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The preservation of a safe magnetic resonance (MR) envi-
ronment requires constant vigilance by MR healthcare pro-
fessionals, particularly with regard to the management of
patients with metallic biomedical implants or devices. The
variety and complexity of implants and devices constantly
changes, requiring continuous attention and diligence with
regard to obtaining the most current and accurate infor-
mation about these objects relative to the MR environment.
This review article discusses MR safety and MR compati-
bility issues and presents important information for a va-
riety of implants and devices, with an emphasis on those
objects that have recently undergone evaluation or that
require additional consideration because of existing con-
troversy or confusion.
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THE PRESERVATION OF A SAFE MAGNETIC reso-
nance (MR) environment requires constant vigilance by
MR healthcare professionals, particularly with regard
to the management of patients with metallic biomedical
implants or devices (1–6). The variety and complexity of
implants and devices constantly changes, requiring
continuous attention and diligence with regard to ob-
taining the most current and accurate information
about these objects relative to the MR environment.

Since the introduction of MR imaging (MRI) as a clinical
modality in the early 1980s, more than 100,000,000
diagnostic procedures (estimated) have been completed
with relatively few major incidents (review of the Medical
Device Report database, Center for Devices and Radiolog-
ical Health, U.S. Food and Drug Administration, April 20,
2002, and references 1–9). Notably, most reported cases
of MR-related injuries have been the direct result of mis-

information related to the MR safety aspects of metallic
objects or due to deficiencies in pre-MR procedure screen-
ing methods (6).

The MR environment may be unsafe for patients or
individuals with certain biomedical implants or devices,
primarily due to movement or dislodgment of objects
made from ferromagnetic materials (1–6,10–75). While
excessive heating and the induction of electrical cur-
rents may also present risks to patients with implants
or devices, these MR safety problems are typically as-
sociated with implants that have elongated configura-
tions and/or that are electronically activated (e.g.,
neurostimulation systems, cardiac pacemakers, etc.)
(1–5,28,53,61,62,68,75).

To date, more than 1,100 implants and objects have
been tested for MR safety or MR compatibility (1–5,10–
74). This information is readily available to MR health-
care professionals as individual published reports and
compiled lists and in an online format (3,5,8,75). Un-
fortunately, a comprehensive presentation and discus-
sion of MR procedures and metallic objects is not within
the scope of this review article due to space limitations.
However, this topic has been covered in great detail
elsewhere (3,5,8,75).

The intent of this review article is to discuss MR
safety and MR compatibility issues and to present im-
portant information for a variety of implants and de-
vices, with an emphasis on those objects that have
recently undergone evaluation or that require addi-
tional consideration because of existing controversy or
confusion.

MR SAFETY AND MR COMPATIBILITY

The terms MR safe and MR compatible are typically
used to designate specific aspects of metallic implants
and devices (9,76). Therefore, it is important to appre-
ciate the differences between these terms, as they
should not be used interchangeably. For those in the
MR community unfamiliar with these terms, they are
defined as follows (76):

MR safe: The device, when used in the MR environ-
ment, has been demonstrated to present no addi-
tional risk to the patient or other individual, but
may affect the quality of the diagnostic information.
The MR conditions in which the device was tested
should be specified in conjunction with the term
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MR safe since a device that is safe under one set of
conditions may not be found to be so under more
extreme MR conditions.

MR compatible: A device is considered MR compatible
if it is MR safe and if it, when used in the MR
environment, has been demonstrated to neither
significantly affect the quality of the diagnostic in-
formation nor have its operations affected by the
MR device. The MR conditions in which the device
was tested should be specified in conjunction with
the term MR compatible since a device that is safe
under one set of conditions may not be found to be
so under more extreme MR conditions.

It should be noted that MR safety testing of an implant
or object involves assessment of magnetic field interac-
tions, heating, and induced electrical currents, while
MR compatibility testing requires all of these as well as
characterization of artifacts (9,76). In addition, the
functional or operation aspects of the implant or device
should be evaluated.

MAGNETIC FIELD-RELATED ISSUES

In the MR environment, magnetic field-related transla-
tional attraction and torque may cause hazards to pa-
tients and individuals with ferromagnetic implants or
devices (1–8). The relative risks are proportional to the
strength of the static magnetic field, the strength of the
spatial gradient, the mass of the object, the shape of the
object, and the magnetic susceptibility of the object
(1–8). Furthermore, the intended in vivo use of the
implant or device must be taken into consideration
because existing counteracting forces may be present
that effectively prevent movement or dislodgment of a
ferromagnetic object.

Obviously, an important aspect of MR safety testing
for metallic implants and devices involves the determi-
nation of translational attraction and torque (1–8,10–
27,29–44,60,71–74). Translational attraction is typi-
cally assessed using the deflection angle test originally
described by New et al (1), modified and used by others
(10,22–26), and recommended by the American Society
for Testing and Materials (ASTM) (76). According to this
procedure, the deflection angle for an implant or device
is typically measured at the point of the highest spatial
gradient for the specific MR system used for testing
(76). If the deflection angle from the vertical is less than
45°, the object passes the translational attraction test
insofar as the magnetic force acting on the implant is
less than the gravitational force (76).

