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Purpose: The purpose of this study is to present a workflow for predicting the
radiofrequency (RF) heating around the contacts of a deep brain stimulation
(DBS) lead during an MRI scan.

Methods: The induced RF current on the DBS lead accumulates electric charge
on the metallic contacts, which may cause a high local specific absorption
rate (SAR), and therefore, heating. The accumulated charge was modeled by
imposing a voltage boundary condition on the contacts in a quasi-static electro-
magnetic (EM) simulation allowing thermal simulations to be performed with
the resulting SAR distributions. Estimating SAR and temperature increases from
alead in vivo through EM simulation is not practical given anatomic differences
and variations in lead geometry. To overcome this limitation, a new parame-
ter, transimpedance, was defined to characterize a given lead. By combining
the transimpedance, which can be measured in a single calibration scan, along
with MR-based current measurements of the lead in a unique orientation and
anatomy, local heating can be estimated. Heating determined with this approach
was compared with results from heating studies of a commercial DBS electrode
in a gel phantom with different lead configurations to validate the proposed
method.

Results: Using data from a single calibration experiment, the transimpedance of
a commercial DBS electrode (directional lead, Infinity DBS system, Abbott Lab-
oratories, Chicago, IL) was determined to be 88 Q. Heating predictions using the
DBS transimpedance and rapidly acquired MR-based current measurements in
26 different lead configurations resulted in a <23% (on average 11.3%) normal-
ized root-mean-square error compared to experimental heating measurements
during RF scans.
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1 | INTRODUCTION

Deep brain stimulation (DBS) is a powerful therapeu-
tic approach that improves the lives of patients who
have Parkinson’s disease, essential tremor, and dystonia.' -
These patients, because of their existing conditions, are far
more likely to need an MR scan than the healthy popu-
lation. However, MRI scans performed in the presence of
DBS electrodes can pose significant risks to the patients.
Radiofrequency (RF) coils can induce currents on elon-
gated metallic leads, which may critically increase the
temperature at the lead tip’ and potentially cause irre-
versible damage to the surrounding tissue.® Therefore, it
is critical to assess the risk of RF heating before scanning
patients with DBS systems.

Various approaches have been proposed for predicting
the temperature increase at the tip of metallic implants.
For example, full-wave electromagnetic (EM) simulations
have been performed using the model of the RF coil, the
electrode, and realistic human models.”*> Although this
approach is valuable for gaining insight into different fac-
tors that affect the heating (e.g., electrode trajectory, the
effect of implantable pulse generator (IPG)), it usually
requires high computational power and expertise. Even
with the availability of both, it is still challenging and time
consuming to simulate the full model of a DBS electrode
because of the complexity of the conductor geometry and
the fine mesh size (~microns) required.

Other approaches have been proposed to tackle the
complexities of full-wave EM simulation of metallic
implants. For example, Acikel et al'® proposed the modi-
fied transmission line method (MoTLiM) to model a metal-
lic wire within a lossy medium, mimicking an implantable
lead inside human tissue, using a distributed impedance
along with an effective wavenumber. Using this approach,
the induced RF current on a wire exposed to a known
electric field inside a uniform lossy medium was suc-
cessfully predicted. Nevertheless, calculating the modeling
parameters (i.e., the impedance and wavenumber) can be
challenging for realistic DBS electrodes in a non-uniform

Conclusion: In this study, a workflow consisting of an MR-based current mea-
surement on the DBS lead and simple quasi-static EM/thermal simulations to
predict the temperature increase around a DBS electrode undergoing an MRI
scan is proposed and validated using a commercial DBS electrode.

deep brain stimulation safety, MRI, radiofrequency heating, temperature prediction

human model. Moreover, the incident electric field along
an electrode with a complex trajectory is not known in
advance. Therefore, EM simulations involving the RF coil
as well as the patient-specific model need to be performed.
In another study, Park et al'’ introduced the transfer func-
tion (TF) relating the incident tangential electric field
to the scattered electric field at the tip of the implant.
The TF was determined by measuring the response of
an implant to piece-wise localized electric field exposures
using dedicated bench set-ups.!® However, this approach
needs precise positioning of an electric-field probe at the
tip of the electrode and a continuous movement of a trans-
mitter along the lead trajectory, which is not possible to
perform in vivo. Tokaya et al'®?° introduced the transfer
matrix (TM) concept and presented an MR-based mea-
surement technique to determine the TM corresponding
to the lead undergoing an MRI scan. The TM extends the
TF concept and relates the incident tangential electric field
to the current distribution on the implant. It also char-
acterizes the RF response along the entire implant. One
major limitation of the TM technique is that in the case of
highly-elongated implants, corresponding MR-based mea-
surement requires increasing field of view of the MRI
scanner beyond the range of acceptable and reliable gra-
dient performance. A general challenge for the TF/TM
method is the necessity for a detailed EM simulation of
the patient within the RF coil to determine the tangential
electric field, whereas this model (i.e., either the coil or the
subject or both) is not usually available.

In addition to the modeling efforts summarized above,
hardware-based solutions have also been proposed in the
literature. For example, Silemek et al*! proposed adding
a temperature sensor to the electrode, which allowed
patient-specific real-time temperature monitoring at the
tissue contacts. Although high accuracy was demonstrated
in temperature measurement, this approach required a
hardware modification on the electrode, which may not
always be desirable from the vendors’ perspective because
of the design and manufacturing challenges as well as a
long and complicated the United States Food and Drug
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Administration approval process. Furthermore, such mod-
ifications would most likely be not feasible for patients
who were already implanted with conventional DBS elec-
trodes.

