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A B S T R A C T

Neurological disorders are increasingly analysed and treated with implantable electrodes, and patients with such
electrodes are studied with MRI despite the risk of radio-frequency (RF) induced heating during the MRI exam.
Recent clinical research suggests that electrodes with smaller diameters of the electrical interface between
implant and tissue are beneficial; however, the influence of this electrode contact diameter on RF-induced heating
has not been investigated. In this work, electrode contact diameters between 0.3 and 4mm of implantable
electrodes appropriate for stimulation and electrocorticography were evaluated in a 1.5 T MRI system. In situ
temperature measurements adapted from the ASTM standard test method were performed and complemented by
simulations of the specific absorption rate (SAR) to assess local SAR values, temperature increase and the dis-
tribution of dissipated power. Measurements showed temperature changes between 0.8 K and 53 K for different
electrode contact diameters, which is well above the legal limit of 1 K. Systematic errors in the temperature
measurements are to be expected, as the temperature sensors may disturb the heating pattern near small elec-
trodes. Compared to large electrodes, simulations suggest that small electrodes are subject to less dissipated
power, but more localized power density. Thus, smaller electrodes might be classified as safe in current certifi-
cation procedures but may be more likely to burn adjacent tissue. To assess these local heating phenomena,
smaller temperature sensors or new non-invasive temperature sensing methods are needed.
1. Introduction

1.1. Motivation

Implantable electrodes are increasingly used to restore normal func-
tion, in particular, in patients with neuro-degenerative diseases. In these
patients, implantable electrodes can increase the quality of life while
simultaneously providing diagnostic information about neuronal activ-
ity. Implantable electrodes are usually polymer substrates with linear or
planar arrays of metal electrode contacts applied to the targeted tissue.
Common applications of such here termed “electrodes” are electrical
stimulation of the brain for Parkinson's patients, recording of the electro-
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corticogram (ECoG) for pre-surgical evaluation of epilepsy (Hermes
et al., 2010), brain function mapping (Dykstra et al., 2012), and the
implementation of neuroprosthetics (Ordonez et al., 2012). For these
applications it is beneficial to accurately localize the electrode contacts
with respect to the brain anatomy immediately after implantation.

The onset and progression of neuro-degeneration is often monitored
with magnetic resonance imaging (MRI), as MRI provides an excellent
soft tissue contrast and it can detect focal lesions in brain tissue without
ionizing radiation. Furthermore, the localization of the electrodes is
better done with MRI than with computed tomography (Yang et al.,
2012). In particular, MRI can visualize grey and white matter with high
contrast, it is more sensitive in the detection of post-operative
edical Physics, Killianstrasse 5a, 79106, Freiburg, Germany.
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complications, and MR images can be easily co-registered to
pre-implantation MRI. In addition, MRI provides neuro-functional ex-
amination methods to detect epilepsy foci that can be important for
fundamental epilepsy therapy research (Carmichael et al., 2007; Haw-
sawi et al., 2017; Min et al., 2012). Although performing MRI exams for
post-operative monitoring of patients with implanted electrodes would
be highly desirable, the presence of the electrodes during MRI exposes
the patient to a significant safety hazard. The radio frequency (RF)
excitation fields employed in MRI can cause a significant temperature
increase in tissue surrounding the AIMD electrodes (Kainz et al., 2002;
Nitz et al., 2001; Shellock, 2000). This heating effect is especially pro-
nounced in devices that contain elongated metal structures such as cables
that interface with brain tissue (Erhardt et al., 2018; Yeung et al., 2002).
Many different methods have been proposed to reduce RF-induced
heating (Bottomley et al., 2010; Eryaman et al., 2015, 2011; Etezadi-A-
moli et al., 2015; Krafft et al., 2006; Ladd and Quick, 2000; Yeung et al.,
2002). Despite precautions incidents with severe adverse events have
been reported in AIMD patients undergoingMRI exams (Henderson et al.,
2005; Spiegel et al., 2003).

1.2. Implantable planar electrodes and the trend towards smaller electrode
contact diameters

Implantable or subdural planar electrodes are made of flat polymer
sheets where the comprised electrode contacts are in one plane. By
contrast, depth electrodes (used to target deep structures) have a cylin-
drical geometry resulting also in cylindrical electrode contacts. Planar
electrodes are further distinguished into electrode “strips” (or paddle
electrodes) when elongated or “grids”when comprised by several lines of
electrode contacts. Strips, as used in this study, are used in intracranial
video-EEG monitoring in the pre-surgical workup of patients with re-
fractory focal epilepsy. Further applications are cortex stimulation (Sai-
toh and Koichi, 2009), brain mapping (Pirotte et al., 2009), ECoG or
microECoG recording (Gupta et al., 2014; Hamilton et al., 2017; Jiang
et al., 2017), and spinal cord stimulation (Kemler et al., 2000). The
dimension of the electrode-tissue interface here termed “electrode con-
tact” is a key parameter for electrical stimulation and bioelectrical signal
recording (Cogan, 2008). Electrode contacts in most clinical applications
have large diameters on the order of millimeters that provide low
impedance and hence low noise during recording. A large surface area is
also beneficial for electrical stimulation as it offers a higher charge in-
jection capacity. However, large electrode contacts come with
side-effects such as a larger foreign body response and poor spatial
recording selectivity. Recent findings showed that small electrode con-
tacts (μECoG: ~1mm contact diameter and below) provide very similar
information on the brain state with respect to recorded signal frequency
band and power (Jiang et al., 2018) as standard size electrode contacts
(ECoG: 2.7 mm electrode contact diameter). While providing similar
recording quality, smaller contacts permit the realization of grid elec-
trodes with much higher contact density, which can provide a dramatic
improvement on spatial recording selectivity (Chang, 2015; Muller et al.,
2016). Even smaller electrode contacts with diameters on the order of
several 100 μm feature higher spatial resolution, that enables the detec-
tion of high frequency oscillations in small nerve cell ensembles (Zijl-
mans et al., 2017). In research settings electrode contact diameters as low
as 20 μm have been reported (Stieglitz et al., 2009) and small electrodes
were fabricated with surface coatings to match the charge injection ca-
pacity of large electrode contacts (Boehler et al., 2015). So far, the in-
fluence of the electrode contact diameter on RF-induced heating during
an MRI exam has not been investigated.

