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Abstract

BACKGROUND—Off-label magnetic resonance imaging (MRI) for patients with cardiac 

implantable electrical devices has been limited owing to concerns about safety and unclear 

diagnostic and prognostic utility.

OBJECTIVE—The purpose of this study was to define major and minor adverse events with off-

label MRI scans.

METHODS—We prospectively evaluated patients with non–MRI-conditional cardiac implantable 

electrical devices referred for MRI scans under a strict clinical protocol. The primary safety 

outcome was incidence of major adverse events (loss of pacing, inappropriate shock or 

antitachycardia pacing, need for system revision, or death) or minor adverse events (inappropriate 

pacing, arrhythmias, power-on-reset events, heating at the generator site, or changes in device 

parameters at baseline or at 6 months).

RESULTS—A total of 189 MRI scans were performed in 123 patients (63.1% [78] men; median 

age 70 ± 18.5 years; 37.0% [70] patients with implantable cardioverter-defibrillators; 21.8% [41] 

pacemaker-dependent patients) predominantly for brain or spinal conditions. A minority of scans 

(22.7% [43]) were performed for urgent or emergent indications. Major adverse events were rare: 

1 patient with loss of pacing, no deaths, or system revisions (overall rate 0.5%; 95% confidence 

interval 0.01–2.91). Minor adverse events were similarly rare (overall rate 1.6%; 95% confidence 

interval 0.3–4.6). Nearly all studies (98.4% [186]) were interpretable, while 74.9% [142] were 

determined to change management according to the prespecified criteria. No clinically significant 

changes were observed in device parameters acutely after MRI or at 6 months as compared with 

baseline across all patient and device categories.
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CONCLUSION—Off-label MRI scans performed under a strict protocol demonstrated excellent 

short- and medium-term safety while providing interpretable imaging that frequently influenced 

clinical care.
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Introduction

Access to magnetic resonance imaging (MRI) remains limited for most patients with cardiac 

implantable electrical devices (CIEDs) including pacemakers (PMs) and implantable 

cardioverter-defibrillators (ICDs).1,2 While a limited number of CIEDs are now Food and 

Drug Administration approved for safe use in the MRI environment, the majority of devices 

currently in clinical use lack this labeling. Safety concerns surrounding off-label MRI scans 

include device migration, system failure, and lead tip heating resulting in acute arrhythmias 

or long-term changes in lead parameters.1 The current American Heart Association 

guidelines recommend against the use of MRI in patients with non–MRI-conditional CIEDs, 

particularly PM-dependent patients and those with ICDs.3 In addition, device manufacturers 

and the Food and Drug Administration do not support “off-label” MRI for patients with 

non–MRI-conditional CIEDs.4–7

Although studies have demonstrated the safety of MRI in well-selected patients with 

CIEDs,8–11 replicating these outcomes at additional centers remains an important step 

toward broader clinical application. There are also fewer data on PM-dependent patients 

with ICDs, who represent a higher-risk subset of patients with CIEDs who were excluded 

from prior studies11 as well as the MagnaSafe Registry.12 There are also limited data on 

MRI scanning of the thoracic region and the consequences of direct radiofrequency 

irradiation of the CIED.12 Lastly, the impact of MRI scans on the clinical care of patients 

with CIEDs has not been rigorously established. Thus, the goals of this study were to 

prospectively evaluate the safety and clinical utility of MRI scans in patients with non–MRI-

conditional devices.

Methods

Study design and setting

This study was performed at Beth Israel Deaconess Medical Center, an academic referral 

center in Boston, MA. A clinical protocol for evaluating patients with CIEDs referred for 

MRI scans was developed in collaboration with radiology and cardiac electrophysiology on 

the basis of a previously published protocol with a known safety record for MRI scans on 

off-label CIEDs,13 with data prospectively collected using standardized case report forms 

embedded in the electronic medical record as well as the Research Electronic Data Capture 

(REDCap) system, a secure Web-based data capture application.14 This study was approved 

by the institutional review board for the Beth Israel Deaconess Medical Center.
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Study population

Patients older than 18 years with CIEDs referred to the Beth Israel Deaconess Medical 

Center for MRI were prospectively enrolled between June 19, 2014, and October 19, 2016. 

