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RF Heating Study of a New Medical Implant Lead
for 1.5 T, 3 T, and 7 T MRI Systems

Rupam Das and Hyoungsuk Yoo

Abstract—In the presence of an electrically conducting medical
lead, radio frequency (RF) coils in magnetic resonance imaging
(MRI) systems may concentrate the RF energy and cause tissue
heating near the lead. Here, we present a novel design for a med-
ical lead to reduce this heating by introducing pins. A pin can be
taught as an electrical short that connects the main lead to the
surrounding tissues. Initially, detail analysis of our proposed de-
sign is carried out by using Ansoft HFSS. Then, peak 10 g specific
absorption rate (SAR) in heart tissue, an indicator of heating, was
calculated and compared for both conventional design and our pro-
posed design. Remcom XFdtd software was used to calculate the
peak SAR distribution in a realistic model of the human body. The
model contained a medical lead that was exposed to RF magnetic
fields at 64 (1.5 T), 128 (3 T), and 300 MHz (7 T) using a model of a
magnetic resonance birdcage body coil. We demonstrate that our
proposed design of adding pins to the medical lead can significantly
reduce the heating from different MRI systems.

Index Terms—Electromagnetic compatibility, heating, im-
plantable biomedical devices, magnetic resonance imaging (MRI),
specific absorption rate (SAR).

I. INTRODUCTION

MAGNETIC resonance imaging (MRI) has become a
commonly accepted medical procedure with wide us-

age. Unlike conventional radiography and computed tomogra-
phy, MRI has many advantages including its nonionizing nature
and the ability to discriminate different soft tissues without con-
trast media. However, the substantial benefits of MRI are often
not available to patients with implanted medical devices, such
as a pacemaker, an implantable cardioverter device, or a deep
brain stimulator [1]–[3].

When a patient with an implanted medical device is subjected
to the strong radio frequency (RF) field of an MRI scan, local
RF-induced heating in the vicinity of the implant can be sub-
stantial. In some cases, the local temperature rise can exceed
30 ◦C, causing instant tissue damage [1]. Most of the previ-
ous studies [4], [5] introduced a coil in medical implants to
reduce tissue heating during the MRI examination. In a pre-
vious study [6], we proposed a new medical implant design
to reduce heating in terms of scattered electric field. That im-
plant employed flat T-shaped conductive pins placed along the
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medical lead, which reduced lead heating. However, the use
of copper pins is generally not recommended, since copper
is not a biocompatible material and does not offer flexibility,
which can cause mechanical stress in the lead. Furthermore,
that study mainly focused on the implant design at 64 MHz (1.5
T), but the operating mechanism of the pins and real-life ap-
plications were not discussed. As high-resolution MRI imaging
such as 128 (3 T) and 300 MHz (7 T) are becoming common,
it is important to extend our proposed design for these MRI
systems too.

In this paper, we consider the above-mentioned limitations
of our previously proposed design. We redesigned the pins by
using a biocompatible Nickel–Titanium (nitinol or NiTi) al-
loy (εr = 1, σ = 1.2 × 106 S/m). The superplastic and shape-
memory nitinol alloy is a well-known engineering material in
the medical industry [7]. These pins are also coated with an-
other biocompatible, conformal, pinhole-free material: Parylene
C (εr = 2.95, tanδ = 0.013). Parylene is considered by many to
be the ultimate conformal coating for the protection of devices,
components, and surfaces in the electronics, instrumentation,
aerospace, medical, and engineering industries [8]. Moreover,
here, we tested a scenario much closer to real life by employ-
ing a realistic human body model with a birdcage coil as an
RF excitation source. This paper is organized as follows. First,
Section II describes the simulation environment, which includes
lead trajectory, landmark position of the RF coil, as well as lead
characterizations. Then, the underlying mechanism of our pro-
posed design, transfer function calculation for each lead struc-
ture, and a brief discussion of the mechanical aspects of our
proposed lead are also added. In Section III, we compare the
relative peak 10-g specific absorption rates (SARs) of our pro-
posed design and the conventional lead-with-coil design. Fi-
nally, we provided some sensitivity analyses of our design, and
the optimum pin configuration that can be used for different
MRI systems was also mentioned by calculating the temperature
rise.

