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Abstract

Patients with implanted medical devices such as deep brain stimulation or spinal cord stimulation
are often unable to receive magnetic resonance imaging (MRI). This is because once the device is
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within the radiofrequency (RF) field of the MRI scanner, electrically conductive leads act as
antenna, amplifying the RF energy deposition in the tissue and causing possible excessive tissue
heating. Here we propose a novel concept in lead design in which 40cm lead wires are coated with
a ~1.2mm layer of high dielectric constant material (155 < e,< 250) embedded in a weakly
conductive insulation (¢ = 205/m). The technique called High-Dielectric Capacitive Bleeding of
Current, or CBLOC, works by forming a distributed capacitance along the lengths of the lead,
efficiently dissipating RF energy before it reaches the exposed tip. Measurements during RF
exposure at 64 MHz and 123 MHz demonstrated that CBLOC leads generated 20-fold less heating
at 1.5 T, and 40-fold less heating at 3 T compared to control leads. Numerical simulations of RF
exposure at 297 MHz (7T) predicted a 15-fold reduction in specific absorption rate (SAR) of RF
energy around the tip of CBLOC leads compared to control leads.

Keywords

electrode leads; finite element method; high dielectric material; high field; magnetic resonance
imaging (MRI); medical implants; RF safety; numerical simulations; RF heating; MR Conditional;
specific absorption rate (SAR)

Introduction

THERE is a steady growth in the use of implantable electronic devices for therapeutic
applications in the US and globally. As of 2012, there were more than 3 million patients
with permanent pacemakers, cardioverter defibrillators, or cardiac resynchronization therapy
devices in the US [1], with the number growing by 80,000 annually [2]. In the field of
neuromodulation, the market for spinal cord stimulation (SCS), sacral nerve stimulation, and
deep brain stimulation (DBS) is expected to grow at an annual rate greater than 17% from
2016 to 2023 [3]. Factors such as aging population, increasing prevalence of cardiovascular
and neurological diseases, expanded target applications, and new indications of use are
among those driving such steep growth.

For a majority of neurologic, cardiac and musculoskeletal disorders, magnetic resonance
imaging (MRI) is the diagnostic modality of choice because of its excellent soft tissue
contrast and non-invasive nature. It is estimated that 50-75% of patients with cardiovascular
implantable devices may need to undergo MRI over their lifetime for non-cardiac or cardiac
indications [4], with many patients requiring repeated examinations [5]. Similarly, patients
with neuromodulation devices such as DBS greatly benefit from MRI exams, both for target
verification and for post-operative monitoring of treatment-induced changes in the function
of affected brain networks [6]. Unfortunately, however, the interaction of radiofrequency
(RF) fields of MRI transmitters with implanted leads results in safety hazards that severely
limit the post-operative accessibility of MRI for patients with implanted conductive leads.

One major safety concern is RF-induced heating of tissue due to the “antenna effect” of the
leads, where the electric field of the MRI transmit coil couples with the elongated
conductive leads and amplifies the specific absorption rate (SAR) of the RF energy in the
tissue [7, 8]. Such SAR amplification can cause excessive tissue heating and potential tissue
damage as underscored by several injuries reported worldwide [9, 10]. As a result, the
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conditions under which patients with implanted leads can receive an MRI are restrictive. For
DBS patients for example, only field strength of 1.5 T is permitted (excluding centers that
only have a higher field strength); only pulse sequences with a whole-head SAR of 0.1 W/kg
(approximately 30-fold below the FDA-approved clinical level) or effective Byrms<24T are
allowed, and the current state-of-the-art MRI parallel transmit coils are contraindicated [11].
Similar restrictions apply to MR Conditional SCS systems and neuromodulation systems for
chronic pain [12].

Efforts to alleviate the problem of implant-induced tissue heating during MRI can be
classified into three main categories: those that aim to modify the imaging hardware to make
it less interactive with conductive implants, those that modify the implant structure and
material to reduce the antenna effect, and those that — through surgical planning - modify the
implant trajectory to reduce the coupling and the antenna effect. Hardware modification is a
relatively new concept and its scientific literature mostly consists of proof-of-concept studies
and early-stage prototypes. Examples include the use of dual-drive birdcage coils to generate
steerable low-E field regions that coincide with the implant [13, 14], the introduction of
rotating linear birdcage coils that allow individual patient adjustments for low SAR imaging
[15, 16], and parallel transmit systems that produce implant-friendly modes [17, 18].