Patients whose CIEDs were implanted for <6 weeks were excluded from the clinical 

protocol, consistent with prior published protocols.13 The presence of capped or abandoned 

leads or nontransvenous epicardial leads was considered relative contraindications out of 

concern for higher risk of lead heating, with exceptions made only on a case-by-case basis.13 

Devices implanted before the year 2000 were excluded.13 There were no restrictions based 

on PM dependence, regardless of the CIED system.

Clinical protocol

Figure 1 summarizes the clinical protocol for performing MRI scans in patients with 

CIEDs.13 All cases referred for MRI scans were first reviewed by a cardiac 

electrophysiology attending. Case review included assessment of the patient’s current CIED 

system and implant indications, including adjudication of current battery and lead 

parameters and PM dependence. The clinical circumstances and indications for the 

requested MRI were also reviewed, and when necessary, clarifying questions were sent by e-

mail to the referring providers. In concert with this assessment, a radiology attending from 

the relevant target area (such as neuroradiology, abdominal radiology, or musculoskeletal 

radiology) reviewed each request for the suitability of MRI to answer the relevant clinical 

question. Both attendings documented approval of MRI before scheduling.

At the time of MRI, a physician from the clinical electrophysiology service performed a full 

device interrogation before the scan to confirm current battery and lead parameters and to 

save pre-MRI programmed settings. For patients with ICDs, all tachycardia detection and 

therapy was turned off. For both ICDs and PMs, PM-dependent patients were placed in an 

asynchronous pacing mode (AOO, VOO, or DOO according to device type) with pacing 

output changed to 5 V amplitude. Nondependent patients were placed in demand mode 

(AAI, VVI, or DDI), and any additional features (rate response and ventricular sense 

response) that could impact pacing therapy were disabled. While in the MRI scanner, all 

patients were monitored using wireless electrocardiographic telemetry as well as pulse 

oximetry with concurrent voice contact. After each MRI, devices were re-interrogated, 

battery and lead parameters checked, and original settings restored.

A 1.5-T magnet was used for all studies. The radiology attending approving the study 

provided final protocol information to limit the specific absorption rate to 2.0 W/kg on the 

basis of prior literature.13 No specific software algorithms to minimize artifact from the 

CIED itself were used.

Variables

Data on patient demographic characteristics, clinical and imaging parameters, device and 

lead characteristics, and adverse events were ascertained at the time of imaging and at 6 

months from electronic health records.
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Demographic characteristics noted included age and insurance type (Medicare, Medicaid, 

private insurance, or none). Clinical variables noted included the target area of the imaging 

(brain, cervical/thoracic/lumbar spine, abdomen, upper/lower extremity, or other), and 

inpatient vs outpatient status. In addition, we noted whether cases were emergent (completed 

within 2 hours of requisition), urgent (completed within 48 hours), or elective.

Device characteristics recorded included the device type (PM or ICD and single/dual/

biventricular system), presence of any capped/abandoned leads, and PM dependence 

(defined as stable escape rhythm >30 beats/min). The manufacturer, model number, and 

implant date of the generator and leads were noted. The battery life, sensing (in millivolts), 

impedance (in ohms), and pacing threshold (amplitude and pulse width) were recorded 

before and after each MRI and at 6 months.

Major adverse events included acute loss of pacing, inappropriate shock or antitachycardia 

pacing, need for system revision, or death. Minor adverse events included clinically 

significant inappropriate pacing (defined as symptoms or hemodynamic compromise 

resulting from undersensing or inappropriately asynchronous pacing), clinically significant 

arrhythmias occurring within 15 minutes of the MRI period, power-on-reset events, or 

heating or discomfort at the generator site. We also considered as minor adverse events 

changes in device parameters (either acutely or at 6 months) that did not lead to need for 

system revision, specifically acute variation in pre-/post-MRI capture thresholds ≥50%, 

acute variation in pre-/post-MRI lead impedance ≥30%, and acute variation in pre-/post-

MRI P-/R-wave amplitude ≥50%.