Considering all the approaches summarized above,
patient-specific safety assessment is still an unmet med-
ical need for patients with DBS electrodes. In this work,
a workflow is proposed for predicting RF heating at
the contact points of commercial DBS electrodes using
the previously proposed MR-based current measurement
method.?? It is hypothesized that the current flowing on
the shaft (near the tip) is linearly proportional to the
charge density on the contact (consequently, the voltage).
The ratio between the contact voltage and shaft current
is defined as an equivalent transimpedance and assumed
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to be independent of the electrode trajectory as well as its
length and termination at the distal end (i.e., IPG). This
assumption was validated for a commercial DBS electrode
(directional lead, Infinity DBS system, Abbott Laborato-
ries, Chicago, IL) with experiments conducted with vari-
ous electrode trajectories and terminations, measuring the
temperature at different radial distances from the multiple
contacts of the electrode.

2 | THEORY

Previously, it has been shown that the induced current,
Iing, by an RF coil on a DBS electrode aligned in the
z-direction (Figure 1A) can be related to the incident
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FIGURE 1

Deep brain stimulation (DBS) electrode orientation and configuration. Induced current on a DBS electrode (A)

perpendicular to the transverse plane (aligned in the z-direction), and (B) oblique to the transverse plane. (C) Configuration of the B;
mapping plane (P1), shaft current measurement plane (P2), and contacts of the commercial DBS electrode. (D) Workflow for predicting RF
heating at the contact points of commercial DBS electrodes because of RF exposure in MRI. Phase 1: offline calibration to determine the

transimpedance, Rpgs. Phase 2: Temperature prediction



4 . . . .
J—Magnetlc Resonance in Medicine

SADEGHI-TARAKAMEH ET AL.

magnetic field as follows.??

B1}

4xry e

Iing =

ej(pn’ (1)
Ho

where, Bl;;c is the left-handed circularly-polarized compo-
nent of the incident transmit magnetic field produced by
the RF coil around the electrode, r, is the radial distance
of the Tx-null (defined by Eryaman et al)?* from the elec-
trode, and ¢, denotes the azimuthal angle of the Tx-null’s
location in the conventional MRI scanner coordinate sys-
tem (i.e., laboratory frame). Because DBS electrodes usu-
ally have oblique orientations, a general formulation is
needed for realistic electrode trajectories. For this purpose,
a secondary cylindrical coordinate (¥, ¢',z') system was
defined whose z-axis is aligned with the oblique electrode.
As shown in Figure 1B, this coordinate system is rotated by
a polar angle, 6;, and an azimuthal angle, ¢, with respect
to the primary coordinate system (7, ¢, 7). Considering this
configuration, the magnetic field at the null’s location gen-
erated by the induced current on an oblique lead, I;,4, can
be presented as follows:

polina 4 @)

Biead (rh 1) = 7 cos0.
n r

The equivalent primary and secondary Cartesian coor-
dinate systems can be related to each other using the
rotation matrices as follows:

X b%
V| =R (=0)R (=) |y
k4 z
cos@,cos¢, cosb,sin ¢, —siné, || x
=| - sin¢, cos ¢, 0 vl
sinf,cos¢, —siné,sin¢g, cosh, ||Z
(3)

Furthermore, the secondary azimuthal unit vector in
Equation (2) can be transformed to the Cartesian using the
following relation,

@ = %' sin on + 3y cos o, 4
where
/
sing, = —22
VX +ya
sin (¢n — ¢r) (5)

- 1/c0526,c082 (¢ — ¢py) + Sin> (¢ — ¢r)’

and
/
CcoS ¢£1 = x—n
VX +ya
_ cos 0 cos (¢n — ¢Pr) L ®
V/c0520:C082 (¢ — br) + sin” (n — br)
Substituting corresponding values from

Equations (3-6) into Equation (2) and taking the trans-
verse component of the magnetic field (i.e., it is the only
component that contributes to the MRI signal) result in
the following:

HoTing
277, €08 0,1/ 0820,c082 (¢, — @) + Sin® (¢n — By)
X {— [cOS by Sin (¢n — ¢by) + Sin by COS (b — )] X
+ [—sin ¢, sin (¢, — ;) + cos ¢, cos (¢ —p;)] j?}cosé)r.
(M
Elaborating Equation (7) using some basic trigonomet-
ric identities lead to the following:

—tra
Biead (Tn, ¢n) =

Holind
2rry \/COSZOrcos2 (pn — Py) + sin® (¢n — Pr)
(- sin ¢uX + cos ¢,Y)
_ Holind b ®
277y \/c0826,C082 (¢, — br) + Sin? (¢ — by)

—tra
Biead (n, Pn) =

Because the r-component of this transverse
magnetic field is 0, the corresponding left-handed
circularly-polarized magnetic field (B;*) can be written in
terms of the ¢-component in the following form.>**

(j cos ¢, — sin ¢py,)
BIL, o) = LSO T g ). )

Given the fact that the incident B; * field (Bl;lc) and the
B;* field scattered by the lead (Bll*é 1) cancel each other at
the location of the null, the magnitude of the shaft current
can be written in terms of the incident B;* as follows

Aty \/ 0s20,c0s2 (¢, — ¢y) + sin® (¢, — @) [BL
0

nc

(10)

ina| =

Consequently, at the boundary of the electrode con-
tacts where discontinuity in the conductor occurs, the
induced current accumulates electric charge according to
Maxwell’s continuity equation,

V.J = —jwpe, (11)
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where o is the angular Larmor frequency, and J and p
denote the electric current and charge densities, respec-
tively. The accumulated electric charge produces the elec-
tric field responsible for the DBS heating at the contact
points. Elaborating this statement, the power density at
location 7 and time ¢ deposited in the surrounding tis-
sues by this electric field can be presented as the specific
absorption rate (SAR) as follows.

o(N|E(T, D|?