Torque rotates or aligns the object parallel to the
magnetic field and is dependent on the strength of the
magnetic field, the dimensions of the object (primarily
the length), and the initial angulation of the object rel-
ative to the static magnetic field (1,7). A variety of tech-
niques have been used to qualitatively or quantitatively
determine magnetic field-related torque for implants
and devices (1,20,22,25,31,39). To date, a test proce-
dure and acceptable measurement value for torque im-
posed on implants or devices has not been defined.
However, according to the ASTM (76), a torque value for
an implant “that is less than that produced by normal

daily activities (which might include rapidly accelerat-
ing vehicles or amusement park rides) is assumed to be
safe.” Notably, the amount of torque necessary to dis-
place an implant or device is unknown, and depends on
a variety of factors.

MR System Field Strength

Currently, MR systems operating in clinical and re-
search settings have static magnetic fields that range
from 0.064–8.0 Tesla. Presently, the clinical use of 3.0-
Tesla MR systems is increasing in the United States and
abroad. Obviously, important MR safety issues exist
relative to the use of these powerful MR systems, espe-
cially with regard to the management of patients and
individuals with metallic implants and devices.

Most previous ex vivo tests performed to determine
MR safety or MR compatibility for implants and devices
used MR systems with static magnetic fields of 1.5
Tesla or lower (1–5,10–25,29–44,64,71–74). This could
be problematic for a patient or individual with a metallic
implant or device exposed to an environment associ-
ated with a higher static magnetic field strength. For
example, it is possible that a metallic object that dis-
played “weakly” ferromagnetic qualities in association
with a 1.5-Tesla MR system may exhibit substantial
magnetic field interactions in association with exposure
to an MR system operating at a higher static magnetic
field strength. Therefore, investigations must be con-
ducted to acquire MR safety information for implants
and devices relative to exposure to MR systems operat-
ing above 1.5 Tesla before allowing individuals with
these objects to enter these very high magnetic field MR
environments.

Long-Bore vs. Short-Bore MR Systems

Various types of magnet configurations exist for com-
mercially available 1.5- and 3.0-Tesla MR systems.
These include conventional long-bore and short-bore
scanners used for whole-body (1.5- and 3.0-Tesla MR
systems) and head-only (3.0-Tesla MR systems) clinical
applications. Because of physical differences in the po-
sition and magnitude of the highest spatial gradient for
different magnets, measurements of deflection angles
for implants or devices performed according to the
ASTM document (76) using long-bore vs. short-bore MR
systems may produce substantially different results
(Tkach et al, unpublished observations, March 2002).
Therefore, this important point must be taken into
careful consideration whenever translational attraction
is assessed for a metallic implant or device.

MR PROCEDURES AND POSTOPERATIVE
PATIENTS WITH IMPLANTS AND DEVICES

Surprisingly, there is a lot of confusion regarding the
issue of performing an MR procedure during the post-
operative period in a patient with a metallic implant or
device. In general, if the metallic object is a “passive”
implant (i.e., there is no power associated with the op-
eration of the object) and made from a nonferromag-
netic material (e.g., Elgiloy, Phynox, MP35N, titanium,
titanium alloy, Nitinol, tantalum, etc.), the patient may
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undergo an MR procedure immediately after placement
of the object using an MR system operating at 1.5 Tesla
or less.

For an object that is weakly magnetic, it is typically
necessary to wait a period of 6–8 weeks prior to per-
forming an MR procedure. In this case, retentive or
counter forces provided by tissue in growth, scarring, or
granulation serve to prevent the object from presenting
a risk or hazard to the patient in the MR environment.
For example, certain types of coils, filters, stents, and
cardiac occluders that are weakly ferromagnetic typi-
cally become firmly incorporated into the tissue 6–8
weeks following placement (3,5,11,39–41). Therefore, it
is unlikely that these objects will be moved or dislodged
magnetic field interactions associated with MR systems
operating at 1.5 Tesla or less. Obviously, if there is any
concern regarding the integrity of the tissue with re-
spect to its ability to retain the object in place during an
MR procedure or during exposure to the MR environ-
ment, the patient or individual should not be exposed to
the MR environment.

IMPLANTS AND DEVICES

Aneurysm Clips

Neurosurgical management of an intracranial aneu-
rysm or arteriovenous malformation by application of a
temporary or permanent aneurysm clip is a well-estab-
lished procedure. Aneurysm clips come in a wide vari-
ety of shapes and blade lengths and are made from
different materials with varying magnetic susceptibili-
ties. These factors can greatly influence the MR safety
aspects of these implants. While certain aneurysm clips
are a contraindication for the MR environment, others
classified as nonferromagnetic or weakly ferromagnetic
are deemed safe for patients or individuals exposed to
MR systems operating at 1.5 Tesla or less (1–5,8,
11–24).

