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ow to perform magnetic resonance imaging on patients with
mplantable cardiac arrhythmia devices
aman Nazarian, MD, Henry R. Halperin, MD, MA, FHRS
rom the Division of Cardiology/Cardiac Arrhythmia, Johns Hopkins University, Baltimore, Maryland.
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ntroduction
agnetic resonance imaging (MRI) offers unrivaled soft

issue resolution and multiplanar imaging capabilities. Car-
iac MRI is capable of accurate characterization of cardiac
unction and is uniquely capable of identifying scar fibrosis
nd fat deposition, thus making it an ideal imaging modality
or the evaluation of patients presenting with arrhythmia. In
ddition, the absence of x-ray radiation makes MRI suitable
or follow-up of chronic disease and for imaging in young
atients and women of childbearing age. Due to the ever
xpanding indications for implantation of permanent pace-
akers and implantable cardioverter-defibrillators (ICDs),

dvancing severity of disease and age of the population, and
dvances in device technology, the number of patients with
mplantable cardiac devices will continue to increase. It has
een estimated that each patient with a pacemaker or ICD
as a 50% to 75% likelihood of having a clinical indication
or MRI over the lifetime of their device. When performed
ith appropriate supervision and following a protocol for

afety, many studies over the past 10 years have reported the
afety of MRI with selected devices. However, catastrophic
omplications with older devices have been reported. Fa-
iliarity with each device class and its potential for elec-

romagnetic interaction is essential for electrophysiologists
hose patients may require MRI.

otential for interaction with implanted devices
he static and gradient magnetic fields and radiofrequency
nergy of MRI are associated with several potential risks
nvolving implanted devices.

orce and torque. Ferromagnetic devices in a magnetic field
re subject to static and gradient magnetic field–induced force
nd torque. The potential for movement of an implanted device
n the MRI environment depends on the magnetic field

EYWORDS Magnetic resonance imaging; Permanent pacemaker; Implant-
ble cardioverter-defibrillator; Safety (Heart Rhythm 2009;6:138–143)
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trength, the ferromagnetic properties of the device, the im-
lant distance from the magnet bore, and the stability of the
mplant. In our in vitro analysis of modern permanent pace-
akers (manufactured after 1996) and ICDs (manufactured

fter 2000), we found that the maximal force acting upon
evices was less than 100 g in a 1.5-T MRI scanner.1 This
mount of force is unlikely to dislodge a chronic device that
s anchored to the surrounding tissue. However, this obser-
ation led to our adaptation of a 6-week waiting period prior
o MRI after device implantation.

urrent induction. The radiofrequency and pulsed gradient
agnetic fields in the MRI environment may induce elec-

rical currents in leads within the field. Lead length (vs
adiofrequency wavelength) and conformations such as
oops favor improved transition of energy to the implanted
evice. A study from our laboratory assessed the magnitude
f MRI-induced current using a current recorder connected
n series to single-chamber permanent pacemakers pro-
rammed to subthreshold asynchronous output during
nipolar and bipolar pacing. Under conventional implant
onditions (without additional lead loops), the magnitude of
nduced current was less than 0.5 mA. With the addition of
ve lead loops, current induction at greater than 30 mA was
ossible and resulted in myocardial capture. Additionally,
reaking the return pathway by electrically isolating the pulse
enerator case from the circuit abolished low-frequency–
nduced current.2

eating. The extent of radiofrequency energy deposition in
issues is described by the specific absorption rate (SAR).

etallic devices and leads can act as an antenna, thus
mplifying local radiofrequency energy deposition, which
ay lead to heating and tissue damage at the device–tissue

nterface. Fractured leads or lead loop configurations may
ncrease the potential for heating. Epicardial leads that are
ot cooled by blood flow may also be prone to increased
eating. In our in vivo analysis of modern permanent pace-
akers and ICDs, when performing clinical MRI protocols

SAR �2.0 W/kg), temperature changes were limited to
.5°C.1 However, it is important to note that due to poor
orrelation of heating at different SAR of sequences across

ifferent scanners, even within the same manufacturer, the

. doi:10.1016/j.hrthm.2008.10.021
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139Nazarian and Halperin MRI and Implanted Cardiac Devices
AR limits from each study should not be directly applied
o other MRI systems.

nappropriate pacing and shocks or inhibition of thera-
ies. Pacemakers and ICDs have the potential for receiving
lectromagnetic interference in the MRI environment, re-
ulting in radiofrequency noise tracking, asynchronous pac-
ng, inhibition of demand pacing, delivery of ICD therapies,
rogramming changes, or loss of function. The static mag-
etic field of the MRI scanner can alter device function by
nducing unexpected reed switch opening or closure.