II. METHODOLOGY

Heating or temperature rise is caused by locally deposited
energy generated by the MRI RF coil. This heating problem
has a large parameter space, since the coupling of RF energy
strongly depends on the frequency, the particular geometry of
the birdcage resonator, the individual anatomy of the patient,
the patient’s posture and position in the birdcage, the implant
location, the lead trajectory, the design of the implant, etc. [3].
Typically, RF-induced heating of medical device is estimated by
placing the devices in the worst-case heating location within a
phantom [9]. However, determination of worst case may require
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Fig. 1. Coronal view (left) and axial view (right) of a realistic human body
mesh with an RF coil at a heart-centered landmark position.

many simulations, and as the reduction of heating is center
of interest of this study, therefore, we simply chose one lead
trajectory.

The energy dissipated in the lossy biological tissues is known
as the SAR, which is expressed as

SAR =
σ

2ρ
E2 (1)

where E is the total electric field, and σ and ρ are the conductivity
and mass density of biological tissue, respectively. Since the lead
tip is electrically small (1 cm in length), the field distribution in
its close environment is governed by Poisson’s equation. Only its
amplitude, not its shape, changes as a function of the energy that
is picked up by the actual lead. Under this assumption, the power
deposition can be quantified as the peak spatial average SAR (1
or 10 g) over a volume of a small tissue mass [10]. Therefore,
we considered peak localized SARs and electric fields as the
focal points for the remainder of our study. The commercially
available programs Ansoft HFSS and Remcom XFdtd (v.7.3)
were used for simulations.

A. Simulation Environment in Remcom XFdtd

A high-pass MR birdcage body coil is used as an RF source.
The coil has a diameter of 70 cm and a length of 65 cm. It
consists of 16 equally spaced legs, each 5 cm in width, which
form a circular shape, as seen in Fig. 1. By changing the end-
ring capacitor values, the birdcage coil can be tuned to op-
erate at 64 (60 pF), 128 (10.65 pF), and 300 MHz (4.5 pF).
A high-fidelity male body mesh was used for all simula-
tions. The realistic human model is made up of 5-mm cubi-
cal finite-difference time domain (FDTD) mesh cells, 39 dif-
ferent tissue types, and an overall mesh size of 118 × 70
× 378 cells. This high-fidelity mesh includes the capability
to automatically adjust the permittivity and conductivity of
the tissues for any specified frequency between 1 MHz and
20 GHz, and all the tissue properties are derived from Hasgall
et al. [11]. A heart-centered landmark position of the RF coil
[12] was chosen as shown in Fig. 1, and the coil was shielded by
a conductive enclosure. This landmark position was selected so
that the RF coil covers the whole implant. A quadrature excita-
tion was given in the birdcage coil; quadrature operation requires

Fig. 2. Pacemaker lead trajectory inside the human body which forms a U-
shaped configuration of the lead.

Fig. 3. (a) Cross section of a lead model implant. (b) Medical lead with a coil
in series. (b) Proposed medical lead with pins. (Figures are not drawn to scale).

making connections to the birdcage network at two ports sepa-
rated by 90◦. Perfectly-matched-layer-based absorbing bound-
ary conditions are considered for all simulations. Steady-state
data are collected by assigning a sinusoid waveform at 64, 128,
and 300 MHz. The simulation convergence threshold is set
at −40 dB.

It should be pointed out that typical pacemaker leads have a
very complex structure, and it is not possible to fully reproduce
the clinical lead structure via simulations; however, an approx-
imation of this structure can be made. A detail view of the lead
trajectory is depicted in Fig. 2. The lead trajectory was chosen
in such a way that the lead run through the blood vessel and
then enters into the heart as visualized, which forms a U-shaped
configuration of the lead. The lead model implant in Fig. 3(a)
was a 40-cm-long insulated capped wire with 1 cm of insulation
removed from both end. One end of the lead was connected
to a Titanium case by assuming that the lead is connected to a
pulse generator and another end was in contact with the heart



362 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 59, NO. 2, APRIL 2017

Fig. 4. (a) Details of the lead with pins design, Ns = 1, Nn = 2. (b) Cor-
responding FDTD meshing of the proposed design, pin insulation thickness
10 μm.

tissue known as lead tip. The Titanium case was placed under-
neath the skin. Therefore, the U-configured lead crosses skin,
muscle, fat, blood vessel, and heart tissues for the chosen lead
trajectory.