1.3. RF-induced heating near implants in MRI

The specific absorption rate (SAR, W/kg) is a measure for the
absorbed electromagnetic power per mass of a given tissue. Theoretical
expressions for SAR can be derived from the complex Poynting theorem
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which originates from the Maxwell equations (Jackson, 2012). Assuming
a homogeneous medium and integrating over a volume of tissue, the
dissipated power per mass is given by equation (1):

SAR ¼ σjEj2
2ρ

(1)

Here, σ is the electric conductivity (in S/m), and ρ the mass density (in
kg/m3) and E the scattered electric field (in V/m). This power is dissi-
pated as thermal energy and, hence, increases the temperature in the
volume. SAR can increase drastically when the frequency of the RF field
approaches or matches the resonance frequency of an implanted device
such as an electrode. Resonance can occur when the conductor length
matches integer multiples of the half RF wavelength. In MRI, the proton
resonance frequency is proportional to the MRI field strength B0. At
B0¼ 1.5 T, it corresponds to 64MHz and the conductor resonance length
is λ=2 ¼ 2:43 m when surrounded by free space and λ=2 ¼ 0:27 m when
embedded in the later used hydroxyethyl cellulose (HEC) gel with a
relative permittivity of εr ¼ 81, which is comparable to grey matter with
εr ¼ 74:5 (Gabriel et al., 1996).
1.4. Evaluation of RF-induced heating in implants

While the origin of the RF heating is well understood, its estimation in
vivo is still problematic (Erhardt et al., 2018; Nitz et al., 2001), because
many parameters influence SAR, especially local SAR at the implant
location. Besides the individual anatomy of the patient, additional pa-
rameters are of high importance such as B0, the transmit RF coils and the
MR imaging sequence as well as the material, geometry, and, especially,
the configuration of the implant (Mattei et al., 2008). For example, the
flexible cables of implanted devices can be positioned in many different
geometric configurations (Nordbeck et al., 2009), which makes it diffi-
cult to predict SAR values for all applicable conditions. Therefore, worst
case situations are oftentimes studied where maximum RF heating of an
individual implant is created to define conditions for the safe use of the
device in MRI. If, in this worst case scenario, the device does not heat up
by more than 1 K during 15min RF exposure, it is considered to be safe
under this and less demanding situations. This methodology has been
summarized in the international standard ASTM F2182 (ASTM Interna-
tional and West Conshohocken, 2011) and has been employed for ECoG
electrodes in MRI (Carmichael et al., 2008). Lately, these time-consuming
experimental evaluations have been supplemented widely by pre-
liminary simulations to compute the distribution of electromagnetic
fields and SAR hot-spots and then evaluate the worst case, which is ul-
timately verified in a measurement (Neufeld et al., 2009; Yeramian et al.,
2013). These numerical methods have been adopted as “four-tier
approach” in the technical specification TS-10974, envisioned to become
international standard (ISO, 2012).
1.5. Transport of heat

The incident RF power is absorbed partially by the medium sur-
rounding the electrodes which causes heating of the tissue. The local
temperature Tðx; y; zÞ increase results in a temperature gradient rT that
causes diffusion of heat as described by the heat equation:

ρ � cv � ∂T∂t ¼ r � ðk � rTÞ þ QSAR (2)

with the density ρ, heat capacity cv, the thermal conductivity k. The heat
QSAR applied to the system in each voxel is related to the incident RF
excitation via (Collins 2004)

Q QSAR ¼ ρ �SAR: (3)
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1.6. Scope of the work

In this work RF heating of planar electrodes is studied during RF
exposure in a clinical MRI instrument. In particular, the planar electrode
contact diameter's dependency on heating is evaluated. Therefore, local
temperatures are measured during MRI with fibre-optic temperature
probes (FOTP) in the vicinity of the electrode contacts. Additionally,
electromagnetic field simulations are used to assess the local SAR dis-
tribution and power dissipation around the different electrode contact
diameters, thereby permitting a relative comparison of electrode contact
diameters between measurements and between simulation results. Sup-
plementary modelling of FOTPs in the simulations can determine the
influence of FOTP on temperature measurements in the direct vicinity of
small electrode contacts.

2. Methods

2.1. Samples and experimental setup

Four strips were fabricated (Fig. 1) using established silicone rubber
implant manufacturing technology (basic concept described in (Schuet-
tler et al., 2005)). Key features of this technology are a picosecond-laser
structured 25 μmPt/Ir 90/10 foil (Goodfellow GmbH, Hamburg, Ger-
many) sandwiched in medical grade MED1000 silicone rubber (NuSil,
NuSil Technology LLC, Carpinteria, USA) with 60 μm layer thickness on
the active side of the electrode. Each of the four strips contained four
electrode contacts with equal contact size (i.e., exposed electrode contact
area due to opening in the surrounding silicone): 4.0mm; 2.7mm; 1mm;
0.3 mm respectively. Single electrode contacts will be addressed in the
following as a combination of their position letter and their contact
diameter e.g. A40, B27, C10, D03.

