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Abstract

Background—Magnetic resonance imaging (MRI) is avoided in most patients with implanted 

cardiac devices because of safety concerns.
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Objective—To define the safety of a protocol for MRI at the commonly used magnetic strength 

of 1.5 T in patients with implanted cardiac devices.

Design—Prospective nonrandomized trial. (ClinicalTrials.gov registration number: 

NCT01130896)

Setting—One center in the United States (94% of examinations) and one in Israel.

Patients—438 patients with devices (54% with pacemakers and 46% with defibrillators) who 

underwent 555 MRI studies.

Intervention—Pacing mode was changed to asynchronous for pacemaker-dependent patients and 

to demand for others. Tachy-arrhythmia functions were disabled. Blood pressure, 

electrocardiography, oximetry, and symptoms were monitored by a nurse with experience in 

cardiac life support and device programming who had immediate backup from an 

electrophysiologist.

Measurements—Activation or inhibition of pacing, symptoms, and device variables.

Results—In 3 patients (0.7% [95% CI, 0% to 1.5%]), the device reverted to a transient back-up 

programming mode without long-term effects. Right ventricular (RV) sensing (median change, 0 

mV [interquartile range {IQR}, −0.7 to 0 V]) and atrial and right and left ventricular lead 

impedances (median change, −2 Ω[IQR, −13 to 0 Ω], −4 Ω [IQR, −16 to 0 Ω], and −11 Ω [IQR, 

−40 to 0 Ω], respectively) were reduced immediately after MRI. At long-term follow-up (61% of 

patients), decreased RV sensing (median, 0 mV, [IQR, −1.1 to 0.3 mV]), decreased RV lead 

impedance (median, −3 Ω, [IQR, −29 to 15 Ω]), increased RV capture threshold (median, 0 V, 

IQR, [0 to 0.2 Ω]), and decreased battery voltage (median, −0.01 V, IQR, −0.04 to 0 V) were 

noted. The observed changes did not require device revision or reprogramming.

Limitations—Not all available cardiac devices have been tested. Long-term in-person or 

telephone follow-up was unavailable in 43 patients (10%), and some data were missing. Those 

with missing long-term capture threshold data had higher baseline right atrial and right ventricular 

capture thresholds and were more likely to have undergone thoracic imaging. Defibrillation 

threshold testing and random assignment to a control group were not performed.

Conclusion—With appropriate precautions, MRI can be done safely in patients with selected 

cardiac devices. Because changes in device variables and programming may occur, 

electrophysiologic monitoring during MRI is essential.

Primary Funding Source—National Institutes of Health.

It is estimated that after implantation, up to 75% of patients with pacemakers and 

implantable cardioverter-defibrillators (ICDs) develop an indication for magnetic resonance 

image (MRI) examination owing to medical co-morbidities (1, 2). Previous small studies 

have reported the safety of MRI in patients with pacemakers and ICDs (3–12). A recent 

study investigated the safety of MRI in the setting of an MRI conditional pacemaker (13); 

the term “conditional” indicates a lack of known hazards in a specified MRI environment 

with specified conditions of use. However, the overall experience of MRI in the setting of 

standard devices is limited. All ICDs, and the overwhelming majority of currently implanted 
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pacemakers, are considered a contraindication to MRI by the U.S. Food and Drug 

Administration (14, 15) and by device manufacturers (16–18).

We performed a large prospective study to define the safety of an MRI protocol for patients 

with a pacemaker or ICD, using device selection based on previous in vitro, in vivo, and 

pilot clinical studies (9, 19) and device programming to minimize inappropriate activation or 

inhibition of therapies.

Methods

Patient Selection

The institutional review boards of Johns Hopkins University, Baltimore, Maryland, and 

Rambam Medical Center, Haifa, Israel, approved the protocol. Candidates with a clinical 

indication for MRI and an implantable device were referred from various primary and 

subspecialty physicians and were enrolled consecutively between February 2003 and April 

2010. Patients with newly implanted (<6 weeks) leads and those with abandoned or 

epicardial leads were excluded. Because most ICD systems lack asynchronous pacing 

capability, pacemaker-dependent patients with an ICD were also excluded. All patients gave 

written informed consent. The experience in the first 55 patients (68 MRI examinations) in 

the current study has been reported elsewhere (9). The study is registered at Clinical-

Trials.gov (registration number NCT01130896).

