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In Vitro Investigation of Pacemaker Lead Heating
Induced by Magnetic Resonance Imaging: Role of
Implant Geometry
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Purpose: To evaluate the effect of the geometry of implant-
able pacemakers (PMs) on lead heating induced by mag-
netic resonance imaging (MRI).

Materials and Methods: In vitro experiments were con-
ducted with two different setups, using fluoroptic probes to
measure the temperature increase. The first experiment
consisted of a rectangular box filled with a gelled saline and
a pacemaker with its leads. This box was exposed in an MRI
birdcage coil to a sinusoidal 64-MHz field with a calibrated
whole-body specific absorption rate (WB-SAR) of 1 W/kg.
The highest SAR and temperature increase (3000 W/kg,
12°C) occurred for the implant configuration having the
largest area. The second experimental setup consisted of a
human-shaped torso filled with gelled saline. In this setup
the PM and its lead were exposed to a real MRI scanner,
using clinical sequences with WB-SAR up to 2 W/kg.

Results: We found that higher heating occurs for configu-
rations with longer exposed lead lengths and that right
chest PMs showed the highest temperature and local SAR
(11.9°C, 2345 W/kg), whereas the left chest PMs were less
heated (6.3°C, 1362 W/kg). Implant geometry, exposed lead
length, and lead area must be considered in the wide vari-
ation of temperature increases induced by MRI.

Conclusions: The amount of MRI-induced lead tip heating
depends strongly on implant geometry, particularly the
lead area, exposed lead length, and position of the implant
in the phantom. Critical lead tip heating was found for the
longer leads. Therefore, to minimize MRI-induced lead tip
heating, the PM lead should be as short as possible.
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MAGNETIC RESONANCE IMAGING (MRI) is now con-
traindicated for patients implanted with pacemakers
(PMs) and implantable cardioverter-defibrillators (ICDs)
(1–6). The potential effects of MRI on PMs, ICDs, and
other active implantable medical devices (AIMDs) in-
clude: force and torque effects (7,8); an undefined reed-
switch state within the static magnetic field (9); the
potential risk of heart stimulation and inappropriate
pacing (10,11); and heating effects at the lead tip (12–
14).

The radio-frequency (RF) field used in MRI proce-
dures may induce high current density around the lead
tip (14–16). The amount of heating has been investi-
gated by several groups who observed temperature in-
creases from non-significant values up to tens of de-
grees. For example, Achenbach et al (12) reported a
temperature increase of 63.1°C for a pacemaker lead;
Rezai et al (17) measured 25.3°C at the end of a deep
brain stimulation electrode; Roguin et al (16) reported a
maximum increase of 5.7°C at 3.54-W/kg average
whole-body specific absorption rate (WB-SAR), as
shown on MRI. Sommers et al (13), with a WB-SAR of
1.3 W/kg, obtained temperature increases ranging
from 0.1° to 23.5°C, depending on the electrode type.
Several factors influence the degree of heating:

1. The WB-SAR, which has been shown to correlate
with temperature increase (18).

2. The cooling effect of the blood around the leads,
which is seldom quantified.

3. The length and geometric structure of the lead.
4. The implant location, which may change the cur-

rent induced.

Among these variables, we focused our attention on
those characterizing real implants in clinical practice.

In this study we investigate the effect of the lead
geometry and the lead and pacemaker can placement of
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an implantable pacemaker on lead heating induced by
MRI.

MATERIALS AND METHODS

We performed tests in vitro using two saline gel phan-
toms. The first test consisted of a rectangular box inside
an MRI birdcage coil, and the second used a human-
shaped phantom inside a real MRI system.

The first setup was used for heating measurements,
using a dual-chamber pacemaker (Elect D; Sorin Bio-
medica CRM, Italy) and a biventricular three-chamber
pacemaker (NewLiving CHF; Sorin Biomedica) and two
different leads, one unipolar and the other bipolar
(Models S80T and S80TB; Sorin Biomedica).

