IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 50, NO. 1, FEBRUARY 2008 35

A Study of the Interaction Between Implanted
Pacemakers and the Radio-Frequency Field Produced
by Magnetic Resonance Imaging Apparatus
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Abstract—Specific absorption rate (SAR) and temperature in-
creases produced inside a thorax model by an MRI apparatus
equipped with a birdcage antenna operating at 64 MHz have been
studied both experimentally and numerically. Considering a pace-
maker (PM) equipped with a unipolar catheter inserted inside the
thorax model, peak SARs averaged over 1 mg between 240 and
6400 W/kg, depending on the catheter section and length, on its
position inside the phantom, and on field polarization have been
obtained close to the catheter tip. On the other hand, the average
SAR in the whole thorax is not influenced by the presence of the
PM. Temperature increments from 0.6 °C to 15 °C have been ob-
tained for 6-min MRI investigations with the lowest values when
the radio-frequency (RF) magnetic field is linearly polarized along
a direction perpendicular to the implant plane.

Index Terms—Cardiac pacemakers, dosimetry, magnetic reso-
nance imaging (MRI), temperature.

1. INTRODUCTION

AGNETIC resonance imaging (MRI) is a tomography
M technique that measures the radio-frequency (RF) field
produced by the magnetic moments of hydrogen nuclei during
their precession following the application of RF pulses super-
imposed to a static magnetic field.

MRI is a widely accepted tool for the diagnosis of a vari-
ety of diseases. Nowadays, however, MRI is contraindicated
for patients implanted with pacemakers (PMs) and implantable
cardioverter defibrillators (ICDs) [1]-[3]. Potential effects of
MRI on PMs, ICDs, and other active implantable medical de-
vices include force and torque effects on the PM [4], undefined
reed-switch state [5], and potential risk of heart stimulation
and inappropriate pacing [6]. However, the most adverse effect
seems to be the heating of the heart tissue around the catheter tip
produced by the high currents induced on the catheter by the RF
field used in MRI technique [7]-[10]. The amount of heating has
been investigated in several studies on phantoms, and observed
temperature elevations spread from not significant values up
to tens of degrees. For example, Achenbach et al. [7] reported
a temperature increase of 63.1 °C for a particular PM lead,
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Sommer et al. [8] obtained temperature increaseranging from
0.1 °Cto 23.5 °C, depending on the electrode type, while in [9]
and [10], a maximum temperature increase of about 6 °C has
been found.

In orderto avoid thermal hazards, international agencies have
issued guidelines reporting recommended limits. The Inter-
national Commission on Non-Ionizing Radiation Protection
(ICNIRP) [11] considers that, for whole-body exposures to MRI
apparatus, no adverse health effects are expected if the increase
in body core temperature does not exceed 1 °C. With regard
to localized heating, ICNIRP assumes that adverse effects are
avoided with a reasonable certainty if temperature remains lower
than 38 °C in localized regions of the head, lower than 39 °C
in the trunk, and less than 40 °C in the limbs. Consequently,
in [11], limitations have been reported with reference to whole-
body Specific absorption rate (SAR) (SARwp) and local SAR
as averaged over 10 g of tissue (SAR;(). In particular, in nor-
mal conditions, the SARvwp should not exceed 2 W/kg, while
SARj is limited to 20 W/kg in the extremities and 10 W/kg in
the head and trunk; however, care should be taken to ensure that
the temperature rise is limited to 1 °C in the eye.

It must be noted that the temperatures considered safe in [11]
are very conservative with reference to the heart. In fact, liter-
ature data on cardiac ablation indicate the development of ab-
normal automaticity and irreversible loss of cellular excitability
of cardiac tissue for temperatures greater than 45 °C and 50 °C,
respectively [12].

