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Case
• 71 y/o woman, adriamycin CM since 2001, presents 

Mar 2013 with AF/MI, symptomatic bradycardia -> BMS
• 3/27/2013: Implant DDD ICD (INR 2.1, taking ASA and 

Plavix, No defibrillation testing, in NSR)
• Post op sent to x-ray:  no movement Left arm/leg, left 

facial droop, slured speech (10:48 pm), not tPA
candidate

• Neuro:  CT (-), small vessel disease vs embolic
Small vessel disease  medical therapy
Embolic  failed triple therapy  close LAA

• MRI would determine whether treatment is warranted
• Underlying rhythm is NSR 50 at present



Head CT 3/28/2013

• At this point you recommend
1. Continue medical therapy (MRI too dangerous)
2. Explant ICD, cap leads, perform MRI, then re-

implant
3. Explant ICD + leads for MRI
4. MRI brain with ICD in situ



Head CT 3/28/2013

• At this point you recommend
1. Continue medical therapy (MRI too dangerous)
2. Explant ICD, cap leads, perform MRI, then re-

implant
3. Explant ICD + leads for MRI
4. MRI brain with ICD in situ



Head CT 3/28/2013

MRI with cardiac implanted device precautions 3/29/2013-embolic pattern: referred LAA closure



When can MRI safely be performed in patients with 
pacemakers or ICDs?

• Our patient had an 
ICD (not 
pacemaker)

• Her device had 
been implanted for 
just 2 days when 
MRI done 



MRI in patients with CIEDs:  The 
intersection of two trends

MRI procedures in US
1993-2003

Prevalence of PM + ICDs
In the US1993-2004
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Acquiring an MR Image



MRI: Three Powerful Fields

Static Field 

Gradient Field

RF Field



Officer Hurt When MRI Pulls Gun
Police Say Off-Duty Officer Was At Beaches Open MRI With Her Mom
POSTED: Thursday, October 1, 2009

JACKSONVILLE, Fla. -- An off-duty Jacksonville Sheriff's Office deputy was hurt 
Wednesday when her hand was trapped between her police-issued Glock handgun and 
the powerful magnet inside an MRI machine. 

Police said Joy Smith was in the MRI room with her mother when she apparently forgot 
about her gun, which was pulled by the magnetic force of the machine, trapping her 
hand between the gun and the MRI.
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So, what is the problem with PM in MRI?

Early designs from ~pre-
1990’s were not well 
shielded, RF from MRI 
affected sensing circuitry of 
device causing pacing at RF 
application rate  (T1 
weighted spin echo, 20 slices, 
TR=500 ms)

Hayes DL, Holmes DR Jr, Gray JE. Effect of 
1.5 tesla nuclear magnetic resonance imaging 
scanner on implanted permanent pacemakers. 

J Am Coll Cardiol. 1987; 10:782-6.
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Effect of MRI on Implanted Pacemakers



Roguin Europace 2008

What’s 
happening 
here?



Coils, Magnets, and Currents

Defibrillation Coil



(shock)

(sensing)



Roguin Europace 2008

ICD sees 
“noise” 
created by MRI 
as VF



Unpredictable Device Behavior in MRI

Europace vol. 11 
no. 9 Sept 2009 pp 

1241-1242
doi:10.1093/europa

ce/eupp162

Gimbel 2009

Beinert Circ 2013

• Mechanical pull
• Rapid pacing
• Arrhythmias
• TachyRX
• Battery effects



Lead Tip Heating

• Pacing capture 
threshold (PCT) is 
lowest at implant

• Healing produces scar

• Increased distance 
increases PCT

• Significant heating causes tissue damage
• Increased scar volume increases PCT
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MRI-Device Interaction
Major MRI-related PPM malfunctions

• Heating at the lead tip and at the lead 
tissue interface

• Force and torque on devices
• Image distortion
• Alteration of programming with potential 

damage to pacemaker circuitry
• Rapid atrial pacing
• Pacing at multiples of the radiofrequency 

pulse and associated rapid ventricle pacing
• Reed switch malfunction
• Asynchronous pacing
• Induction of ventricular fibrillation
• Electrical reset
• Component damage
• Death

MRI and Death

• Reported in 10 patients 
in 1980s

• Patients not monitored 
during MRI by MD

• No ECG during MRI

• Documentation is poor
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MR Conditional Labeling

MR Safe

*ASTM standard F2503: Standard Practice for Marking Medical Devices and Other Items for Safety in the
Magnetic Resonance Environment

ASTM Standard F2503* Defines Three Terms:

MR Unsafe

MR Conditional
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X-rays identify the system 
via unique radiopaque MRI 
symbol 

