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Abstract—This paper presents a novel lead body design for
active implantable medical devices (AIMD) to reduce
Radio-frequency (RF) induced heating during magnetic
resonance imaging (MRI) scanning. By introducing a
counterpoise electrode to the original lead construct, part of the
RF-induced energy can be decoyed into the surrounding tissues
while the therapy signal is intact. The numerical simulation
studies of three leads with different configurations are
presented to demonstrate the effectiveness of this technique.
From simulation results at 1.5 T, the peak 1g average SAR value
can be reduced by a factor of 3 when the length of the
counterpoise electrode is properly designed.

Clinical Relevance— With this novel AIMD design technique,
the AIMDs can be designed safer under the MRI environment.

1. INTRODUCTION

Magnetic resonance imaging (MRI) compatibility
assessment for active implantable medical devices (AIMD) is
an essential stage before AIMDs can be approved for clinical
usage. The radiofrequency (RF)-induced heating, caused by
the interactions between the MRI RF coil and the AIMDs
containing the metallic components, is one of the major
concerns. Due to the high risk of RF-induced heating which
can damage the human tissue, there is an increasing number of
investigations aiming at the heating reduction for AIMD using
diverse methods.

The efforts on the heating reduction for implantable
devices under RF field mainly can be classified into two
categories: one is to change the device exposure environment,
such as incident field reduction, to reduce the device
heating[ 1]-[10]; the other approach is to modify the designs of
AIMD to effectively suppress the RF-induced
heating[11]-[24].

Two typical approaches were used in the design
modification for device heating reduction. The first one is to
modify the stimulation electrodes geometry, such as
increasing the resistance of the electrode at radio-frequency by
an appropriate winding method[22], changing the insulation
layer materials[20], introducing filters[14]-Error! Reference
source not found., and adding high-dielectric materials[19].
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The other approach is to modify the tip electrode structure,
such as enlarging the pin area[17][21][25], or adding lumped
elements to changing the termination impedance[12].

In this paper, we propose a novel lead body design
technique by introducing a counterpoise electrode to decoy a
portion of the induced energy into the surrounding tissues.
This electrode, which is referred to as the counterpoise
electrode will not impair the therapy signal. It is demonstrated
that when the length of the counterpoise electrode is properly
designed, it can reduce the RF-induced heating by a factor
over 3.

II. METHODOLOGY

A. AIMD structure with counterpoise electrode

The AIMDs comprised of an implantable pulse generator
(IPG), elongated leads body with one or more metallic
electrodes to deliver therapy signals, and leads tip electrodes
contacting with human tissue to be stimulated. In Fig. 1(a), a
generic structure of AIMD with a single stimulation electrode
connecting to the leads tip electrode is presented. A
feedthrough capacitor is added between the stimulation
electrode and the IPG metal shell to filter out undesired
electrical interference. The stimulation electrode construct has
a helix structure encapsulated by an insulation layer. In Fig.
1(b), the generic structure of AIMD with an extra counterpoise
electrode is presented. The red stimulation electrode is used to
deliver the therapy signal to human tissue while the blue
counterpoise electrode is introduced to the original construct
and is connected with five counterpoise pins at both ends.
Since there is no direct electrode contact, the therapy signal
will not be altered (a feedthrough capacitor, stimulation
electrode, and tip electrode); however, this construct can
couple some of the RF-induced energy from the stimulation
electrode and dissipate the energy into the human tissue
through counterpoise pins. Consequently, the overall energy
induced at the stimulus tip electrode can be reduced.

The AIMD implanted in human tissue could be
represented as a transmission line system with terminations
modeled as lumped elements, as Fig. 2 (a) shows. In Fig. 2 (b),
with the addition of the counterpoise electrode, the system can
be represented by a multi-transmission line model. When the
AIMD is under the RF incident field, induced energy on the
original electrode can be coupled onto the counterpoise
electrode and dissipated into the surrounding tissue through
the counterpoise pins with larger surface area. Therefore, the
energy deposition at the tip electrode of the original lead could
be significantly mitigated.
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Fig. 1 (a) The generic structure of AIMD with one electrode for stimulation,
connecting with a tip electrode. (b) The generic structure of AIMD with an
extra counterpoise electrode to depress the RF-induced heating, connecting
with counterpoise pins.

B. The circuit model of the AIMD with counterpoise
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Fig. 2 (a) The circuit model of AIMD with only stimulation system to deliver
therapy signal; (b) the circuit model of AIMD with stimulation system and
counterpoise electrode to reduce the RF-induced heating.