Such potential risks have led to concerns from device
anufacturers and MRI authorities regarding the perfor-
ance of MRI procedures in cardiac implantable device

ecipients. However, several studies have assessed tech-
iques to safely perform MRI in recipients of implanted
ardiac devices.

mplantable monitors
atients with an implantable loop recorder (Reveal,
edtronic, Inc., Minneapolis, MN, USA) can be safely

canned.3 However, the device may record MRI electro-
agnetic interference artifacts as arrhythmia. Care should

e taken to clear episodes recorded during MRI to prevent
uture misinterpretation of artifact as clinically significant
rrhythmia.

emporary pacemakers
he majority of temporary pacemakers (implanted outside
f the electrophysiology laboratory) have no-fixation leads
hat are prone to movement. Furthermore, the leads are
onger and potentially more susceptible to induction of lead
urrents and heating. An in vitro study of temporary trans-
enous pacing leads showed that lead heating exceeding
5°C is common, and temperature rises up to 63.1 °C are
ossible.4 Additionally, the electronic platform of external
emporary pacemakers is less sophisticated and has less
ltering compared with modern permanent pacemakers.
herefore, such devices likely are more susceptible to elec-

romagnetic interference in the MRI environment, and im-
ging of patients with temporary pacemakers cannot be
ecommended.

ermanent pacemakers
revious studies of clinical MRI in the setting of implanted
evices are reviewed in Table 1. At our institution, we
egan the process of imaging patients with permanent pace-
akers by extensive in vitro testing. Roguin et al1 tested in

itro and in vivo lead heating, device function, torque, and
mage distortion at 1.5 T. Based on our in vitro and in vivo
nalyses, we then developed a protocol that included (1)
evice selection based on previous testing, (2) device pro-
ramming to minimize inappropriate activation or inhibition
f brady/tachyarrhythmia therapies, and (3) limitation of the
pecific absorption rate of MRI sequences (�2.0 W/kg).5

he protocol is discussed in detail below. Using this proto-

ol, we now have safely performed MRI on more than 200 r
atients with implantable devices. Our initial report of
afety included 31 patients with permanent pacemakers,
2% of whom were pacemaker dependent. Pacing mode
as changed to an asynchronous mode for pacemaker-
ependent patients and to demand mode for other patients.
lood pressure, ECG, oximetry, and symptoms were mon-

tored. In this initial study, we successfully limited the
ystem-estimated whole-body average SAR to 2.0 W/kg in
ore than 99% of sequences while maintaining the diag-

ostic capability of MRI. No episodes of inappropriate
nhibition or activation of pacing were observed, and there
ere no significant differences between baseline and imme-
iate or long-term (median 99 days after MRI) sensing
mplitudes, lead impedances, or pacing thresholds.5

mplantable cardioverter-defibrillators
uring our in vitro testing of ICDs, several generators

manufactured before 2000) were damaged by MRI. There-
ore, we focused our in vivo testing on ICDs manufactured
fter 2000. Such systems from the three major manufactur-
rs were implanted in 18 dogs. After 4 weeks, 3- to 4-hour
RI scans were performed under worst-case scenario con-

itions (imaging over the region containing the generator
nd SAR up to 3.5 W/kg). No device dysfunction occurred.
fter 8 weeks of follow-up, pacing threshold and intracar-
iac electrogram amplitude were unchanged, except for one
nimal with transient (�12 hours) capture failure. Due to
his observation, we currently do not perform MRI on pace-
aker-dependent ICD patients. ICD leads are generally

onger than pacemaker leads and therefore may be at higher
isk for heating at the lead tip. Pathologic data of the
canned animals revealed very limited necrosis or fibrosis at
he tip of the lead area, which was not different from
ontrols not subjected to MRI.1

Based on our prior in vitro and in vivo testing, the safety
rotocol now has been used to safely scan more than 75
atients with ICDs. Our initial report of safety included 24
atients with ICDs. No episodes of inappropriate inhibition
r activation of pacing were observed, and there were no
ignificant differences between baseline and immediate or
ong-term sensing amplitudes, lead impedances, or pacing
hresholds.5

etained leads
o systematic studies assessing the potential risks asso-

iated with retained permanent pacemaker and ICD leads
ave been performed. Retained leads are prone to previ-
usly described risks of movement, heating, and current
nduction. Depending on their length and configuration,
etained segments may be prone to significant tempera-
ure rises than leads that are attached to pulse generators.
t has been our practice to exclude patients with retained
ead fragments and unused capped leads from MRI. More
tudies to delineate risks in this patient group are war-