Each electrode contact is electrically contacted to a meandering
interconnection line (MIL) rendering it stretchable to avoid device failure
from strain during and after implantation. The electrode contact pitch is
15mm, but the MIL length is approximately 17mm per pitch. The MILs
are connected to 34 cm-long PtIr (90/10) wires (75 μm diameter) using
resistance welding which amounts to a controlled total lead length
Fig. 1. Strip schematic and the experimental setup. (left) Top view of an exemp
(Note that the electrode contact is smaller than the dimension of the whole metal fea
by letters A – D. The four strips are mounted individually on identical, laser cut PM
reproducible placement in the ASTM phantom. A cross-section (SECTION X-X) along
(not to scale). The FOTPs are fixed by a second PMMA holder that aligns the FOTP in a
tip and the electrode contacts (magnification on the right) was varied by replacing all
in the appendix.
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variation of approximately 40.8; 39.0; 37.2; 35.4 cm corresponding to
the electrode contact positions A-D respectively. The wires are coated
individually with a 7 μmpolyesterimide layer and all four wires for a strip
were encased in silicone rubber tubing of 1.8mm outer diameter. The
cable ends were dip-coated in MED1000 silicone rubber for complete
insulation. The strips were placed on a polymethamethylacrylate
(PMMA) sample holder where laser marks cut with a CO2 Versa Laser
(Universal Laser Systems GmbH, Vienna, Austria) to ensure reproducible
placement of the electrode contacts. Furthermore, a groove in the sample
holder ensured identical placement of the implant cable across all strips
(Fig. 1).

The entire sample holder was placed into an MRI phantom (Fig. 1)
which was adapted from the ASTM 2182–11a standard (ASTM Interna-
tional and West Conshohocken, 2011). Following the standard's in-
structions, a gelled saline was prepared, meeting criteria for RF heating
tests with respect to conductivity, dielectric constant, thermal parameters
and the viscosity. The formulation consisted of 29 L distilled water, 31
g/L hydroxyethylcellulose (CAS-No: 9004-62-0, Sigma-Aldrich, St. Louis,
Missouri, USA), 1.55 g/L of NaCl, (CAS-No: 7647-14-5, Carl Roth GmbH
þ Co. KG, Karlsruhe, Germany). The verification of the HEC gel criteria
found a conductivity of 0.49 S/m using a conductivity meter (DiST,
Hanna Instruments, Germany) and a relative permittivity of 74,
measured using a coaxial dielectric measurement kit and a network
analyser as described in (€Ozen, 2013). As these values agreed very closely
with the values stated in the ASTM standard, it was assumed, that the
viscosity was also high enough to prevent convection. Reproducible
sample placement was enabled by a LEGO (LEGO, Billund, Denmark)
plate glued to the bottom of the ASTM phantom and consistent placement
of the sample holder with very high accuracy.

2.2. Measurement of RF-induced heating

Temperature monitoring was performed using a fibre-optic ther-
mometer (FOTEMP6-19, Optocon AG, Dresden, Germany) that measures
the temperature dependent band gap of a GaAs crystal at the fibre tip (Ø
1mm). It offers 0.1 K resolution at a 1 Hz sampling rate. FOTP were
placed orthogonally to the electrode contacts via a second PMMA holder
lary planar electrode “strip” with four electrode contacts of 2.7mm in diameter
ture) and a cable. The electrode contact centre position on the strips is indicated
MA holders. These strip holders are plugged into LEGO bricks which allows for
the electrode contacts and the cable axis illustrates the whole experimental setup
vertical axis with the electrode contact centre. The distance h between the FOTP
LEGO pieces in one plane by shortened ones. A photograph of this setup is shown



J.B. Erhardt et al. NeuroImage 195 (2019) 272–284
(Fig. 1). The distance of the probe tip to the electrode contact could be
varied between 0 and 3mm by replacing standard LEGO bricks by ones
shortened using a milling machine.

Four FOTPs were used to record temperature simultaneously, one for
each electrode contact within a strip. The phantom was placed along the
edge of the patient table of a 1.5 T MRI system (MAGNETOM Tim Sym-
phony, Siemens Healthcare GmbH, Erlangen, Germany). The FOTP were
calibrated in the MRI to avoid a systematic temperature offset caused by
the static magnetic field (Buchenberg et al., 2015). The electrode contact
position A was placed at the centre of the bore with a lateral offset of 11,
3 cm. A patient weight of 75 kg was assumed, and the energy deposition
adjusted by employing a 300 s service sequence with sinc-shaped RF
pulses (flip angle of 88� pulse duration of 1ms) and a repetition time of
50ms, such that the scanner software indicated a whole body SAR value
of 1W/kg. No gradients were active during the heating experiments.

RF-induced heating was characterized as a relative temperature in-
crease to baseline referred to as ΔT in the following and ΔTmax for the
maximum temperature increase relative to baseline. The sampling period
consisted of a 100 s baseline measurement during inactive MRI sequence,
300 s RF-induced heating, and 200 s cool down. Subsequent measure-
ments were started once the temperature variation had become stable for
1min within 0.1 K. The measurement of the 4mm electrode contact strip
was repeated 3 times consecutively with a 1mm FOTP distance to
evaluate measurement reproducibility. A background heating measure-
ment in the gel was conducted with the FOTP at the same positions as the
previous measurements, but without a strip mounted to the PMMA
holder.
2.3. SAR calculation

Initial Temperature slopes, were estimated for each electrode contact

from the temperature-time curve
�

ΔTðtÞ
Δt

�
during the first 10 s of heating
Fig. 2. Recording of the ΔT of A03. A10, A27 and A40 with a FOTP in contact w
measurements (t< 0) serve as baseline for the displayed ΔT and are shown only partia
are shown. Note the changing y-axis scaling of the plots.
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(Fig. 2). A 10 s interval was chosen as a compromise between a sufficient
number of data points for fitting (sampling rate of 1 Hz), and deviations
from the linearity due to heat conduction. Here it is assumed that at the
beginning of the heating phase the temperature gradient between the
heated region and its immediate surroundings is so small that no heat
transfer occurs. From this slope, the SAR values can be calculated as