The thermal studies available in the literature
[7]-[10] evidence, as previously discussed, strong varia-
tions in temperature at the catheter tip in PM holders during
MRI. The steady-state temperatures are often above ICNIRP
recommended limits, and in some cases, above the threshold for
the loss of cellular excitability [12]. The reported variability in
peak temperatures can be ascribed to the differences in power
radiated by the MRI antenna, the length and the geometric
structure of the lead, and the implant location. Consequently,
an accurate analysis of the coupling between the RF field and
the catheter appears to be very important.

In this paper, the power absorption and the temperature
elevations induced by an MRI apparatus in a homogeneous
thorax model, where a PM with a monopolar catheter is im-
planted, will be studied both experimentally and numerically.
In particular, the effect of field polarization and the influence
of the catheter geometry and radius on SAR and temperature
increments will be analyzed.

0018-9375/$25.00 © 2008 IEEE
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Fig. 2. Phantom model placed inside the birdcage antenna.

II. METHODS

A. Experimental Setup

Experimental data have been provided by the Italian National
Institute of Health. Fig. 1 shows the experimental setup. The
64-MHz signal is first amplified, and then, sent to the birdcage
antenna through a power splitter with 90° output shift. The
applied RF power is monitored with a power meter. The birdcage
has an internal diameter of 62 cm, a height of 65 cm, and
16 legs (see Fig. 2).

The physical phantom is a parallelepiped box (30cm x
20cm x 60cm) filled with gelled saline material (HEC 2%,
NaCl 0.36%) that mimics the electrical and thermal properties
of an average human tissue at the considered frequency [13].
The measured permittivity and conductivity values of the gelled
material are equal to 78.2 and 0.6 S/m, respectively [14]. A
tissue density (p) of 1006 kg/m?®, together with a thermal con-
ductivity (K) equal to 0.2 W/(m -° C) and a specific heat (C)
of 4178 J/(kg - °C) have been provided by the HEC manufac-
turer [15].

A unipolar PM with a 60-cm-long catheter (see Fig. 3), which
represents the usual length for commercial catheters, is fixed to
a plastic grid and immersed in the phantom at a depth of 1 cm
inside the saline material.

Temperature increments are monitored via a four-probe Lux-
tron 3100 fluoroptic™ thermometer equipped with SMM
probes accurate to 0.1 °C at the point of calibration (21 °C in
our case). SAR (in watts per kilogram) values are extrapolated

pacem?ker
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catheter
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Fig.3. Section of the phantom model 1 cm below the phantom surface (dotted
line in Fig. 2) showing the geometry of PM and catheter.

from initial temperature rise rate through the equation

T
sar=c L| (1)
dt |,

In order to reduce the thermal diffusion influence on SAR deter-
mination, the temperature variation is computed between 3 and
10 s from the beginning of the exposure.

B. Electromagnetic Model

Numerical simulations have been performed using a code
based on a conformal finite-difference time-domain (FDTD)
scheme [16] with graded mesh (C-GM-FDTD) [17], [18]. The
investigated region has been divided in cells of variable size,
from 1 to 10 mm (with the smaller cells in the catheter re-
gion), and the different structures (metallic birdcage, dielectric
phantom, and metallic PM and catheter) have been modeled,
assigning to each cell an equivalent permittivity and conduc-
tivity evaluated as the weighted fraction of the materials con-
tained in the cell, according to the conformal scheme described
in [16]. The FDTD domain has been closed with uniaxial per-
fectly matched layer (UPML) boundary conditions (four cells,
0.01% reflection, parabolic profile) [19].