Based on the results obtained, we conducted a sec-
ond series of experiments with a human-shaped phan-
tom at an MRI clinical facility, using a dual-chamber
pacemaker connected to a bipolar lead.

The lead had a length of 62 cm for all experiments,
with an active tip area of 6 mm2 and an active ring area
of 36 mm2. Both the rectangular box and the human-
shaped phantom were filled with a gel composed of the
following materials (in percent, by weight): 2% hydroxy-
ethylcellulose (HEC; commercial name Natrosol);
97.64% water; and 0.36% sodium chloride. The gel has
conductivity of 0.59 Sm�1 at 64 MHz and heat capacity
of 4178.3 J/kg K�1 (19,20). These values have been
chosen to most closely approximate those of human
tissues at the frequencies of interest (i.e., 64 MHz), as
specified by ASTM Standard F2182-02a (20).

A fluoroptic thermometer (Luxtron Model 3100; SMM
Probes) was used to measure the temperature rise while
minimizing perturbations to the RF fields (20). This
thermometer has a resolution of 0.1°C and performs up
to 8 measurements per second. A similar setup was
used by Bassen et al (21) for an investigation of MRI-
induced heating of metallic implants.

Rectangular Box Simulator

The rectangular box simulator consists of a rectangular
box (60 � 30 � 20 cm) filled with saline gel. A 30 �
20-cm plastic grid submerged in the gel supports the
implant and maintains consistent separation distances
between the implant, phantom surface, and tempera-
ture probes. The grid can be adjusted so that the top of
the implant can be positioned below the gel surface. The
pacemaker and the leads were arranged in the gel 5 cm
below the phantom’s gel surface simulating the im-
planted lead in the human body. The phantom was
placed in the middle of the MRI birdcage coil (i.e., with
the center of mass of the box coinciding with the coil
isocenter), housed in an anechoic chamber. The bird-
cage structure consists of 16 65-cm-long rods closed by
two 62-cm-diameter external rings; the RF coil type is
low-pass, with a tuning capacitor placed along each rod
and a metallic shield. A 64-MHz quadrature sinusoidal
excitation to the coil was delivered by a 100-W RF am-
plifier. The output power was measured continuously
by a directional coupler and power meter. Using this
setting, the RF energy delivered to the box corresponds
to a WB-SAR of 1.0 W/kg (Fig. 1).

This value was obtained using a calorimetric method:
the box, filled with 0.36% saline, was surrounded by a
2-cm-thick layer of foam rubber to ensure adiabatic
conditions. Exposure to the RF signal lasted 1 hour and
produced an average temperature increase of 0.9°C.
Under these conditions, the WB-SAR can be deter-
mined according to the following SAR definition:

WB SAR �
�Temp
�time

�Cp [1]

where WB-SAR is specific absorption rate (W/kg), Cp is
the specific heat of a lossy medium (joules/kg/°C), and
�temp
�time

is the rate of temperature rise (°C/sec).

Human-Shaped Phantom

Experiments in a real MRI scanning system were per-
formed using a human-shaped torso simulator (Fig. 2).
The simulator is a transparent polyvinyl chloride (PVC)
torso of a 70-kg male (Fig. 2A), with a 32-L internal
volume (20). Inside the torso, a PVC grid supports the
pacemaker, its leads, and the temperature probes (Fig.
2B). The torso was filled with the same saline gel as
used in the simulated MRI experiments.

Implant Geometry Configuration

The actual geometry of a pacemaker implant may vary
between patient2. The pacemaker can be implanted in
the left or in the right side of the chest. Up to three leads
may be advanced into the veins to reach the right
atrium, the right ventricle, and the coronary vein. Be-
cause the length of the lead may not fit the patient’s
anatomy and size, the excess length is usually wrapped
near or around the PM can.