Assessment of Device and Lead Variable Changes

Typical measures to assess appropriate device function include sensing, lead impedance, and 

capture threshold. “Sensing” is the ability of the system to sense an intracardiac intrinsic 

electrical signal. Adequate sensing amplitudes are necessary to trigger or inhibit device 

function in response to arrhythmia. “Lead impedance” is the opposition to flow of electrical 

current through the device circuitry and lead–tissue interface. Low or high lead impedance 

may indicate insulation breach or lead fracture, respectively. “Capture threshold” indicates 

the minimum energy required to consistently stimulate myocardial contraction. These 

measurements vary according to properties of the lead–tissue interface and the tissue. For 

example, lead impedance can display normal variations depending on the phase of breathing 

or time since implantation. Because of considerable expected variability, lead impedance 

variations exceeding 30% (20, 21), capture threshold variations exceeding 50% (22), and 

sensing variations exceeding 40% (23, 24) generally indicate clinically significant changes 

in lead performance.

Implantable devices are equipped with an electrical (reed) switch that responds to magnetic 

fields and is used for emergent asynchronous pacing or deactivation of therapies. Reed 

switch behavior in MRI scanners is unpredictable, but transient asynchronous pacing in this 

setting has not been associated with clinical sequelae (6, 9). Exposure to electromagnetic 

interference (EMI) may also cause implantable devices to revert to a back-up programming 

mode known as “power-on-reset.” Power-on-reset events related to MRI have been observed 

and are generally resolved by reprogramming the device to pre-MRI settings (19). However, 

with power-on-reset, pacing is set to an inhibited mode and tachycardia therapies are 
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enabled. In our study, we identified power-on-reset events by observation of pacing rate 

changes during MRI or by interrogation of the device after MRI. All outcomes deviating 

from routine were recorded as events. Two investigators, each patient’s primary clinicians, 

and 2 clinicians without direct involvement in the study reviewed all events.

Device Interrogation and Programming

A registered nurse with experience in device programming and advanced cardiac life 

support was present during all scans, with immediate backup from a cardiac electro-

physiologist. Baseline and immediate follow-up interrogations were performed within 

minutes of MRI. Long-term follow-up interrogation was recommended at 6 months. Device 

variables, including battery voltage, capture thresholds, impedances, and sensing, were 

recorded at each interrogation. Pacemaker dependence was assessed before MRI by transient 

inhibition of pacing. Pacing mode was programmed to asynchronous for patients without a 

stable intrinsic rhythm; an inhibited pacing mode was used for other patients. All other 

pacing and tachyarrhythmia functions were disabled. After completion of MRI, devices were 

reprogrammed to original settings. The Figure shows the experimental protocol (9, 25).

Magnetic Resonance Imaging

Imaging was performed with MRI scanners at the commonly used magnetic strength of 1.5 

T. Avanto (Siemens, Erlangen, Germany) scanners were used at Johns Hopkins Hospital, 

and Signa (General Electric, Waukesha, Wisconsin) scanners were used at Rambam Medical 

Center. Patient symptoms were monitored by using the MRI scanner in-room speaker 

system. Noninvasive blood pressure was measured every 3 minutes. Continuous 

electrocardiography was monitored. Pulse oximetry was used as a surrogate for rhythm 

when electrocardiography showed MRI-related artifacts. Magnetic resonance imaging was 

performed according to standard institutional protocols for the region of interest.

The specific absorption rate (SAR) of MRI sequences, a measure of power absorbed per 

mass of tissue, was limited to less than 2.0 W/kg in the first 55 patients (9). However, given 

the lack of association between SAR and changes in device variables (6, 26) and the 

unreliability of using SAR to guide MRI safety recommendations (27), no restrictions 

beyond the standard manufacturer SAR limits were applied in subsequent patients. Scans 

were repeated as clinically indicated.

Statistical Analysis

Continuous variables are summarized as medians and interquartile ranges (IQRs), and 

discrete variables are summarized as absolute numbers and percentages. Lead variables were 

compared by using the Wilcoxon signed-rank test with MRI as the unit of analysis. Absolute 

changes and percentages of change from baseline in device variables were calculated by 

MRI and summarized by medians and IQRs. The percentage of change from baseline was 

calculated by obtaining the median and IQR for the distribution of percentage of change 

relative to baseline values for device variables.

The number of comparisons for each device variable is unique, primarily because of 

variability in 1) the number of leads, 2) absence of intrinsic P/R waves, 3) presence of atrial 
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arrhythmia, and 4) pulse widths during measurement of capture threshold at follow-up 

interrogation. However, data were missing for some interrogation records. The absence of 

intrinsic P/R waves and presence of atrial arrhythmia were not systematically recorded 

during follow-up interrogation. The proportion of missing data was therefore calculated on 

the basis of lead specifics (measurements that were expected given those specifics but were 

not collected) and includes data that are missing because of the absence of P/R waves, 

presence of atrial arrhythmia, or examination of capture threshold at a different pulse width 

during follow-up interrogation. If more than 5% of measurements for the follow-up variable 

were missing, patients for whom measurements were available were compared with those 

without measurements to assess systematic differences.