anted.
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140 Heart Rhythm, Vol 6, No 1, January 2009
afety protocol for MRI of patients with
mplanted devices
he safety protocol followed at our institution (Figure 1) is
ased on selection of device generators previously tested
nder worst-case scenario (prolonged imaging over the re-
ion containing the generator and SAR up to 3.5 W/kg)
RI conditions.1 To perform MRI on patients with im-

able 1 Previous studies of clinical MRI in the setting of perm

ource No. of patients Device type

imbel et al7 5 (1 pacemaker dependent) Permanent p

ommer et al8 44 Permanent p

ahlhaus et al9 32 Permanent p

artin et al10 54 Permanent p

el Ojo et al11 13 Permanent p

imbel et al12 7 ICD

ommer et al13 82 Permanent p

azarian et al5 55 31 Permanen

ICD � implantable cardioverter-defibrillator; MRI � magnetic resonan
lanted devices, we recommend that device generators n
rone to electromagnetic interference (generally older de-
ices not on the tested devices list in the protocol, Figure 1)
e excluded. Despite the low risk for lead and generator
ovement, we recommend conservative measures to ex-

lude patients with leads that are more prone to movement.
herefore, we recommend avoiding MRI in patients with

ess than 6 weeks’ time since device implant or patients with

pacemakers and ICDs

Findings

ker No device abnormalities were noted after MRI
(0.5 T). A 2-second pause was noted on pulse
oximetry in the pacemaker-dependent patient
whose device (with unipolar leads) was
programmed to dual-chamber asynchronous
pacing. Patients were otherwise
asymptomatic and did not report any feeling
of torque or heat.

ker MRI at 0.5 T did not inhibit pacing output or
cause pacemaker malfunction.

ker Lead impedance, sensing and stimulation
thresholds did not change immediately or 3
months after MRI at 0.5 T. However,
diminished battery voltage was noted
immediately after MRI with recovery 3
months later. Reed switch temporary
deactivation was seen in 12 of 32 patients
when positioned in the center of the
magnetic field.

ker Cardiac, vascular, and general 1.5-T MRI
studies were performed. Significant changes
were reported in 9.4% of leads; however,
only 1.9% required a change in programmed
output.

ker MRI at 2.0 T was unassociated with
pacemaker inhibition, inappropriate rapid
pacing, or significant changes in device
parameters.
No changes in pacing, sensing, impedance,
charge time, or battery status were observed
with MRI at 1.5 T. However, one ICD
(Medtronic 7227Cx, lumbar spine MRI)
experienced a “power on reset.”

ker MRI at 1.5 T was unassociated with
inhibition of pacemaker output or induction
of arrhythmias. However, increased capture
threshold was noted post MRI. In 4 of 114
examinations, troponin increased from a
normal baseline value to above normal after
MRI (one associated with a significant
increase in capture threshold).

maker/24 ICD MRI at 1.5 T was not associated with
inappropriate inhibition or activation of
pacing. There were no significant differences
between baseline and immediate or long-term
(median 99 days after MRI) sensing
amplitudes, lead impedances, or pacing
thresholds.

ing.
anent

acema

acema

acema

acema

acema

acema

t pace
o fixation (superior vena cava coil) leads. However, in our
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igure 1 Safety protocol for imaging of patients with permanent pacemaker and implantable cardioverter-defibrillator (ICD) systems. Devices listed have
reviously undergone satisfactory in vitro phantom and in vivo animal testing. ECG � electrocardiography; MRI � magnetic resonance imaging; PVC �

remature ventricular complex; SAR � specific absorption rate. (From Nazarian et al.5)
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xperience, patients with mature active and passive fixation
ndocardial (and coronary sinus) leads of any diameter can
afely undergo MRI. We do recommend avoiding MRI
hen device leads that are prone to heating, such as non-

ransvenous epicardial and abandoned (capped) leads, are
resent. To reduce the risk of inappropriate inhibition of
acing due to detection of radiofrequency pulses, we prefer
evice programming to an asynchronous, dedicated pacing
ode in pacemaker-dependent patients. Also, given the lack

f asynchronous pacing programming capability and tran-
ient loss of pacing capture after worst-case scenario (SAR
.5 W/kg for 3 hours) in vivo testing of 1 of 15 animals
mplanted with an ICD,1 we recommend excluding pace-
aker-dependent patients with ICDs. To avoid inappropri-