SAR ¼ cv �ΔTΔt ; (4)

where cv ¼ 4180 J
kg �K is the specific heat capacity of the gel in the

phantom.
2.4. Simulations

Finite difference time domain (FDTD) simulations of the E-field and
B-field were performed using the software package Sim4Life (Version
3.4, ZMT AG, Zurich, Switzerland) to investigate the pointwise SAR
distribution in the simulation lattice and local 1 g SAR around the excited
electrode contacts. Fig. 3 shows the setup and the simulation environ-
ment. The elongated implant cable is the main cause of heating at the
electrode contacts which is very time-consuming to simulate, therefore
the cable was replaced in the simulation by a harmonic voltage edge
source (f¼ 64MHz, power: P ¼ 85 μW) at the transition of the cable to
the MIL. For each diameter only one electrode contact per strip was
simulated, and the electrode contact was assumed to be a perfect electric
conductor and with identical MILs to ensure comparability between
simulations (Fig. 3). The metal electrode disc was covered by a 60 μm
isolating silicone layer (εr ¼ 3, σ ¼ 0 S=m ) except for the contact, and
a surrounding 10� 10� 17 cm3 volume of HEC gel (εr ¼ 81, σ ¼
0:47 S=m) was modelled as in the measurements. The smallest voxel size
was 0.04mm3 and the calculation time was between 15 and 20 h,
depending on the electrode contact size (using GPU acceleration, one
ith the electrode contact over a 5min RF heating period. The preceding 100 s
lly. The cool down period starts at ~300s. The resulting regression and R2 values



Fig. 3. Simulation setup: (a) The electrode strip with the 1� 1� 1 cm3 reference volume used for integration of SAR to receive local 1 g SAR. The blue cylinder is
modelled with glass material properties to mimic the FOTP. (b) The simulated mesh grid zoomed in on the 2.7 mm contact site with the FOTP in 1mm distance. (c)
Whole simulation setup with electrode contact, MIL, silicone isolation and the excitation edge source mimicking the RF induced power.

Table 1
Maximum temperature difference ΔTmax in K for each FOTP distance (contact -
3 mm), contact diameter, and electrode contact position A-D. The largest ΔTmax

was found for the A27 with the FOTP in contact. Comparing the ΔTmax within the
same FOTP configuration a clear decrease with decreasing MIL length (drop from
position A towards D) is visible expect for the 0.3 mm electrode contact with the
FOTP in contact. Increasing FOTP distance from the electrode contact shows
decreasing ΔTmax except for the 0.3 and 1mm electrode contact in contact with
the FOTP.

Contact Ø in mm 0.3 (ΔTmax

in K)
1.0 (ΔTmax

in K)
2.7 (ΔTmax

in K)
4.0 (ΔTmax

in K)

Electrode contact
position:

FOTP in contact with electrode contacts

A 0,79 5.04 53.08 41.16
B 1.10 5.30 34.52 25.30
C 1.75 3.58 23.59 17.38
D 2.40 4.10 19.00 13.80

FOTP in 1mm distance of electrode contacts
A 3.71 10.19 29.10 27.03
B 2.90 6.80 21.20 19.38
C 2.35 4.79 14.94 13.24
D 2.20 3.70 11.10 10.55

FOTP in 2mm distance of electrode contacts
A 2.63 6.91 23.60 21.52
B 2.32 4.68 17.90 15.91
C 2.03 3.64 12.90 10.90
D 1.80 2.90 10.00 8.45

FOTP in 3mm distance of electrode contacts
A 2.06 4.90 16.74 17.90
B 1.90 3.60 13.08 13.30
C 1.68 2.68 9.49 9.09
D 1.50 2.23 7.04 6.90
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GeForce Tesla C2075). Maximum pointwise SAR values were derived
voxelwise from the resulting electromagnetic fields.

FOTPs were implemented as glass cylinders (εr ¼ 4:82, σ ¼ 0:0043
S=m). Simulations were performed with and without the FOTPs to
investigate systematic errors caused by the presence of relatively large
FOTPs. Two different FOTP placements were tested: direct contact or
1mm above the electrode contact. Mean SAR above the electrode contact
was calculated via integration over a 1� 1� 1 cm3 reference volume
centred on the electrode contact resembling 1 g of “tissue”.

2.5. Temperature simulations

The simulated SAR distributions were used to calculate temperature
distributions Tðx; y; z; tÞ. Therefore a discretized version of the heat
equation (Collins et al., 2004) was implemented in Matlab (Simulation
data and Matlab code is available upon direct request). A volume of
1.6� 1.6� 1.6 cm3 centred above the contact site was chosen for the
simulation domain. The HEC gel was modelled with the parameters k ¼
0:62 ðW=m=KÞ ρ ¼ 993 kg=m3 and cv ¼ 4180J=kg=K (ISO, 2012), and
an absorbing boundary condition was implemented. Furthermore, it was
assumed that the FOTP integrates the temperature over a cylinder of
1.5 mm length and a radius of 2 mm diameter centred to the temperature
sensor position.

Heat pulses QSAR were applied to the simulation volume using the
simulated SAR distribution. The heat equation (2) was then used to
iteratively calculate the heat distribution at time steps of Δt ¼ 0;005 s
(i.e., at 10 steps per TR) before the next heat pulse was executed. A
temperature-time curve was extracted for the 2.7mm electrode contact
which was compared to the FOTP measurement. The simulation input
power level (magnitude of heat pulse) was varied until the temperature
difference between measurement and simulation was minimal at the end
of the heating period. This power level was subsequently applied in the
simulations of the other three electrode contact diameters.