Mini Case:  76 y/o man needs MRI
for CNS changes.  You advise

1. MRI is contra-indicated

2. Proceed, but use a 1.5T 
magnet, limit SAR to 1.5

3. Proceed, no restrictions

4. Explant pacemaker, then 
perform MRI
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X-rays identify the system 
via unique radiopaque MRI 
symbol 

Positive System ID:
MR Conditional
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X-rays identify the system 
via unique radiopaque MRI 
symbol 

Mini Case:  76 y/o man needs MRI
for CNS changes.  You advise

1. MRI is contra-indicated

2. Proceed, but use a 1.5T 
magnet, limit SAR to 1.5

3. Proceed, no restrictions

4. Explant pacemaker, then 
perform MRI



• Power supply circuit protection
• Leads designed to minimize RF 

energy discharge at the tip
• Firmware permits MRI conditional 

programming and protection
• Reed Switch changed to a Hall 

sensor

MRI Conditional Pacemakers

Key Point: The ENTIRE system must be 
MRI conditional – not just the pulse 

generator



An Important Problem Remains
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MRI Conditional Devices
Medtronic* St. Jude Medical† Biotronik‡

Full body scan Yes Yes No

MRI machine Cylindrical bore magnet, clinical MRI systems with static magnetic field of 1.5T

SAR limitation ≤2.0 W/kg ≤4.0 W/kg ≤2 W/kg

Max nr of scans No No
Yes; each scan ≤30 min 
maximum time for the system: 
10 hours

Patient positioning Supine or dorsal Supine or dorsal Only dorsal

Available leads (fixation) Active§ Active Active and passive

Published clinical evidence on 
MRI environment Yes¶ No No

FDA approval Yes# No No

CE mark Yes** Yes†† Yes††

Santini et al: PACE, 2013

*Medtronic SureScan technical manual
†St. Jude MRI procedure information
‡Biotronik ProMRI manual
§Passive leads available as of January 2012
¶Heart Rhythm 7:750, 2012; Herzschrittmacherther: Elektrophysiol 22:233, 2011; Heart Rhythm 8:65, 2011
#Revo MRI and 5086 lead
**Advisa MRI and 5086 lead
††Accent MRI and Tendril MRI lead
‡‡Evia Pro MRI and Safio and Solia leads  



MRI Conditional devices

Lobodzinski Cardiology Journal 2012

The vast majority of patients do not have MRI 
conditional devices!
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• 555 1.5 T MRI scans in 438 
patients (54% PMs, 46% ICDs)

• CIEDs not MRI conditional

• PM mode asynch if dependent; 
otherwise demand

• Monitoring: BP, ECG, Sa2 by 
ACLS RN with MD b/u

• 3 patients: Transient backup 
mode reversion

• RV sensing and imp reduced 
after MRI – did not require 
revision or reprogramming

Nazarian et al: Ann Intern Med, 2011

MRI can be safely done in 
patients with selected devices; 
electrophysiologic monitoring 
during MRI is essential

Safety protocol for MRI in the setting of 
implanted cardiac devices

Was the pacemaker or ICD generator implanted 
after 1998 or 2000 respectively?*

Were the leads implanted 
≥6 weeks before MRI?

Are nontransvenous
epicardial, abandoned or 
no-fixation leads present?

Proceed to alternative 
tests

• Recheck device variables and compare with baseline values (lead 
impedance and threshold, P/R wave amplitude and battery voltage)

• Restore original programming
• Follow-up interrogation in 3-6 months 

Monitor blood pressure, ECG, oxygen saturation 
and symptoms during MRI

Deactivate magnet, rate, PVC, noise, ventricular 
sense and conducted atrial fibrillation response

Program pacing to 
VVI/DDI (inhibited)

Program pacing to 
VOO/DOO (asynchronous)

Pacemaker-dependent?

Record device variables for 
comparison after MRI (lead 
impedance and threshold, 
P/R wave amplitude and 

battery voltage)

Pacemaker-dependent?

Deactivate monitoring and 
tachyarrhythmia therapies 

(antitachycardia
pacing/defibrillation)

Yes

No

No

Yes

Yes

Yes
No

Pacemaker

Yes

ICD

No

No
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How is this possible?
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Advances in Technology, Preparation and 
Planning
• Newer generation PM/ICDs have much better 

isolation/filtering (pass through filters, etc) –
even if not approved MRI conditional

• Pre 1998 devices excluded
• Coordinated radiology/cardiology service
• Careful patient monitoring by ACLS trained RN 

during the scan
• Use of T/R coils and sequences to limit SAR
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SAR (Specific Absorption rate) and T/R coils?