SAR(r, t) = —
' pm(P)

, (12)

where E is amplitude of the electric field, and ¢ and
pm denote the conductivity and mass density of the sur-
rounding tissues, respectively. Eventually, for a given SAR
distribution, the position- and time-dependent tissue tem-
perature, T(7, t), is governed by Pennes’ bioheat equation?
as follows

pm(7')cpde(—:’t) — kV2T(F, 0) + (@, ) (TF, £) = Ty)

= pm(NSAR(r, ) + Qm(r, 1),

(13)
where c¢;, %, and i, represent heat capacity, thermal con-
ductivity, and perfusion constant of the surrounding tis-
sues, respectively. T, is the blood temperature and Qp, (7, t)
is the power density deposited in the tissue because of the
metabolic heat generation. In a uniform phantom experi-
ment where the perfusion and metabolic heat generation
are absent, Equation (13) can be rewritten as

PmCp aT(g:’ o kVIT(F.0) = pmSAR(F.0).  (14)
3 | METHODS

The induced current on the shaft (Figure 1C) of a commer-
cial DBS electrode (directional lead, Infinity DBS system,
Abbott Laboratories) was calculated using an MR-based
measurement along with Equation (10) and defined it as
the shaft current, I (see Section 3.3 for MR-based current
measurement’s details).

It is known that if the physical dimension that charac-
terizes a system is much shorter than the EM wavelength
at the operating frequency, the quasi-static assumption
holds for the system with negligible error. Accordingly,
the DBS contacts (~1 mm), as well as the SAR’s hot-spot
around the tip of the electrode (i.e., a few millimeters),
can be assumed to be much smaller than the wavelength
(~270-315mm) inside the human body (with relative per-
mittivity in the range of 60-80) at 123 MHz (the Larmor
frequency at 3 T). Therefore, the quasi-static assumption

holds, and the accumulated surface charge density on the
contacts’ surface is associated with an electric potential on
the conductive contacts. The difference between this elec-
tric potential and the 0-potential at infinity is referred to as
the contact voltage, V..

Relating the shaft current to the contact voltage, we
introduce and define the DBSansimpedance> Rpps:

Rpps = E (15)
I

The DBS transimpedance depends only on the elec-
trode geometry and EM properties of the surrounding
medium. It is independent of the trajectory of the elec-
trode, incident electric field, and DBS termination (e.g., an
IPG), whereas V. and I5 depend on all of the parameters
above.

3.1 | Temperature prediction workflow
A temperature prediction workflow is proposed (see
Figure 1D) that consists of 2 phases; offline calibra-
tion and temperature prediction. Both phases include an
MR-based current measurement (see Section 3.3), a sim-
ple quasi-static EM simulation (see Section 3.4), and a
transient thermal simulation (see Section 3.5).

In the calibration phase, transimpedance, Rpgs, of
the DBS electrode is calculated using data acquired
with an arbitrary trajectory in a uniform gel phan-
tom (14 g/L Hydroxyethyl Cellulose, 2.25g/L NaCl, and
0.25g/L CuSO, with electrical properties of £, =79 and
o = 0.45S/m) without IPG (see Figure 2A). For this pur-
pose, the following 5 steps were followed.

1. First, an MR heating study is performed to measure
temperature-rise at the tip of the electrode using a
fiber optic temperature probe (Lumasense Technolo-
gies, Santa Clara, CA).

2. The induced shaft current, I, on the DBS electrode
using an MR-based measurement is calculated.

3. Later, the accumulated charges on the electrode con-
tacts with an arbitrary voltage boundary condition,
V¢, on 4 conductive cylinders using an EM simulator
are modeled (Sim4Life version 6.0, Zurich Medtech,
Zurich, Switzerland). The SAR distribution of this
EM simulation is used in a transient thermal solver
(Sim4Life version 6.0, Zurich Medtech) to solve the
bioheat equation numerically.