Most MR healthcare professionals are familiar with
the potential dangers of exposing patients or individu-
als with ferromagnetic aneurysm clips to the MR envi-
ronment. The presence of a ferromagnetic aneurysm
clip requires the utmost consideration due to magnetic
field interactions that can dislodge the implant, poten-
tially resulting in serious injury or death (1–6,8,77–79).
There has been one documented incident of a patient

mortality due to the displacement of the clip that oc-
curred during an MR procedure (77). The aneurysm clip
was originally thought to be a nonferromagnetic or
weakly ferromagnetic type, but it was later confirmed
that the information originally obtained about the clip
was incorrect (77).

There has been much controversy and confusion re-
garding the amount of ferromagnetism that needs to be
present in an aneurysm clip to constitute a hazard for a
patient in the MR environment. Presently, the specific
guidelines indicated in Table 1 are recommended for con-
sideration prior to exposing patients or individuals with
aneurysm clips to the MR environment (3,5,8,20,21,75).
There has also been concern that long-term exposures to
strong magnetic fields may grossly magnetize aneurysm
clips made from nonferromagnetic material (21). There-
fore, different aneurysm clips made from Elgiloy, Phynox,
titanium alloy, pure titanium, and austenitic stainless
steel were tested in association with long-term and mul-
tiple exposures to the static magnetic fields of a 1.5-Tesla
MR system (21). The results of this study demonstrated a
lack of clinically significant changes in the magnetic prop-
erties of these implants (21).

Previous reports investigating magnetic qualities of
aneurysm clips indicated that aneurysm clips made
from stainless steel alloy, Phynox, Elgiloy, commer-
cially pure titanium, and titanium alloy were safe at 1.5
Tesla (1–3,5,8,11–23). However, as previously dis-
cussed, few studies have been performed to evaluate
magnetic field interactions for implants in association
with MR systems operating above 1.5 Tesla. A study
conducted at 8.0 Tesla by Kangarlu and Shellock (26)
reported that all aneurysm clips, even those made from
titanium or titanium alloy, displayed positive transla-
tional attractions (deflection angles ranged from 5–53°).
Importantly, several aneurysm clips reported to be safe
at 1.5 Tesla were found to be potentially unsafe at 8.0
Tesla because they showed excessive deflection angles
and relatively high qualitative torque values (26). Again,
this emphasizes the need to evaluate implants and de-
vices in association with MR systems operating above
1.5 Tesla.

Heart Valve Prostheses and Annuloplasty Rings

Many heart valve prostheses and annuloplasty rings
have been evaluated as MR safe. Of these, the majority

Table 1
Guidelines Recommended for Consideration Prior to Exposing Patients and Individuals With Aneurysm Clips to the MR Environment

1. Specific information (i.e., manufacturer, type or model, material, lot and serial numbers) about the aneurysm clip must be known,
especially with respect to the material used to make the aneurysm clip, so that only patients or individuals with nonferromagnetic or
weakly ferromagnetic clips are allowed into the MR environment. This information is provided by the manufacturer in the product label
for the clip. The implanting surgeon is responsible for properly communicating this information in the patient’s or individual’s records.

2. An aneurysm clip that is in its original package and made from Phynox, Elgiloy, MP35N, titanium alloy, commercially pure titanium or
other material known to be nonferromagnetic or weakly ferromagnetic at 1.5 Tesla or less does not need to be evaluated for
ferromagnetism. Aneurysm clips made from nonferrromagnetic or weakly ferromagnetic materials in original packages do not require
testing of ferromagnetism because the manufacturers ensure the pertinent MR safety aspects of these clips and, therefore, are held
responsible for the accuracy of the labeling.

3. If the aneurysm clip is not in its original package and properly labeled, it should undergo testing for magnetic field interactions.
4. The radiologist and implanting surgeon should be responsible for evaluating the available information pertaining to the aneurysm clip,

verifying its accuracy, obtaining written documentation and deciding to perform the MR procedure after considering the risk vs. benefit
aspects for a given patient.
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of the implants displayed measurable yet relatively mi-
nor translational attraction and/or torque in associa-
tion with exposure to the MR systems used for testing
(1,2,30–35). Heating and induced currents do not ap-
pear to be problematic for these implants (30–35). Be-
cause the actual attractive forces exerted on heart
valves and annuloplasty rings were minimal compared
to the force exerted by the beating heart (33,34), an MR
procedure is not considered to be hazardous for a pa-
tient that has any of the heart valve prostheses or an-
nuloplasty rings that have undergone testing (1,2,30–
35). This recommendation includes the Starr-Edwards
Model Pre-6000 heart valve prosthesis, which was pre-
viously suggested to be a potential risk for a patient
undergoing an MR procedure. With respect to clinical
MR procedures, there has never been a report of a
patient incident or injury related to the presence of a
heart valve prosthesis.