SAR:  energy put 
in tissues

T/R coil:  localize

skip
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Proposed Algorithm for MRI 
in CIED Patients

Beinart and Nazarian: CardioSource, 2012

PPM or ICD implanted >2000

Leads implanted 
>6 weeks prior to MRI

Epicardial, abandoned or 
passive fixation leads?

PPM 
dependent

PPM 
dependent

Program 
pacing to 
VOO/DOO

Program 
pacing to 
VVI/DDI

Deactivate magnet, rate, ventricular sense, 
noise and conducted AF response

Monitor blood pressure, ECF, oxygen 
saturation and symptoms

Re-interrogate device, compare to baseline values 
(capture threshold, sensitivity and battery voltage) 

and restore original programming

Deactivate monitoring and 
therapies (ATP/defibrillation)

Proceed to 
alternative 

imaging 
methods

Yes No

Yes

No

Yes

Yes

Yes NoNo

PPM ICD

skip
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Proposed Algorithm for MRI 
in CIED Patients

Beinart and Nazarian: CardioSource, 2012

PPM or ICD implanted >2000

Leads implanted 
>6 weeks prior to MRI

Epicardial, abandoned or 
passive fixation leads?

PPM 
dependent

PPM 
dependent

Program 
pacing to 
VOO/DOO

Program 
pacing to 
VVI/DDI

Deactivate magnet, rate, ventricular sense, 
noise and conducted AF response

Monitor blood pressure, ECF, oxygen 
saturation and symptoms

Re-interrogate device, compare to baseline values 
(capture threshold, sensitivity and battery voltage) 

and restore original programming

Deactivate monitoring and 
therapies (ATP/defibrillation)

Proceed to 
alternative 

imaging 
methods

Yes No

Yes

No

Yes

Yes

Yes NoNo

PPM ICD
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MRI in Patients With Recently 
Implanted Pacemakers
• Mayo MRI/CIED database
• 219 scans in 171 patients
• 8 patients had recent 

(<42 days) device
• 1/8: Permanent temporary

• No complications
• No pain
• No changes in device function
• No increase CK/troponin

Hannah Friedman et al: PACE, 2013

With careful monitoring MRI imaging is feasible in patients 
with a recently implanted pacemaker system

R
-w

av
e 

(m
V)

Pre- and Post-MRI R-Wave 
Measurements in Early Group
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Pacemaker abandoned lead CXR
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MRI in Patients With Abandoned Leads
• Abandoned leads may pose 

high risk by acting as 
antenna for RF field, leading 
to heating

• Between 1990-2013
• 15 patients with PM; 

3 with ICD and 
abandoned leads 
underwent 31 MRI scans

• Mean of 1.67 abandoned 
leads during MRI

• No leads were MRI 
conditional

• No adverse events in 7 days 
after scan

• 12 patients: Generators 
reimplanted with reuse of 
abandoned leads – worked 
appropriately

Higgins et al: PACE  2014 37:1284-1290

• MRI in patients with 
abandoned cardiac device 
leads appears safe, 
although experience is 
small

• MRI did not affect lead 
function when later reused



Mayo Clinic Experience

• >1000 MRIs in patients with pacemakers and 
ICDS

• No adverse clinical events
• Cardiology/Radiology protocols, 

reviewed/updated periodically
• Have included:  dependent patients (but 

exception in non-conditional), abandoned 
leads, recent implants, CS leads

• Power on reset:  concern in dependent 
patients  seen in 6% MDT implants before 
2005 Hannah Friedman et al: PACE, 2013

Boilson et al J Inter Card EP 2011
Higgins PACE 2014; 37:1284-1290

Sheldon, JCE in 2014
Higgins HRJ. 2015 12(3):540-4



©2013 MFMER  |  3281334-45

MRI Scanning at Mayo Clinic  in CIED Patients

MRI 
requested

Other imaging 
modality option 

(radiology review)

Pacemaker 
dependent 

Scan: Mayo 
MRI/CIED Protocol

• HRS RN eval
pre/post

• Radiology/physicis
t eval

• Consent by 
radiology

• Troponin if 
abandoned lead

FDA approved 
MRI conditional

Don’t scan
Yes

Yes

Yes

No

No

No
Consult

Temporary PM
SICD

CIED at ERI

Imaging may 
Be reasonable
Will Depend
On Consult

Yes

No
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MRI Scanning at Mayo Clinic  in CIED Patients
• Radiologist:  consent

• Scan sequence determine by radiology 
physicist (SAR < 1.5)

