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Purpose: To assess magnetic resonance imaging (MRI)-
related heating for a neurostimulation system (Activa®
Tremor Control System, Medtronic, Minneapolis, MN) used
for chronic deep brain stimulation (DBS).

Materials and Methods: Different configurations were
evaluated for bilateral neurostimulators (Soletra® Model
7426), extensions, and leads to assess worst-case and clin-
ically relevant positioning scenarios. In vitro testing was
performed using a 1.5-T/64-MHz MR system and a gel-
filled phantom designed to approximate the head and up-
per torso of a human subject. MRI was conducted using the
transmit/receive body and transmit/receive head radio fre-
quency (RF) coils. Various levels of RF energy were applied
with the transmit/receive body (whole-body averaged spe-
cific absorption rate (SAR); range, 0.98-3.90 W/kg) and
transmit/receive head (whole-body averaged SAR; range,
0.07-0.24 W/kg) coils. A fluoroptic thermometry system
was used to record temperatures at multiple locations be-
fore (1 minute) and during (15 minutes) MRI.

Results: Using the body RF coil, the highest temperature
changes ranged from 2.5°-25.3° C. Using the head RF coil,
the highest temperature changes ranged from 2.3°-7.1°
C.Thus, these findings indicated that substantial heating
occurs under certain conditions, while others produce rel-
atively minor, physiologically inconsequential temperature
increases.

Conclusion: The temperature increases were dependent on
the type of RF coil, level of SAR used, and how the lead wires
were positioned. Notably, the use of clinically relevant
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positioning techniques for the neurostimulation system
and low SARs commonly used for imaging the brain gen-
erated little heating. Based on this information, MR safety
guidelines are provided. These observations are restricted
to the tested neurostimulation system.

Key Words: magnetic resonance imaging, safety; magnetic
resonance imaging, implants; heating; deep brain stimula-
tion; neurostimulation
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MAGNETIC RESONANCE IMAGING (MR]) is generally
regarded as an extremely safe, noninvasive diagnostic
technique (1,2). However, maintaining a safe MR envi-
ronment is a daily challenge and important responsi-
bility for MR health-care workers. The types of biomed-
ical devices that are encountered in patients continue
to grow. Experimental data must be obtained for these
devices using in vitro testing techniques to establish
safe MR conditions and parameters (1). This is partic-
ularly important for devices that are electronically ac-
tivated because of the obvious inherent risks (1-3).
Currently, there is a heightened interest in the use of
chronic deep brain stimulation (DBS) of the thalamus,
globus pallidus, and subthalamic nucleus for the treat-
ment of medically refractory movement disorders and
other types of neurological conditions (4,5). Thus, the
number of patients receiving implantable pulse gener-
ators (IPGs) and DBS electrodes is rapidly growing. It is
desirable to be able to use MRI in patients with neuro-
stimulators as well as to use MR guidance techniques
to optimally place DBS electrodes (4-7). Additionally,
the nature of these neurological conditions often neces-
sitates further examinations using MR procedures after
the electrodes are implanted. However, only a limited
number of studies have addressed MR safety issues for
implantable IPGs and DBS electrodes (8-11). The pos-
sible MR safety issues that exist for neurostimulation
systems include magnetic field interactions, heating,
induced electrical currents, and functional disruption
of the operational aspects of these devices (1-5, 8-12).
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Figure 1. The Activa® Tremor Control System showing the
Soletra® Model 7426 neurostimulator, Model 7495 quadripo-
lar extension, and Model 3389 DBS™ lead. The quadripolar
lead is positioned in the thalamus.

One of the most crucial MR safety concerns is related
to excessive heating of electronically activated im-
plants, which can occur in association with MRI
(1,2,12-17). Radio frequency (RF) and pulsed gradient
magnetic fields used for MRI induce currents in the
body (12-15). It is well known that implants that are
electrical conductors can locally increase these cur-
rents, and under certain MR operational conditions,
excessive heating of biomedical devices may occur (12—
17). For example, Achenbach et al (16) reported a tem-
perature increase at the tip of a pacing electrode of up to
63.1° C during 90 seconds of scanning. Thus, there is
supportive experimental evidence that the combination
of MRI with certain electrically conductive implants can
rapidly produce a substantial temperature increase.
The MR safety implications of this are readily apparent.

Therefore, this investigation was performed to deter-
mine MRI-related heating for the only neurostimulation
system currently approved for DBS (Activa® Tremor
Control System, Medtronic, Minneapolis, MN; note: it is
currently approved only for unilateral use in the United
States). Different configurations of bilateral neuro-
stimulators, extensions, and leads were evaluated
along with different uses of a 1.5-T MR system (i.e.,
transmit/receive body vs. head RF coil) to assess worst-
case and clinically relevant scenarios. The primary in-
tent of this study was to develop guidelines that would
permit patients with implanted neurostimulation sys-
tems and DBS electrodes to undergo MRI safely. To our
knowledge, this is the first investigation of MRI-related
heating for bilateral neurostimulation systems.