Recently, Condon and Hadley (80) reported the theo-
retical possibility of a previously unconsidered electro-
magnetic interaction with heart valves that contain
metal in the disk or leaflet component. Basically, any
metal (not just ferromagnetic metals) moving through a
magnetic field will develop a magnetic field that opposes
the original magnetic field. This phenomenon is re-
ferred to as the Lenz effect. In essence, a resistive pres-
sure may develop with the potential to inhibit both the
opening and closing of the mechanical heart valve pros-
thesis (80). The Lenz effect is proportional to the
strength of the static magnetic field (80). Accordingly,
there may be problems for patients with heart valves
that have metal leaflets undergoing MR procedures on
MR systems greater than 1.5 Tesla, although this has
never been demonstrated or reported.

Coils, Stents, and Filters

A wide variety of stents, filters, and coils have been
evaluated for MR safety (25,27,38–43). Notably, heat-
ing and induced currents have been evaluated for a
wide variety of shapes and sizes of these implants and
there do not appear to be any safety issues for these
devices (25,27,38–43). Coils, stents, and filters that are
made from nonferromagnetic materials (e.g., titanium,
titanium alloy, Phynox, Elgiloy, MP35N, 316L stainless
steel, or Nitinol) are considered safe for patients under-
going MR procedures using MR systems operating at
1.5 Tesla or less immediately after implantation. If the
coil, stent, or filter is made from weakly ferromagnetic
material (e.g., certain types of stainless steel), a waiting
period of 6–8 weeks is recommended for tissue in-
growth or other mechanisms to help retain it in position
during the MR procedure (39).

Unfortunately, some implant manufacturers, in their
product documentation, may not differentiate between
their nonferromagnetic devices and those that are
weakly ferromagnetic (i.e., indicating a waiting period of
6–8 weeks for all implants regardless of the material
used to make the device), which results in confusion for
the MR safety aspects of these implants. Under all cir-
cumstances when dealing with coils, stents, and filters,
obtaining documentation that clearly identifies the de-
vice and the manufacturer is always recommended. An

MR procedure should never be performed if there is any
possibility that the device is not firmly in place or posi-
tioned properly within the vessel.

Importantly, it must be acknowledged that new types
of coils, stents, and filters continue to be developed that
have not undergone MR safety testing. In addition, one
must consider the presence of implants that were
placed several years ago and/or are no longer on the
market. Notably, at least two prototype stents have
been identified that display excessive magnetic field
interactions at 1.5 Tesla, indicating that not all coils,
stents, and filters are safe for individuals in the MR
environment (Shellock, unpublished observations, Feb-
ruary 2000).

ESSURE Device for Permanent Contraception

The ESSURE device (Conceptus, San Carlos, CA) is a
new metallic implant developed for permanent female
contraception (Fig. 1) (10). This implant is a dynami-
cally expanding microcoil that is placed in the proximal
section of the fallopian tube using a nonincisional tech-
nique. Subsequently, the device elicits an intended be-
nign tissue response, resulting in tissue ingrowth into
the device, anchoring it firmly into the fallopian tube
(10). This benign tissue response is local, fibrotic, and
occlusive in nature. Accordingly, the presence of this
implant is intended to alter the function and architec-
ture of the fallopian tube, resulting in permanent con-
traception.

The ESSURE device is composed of the following ma-
terials: 316L stainless steel, platinum, iridium, nickle-
titanium alloy, silver solder, and polyethylene tereph-
thalate fibers. It has the following dimensions: inner
coil length, 2.9–3.1 cm; outer coil diameter after de-
ployment, 1.5–2.0 mm (10). Currently, this device is
undergoing clinical trials as an investigational device in
the United States, but it is used clinically in other coun-
tries.

The MR safety assessment of this ESSURE device
involved testing for magnetic field interactions (1.5
Tesla), heating, induced electrical currents, and arti-
facts using previously described techniques (10). There
were no magnetic field interactions, the highest temper-
ature changes were � �0.6°C, and the induced electri-
cal currents were minimal. Furthermore, artifacts
should not create a substantial problem for diagnostic
MRI unless the area of interest is in the exact same
position as where the implant is located. Thus, the
findings of this investigation indicated that it should be
safe for patients with this metallic implant used for
permanent contraception to undergo MR procedures
using MR systems operating with static magnetic fields
of 1.5 Tesla or less (10).

Implantable Spinal (Bone) Fusion Stimulator

The implantable spinal (bone) fusion stimulator (Elec-
tro-Biology, Inc., Parsippany, NJ) consists of a genera-
tor (which includes a battery and electronics in a tita-
nium shell) and electrodes implanted near the area of
treatment of the spine (63,64). Two wire leads are con-
nected from the generator to the fusion sites, where
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they are embedded in pieces of bone grafts. The device
remains in place for approximately 24–26 weeks. The
implantable spinal fusion stimulator is used to enhance
and facilitate the rate of bone healing. This device re-
ceived approval from the FDA, which designated it as
MR safe based on comprehensive investigations, as
long as specific guidelines are followed, as provided by
the manufacturer in the product insert labeling (63,64).
These guidelines are indicated in Table 2 (64).