3. Results

3.1. Temperature measurements

A steady temperature increase of up to 1.3 K/s was seen during RF
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excitation in all experiments. A characteristic temperature-time curve
and the initial temperature slope is shown in Fig. 2. Over the RF exci-
tation period of 5min ΔTmax of up to 53 K were observed, ΔTmax for each
FOTP distance, contact diameter and electrode contact position is shown
in Table 1 and the entire set of corresponding temperature-time curves
are displayed in Appendix 1. For each individual measurement ΔTmax at
position A is at least 19% higher than at any other position – except for
the measurement where the FOTP is in contact with the 0.3mm electrode
contact. Normalized to the temperature of the 2.7 mm contact for each



Fig. 5. SAR maps for each electrode contact in frontal and lateral views. The
frontal view (left) displays pointwise SAR values in a parallel plane 0.8 mm
above the electrode contacts (dashed line in right panels) in the range of 0 to
�50 dB where 0 dB corresponds to 10W/kg. With increasing electrode contact
diameter the SAR is distributed over an increasing area while the intensity is
decreasing. The lateral view (right) shows SAR values perpendicular to the
electrode contact plane along the central axis (dashed line in left panels) using
the same scale. The difference in the SAR distribution into the tissue adjacent to
the different electrode contact diameters becomes evident.
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FOTP distance, a mean relative standard deviation of 0.14 was found for
ΔTmax at the positions A-D. Hence the electrode contacts at different
positions show comparable behaviour and while the following discussion
focuses on position A, it holds valid for all other position.

The three consecutive repetitions of the 4mm contact strip had an
absolute standard deviation of 1.5, 1.3, 1.3, 1.9 K for the electrode con-
tact positions A-D which leads to a mean relative standard deviation of
0.06. The background temperature measurements without the electrode
strip, but with the FOTPs in 1mm distance configuration showed aΔTmax
below 1 K at all four sensors (Appendix 2).

Fig. 4a shows ΔTmax at all position A electrode contacts. The ΔTmax
decreases with FOTP distance except for two locations where the FOTPs
were in contact with A03 and A10. Fig. 4a also shows that the highest
ΔTmax is observed for A27 independent of the FOTP distance, followed by
A40, and then the electrode contacts with the two smallest diameters.

The initial temperature slopes were calculated by linear regression of
the measured temperature-time curves and are shown in Fig. 4b. The
regressions’ lowest R̂2¼ 0.44 was seen for the contact measurement of
A03 (median R2 ¼ 0:96 , IQR ðR2Þ ¼ 0:07)). The highest slope was seen
for A27 in contact with a FOTP. When the FOTP was not in contact with
the electrode contact, derived temperature slope values decreased with
increasing FOTP distance.

3.2. Simulations

Fig. 5 shows the results of the FDTD simulations around the electrode
contacts. Although all electrode contacts were excited with the same
input signal, the resulting pointwise SAR is distributed over a volume
that scales with the diameter of the electrode contact, but the depth, up to
which significant pointwise SAR is found, is largest for contact diameter
2.7 mm. The 2.7mm and 4mm contact show a dip in SAR intensity above
the centre of the electrode contact. Table 2 lists the maximum pointwise
SAR values and the local 1 g SAR in the reference volume above the
electrode contact. The maximum pointwise SAR increases with
decreasing diameter and shows a 92-fold higher SAR at the 0.3mm
contact compared to the 4mm contact. The mean SAR in the tissue in-
creases with the electrode contact diameter: from a diameter of
0.3 mm–2.7mm the SAR increases by a factor of almost four, while the
energy deposition at the 2.7mm is 34% larger than at the 4mm electrode
contact.

Summarized in Table 3 are the simulation results with a FOTP that is
either directly in contact with the electrode contact or placed 1mm
above the electrode contact surface. At a 1mm distance the local
maximum and mean SAR is almost identical compared to the values
Fig. 4. a (left): Overview of ΔTmax measured at A40, A27, A10 and A03 as a function of the 0–3mm distances between electrode contacts and the FOTPs. b (right):
Overview of the initial temperature increase in K/s derived from the slope of the ΔT measurements. The similar relative distribution is noticeable and due to the same
data origin, nevertheless, the close relation between measured temperature and SAR becomes visible.
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Table 2
Maximum pointwise SAR and local 1 g SAR in both the reference volume
calculated from the simulated E-field data. While the local SAR decreases with
contact diameter, the mean SAR maximum is found at 2.7 mm, which is in
agreement with the measured data.

Contact Ø in mm pointwise SAR Max in W/kg local 1g SAR in pW/kg

0.3 2.218 0.0181
1.0 0.451 0.0527
2.7 0.077 0.0649
4.0 0.024 0.0482

Table 3
Maximum pointwise SAR and local 1 g SAR in the reference volume calculated
from the simulated E-field data in the presence of a modelled FOTP placed in
contact and in 1mm distance configuration relative to the electrode contact
centres. While the FOTP introduction shows only a small reduction of the local
1 g SAR for the 4.0 mm and the 2.7mm electrode contacts in contact configu-
ration compared to the absent FOTP data of Table 2, a significant reduction of
89% and 87% in local 1 g SAR respectively was found for the 1mm and 0.3 mm
electrode contacts.

FOTP distance 1mm 1mm In contact

Contact Ø in
mm

Pointwise SAR Max in
W/kg

Local 1g SAR in
pW/kg

Local 1g SAR in
pW/kg

0.3 2.201 0.0180 0.0023
1.0 0.443 0.0521 0.0054
2.7 0.077 0.0644 0.0637
4.0 0.024 0.0480 0.0479

Table 4
Simulated maximum temperature Tmax in K obtained by integration volume
around FOTP for previous distances (contact - 3 mm) and all four contact
diameters.

Contact Ø in
mm

0.3 (ΔTmax in
K)

1.0 (ΔTmax in
K)

2.7 (ΔTmax in
K)

4.0 (ΔTmax in
K)

FOTP distance Temperature Simulation

Contact 19.42 79.32 57.66 27.01
1mm 7.08 36.47 47.71 29.09
2mm 3.65 19.69 32.85 23.58
3mm 2.20 11.92 22.49 17.81
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without a FOTP. Placing the FOTP in contact with the electrode contact
reduced the mean SAR by 87% for the 0.3mm and by 90% for the 1.0mm
electrode contact (compared to no FOTP present), whereas the larger
electrode contacts were unaffected.