III. NUMERICAL SIMULATION RESULT

Numerical simulations were conducted to demonstrate this
design. The simulations were performed using the SEMCAD
X software package, which applies the finite-difference
time-domain (FDTD) method to solve complex problems. For
the 1.5 T MRI system, the operating frequency is 64 MHz. A
generic tuned birdcage coil was used to generate the incident
electromagnetic field, as shown in Fig. 3. The diameter of the
RF birdcage coil was 630 mm and the height was 650 mm. A
linear polarized electromagnetic field distribution inside the
birdcage coil was achieved, excited by eight current sources
on each rung. The ASTM phantom filled with saline
conductivity of 0.47 S/m and relative permittivity at 78 was
used to mimic the implantation environment of AIMD.

Fig. 3. lllustration of the 1.5 T generic birdcage coil used in the study.

Three case studies have been performed to demonstrate the
effectiveness of the counterpoise electrode on suppressing the
RF-induced heating. Three controlled leads with a single
conductor and the same leads tip electrode and the IPG but
different leads structures were used. The radius of the insulator
was 1.5 mm. The detailed parameters of the three controlled
leads are shown in Table I.
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Fig. 4. The AIMD models of the controlled leads and the leads with the
introducing of counterpoise leads, (a) Magnitude and (b) phase for leads 1;
(c)(d) are for the leads 2 and its modified leads; (e)(f) are for the leads 3 and
its modified leads.
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TABLE I. THE PARAMETERS OF THE CONTROLLED LEADS WITH SINGLE HELIX

CONDUCTOR
Helix .
leads Hehx. leads € of Total leads
. turn distance leads
radius . length (cm)
(mm) insulator

(mm)
Leads 1 1 2 3.7 45
Leads 2 0.5 2 3.7 45
Leads 3 1 5 10 50

For each of the three leads, the counterpoise electrode has
the same helix leads radius, turn distance, and leads insulator
as the original leads. It was observed the length of the
counterpoise leads can have a significant effect on the
induced heating. In the following part, the lengths of the
counterpoise electrode for three leads are chosen to be 28 cm,
44 c¢m, and 33 cm, respectively.

The original AIMD models (i.e., the transfer functions) for
three pairs of leads are determined using the method
described in[26]. The results are presented in Fig. 4. It can be
seen that the magnitudes of the AIMDs model have been
reduced. This indicates the new designs would lead to lower
RF-induced heating during MRI procedures.

The RF-induced heating is evaluated when the original
leads were placed at the 2 cm to the wall of the phantom, 4.5
cm under the surface of the gel. For the comparison, the leads
with the counterpoise constructs placed at the same location
were also studied. The comparison of the SAR distribution
for the pair of leads 1 was presented in Fig. 5. It can be seen
that the deposited power would be accumulated at the region
of the tip electrode for the controlled leads. By introducing
the counterpoise electrode, some of the RF-induced energy
was coupled into the gel through counterpoise pins connected
to the counterpoise electrode. Therefore, the induced energy
at the leads tip electrode will be decreased significantly. The
results for the other two leads are given in Fig. 6. The ratios of
heating reduction were 74 %, 73 %, and 68 %, for the three
cases, respectively. All results were normalized to 2 W/kg
whole-body SAR value.

The control lead

‘With Counterpoise electrode

Fig. 5. The comparison of the SAR distribution for the controlled leads
1(left), and the leads 1 with counterpoise electrode (right). The zoom-in
viewing of the SAR distribution at the lead tip electrode is presented at the
bottom of the figure. All figures are normalized to the same dB scale.
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Fig. 6 The comparison of the peak 1g average SAR for the three pairs of the
leads (controlled leads and the modified leads with the counterpoise
electrode)

To demonstrate the relationship between the length of the
counterpoise electrode and the heating suppression
performance, three groups of the parameter sweeping studies
were performed. The different lengths of the counterpoise
electrode were studied. The simulation results are given in
Fig. 7.
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Fig. 7 The peak 1g average SAR for different lengths of the counterpoise
electrodes

From Fig. 7, it is noticed that the lengths of the
counterpoise electrode would significantly influence the
performance of heating reduction. Therefore, the length of the
counterpoise electrode needs to be designed carefully to
achieve the optimal performance for RF-induced heating
reduction.

IV. CONCLUSION

This paper presents a novel leads design for active
implantable medical devices (AIMD) to reduce
Radio-frequency (RF) induced heating when exposed to
magnetic resonance imaging (MRI) scanning. By introducing
a counterpoise electrode to the original leads structure, the
RF-induced energy can be coupled out into the gel or human
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tissue through pins connected to the counterpoise electrode,
while the electrode designed to deliver the therapy signal
(usually at low frequency compared to the RF pulses) will not
be impacted. The numerical simulation studies of three leads
with different configurations are presented to validate this
design. From the simulation results at 1.5 T, the peak 1g
average SAR decreased by a factor over 3 with 2 W/Kg whole
body SAR in phantom.
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