MR Safe Fiber-Optic Cardiac Pacing Lead

Cardiac pacemakers present potential problems to pa-
tients undergoing MR procedures from several mecha-
nisms, including: 1) movement of the pacemaker (im-
plantable pulse generator and/or leads) due to the

strong static magnetic field of the MR system; 2) MRI-
related heating of the pacemaker lead by the time-vary-
ing fields; 3) inhibition or modification of the function of
the pacemaker by the electromagnetic fields used for
MRI; and 4) inappropriate or rapid pacing due to pulsed
gradient magnetic fields and/or pulsed radio frequency
(RF) fields (i.e., electromagnetic interference) from the
operating MR system (i.e., with the pacing lead acting as
an antenna) (4,5,8,45–60). These problems may result in
serious injuries or lethal consequences for patients.

With specific regard to the cardiac pacing lead, there
are concerns related to magnetic field-induced movement
and substantial heating that may occur (4,5,8,53). In ad-
dition, the electrically conductive lead may pick up elec-
tromagnetic interference (EMI) from the MR system,

Figure 1. Schematic of metal implant (ESSURE device) used for permanent female contraception. a: Diagram shows device
attached to delivery system in a low-profile wound-down configuration. b: Diagram shows expanded configuration with the
expanded outer coils. (Reproduced with permission from Shellock FG, AJR Am J Roentgenol 2002;178:1513–1615.)

Table 2
Guidelines Recommended for Conducting an MR Procedure in a Patient With the Implantable Spinal (Bone) Fusion Stimulator*

1. During implantation, the implantable spinal fusion stimulator should be placed as far as possible from the spinal canal and bone graft
since this will decrease the likelihood that artifacts will affect the area of interest on MR images.

2. The cathodes of the implantable spinal (bone) fusion stimulator should be positioned a minimum of 1 cm from nerve roots to reduce
the possibility of nerve excitation.

3. Plain film radiographs should be obtained prior to the MR procedure to verify that there are no broken leads present for the
implantable spinal fusion stimulator. If this cannot be reliably determined, then the potential risks and benefits to the patient requiring
the MR procedure must be carefully assessed in consideration of the possibility for excessive heating to develop in the leads.

4. MR examinations must only be performed using MR systems operation at 1.5 Tesla or less, and only with conventional imaging
techniques such as spin echo, turbo or fast spin echo, or gradient echo pulse sequences. Pulse sequences or conditions that produce
exposures to high levels of RF energy (i.e., exceeding a whole body averaged specific absorption rate of 1.0 W/kg) or exposure to
gradient fields that exceed 20 Tesla per second (e.g., echo planar imaging) or any other unconventional MR technique should be
avoided.

5. The patient should be continuously observed during the MR procedure and instructed to report any unusual sensations including any
feelings of warming, burning, or neuromuscular excitation or stimulation.

*Electro-Biology, Inc., Parsippany, NJ. Reference 64.
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which can impair the pacemaker’s performance or pro-
duce a life-threatening situation for the patient (4,5,8,47–
52,57). In consideration of the above, it is obviously de-
sirable to have a cardiac pacing lead that could function
safely in the MR environment.

Recently, new technology has been developed that
involves the stimulation of the heart by means of a
fiber-optic lead that replaces the standard metallic lead
of a cardiac pacemaker (60). The fiber-optic cardiac
pacing lead incorporates specially designed compo-
nents that include a low-power semiconductor laser to
regulate the patient’s heartbeat (60). This innovation
essentially eliminates possible dangers associated with
having a conductive pacing wire in a patient undergoing
an MR procedure.

The fiber-optic cardiac pacing lead (Biophan Technol-
ogies, Inc., Rochester, NY) is intended for use via con-
nection to the Temporary Photonic Pulse Generator
(Model X-801, Biophan Technologies, Inc., Rochester,
NY) (60). This cardiac pacing lead is made from a
200-�m fiber-optic cable. The distal end of the lead has
two electrodes (silver-plated, thin-wall copper; tip elec-
trode and ring electrode) designed to stimulate the
heart (Fig. 2). Within the ring and tip portions of the
lead are a power converter, resistor, and capacitor. In-
side the ring electrode is a power converter that
changes light energy into electrical energy for heart
stimulation. The pulse generator (Temporary Photonic
Pulse Generator, Model X-801) produces a 1-msec
pulse (variable from 0.1–30 msec), which drives a
150-mW gallium-arsenide laser. The light pulse is con-
nected to the distal end of the fiber-optic lead, where it
illuminates a band of six gallium-arsenide photo di-
odes. The diodes are electrically connected in series to
produce a voltage pulse of 4 V, which drive the tip and
ring electrodes to stimulate the heart. Accordingly, this
device is capable of generating sufficient current to
pace the heart (60).