Alteration of the lead geometry on the other hand has a much older history as attested by the
plethora of patents published in the past fifteen years [19-26]. This body of work mostly
consists of techniques that aim to increase the lead’s impedance to reduce induced RF
currents. More recent contributions suggested the use of resistive tapered stripline to scatter
the RF energy along the length of the lead and reduce its concentration at the tip [27], use of
reverse or overlapping windings [28, 29], use of external traps which couple to lead wires
and take the RF energy away from internal wires [30], and the use of conductive pins to
connect lead wires to the tissue and shunt induced currents [31]. Finally, the role of surgical
planning to optimize the routing of implanted leads to reduce the heating at the tip has been
explored [32, 33]. Despite these efforts however, the number of MR Safe or MR Conditional
implantable leads remains limited and the need to develop effective strategies to safeguard
patients is more urgent than ever.

This paper introduces a novel lead design to improve RF safety of implantable electronic
devices in MRI environment. The technique termed High-Dielectric Capacitive Bleeding of
Current, or CBLOC is based on a distributed capacitive dispersion of RF energy along the
length of the lead which significantly reduces the energy concentration at the exposed tip of
the implant. This is achieved by using a thin layer (~1.2mm) of high dielectric constant
(HDC) material to coat the lead wires, and then providing a conductive path to the tissue by
embedding them within partially conductive Carbone-doped silicon tubing (o = 205/m).
This allows a distributed capacitance to be formed between the wire, HDC material, and the
conductive tubing. This capacitive element will then shunt the RF energy along the length of
the lead in the form of displacement currents and thus, reduces the RF heating at the tip. We
show that this technique is remarkably effective, reducing the temperature rise at the tip of
the lead by up to 20-fold. Furthermore, unlike techniques based on resonant RF traps and
filters, the CBLOC performance is independent of the RF frequency, showing a substantial
heat reduction effect across 1.5 T, 3 T and 7 T systems.
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This manuscript is laid out as follows: Section 11 gives a theoretical background on the
phenomenology of RF heating of implants in MRI environment. The fundamentals of
methodologies to reduce RF heating of implanted leads during MRI are reviewed, and the
proposed CBLOC technique is described. Section I11 gives the details of experimental setup,
lead construction, and temperature measurements during MR RF exposure at 64 MHz (1.5
T) and 123 MHz (3T). Finally, Section 1V presents results of numerical modeling
confirming the same trend in the reduction of RF heating as observed in experimental
measurements at 1.5 T, 3 T and predicting the behavior of CBLOC leads at 7 T.

. Theory

The phenomenology of RF heating in the presence of linear conductive structures in the
MRI environment has been studied in a number of theoretical contributions [8, 34-37]. The
consensus is that the tangential component of the electric field, E,, along the length of the
wire acts as a local voltage source generating RF currents on the lead. For an insulated wire
with an exposed tip, scattered fields will arise at the tip to enforce the boundary condition
Eian=0. These scattered fields generate electric currents that produce heating when
dissipated in the tissue. Fig. 1(a) gives the general circuit model of an insulated lead wire
inside an MRI scanner, assuming the lead is a good conductor with low resistivity
(RLeag®0). From the model, one obvious approach to reduce RF currents is to increase the
lead’s impedance at the desired frequency. This technique has been the subject of numerous
designs, including the use of tightly wound loops to increase the inductance of the wire [29,
38] and insertion of RF traps [39] or bands-top filters [40] to introduce a high impedance
component along the length of the lead.

Another possible approach to reduce the magnitude of RF currents at the tip is to shunt the
currents along the length of the lead through capacitive elements. A suggested
implementation of this approach is, for example, the insertion of intermittent pins
connecting internal wires to the conductive tissue [31]. Such techniques, however, have not
been widely explored due to difficulties in design and implementation of lumped capacitive
components. Our proposed method is to implement a distributed capacitance along the
length of the lead through a thin layer of HDC material embedded in a weakly conductive
insulator. Fig. 1(b) gives the equivalent circuit model of such a lead. Theoretically, this
structure can effectively shunt the RF energy along the length of the lead while leaving dc
currents associated with the therapeutic function of the device unperturbed.