Lastly, utility of the imaging study was assessed via medical record review by 2 independent 

cardiologists (J.B.S. and J.B.W.) using a standardized 4-item scale. Items included were as 

follows: (1) Was the study interpretable? (2) Did MRI provide a new diagnosis? (3) Did 

MRI confirm a prior diagnosis? and (4) Was there a change in treatment plan, a subsequent 

intervention, or a change in prognosis attributable to MRI? For analytical purposes, a study 

was adjudicated as useful if the study was deemed to be interpretable and had at least 1 

affirmative response to the other 3 items on the utility scale.

Statistical analysis

For variables describing the study population, categorical data were expressed as frequencies 

and percentages and continuous data as means and SDs.

For the evaluation of MRI safety, the incidence rates of major and minor adverse events were 

determined at the time of imaging, with 95% confidence intervals (CIs) determined using the 

exact method based on binomial distributions.

To evaluate immediate and long-term parameter changes, comparisons of mean differences 

were made between pre-and post-MRI parameters, and between pre-MRI and 6-month 

parameters. To account for correlation of repeated outcomes within a given individual, linear 

mixed-effects models were used to determine the mean difference, 95% CI, and P value for 

comparisons of device parameter changes over time, where subject was treated as random 

effect and study was treated as random effect nested within subject (except that battery value 
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was compared with subject as the only random effect due to limited number of studies with 

available data). To account for missing 6-month follow-up values (driven by patients with 

longitudinal care outside of Beth Israel Deaconess Medical Center), missingness was treated 

as noninformative and comparisons were made of the available data.

Lastly, the proportion of studies adjudicated as useful was calculated, with using Cohen’s κ 
statistics for interrater agreement for each item in the scale. A study was defined as useful if 

the study was deemed to be interpretable and had at least 1 affirmative response to the other 

3 items on the utility scale. The 95% CIs for κ statistics were computed, with standard errors 

estimated using bootstrap resampling where the resampling unit is each subject. Thus, the 

standard errors were adjusted for within-individual correlations, as a given individual may 

have had multiple MRI scans.

All analyses were conducted with SAS version 9.4 (SAS Institute Inc., Cary, NC). P values 

were 2 sided, and an α level of .05 was considered statistically significant.

Results

Cohort characteristics

A total of 123 patients (median age 70 ± 18.5 years; 61.9% Medicare beneficiaries) were 

enrolled over 29 months, undergoing 189 separate MRI scans. Most MRI scans (77.2%) 

were performed as outpatient studies, and accordingly 77% were considered elective while 

20.6% were deemed urgent and 2.1% emergent. The majority of patients (63%) had PMs, 

and 21.8% were considered PM dependent.

Of 189 MRI scans, 232 body sites were imaged, as >1 body site could be imaged in a given 

study. The area most frequently imaged was the brain (50.8%) followed by cervical and 

lumbar spine (both 21.7%), thoracic spine (14.8%), abdomen/pelvis (6.9%), lower extremity 

(4.2%), upper extremity (1.6%), and other (1.1%) (Figure 2).

The most common generator brand was Medtronic (56.6%) followed by St. Jude Medical 

(21.2%), Boston Scientific or Guidant (19.0%), Biotronik (2.6%), and Sorin-ELA (0.5%). 

Nearly all patients (96.2%) had right ventricular leads, 77.4% had right atrial leads, and 

11.3% had coronary sinus leads. Four patients (2.2%) had subcutaneous devices, and only 2 

patients (1.1%) had additional capped leads.

Major and minor adverse events

No patients required system revision at baseline or 6 months, and there were no deaths. 