RF and pulsed gradient magnetic fields used for MRI
induce currents in the body (4,5,8,53,61–63,68,69). It is
well known that implants that have electronically acti-
vated or electrically conductive components can locally
increase these currents, and under certain operational
conditions, excessive heating of biomedical devices may
occur in association with MR procedures (4,5,8,53,61–
63,68,69). For example, exorbitant temperature eleva-
tions from MRI-related heating have been reported for
cardiac pacemakers, neurostimulation systems indwell-
ing catheters with metallic components (e.g., thermodilu-
tion catheters), guide wires, disconnected or broken-sur-
face RF coils, and improperly used physiologic monitors
resulting in first-, second-, or third-degree burns
(3–5,8,59,68,75). Thus, thermal injury must be consid-
ered as a possible adverse outcome if RF power is trans-
mitted in the direct vicinity of the implanted device or its
attached components. Of note, there is a tendency for
excessive heating to occur in looped or coiled devices be-
cause electrical currents are easily induced in these
shapes during MRI (4,5,8,52,53,59,61–63,68,69).

Therefore, in consideration of the above, MRI-related
heating was assessed for the fiber-optic cardiac pacing
lead positioned in a saline-filled phantom. According to
the findings, the highest temperature change measured

for the fiber-optic cardiac pacing wire was �0.8°C in
association with MRI at 1.5 Tesla/64 MHz using a
whole-body-averaged RF specific absorption rate of 1.5
W/kg. The highest temperature change recorded for the
reference probe used to monitor the results of the RF
power absorption for the saline-filled phantom was also
�0.8°C. Thus, the only MRI-related temperature in-
crease for the fiber-optic cardiac pacing lead was due to
the heating of the saline bath of the phantom.

By comparison, in an in vitro evaluation of 44 com-
mercially available pacemaker leads, Sommer et al (52)
reported that the maximum temperature change mea-
sured at the lead tip was 23.5°C in association with MRI
performed at 0.5 Tesla and a whole-body-averaged spe-
cific absorption rate (SAR) of 1.3 W/kg for 10 minutes.
Additionally, Achenbach et al (53) reported a peak tem-
perature change of 63.1°C measured for a temporary
pacing electrode that occurred within 90 seconds of
MRI (the SAR was not reported). Furthermore, MRI at
1.5 T and a SAR of 3.0 W/kg have been shown to cause
severe necrosis in the mucous membranes of dogs with
transesophageal cardiac pacing leads in situ (59).

Tests for magnetic field interactions were conducted
on the fiber-optic cardiac pacing lead to assess 1) the
entire lead, 2) the tip of the lead, and 3) the connector.
Based on the findings for magnetic field interactions
and in consideration of the intended use of the pacing
lead, there should be no additional risk to a patient with
this device undergoing an MR procedure using an MR
system operating at 1.5 Tesla or less. Obviously, the
findings of this study have important implications for
patients that require cardiac pacing during MRI. Fur-
thermore, this unique technology may be applied to
other devices that require leads but are known to
present potential hazards to patients undergoing MRI
procedures (e.g., neurostimulation systems) (68, 69).

Reveal Insertable Loop Recorder System

The Reveal� Insertable Loop Recorder (ILR) System
(Medtronic, Minneapolis, MN) is a new, state-of-the-art
technology that represents a breakthrough in the diag-
nosis of fainting (81). The Reveal ILR can determine if
fainting is related to a heart rhythm problem in up to
88% of cases. The Reveal ILR is inserted subcutane-
ously in the upper chest area and continuously moni-
tors the rate and rhythm of the heart for up to 14
months.

According to the product insert information for the
Reveal ILR, magnetic and RF fields produced by MRI
may adversely affect the data being stored by this device
(81). Also, since the Reveal ILR contains ferromagnetic
components, the strong magnetic field of the MR sys-
tem may apply a mechanical force on the device that
may be felt by the patient. While this is not believed to
pose a serious safety hazard, a patient or individual with
this device must be made aware of this possibility to avoid
undue concern if exposed to the MR environment (81).

Neurostimulation System for Deep Brain
Stimulation

Currently, there is heightened interest in the use of
chronic deep brain stimulation (DBS) of the thalamus,
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globus pallidus, and the subthalamic nucleus for the
treatment of medically refractory movement disorders
and other types of neurological conditions (67–70).
Thus, the number of patients receiving implantable
pulse generators (IPGs) and DBS electrodes is rapidly

growing. Obviously, it is desirable to be able to use MRI
in patients with neurostimulators as well as to use MR
guidance techniques to optimally place DBS electrodes
(67–70). Additionally, the nature of these neurological
conditions often necessitates further examinations us-

Figure 2. a: The fiber-optic cardiac pacing lead. b: Close-up showing the tip and ring electrodes for the fiber-optic cardiac pacing
lead (Reproduced with permission from Greatbatch et al., JMRI 2002;16:97-103).
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ing MR procedures after the electrodes are implanted.
However, only a limited number of studies have ad-
dressed MR safety issues for implantable IPGs and DBS
electrodes (67–70). The possible 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 (67–70).