The simulated temperature values in Table 4 were obtained from the
integration volume of the FOTP. They correspond to the contact position
A in the data of Table 1. The largest ΔTmax of 79 K was found at 1mm
with the FOTP in contact. For electrode contact diameters of 0.3–2.7mm,
the temperature decreased with increasing distance, and for the 4mm-
electrode contact diameter the maximum temperature is observed not
directly at the surface, but at 1 mm distance. The comparison between
simulation andmeasurement for 2mm and 3mm distances shows a mean
error of 6.83 K, where the 2.7 mm electrode contact shows the largest
deviation of 18.2 K at 2mm spacing. Overall the largest deviations are
96% and 94%, for the contact measurement of the 0.3mm and 1mm
electrode contacts, respectively. An exemplary temperature map of a
2.7 mm electrode contact and temperature time-curves for all electrodes
can be found in Appendix 5.

4. Discussion

The exposure of implanted electrodes to the RF field in MRI can focus
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the E-field in adjacent tissue, which can cause an increase in SAR with
subsequent tissue damage (Erhardt et al., 2018; Nyenhuis et al., 2005).
Therefore, preventing RF-induced heating beyond acceptable limits is
important because patients with implants often need to undergo MRI
exams after electrode implantation but MRI may also get indicated for
implant unrelated reasons. Due to the many parameters that influence
heating and the lack of complete analytical formulation, RF-induced
device heating is typically evaluated by temperature measurements in
gel phantoms to assess MRI safety of individual implants. One central
geometric parameter is the electrode contact diameter. In this work the
influence of the electrode contact diameter on RF-induced tissue heating
was studied using both established temperature measurement techniques
as well as with field simulations.

4.1. Temperature measurements

The measurements with the FOTP showed that the electrode contacts
with the longest MILs (position A) yield the highest ΔTmax (at least 19%
larger) during RF exposure compared to identical electrode contacts with
shorter MILs. Higher ΔTmax values are expected, as an increase of the
conductor length towards the wavelength results in an increased RF
absorption by the antenna formed by the lead, and, thus, to a higher RF
energy coupled to the electrode contact.

The observed increase of ΔTmax for FOTP closer to the electrode
contacts is also expected, as the energy deposition should be the highest
at the interface between electrode contact and gel. At very low electrode
contact diameters of 0.3mm and 1mm, however, the measured ΔTmax is
notably decreased. As the temperature probes have a diameter of 1 mm,
they lead to a removal of the gel in the vicinity of the electrode contact,
which in turn causes a lower energy deposition. This systematic effect
needs to be considered when electrode contacts are investigated whose
dimensions are similar to the FOTPs and might also account for the poor
performance of the regression of the initial slope calculation.

It is interesting to note that ΔTmax of the 4mm electrode contacts is
lower than the 2.7mm electrode contacts, which can be explained by a
larger volume in which the power is dissipated. This relationship be-
tween the input energy and the distribution volume is also seen in the
simulation results (cf. Table 2). In clinical practice patients with
implanted electrodes will undergo MRI exams after surgery, and the
choice of the optimal electrode contact diameter should thus also take
into account the tolerable amount of local heating in the vicinity of the
electrode contacts. To better asses the expected tissue damage, the use of
a tissue damage model like CEM43 (van Rhoon et al., 2013) could be
applied.

4.2. Temperature measurement method

The fibre-optic temperature measurement method used in this study
is recommended by the US food and drug administration (FDA) for the
evaluation of MRI compatibility of implantable devices, and it has been
used for similar testing of elongated implants leading to FDA certification
(Shellock, 2007). However, especially at small electrode contact di-
ameters (0.3mm and 1mm) the presence and positioning of the FOTP
strongly influenced the measurement result. As discussed above, the
displacement of the tissue-mimicking gel by the sensors changes the local
RF heating properties, and results in an underestimation of heating. In
the simulation this systematic error can be studied – here, a glass cylinder
with electromagnetic properties similar to the FOTPs was introduced.
The simulations showed that in the absence of the FOTPs much higher
SAR values can occur. To reduce this systematic error, smaller FOTPs
should be used, however, no FOTPs with diameters smaller than
micro-electrode contacts are commercially available.

In this work an orthogonal placement of the four FOTPs to the elec-
trode contact surface was chosen. While Mattei and co-workers suggest a
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transverse configuration for pacemaker leads (Mattei et al., 2007) our
results indicate that an orthogonal configuration is more reproducible,
because the distance of the active temperature sensor to the tip is varying
by only �0.5mm (according to manufacturer specifications). At an
orthogonal placement the active temperature sensor is always located in
the centre of the electrode contact, whereas a lateral position error of up
to 1mm would lead to significant temperature deviations in particular
for the small 0.3 mm electrode contacts.

As an alternative to invasive temperature probes, MRI thermometry
could be used to image the heat dissipation (Ehses et al., 2008), which
would be beneficial compared to a temperature measurement at a single
point as provided by FOTPs. Additionally, systematic errors from gel
displacement would be avoided by the non-invasive MRI technique.
However, MR thermometry is hampered by susceptibility artefacts which
can be especially pronounced near implants. MRI thermometry has a
temperature resolution of about 1 K (Quesson et al., 2000), which might
be challenging for small ΔTmax as found near the smaller electrode con-
tacts. Another limitation of MRI thermometry is the spatial resolution: at
1,5 T an imaging resolution of about one millimeter can be achieved in
dynamic MRI thermometry, which might not be sufficient for small
electrode contacts.