The medical lead with a coil is depicted in Fig. 3(b). For
simplicity, we considered that the coil is in series with the main
lead [5] and placed near the lead tip. The length of the coil is
5 cm with a diameter of 1.6 mm. By varying the coil pitch,
thickness, and number of turns, the coil can be tuned to three
MRI frequencies. The coil material is the same as lead mate-
rial, which is stainless steel. Our designed lead using pins is
shown in Fig. 3(c), with a detail diagram showing pin and lead
connection in Fig. 4(a). The pin material is NiTi. The number
of pins around the circumference in a plane orthogonal to the
main lead (Nn ), the number of pins along the entire length of
the lead (Ns), and the dimensions of the pins can be varied to
observe resulting variations in SAR. Due to the combination
of a large object (the birdcage) and small objects (the lead and
pins), the computational dimensions of the simulations are large.
A sufficiently high resolution model of the lead (a 0.0625 ×
0.0625 × 0.0624 mm3 voxel size for lead-only model and a
0.003 × 0.04 × 0.04 mm3 voxel size for the lead-with-pins and
lead-with-coil) was achieved. Fig. 4(b) shows an example of the
FDTD meshing of our proposed design. As we can see from
Fig. 4(b), a fine mesh of the lead as well as for the pins was
obtained by using Remcom XFdtd. For the simulations with the
birdcage coil and the human model, the required computational
resources were 42 × 106 mesh cells for the lead without pins
and 47.5 × 106 mesh cells for the lead-with-pins. The estimated
time for a single simulation was approximately 10 h for the lead-
only configuration and 15 h for the lead-with-pins configuration
by using Remcom X-stream acceleration with a Nvidia quadro
6000 graphical unit containing 6 GB of memory.

B. Analysis of Our Proposed Design With Pins

When a conductive elongated structure is immersed in an
electromagnetic field (such as MRI RF field), it couples with the

Fig. 5. (a) Heating at the lead tip due to generation of scattered electric field.
(b) Approximation of equivalent circuit of the proposed design.

field and scatters the incident field at the tip. As a consequence,
the structure acts as a transmitting antenna. Then, because of
the impedance mismatch between the lead and the tissue, an
accumulation of charges occurs generating a current and thus
a scattered electric field at the tip as depicted in Fig. 5(a). The
energy of this generated electric field is then converted into heat
because of ohmic losses in the tissues.

In general, to minimize the heating, a coil is placed near
the lead tip [4], [5]. This coil act as a bandstop filter for MRI
frequencies and provide best results when it is tuned to a specific
MRI frequency. Therefore, a coil-with-lead structure adjusted
to offer maximum heat reduction at 64 MHz may not deliver
the similar result at 128 or 300 MHz, which, in turn, limits
the versatility of the coil-with-lead design. Inevitably, a unique
medical lead design that can reduce the heating at all frequencies
(especially at clinical MRI systems, for example, 1.5 and 3 T)
is desired.

1) Realization of the Equivalent Circuit of the Proposed
Structure: In order to reduce heating in the medical lead, we
proposed that T-shaped NiTi pins be placed along the entire
length of the lead model implant. As these pins are in series
with the main lead, a potential difference between a pin and
the lead exists. When two conductors at different potentials are
close to one another, they are affected by each other’s electric
field and store opposite electric charges like a capacitor (C1).
Moreover, due to close proximity between the pins, several types
of parasitic capacitance may also form at MRI frequencies, as
shown in Fig. 5(b). We summarized this capacitance as Cpin .
An approximation of a simplified equivalent circuit with the
pins and the lead is also shown in Fig. 5(b). The resistance Rlead

and Llead defines the resistivity and self-inductance of the lead.
The equivalent circuit acts as a low-pass filter. At low frequen-
cies, such as a signal delivering a pacing signal to the tip of the
lead, Cpin is an equivalent electrical-open within the lead. Thus,
these pins do not interfere with a low-frequency pacing signal.
On the other hand, as RF frequency signals surround the lead,
Cpin becomes active and the induced current is dissipated by the
pin resistance Rpin . As a consequence, these pins distribute the
heating along the whole lead at MRI RF frequencies; therefore,
the severity of heating is not large at the lead tip.