Therefore, a recent study was conducted to evaluate
MRI-related heating for a neurostimulation system (Ac-
tiva� Tremor Control System, Medtronic, Minneapolis,
MN) used for chronic DBS (Fig. 3) (68). This neuro-
stimulation system is a fully implantable, multipro-
grammable device designed to deliver electrical stimu-
lation to the thalamus or other brain structures. The
basic implantable system is comprised of the neuro-
stimulator (or IPG), DBS lead, and an extension that
connects the lead to the IPG (Fig. 3). This neurostimu-
lation system delivers high-frequency electrical stimu-
lation to a multiple contact electrode placed in the ven-
tral intermediate nucleus of the thalamus for control of
the essential or Parkinsonian tremor. The particular
neurostimulation system evaluated in the study by
Rezai et al (68) was selected because it is one of the most
widely used devices for DBS.

Notably, in order to simulate a worst-case clinical
application of DBS, two neurostimulators, extensions,
and leads were assessed in this investigation (Fig. 4).
Thus, two Soletra� Model 7426 quadripolar neuro-
stimulators (Medtronic, Minneapolis, MN) designed for
DBS were used in the investigation. The Soletra� has
programmable electronics that allow the physician to
select various configurations of active electrode con-
tacts and to adjust the amplitude, pulse width, and
frequency. During this investigation, the neurostimula-
tors were programmed to the off mode (i.e., no stimula-
tion was delivered) and set to 0 voltage, as is the com-
mon clinical practice during MRI (68). Two Model 7495
quadripolar extensions (Medtronic, Minneapolis, MN)

were connected between the two Soletra� neurostimu-
lators and the DBS leads. These extensions were con-
nected to Models 3387 and 3389 DBS™ quadripolar
leads (Medtronic, Minneapolis, MN) (68).

Figure 3. The Activa� Tremor Control
System showing the Soletra� Model 7426
neurostimulator, Model 7495 quadripolar
extension, and Model 3389 DBS™ lead. The
quadripolar lead is positioned in the thala-
mus. (Reproduced with permission from
Rezai et al., JMRI 2002;15:241-250).

Figure 4. 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 (Reproduced
with permission from Rezai et al., JMRI 2002;15:241-250).
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Importantly, different configurations were evalu-
ated for bilateral neurostimulators (Soletra� Model
7426, Medtronic, Minneapolis, MN), extensions, and
leads to assess worst-case and clinically relevant po-
sitioning scenarios (68). In vitro testing was per-
formed using a 1.5 Tesla/64 MHz MR system and a
gel-filled phantom designed to approximate the head
and upper torso of a human subject. MRI was con-
ducted using the transmit/receive body and trans-
mit/receive head RF coils. Various levels of RF energy
were applied with the transmit/receive body (whole-
body-averaged 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 thermom-
etry system was used to record temperatures at mul-
tiple locations before (1 minute) and during (15 min-
utes) MRI (68).

During the use of the body RF coil, the highest tem-
perature changes ranged from 2.5–25.3°C. By compar-
ison, during the use of the head RF coil, the highest
temperature changes ranged from 2.3–7.1°C. Thus,
these findings indicated that substantial heating oc-
curs under certain conditions, while others produce
relatively minor, physiologically inconsequential tem-
perature increases. The temperature increases were
highly dependent on the type of RF coil, level of SAR
used, and how the lead wires were positioned. Notably,
the use of clinically relevant positioning techniques for
the neurostimulation system and low SARs commonly
used for imaging the brain generated little heating
(68,69).

Based on the findings of the study by Rezai et al (68),
MRI-related heating does not appear to present a major
safety concern for patients with the bilateral neuro-
stimulation systems that underwent testing, as long as
highly specific guidelines pertaining to the positioning
of these neurostimulation devices and parameters used
for MRI are carefully adhered to. These guidelines are
indicated in Table 3.

FREEHAND System Implantable Functional
Neurostimulator

The FREEHAND System Implantable Functional
Neurostimulator (FNS) (NeuroControl, Cleveland, OH)
is an RF-powered motor control neuroprosthesis that
consists of both implanted and external components
(82). This highly specialized neurostimulation system
utilizes low levels of electrical current to stimulate the
peripheral nerves that innervate muscles in the forearm
and hand providing functional hand grasp patterns.
The FREEHAND System is intended to improve a pa-
tient’s ability to grasp, hold, and release objects. This
device is indicated for use in patients who are tetraple-
gic due to C5- or C6-level spinal cord injury, have ade-
quate functional range of motion of the upper extrem-
ity, have intact lower motor neuron innervation of the
forearm and hand musculature, and are skeletally ma-
ture (82).

During testing of the FREEHAND System in a 1.5-
Tesla MR system with a maximum spatial gradient of
450 gauss/cm, the device exhibited a translational
force less than that of a 3-g mass and a torque of 0.063
N-cm (i.e., significantly less than that produced by the
weight of the device) (82). Furthermore, findings from of
an MRI-induced heating experiment during which the
FREEHAND System was exposed to a whole-body-aver-
aged SAR of 1.1 W/kg for 30 minutes showed that
localized temperature increases were no greater than
2.7°C with the device in a gel-filled phantom (i.e., with-
out blood flow) (82).