Relationships between immediate and long-term changes in device variables and the number 

of repeated scans, region of imaging, and lead length were assessed by using the 

nonparametric K-sample test on the median (for unordered groups) or a nonparametric test 

for trend (for ordered groups). All tests were 2-tailed, and analyses were performed by using 

Stata, version 10 (StataCorp, College Station, Texas).

Role of the Funding Source

The study was funded by the National Institutes of Health and the PJ Schafer Memorial 

Research Award. The funding sources had no role in study design, data collection, analysis, 

or interpretation, writing of the report, or the decision to submit the manuscript for 

publication.

Results

A total of 555 MRI examinations were performed in 438 patients, 237 (54%) of whom had a 

pacemaker and 201 (46%) had an ICD. Most examinations (94%) were performed at Johns 

Hopkins Hospital. There were no differences between the study centers in patient age or sex, 

device models, or device indications. Table 1 shows the device models and the estimated 

number of active implants for each model in the United States, which total more than 1.8 

million. Of 237 patients with pacemakers, 184 (78%) received the device for symptomatic 

bradycardia and 53 (22%) for complete heart block. Of 201 patients with an ICD, 191 (95%) 

received the device for ischemic or non-ischemic cardiomyopathy, 9 (4%) for right 

ventricular dysplasia, and 1 (0.5%) for long QT syndrome. Fifty-three (12%) patients had a 

biventricular pacing system. Median age was 66 years (IQR, 55 to 77 years), and 138 

patients (32%) were women.

Of the 555 MRI examinations, 222 (40%) were of the brain, 122 (22%) were of the spine, 89 

(16%) were of the heart, 72 (13%) were of the abdomen or pelvis, and 50 (9%) were of an 

extremity. Appendix Table 1 (available at www.annals.org) shows the indications for the 

studies. Examinations were repeated in 15% of patients (9% had 2 and 6% had ≥3). The 

median time to repeated scan was 149 days (IQR, 61 to 283 days).

Baseline and immediate follow-up interrogation was performed in all 438 patients. Long-

term follow-up results were available for 266 patients (61%), with a median time to follow-

up of 214 days (IQR, 64 to 478 days). Results of telephone follow-up in January 2011 of all 
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patients without long-term interrogation revealed that 103 (60%) were alive without device 

dysfunction and 26 (15%) had died (of causes unrelated to the device). The remaining 43 

patients (25%) did not respond. Patients with and those without long-term follow-up did not 

differ in age, sex, type of or indication for device, region of the body that was scanned, or 

baseline device variables. With the exception of lower (better) right atrial capture thresholds 

in patients without long-term follow-up (median, 0.75 V [IQR, 0.5 to 1.0 V] vs. 1 V [IQR, 

0.6 to 1.2 V] in those with follow-up; P < 0.001), device variables obtained immediately 

after MRI did not differ in patients with and without long-term follow-up.

After loss to follow-up was accounted for, long-term right atrial capture threshold was 

missing in 10.8% of patients and long-term right ventricular capture threshold in 13.7%. 

Compared with patients with follow-up, those with missing long-term right atrial capture 

threshold measurements had higher baseline right atrial capture thresholds (median, 1 V 

[IQR, 0.5 to 1.6 V] vs. 0.8 V [IQR, 0.5 to 1.0 V]; P = 0.030) and higher right ventricular 

capture thresholds (median, 1 V [IQR, 0.8 to 1.4 V] vs. 0.8 V [IQR, 0.6 to 1.0 V]; P = 

0.006). In addition, patients with missing long-term right ventricular capture threshold 

measurements were more likely than those for whom these measurements were available to 

have undergone thoracic imaging (30% vs. 19%; P = 0.003) and had higher baseline right 

atrial capture thresholds (median, 1.0 V [IQR, 0.8 to 2.0 V] vs. 0.8 V [IQR, 0.5 to 1.0 V]; P 

> 0.001) and right ventricular capture thresholds (median, 1.0 V [IQR, 0.8 to 2.0 V] vs. 0.8 

V [IQR, 0.6 to 1.0 V]; P > 0.001). The Appendix (available at www.annals.org) presents the 

frequency of missing data in other measured variables (5% to 10% missing) and baseline 

comparisons according to whether long-term follow-up data were available.