In the experiments with the rectangular box, the total
lead area of the implant was varied by wrapping the
excess lead near the PM can or by changing the lead
path. An example of varying the lead geometry is shown
in Figure 3: When the lead forms loops around the PM
the magnetic induction area is reduced (Fig. 3, upper
panel); the lead area also changes by varying the lead
path (Fig. 3, lower panel). For each configuration we
computed the total lead area of the implant and the
exposed lead length. The total lead area was calculated
as the area delimited by the lead, the PM can, and the
line connecting the lead tip to the PM center of mass

Figure 1. Schematic representation of the rectangular box
simulator and the MRI simulator. The instruments used to
feed the RF coil and measure the heating are also shown.
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(Fig. 3, shaded areas); the exposed length was defined
as the lead length not wrapped around the PM can. In
the experiments using the rectangular box simulator
the PM was always positioned as a left-side implant. In
the human-shaped phantom, both right- and left-side
implants were tested (Fig. 4).

Temperature Measurements and SAR Calculation

According to Bassen et al (21), local SAR is a reliable
indicator of the maximum heating capability of an im-
plant in vitro. In a previous study, Mattei et al (22)

investigated the positions and mounting of the temper-
ature probes, which gives the minimum error for tem-
perature and SAR measurements. The best positioning
is obtained when the Luxtron probe tip (at the center of
the pigmented part) is in direct contact with the lead tip
or the ring electrode. In this configuration, the Luxtron
probe tip and the lead tip or ring electrode are perpen-
dicular to each other. Care was taken to ensure contact
of the sensitive region of the Luxtron probe (center of
the pigmented end of the Luxtron probe) and the lead
tip or ring electrode. This configuration is also mechan-
ically stable and reproducible. Another probe was used
to monitor the temperature increase of the PM can.
Last, a fourth probe measured the gel temperature 6.5

Figure 2. The torso simulator
filled with gel (A) and equipped
with a plastic grid, which sup-
ports the PM implant and the
fluoroptic probes (B). The
phantom prepared for a real
MRI scan is shown in (C).

Figure 3. Examples of implant configurations tested in the
MRI simulator. Lead area has been changed both by wrapping
the lead around the PM (top panel: no-loop, 1-loop, and
2-loops) and/or by changing the lead path (bottom panel). The
lead area of the implant (shaded) and the effective lead length
(dark gray) are depicted. The positions of the optical probes are
also shown (gel, ring electrode, lead tip, and PM case).

Figure 4. The six implant configurations tested in a real MRI
using the human-shaped phantom: no-loop, 1-loop, and
2-loops for both left and right chest implantation. Local SAR
and heating at the lead tip during a short fast spin-echo se-
quence, with WB-SAR of 1.94 W/kg (right implant) and 1.96
W/kg (left implant), are also shown.
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cm away from the lead tip. Configurations using two or
three leads were investigated in a similar way using a
second Luxtron thermometer. Before each experiment
the probes were calibrated, immersed in the gel, and
finally thermally equilibrated. All measurements
started at the same baseline temperature.

Temperature increase was measured as the differ-
ence between the baseline temperature and the temper-
ature reached at the end of the exposure. To reduce the
measurement error, the base and maximum tempera-
tures were averaged over 20 consecutive samples.

To calculate the local SAR from temperature mea-
sures we followed the method described by IEEE C95.3-
2002 (23). This method leads to uncertainties of about
�1 to 2 dB in the local SAR evaluation.

Local SAR at the lead tip was calculated according to
the definition of SAR by multiplying the initial slope of
the temperature rise (dT/dt) by the specific heat capac-
ity of the gel (19,21). We used a slope-determining al-
gorithm to properly select the linear portion of the initial
temperature rise. The starting point was defined as the
first sharp temperature increase from baseline; the ini-
tial linear slope was estimated based on the number of
samples that maximized Pearson’s coefficient (R2) of
regression (range 25 to 50 samples). The slope estima-
tion was considered reliable when Pearson’s coefficient
was �0.95.