Based on this information, a patient with a FREEHAND
System may undergo an MR procedure using a shielded
or unshielded MR system with a static magnetic field of
1.5 Tesla only (since RF fields associated with other MR
systems operating at other field strengths may adversely
affect the operation of this device) and a maximum spatial
gradient of 450 gauss/cm or less (82). The external com-
ponents of the FREEHAND System must be removed
prior to the MR procedure (82). Also, the use of transmit
RF coils other than the MR system’s body or head coil is

Table 3
Guidelines Recommended for Conducting an MR Procedure in a Patient With Bilateral Neurostimulation Systems Used for DBS*

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 interrogated prior to MR imaging to ensure proper operation of all components and that
there are no broken electrodes, leads, and extensions.

3. The amplitude for each neurostimulation system should be set to 0 volts and the neurostimulation system’s output should be turned
to “off”.

4. MR imaging should only be performed using an MR system with a static magnetic field of 1.5 Tesla. 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 MR imaging, the whole body averaged SAR should not exceed 0.9 W/kg.
6. If the transmit/receive head RF coil is used for MR imaging, the whole body averaged SAR should not exceed 0.1 W/kg.
7. MR imaging should be performed using standard techniques that utilize the lowest possible SAR levels, as indicated above.
8. Patients should be instructed prior to MR imaging to report any unusual sensations that may occur during the examinations.
9. Patients should be continuously monitored throughout MR imaging using visual and/or verbal means.

10. After MR imaging, the neurostimulation systems should be evaluated to verify that they are functional.
11. The neurostimulation systems should be reprogrammed to stimulation parameters used prior to MR imaging.

*Activa� Tremor Control System; Soletra� Model 7426, quadripolar neurostimulators; Model 7495, quadripolar extensions; and Models 3387
and 3389 DBS™ quadripolar leads; Medtronic, Minneapolis, MN. Reference 68.
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prohibited. Testing of the function of each electrode for
the FREEHAND System should be conducted prior to MRI
to ensure that there are no broken leads (82). Patients
must be continuously observed during the MR procedure
and instructed to report any unusual sensations (e.g.,
warming, burning, or neuromuscular stimulation). Scan-
ning must be discontinued immediately if any unusual
sensation occurs (82).

VOCARE Bladder System Implantable Functional
Neuromuscular Stimulator

The VOCARE Bladder System Implantable Functional
Neuromuscular Stimulator (FNS) (NeuroControl, Cleve-
land, OH) is an RF-powered motor control neuroprosthe-
sis that consists of both implanted and external compo-
nents (83). The VOCARE Bladder System delivers low
levels of electrical stimulation to a spinal cord-injured
patient’s intact sacral spinal nerve roots to elicit func-
tional contraction of the muscles innervated by them (83).

The VOCARE Bladder System is indicated for the
treatment of patients who have clinically complete spi-
nal cord lesions with intact parasympathetic innerva-
tion of the bladder and are skeletally mature and neu-
rologically stable, to provide urination on demand and
to reduce postvoid residual volumes of urine (83). A
secondary intended use is to aid in bowel evacuation.

During testing of the VOCARE Bladder System in a
1.5-Tesla MR system with a maximum spatial gradient
of 450 gauss/cm, the device exhibited a translational
force less than that of a 12-g mass and a torque of 0.47
N-cm (i.e., significantly less than that produced by the
weight of the device) (83). Furthermore, findings from
an MRI-induced heating experiment during which the
VOCARE System was exposed to a whole-body-aver-
aged SAR of 1.1 W/kg for 30 minutes showed that
localized temperature increases were no greater than
5.5°C with the device in a gel-filled phantom (i.e., with-
out blood flow) (83).

Based on this information, a patient with a VOCARE
Bladder System may undergo an MR procedure using a
shielded or unshielded MR system with a static mag-
netic field of 1.5 Tesla only (since RF fields associated
with other MR systems operating at other field
strengths may adversely affect the operation of this
device) and a maximum spatial gradient of 450
gauss/cm or less (83). The external components of the
VOCARE Bladder System must be removed prior to the
MR procedure. Patients should be advised to empty
their bladder or bowel prior to the MR examination as a
precaution (83). Also, the use of transmit RF coils other
than the MR system’s body or head coil is prohibited
(83). Testing of the function of each electrode for the
VOCARE Bladder System should be conducted prior to
MRI to ensure that there are no broken leads (83).
Patients must be continuously observed during the MR
procedure and instructed to report any unusual sensa-
tions (e.g., warming, burning, or neuromuscular stim-
ulation). Scanning must be discontinued immediately if
any unusual sensation occurs (83).

CONCLUSIONS

With the continued evolution of MR technology, the
clinical and investigative uses of MR systems that use
higher static magnetic fields, higher and faster gradient
fields, and stronger RF fields are becoming increasingly
common. Concomitant with the rapid advances in MR
technology is the increased potential for hazardous sit-
uations related to performing MR procedures in pa-
tients with implants and devices. This requires height-
ened awareness by the MR community to continually
review and update their policies and procedures per-
taining to MR safety based on the information in the
relevant medical literature (9).
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