A current excitation with sinusoidal time behavior has been
imposed at the center of the birdcage legs. A phase delay equal
to the azimuthal angle, corresponding to an increasing 22.5°
phase shift between elements, has been applied to produce a
left circular magnetic polarization with respect to the positive
z-axis. This polarization is necessary for having the maximum
coupling between the RF field and the nuclear proton spin [20].
Linear polarizations can also be applied with a birdcage an-
tenna. These are simulated by imposing current excitations with
the same phase but with amplitudes varying cosinusoidally or
sinusoidally with the azimuthal angle in order to obtain a y-
directed or an x-directed magnetic field linear polarization, re-
spectively [21]. However, it must be noted that a linear polar-
ization can be divided in the sum of a left and a right circular
polarization. Hence, to achieve, in this case, a circularly polar-
ized magnetic field component having a magnitude equal to that
obtained for the previously considered excitation, the power to
be sent to the birdcage should be doubled [21].

Once the steady-state conditions are reached and the ampli-
tude of the three electric field components are determined in the
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center of each cell inside the phanthom, the SAR is evaluated as
SAR(3, j, k)

U(i’j, k) [E% (iaj’ k) + E; (iajv k) + Eg(iujv k)]
= — 2
2p(i, . k)

where o (i, 7, k) and p(i, j, k) are the conductivity and the density
of the tissue filling the (, 7, k) cell. The considered values are
the SAR averaged over 1 mg (=~ 1 mm?®), which is the quantity
usually measured in experimental studies, its peak value inside
the thorax (SARpgak), and the average over the whole thorax
(SARyp) that quantifies the total power absorption.

C. Thermal Model

The temperature distribution 7' = T'(r,t) has been simulated
by solving Fourier’s heat transfer equation (FHE) [22] inside
the phantom

oT
ot
The two terms on the left-hand side of (3) represent the heat
transfer through internal conduction, and the electromagnetic
power deposition [Q, (in watts per cubic meter)]. These terms
are equated with the temperature increase (or decrease) per
unit time multiplied by the thermal capacitance of 1 m? of tis-
sue (right-hand side). The thermal capacitance is given by the
product between the tissue-specific heat and the density. The
aforementioned FHE, in order to be solved, must be completed
by an appropriate boundary condition, able to model heat ex-
change from the phantom surface to the external environment.
This boundary condition is obtained by imposing the continuity
of the heat flow perpendicular to the phantom surface, and can
be expressed as [22]

—K(I‘) (VT'no)S ZH(TS —TA)

V- (K(@)VT) + Qu(r) = C(r)p(r) (Wm?). (3)

(W/m?)  (4)

where S is the phantom surface and ng is the unit vector
normal to S. The term on the right-hand side of (4) mod-
els heat losses due to convection and radiation, proportional
to the difference between temperature of the phantom surface
(Ts) and external temperature (74) through the parameter H
(in watts per square meter per degree celsius). A convection co-
efficient equal to 10 W/(m? - °C) and an external temperature
T4 equal to 21 °C have been assumed in all the simulations. To
obtain a finite-difference formulation of the FHE and bound-
ary condition, the phantom is divided in cubic cells of 1 mm
side, and the temperature is evaluated in a grid of points de-
fined at the centers of the cells. Equation (3) is then solved by
using an alternate direction implicit finite difference (ADI-FD)
formulation [23].

III. RESULTS
A. Thorax Exposure Without the Pacemaker

At first, the exposure of the thorax phantom without the PM
has been studied both experimentally and numerically.

During the experiments, the birdcage antenna operates at
64 MHz with a radiated power of 100 W that is close to the
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Fig. 4. Time behavior of the temperature in the physical and simulated phan-

toms (without PM) evaluated at point “c” in Fig. 3.

average power delivered by the MRI apparatus during a typical
sequence for imaging acquisition. Calorimetric measurements
performed on the exposed phantom revealed that the SARwg is
equal to about 1 W/kg.

The same exposure has been simulated by using the C-GM-
FDTD code for the solution of the EM problem and the ADI-FD
code for the solution of Fourier’s equation. Due to the differ-
ences between the birdcage field excitation in the experimental
setup and in the numerical simulations, and in order to com-
pare the results, the current excitation amplitudes in simulations
have been chosen to give rise in the thorax model to a SARwp of
1 W/kg equal to the experimental data. The considered current
excitation produces, in the absence of the thorax, magnetic field
magnitudes of about 2.5 A/m in the birdcage central region that
are close to the typical mean field value adopted in the fast spin
echo sequences used in MRI [20].

