-g SAR results, a sensitivity factor was
calculated for each parameter and multiplied by the parameter standard deviation to estimate
the uncertainty.

E. Experimental B1 Maps and Temperature Measurements

The numerical head model [25] was used to fabricate a custom-made mold for a Gracilaria
Lichenoides (GL) phantom (Medical Modeling LLC, Golden, CO, USA). The mold [7] was
composed of two equivalent parts (sagittal cut) that could be perfectly sealed together. A
hole was present at the bottom of the mold to pour the following mix: 5.5-L distilled H,0,
550 g of GL Red Algae powder, and 49.5-g NaCl (purity: 98% Catalog No. 31, 016-6
Sigma Aldrich) [8]. This homogeneous GL phantom [8] was used to study temperature
changes with the EEG leads and compare to the simulation results.

Two sets of measurement were performed, namely GL phantom alone and GL phantom with
a high-density 256-channel hdEEG net (“InkNet [8]”). The leads were made of printed ink
with a conductivity of 100 S/m. Eight optical temperature probes (OSENSA Innovations
Corp., Coquitlam, BC, Canada) were used for the study, since a large number of probes may
affect the GL phantom volume conductor (see Fig. 2). The eight temperature probes were
placed in locations expected to report the highest local temperature rise [7], [21], [22].
Specifically, one probe was placed at the center of the GL phantom; four probes were placed
at T7, T8, Cz, and Nasion (10-10 international electrode placement system); and the
remaining three probes were placed at three largest ||B4|| peaks. In order to obtain the three
largest ||B4]|| peaks, an initial assessment was performed using maps of B, magnitude (]|B4]|)
to assess the distribution of RF power throughout the GL phantom. For this purpose, the GL
phantom with and without InkNet was scanned at 3 T, then using a customized MATLAB
(Mathworks, Natick, MA, USA) code, the 256-channel InkNet was coregistered to the GL
phantom ||B4|| and the three ||B1|| peaks were mapped to the closest electrode in the InkNet
sensor net map (see Fig. 3). The three ||B4]|| peaks for the GL phantom alone were at
electrodes #8, #44, and #81, which are near the Cz position, according to the 10-10
electrode placement system. Conversely, the three ||B1|| peaks for the GL phantom with the
InkNet were at electrode numbers #111, #208, and #120, i.e., near the neck where the EEG
leads were bundled.

The following steps were followed to place the temperature probes in the designated
locations: 1) the InkNet was placed on the GL phantom to determine electrode locations on
the GL phantom surface; 2) a hole was drilled for each location at 5 mm depth; 3) the air gap
was filled with thermally conductive paste, and 4) the temperature probe was placed (see Fig
2). Notably, for the thermal measurements without the cap, the InkNet was removed after
placing the probes.

A high-power turbo spin echo (TSE) sequence (12 slices, Imm3 voxels, TR/TE = 2150/226
ms, FA = 140°) was used for 30 min. The scanner-reported whole-head SAR was 3.2 W/kg.
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lll. Results
A. Specific Absorption Rate

The value of Rfrom (1) for whole-head averaged SAR was close to 1 for all values of
conductivity (see Fig. 4). Conversely, R for pSAR3 varied nonlinearly with lead
conductivity, with a minimum (R~ 1) for o less than 10 S/m. For values of 10 < o< 10°
S/m, there was a steep increase in R (1.21 < R <114 pSAR value). Finally, Rreached its
plateau at 114.03 for o >10° S/m. The R values for peak 0.1-g SAR and 1-g SAR also
varied nonlinearly with respect to lead conductivity. However, unlike the peak pSAR, the
steep increase in R started at 100 S/m and, although they plateaued for o >10° S/m, they
plateaued at much smaller R, namely 13.62 (0.1-g averaged SAR) and 5.59 (1-g averaged
SAR), respectively, which are eight- and 20-fold smaller than the pSAR.