The interactions for a particular electrode configuration with the MRI
system are dependent on many parameters such as scanner, transmit B1
coil, field strength (Neufeld et al., 2009; Thornton, 2017). These varia-
tions mostly affect the magnitude of the heating observed at the implant.
For the relative influence of the electrode contact diameters studied in
this work the linear dimensions and the precise E-field distribution along
the antenna formed by the MILs need to be considered. The effect of this
coupling antenna can be described by a transfer function approach [Park
2007] so that the energy input via the antenna can be separated from the
energy deposition near the electrode contacts. This justifies the use of a
voltage source in the simulations instead of a full simulation including
the cables which would be very time-consuming – the high-resolution
simulations in the vicinity of the electrode contacts alone required
computation times of several days.

The measurement setup in this study was chosen to induce high
temperature changes - the connecting cables were fully immersed inside
the gel and they were placed close to the rungs of the birdcage body coil
where high electric field strengths are present (Nordbeck et al., 2008) to
operate in a regime, where significant heating is observed. The cable
length of the strips was in a length range where resonant heating was
expected - a length, which is commonly used in clinical practice. The
phantom gel was so viscous that convective cooling could not affect the
temperature distribution (Park et al., 2003). Nevertheless, during the
heating measurements the RF power deposition of 1W/kg calculated by
the MRI system remained far below the regulatory limits of 4W/kg
whole body SAR as effective in the US. Still ΔTmax of up to 53 K was
measured near the electrode contacts, which might be dangerous for
patients with implanted electrodes. (The power deposition had been
adjusted as the phantom gel had started to cook in preliminary experi-
ments using 2W/kg). In ASTM temperature measurements data is ac-
quired over a 15min period – here, the RF exposure was shortened to
5min, as the most heating occurs in this time span. Additional measures
must be taken to extrapolate from these findings to other electrode
contact diameters or even other geometries. To safely use the tested
electrodes in a clinical setting a safety index (Yeung et al., 2002)
approach could be used where the transmit RF power is lowered by a
pre-defined factor, so that the ΔTmax in the vicinity of the electrode
contacts stays below 1 K. In the presented setting – neglecting any heat
transport (e.g. perfusion) but conduction, this index might be as high as
1344, which means, that for example the flip angles in the MR sequences
need to be reduced by

ffiffiffiffiffiffiffiffiffiffiffi
1344

p ¼ 36:6, a factor, that would likely be
impractical.
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4.3. Effect of cable end configuration

Another factor influencing the RF-induced heating of the electrode
contacts is the electric termination of the connecting cables (€Ozen et al.,
2019). In this study the cable ends were insulated, as the manufacturer
recommends to avoid short-circuited cables because cable loops may
pose a safety hazard (Dempsey et al., 2001). The potential of an insulated
cable end is more reproducibly defined than that of an open-ended cable
– nevertheless, a floating cable configuration was also tested in pre-
liminary measurements, and an approximately threefold lower ΔTmax
was found. This finding is in agreement with precedent studies on
pacemaker leads. It was shown that higher ΔTmax for insulated cable
terminations occurred than for the gel exposed configuration (Langman
et al., 2011). These results emphasize that implant manufacturers need to
carefully assess the effect of termination impedance on device safety.

4.4. Simulations

To assess the relative difference in heating with respect to the
electrode contact diameter, as many influencing factors as possible were
removed from the simulation. Thus, the electrodes were simulated with
single electrode contacts. The results of the FDTD simulations (Table 2)
suggest that a significantly larger volume is heated in the vicinity of the
larger electrode contacts while the pointwise SAR is reduced, whereas
SAR is locally concentrated and increased for the smaller electrode
contacts. The total deposited power is three times higher for the three
larger diameters than for the smallest. For each clinical application it is
therefore necessary to decide whether a large electrode contact diam-
eter with an associated higher energy deposition over a larger area is
preferable over a smaller electrode contact with a reduced energy
deposition but a 92-fold higher energy density in a small volume. In
recent years, this focussing effect has led to the quantification of SAR
values in larger (10 g tissue) and smaller (1 g tissue) volumes (Wang
et al., 2007). The simulation results presented here suggest that for
implanted electrodes most of the energy deposition occurs in a volume
equivalent to 1 g tissue, and that this value or even less should be used
for safety assessment.

Simulations with an FOTP probe confirm that lower temperatures are
detected in the presence of the FOTP sensor due to gel displacement
(Table 3). While the presence of the FOTP at a distance of 1mm from the
electrode contact did not change the mean SAR, a systematic error was
found when the FOTP was in contact with the electrode contact. This
error was highest for smaller electrode contact diameters. This again
emphasizes the need for a less invasive temperature measurement
method.

At the 4mm electrode contact a lower maximum temperature was
found compared to the 2.7mm electrode contact, which is well in line
with the simulations, but the 1mm electrode contact has higher mean
SAR than the 4mm electrode contact, which is not reproduced in the
measurements.

The ring-like SAR distribution along the electrode contact edge (cf.
Fig. 5), compared to the more peaked distribution at the 1mm and
0.3mm electrode contact, makes the smaller electrode contacts even
more susceptible to systematic positioning errors, which might explain
the discrepancy between 1mm electrode contact in simulation and
measurement. In the field of electrical stimulation, it is a well-known
phenomenon that the current density is highest at the edge of an elec-
trode contact and close to zero in the centre. This effect becomes more
distinct with increasing frequency as has been observed in the typical
frequency range for electrical stimulation of low kHz (Behrend et al.,
2008) and decreases with the aspect ratio of the electrode contact
diameter to silicone edge (Rubinstein et al., 1987; Suesserman et al.,
1991) - a phenomenon that may also occur at the MHz frequencies used
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in MRI. This effect could be investigated by a spatially resolving mea-
surement method such as MRI thermometry or the direct measurement of
the electric fields distribution (Reiss et al., 2015), which would have the
added benefit of no heat conduction.