MATERIALS AND METHODS
Neurostimulation System for DBS

The Activa® Tremor Control System (Medtronic, Minne-
apolis, MN) is a fully implantable, multiprogrammable
neurostimulation system designed to deliver electrical
stimulation to the thalamus or other brain structures.
The implantable system is comprised of the neuro-
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stimulator (or IPG), DBS lead, and an extension that
connects the lead to the IPG (Fig. 1). This system deliv-
ers electrical stimulation to a multiple contact electrode
placed in the ventral intermediate nucleus of the thal-
amus for control of essential or Parkinsonian tremor.
Investigationally, the same system components are
used within other deep brain structures for other ther-
apies. The neurostimulator is placed subcutaneously in
the pectoral area and is connected to an extension,
which is tunneled subcutaneously and connects to the
implanted DBS lead. This particular neurostimulation
system was selected for evaluation in this study be-
cause it is one of the most widely used devices for DBS.
For the purpose of this investigation, two neurostimu-
lators, extensions, and leads were used to simulate a
worst-case clinical application (described later in this
section) of DBS (Fig. 2).

Neurostimulators

Two Soletra® Model 7426 quadripolar neurostimulators
(Medtronic, Minneapolis, MN) designed for DBS were
used in this investigation (Figs. 1 and 2). This neuro-
stimulator contains integrated circuits and a 3.7-volt
lithium ion battery that are hermetically sealed within
an oval-shaped titanium case with the following dimen-
sions: length, 2 136 inches; height, 2 é inches; thickness,
3 inches. The Soletra® has programmable electronics
that allow the physician to select various configurations
of active electrode contacts and to adjust the amplitude,
pulse width, and frequency. During this investigation,
the neurostimulators were programmed to the “off”
mode (i.e., no stimulation was delivered) and set to O
voltage, as is the common clinical practice during MRI.

Figure 2. Schematic showing bilateral neurostimulators, ex-
tensions, and leads to simulate the common clinical applica-
tion of DBS and to assess a worst-case clinical situation for
neurostimulation systems in this investigation.
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Extensions

Model 7495 quadripolar extensions (diameter, 2.5 mm;
length, 51 cm; Medtronic, Minneapolis, MN) (Figs. 1
and 2) were connected between the two Soletra® neuro-
stimulators and the DBS leads. These extensions con-
tain four individual quadra-filar coils of MP35N con-
ductor wires within a quadra-lumen silicone rubber
jacket. The resistance of the extension is approximately
25 ohms per channel.

Leads

The extensions were connected to Models 3387 or 3389
DBS™ (Medtronic, Minneapolis, MN) leads. These
quadripolar leads contain four individually insulated
(fluoropolymer) platinum-iridium conductors, within a
polyurethane jacket, that connect to four cylindrical
1.5-mm platinum-iridium electrode contacts separated
by 0.5 mm (Figs. 1 and 2). The diameter of the lead is
1.27 mm, and the length used in this investigation was
40 cm. The resistance for this lead is approximately 40
ohms per channel.

Phantom Design

The in vitro evaluation of MRI-related heating for the
neurostimulator system required development of a spe-
cial Plexiglas (bottom thickness, 1.3 cm; side thickness,
0.6 cm) phantom designed to approximate the size and
shape of the head and torso of a human subject (Fig. 3).
The dimensions of this phantom were as follows: head
portion: width, 16.5 cm; length, 29.2 cm; height, 16.5
cm; torso portion: width, 43.2 cm; length, 61.0 cm;
height, 16.5 cm. Since most heating during MRI is due
to eddy currents in the head and body, it was unneces-
sary to include extremities in this phantom for the as-
sessment of MRI-related heating of a metallic object
(13-15).

The phantom was filled to a depth of 91 mm with a
semisolid gel that was prepared to simulate the thermal
convection and dielectric properties of human tissue
(13-15). This was accomplished using a gelling agent
(polyacrylic acid (PAA), Aldrich Chemical) in an aque-
ous solution. Thus, 5.85 g of PAA and 0.8 g of NaCl per
liter of distilled water were used to make the semisolid
gel. This produced an acceptable dielectric constant
and an acceptable conductivity for evaluation of MRI-
related heating of a metallic implant or device (13-15).
This basic experimental setup has been used in several
prior investigations published in the peer-reviewed lit-
erature (13,14,18-21). Because there was no blood flow
associated with this experimental setup, it represents
an extreme condition simulated for MRI-related heating
of the neurostimulation system.