4. The voltage boundary condition, V., is iteratively
adjusted to fit the time course of the temperature rise
calculated by the numerical solver to the experimen-
tally measured temperature.
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FIGURE 2

Experimental set-up and simulation model for calculating the transimpedance, Rpgs, of the deep brain stimulation (DBS)

electrode. (A) Demonstration of the DBS electrode and temperature probe immersed into a uniform gel phantom. (B) Arrangement of the

electrode and temperature probe to measure the temperature increase around the contact C1. (C) The RF waveform corresponding to the

turbo-spin echo (TSE) pulse sequence used in the heating study. (D) Observation of the Tx-null, electrode, and temperature probe in the

calibration study using a gradient-echo (GRE) pulse sequence with FA = 5°, repetition time (TR)/TE = 20 ms/2.64 ms, in-plane

resolution = 0.5 mm, slice thickness = 3 mm, acquisition matrix = 320 x 320, no. of averages = 1, and pixel bandwidth = 355 Hz/pixel. (E) The

DBS electrode contacts were modeled as 4 conductive cylinders in electromagnetic (EM)/thermal simulations. (F) Discretization of the model

in the EM simulation. The “extremely fine” mesh setting was used on the contacts, whereas the “fine” mesh setting was used for the rest of

the model. (G) Discretization of the model in the thermal simulation. The “fine” mesh setting was used for the entire volume

5. Once a good match is obtained between the numeric
and experimental temperature curves, the contact volt-
age V. and shaft current I in Equation (15) is used to
calculate the DBS transimpedance Rpgs.

In the second phase, the shaft current was calcu-
lated for arbitrary trajectories and termination. The tran-
simpedance, calculated in the calibration phase, was used
along with this shaft current to determine the contact volt-
age. Finally, the calculated contact voltage was imported
to the EM/thermal simulation model to predict the time
course of the temperature rise.

3.2 | Temperature measurement

All MR experiments in this study were conducted at a
3 T scanner (MAGNETOM Prisma, Siemens Healthineers,
Erlangen, Germany) using the conventional dual-drive
body coil as the transmitter and a 20-channel head/-
neck coil (Head/Neck 20, Siemens Healthineers) as the
receiver. All temperature measurements were performed
using fiber optic temperature probes during high-power
3D turbo-spin echo (TSE) scans. The temperature data was
acquired with a 0.5 s temporal resolution.

In the calibration phase, a TSE pulse sequence was
used with FA = 150°, TR/TE = 300 ms/103 ms, in-plane
resolution = 0.5 mm, slice thickness = 1.25 mm, acquisi-
tion matrix = 512 X 512, TSE-factor 15, no. of averages =1,

and pixel bandwidth = 220 Hz/pixel to heat the implant
with quadrature excitation of the body coil (total average
input power of 20 W). As shown in Figure 2B, a tempera-
ture probe was placed carefully around the contact C1 of
the electrode at a distance of 2.5 mm.

3.3 | Current measurement

In this study, it was assumed that the mean value of
the incident B;* (around the shaft on plane P2 where
the current is measured) is approximately equal to the
mean value of total B;* underneath the tip of the elec-
trode on plane P1 (Figure 1C). This approximation is
based on the rationale that the lead current has almost
0 impact on the B;*-field at a plane located underneath
the tip. The distance between the tip and shaft is short
enough (~30mm) relative to the wavelength at 3T to
assume a uniform incident B;*-field from the tip to the
shaft. To acquire the B;-map underneath the tip of the
electrode on plane P1, the Siemens’ product low-power
pre-saturated turbo-flash B;-mapping pulse sequence was
used with TR/TE = 10 000 ms/2.24 ms, saturation pulse’s
nominal flip-angle (nFA) = 80°, read-out flip-angle = 5°,
in-plane resolution = 1 mm, slice thickness = 3 mm, acqui-
sition matrix = 256 X 256, no. of averages = 1, pixel band-
width = 490 Hz/pixel, and acquisition time = 20s. Paral-
lel imaging using the generalized autocalibrating partial
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parallel acquisition technique with the acceleration factor
of 2 was performed. The outcome of this pulse sequence
is a flip-angle (FA) map, whereas the absolute B;* values
are required for current measurement. Using the ven-
dor’s definition of the reference transmitter voltage, this
flip-angle map in degrees can be transformed to an abso-
lute B;* per unit-volt map (pT/V) as follows:

_ 7w X FA , (16)
¥ X Vief X Tret X NFA

+
’Blper Volt

where y is the gyromagnetic ratio (267.52 rad/s/pT for pro-
ton), and Vs denotes the transmitter voltage required to
achieve a 180° flip-angle using a 1 ms (T'f)-square pulse.
Given the B;* per unit-volt (WT/V) map corresponding to
a distinct set-up, the root-mean-square (RMS) B;* map in
the heating study (i.e., TSE pulse sequence) with the same
set-up can be calculated as follows:

|BLins| = [BL

per Volt X Vrms, (17)

where V. represents the RMS amplitude of the RF pulse
in the heating study. Given the RF pulse’s envelope, s(),
V.ms can be calculated as follows:

1 TR
— - 2
Vims = || 32 /0 Is(6) 2. (18)

Simple averaging on the B;*map was performed in a
30 x 30 mm? area around the tip of the electrode (plane P1)
to estimate the incident B;* field. In addition, to locate the
Tx-null, a low-flip-angle 3D gradient-echo (GRE) image
was acquired with FA = 5°, TR/TE = 20 ms/2.64 ms,
in-plane resolution = 0.5mm, slice thickness = 3 mm,
acquisition matrix = 320 x 320, no. of averages = 1, pixel
bandwidth = 355 Hz/pixel, and acquisition time = 105 s on
an axial plane P2 intersecting the shaft of the electrode.
Using Equation (10) along with the measured incident B;*
and the null’s location, the induced current on the shaft of
the DBS electrode was calculated.