Additional analysis was performed for the cases of ¢1=5.8107S/m (equivalent to copper) and
a>=40S/m (equivalent to low pSAR values), respectively. High values of pSAR at the skin-
electrode interface were observed with hdEEG for oy (/SAR = 9.8710% W/kg), compared to
the pSAR for No-Cap (i.e., 1.72 x 103 W/kg). This value was much smaller for o> (i.e.,
PSAR = 4.37 x 103 W/kg), see Fig. 1.

B. Temperature Simulations

The simulations reported a maximum temperature rise in the head after 15 min of 1.8 °C for
the GL phantom alone, 1.7 °C for the GL phantom with EEG cap leads of 40 S/m, and
3.3 °C for the lead conductivity equal to 5.8 - 107 S/m (see Fig. 6).

C. Experimental Temperature Measurements

Experimental temperature measurements showed a maximum temperature rise of 1.7 °C in
the GL phantom alone. The location with maximum temperature rise was around Cz. The
location with the second highest temperature rise was around the ears (T7 and T8), with a
temperature rise of 1.5 °C. Experimental temperature measurements in the GL phantom with
the InkNet (o= 100 S/m) showed a temperature rise of 1.5 °C, located in a position near the
neck (see Table I1), Fig. 7. Table 111 includes a full comparison of the temperature change
measured versus simulated.

D. Single Lead Versus Full hdEEG Cap

To study the effect of the number of EEG leads and peak pSAR deposited in the head, pSAR
for the full EEG cap consisting of 32 leads was compared to two cases of single EEG leads.
One EEG lead was the lead from the full cap that was closest to the peak pSAR location in
the head with full cap and the other one was a neighboring lead. EEG lead conductivity was
swept at the nine lead conductivities reported earlier. Comparison of the R ratio for every
single lead and the full cap showed that the presence of the single lead induced a pSAR in
the head 1.5-fold smaller than the full cap. The lead closer to the peak pSAR in the full cap
resulted in R closer to the full cap than the neighboring lead (see Fig. 8).

3Fig S.3 and Table S.111, included in the supplementary material accompanying this paper, show that white matter and gray matter
pSAR peaks are shifted by the presence of the copper leads and their shielding effect [18].
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E. Uncertainty Analysis

The uncertainty analysis showed that the total uncertainty was 19.36%. The parameter with
the highest single uncertainty was the skin permittivity (i.e., 10%) (see Table V).

V. Discussion

This study reports an analysis of RF-induced energy absorption and temperature increase in
a head with hdEEG cap during MRI. computational FEM modeling and simulations, as well
as B1 maps and temperature measurements at 3T MRI in a homogeneous GL phantom were
used. An initial proof-of-concept was also performed in a simplified spherical model with a
conductive lead. The results of the study showed that peak SAR (pSAR, 0.1-g SAR, and 1-g
SAR) increases nonlinearly, rather than exponentially as previously reported [6], as a
function of lead conductivity. The simulations with a 256-channel hdEEG cap model with
copper leads showed a sixfold increase in peak 1-g SAR in the head model compared to the
case without the cap. The change in the whole-head-averaged SAR with and without the cap
was less than 20%, within the computational uncertainty.

Previous studies have also shown that the presence of conductive EEG leads can increase
peak SAR (pSAR, 0.1-g SAR, and 1-g SAR) in the head [6], [7]. For example, Angelone et
al. [6] reported a 62-fold increase in peak 1-g SAR in a head model with a 124-sensor
hdEEG cap at 128 MHz/3 T, compared to the case without a cap. However, the results of the
study were limited by the absence of a torso in the human body model, which precluded
modeling a body coil and the full lead length, possibly also affecting RF-induced currents in
the lead.

Thermal simulation results also confirmed that highly conductive EEG leads (5.8 x 107 S/m)
could cause a twofold temperature rise in the 1 g volume of skin tissue when compared to
the EEG leads with lower conductivity values, i.e., 40 S/m and NoCap case. The 1.8 °C peak
temperature rise reported in thermal simulations was close to the peak temperature rise of
1.7 °C measured in the GL phantom. Although the experimental and simulated thermal
results were close in values, the locations of peak temperature rise were different.
Specifically, the measured temperature peak was at Cz, while the simulated temperature
peaks were on the left side, close to the ear. Additionally, temperature measurements
performed for the GL phantom with the InkNet [8] showed a peak of 1.5 °C, which is close
to the peak temperature rise of 1.7 °C reported for the simulation of the head with a hdEEG
cap with 40 S/m leads. However, a direct comparison of the InkNet thermal measurements
and the EEG cap with resistive leads is not feasible, because of wider EEG leads, a thicker
substrate mesh, and omission of a dielectric insulation coating in the computational model as
compared to the physical InkNet. Therefore, this study cannot be used as a direct numerical
validation of the InkNet at 3 T.