A plastic frame with adjustable posts was placed at
the bottom of the phantom and allowed for variable
positioning and support of the neurostimulators, exten-
sions, and leads within the phantom (Fig. 3). The indi-
vidual system components were secured to the posts by
various means using nonmetallic fasteners (e.g., su-
tures, plastic clips, and putty). The use of the plastic
frame and posts permitted consistent placement of the
neurostimulators within the phantom and allowed the

243

extensions and leads to be routed to approximate com-
mon clinical practice, as described below. These exper-
imental procedures facilitated proper and repeatable
approximation of the standard in vivo positioning and
orientation of the devices.

Positioning of the Neurostimulation Systems

In consideration of the fact that positional differences
can impact MRI-related heating of neurostimulators
(unpublished observations from pilot data obtained by
our group) and in order to simulate the intended in vivo
use of the neurostimulation systems, careful attention
was given to the positioning of the two neurostimula-
tors, extensions, and leads within the phantom. (Nota-
bly, the positioning scenarios that were evaluated for
the bilateral neurostimulation systems are considered
to be the most common.) The manufacturer’s
(Medtronic, Minneapolis, MN) product insert informa-
tion was followed, along with the recommendations of a
neurosurgeon (A.R.R.) with extensive DBS implant ex-
perience.

Because there are several possible positioning sce-
narios for these devices, we selected only two that were
representative of a commonly used clinical configura-
tion (no. 1) and a worst-case (no. 2) placement, as de-
scribed below.

Configuration 1, Commonly-Used Positioning
Rationale

In current clinical practice, many patients undergoing
DBS will have electrodes placed in the subthalamic
nucleus, globus pallidus internus, or ventralis interme-
dius nucleus bilaterally (again noting that in the United
States the Activa® Tremor Control System is currently
approved only for unilateral use), while fewer patients
will undergo unilateral implantation. The DBS lead
length is typically 40 cm; thus, to keep the extension
connector at the level of the cranium and avoid posi-
tioning it at the neck, the lead must be looped at the top
of the head, usually around the burr hole. Similarly, the
typical extension length is 51 cm, which may result in
extra wire when the IPG is implanted infra-clavicularly.
As such, implanting physicians tend to coil any excess
length of extension around the perimeter of the IPG.

Neurostimulators

The two neurostimulators were placed in the upper left
and right quadrants of the thorax portion of the phan-
tom. They were within 2 cm of the gel surface, separated
by a distance of approximately 30 cm (Fig. 4).

Extensions

The extensions were connected to the neurostimulators
and the excess lengths were wrapped two times around
the perimeter of the neurostimulators. Care was taken
not to bend, kink, or stretch the extension wires.

Leads

The leads were positioned with two small loops (approx-
imately 2.5 cm in diameter) placed in an axial orienta-
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Figure 4. Close-up view of head portion of the phantom show-
ing positioning of the neurostimulation systems for configura-
tion 1, commonly used positioning. The two neurostimulators
were placed in the upper left and right quadrants of the thorax
portion of the phantom. The excess lengths of the extensions
were wrapped two times around the perimeter of the neuro-
stimulators. The leads were positioned with two small loops
placed in an axial orientation at the top of the head portion of
the phantom (arrow heads). The electrodes were positioned
relative to a bilateral in vivo use to approximate the typical
placement for a DBS target. Note positions of fluoroptic ther-
mometry probes to measure temperatures on and in between
the distal electrodes and a reference temperature near the
edge of the phantom.

tion at the top of the head portion of the phantom (i.e.,
in order to simulate a loop placed near the burr hole
cover). The electrodes were positioned relative to ap-
proximate a bilateral in vivo use of these devices and at
a depth of 41 mm in the gel-filled phantom to approxi-
mate the typical placement for a DBS target (i.e., the
thalamus).

Configuration 2, Worst-Case Positioning
Rationale

Based on pilot studies by our group, a worst-case con-
figuration was created (i.e., using two neurostimulation
systems with leads and extensions positioned as de-
scribed in this section), intended to simulate the situ-
ation where an implanting physician takes up the en-
tire slack of extra lead and extension length by coiling it
within the IPG pocket. This results in a significant num-
ber of extra coils around the IPG (which is proposed to
impact MRI-related heating). (Note: an implanting phy-

Figure 3. a: Plexiglas phantom designed to approximate the
size and shape of the head and torso of a human subject. b:
Phantom with plastic frame placed at the bottom. This frame
had adjustable posts that allowed variable positioning and
support of the neurostimulators, extensions, and leads within
the phantom. Note the cables for the four fluoroptic thermom-
etry probes used to record temperatures.
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sician would never leave the entire length of extra lead
and extension at the level of the head given its imprac-
ticality.) Finally, situations in which the IPG were im-
planted at other locations on the torso (i.e., infra-axil-
lary or abdominal) would tend to uncoil the extra wire,
move the IPG further away from the RF coil, and result
in more favorable MRI-related heating scenarios.

Neurostimulators

Same as for configuration 1.

Extensions

Same as for configuration 1, but with the excess lengths
of the extensions wrapped four times around the perim-
eters of the neurostimulators.