Experimental Protocols

Rectangular Box Simulator in MRI Simulator

Forty-two lead geometries were tested. The position of
the PM and the lead tip was kept unchanged through-
out the experiments. Different lead areas were obtained
by changing the lead geometry, as explained previously.
Each experiment consisted of a measurement of the
baseline temperature for about 1 minute, followed by 2
minutes of RF exposure. Higher absolute temperatures
would occur with prolonged exposure times.

Human-Shaped Phantom in Real MRI System

Experiments were performed on a 1.5-T scanner (Mag-
netom Sonata Maestro; Siemens) (Fig. 2C). The main
parameters of the sequences used are summarized in
Table 1. MRI parameters (TR, TE, and flip angle) were
adjusted not to exceed a WB-SAR of 2 W/kg as esti-
mated by the scanner. The torso was placed in the MRI
coil and its position was adjusted to have the MRI iso-
center at the lowest part of the sternum (xiphoid pro-
cess), a common position in clinical practice. The lead

geometry included left and right PM placements. For
each implant, three lead paths were tested (Fig. 4):
without a lead loop around the PM (no-loop configura-
tion) and with the lead forming one or two loops around
the PM can (one-loop and two-loop configurations, re-
spectively). For each lead path, the length and the po-
sition of the linear section of the lead as well as the
position of the lead tip were kept constant. Only the PM
was moved either to the left or to the right, without
changing the sense of the winding of the loops, if any.
For all experiments the total lead length was 62 cm.

The PM was interrogated before and after each scan
sequence to detect any possible changes in the pro-
grammed parameters.

RESULTS

Figure 5 shows an example of temperature increase
during exposure to a real MRI sequence in the human-
shaped phantom and to a continuous sinusoidal RF
field in the rectangular box simulator. The highest rise
occurred within the first minute; a lower but stable
increase was observed after 100 seconds, then an al-
most steady state was reached, with temperature con-
tinuing to increase, yet very slowly. After each test the
PM was interrogated. No changes in any programmed
parameters were observed in either the RF coil or the
real MRI scanner.

Rectangular Box Simulator

The greatest temperature increase was always observed
at the lead tip. No significant increase in temperature
(�1°C) was observed at the PM can or in the gel far from
the lead. No differences were observed between the two
PM models. The ring electrode of the bipolar leads

Table 1
Main Parameters of MRI Clinical Sequences Used during Human-Shaped Phantom Experiments in a Real MRI Scanner

Siemens
sequence name

Sequence type TR (msec) TE (msec) Flip angle (°) Length (sec)

FLASH (short) Spoiled gradient-echo 960 40 20 53
FLASH (long) Spoiled gradient-echo 960 40 20 417
TrueFISP (short) Steady-state free process 3.78 1.89 54 38
TrueFISP (long) Steady-state free process 3.78 1.89 54 379
HASTE (short) Single shot (turbo fast) spin-echo 1190 83 150 42
HASTE (long) Single shot (turbo fast) spin-echo 1190 83 150 402

Figure 5. Example of a temperature increase during exposure
to MRI RF. (Left) Temperature increase of lead tip from expo-
sure to a clinical MRI sequence. (Right) Temperature increase
during exposure to continuous sinusoidal RF from the MRI
simulator.
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showed a much smaller temperature increase than the
lead tip in all measurements. We observed no differ-
ences in the temperature of the lead tips whether
unipolar or bipolar, or when PM programming was
changed from unipolar to bipolar sensing/pacing.
When the PM was connected to multiple leads simulta-
neously (right atrium, right and left ventricles), we did
not observe a significant change in the amount of heat-
ing of each lead tip with respect to the single lead con-
figuration.