Fig. 4 shows the measured (continuous line) and simulated
(dashed line) temperature in the phantom in a point 1 cm below
the phantom surface (point “c” in Fig. 3). A temperature increase
of about 0.9 °C after 60 min of exposure can be observed. The
linear behavior is due to the fact that, for the considered problem,
and by considering a penetration depth (§) of 0.1 m, a time
constant equal to 7 = C'p 6% /K ~ 3000 min is expected [24].

The performed numerical simulation allows us to analyze
the field and SAR distributions inside the phantom. Fig. 5(a)
shows the obtained electric field z-component on a coronal plane
(x—z in Fig. 2) 1 cm below the thorax surface (corresponding to
the dotted line section of Fig. 2 where the PM and the catheter
will be placed). The figure shows that the induced electric field
presents a z-component with the highest values close to the left
and right box faces. The electric field x-component (not shown)
has lower values (< 30 V/m) with maxima close to the top
and bottom faces. Finally, the electric field y-component (not
shown) is always lower than 10 V/m. The SAR distribution is
shown in Fig. 5(b) for the same coronal plane of Fig. 5(a). From
the figure, it can be noted that this distribution is very similar to
that of the electric field z-component, reported in Fig. 5(a). In
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Fig.5. (a) E, field distribution on a coronal plane (x—z in Fig. 2) 1 cm below
the phantom surface for a left circular polarization. (b) SAR distribution on the
same section.
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Fig. 6. SAR distribution in the coronal section, 1 cm below the phantom
surface, for magnetic field linear polarizations. (a) x-directed. (b) y-directed.

fact, this is the strongest electric field component, and the thorax
model is homogeneous. Under these conditions, a SARpgak of
3.1 W/kg has been computed, and as stated before, SARwpg is
equal to 1.0 W/kg. It is worth noting that both the SAR and
the field distribution do not show horizontal symmetry. In fact,
while the structure is symmetric, the field excitation presents an
azimuthal phase shift that gives rise to higher values on the right
side of the phantom model.

The same structure has been studied by applying x-directed
and y-directed magnetic field linear polarizations. Fig. 6 shows
the obtained SAR distributions in the same plane of Fig. 5 with
a current excitation settled to achieve a SARwg of 1 W/kg. Both
the x-directed [see Fig. 6(a)] and the y-directed [see Fig. 6(b)]
linear polarizations give rise to a symmetric distribution, with
respect to the x- and z-axes, and to a SARpgax of about 2.7 W/kg
slightly lower than the circular polarization case. However, as
discussed in Section II-B, the power to be sent to the birdcage
must be doubled, thus doubling SAR values [20]. The electric
field simulation results (not reported) show that, as for the circu-
lar polarization case, the SAR distribution for linear polarization
follows quite well that of the electric field z-component.
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Fig. 7. Time behavior of the temperature on the physical and simulated phan-

toms (with PM) at the catheter tip (point “a” in Fig. 3) and 2 cm below the
catheter tip (point “b” in Fig. 3).

B. Effect of the Pacemaker Geometry and Position

The exposure to a power of 100 W at 64 MHz of the thorax
model in the presence of a PM with a unipolar catheter has then
been studied both experimentally and numerically.

In the experiments, a commercial PM with a 60-cm-long
catheter (I; = 10 cm, I = 26 cm, l3 = 10 cm, {4, = 14cm in
Fig. 3) has been placed inside the thorax. The PM is located in
the left side in a typical operating position with the catheter tip
7.5 cm from the PM.