Acute Safety and Device Function

Three of the 438 patients experienced acute power-on-reset events (0.7% [95% CI, 0% to 

1.5%]). One of the 3 power-on-reset events occurred during cardiac MRI in a patient with a 

single-chamber ICD (Medtronic 7271, Minneapolis, Minnesota) that had been implanted in 

1999. The ICD did not attempt to deliver tachyarrhythmia therapy, but the patient 

experienced a pulling sensation in his chest and the MRI examination was discontinued. The 

other 2 patients had pacemakers (Medtronic models 8968, implanted in 1997, and KDR401, 

implanted in 2003) and were undergoing brain and cervical spine examinations, 

respectively. Both patients had occasional pacing inhibition associated with programming 

reversion to the inhibited pacing mode, but they were not pacemaker-dependent and 

completed their MRI examinations. None of the 3 patients with acute power-on-reset events 

had device dysfunction during long-term follow-up (463, 105, and 416 days, respectively). 

The patient with device model 8968 completed 4 repeated MRI examinations uneventfully 

during the study.

During a routine generator exchange procedure 3 months after MRI, a patient with a 

pacemaker (Medtronic model KDR701, implanted in 2000) developed low impedance of the 

right ventricular lead requiring concurrent lead revision. Normal lead and device variables 

had been noted both immediately and 2 months after MRI and were suggestive of a 

perioperative insulation breach. Another patient with a pacemaker (St. Jude Medical device 

5816, St. Paul, Minnesota, implanted in 2007) who had normal lead and device variables 
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immediately and at long-term follow-up after each of 3 MRI examinations presented with a 

power-on-reset event 2 months after MRI but also shortly after proton-beam therapy; the 

event was therefore more likely to be associated with the proton-beam therapy (28). No 

other short-or long-term symptoms or problems related to device function were reported.

Device revision, programming, or interventions with MRI examination were not otherwise 

required. In pacemakers without magnet-mode programming capability, reed switch 

activation by MRI led to transient, asymptomatic, asynchronous pacing at the pacemaker-

specific magnet rate. No unexpected or rapid activation of pacing was observed during MRI.

Lead Sensing, Impedance, and Capture Thresholds at Immediate and Long-Term Follow-
up

No immediate or long-term change in variables in any patient was large enough to require 

lead or system revision or device reprogramming. Detailed comparisons of values obtained 

at baseline, immediately after MRI, and at long-term follow-up (61% of patients) revealed 

variations in several variables (Table 2). The distributions of immediate and long-term 

changes in device variables were within 20% of baseline for most participants. However, 

significant variability was noted, and some changes approached clinically important 

thresholds. Table 3 shows the distribution of the immediate and long-term percentage 

changes relative to baseline for each device variable.

Determinants of Changes in Device Variables

Immediate and long-term changes in device variables were compared after stratification by 

number of repeated scans, lead length, and region of imaging. For repeated scans, 9% of 

patients had 2 examinations and 6% had 3 or more examinations. Among patients with right 

atrial leads, lead lengths were 45 cm (25%) 46 cm (19%), 52 cm (44%), 53 cm (8%), 58 cm 

(2%), and other (3%); among those with right ventricular leads, lengths were 46 cm (1%), 

52 cm (27%), 59 cm (35%), 64 cm (29%), and other (9%); and among those with left 

ventricular leads, lengths were 78 cm (13%), 80 cm (20%), 86 cm (14%), 88 cm (18%), 90 

cm (30%), and other (5%). Eighteen percent of examinations were thoracic, and 82% were 

nonthoracic.

Some evidence of decreased acute right ventricular R-wave amplitude was noted with 

increasing scans in patients with more than 1 scan (median change, 0 mV after the first scan, 

0 mV after the second scan, and −0.3 mV after the third scan; P = 0.059). Some evidence for 

decreased long-term right ventricular R-wave amplitude was also noted with later scans in 

patients with more than 1 scan (median change, 0 mV after the first scan; −0.1 mV after the 

second scan; and −0.2 mV after the third scan; P = 0.081) (see Appendix Table 2, available 

at www.annals.org, for the IQRs for these variables).

Some evidence for decreased acute right atrial lead impedance was seen with decreasing 

lead length (median change, −8 Ω for 45-cm leads, −2 Ω for 46-cm leads, 0 Ω for 52-cm 

leads, 0 Ω for 53-cm leads, and −4.5 Ω for 58-cm leads; P = 0.087). Increasing right 

ventricular lead length was associated with decreased acute right ventricular R-wave 

amplitude (median change, 0 mV for 46-cm leads, 0 mV for 52-cm leads, −0.1 mV for 59-
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cm leads, and 0 mV for 64-cm leads; P = 0.033) and decreased long-term right ventricular 

R-wave amplitude (median change, −0.1 mV for 46-cm leads, 0 mV for 52-cm leads, 0.4 

mV for 54-cm leads, and −0.4 mV for 64-cm leads; P = 0.022). In contrast, shorter lead 

length was associated with an increased long-term right ventricular capture threshold 

(median change, 0.3 V for 46-cm leads, 0 mV for 52-cm leads, 0.1 mV for 59-cm leads, and 

0 mV for 64-cm leads; P = 0.014) (see Appendix Table 2 for the IQRs for these variables).