The integration of the simulated temperatures over the volume of the
FOTP sensor yielded temperature values which had the same ordering as
the measurements with the FOTP, i.e. a maximum temperature for
2.7 mm electrode contact diameter. The absolute temperature values,
however, differ by up to a factor of 2.9 between simulation and mea-
surement. Here, the values the FOTP in contact and 1mm distance were
not considered which can be justified by the gel displacement of the
FOTP that severely influences the heating.

The simulated temperature-time curves show a steeper increase than
the measurements which suggests that an additional heat sink is present
during the experiment. The simulation does not take into account the
heat conduction of the electrodes which could remove heat from the
system. Additionally, convective heat transport in the gel cannot be
totally excluded. Nevertheless, the measurements and simulations agree
within a factor of 1.6 for the largest electrode diameters (2.7mm and
4mm) that are less affected by the presence of the FOTP. The comparison
of the measured and simulated temperature-time curves for all electrode
contact diameters at 2mm FOTP distance (cf. Appendix 5) shows the
same ordering for maximum temperature values.

4.5. Comparison of the findings with previous studies

Only a few publications analyse the safety aspects of MRI exams in
patients with implanted electrodes (Hawsawi et al., 2017). In this
phantom study, the maximum ΔTmax of 53 K was significantly higher
than that reported in previous studies with similar kinds of implant by
Carmichael et al. (6.7 K) (Carmichael et al., 2008), Carmichael et al.
(6.9 K) (Carmichael et al., 2010), Boucousis et al. (10 K) (Boucousis et al.,
2012), Ciumas et al. (0.9 K) (Ciumas et al., 2014), Ahmadi et al. (10.1 K)
(Ahmadi et al., 2016) and Bhattacharyya (12 K) (Bhattacharyya and
Klapperich, 2007). Comparison of the temperature changes is difficult as
the MRI field strength, the implant configuration, implant construction,
the imaging object, imaging sequence parameters, and applied SAR are
not consistent between all these studies. Here, the implant was placed
fully immersed, with a straight cable in the coronal plane of the right arm
region within the ASTM phantom where the highest z-component E-field
is expected (Nordbeck et al., 2008). Contrarily, all the previous studies
placed the implants more centrally in the head region to mimic the
clinical configuration, where major parts of the cables and the cable end
were surrounded by air. Reducing the immersed length of the conductor
changes the RF resonance length, and the central position of the cables
leads to a lower E-field exposure. Thus, our study more closely mimics a
scenario, where the patient is placing the head more laterally.

Yang et al. recently reported that in over one thousand patients with
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subdural stainless steel electrode contacts with 4mm diameter who have
been imaged with MRI no adverse outcomes related to MRI have been
observed (Yang et al., 2012). Even though this result shows that the
situation studied here is not encountered in clinical settings, a notable
uncertainty remains as to the possible heating effects that can occur.
Despite the magnitude (quantity) of the heating is strongly influence by
the extent the cables are immersed (implanted) and the location of the
device itself relative to the MR scanner, the qualitative relationship be-
tween contact diameter and MR induced heating stays valid: Reducing
the electrode contact diameter may help to reduce the total amount of
energy dissipated into the electrode vicinity, but increases the pointwise
SAR at the contact.

4.6. Applicability of findings to electrodes used for different applications

Implantable electrodes used for different applications such as DBS or
depth electrodes have not been investigated. The shape of these elec-
trodes significantly differs from the geometry investigated here, and thus
the influence of the electrode contact size on the heating properties
cannot be derived from the presented findings. Recent studies suggested
DBS electrodes with planar electrode contact diameters of 50 μm (Vajari
et al., 2018), and changing electrode contact sizes and present FOTPs
may still influence the heating pattern.

5. Conclusion

Heating measurements for a range of planar electrode contact di-
ameters showed a maximum temperature increase between 0.8 K and
53 K in a MRI system during a 5min RF power deposition of 1W/kg.
Heating measurements close to electrode contacts with a diameter
equivalent or smaller than the temperature sensor, where they seem to be
needed the most, are compounded by gel displacement. Comparing
simulations of 0.3mm–4mm electrode contacts showed 92-fold higher
pointwise energy density, but one third of the total energy dissipation.
Accordingly, the diameter of planar electrode contacts has a strong in-
fluence on the local distribution and the total amount of dissipated RF-
induced heating around the electrode contact. Small electrode contacts
may thus be more prone to exceed safe tissue temperature thresholds,
while being more likely to stay within regulatory safety limits that
average over a volume.
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Appendix

Appendix 1: The background shows the LEGO sample holder (compare to Fig. 1) with the FOTPs in contact configuration (red) with the 0.3mm
electrode contacts. The blue glass fibres were fasted by plastic screws throughout entire experiments. The three other sample holders with the three
larger electrode contact diameters are shown in the foreground. The cables are embedded in a groove along the PMMA holder to guarantee a repro-
ducible cable configuration in the phantom (not shown).
Appendix 2: Phantom container adapted from the ASTM 2182-2011a testing method filled with HEC gel during preliminary investigations. The
green object in the gel resembles a LEGO plate glued to the containers floor. The blue cables represent the glass fibres of the FOTPs.
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Appendix 3: All acquired temperature-time curves with varying contact diameter, FOTP distance and electrode position.
Appendix 4: Background measurement with FOTP in þ1 mm distance configuration and absent electrode strip.
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Appendix 5 (Left): Cross sectional temperature distribution simulated at the 2.7mm electrode contact diameter (after the last heating pulse was
applied). White line at the lower end indicates the electrode contact site (Right): Compilation of measured and simulated temperature-time curves for
various electrode contact diameters with the FOTP in 2mm distance of the electrode contact. The input power was chosen such that the maximum
temperature increase at the 2.7mm electrodes agree betweenmeasurement and simulation. The simulated curves increase more rapidly whichmight be
attributed to a presence of an additional heat sink in the measurement.
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