To ensure that the method is effective, the HDC material should be either in direct contact
with the conductive tissue (if the material is solid) or in contact with a conductive tubing (as
in our case where the dielectric material is in the form of a paste which needs to be
contained.) The reason for this can be better appreciated considering the theory of partially-
filled capacitors. Fig. 2(a) gives the equivalent circuit of a lead with HDC-coated wire
embedded within a conductive insulation (e.g., medical grade carbon-doped silicone). The
distributed capacitor Cq is formed between the lead wire (first conductor), the HDC layer,
and the tubing (second conductor). In contrast, Fig. 2(b) shows the HDC-coated wire
encapsulated within a nonconductive tubing such as polyurethane commonly used as
insulation in medical implants. In this case, the total capacitance C is the series combination
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of the two partially filled cylindrical capacitors as 1/C=1/C4 + 1/C, [41]. Because the outer
insulator has a much lower dielectric constant (e,= 3) the effect of the HDC coating will be
negated in this case. For this reason, it is critical to use the HDC coating in contact with a
weakly conductive insulation to provide a path for the RF energy to dissipate.

lll. Experiments

To test out the theory outlined in Section I1, experiments were conducted by measuring
MRI-induced temperature rise at the tip of different lead constructsat 1.5 Tand 3 T
scanners. This section outlines the details of experimental setup, lead construction, and
measurement results.

A. Material and Construction of the Leads

1) HDC paste: A high dielectric paste was made by mixing Barium titanate (BaTiO3)
powder (Sigma-Aldrich, St Louis, MO) with distilled, de-ionized water until a saturated
suspension was obtained as described in [42]. Sodium polyacrylate (Sigma-Aldrich, St
Louis, MO) was used as a chemical dispersant, added one drop at a time to the paste until it
became unsaturated and could absorb more dry powder. The dielectric constant of the paste
was then measured using a dielectric probe kit (85070E, Agilent Technologies, Santa Clara,
CA) and a network analyzer. Fig. 3. gives the relative permittivity of the paste as measured
by the network analyzer, showing e,= 250 at 64 MHZ (1.5 T), e,= 204 at 123 MHz (3 T),
and e,= 155 at 279 MHz (7 T).

2) Lead wires and tubing: Leads were constructed from 40 cm Ga22 varnished copper
wires (magnet wire 7588k79, 0.0021” varnish thickness McMaster-Carr, EImhurst, IL), with
1 cm of the insulation removed at one end to expose the tip. Wires were inserted into either a
rubber tubing (e,= 3, inside diameter (ID) = 3 mm, outside diameter (OD) =4 mm) or a
conductive silicone tubing (o = 205/m, ,= 3.5, ID=2.7mm, OD=4mm). Wires were
stretched between the two ends of the tubing and passed through rubber stoppers to seal and
support (Fig. 4.).

To examine the theory laid out in Section 11, we built four types of lead with (a) wires
inserted into an empty rubber tubing (control lead), (b) wires inserted into a rubber tubing
filled with the HDC paste, (c) wires inserted into an empty conductive silicone tubing, and
(d) wires inserted into a silicone conductive tubing filled with the HDC paste (CBLOC lead).
We hypothesized that the CBLOC lead (lead (d)) significantly reduces the temperature rise
in the tissue compared to the control lead (lead (a)), whereas configurations (b) and (c) will
have little effect on the heating. Note that lead (b) has the equivalent circuit shown in Fig.
2(b), in which the effective distributed capacitance is the series combination of capacitors
formed between the HDC layer (C,) and the plastic insulation (C,) with the value being
smaller than both C; and C.