The same exposure has been simulated by using the C-
GM-FDTD code for the solution of the EM problem and the
ADI-FD code for the solution of Fourier’s equation. In the
EM simulations, the PM has been modeled as a copper box
(40mm x 10mm x 50mm) and the 60-cm-long catheter has
been modeled as a cylindrical wire of copper with a radius of
0.4 mm with the same rectangular geometry considered in the
experiments (see Fig. 3). The same birdcage current excitation
applied in the absence of the PM has been adopted.

Fig. 7 shows the time behavior of the measured and simulated
temperature. After 6 min exposure, a temperature increment of
6 °C ata point just above the catheter tip (ain Fig. 3) and 1.8 °C at
apoint 2 cm below the catheter tip (b in Fig. 3) can be observed,
with a good agreement between measurements and simulations.

Further numerical simulations have been performed in order
to analyze the SAR distributions inside the phantom and the
currents along the catheter for circular and linear excitations.

Fig. 8 shows the obtained SAR distributions in the coronal
section passing through the catheter. Note that the grayscale is
strongly saturated; in fact, the presence of the catheter deter-
mines high local SAR values.

SARpgak of 2400, 6400, and 250 W/kg have been obtained at
the catheter tip for the circular, x-directed and y-directed linear
polarizations, respectively. SARwpg is about 1.0 W/kg in all
cases. Temperature simulations showed temperature increments
at the catheter tip of 6 °C, 15 °C, and 0.6 °C after 6 min of
exposure, for the three considered cases.
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Fig. 8. SAR distributions in the coronal section passing through the catheter
(see Fig. 2). (a) Left circular polarization. (b) Linear x-directed. (c) Linear
y-directed polarizations.
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Fig. 9. Current distribution along the catheter for clockwise and linear exci-
tations (pacemaker on the left of the thorax).

The current distribution along the catheter has been computed
as the circulation of the magnetic field around the catheter axis.
Fig. 9 shows the current distributions obtained for the three
considered cases. The distance along the wire from the point
in which the catheter is inserted in the PM is reported on the
horizontal axis (the catheter length is 60 cm). The obtained
current distributions can be explained observing that, at 64 MHz
and in the presence of the dielectric phantom, the wavelength is
about 50 cm, and hence, comparable with the catheter length.
Moreover, in quasi-static conditions, the current inside the wire
is mainly produced by the electric field component, obtained in
the absence of the wire (unperturbed field), parallel to the wire
axis. Correspondingly, in the considered exposure condition, the
strongest currents are produced by the F, -field along the /5 and
l4 segments while lower currents are produced by the lower E,
component, acting on /; and [3.

The comparison between the SAR distributions reported in
Fig. 8 and the current distributions in Fig. 9 evidences that the
current along the wire follows an opposite behavior with respect
to the SAR distribution around the wire. In fact, the presence
of the wire strongly alters the field distribution as compared
to the one obtained without the catheter. Therefore, the SAR

Current (A)

0 0.1 0.2 0.3 0.4 0.5
Distance (m)

Fig. 10. Current distribution along the catheter for clockwise excitations and
catheters of different lengths.

(and hence, the electric field) decreases close to the wire section
where the current grows and vice versa. For example, the current
presents a maximum at the center of the [, and [, segments where
the SAR has a minimum [darker regions in Fig. 8(a)].

A further study has been performed in order to investigate
the effect of the catheter cross section on SAR. To this end, two
more wires of radius 0.2 and 0.8 mm, respectively, have been
considered. The simulation results for a circularly polarized
magnetic field have evidenced that the SAR values at the catheter
tip increase when the wire section reduces. SARpgax values of
2500 and 76 W/kg have been obtained for wire radii of 0.2
and 0.8 mm, respectively. It is worth noting that the increase of
the wire radius determines an increase of the current along the
wire and at the tip. However, the corresponding increase of the
section produces a reduction of the current density, and hence,
the final effect is a reduction of the SAR at the catheter tip.