It should also be noted that building an EEG cap to match the low-induced currents might
not be feasible as the resistances of the leads may become equal to, or even greater than, the
input impedance of the EEG amplifier. Thus, the transitional region is the most feasible
region for choosing lead conductivity, and the designer must balance between limiting MRI
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induced currents by reducing and maximizing the signal-to-noise of the EEG recordings by
selecting a larger value for o.

Finally, although the FEM mesh used in this study can improve the staircasing artifacts when
modeling the small and curved structures of the EEG electrodes/leads with isotropic cubic
meshes [6], [7], [23], [24], the scope of this study did not include a direct comparison of the
results using FEM and FDTD solvers, which remains to be addressed.

As expected, there was no heating due to the InkNet, which was similar to the results
reported in the earlier studies at 7- and 3-T MRI [8], [22]. The peak temperature values
measured experimentally were comparable to the simulations results, considering the
accuracy of the temperature probes estimated to be around 0.5 °C (OSENSA, PRB-400).
Notably, the numerical simulations were performed with an electrically heterogeneous
model while the GL phantom was electrically homogeneous. However, previous studies
performed with electrically homogeneous and heterogeneous models have been shown to
provide similar electric field estimations [7]. Additionally, the local SAR with EEG leads is
expected to be mostly on the surface of the GL phantom (i.e., affecting mostly one structure,
namely the epider- mis/dermis), suggesting the validity of experimental validations with a
geometrically matched homogeneous GL phantom [7]. Furthermore, the high conductivity
of the GL phantom, due to the salinity of the red algae, enabled the detection of the B1
peaks near the electrodes on the surface. A standard water phantom at 3 T has the B1 field
peaks in the center. Hence, the GL phantom mimics the B1 field distribution of a water
phantom at higher main magnetic field strengths [31].

V. Conclusion

The simulations in this study show that the peak pSAR is a nonlinear function of the EEG
lead conductivity, as computed in an anatomically accurate head model fit with a 256-sensor
hdEEG cap, across nine different EEG lead conductivity values and normalized to the case
of No-Cap (R).

The nonlinear relationship between pSAR and lead conductivity had three main regions:
low-induced SAR (1 < o< 10 S/m), transitional SAR (10 < o< 10° S/m),and high-induced
SAR (10° < o< 5.8 107 S/m). Similarly, peak 1-g SAR and 0.1-g SAR had a similar
nonlinear curve but with approximately 20- and eightfold smaller amplitude in the high SAR
region and the transitional region starting at 100 S/m. The R for whole-head-averaged SAR
was approximately constant (/= 1) for all nine lead conductivities. Results of this study
indicate that location and volume of tissue considered can influence SAR assessment, and
SAR averaged across the whole head, or even 1 or 0.1 g volumes, can conceal heating.
Temperature simulations of this study showed that resistive EEG leads do not cause peak
temperature rise more than the no EEG cap case, which was also confirmed by thermal
measurements in a GL phantom.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(a) Computational model of 256-channel hdEEG cap. (b) Anatomical model (head and

torso) with the hdEEG cap. (c) Anatomical model with the hdEEG cap and the RF receive
array coil model. (d) Anatomical model with the hdEEG cap and the MRI RF receive and
transmit coil models.
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Fig. 2.
(a) GL phantom used for measurements. Temperature probes are visible (orange plastic

optical fibers). (b) hdEEG cap, InkNet.
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Fig. 3.
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|IB1]| maps with a GL phantom without (a) and with (b) the InkNet. Arrows indicate location

of the three largest peak values of ||B4]| as three locations in the GL phantom expected to

undergo the highest temperature rise. Each ||B4]|| peak was mapped to the closest electrode
location of the InkNet registered to the GL phantom. (c) Schematic representation of the 256

electrode locations on the head. The bottom of the image corresponds to the back of the

head. The three largest ||B4]|| peaks for the GL phantom alone were around Cz and on top of

marked with blue circle) where the leads are bundled.
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Fig. 4.