Figure 6 (top image) shows the temperature increase
at the lead tip for various lead areas; the bottom image
shows the local SAR values at the lead tip, for the same
experiments, plotted as a function of the lead area. As
the lead area increased, we observed an increase in
final temperature and the local SAR. Figure 7 shows the
temperature increase at the lead tip as a function of the
exposed lead length. Note that geometries with short
exposed lengths always indicated negligible tempera-
ture increases, whereas, as the exposed length in-
creased, the heating increased with lead tip heating up
to 12°C. The increase of temperature and local SAR at
the lead tip seems to be related to the lead area and the
exposed lead length (Fig. 6). The lead around the PM
can or the number of loops did not seem to play a
significant role. The no-loop and one-loop configura-
tions, with the same lead areas, produced a similar
temperature increase and local SAR. However, the no-
loop configuration showed, with increasing lead area,

increased heating and local SAR values. Two experi-
ments showed a temperature increase and local SAR
values significantly higher than what could be expected
from their relatively large lead area. A retrospective
analysis of these configurations showed that the lead
had a relatively long, straight path (approximately 20
cm). Based on our experiments we cannot conclude
whether a straight lead is always more heated than
other lead paths.

All of the aforementioned measures were done with
the center of the box positioned in the isocenter of the
RF coil.

Human-Shaped Phantom

The temperature increase and local SAR values for the
experiments using a real MRI scanner are reported in
Table 2. As for the clinical sequences, the gradient-echo
(FLASH) induced no detectable temperature increase
(below the Luxtron probe sensitivity, 0.1°C) in all con-
figurations tested. Sequences with a relatively high WB-
SAR, led to temperature increases of up to 12.3°C.
When the PM was implanted in the left chest area, the
lead area involved in the lead path appeared to be the
major factor relevant for the lead heating. The no-loop
configuration (large lead area) always showed a greater
temperature increase than one- and two-loop configu-
rations.

Surprisingly, when the PM was implanted in the right
chest area, the lead length seemed to play a major role;
that is, the no-loop configuration again always showed
temperature increases significantly greater than the
one- and two-loop configurations. In addition, the tem-
perature increases were always greater than those for
the left implants. In both left and right implants the
temperature increase and local SAR were proportional
to the WB-SAR reported by the scanner.

The comparison between short and long sequences
showed that, as observed during continuous sinusoidal

Figure 6. Plot of temperature increase (top) and local SAR at
the lead tip (bottom) as a function of the lead area, from
experiments performed using the rectangular box simulator.
Different lead areas were obtained either by wrapping the lead
around the PM can or by changing the lead path. Local SAR
was estimated using the slope of the temperature increase (see
text).

Figure 7. Plot of the temperature increase at the lead tip as a
function of the exposed lead length, from the same experi-
ments as in Figure 6. Exposed lead length was defined as the
length of lead not wrapped around the PM can. The three
clusters of data correspond to the no-loop, one-loop, and two-
loops lead configurations, respectively.
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RF exposure in the rectangular box simulator, the larg-
est temperature increase occurred within the first
minute. Figure 4 summarizes the local SAR and heating
at the lead tip during a short fast spin-echo sequence
for the six geometries tested.

All experiments were repeated with changing MRI pa-
rameters, such as the center of view (chest, abdomen,
and pelvis) and the field of view (200, 300, and 400
mm), but also with various PM settings (unipolar vs.
bipolar sensing and pacing, pacemaker on and off),
without significant changes in the heating.

DISCUSSION

The major objective of this study was to determine the
effect of implant geometry on the lead tip heating. Pre-
vious studies investigating MRI-induced PM lead heat-
ing reported a large variability in the induced heating.
All investigations showed that the maximum RF-in-
duced heating occurred at the lead tip. However, tem-
perature increases at the lead tip have been reported to
vary between 0.1°C (14) and 63.1°C (13).

Such variability depends on a number of factors,
such as the type and positioning of the temperature
probes next to the lead tip, the WB-SAR used, the cool-
ing effect of the blood flow, the lead structure, the lead
length, the geometry of the PM implant, the location of
the implant in the RF coil, and the position inside the
body.