Leads

Same as for configuration 1, but without the small
loops at the top of the head portion of the phantom. The
electrodes were positioned relative to a bilateral in vivo
use of these devices, as described above.

Thermometry System and Placement of
Temperature Probes

Temperature recordings were obtained using an MR-
compatible Model 790 Fluoroptic Thermometry System
(Luxtron, Santa Clara, CA) that has been used in many
previously published studies conducted to assess MRI-
related heating for implants and devices (13-15,18-21).
This thermometry system has small fiber-optic probes
(0.5 mm in diameter, Model SSF) that respond rapidly
(response time, 0.25 seconds).

Four fluoroptic thermometry probes were positioned
to record representative sites for the neurostimulation
systems that would generate the greatest heating dur-
ing MRI based on previously published literature and
pilot experiments conducted by our group (13,14). For
the neurostimulators, extensions, and electrodes eval-
uated in this study, the effects of induced currents
generated during MRI will be concentrated at the elec-
trodes of the leads. Thus, thermometry probes were
positioned on or near the leads (Fig. 4), as follows:

1. R-probe, placed within 0.1 mm on the center of the
distal electrode of the right lead.

2. L-probe, placed within 0.1 mm on the center of the
distal electrode of the left lead.

3. M-probe, placed between the two distal electrodes
of the leads. Note that the lead electrodes were
spaced 3 cm apart such that the temperature
probe between them was 1.5 cm from each lead.

4. Reference probe, placed at a remote position from
the electrodes, within 1 cm from the edge of the
head portion of the phantom (i.e., to record a ref-
erence temperature).

MR System

MRI was performed on the gel-filled phantom and
neurostimulation systems using a 1.5-T/64-MHz MR
system (Vision, software version, Numaris 3.0; Siemens

245

Figure 5. Example of experimental setup used to assess MRI-
related heating for the neurostimulation systems. Note gel-
filled human head and torso phantom, cables for fluoroptic
thermometry probes, and the use of the transmit/receive head
coil.

Medical Systems, Iselin, NJ) and either the transmit/
receive body RF coil or the transmit/receive head RF
coil (Fig. 5).

In order to study various RF energy exposures, pilot
studies were conducted to guide selection of a range of
whole-body averaged specific absorption rates (SARs)
and corresponding local SARs using the transmit/re-
ceive body and head RF coils to identify safe thresholds
that could be used in patients undergoing MRI proce-
dures. Similar to other clinical MR systems, the 1.5-T
MR system used in this investigation estimates the
whole-body averaged and local SARs (the mass normal-
ized rate at which RF energy is coupled to biologic tis-
sues) for RF energy based on the pulse sequence pa-
rameters used for imaging (18-21). Thus, parameters
were specifically selected to vary the whole-body and
local SARs in these experiments to assess MRI-related
heating for the neurostimulators under relatively high
and relatively low RF power levels (22).

Using the transmit/receive body RF coil, the whole-
body averaged SARs, ranged from 0.98-3.90 W/kg and
the local SARs ranged from 3.05-12.20 W/kg (Table 1).
Using the transmit/receive head coil, the whole-body
averaged SARs ranged from 0.07-0.24 W/kg and the
local SARs ranged from 2.10-7.09 W/kg (Table 1). For
each experiment, MRI was conducted for a total of 15
minutes (i.e., worst-case imaging time).

MRI Protocols for Heating Assessment of the
Neurostimulators

The neurostimulators, extensions, and electrodes were
positioned in the phantom and fixed in place to the
positioning posts as previously described. Next, the
temperature probes were placed in the above described
locations and secured in place using 4.0 silk suture.
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Table 1
Evaluation of MRI-related Heating for Neurostimulation Systems—Experimental Conditions and Highest Temperature Changes
Electrode, Reference
Exoeriment Positionin RF Whole-body Local SAR Time Section location highest probe, highest
P 9 Coil  SAR (Wkg) (W/kg) (min) temperature  temperature
change change
1 Configuration #1  Body 3.90 12.20 15.00 IPGs 6.1°C 0.3°C
2 Configuration #2  Body 3.90 12.20 15.00 IPGs 25.3°C 0.5°C
3 Configuration #1  Body 0.98 3.05 15.00 IPGs 2.5°C 0.2°C
4 Configuration #1  Head 0.24 7.09 15.00 Leads/electrodes 7.1°C 0.2°C
5 Configuration #1  Head 0.13 3.87 15.00 Leads/electrodes 3.7°C 0.3°C
6 Configuration #1  Head 0.07 2.10 15.00 Leads/electrodes 2.3°C 0.4°C