Thoracic imaging was associated with decreased acute right ventricular R-wave amplitude 

(median change, 0 mV vs. 0 mV after nonthoracic scan [of nonzero differences, more 

decreases were associated with thoracic scans]; P = 0.044), less decrease in acute right 

ventricular impedance (median change, 0 Ω vs. −5 Ω after nonthoracic scan; P = 0.034), and 

decreased acute battery voltage (median change, 0 V vs. 0 V after nonthoracic scan [of 

nonzero differences, more decreases were associated with thoracic scans]; P = 0.005). 

Thoracic imaging was also associated with decreased long-term right ventricular R-wave 

amplitude (median change, −1.4 mV vs. 0 mV after nonthoracic scan; P = 0.009) and 

decreased long-term battery voltage (median change, −0.05 V vs. 0 V after nonthoracic 

scan; P = 0.001) (see Appendix Table 2 for the IQRs for these variables).

Discussion

We report results from what we believe is the largest prospective study of MRI in patients 

with implanted devices. In our study, the primary clinically significant event attributable to 

MRI was the occurrence of power-on-reset events in up to 1.5% of device recipients. During 

power-on-reset, the device is susceptible to inhibition of pacing output and activation of 

antitachycardia therapies (8, 19, 29, 30).

The large number of patients in our study provided adequate power to detect small changes 

in device variables. Of note, no change in an individual variable was large enough to require 

system revision or device reprogramming. Small changes in acute lead sensing, impedances, 

and capture thresholds after MRI in patients with devices have been reported (6, 8, 26) and 

attributed to heating at the lead–tissue interface (31). Previous reports have also suggested 

that thoracic MRI may pose more risk owing to greater power deposition over the region 

containing the device (8, 32). The association between thoracic imaging and long-term right 

ventricular sensing in our study supports this hypothesis. Some evidence was also seen for 

associations between decreased lead sensing and repeated scans and between device 

variables and lead length. Statistical power for subgroup analyses was limited in our study, 

and the association of lead length and repeated scans with changes in device variables 

warrants further examination.

Overall, MRI was performed safely in all patients. When the device was located in the MRI 

field of view, image distortion, signal voids or bright areas, and poor fat suppression were 

noted. Selecting imaging planes perpendicular to the plane of the device generator, 

shortening the echo time, and using spin echo and fast spin echo sequences reduced the 

qualitative extent of artifact. Artifacts, when present, were limited to thoracic examinations, 

and the great majority of examinations yielded clinically useful information.
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In our protocol, candidate selection was based on prior safety studies; essentially, we 

enrolled patients with pacemaker and ICD generators manufactured after 1998 and 2000, 

respectively (9, 19). Patients with leads that had not matured (<6 weeks since implantation, 

during which the leads are prone to spontaneous dislodgement) and those with epicardial 

and abandoned leads (which are prone to heating) were excluded. The protocol specified 

programming an asynchronous pacing mode in pacemaker-dependent patients to avoid 

inappropriate inhibition of pacing due to detection of EMI. In contrast, an inhibited pacing 

mode was used for patients without pacemaker dependence to avoid inappropriate pacing 

due to tracking of EMI. Deactivation of other pacing functions ensured that sensing of EMI 

did not lead to unwarranted pacing. Tachyarrhythmia monitoring and therapies were 

deactivated to avoid delivery of unwarranted therapies.

In this study, 53 pacemaker-dependent patients without an ICD underwent MRI without 

safety issues. It is vital, however, to emphasize the need for appropriate programming of the 

device to an asynchronous mode, monitoring by qualified personnel, and availability of 

external pacing backup for such patients. If a power-on-reset event occurs, the device reverts 

to an inhibited pacing mode. Therefore, in pacemaker-dependent patients, the device may 

transiently cease pacing owing to EMI, and electrocardiographic monitoring and pulse 

oximetry are necessary so that the scan can be stopped if inhibition of pacing is noted. 

Pacemaker-dependent patients and ICD recipients with device generator models that seem to 

be susceptible to power-on-reset events (Table 1) should not have MRI. In addition, our 

findings should not be extrapolated to device models that were not evaluated in this study 

and lead configurations other than standard transvenous lead systems.