Previous studies stated that the lead area, which is
the area formed by the lead, the PM can, and the
straight line connecting the lead tip to the PM can, plays
a significant role in lead tip heating (13,19). Most of our
experiments were performed to quantify the contribu-
tion of the implant area to the heating, as an indepen-
dent parameter. Our data clearly show a temperature
increase proportional to the lead area, although, in
some cases, similar lead areas gave different tempera-
ture increases. Thus, the implant area may not be the
only factor determining the temperature increase. We
also found that wrapping the excess lead near the PM
can does not contribute to lead tip heating; that is,
given comparable implant areas, the presence of loops
did not systematically affect the temperature increase
produced at the lead tip.

We also investigated the contribution of exposed lead
length to the amount of heating (Fig. 7). We found a
negligible temperature increase in all the geometries
with short exposed lead length (about 20 cm), but for
longer exposed leads the temperature increase ranged
from 1° to 12°C. These results suggest that the lead
couples with the electric field and that large areas will
also lead to RF-induced currents, because they gener-
ally imply a longer exposed lead segment. Thus, more
so than area, the crucial factor that affects the amount
of heating at the implant tip is the length of the exposed
lead. This has also been confirmed by the high heating
observed in linear lead configurations, which have been
investigated in several studies (12,14,15).

We found that unipolar and bipolar leads, but also
different PM settings (unipolar vs. bipolar sensing and
pacing), produced similar lead heating. The lead heat-
ing obtained for a left-sided PM inside the human-
shaped phantom exposed in a real MRI system was
consistent with findings obtained with the rectangular
box exposed in the MRI birdcage coil. The exposed lead
length and the lead areas are contributing factors to
lead heating. When PMs are implanted in the right side
of the chest the resulting lead areas are smaller than for
the left-side PMs. However, we observed a greater tem-
perature increase, suggesting that the lead also couples
to the electrical field. A resonance phenomenon in var-
ious kinds of linear structures (eg, catheters used in
interventional radiology) has been hypothesized (4,15).
A pacemaker lead is a conducting object embedded in
an isolator, which is placed in a conducting media, thus
the calculation of a resonant length has to take into
account factors such as the conductivity and dielectric
constant of the medium, as well as the structure of the
lead (eg, number and disposition of internal conduc-
tors, insulation sheets, and the terminations at both
ends). Nitz et al estimated that, at 64 MHz, the critical
length (�/2) of a conductive straight wire immersed in
blood is 28.8 cm (15). This value is close to the length of
the linear section of the lead in our torso simulator
experiments. The induced current on the different seg-
ments of the lead may either add to, or subtract from,
one another, depending on the phase of the electrical
field. Such behavior may explain the differences be-
tween left and right implants. The amount of heating at

Table 2
Temperature Increase (°C) and Lead Tip Local SAR (W/kg) of Human-Shaped Phantom Experiments*

Geometry

Left pectoral implant Scanner reported
SAR†

(W/kg)

Right pectoral implant Scanner reported
SAR†

(W/kg)No loop One loop
Two
loops

No loop One loop
Two
loops

Exposed length
(cm)

61.1 36.8 18.9 61.1 36.8 18.9

FLASH (short) 0.1 (–) �0.1 (–) �0.1 (–) 0.02 �0.1 (–) �0.1 (–) �0.1 (–) 0.02
FLASH (long) 0.1 (–) �0.1 (–) �0.1 (–) 0.02 �0.1 (–) �0.1 (–) �0.1 (–) 0.02
TrueFISP (short) 4.2 (1055) 0.6 (–) 0.4 (–) 1.72 8.2 (2192) 1.9 (–) 0.6 (–) 1.70
TrueFISP (long) 6.2 (1255) 1.0 (–) 0.6 (–) 1.70 12.3 (2375) 2.5 (536) 1.0 (–) 1.70
HASTE (short) 6.9 (2214) 1.0 (281) 0.7 (291) 1.96 9.4 (2871) 2.1 (643) 0.7 (365) 1.94
HASTE (long) 6.3 (1362) 0.9 (–) 0.7 (–) 1.70 11.9 (2345) 2.7 (641) 1.0 (–) 1.72

–, SAR not estimable, due to low temperature increase.
*WB-SAR calculated by the MRI scanner is also reported.
†SAR: WB-SAR calculated by the MRI scanner.
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the lead tip is the result of the coupling between the
local electrical field at the segments of the lead. Such
coupling may result in addition- or subtraction-in-
duced currents, depending on the phase of the local
electric field.