To support our approximation, we carried out a transmission
coefficient (S21) analysis of the lead with and without the pin
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Fig. 6. (a) Magnitude and (b) phase of the simulated S21 for different pin
configurations with a 40-cm medical lead.

by using HFSS at 64 MHz. To do this, we considered a 40-cm-
long insulated lead with different pin variations. A rectangular
box containing εr = 86.4, σ = 1.21 S/m with a size of 5 mm
× 2.5 mm × 400 mm was considered as a phantom. Two ports
are assigned in the box containing each end of the lead as shown
in Fig. 5(b). Perfect electric and magnetic boundaries are also
given in the box, and these two boundaries were perpendicular
to each other. The magnitude and the phase response curves are
shown in Figs. 6(a), (b), respectively. From the simulated magni-
tude response curve in Fig. 6(a), we can observe that, without the
pin, the medical lead transmits most of the energy. However, by
adding pins, a significant attenuation of the received energy was
found. Due to slow roll-off rate from the passband to stopband
and linear phase response, we can assume that our proposed
structure acts as a low-pass filter with Bessel response [13]. As
in the case of Bessel filter, passband attenuation can be increased
by increasing the filter order. In our case, by increasing Ns from
10 to 30, the passband attenuation increased significantly as we
can see from Fig. 6(a). Hence, we can make an analogy that ad-
dition of each pin increases the filter order. The cutoff frequency
of a filter is defined by −3 dB point in the S21 curve. Since our
proposed structure is surrounded by human tissue, the loss will
be higher, and we cannot simply conclude −3 dB point as a de-
terminer of the cutoff frequency. However, the cutoff frequency
of the filter can be extracted by examining the phase response
curve. Generally, there is a “phase jump” [rectangular box in
Fig. 6(b)] when the magnitude response changes from passband
to stopband. As we can observe from Fig. 6(b) that by increasing
the number of pins, the “phase jump” can be shifted to lower
frequency. Therefore, we can assume that the cutoff frequency
of the filter with Ns = 30 and Nn = 2 is around 50 MHz, and
it maintains a constant phase in the stopband as well. Constant
phase is important as it means that it does not distort the dif-
ferent MR signals while attenuates them in the vicinity of the
implant.

2) Transfer Function Calculation for Each Lead Structure:
The transfer functions for three different structures shown in
Fig. 3 are obtained by calculating the current distribution IL

along the lead path. The transfer function of a lead relates the
incident electric field to the scattered electric field in the vicinity
of the electrode. From knowledge of the transfer function, the
heating at the electrode and the resonant behavior of leads in

Fig. 7. (a) Magnitude and (b) phase of the simulated IL along the lead path
for different structures.

phantom and human models can be predicted. The reciprocity
method is used to calculate the transfer function [2]. In this
method, a small electric dipole source is placed near the lead tip
as the excitation. A rectangular box containing εr = 86.4 and
σ = 1.21 S/m with a size of 13.5 cm × 10 cm × 50 cm was
considered for simulation. This simulation was performed in
HFSS at 64 MHz. Since pacemaker leads have a very complex
structure and it is not possible to obtain their transfer func-
tions via simulations, therefore, we simply considered 40-cm
capped insulated straight lead wire for simulations. Figs. 7(a),
(b) shows the magnitude and phase plot of the transfer func-
tions of three different lead structures. As expected, both coil
and pin configurations reduce the magnitude of current profile
along the lead. Phase plot indicates that both normal lead and
lead-with-coil have almost similar phase shift; however, a sig-
nificant change in phase as compared to normal lead is observed
in the lead-with-pins model. From the transfer function plot, we
can conclude that the phase distribution of the lead-with-pins
model such that the contributions of the electric field along the
lead are added destructively at the electrode, hence, reduces the
heating.