Positioning: Configuration #1, Commonly-Used Positioning; Neurostimulators. The two neurostimulators were placed in the upper left and
right quadrants of the “thorax” portion of the phantom. They were within 2-cm from the surface of the gel, separated by a distance of
approximately 30-cm, in accordance with the product insert instructions for these devices. Extensions. The extensions were connected to the
neurostimulators and the excess lengths were wrapped two times around the perimeter of the neurostimulators. Leads. The leads were
positioned with two small loops (approximately 2.5-cm in diameter) placed in an axial orientation at the top of the “head” portion of the
phantom (i.e., order to simulate a loop placed near the burr hole cover). The electrodes were positioned relative to a bilateral in vivo use of
these devices at a depth of 41-mm in the gel to approximate the typical placement for a DBS target (i.e., the thalamus). Configuration #2,
Worst-Case Positioning; Neurostimulators. Same as Configuration #1. Extensions. Same as Configuration #1 but with the excess lengths of
the extensions wrapped four times around the perimeters of the neurostimulators. Leads. Same as Configuration #1 but without the small
loops at the top of the “head” portion of the phantom. The electrodes were positioned relative to a bilateral in vivo use of these devices, as

described above.

SAR, specific absorption rate; Section location, refers to centered slice for MR imaging.

Finally, the phantom was filled with gel and allowed to
equilibrate to the room temperature of the MR environ-
ment for not less than 30 minutes. MRI was then per-
formed at various SARs using the transmit/receive
body and head RF coils according to the experimental
conditions displayed in Table 1.

Baseline temperatures were recorded for 1 minute at
5-second intervals, after which MRI was then per-
formed for the previously indicated times with temper-
atures recorded at 5-second intervals. After MRI, tem-
peratures were recorded for 1 minute at 1-second
intervals.

RESULTS

The results of this study are summarized in Table 1.
The highest temperature changes were recorded at the
distal electrodes in these experiments. The highest tem-
perature change measured by the reference probes
ranged from +0.2° to +0.5° C.

For the use of the transmit/receive body RF coil (ex-
periments 1-3), the highest temperature changes
ranged from +2.5° to +25.3° C. The highest tempera-
ture change, +25.3° C, was recorded with configuration
2 and a whole-body averaged SAR of 3.90 W/kg (Fig.
6a). Of note is that the temperature increase was ex-
tremely rapid during the onset of MRI. Interestingly, the
use of these same conditions with configuration 1 pro-
duced a highest temperature change that was substan-
tially less (6.1° C). Using configuration 1 and a whole-
body averaged SAR of 0.98 resulted in a highest
temperature change of +2.5° C (Fig. 6b).

For the experiments involving the transmit/receive
head RF coil (i.e., experiments 4 to 6), the highest tem-
perature changes ranged from +2.3° to +7.1° C. The
highest temperature change, +7.1° C, was recorded
with configuration 1 and a whole-body averaged SAR of
0.24 W/kg. The smallest temperature change, +2.3° C,

occurred with configuration 1 and a whole-body aver-
aged SAR of 0.07 W/kg.

DISCUSSION

MRI-related heating of implants, devices, and materials
of a variety of sizes, shapes, and metallic compositions
have been studied using in vitro testing techniques
(8,11-16,18-21,23-27). These investigations reported
that only minor temperature elevations occur during
MRI for “passive” implants or materials (i.e., those that
do not require activation by electronic, mechanical, or
magnetic mechanisms). By comparison, substantial
temperature increases may occur under certain MR
operational conditions in electronically activated or
electrically conductive devices (8,13,15,16,27,28). For
example, excessive temperature elevations can occur
under certain circumstances during MRI for cardiac
pacemakers, indwelling catheters with metallic compo-
nents (e.g., thermodilution catheters), guide wires, dis-
connected or broken surface coils, or improperly used
physiologic monitors resulting in first-, second-, or
third-degree burns (1,13,15,16,27-29). Thus, the po-
tential for MRI to injure patients by excessive heating of
conductive devices is well documented (1,2). Of note is
that there is a tendency for excessive heating to occur in
looped or coiled devices or materials because electrical
currents are easily induced in these shapes (i.e., for
given diameters) during MRI (1,13-15).

In general, patients with electronically activated im-
plants are strictly prohibited from undergoing MRI
(1,2,22). However, considering the importance of using
MRI for the care and management of patients, research
studies have been performed to determine risks asso-
ciated with using MRI in the patients with certain elec-
tronically activated implants. These investigations have
demonstrated that patients with pacemakers, implant-
able cardiac defibrillators, spinal fusion stimulators,
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Figure 6. Examples of temperature changes recorded during
assessment of MRI-related heating for the neurostimulation
systems. a: Graph corresponds to experiment 2 (i.e., configu-
ration 2: body RF coil, whole-body averaged SAR of 3.90 W/kg,
section location through IPGs, and reference temperature
change of 0.5° C). Note the rapid increase in temperatures
recorded by the thermometry probes on the right and left
leads. b: Graph corresponds to experiment 3 (i.e., configura-
tion 1: body RF coil, whole-body averaged SAR of 0.98 W/kg,
section location through IPGs, and reference temperature
change of 0.2° C).

and other similar devices may undergo MRI without
experiencing adverse events if specific precautions are
closely followed (12,30-35). These investigations typi-
cally defined safety guidelines with respect to the con-
ditions that must be used for the device (e.g., setting the
device to the “off ” mode of operation and resetting after
MRI) and the parameters for the MR examinations. In
fact, certain electronically activated implants have la-
beling claims approved by the U.S. Food and Drug Ad-
ministration (FDA) that permit MRI to be performed as
long as specific guidelines are followed to ensure pa-
tient safety (1,2,34).