In the calibration phase, the Vs as 32.4 V correspond-
ing to the RF pulse of the TSE pulse sequence was calcu-
lated, which was used in the heating study. As shown in
Figure 2C, This RF pulse was composed of a 90°-excitation
pulse and a train of fifteen 150°-refocusing pulses, each
3.84ms with echo spacing of 12.9 ms. Using the B; maps
(uT/V) acquired, the RMS incident B;* around the elec-
trode was calculated as 1.85 pT. As shown in Figure 2D, the
distance between the Tx-null and the electrode was mea-
sured as 4.9 mm, and the shaft of the electrode was aligned
in the z-direction. Therefore, both 6, and ¢, were 0, and the
induced current on the electrode was calculated as 89 mA
using Equation (10).

3.4 | Quasi-static EM simulations

The electro quasi-static (EQS) mode of a multi-physics
simulator (Sim4life) was used to model the accumulated
charges on contacts of the DBS electrode. As shown in
Figure 2E, the model was composed of 4 perfect elec-
tric conductor (PEC) cylinders mimicking the contacts
of the electrode and a lossy 150 x 280 x 70 mm? box with
e =79 and 6 = 0.45S/m representing the gel phan-
tom. The EM properties of the gel phantom were mea-
sured using a dielectric assessment kit (DAK12, SPEAG,
Zurich, Switzerland). Identical Dirichlet boundary condi-
tions were imposed with an initial electric potential value
of 1 V on the 4 contacts while also assigning the 0-potential
to the faces of an adequately large box defining the bound-
aries of the problem. The potential difference between the
cylinders and the infinity box represents the contact volt-
age, V.. Regarding the discretization of the problem, the
meshing toolbox of the simulator was used with the “ex-
tremely fine” setting on the contacts and the “fine” setting
for the rest (Figure 2F). The total number of voxels in this
problem was 6.5 x 10°, and the simulation time was 60 s on
a workstation with 2 quad-core Intel(R) Xeon(R) W-2245
processors with a 3.9 GHz clock rate, 1 NVIDIA Quadro
P2200 GPU, and 64 GB RAM.

In the calibration phase, the contact voltage, V., in
the EQS simulation was iteratively adjusted to achieve an
agreement between the simulated and measured tempera-
ture rise.

3.5 | Transient thermal simulations
The transient thermal (TT) mode of the same solver
(Sim4life) was used to solve the bioheat equation by simply
linking the EQS and TT simulation such that the SAR dis-
tribution obtained from the EQS simulation was used as a
heat source in the TT simulation. The heat source was set
to be active for the same duration of the TSE acquisition
time. In the TT simulation, the contacts were modeled as
copper cylinders with pn, =8960 kg/m?, ¢, =385 J/kg/°C,
K =386 W/m/°C, p = 0, and the thermal properties of the
gel were assigned as pp, =1030 kg/m?, ¢, =4250 J/kg/°C,
k =0.583 W/m/°C, p = 0, as measured with KD2 Pro ther-
mal properties analyzer (Decagon Devices, Pullman, WA).
Regarding the discretization, the solver’s meshing toolbox
with the “fine” setting was used for the entire problem
region (Figure 2G). The total number of voxels turned out
to be 1.5 x10°, and the simulation time was 12 min on
the same workstation. The TT simulation resulted in a
time-varying temperature distribution in the phantom.

In the calibration phase, the time course of the sim-
ulated temperature increase close to the contact C1 was
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plotted at the same location (~2.5 mm) where the temper-
ature probe in the heating study was placed. The V. was
iteratively adjusted to match the numerically calculated
and experimentally measured temperature rise. The final
value of the contact voltage, 7.85V, along with the mea-
sured value of the shaft current, 89 mA, determined the
transimpedance of this particular DBS electrode to be 88 Q.
Note that in this manuscript, the V values are calculated
and presented in the RMS form to match the measured
RMS currents. However, some simulation software uses
peak amplitude form.

3.6 | Experimental validation

To validate the calculated transimpedance and also to
demonstrate the temperature prediction with the pro-
posed workflow (second phase), several heating experi-
ments were conducted. Inducing RF heating with TSE
pulse sequences, temperature prediction around different
contacts of the electrode with different trajectories and ter-
minations were explored. In each experiment, the 3 steps
of temperature prediction were followed as detailed in the
second phase of the workflow: MR-based current measure-
ment of I, EQS simulation by assigning V. = I X Rpgs, and
TT simulation. The temperature is experimentally mea-
sured using temperature probes and compared to numer-
ically predicted temperature increase. The comparison
between the experimentally measured and numerically
predicted temperatures was quantified using 2 error mea-
sures: normalized-root-mean-squared error (NRMSE) and
peak temperature-increase error (pTIE).

3.6.1 | Different trajectories

In the first set of heating studies, 10 cases were investigated
by altering the lead trajectories, RF excitation patterns

(i.e., quadrature and linear excitation of the body coil),
input power level, and the orientation of the shaft (i.e.,
oblique lead). The first case with trajectory 1, as shown
in Figure 3A, was exposed to a quadrature excitation and
used in the calibration phase. In the second case, the same
trajectory was exposed to a linear excitation (i.e., linear
excitation refers to channel 1-only excitation through this
manuscript), and the temperature increase was predicted
following the second phase of the proposed workflow. Sim-
ilarly, cases 3 through 8 correspond to trajectories 2 to
4 (Figure 3B-D) exposed to quadrature and linear excita-
tions. A TSE pulse sequence with the same parameters
presented in Section 3.2 was used to heat the implant in
cases 1 through 8. In case 9, trajectory 4 was exposed to the
linear excitation similar to case 8 but with a higher input
power level (i.e., the input power was increased from 20
to 30 W by decreasing the TR of the TSE pulse sequence
from 300 to 203 ms). In case 10, trajectory 5 (Figure 3E)
corresponding to an oblique lead (i.e., 6; = 22°, ¢, =0) was
exposed to the linear excitation similar to case 8 with the
same input power level.