B. RF Exposure and Temperature Measurements

An anthropomorphic head phantom was designed and 3D-printed based on the structural
MRI of a healthy volunteer (Fig. 5.). The mold was composed of two sagittal parts
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connected through a rim along the central sagittal plane. Phantom dimensions were
approximately 16cm ear-to-ear and 27cm from top of head to bottom of neck. The phantom
was filled with agarose-doped saline solution that mimicked the electrical and thermal
properties of biological tissues (e,= 70, o =1 S/m, C,, = 4150J/kg°). Gel recipe and
construction method is given elsewhere [15]. A relatively high percentage of agar (4%) was
used which resulted in a semi-solid gel that could stand alone and support implanted leads.
Fluoroptic temperature probes (OSENSA, BC, Canada) were attached to the exposed tips of
the leads for temperature measurements during RF exposure at 64 MHz and 123 MHz (Fig.

6()).

It is well known that the trajectory of the implanted lead has a substantial effect on the
heating at the tip [32, 33, 43-45]. Therefore, attention was paid to keep the lead trajectories
and the phantom positions the same across all experiments. For each experiment, the lead
was gently pressed into the gel (~1mm deep) to assure a good contact was maintained with
the conductive medium (Fig. 6(b)).

Experiments were performed at a 1.5 T Magnetom Avanto system, a 3 T TIM Trio system
(Siemens Healthineers, Erlangen, Germany). To have better control over the characteristics
of the RF exposure, gradient coils were disabled and a train of 1 ms rectangular RF pulses
was transmitted using the scanner body coil. Pulse sequence parameters are summarized in
Table | for each experiment.

C. Temperature Measurement Results

Fig. 7. gives the measured temperature rise near the tip of each implant after ~2.5 minutes of
RF exposure at 1.5 T and 3 T. As predicted, CBLOC lead generated substantially reduced
heating near the tip compared to the control lead at both 1.5 T and 3 T, showing a ~20-fold
reduction in temperature rise. The results further confirmed our hypothesis that the use of
HDC material when the path to the conductive tissue is blocked does not produce the same
heat-reducing effect. Specifically, the experiment with non-conductive rubber tubing filled
with the HDC material increased the heating at 1.5 T, although some heat-reduction effect
was observed at higher fields. Similarly, conductive tubing alone without the HDC material
did not produce the same level of heat reduction. It is noteworthy to mention however, that
the presence of the conductive tubing alone reduced the heating at 3T to some extent. This
effect is most probably attributable to a different mechanism recently observed and termed
as “decoy” [46]. Table Il summarizes the maximum temperature rises for each leadat 1.5 T
and 3T.

V. Simulations

A major difficulty in devising a systematic methodology to estimate RF-induced heating in
MRI environment is that the problem has a large parameter space with many interacting
variables [43, 47]. In general, the performance of CBLOC leads depends on the interplay
between plurality of factors, including frequency and geometry of MRI RF transmitter,
thickness and electric properties of HDC coating and insulator, as well as the trajectory of
the lead in the phantom. The application of electromagnetic simulations to better understand
the phenomenology of electric and magnetic field interaction with the tissue has proven to
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be indispensable [32, 48-62]. One exquisite advantage of computational models is that they
allow for a controlled and systematic change of design parameters and enable the assessment
of multitude of design scenarios in a reasonable time. When using computer models to guide
the design however, it is important to verify that the model represents the physical system
well enough to be able to reliably predict its behavior for different design parameters. In this
section, we present results of numerical simulations calculating the 1g-averaged SAR around
the tip the leads that were used in our experiments. Simulations were performed with models
of whole-body birdcage transmit coils tuned at 64 MHz (Siemens Avanto system) and 123
MHz (Siemens Tim Trio system). Notably, the goal was not to reproduce the exact amount
of heating observed in the experiments, but rather to show that the simulated local SAR is a
reliable surrogate to compare the behavior of different leads. We also implemented model of
a 7 T head-only coil based on a prototype built in our lab to investigate behavior of CBLOC
leads at higher fields.

A. RF Coils and Lead Models

ANSYS Electronics Desktop (HFSS 16.2, Designer, ANSY'S Inc., Canonsburg, PA) was
used to implement models of shielded 16-rung high-pass birdcage body coils tuned to 64
MHz (1.5 T proton imaging) and 123 MHz (3T proton imaging). The 7 T head coil was a
hybrid birdcage with 16 legs and 128 capacitors distributed around end rings and on the legs.
All coils were fed by a quadrature excitation implemented at two ports on one of the end-
rings 90° apart in position and phase as illustrated in Fig. 8. The details of coils dimensions
and values of tuning capacitors are also given in Fig. 8.