English-language MEDLINE searches performed on 2 January 2011 by using the Medical 

Subject Heading terms “pacemaker and MRI” and “defibrillator and MRI” yielded 367 

articles. Of these articles, 15 were relevant and are summarized in Table 4. Initial experience 

with MRI at 0.5 T suggested the overall safety and possibility of pacing inhibition, transient 

reed switch activation, and battery voltage decrements (3–5). After demonstrating that 

patients with pacemakers can safety undergo MRI at 1.5 T, Martin and colleagues (6) 

observed minute changes in capture threshold that were not associated with region of 

imaging, SAR, or time between pacemaker implantation and MRI. The safe performance of 

MRI at 1.5 T in ICD recipients was first reported by Gimbel and colleagues (8). Several 

relatively small studies have also reported overall safety (7, 10, 30, 33, 34). Several 

investigators have reported a lack of change in troponin-I levels as a surrogate of myocardial 

damage after MRI (11, 12, 35), and recent reports have demonstrated the overall safety of 

repeated MRI (36) and MRI without SAR restrictions in device recipients (26). Our study 

adds to the existing literature by providing substantial safety data on the largest number of 

patients and the most representative sampling of devices implanted to date.

Our study has limitations. Long-term in-person variables were obtained for 61% of patients. 

Long-term information obtained in person or by telephone follow-up was missing for 43 

(10%) of patients, and we cannot be certain whether device-related malfunctions or 

dysrhythmias occurred in these patients. With the exception of slightly better atrial capture 

threshold immediately after MRI in patients without long-term follow-up, however, patients 

with and without such follow-up did not differ in baseline characteristics and in device 
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variables obtained at baseline and immediately after MRI. After loss to follow-up was 

accounted for, more than 5% of data were still missing for some device variables. Of note, 

long-term right atrial and right ventricular capture thresholds were missing in more than 

10% of patients. Patients for whom these data were missing had higher baseline capture 

thresholds and were more likely to have undergone thoracic imaging. The patients referred 

for thoracic (cardiac) imaging were more likely than the overall sample to have advanced 

underlying cardiac disorders. Therefore, the baseline differences in variables for patients 

with missing long-term data may be associated with underlying cardiac diagnoses that led to 

referral for cardiac imaging. However, it is also possible that patients with missing data had 

greater changes in device variables (associated with more thoracic scans and higher baseline 

thresholds), and thus the level of risk may be underestimated.

Given previous demonstration of preserved ventricular fibrillation–defibrillation thresholds 

after MRI (34, 37), the questionable utility of routine testing (38), and serious associated 

side effects with routine testing (39), we did not perform defibrillation threshold testing in 

ICD patients undergoing MRI. Because MRI was clinically necessary in each patient and 

clinical equipoise supporting random assignment was lacking, we did not include a control 

group that did not have MRI. Although we studied a large number of devices overall, the 

numbers of each individual device model were small. In addition, device platforms are 

constantly evolving, and future platforms that differ from the ones that we tested may have 

interactions with EMI. Finally, the studies were performed in 1.5-T MRI scanners. These 

findings should not be extrapolated to scanners with higher or lower field strengths.

Given the advancing age of the population and expanding indications for pacing and 

prophylaxis of ventricular arrhythmia, the number of patients with cardiac devices will 

probably continue to increase. Many such patients stand to derive clinical benefit from the 

diagnostic power of MRI. Given the public health importance of this issue, device 

manufacturers should continue efforts to design permanent pacemaker and ICD systems 

with improved safety in the MRI environment (13).

In conclusion, using a protocol based on device selection and programming, MRI can be 

performed safely in patients with certain pacemaker and ICD systems. Given the potential 

for changes in device variables and programming, monitoring by device experts is 

necessary. The decision to perform MRI in each patient with an implantable device should 

be made by balancing the potential benefit of MRI against the attendant risks. Because 

thoracic MRI sequences have a greater effect on device variables and are more likely to 

result in artifacts, these sequences should be reserved for patients with an absolute clinical 

need.
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Appendix. Missing Long-Term Follow-up Data

After loss to follow-up was accounted for, more than 5% of the data were missing for the 

following variables: acute right ventricular lead impedance (6.1%), long-term P-wave 

amplitude (5.8%), long-term right atrial capture threshold (10.8%), long-term right 

ventricular lead impedance (6.1%), long-term right ventricular lead R-wave amplitude 

(5.9%), and long-term right ventricular capture threshold (13.7%).

Patients with missing acute right ventricular lead impedance had higher P-wave amplitude at 

baseline than those without missing values (median, 2.8 mV [IQR, 1.9 to 4.2 mV] vs. 3.6 

mV [IQR, 2.8 to 5.0 mV]; P = 0.010). Patients with missing long-term P-wave amplitude 

had lower right ventricular R-wave amplitude at baseline (median, 8.3 mV [IQR, 5.4 to 12.0 

mV] vs. 11.7 mV [IQR, 8.3 to 14.3 mV] among patients with long-term values; P = 0.032). 

Patients with missing long-term right atrial capture threshold had higher right atrial capture 

threshold at baseline (median, 1 V [IQR, 0.5 to 1.6 V] vs. 0.8 V [IQR, 0.5 to 1.0 V]; P = 

0.030), lower right ventricular R-wave amplitude (median, 10 mV [IQR, 6.3 to 13.0 mV] vs. 