3.6.2 | Different terminations

In the second set, the heating experiment with 5 differ-
ent set-ups were conducted by altering the termination of
the DBS electrode (e.g., open, extension cable, and IPG)
and the RF excitation pattern. In case 1, the electrode with
a trajectory shown in Figure 4A was exposed to a linear
excitation. In cases 2 and 3, quadrature and linear excita-
tions were, respectively, applied to the DBS electrode with
an extension lead (see Figure 4B). In case 4, the trajectory
of the extension lead was altered (Figure 4C) and exposed
to the quadrature excitation. In case 5, a commercial IPG
(Infinity DBS system, Abbott Laboratories, Chicago, IL)
was connected to the extension cable (Figure 4D) and
exposed to a quadrature excitation. The IPG was set into

FIGURE 3

Trajectories of the deep brain stimulation (DBS) electrode used in the set of “different trajectories” studies as a part of the

validation experiments. (A) Trajectory 1 was used in the calibration phase. (B) Trajectory 2, (C) trajectory 3, and (D) trajectory 4. (E)
Trajectory 5, the phantom was tilted on the coronal plane, so the electrode was oblique to the axial plane and had a 22° angle with the main

magnetic field B,
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FIGURE 4

Trajectories of the deep brain stimulation (DBS) electrode used in the set of “different terminations” studies as a part of the

validation experiments. (A) The DBS electrode with an arbitrary trajectory. (B) The DBS electrode was connected to the extension cable. (C)
The trajectory of the extension cable was altered. (D) A commercial IPG was connected to the extension cable

FIGURE 5 Arrangement of
the deep brain stimulation (DBS)
electrode and temperature probes
used in the set of “different
contacts” studies as a part of the
validation experiments. (A) The
trajectory of the electrode. (B)
Arrangement of the temperature
probes

the MR mode before the experiment (i.e., no stimulation
was applied during the MRI scan).

3.6.3 | Different contacts

In the third study, the validity of the proposed model
for predicting the temperature increase around different
contacts was investigated. For this purpose, 4 tempera-
ture probes were placed in close proximity to each contact
and conducted a heating experiment with the DBS elec-
trode whose trajectory is shown in Figure 5A, exposed to
a quadrature excitation. The location of the probes with
respect to the electrode is shown in Figure 5B.

3.6.4 | Different distances

The last set of studies was designed to investigate the
spatial distribution of the temperature increase around a
DBS electrode with an extension lead and to compare the

<— Probe #4
Probe #3 —>
<— Probe #2
Probe #1 —>
r T
(B)

outcomes of the simulation model with the experimen-
tal measurement. For this purpose, 4 temperature probes
were placed at different radial distances around the contact
C4 and conducted 2 heating experiments with the same
lead trajectories (Figure 6) but different power levels of a
quadrature excitation (level 1: 22.8 W; level 2: 37.8 W).

4 | RESULTS

4.1 | Experimental validation

The induced RF currents on the shaft of the DBS elec-
trode were calculated for each case using the technique
presented in the theory and methods sections.

4.2 | Different Trajectories

Figure 7A shows the experimentally measured and
numerically simulated temperature increase around the
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FIGURE 6 Arrangement of
the deep brain stimulation (DBS)

Frabs electrode and temperature probes
l, used in the set of “different
e distances” studies as a part of the
1 2.5mm validation experiments. (A) The
3.5mm i
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. Extension 1 mm the extension cable. (B) Positions of
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Comparisons between the experimentally measured and numerically calculated temperature increase in the set of

“different trajectories” studies. (A) Case 1 was used in the calibration phase, and (B-J) cases 2 through 10 were used for validation purpose

(see Figure 3 for trajectories)

contact C1, corresponding to the calibration case. As
presented in Figure 7A, the calibration was performed
by matching the simulated temperature increase to the
experimental 1 with 5.1% NRMSE. Similarly, Figure 7B-J
presents a comparison between the predicted and mea-
sured temperature increase around the same contact
for 9 different trajectories (Figure 3) and RF excita-
tion patterns. The proposed technique has accomplished

the temperature prediction task for all cases with <23%
NRMSE.

4.2.1 | Different terminations

Figure 8A-E shows results from the comparison between
simulated and measured temperature increase around the
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Comparisons between the experimentally measured and numerically calculated temperature increase in the set of

“different terminations” studies. (A) The electrode with a trajectory shown in Figure 4A was exposed to a linear excitation. (B-C) Quadrature
and linear excitations were respectively applied to the deep brain stimulation (DBS) electrode with an extension lead (see Figure 4B). (D) The
trajectory of the extension lead was altered (Figure 4C) and exposed to the quadrature excitation. (E) A commercial IPG was connected to the

extension cable (Figure 4D) and exposed to a quadrature excitation
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FIGURE 9

Comparisons between the experimentally measured and numerically calculated temperature increase in the set of

“different contacts” studies (Figure 5). (A-D) Temperature increases were recorded at 4 different locations in the proximity of each contact

contact C1 while altering the DBS electrode termination,
and RF excitation pattern. The worst temperature pre-

diction case among these 5 cases has resulted in 15%
NRMSE.