3) Mechanical Aspects of the NiTi Pins: Implantable leads,
such as those of a pacemaker, represent one of the most crit-
ical parts of the whole implant and must comply with very
strict requirements in terms of mechanical stress and fatigue
resistance. Insertion of the T-shaped NiTi pins all along the
insulation sheath of the lead may affect its mechanical proper-
ties. One important feature of superelastic NiTi material is that
they exhibit constant unloading stresses over large strains [7].
Thus, the force applied by a superelastic device is determined
by temperature, not strain as in conventional materials. Since
body temperature is substantially constant, one can design a de-
vice that applies a constant stress over a wide range of shapes.
Moreover, biomedical devices manufactured from nitinol (e.g.,
peripheral vascular stents) can experience up to 40 million fa-
tigue cycles each year. Hence, to survive these fatigue cycles
without failure over the lifetime, such biomedical devices tend
to be geometrically small with many critical components, e.g.,
the struts of a stent, sized well under a millimeter [14]. Since
the detailed analysis of the mechanical aspects of our proposed
design is beyond the scope of this study, we will aim to keep
the pin dimension (such as diameter) [15] as small as possible
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TABLE I
COMPARISON OF PEAK SAR BETWEEN LEAD DESIGNS WITH A COIL AND

THOSE WITH PINS

10-g peak SAR (W/kg)

Lead design 64 MHz 128 MHz 300 MHz

No coil or pins 9.6 8.1 11
With coil 4.2 5.12 7.9
With pins (Nn = 2, Ns = 30) 2.6 3.15 6.26

Fig. 8. Comparison of the normalized scattered electric field at the lead tip
for different lead configurations at 64 MHz.

with a maximum heat reduction from the lead tip. However,
engineers and designers must recognize that each product, ma-
terial, and set of process parameters must be individually tested
and analyzed to provide accurate fatigue life data.

III. RESULTS

A. Comparison Between the Proposed Design and the
Coil-With-Lead Design

During MRI, the maximum local 10-g SARs are limited to
10 W/kg for torso [16]. However, Neufeld et al. [17] have
demonstrated that 10-g SAR is not adequate, as it corresponds
to a relatively large tissue, while the tissue heating is very lo-
calized at the tip. They showed that 0.1-g peak-spatial average
SAR is a far better measure for localized temperature rise and
should be used rather than 10-g SAR. However, Remcom XFdtd
only allows us to calculate 1- and 10-g SAR, and the main value
of our study is to minimize the heating regardless of coil input
power and SAR calculation method. Therefore, for each lead
structure, 10-g localized peak SAR in heart was considered for
the rest of the calculation and coil input power is normalized to
whole body averaged SAR of 2 W/kg at each frequency [1], [2].

A comparison of the SAR between the medical implant with a
coil and our proposed design with T-shaped pins is shown in Ta-
ble I. Our results demonstrated that installing pins in the implant
led to lower SARs, compared to those seen in coil-containing
implants at the three MRI frequencies. The normalized scat-
tered electric field distribution among these designs is shown in
Fig. 8(a), which show that the pins effectively reduce the electric
field around the lead tip.

B. Effect of Insulation

The use of bare conductive pins is generally not recom-
mended. These pins can conduct electricity to their surroundings
and may act as anodes or an electrical return path of current into

Fig. 9. (a) Variation of peak 10 g SAR for different pin insulation-coating
thickness. Variation of (b) number of pins (Ns ), (c) pin length (lp ), and (d)
thickness (D).

the body of the patient. Moreover, conductive pins could create
a galvanic connection between the inner and outer heart with the
potential of unwanted stimulation. Therefore, these pins were
surrounded by the Parylene C insulating coating. At RF fre-
quencies, most of the current flows in an extremely thin region
near the surface. Ohmic losses of pins at RF frequencies are,
therefore, only dependent on the thickness of the surface coating
of the material. The thickness of a Parylene C coating can be as
low as 3 μm. Fig. 9(a) shows the variation in peak SAR with
and without insulation. As expected, the peak SAR increases
with insulation thickness for 64 and 128 MHz. However, at
300 MHz, the tissue becomes relatively more conductive than at
64 and 128 MHz, and dielectric heating of the insulation coat-
ing may take place. Hence, this dielectric heating along with
the ohmic heating decreases the SAR at 300 MHz. Insulating
coating of 10 μm was considered for the rest of the study, as it
offers reliable insulation for pins as well as a lower peak SAR.