For the neurostimulation system evaluated in this
study, the product insert currently states that patients
with this device should not be exposed to the electro-
magnetic fields produced by MRI. Nevertheless, it is
known that MRI is often used in patients with this
particular neurostimulation system and there have
been no reported or apparent adverse events (unpub-
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lished results from a recently conducted survey, A.R.
Rezai, 2001). However, the operational conditions for
the neurostimulation systems and exact MR parame-
ters that were used during these examinations are not
well documented.

In recognition of the fact that excessive MRI-related
heating is an important concern for patients with
neurostimulation systems and DBS electrodes, this
study was designed to identify guidelines that would
permit patients with these implants to safely undergo
clinical MRI procedures. Different levels of RF energy
(i.e., whole-body averaged SARs) were used because of
the inherent importance of this variable on the MRI-
related heating of electronically activated implants
(1,13-17,22).

To put the SAR levels that were used in this study into
perspective, one needs to understand the current FDA
(i.e., Center for Devices and Radiological Health) guide-
lines for exposure to RF energy during MRI (22). In a
document issued in 1998, the FDA defined the operat-
ing conditions above which patient studies would be
considered “significant risk investigations” and require
approval of an investigational device exemption (IDE)
(22). Thus, this FDA document effectively represents
the recommended limits for exposure to the electromag-
netic fields used for clinical MR procedures.

For RF energy, exposures that exceed the following
levels require an IDE: “specific absorption rate (SAR)
greater than 4.0 W/kg whole body for 15 minutes, 3.0
W/kg averaged over the head for 10 minutes, 8.0 W/kg
in any gram of tissue in the head or torso for 15 min-
utes, or 12.0 W/kg in any gram of tissue in the extrem-
ities for 15 minutes.” Accordingly, in the present study,
a range of whole-body averaged SARs and correspond-
ing local SARs using the transmit/receive body and
head RF coils were evaluated to identify safe thresholds
that could be used in patients with neurostimulation
systems.

Regarding MRI procedures using a transmit/receive
body RF coil, this is frequently performed in the clinical
setting for assessment of the lumbar spine, abdomen,
cardiovascular system, and other torso-related ana-
tomic regions. Additionally, some MR systems use the
body coil to transmit RF energy and the head coil oper-
ates in the receive-only mode, so this is effectively the
same situation. Therefore, it is imperative to determine
heating for neurostimulation systems under conditions
that simulate these clinical uses of MRI.

According to the findings of this investigation, exper-
iment 2 showed the highest temperature change (25.3°
C) for conditions involving the use of the worst-case
positioning scheme for the neurostimulation systems
(i.e., excess lengths of the extensions and leads were
wrapped around the IPGs) and MRI performed using
the body RF coil with a whole-body averaged SAR of 3.9
W/kg. By comparison, experiment 1 used similar MRI
conditions, but the positioning scheme for the neuro-
stimulation systems was representative of a commonly
used clinical practice (i.e., excess lengths of the exten-
sions were wrapped around the IPG neurostimulators,
with the leads positioned with small loops to simulate
placement near the burr hole). This resulted in a high-
est temperature change of only 6.1° C, illustrating the
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critical importance of positioning the extensions and
leads of the neurostimulation systems with regard to
the impact on MRI-related heating. By reducing the
whole-body averaged SAR to 0.98 W/kg, the highest
temperature change was 2.5° C, demonstrating that the
SAR level influences the resultant MRI-related heating
for the neurostimulation systems as well.

Based on this MRI-related heating information and in
consideration of the threshold temperatures known to
produce reversible (i.e., range, 42°-44° C) and irrevers-
ible (i.e., >45° C) thermal lesions (38), it is advisable to
employ only the commonly used positioning scheme for
bilateral neurostimulation systems and to restrict the
whole-body averaged SAR below 0.9 W/kg whenever
the body RF coil is used for MRI procedures (see addi-
tional safety guidelines below). This should ensure that
any temperature changes that may occur are within
physiologically acceptable levels (36-39). However, we
recognize that there is considerable variability in how
neurosurgeons implant neurostimulation systems, and
the impact of this on MRI-related heating is currently
unknown.