• Device RN checks device before and 
after; ACLS RN monitoring

• Pre- and Post- troponin:  if abandoned 
lead

• Patient alert

• Programming:
• HR < 80:  DOO/VOO/AOO 20 

beats above (but <100) – unless 
single chamber (e.g. VVI ICD): 
intrinsic

• If >80:  ODO, OVO, OAO or 
subthreshold -> VVI or AAI 40

• Rate response, capture mx, mode 
switch, sudden brady, etc:  OFF

Scan: Mayo 
MRI/CIED Protocol

• HRS RN eval
pre/post

• Radiology/physicis
t eval

• Consent by 
radiology

• Troponin if 
abandoned lead

Monitoring
• ACLS trained
• Awake patient
• HR, SaO2, ECG
• Arrhythmia:  

remove from 
magnets



Safety:  Mortality and HEAD MRI with CIED

• 873 patients with 
CIED and MRI 1/08-
12/15

• 289 had first time 
head MRI – studied

• Matched
– Age, gender, year
– Head MRI (no CIED)
– Head CT (with CIED)

Padmanaban et submitted



• 873 patients with 
CIED and MRI 1/08-
12/15

• 289 had first time 
head MRI – studied

• Matched
– Age, gender, year
– Head MRI (no CIED)
– Head CT (with CIED)
MRI of patients with pacemakers and defibrillators is safe when 
performed using real-time monitoring and protocols implemented by 
multi-specialty integrated care teams, with no difference in mortality in 
this population as compared to CT in patients without cardiac devices. 

Safety:  Mortality and HEAD MRI with CIED
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Guidelines open for public comment

• Class IIa Recommendation, LOE B-NR: 
It is reasonable for a patient with an MRI 
non-conditional CIED system to undergo 
MR imaging if there are no fractured, 
epicardial, or abandoned leads, the MR is 
the best test for the condition, and there is 
an institutional protocol, and a designated 
responsible MR-physician and CIED 
physician.
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• Class I Recommendation, LOE B-NR: It is 
recommended that continuous MRI-conditional 
ECG and pulse oximetry monitoring be utilized 
while the patient with an MRI non-conditional 
CIED is reprogrammed for imaging.

• Additional recommendations
• Trained personnel (device and radiology)
• Specific skills needed
• Equipment required
• Device programming recommnedations
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Conclusions
• Most patients with PMs and ICDs can be 

imaged by MRI safely – irrespective of whether 
the CIED is MRI conditional

• Extreme caution must be used in pacemaker 
dependent patients, esp pre-2005 implants

• Requires coordinated effort between radiology, 
cardiology, nursing, and physics

• MRI conditional devices facilitate imaging at 
hospitals without established programs

• Imaging in device patients will increase in 
future, including cardiac MR
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• Thank you
• pfriedman@mayo.edu
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Zaremba et al: PACE 00:1, 2015)

Recommendation Medtronic St. Jude Medical
Device checks
Before RT course Not stated Not stated
During RT course Yes (if recommended safe dose 

is exceeded
Yes (a detailed evaluation once 
or twice during the RT course in 
PM-dependent patients)

After RT course Yes Yes

Maximal PM dose 5 Gy No safe dose
Maximal ICD dose 1-5 Gy depending on model No safe dose
Maximal beam energy ≥10 MV Not stated
Inactivation of 
antitachycardia therapies

Yes Yes

Lead shielding 
of the device

No (ineffective against neutrons) Not stated (reduction in the 
device dose is recommended

Heart rhythm 
monitoring during RT

Not stated Yes

Manufacturer Recommendations Regarding Safe 
Radiotherapy in PM/ICD Patients
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Interrogation Frequency During RöRx
• Currently no consensus
• Mayo – most commonly see patient before, mid, 

and at completion of therapy
• May make exceptions for pacemaker 

dependent patients and patients that are 
particularly anxious

• Remote monitoring simplifies management
• New guidelines will provide specific 

recommendations on this issue
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Zaremba et al: PACE 00:1, 2015)

Recommendation Biotronik Boston Scientific

Device checks

Before RT course Yes Specific to each patient

During RT course Not stated Specific to each patient

After RT course Yes, including a
supplementary follow-up 
shortly after RT

Yes, including subsequent close 
monitoring of the device function

Maximal PM dose 2 Gy No safe dose (2 Gy as a reference)

Maximal ICD dose 2 Gy No safe dose (2 Gy as a reference)

Maximal beam energy <10 MV Not stated

Inactivation of 
antitachycardia therapies

Yes Yes

Lead shielding 
of the device

Yes All available shielding options, including 
both internal shielding within the LA and 
external shielding of the patient

Heart rhythm 
monitoring during RT

Yes As determined most appropriate by the 
physician team

Manufacturer Recommendations Regarding Safe 
Radiotherapy in PM/ICD Patients
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