C. Effect of Number of Pins and Pin Dimensions

Variation of the peak SAR due to the number of pins and
the pin dimensions are shown in Fig. 9(b)–(d). As we expected,
increasing Ns and Nn from Fig. 6(a) decreases the peak SAR
for all frequencies, as seen in Fig. 9(b). By adding pins, more
attenuation, i.e., parallel paths for power to dissipate are created,
which results in lower SARs. The ac resistance of a pin and
capacitance C1 of Fig. 5(b) are given as

Rac(f ) =
lpρ

πDδf
, if D >> δf (2)

Apin = πDlp +
πD2

2
(3)

C1 =
εApin

Wp
(4)
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TABLE II
COMPARISON OF TEMPERATURE RISE FOR DIFFERENT PIN CONFIGURATIONS

Temperature rise (◦C) and % reduction

Lead design 64 MHz 128 MHz 300 MHz

No coil or pins 17.1 9 2.7
Nn = 1, Ns = 76, lp = 4 mm 2.1 (88%) 0.8 (91%) 0.7 (74%)
Nn = 2, Ns = 38, lp = 8 mm 6 (65%) 0.5 (95%) 0.6 (78%)
Nn = 4, Ns = 38, lp = 8 mm 1.7 (90%) 0.2 (98%) 0.3 (88%)

Fig. 10. Comparison of the normalized peak SAR slices with different pin
configurations at 64 MHz.

where Rac is the ac resistance, δf specifies the skin depth at
frequency of interest, ρ is the resistivity, Apin determines the
area of a pin, Wp indicates the separation between a pin and
the main lead, D, and lp defines the thickness and the length
of a pin, respectively. By increasing lp , Rac can be increased
using (2) and capacitance reactance decreased from (3) and (4).
Consequently, we can assume that current I remains constant,
which in turn increases the ohmic loss (I2Rac) and lowers the
SAR as shown in Fig. 9(c). A similar outcome can also be ob-
served by increasing the pin thickness D from Fig. 9(d). How-
ever, at high MRI frequencies, skin depth δf becomes much
smaller and Rac increases, which attracts lower current and
results in lower power dissipation. Therefore, SAR remains al-
most constant with increasing thickness at 128 and 300 MHz
compared to 64 MHz, as revealed in Fig. 9(d). Moreover, all the
pins must be in contact with the main lead, which gives Wp =
0.45 mm, as pointed out in Fig. 4(a). In contrast, increments in lp

reduce Ns . Furthermore, increasing pin length and thickness
may limit the mechanical aspects of our proposed design. Hence,
a tradeoff between these features must be considered for opti-
mum pins configuration. To do this, we calculated the temper-
ature rise after 6 min of RF exposure by using Penne’s bioheat
technique [18].

Table II shows the temperature rise comparison for different
pin configurations by keeping D fixed at 0.5 mm and with a pin
coating of 10 μm. A maximum temperature rise of 17.1 ◦C was
found at 64 MHz. The normalized peak SAR slices for different
pin configurations are shown in Fig. 10. Some hot spots are
apparent in case of Nn = 1, Ns = 76, and lp = 4 mm. However,
these hot spots were completely removed for Nn = 2, Ns = 38,
and lp = 8 mm. In spite of the fact that above-mentioned both
structures have the same number of pins (Nn × Ns ), a higher
pin length plays an important role to mitigate those hot spots.
Therefore, we can assume that a pin of lower length such as
4 mm may not consume the amount of current flow through it
and appears as a hot spot. In general, the localized tempera-
ture rise is limited to 2 ◦C [15]. Hence, from Table II, we can
conclude that to satisfy the safety limit and by considering the
mechanical aspects, the optimum pin number is Nn = 4, Ns = 1
pin/cm (i.e., Ns = 38, for a 40-cm lead, with 1 cm of insulation
removed from both end) and optimum pin dimensions are Wp =
0.45 mm, lp = 8 mm, and D = 0.5 mm for 1.5 T, 3 T, and 7 T.
MRI systems.

IV. CONCLUSION

Heating problems associated with medical implants due to
the RF field in MRI have become a major concern over the last
few years. Introducing pins into the medical implant is one way
to minimize these heating problems. By adjusting the number of
pins and the pin dimensions, the medical implant can be adapted
to operate in clinical MRI systems (1.5 and 3 T) with more than
a 90% heat reduction and research MRI systems (7 T) with an
80% heat reduction. Moreover, we also managed to keep one
critical feature of the pin such as diameter less than a millimeter,
which is important for the mechanical characteristic of the lead.
In the future, practical evaluations of the simulation results will
be investigated.
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