Because the number of patients that receive im-
planted neurostimulation systems is increasing, there
is a greater probability that patients with these im-
plants are going to require MR examinations for the
assessment of neurological symptoms both related and
unrelated to the purpose of the neurostimulator. Fur-
thermore, the use of MRI of the brain for patients
treated using DBS is desirable for a variety of reasons,
including guiding placement of electrodes using stereo-
tactic MR techniques and evaluating cases of unsatis-
factory outcomes of stimulation treatment (e.g., to ver-
ify electrode position). As such, the effects of MRI-
related heating of neurostimulation systems due to the
use of the transmit/receive head coil require careful
consideration.

Experiments conducted to assess MRI-related heat-
ing for the use of the transmit/receive head RF coil
evaluation involved only the commonly used position-
ing technique for the neurostimulation systems be-
cause the image section location was centered on the
tips of the electrodes (i.e., without the IPGs and coiled
extensions and leads in the RF coil). The findings for
this positioning scheme and various whole-body aver-
aged SARs showed that the highest temperature
changes ranged from 2.3°-7.1° C. In consideration of
these results and to avoid potential deleterious thermo-
genic injuries, using the transmit/receive head RF coil
for MRI, the whole-body averaged SAR should not ex-
ceed 0.1 W/kg (see additional safety guidelines below).

The mechanism responsible for MRI-related heating
of the neurostimulation systems is electric current in-
duced in the lead wires by the RF field. The lead wire
essentially acts as an antenna, and the electric field
accompanying the RF magnetic field induces current in
the wire. A part of the induced current passes through
the electrode contacts into the surrounding tissue, re-
sulting in heating.

The temperature increase at the electrode contacts is
proportional to the square of the emanating current.
Since the SAR is proportional to the square of the in-
duced electric field, the temperature rise at the elec-
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trode contacts will likewise be proportional to the SAR,
as was observed in this study. The temperature rise
associated with using the transmit/receive head RF coil
is less than that for the body coil because there is less
lead wire exposed to the RF field, resulting in less in-
duced current. Basically, if the length of lead exposed to
the RF field is decreased by 50%, the temperature rise
will be reduced by approximately a factor of 4.

The loops in the lead wire are expected to influence
the temperature rise, though two different mecha-
nisms. First, a voltage is induced in the loops due to
coupling with the magnetic field from Faraday’s Law.
This voltage could either add to or subtract from the
voltage generated by coupling of the straight section of
lead with the electric field. However, because of the
small radius of the loop and small length of wire within
it, the induced voltage will be significantly less than the
voltage induced along the straight section of the wire.

Second, the inductive reactance of the loops will re-
duce the induced current in the wire. The mechanism
for the reduced temperature change seen in experiment
1 (configuration 1), compared to experiment 2 (config-
uration 2), is thus likely, due to this second mecha-
nism. The loop effectively acts as an RF choke (35),
reducing the current emanating from the electrode con-
tacts, resulting in less heating during MRI. Notably,
this mechanism is similar to the reduction of RF-in-
duced temperature rise observed by Ladd and Quick
(35) at the tip of a catheter when a shield was added to
act as an RF choke.

Previous investigations performed to assess MRI-re-
lated heating for neurostimulator systems used for DBS
have reported varying results (8,11,24). Gleason et al
(8) investigated MR safety issues for various neuro-
stimulation systems, including the unilateral ITREL II
neurostimulator (Medtronic, Minneapolis, MN) in 0.35-
and 1.5-T MR systems. MRI-related heating was evalu-
ated using a fluoroptic thermometer to record the case
(i.e., outer titanium casing of the IPG) temperature of a
unilateral ITREL placed in air (i.e., the device was not
surrounded by a conductive media to simulate human
tissue) inside of a 1.5-T MR system. MRI was performed
for 13 minutes using the transmit/receive body RF coil
for imaging. The neurostimulation system was attached
to a support 30 cm in diameter to represent the position
used for implantation; however, the actual positions
used for the IPG, extension, and lead were not reported.
The temperature increased substantially; however,
Gleason et al (8) felt that this temperature rise was a
worst-case condition, since the heating effect of a device
that is implanted would be reduced by the heat conduc-
tion of the surrounding tissues.

Tronnier et al (11) studied MRI-related heating for
unilateral ITREL II and ITREL III neurostimulators
(Medtronic, Minneapolis, MN) in 0.2-, 0.25-, and 1.5-T
MR systems during MRI using standard spin-echo
pulse sequences. An infrared camera was used to mea-
sure heating of the neurostimulation systems applied
to the surface of a water phantom. Because an infrared
camera was used, all metallic surfaces of the neuro-
stimulation systems were covered with black paint to
prevent reflection of heat radiation from other objects in
the RF area. Experiments were performed using the
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head and body RF coils, with the tips of the leads placed
in air, in saline, or connected to a resistor (11). Tronnier
et al (11) reported that “no heat induction was observed
in any part of the hardware.” Unfortunately, the meth-
ods used in this study have several major limitations,
including the fact that an infrared camera was used to
evaluate heating (e.g., it is not possible to measure the
temperature on the tip of the lead immersed in saline
using an infrared camera), the neurostimulator system
was not surrounded by conductive media to simulate
human tissue, it is unknown whether painting the
metal parts impacted the results of MRI-related heat-
ing, and the SARs that were used in the experiments
were not reported.