Lead models were constructed and fitted into a homogeneous human head phantom (e,= 70,
o =1 S/m) such that they mimicked the experimental setup as closely as possible. Fig. 9.
shows the details of the meshed model. For each simulation, the final mesh was visually
inspected to ensure that fine features of the leads including the thin layer of varnish on
copper wires were appropriately represented. The final model included ~5 million
tetrahedral elements and took approximately three hours to run on a Dell PowerEdge R730
system with 16x2GB =512GB of RAM, and 28 cores (2xIntel Xeon CPU with each 14
cores) running 64-bit Windows Server 2012 system.

B. Simulation Results
For all simulations, the input power of the coil was adjusted to produce an average B1+ =2

AT on a transverse plan passing through the center of the head phantom.

The magnitude of the 1g-averaged SAR in a cubic area of 2cmx2cmx2cm surrounding the
lead’s tip is given in Table Ill. As it can be observed, the simulated SAR in the tissue around
the tip correlated very well with the measured temperature rise at the same location at both
15Tand 3 T.

At 1.5 T the maximum temperature rise was measured to be 19°C at the tip of the lead with
rubber tubing filled with HDC, followed by 16°C at the tip of the lead with empty rubber
tubing (control lead), and 15°C at the tip of the lead with empty conductive silicon tubing.
The CBLOC lead showed the minimum temperature rise, measured to be just below 1°C.
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Simulations predicted the same trend in the calculated 1g-averaged SAR, with the maximum
of 118 W/kg at the tip of the lead with rubber tubing filled with HDC, 85 W/kg around the
tip of the lead with empty rubber tubing, and 82 W/kg at the tip of the lead with empty
conductive silicon tubing. The CBLOC lead generated the minimum SAR in the tissue (8 W/

kg).

Similarly, at 3 T the calculated SAR perfectly predicted the heating of the leads compared to
each other. The maximum temperature rise at 3 T was observed in lead with empty rubber
tubing (21°C), followed by the lead with empty conductive silicone tubing (8°C) and the
lead with rubber tubing filled with the HDC (4°C). The CBLOC lead generated the
minimum heating (< 1 °C). The same trend was observed in the calculate SAR as given in
Table I11.

Simulations at 7 T predicted the same trend as observed in 3T, with the lead with empty
rubber tubing producing the largest SAR, followed by the lead with empty conductive
silicon tubing and the lead with rubber tubing filled with the HDC. The SAR produced by
the CBLOC lead was ~15-fold less than the SAR of the control lead.

V. Discussion

With the rapid growth of clinical applications of high-field MRI, there has been a significant
effort to alleviate the problem of RF heating of implanted conductive leads. This work
presents a novel technique to improve MRI RF safety of implanted leads through capacitive
bleeding of currents along the length of the lead. The technique termed CBLOC, uses a layer
of high-dielectric constant material coating the lead wires and forming distributed
capacitance along the length of the lead. This distributed capacitance will dissipate the RF
energy along the length of the lead in the form of displacement currents and thus, reduces
the heating at the tip.

High permittivity materials have been long used in the electronics industry for
manufacturing on-chip capacitors [63-65]. Their application in the context of MRI however,
is relatively new. Pioneering work has been done by the Webb group advancing the use of
HDC pads to increase the signal to noise ratio during high-field MRI [42, 66-68]. Recently,
the use of external HDC pads in regions not directly adjacent to the implant cite has been
shown to reduce the SAR at the tip of medical implants [69]. In our experiments, we
observed a substantial reduction of the heating at the tip of CBLOC implants by up to 20-
fold during 1.5 T and up to 40-fold at 3 T MRI compared to the control case. Simulation
studies calculating 1g-averaged SAR around the tip of implanted leads predicted the trend of
observed heating at both 1.5 T and 3T. Simulations with head-only coils at 7T predicted a
similar performance. From the practical point of view, the real-life implementation of such
leads should be possible using conventional techniques for atomic layer deposition of high-
dielectric oxides on conductive wires [70, 71]. In such case, the solid HDC layer can act as
the insulation for the lead wires, eliminating the need to use tubing.