Adverse events were rare, with only 1 major adverse event (overall rate 0.5%; 95% CI 0.01–

2.91). One outpatient with complete heart block and a Medtronic Sigma SDR generator and 

Medtronic 4076 and 4092 right atrial and right ventricular leads experienced acute loss of 

pacing. The patient had been programmed D00 80 for MRI and, upon entry into the MRI 

room, was noted immediately to have a heart rate of 40 with a narrow QRS junctional 

escape. The patient was removed from zone 4 to zone 3 and the device re-interrogated, 

demonstrating a power-on-reset event with automatic conversion to VVI 65. After 

subsequent Medtronic review, absence of pacing at 65 beats/min was attributed to inhibition 
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of pacing by electromagnetic interference from the static magnetic field with subsequent 

oversensing. The patient was asymptomatic with the junctional rhythm, and MRI was 

performed in DOO mode as planned, with the patient in a junctional rhythm without 

sequelae. Post-MRI, in zone 3, the device continued to a report a power-on-reset alert, but 

device and lead parameters were rechecked and found to be stable from initial 

measurements. The original settings were restored without subsequent complication. As the 

generator had been close to the elective replacement interval before MRI, the patient was 

discharged home and electively readmitted 9 months later for a generator change.

There were 3 minor adverse events (overall rate 1.6%; 95% CI 0.3–4.6). One patient with a 

St. Jude Medical Assurity generator and St. Jude Medical 1088TC and 2088TC leads 

developed atrial arrhythmia during MRI, which was self-limiting and without clinical 

consequences. Heating or discomfort at the generator site developed during MRI in 2 

patients, one with a Medtronic Adapta L generator and Medtronic 4076 atrial and ventricular 

leads and the other with a Boston Scientific Altrua generator with St. Jude Medical 1688TC 

atrial and ventricular leads. The heating and discomfort described improved upon immediate 

cessation of MRI.

At 6 months, 78 individuals (85.7%) were alive and 66 (83.5%) had device follow-up 

available (Table 1). There were no significant differences in battery values before and after 

MRI, but there was a small but significant decline in battery value as measured in years from 

pre-MRI to 6 months (mean difference–0.32 years; 95% CI –0.56 to –0.08 years; P = .01). 

Right atrial sensing and right atrial impedance were not different before and after MRI or at 

6 months. Right atrial threshold values were unchanged before and after MRI but increased 

slightly over 6 months (mean difference 0.07 mV; 95% CI 0.01–0.12 mV; P = .03 at a mean 

of 0.4 ± 0.1 ms). Right ventricular lead sensing, impedance, and threshold measurements 

were unchanged before and after MRI and at 6 months as were coronary sinus lead 

measurements.

Clinical utility

Nearly all studies were considered interpretable, with moderate agreement (98.9% 

agreement; κ = 0.66; 95% CI 0.22– 1.00), and 79.6% met our prespecified criteria for 

“useful” (interpretable and led to a change in treatment, subsequent procedure, or a change 

in prognosis). Considering each question separately, a majority of studies provided a new 

diagnosis with moderate agreement (77.3% agreement; κ = 0.54; 95% CI 0.42–0.66). Half 

of all studies were considered to have confirmed a prior diagnosis with moderate agreement 

(80.4% agreement; κ = 0.61; 95% CI 0.50–0.72). A large majority of studies resulted in a 

change in treatment plan, a subsequent intervention, or a change in prognosis with moderate 

agreement (84.7% agreement; κ = 0.53; 95% CI 0.38–0.68).

Discussion

This single-center report reinforces the safety and clinical utility of performing off-label 

MRI scans for patients with CIEDs, including those who are PM dependent. A strict clinical 

protocol yielded MRI scans that influenced clinical care, with no system revisions, deaths, 

serious arrhythmias, or clinically significant changes in device parameters at 6 months of 
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follow-up. These results add to a growing published experience illustrating that patients with 

nearly any CIED can access MRI without serious clinical consequences if appropriate 

precautions are followed.

Our study builds on prior reports using similar clinical protocols that have demonstrated the 

feasibility and safety of MRI scans in this setting,4–7 particularly for patients receiving 

thoracic imaging. Thus, our more permissive protocol, which also included subcutaneous 

ICDs, thoracic scans, and 2 patients with capped leads, suggests that the generally favorable 

results of larger studies can be extended to higher-risk patients and other centers.