A study conducted by Schueler et al (24) examined
MRI-related heating for unilateral ITREL II and ITREL
III neurostimulators using a 1.5-T MR system operating
at SARs that did not exceed a whole-body averaged SAR
of 0.4 W/kg (i.e., 10 times less than the highest level
currently recommended by the FDA).

Experiments were performed with the neurostimula-
tors outside (i.e., in air) and inside of a saline bath.
Temperatures were recorded using a fluoroptic ther-
mometry system. Schueler et al (24) reported that “no
heating of any devices, catheters, extensions, or leads
was detected in several experiments in which the loca-
tion and orientation of objects within the magnet bore
was varied.”

The discrepancies between the findings of the present
study and those reported in previous investigations are
predominantly related to important differences in
methodologies, including the following: 1) the use of
bilateral vs. unilateral neurostimulation systems, 2) the
different RF energy levels selected for the experiments,
3) the positioning techniques used for the neurostimu-
lation systems, 4) the method used to record tempera-
tures (fluoroptic thermometry is considered the indus-
try standard (12-21)), and 5) the use of a phantom filled
with gel prepared to simulate the thermal convection
properties of human tissue vs. saline. Notably, a gel-
filled phantom is preferred over a saline-filled phantom
for evaluation of MRI-related heating of devices in-
tended for implantation in soft tissue (12-15,19-21),
because the use of a saline-filled phantom will greatly
underestimate MRI-related heating for electrically con-
ductive devices (13-15 and unpublished observations
from our pilot experiments on neurostimulation sys-
tems showing that thermal convection in saline is a
significant source of heat transport).

Regarding possible limitations of this study, while it
is acknowledged that other MR safety issues for neuro-
stimulation systems may exist (e.g., magnetic field
interactions, induced voltages, and programming
changes), these were not specifically addressed in the
present investigation. In general, previous MR safety
investigations for neurostimulation systems have not
revealed any significant hazards related to these situa-
tions (8,9,11,24). Nevertheless, further investigations
are warranted to address these.

Based on the findings reported herein, MRI-related
heating does not appear to present a major safety con-
cern for patients with the bilateral neurostimulation
systems that underwent testing, as long as guidelines
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pertaining to the positioning of these devices and pa-
rameters used for MRI are carefully adhered to. The
recommended safety guidelines are as follows:

1. The two neurostimulators should be placed in left
and right subclavian, subcutaneous pockets,
separated by a distance of approximately 30 cm.
Excess length of extensions should be wrapped
around the perimeter of the neurostimulators.
Care should be taken not to bend, kink, or stretch
the extension wires. The leads should be placed
with two small loops (approximately 2.5 cm in
diameter) in an axial orientation near the burr
hole.

2. The neurostimulation systems should be interro-
gated prior to MRI to ensure proper operation of
all components and that there are no broken elec-
trodes, leads, and extensions.

3. The amplitude for each neurostimulation system
should be set to O volts and the neurostimulation
system’s output should be turned to “off.”

4. MRI should only be performed using an MR sys-
tem with a static magnetic field of 1.5 T. The
safety of using other MR systems operating at
other static magnetic field strengths to scan a
patient with bilateral neurostimulation systems
is unknown.

5. If the transmit/receive body RF coil is used for
MRI, the whole-body averaged SAR should not
exceed 0.9 W/kg.

6. If the transmit/receive head RF coil is used for
MRI, the whole-body averaged SAR should not
exceed 0.1 W/kg.

7. MRI should be performed using standard tech-
niques that utilize the lowest possible SAR levels,
as indicated above.

8. Patients should be instructed prior to MRI to re-
port any unusual sensations that may occur dur-
ing the examinations.

9. Patients should be continuously monitored
throughout MRI wusing visual and/or verbal
means.

10. After MRI, the neurostimulation systems should
be evaluated to verify that they are functional.

11. The neurostimulation systems should be repro-
grammed to stimulation parameters used prior
to MRI.

In conclusion, MRI-related heating was assessed for a
neurostimulation system used for chronic DBS. Differ-
ent configurations were evaluated for bilateral neuro-
stimulators, extensions, and leads to assess worst-case
and clinically relevant positioning scenarios. The find-
ings indicated that excessive heating occurs under cer-
tain conditions, while others produce relatively minor,
physiologically inconsequential temperature increases.
Notably, the use of clinically relevant positioning tech-
niques for the neurostimulation system and MR param-
eters used for imaging the brain generate little heating.
These observations are restricted to the tested neuro-
stimulation system.
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