4.2.2 | Different contacts

Similarly, Figure 9A-D supports the accuracy of the tem-
perature prediction workflow for all contacts (i.e., C1-C4)
by presenting a comparison between the simulated and
measured temperature increase around different contacts.

The temperature increase around all contacts has been
predicted by a <10.3% NRMSE.

4.2.3 | Different distances

Furthermore, as shown in Figure 10A-H, the accuracy of
the simulation model has been tested by measuring the
temperature increase at different radial distances around
one of the contacts (i.e., C4) with 2 different RF exposure
power levels. The model has predicted the temperature rise
at all distances with a <10.7% NRMSE.
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Comparisons between the experimentally measured and numerically calculated temperature increase in the set of

“different distances” studies (Figure 6). Temperature increases were recorded at 4 different radial distances from contact C4 while the deep
brain stimulation (DBS) lead was exposed to the RF power (A-D) level 1 (22.8 W) and (E-H) level 2 (37.8 W)

5 | DISCUSSION

In this study, a workflow was proposed based on an
MR-based current measurement and a simple EM/thermal
simulation to predict the RF heating at the tip of a commer-
cial DBS electrode. The accumulated electric charge on
the electrode contacts was modeled as an electrical poten-
tial boundary condition on the conductive contacts in the
EM simulation environment. Hence, to relate the mea-
sured induced RF current on the electrode to this electric
potential, an equivalent transmipedance Rpgs was defined
specific to the DBS electrode and its value was calculated
for a commercial DBS electrode (directional lead, Infinity
DBS system, Abbott Laboratories). Furthermore, using the
calculated transimpedance and EM/thermal simulations,
temperature increases for different excitation conditions
and lead trajectories were accurately predicted. Note that
the proposed transimpedance Rpgs is different from the
equivalent impedance seen by the IPG. The latter is an
impedance between the electrode and ground, whereas
the Rpgs is defined to relate the contact voltage to shaft
current.

Our workflow can be used to predict the temperature
increase at the contacts of an electrode, which are known
to heat hazardously under RF exposure. It is noteworthy
that this approach neither predicts any possible tempera-
ture increases around the IPG nor suggests neglecting it.
In contrast, the temperature increase around IPGs, which
is often ignored in the literature, should be investigated
thoroughly in a different study.

In this work, an identical voltage boundary condition
(V.) was assigned to all contacts in the EM simulation

environment, resulting in a single transimpedance for the
electrode. Although this model is sufficient to predict
the temperature increase around contacts of the electrode
under investigation, defining different voltage boundary
conditions on the contacts is possible, in principle. In such
a case, where different voltage boundary conditions dic-
tate different transimpedance for each contact, our strat-
egy would still be valid to determine the transimpedance
values.

The closed-form expression was expanded to deter-
mine the induced current on an obliquely oriented DBS
lead, which was originally calculated by Eryaman et al??
for a lead perpendicular to the transverse plane. The
patient-safe pre-scan current measurement technique?®?
used in this work is based on a low-power turbo-flash
B;-mapping and low-flip-angle GRE pulse sequences with
a total acquisition time of 105 and 20s, respectively. This
technique provides a shorter pre-scan duration compared
to the technique that was previously proposed by van den
Bosch et al?® (acquisition time: 124-323s) and compara-
ble duration to Griffin et al’s technique?’ (acquisition time:
~558).

Our proposed temperature prediction method uses an
offline calculated transimpedance along with a simple
EM/thermal simulation. Therefore, it does not require
real-time temperature monitoring or any modification on
the DBS hardware,?! which could be challenging from
the vendors’ perspective. Furthermore, it was hypoth-
esized that the calculated transimpedance is indepen-
dent of the electrode trajectory and RF excitation pat-
tern. Therefore, our calculations do not require any com-
plex modeling efforts®!° to simulate the full DBS model
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within the transmit coil'’'? and measure the incident
field for computing the transfer matrix.!*2° This hypoth-
esis was experimentally validated by exposing the elec-
trode to arbitrary incident fields generated by the body
coil of a 3T Siemens MR scanner (MAGNETOM Prisma,
Siemens Healthineers). However, because this is a patient
safety problem, researchers are strongly encouraged to
run additional studies with their own hardware before
using the proposed workflow in imaging actual human
subjects.

To validate our proposed formulation for calcu-
lating the induced current on an oblique DBS lead
(Equation [10]), a DBS lead was immersed in a box-shaped
phantom at an angle of 22° with respect to the main mag-
netic field By (Figure 3E). It is noteworthy that the exam-
ined angle is merely a proof-of-concept case and does not
necessarily reflect a realistic polar angle for in vivo tar-
gets. To further investigate the effect of this angle, a DBS
lead with a 45° polar angle in a head-shaped phantom
was also investigated. The results presented in Supporting
Information Figure S1 show good prediction accuracy of
the proposed model (<5% NRMSE) in the case of a highly
tilted DBS lead.