The effect of the catheter length has also been investigated
by considering catheters with a 0.4-mm radius and different
lengths. In the considered simulations, the distance between the
catheter tip and the PM has been maintained to 7.5 cm, while
the length of the catheter has been changed. Fig. 10 shows
the results obtained for a total length of 32 cm (I; = 7cm,
lo =15cm, l3 = Tcem, and [; = 3 cm) and for a total length of
44 cm (I =10cm, Iy = 18cm, I3 = 10cm, and I, = 6cm). In
these simulations, SARpgak of 1000 and 1400 W/kg have been
obtained for the two considered lengths.

In the previous analysis, the PM was implanted in the left
part of the thorax. However, in clinical practice, the PM can
also be implanted on the right part of the thorax. Numerical
simulations have been performed in order to study this exposure
condition and by considering both circular and linear polariza-
tions. Fig. 11 shows, for the circular polarization case, the SAR
distribution in the coronal section passing through the catheter.
SARpgak 1s always localized at the catheter tip and a value of
about 4500 W/kg has been obtained. Moreover, SARpgax val-
ues of 6400 and 240 W/kg have been obtained for the linear
x-directed and y-directed polarizations, respectively. These last
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Fig. 11. SAR distribution in the coronal section passing through the catheter
(see Fig. 2) for left circular polarization. Catheter in the right part of the thorax.

values are practically identical to those obtained for the left PM
placement, while, in the circular polarization case, higher values
are obtained with respect to the left placement. This is due to
the asymmetry of the F.-field distribution [see Fig 5(a)] with
highest field values on the right part of the thorax where the
catheter tip is placed in this last exposure condition.

IV. CONCLUSION

The SAR induced by an MRI apparatus in a thorax model
with an implanted PM equipped with a monopolar catheter has
been studied considering different implant geometries and field
polarizations.

The study has been limited only to a simple homogeneous
phantom because the main aim was to compare numerical re-
sults with experimental measurements in order to validate the
proposed numerical methodology and to study the effect of
catheter geometry and field polarization.

The performed study has evidenced the following.

1) The region with the highest SAR values is the one around
the catheter tip where the current flowing along the
catheter wire can induce strong current densities in the
tissues.

2) The currents along the catheter are mainly induced by the
electric field parallel to the catheter axis. Since strong E-
field z-components are present, the highest currents are
induced along z-directed wires.

3) Generally, short catheters with short vertical wires give
rise to lower SAR at the catheter tip. However, the lowest
SARpgak values have been obtained when the magnetic
field is linearly polarized on a direction perpendicular to
the implant plane (y direction in Fig. 3).

4) The SARpgak values obtained for the considered expo-
sure condition give rise to temperature increments at the
catheter tip ranging between 0.6 °C and 15 °C.

It is important to remember that, on the basis of ICNIRP
recommendation, no adverse health effects are expected if the
temperature in localized parts of the trunk does not exceed
39 °C [11]. On the basis of the present study, these limits can
be reached for a PM located in a simple homogeneous paral-
lelepiped phantom. However, reductions in peak temperatures

are expected if an anatomical body model with a catheter fol-
lowing the vein path is considered together with the presence of
blood perfusion and thermoregulation. In fact, the insertion of
the PM in an anatomical model brings part of the catheter to be
placed more deeply inside the body in regions with lower electric
fields, and the presence of perfusion and thermoregulation surely
reduces the temperature increment also if the percentage of re-
duction is not predictable due to the complexity of the problem
(geometry, thermal parameters, etc.). The adopted techniques,
with the inclusion of blood perfusion and thermoregulation in
the thermal model [25], will be applied to anatomically accurate
body phantoms (e.g., Visible Human [26]) in a future work. The
consideration of this anatomical model will make it possible
to investigate if, under realistic conditions, the use of partic-
ular field polarizations, implant arrangements, or any design
technique able to reduce the current along the wire can prevent
temperature increases from exceeding the levels considered safe
by ICNIRP, thus allowing MRI to PM holders.
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