11.7 mV [IQR, 8.3 to 14.5 mV]; P = 0.018), and higher right ventricular capture threshold 

(median, 1 V [IQR, 0.8 to 1.4 V] vs. 0.8 V [IQR, 0.6 to 1.0 V]; P = 0.006) at baseline 

compared with those without missing values. Patients with missing long-term right 

ventricular lead impedance were less likely to be male than those for whom values were 

available (52% vs. 70%; P = 0.042) and were younger at baseline (median age, 60 years 

[IQR, 38 to 75 years] vs. 66 years [IQR, 55 to 77 years]; P = 0.034). Patients with missing 

long-term right ventricular R-wave amplitude were more likely to have undergone thoracic 

imaging (33% vs. 17%; P = 0.018) and to be younger (median age, 53 years [IQR, 37 to 69 

years] vs. 67 years [IQR, 56 to 77 years]; P = 0.001) at baseline than those without missing 

values.

Patients with missing long-term right ventricular capture threshold were less likely to be 

male (58% vs. 70%; P = 0.031), were more likely to have undergone thoracic imaging (30% 

vs. 19%; P = 0.003), had higher right atrial capture thresholds (median, 1.0 V [IQR, 0.8 to 

2.0 V] vs. 0.8 V [IQR, 0.5 to 1.0 V]; P = 0.001), had lower right ventricular R-wave 

amplitude (median, 10 mV [IQR, 6.8 to 13.4 mV] vs. 11.7 mV [IQR, 8.3 to 14.5 mV]; P = 

0.044), and higher right ventricular capture threshold (median, 1.0 V [IQR, 0.8 to 2.0 V] vs. 

0.8 V [IQR, 0.6 to 1.0 V]; P = 0.001) at baseline than those without missing values.
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Appendix Table 1

Indications for Magnetic Resonance Imaging

Region Indications

Brain (40%) Mass, 38%; mental status change, 27%; stroke, 15%; persistent headache or dizziness, 12%; 
seizure, 4%; other, 5%

Spine (22%) Radiculopathy, 78%; mass or abscess, 22%

Heart (16%) Viability, 61%; possible right ventricular dysplasia, 10%; aortic disease, 9%; sarcoidosis, 
10%; congenital malformations, 5%; infiltrative myopathies, 5%

Abdomen or pelvis 
(13%)

Hepatic mass, 32%; renal mass, 21%; prostate mass, 13%; pancreatic mass, 12%; renal 
artery stenosis, 8%; bladder mass, 7%; uterine or ovarian mass, 7%

Extremity (9%) Joint or muscle pain, 80%; osteomyelitis, 20%

Appendix Table 2

Determinants of Changes in Device Variables*

Variable Repeated Scans Lead Length Region of Imaging

Acute right ventricular R-
wave amplitude, mV

First: 0 (−1.0 to 0)
Second: 0 (−0.7 to 0.05)
Third: −0.3 (−0.9 to 0)
P = 0.059

46 cm: 0 (−0.5 to 0.1)
52 cm: 0 (−0.4 to 0)
59 cm: −0.1 (−1 to 0)
64 cm: 0 (−0.8 to 0.7)
P = 0.033

Nonthoracic: 0 (−0.6 to 0)
Thoracic: 0 (−0.8 to 0)
P = 0.044

Acute atrial lead 
impedance, Ω

No association 45 cm: −8 (−17 to 0)
46 cm: −2 (−10 to 0)
52 cm: 0 (−10 to 2)
53 cm: 0 (−18 to 5)
58 cm: −4.5 (−15 to 7)
P = 0.087

No association

Acute right ventricular 
lead impedance, Ω

No association No association Nonthoracic: −5 (−18 to 0)
Thoracic: 0 (−14 to 0)
P = 0.034

Acute battery voltage, V No association No association Nonthoracic: 0 (0 to 0)
Thoracic: 0 (0 to 0)
P = 0.005

Long-term right 
ventricular R-wave 
amplitude, mV

First: 0 (−0.4 to 0.4)
Second: −0.1 (−0.8 to 0.6)
Third: −0.2 (−0.8 to 1.8)
P = 0.081

46 cm: −0.1 (−0.8 to 1)
52 cm: 0 (−0.7 to 1.8)
59 cm: 0.4 (−3.1 to 1.1)
64 cm: −0.4 (−1.1 to 1.2)
P = 0.022