Experimental data demonstrate that the tran-
simpedance is independent of the electrode trajectory
and termination scenario. It was also hypothesized that
the transimpedance does not depend on the size/shape of
the surrounding medium. To test this hypothesis, a single
heating experiment was conducted with the same DBS
electrode obliquely immersed in a head-shaped uniform
phantom (same gel content). Furthermore, using the pre-
viously calculated Rpgs, the temperature was predicted
at the tip of the electrode. The outcomes of this study
(Supporting Information Figure S1) show that despite a
significant change in size and shape of the phantom (i.e.,
from a box phantom to a head-shaped phantom), the
same Rpgg value can successfully be used for temperature
prediction. Although, it would be reasonable to assume
that its value is dependent on the electrode model and/or
contact geometry as well as the EM properties of the
medium surrounding the contacts. These dependencies
were not studied in this work. On the other hand, for a
given electrode, the experiments can always be conducted
by using a gel with EM properties approximately match-
ing the EM properties of the human tissue. By doing so,
one could use the transimpedance value to predict the
RF heating behavior of the electrode in a perfusion-free
tissue, which constitutes a thermally worst-case heating
scenario. Therefore, in principle, the proposed approach
can be used to predict the worst-case heating scenario for
in vivo experiments. The validity of the later hypothesis
should be investigated with in vivo animal and/or human
cadaver studies.

Based on Equation (10), the incident B;* field around
the shaft needs to be known to calculate the induced cur-
rent on the shaft of the electrode. In general, calculating
the incident field from the scattered field around the shaft
of the electrode is a complex problem. Because the distance
between the tip and shaft of the electrode (~30mm) is
much smaller than the EM wavelengths inside the human
body at 3T (~300 mm), it is assumed that the incident field
around the shaft is approximately equal to the incident
field at the tip. To verify this assumption, flip-angle maps
on 2 axial planes 30 mm apart were acquired (i.e., planes
P1 and P2) in the uniform box-shaped phantom without
the DBS electrode. As shown in Supporting Information
Figure S2, the average flip-angle, and so the B;*, within
the indicated ROI alters by <1%. Note that this assumption
is valid for the 3T DBS imaging problem and targets close
to the middle of the brain where the incident field can
be assumed uniform. However, for higher field strengths
and/or implants located at different human body parts,
other current measurement techniques?®-2® may be more
accurate.

MR-based current measurement used in this work may
be prone to error mainly because of the limited reso-
lution/SNR of the low-flip-angle GRE image. Based on
Equation (10), the induced current on the shaft is linearly
related to the Tx-null’s distance from the electrode. Hence,
an error, ¢, in Tx-null’s measurement also leads to an error
in the current measurement. For example, a Tx-null dis-
tance measured as (1 +¢)-fold the actual distance, the
current would be measured incorrectly as (1 + ¢)-fold the
actual current. Given that the SAR quadratically changes
with the shaft current, the above described underestima-
tion would lead to |e* — 2¢| underestimation in the tem-
perature increase (i.e., [1 —|e? —2¢|]-fold of the actual
temperature increase). The researchers who would like to
apply the proposed workflow to in vivo human imaging
must take into account all uncertainties that might impact
the temperature prediction, including the one mentioned
briefly above.

In this study, the time course of experimentally mea-
sured temperature was used to determine the value of DBS
transimpedance. However, this measurement significantly
depends on the radial distance of the temperature probe’s
tip from the electrode contacts. Therefore, it is impor-
tant to accurately determine the location of the tempera-
ture probe to ensure that the simulation model matches
the experimental set-up. For this purpose, the distance
was initially measured using a Vernier caliper. Addition-
ally, in the TT simulation, the distance was fine-tuned by
matching the cool-down curvature of the measured and
simulated temperature time course. For the cool-down
period (i.e., RF exposure turned OFF), Equation (14) is
reduced to a first-order homogenous linear differential
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equation whose solution can be expressed as an expo-
nentially decaying function with respect to time. In addi-
tion to medium parameters, the temperature decay also
depends on the point-of-interest where the temperature
is observed. This relationship is exploited to fine-tune the
location of the probe in our simulation model, resulting
in the best possible match between simulated and exper-
imentally measured temperature during the cool-down
period.

6 | CONCLUSIONS

A workflow was proposed for predicting the RF heating
around DBS electrodes. In this workflow, the parame-
ter DBS transimpedance, Rpgs, was defined that relates
the experimentally measured induced current on the
electrode to a voltage value used in an EM/thermal
simulation model for temperature prediction. The Rpgs
value for a commercial DBS electrode (directional lead,
Infinity DBS system, Abbott Laboratories) was deter-
mined as 88, which was experimentally validated in
several heating studies. The proposed technique was
able to predict temperature increases around the con-
tacts of the electrode with <23% (on average 11.3%)
error.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1 Validation of the proposed workflow for an

oblique DBS lead (with a 45° polar angle) implanted in a
head-shaped phantom (e, = 79 and ¢ = 0.45S/m). (A) A
coronal view of the DBS electrode in the phantom. The
temperature probe placement in the proximity of con-
tact C1 of the DBS lead is demonstrated. (B) Depiction
of the P1 and P2 axial planes that were used for inci-
dent B; mapping and Tx-null detection, respectively. (C)
The appearance of the Tx-null and electrode in the GRE
image used for the MR-based current measurement. (D)
Comparisons between the experimentally measured and
numerically calculated temperature increase.
Figure S2 Flip-angle maps on 2 axial planes (P1 and P2
in Figure 1C) corresponding to a quadrature excitation.
The flip-angle-mapping experiment was conducted in a
phantom without the DBS lead.
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