These results may also alleviate concerns about long-term consequences of MRI scans on 

CIED function. While there was a small decline in battery value as measured in years of 

battery life remaining and a small increase in right atrial lead threshold potential between the 

pre-MRI interrogation and 6 months, the absolute magnitude of these changes is small and 

unlikely to be clinically meaningful. No other significant changes in device parameters were 

observed. This contrasts with the recently published MagnaSafe Registry, which described a 

clinically relevant device parameter change in 8.8% of patients with PMs and 7.1% of 

patients with ICDs.12 As this registry excluded PM-dependent individuals with ICDs and 

MRI scans of the thorax, the present study extends safety data to include these 

populations.12 However, even if small changes in device parameters are noted in a minority 

of cases, we submit that system revision is the more relevant end point from a patient’s 

perspective, particularly given the clinical context for most MRI scans. Nevertheless, while 

the small increase in right atrial thresholds observed over 6 months may be artifactual, given 

the theoretical possibility of transmission of radiofrequency energy to the leads during MRI, 

possible mild thermal injury at the lead tips causing threshold elevations cannot be ruled out 

and requires further study. In addition, while some studies suggest routine monitoring is not 

necessary,15 as 1 potentially life-threatening power-on-reset event occurred during the study, 

our study argues that it remains necessary to perform off-label MRI scans under a strict 

protocol in a clinically monitored setting with trained personnel. Moreover, while power-on-

reset events have been described in MRI scans of CIEDs,16–20 it is unknown whether the 

majority of these events are specific to a single vendor, product, or magnetic field zone.

To our knowledge, no prior study has reported the clinical utility of these closely vetted MRI 

scans, which required approval from both a radiologist and a cardiac electrophysiologist 

before scheduling. Specifically, involvement of radiology staff confirms that the area of 

interest will be evaluable even in the presence of expected device-related artifact and that 

MRI is the appropriate modality to pursue rather than computed tomography, ultrasound, or 

other strategies. At the same time, review of each case by a cardiac electrophysiologist 

provides not just review of the device-related information but also review of the clinical 

indications as well as opportunities to communicate directly with the referring providers to 

clarify whether and in what way MRI is likely to influence clinical care. Accordingly, our 

findings of 98.4% studies being interpretable and 79.6% meeting our prespecified criteria for 

“useful” (interpretable and led to a change in treatment, subsequent procedure, or a change 

in prognosis) support the adoption of similar protocols else-where to broaden patients’ 

access to this important modality.
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Study limitations

Our study includes potential limitations. As a convenience sample at a large academic 

teaching hospital, the study cohort is subject to referral bias and the results may not 

generalize to other settings and clinical environments. In addition, the results may not 

generalize to other clinical protocols for performing MRI scans on off-label CIEDs.21–28 We 

did not have a control group of patients who underwent MRI for comparison of utility. 

Similarly, for our analysis of device parameters, we did not have a control group of patients 

with CIEDs who did not undergo MRI. Complete follow-up at 6 months was not available 

for all patients, and we had only limited numbers of patients with subcutaneous ICDs and 

capped/abandoned leads, which limits generalizability of our findings to these small but 

important populations. In addition, the slight increase in atrial thresholds over time suggests 

that lead tip heating and thermal injury potential cannot be exonerated, especially in the 

context of multiple MRI studies and warrants further study. However, these risks serve to 

emphasize the importance of a case-by-case consideration of the risk and benefits of MRI 

for individual patients. This extends to cases such as retained leads or other relative 

contraindications, as in many cases informed patients and a well-trained clinical team may 

accept these risks in order to obtain essential imaging necessary to guide lifesaving care.

Conclusion

MRI scans performed off-label on CIEDs under a strict clinical protocol and with 

appropriate clinical monitoring can be done safely and influence patient care.
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Figure 1. 
Clinical protocol for performing magnetic resonance imaging (MRI) scans in patients with 

cardiac implantable electrical devices (CIEDs) not approved as MRI conditional. ECG = 

electrocardiography; ICD = implantable cardioverter-defibrillator.
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Figure 2. 
Proportion of magnetic resonance imaging scans (n = 5 232) performed according to body 

site.
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