te activation of pacing due to tracking of radiofrequency
ulses, we suggest device programming in patients without
acemaker dependence to a nontracking ventricular or dual-
hamber inhibited pacing mode. We also recommend deac-
ivation of rate response, premature ventricular contraction
esponse, ventricular sense response, and conducted atrial
brillation response to ensure that sensing of vibrations or
adiofrequency pulses does not lead to unwarranted pacing.
lthough asynchronous pacing for short time periods typi-

ally is well tolerated, we prefer to reduce the already
inimal chance of inducing arrhythmia or causing AV

yssynchrony by minimizing asynchronous pacing in pa-
ients without pacemaker dependence through deactivation
f the magnet mode when possible. We typically deactivate
achyarrhythmia monitoring to avoid battery drainage that
esults from recording of multiple radiofrequency pulse

igure 2 Extensive susceptibility artifact on a horizontal long-axis
teady-state free precession image in a patient with an implantable cardio-
erter-defibrillator.
equences as arrhythmic episodes. Reed switch activation in v
CD systems disables tachyarrhythmia therapies. However,
eed switch function in the periphery versus the bore of the
agnet is unpredictable; therefore, therapies should be dis-

bled to avoid unwarranted antitachycardia pacing or
hocks. Finally, to reduce the risk of thermal injury and
hanges in lead threshold and impedance, we recommend
imiting the estimated whole-body averaged SAR of MRI
equences (�2.0 W/kg when possible). Blood pressure,
CG, pulse oximetry, and symptoms should be monitored

or the duration of the examination. We also favor the
resence during all scans of a radiologist and cardiac elec-
rophysiologist, or an individual trained in advanced cardiac
ife support familiar with device programming and trouble-
hooting.5 At the end of the examination, all device param-
ters should be checked, and programming should be re-
tored to pre-MRI settings.

mage artifacts
he presence of ferromagnetic materials can cause varia-

ions in the surrounding magnetic field resulting in image
istortion, signal voids or bright areas, and poor fat sup-
ression. Susceptibility artifacts appear to be most pro-
ounced on inversion recovery and steady-state free preces-
ion sequences (Figure 2). In our experience, artifacts on
nversion recovery prepared delayed cardiac MRI show
igh signal intensity and can mimic areas of delayed en-
ancement, which would otherwise indicate myocardial
car. Correlation of suspect areas on different pulse se-
uences can help avoid misidentification of artifact as scar.
sing imaging planes perpendicular to the plane of the
evice generator, shortening the echo time, and using spin-
cho and fast spin-echo sequences appear to reduce the
ualitative extent of artifact. Video 1 demonstrates an ex-

igure 3 Minimal susceptibility artifact on a short-axis inversion pre-
ared gradient echo image. Areas of late gadolinium enhancement consis-
ent with scar are visible in the midwall region of the left ventricular
eptum. A small susceptibility artifact associated with the distal right

entricular coil is visible in the lower right ventricle.
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143Nazarian and Halperin MRI and Implanted Cardiac Devices
mple of minimal artifact using spoiled gradient recalled
cho cine imaging in a patient with a biventricular pace-
aker and defibrillator system. Figure 3 shows a short-axis

nversion recovery gradient echo image showing midwall
eptal scar in the same patient. Video 1 and Figure 3 dem-
nstrate the feasibility of diagnostic quality cardiac imaging
n device recipients. In our initial report of imaging patients
ith permanent pacemakers and ICDs, diagnostic questions
ere answered in 100% of nonthoracic studies and 93% of

horacic studies. Clinical findings included diagnosis of vascu-
ar abnormalities (9 patients), diagnosis or staging of malig-
ancy (9 patients), and assessment of cardiac viability prior to
urgical ventricular reconstruction (13 patients).5

ummary
ue to its superior spatial resolution, multiplanar capabili-

ies, and lack of ionizing radiation, MRI is the preferred
maging technique in many clinical scenarios. The decision
o perform MRI in patients with potential contraindications
s frequently made by considering the potential benefit of

RI relative to the attendant risks. Given the potential risks,
t is important to conduct a systematic review of the pa-
ient’s condition and implanted device prior to proceeding
ith MRI. In addition to the usual MRI facility protocols

nd questionnaires for patient safety, safety protocols de-
igned for implantable cardiac device recipients (Figure 1)
re likely to reduce complications. The reader is encouraged
o consult other resources, such as the recent American
eart Association Scientific Statement6 and web sites that
rovide more specific information regarding individual de-
ices (e.g., www.mrisafety.com), for specific device testing
etails.

ppendix
upplementary data
upplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.hrthm.2008.10.021.
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