Values of Rfor nine hdEEG lead conductivities for peak single-point SAR (pSAR), peak

0.1-g SAR, peak 1-g SAR, and SAR averaged over the whole head.
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Fig.5.
Results of numerical simulations for the head model with No-Cap, and with a hdEEG cap

with o1 = 5.8 107 S/m and &2 = 40S/m. Images show: (a) Single-point SAR (pSAR)on the
head surface. (b) pSAR in midsagittal plane. (c) Electric field magnitude. (d) Current density
magnitude.
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Temperature (“c)
A 233

Fig. 6.

Temperature simulation results for the head model wearing (a) no EEG cap, (b) EEG cap
with lead conductivities of 5.8 x 107 S/m, and (c) EEG cap with lead conductivities of 40
S/m.
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Temperature Rise (°C)

Page 19

=== Nasion

Time (min)

(b)

Temperature rise measured at 1 S/s rate in (a) GL phantom alone and (b) GL phantom with
the InkNet. The first 10 min of recording is the baseline measurement with no MRI
scanning. During the next 30 min, the high-power TSE sequences are applied then finished

10 min of no MRI scanning.
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Fig.8.
Top. Rratio computed for the peak pSAR in three different conditions: (bottom left) full

cap; (bottom middle) single lead (a) corresponding to the lead that is the closest to the
location of the peak pSAR; (bottom right) single lead (b) corresponds to a neighboring lead.
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TABLE |

Dielectric Properties Of Tissues At 128 Mhz [1]

Anatomical Structure

Material

Permittivity  Conductivity(S/m)

Air sinus

Mastoid bones
Arteries

Blood in the Brain
Skull

Vertebral Column
Bone Facial

C4 cervical Bone
C3 cervical Bone
T1 Bone

Ribs

Grey Matter

White matter

Nose

Ears

Larynx Cerebellum
Cerebrospinal Fluid
Ventricles Eye (Vitreous humor)
Fat Orbital fat
Head Average
Torso

Trapezius

Retina

Skin

Spinal Cord

Brain stem

Nerve

Oesophagus
Trachea

Subcutaneous tissue

Vacuum

Average (blood vessel and Blood)

Averaged Bone Cortical & Cancellous

Cancellous bone

Grey matter

White Matter

Cartilage
Cerebellum
Cerebrospinal Fluid

Vitrous humor

Fat (Not Infiltrated)

Muscle

Retina
Skin (Wet)

Nerve

Oesophagus

Trachea

Average (muscle,cartilage and fat)

65

21

26

74
53

53
80
84
69

5.9

64

65
62

44

75

51
41

0.86

0.12

0.18

0.59
0.34

0.49
0.83
2.2
15

0.037

0.72

0.92
0.54

0.35

0.91

0.56
0.41
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Temperature Rise (In °C) In The Gl Phantom After 15 Min Of High-Power Mri Scanning

TABLE Il

Location NoCap InkNet
Nasion 11 0.7
Cz 1.7 15
Center 0.3 0.4
T7 15 11
T8 1.6 0.7
Bl-maxl 11 15
Bl-max2 1.2 1.0
Bl-max3 0.9 0.6

Electrode number with B1 Max values:

NoCap—B1-max 1: electrode #8, B1-max 2: #44, B1-max 3: #81.

InkNet—B1-max 1: #111, B1-max 2: #208, B1-max 3:#120.
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TABLE Il

Comparison Of Peak Temperature Rise After 15 Min In The Simulation And Experiments For The Nocap And
Inknet Cases

NoCap InkNet
Simulation Experiment  Simulation Experiment
(°C) 18 1.7 1.7 15
Difference 01 02

(°0)
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