Nonthoracic: 0 (−0.8 to 0.4)
Thoracic: −1.4 (−2.5 to 0)
P = 0.009

Long-term right 
ventricular lead 
impedance, Ω

No association No association No association

Long-term right 
ventricular capture 
threshold, V

No association 46 cm: 0.3 (0.3 to 0.5)
52 cm: 0 (−0.1 to 0.3)
59 cm: 0.1 (0 to 0.3)
64 cm: 0 (−0.2 to 0.2)
P = 0.014

No association

Long-term battery voltage, 
V

No association No association Nonthoracic: 0 (−0.03 to 0)
Thoracic: −0.05 (−0.2 to −0.01)
P < 0.001

*
Values are medians (interquartile ranges).
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Figure. Safety protocol for MRI in the setting of implanted cardiac devices
DDI = dual-chamber inhibited pacing without atrial tracking; DOO = dual-chamber 

asynchronous pacing; ECG = electrocardiography; ICD = implantable cardioverter-

defibrillator; MRI = magnetic resonance imaging; PVC = premature ventricular contraction; 

VOO = ventricular asynchronous pacing; VVI = ventricular inhibited pacing.

* Adapted from reference 9.
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Table 4

Previous Studies of Clinical MRI in Patients With Permanent Pacemakers and ICDs

Author, Year (Reference) Patients, n Device MRI Field 
Strength, 
T

Finding

Gimbel et al, 1996 (3) 5 (1 pacemaker-dependent) Permanent pacemaker 0.5 2-s pause noted on pulse oximetry in a 
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.

Sommer et al, 2000 (4) 44 Permanent pacemaker 0.5 Pacing output inhibition or pacemaker 
malfunction was not observed.

Vahlhaus et al, 2001 (5) 32 Permanent pacemaker 0.5 No significant changes in lead 
impedance, sensing, or capture 
thresholds immediately or 3 mo after 
MRI; diminished battery voltage noted 
immediately after MRI, with recovery 3 
mo later; temporary activation of reed 
switch seen in 12 of 32 patients when 
positioned in the center of the magnetic 
field.

Martin et al, 2004 (6) 54 Permanent pacemaker 1.5 Statistically significant changes were 
reported in 9.4% of leads; however, 
only 1.9% required a change in 
programmed output.

Del Ojo et al, 2005 (7) 13 Permanent pacemaker 2.0 No pacemaker inhibition, inappropriate 
rapid pacing, or significant changes in 
device variables were noted.

Gimbel et al, 2005 (8) 7 ICD 1.5 No changes in pacing, sensing, 
impedances, charge times, or battery 
status were observed; 1 ICD (Medtronic 
7227Cx, lumbar spine MRI) 
experienced a power-on-reset event.

Sommer et al, 2006 (10) 82 Permanent pacemaker 1.5 No inhibition of pacemaker output or 
induction of arrhythmias noted; 
increased capture threshold noted; in 4 
of 114 examinations, the troponin-I 
level increased from a normal baseline 
value to above normal after MRI (1 
elevation was associated with a 
statistically significant increase in 
capture threshold).

Naehle et al, 2008 (35) 44 Permanent pacemaker 3 No changes in lead impedance, pacing 
capture threshold, or serum troponin-I 
level.

Mollerus et al, 2008 (12) 37 32 permanent 
pacemakers; 5 ICDs (4 
biventricular pacemaker)

1.5 No changes in troponin-I levels or 
pacing capture threshold.

Naehle et al, 2009 (11) 18 ICD 1.5 No device circuitry damage, changes in 
lead variables, or troponin-I levels; 
battery voltage decreased after MRI; 
oversensing of electromagnetic 
interference as ventricular fibrillation 
occurred in 2 devices, but therapies 
were not delivered.

Naehle et al, 2009 (36) 47 Permanent pacemaker 1.5 Repeated MRI (171 examinations on 47 
patients) was associated with decreased 
pacing capture threshold and battery 
voltage.
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Author, Year (Reference) Patients, n Device MRI Field 
Strength, 
T

Finding

Mollerus et al, 2010 (26) 103 105 permanent 
pacemakers; 22 ICDs

1.5 Decreased sensing amplitudes and pace 
impedances noted; other variables were 
unchanged.

Halshtok et al, 2010 (30) 18 9 permanent 
pacemakers; 9 ICDs

1.5 5 power-on-reset events in 2 patients; 
no other effects were reported, and 
device replacement was unnecessary.

Strach et al, 2010 (33) 114 Permanent pacemaker 0.2 No changes in lead impedance, capture 
threshold, or battery voltage.

Burke et al, 2010 (34) 38 24 permanent 
pacemakers (13 
pacemaker-dependent); 
14 ICDs (4 
biventricular)

1.5 No device circuitry damage; 
programming changes; inappropriate 
shocks; failure to pace; or changes in 
sensing, pacing, or defibrillator 
thresholds.

ICD = implantable cardioverter-defibrillator; MRI = magnetic resonance imaging.
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