The current study has a few limitations. First, we examined the performance of CBLOC
leads inside a homogeneous head phantom, thus the effect of tissue heterogeneity was not
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studied. Future studies should evaluate the effect of CBLOC in realistic multi-compartment
body models. Furthermore, it is well established that implant’s trajectory has a non-
negligible effect on the heating, as it directly affects the coupling of RF fields with
conductive wires. Thus, more studies are required to analyze sensitivity of the results to
factors such as composition of surrounding tissue and trajectory of the implant. Finally, the
effect of adding the HDC coating on the mechanical stability and flexibility of the leads
needs to be evaluated.

VI. Conclusion

A new promising approach to reduce the heating of implanted conductive leads during MRI
scans has been presented. Both experimental results and numerical simulations are presented
to demonstrate the substantial heat reduction performance of the new lead. The technique is
based on capacitive shunting of RF energy along the length of the lead through the high-
dielectric constant material. The proposed approach may lead to the design of a new
generation of implantable leads for MRI.
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Fig. 1.
(a) Equivalent circuit of a lead in MRI environment. The tangential component of the

electric field acts as a voltage source inducing currents on the lead (modelled as an
indicator) which will then be dissipated in the lossy tissue. (b) The equivalent circuit of a
lead with an HDC core contained in weakly conductive insulation.
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Fig. 2.
Schematic and equivalent circuit of a lead with an HDC core (a) contained in conductive

tubing and (b) contained in non-conductive rubber tubing.
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Fig. 3.
Relative permittivity of the HDC paste measured at 64 MHz (1.5 T) and 123 MHz (3 T), and

297 MHz (7 T) using the dielectric probe kit and a network analyzer.
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Fig. 4.

(a) Ga22 varnished wires were inserted into tubing and passed through rubber stoppers at
both ends to seal and support. (b) The HDC paste being injected into tubing using a Gal4
syringe. (c) Different lead configurations used in the experiments.
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Fig. 5.
Anthropomorphic head phantom based on MRI of a healthy volunteer
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(a)

Fig. 6.
(a) Temperature probes attached to the exposed tips of the leads. Attention was paid to

maintain a consistent distance between the tip of the probe and the tip of leads in all four
experiments (b) Trajectory of the lead implanted into the gel phantom. Leads were pressed
into the gel to form a good galvanic connection with the conductive medium (c) Positioning
of the phantom and implants in the MRI system.
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Fig. 7.
Measured temperature increases near the tip of implanted leads during ~2.5 minutes RF
exposure at 64 MHz (1.5T) and 123 MHz (3T).
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&
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DIMENSIONS AND CAPACITOR VALUES OF RF COIL MODELS
15T 3T 7T
Coil Type Body Body Head
Coil Diameter /Length [mm] 607/670 | 607/670 | 275/236
Shield Diameter/Length [mm] | 660/1220 | 660/1220 | 314/260
Cr [pF] 85.2 18.6 9.1
CLr [pF] - - 82
CL[pF] - - 39

Fig. 8.

260mm

Numerical models of high-pass MRI body coils and a hybrid head coil implemented in

ANSYS HFSS
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Fig. 9.
Numerical models of the leads fitted into the human head. The mesh was visually inspected

for all simulations to ensure fine features of the leads were properly represented.
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Characteristics of RF pulses

Frequency | Flip Angle | Duration
64 MHz 200° 207 s
123 MHz 250° 148's
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TABLE I
MEASURED TEMPERATURE INCREASE NEAR THE TIP OF DIFFERENT LEADS

AT[°C]
15T 3T

CBLOC 0.9°  04°

Rubber tubing, air core (control) 16° 21°

Rubber tubing, HDC core 19° 4°

Conductive silicon tubing, air core  15° 8°
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TABLE Il
Simulated Max_SAR1G (W/kg) at1.5T,3Tand 7 T.

15T 3T 77T

CBLOC 8 7 22

Rubber tubing, air core (control) 85 53 336

Rubber tubing, HDC core 118 10 48

Conductive silicon tubing, air core 82 20 213
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