Using a WB-SAR of approximately 1 W/kg we ob-
served, in the worst case, a temperature rise of up to
12°C and a local SAR of up to 2300 W/kg. The in vitro
test methods used herein were not intended to simulate
the dynamics of blood and body fluids, but rather to
simulate the nearly instantaneous energy deposition.
Thus, for patients, the temperature rise may be reduced
by blood flow.

In bipolar leads we also measured the temperature
increase at the ring electrode and found very limited
heating (�2°C). Similar results were found by other
groups (19). The larger surface area of the ring electrode
reduces the current density and therefore the temper-
ature increase is much lower compared with the lead
tip.

In our investigation of whether other PM settings
could change the lead heating we found that lead heat-
ing is insensitive to PM programming (eg, unipolar/
bipolar sensing and pacing) and that there were no
significant differences between bipolar and unipolar
leads. The simultaneous use of two or three leads did
not change the heating systematically.

Baker et al (18) demonstrated that the WB-SAR cal-
culated by different MRI systems is not a reliable metric
for RF-induced heating. In addition, the methods used
by the various manufacturers in calculating SAR values
are not only different but in some cases proprietary,
and thus it becomes rather difficult to compare results
obtained with different scanners, even with the same
value of WB-SAR.

We found similar differences when we compared, for a
given WB-SAR, the heating obtained in the calibrated
simulator with a real MRI system. Using the simulator
with a calorimetrically measured WB-SAR of 1.0 W/kg
we detected a temperature increase of about 12°C for a
given lead configuration. In a real MRI system the same
configuration showed an increase of about 6°C for a
WB-SAR (as reported by the MRI system) of 1.70 W/kg.
An overestimation of the WB-SAR by the real MRI sys-
tem may explain the disparity. In this case, the real MRI
system overestimated the WB-SAR by a factor of 3.4.
Such a WB-SAR overestimation may lead to the same
factor for underestimation of implant heating because
most testing of implant heating relates the temperature
increase to the WB-SAR given by the MRI system (M-
WB-SAR). This may be due to the use of different as-
sumptions and algorithms by the MRI systems and also
to the fact that M-WB-SAR estimation might not be
valid for phantoms. Further research and a comparison
and re-evaluation of WB-SAR estimation and the SAR
distribution of real MRI systems for humans and phan-
toms are urgently needed to resolve this problem.

In conclusion, our data show that the amount of
MRI-induced lead tip heating strongly depends on the
implant geometry, consisting of the lead area, the ex-
posed lead length, and the position of the implant in the
phantom. Critical lead tip heating was found for the
longer leads. Therefore, to minimize MRI-induced lead

tip heating the PM lead should be as short as possible.
Implants with a relatively large lead area (i.e., 250 to
300 cm2), exposed to a WB-SAR of about 1 W/kg, may
heat at the lead tip up to 12°C with a local SAR of up to
3000 W/kg. Significant heating may also occur for
smaller lead areas, depending on the degree of coupling
with the electric field. An estimation of lead heating,
however, is very complicated because it involves several
factors aside from implant geometry, such as lead
structure, lead dimension, and relative position within
the MRI coil. In conclusion, implant geometry has to be
accounted for as an important factor with regard to the
wide variations in temperature increase reported in the
literature. Future MRI-compatible pacemaker systems
should aim to minimize the lead length.

Study Limitation

Our study investigated only the heating of MRI on pac-
ing leads in vitro. Other potential risks of MRI in pace-
maker recipients, such as fast pacing, inhibition of
stimulation, or direct stimulation of the heart caused
by the RF or gradient fields, require further investiga-
tion.
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