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Outline for MR Safety Medical Director/Safety Officer Course 

 
A.  Basic underlying MR safety principles and building blocks 

1. Static magnetic field 
a. Biological Forces 

i. Magnetophosphenes 
ii. Magnetohydrodynamic effect 

iii. Flow potentials/EKG perturbations 
iv. Vertigo, dizziness/nystagmus, nausea with motion in the static 

field; strongly field strength related, especially noticeable at 7T 
v. Teratogenesis? 

vi. Pregnancy-related issues: Spontaneous abortion, premature 
delivery, gender of offspring, low birth weight, infertility 

b. Mechanical Forces 
i. Translational Forces (Missile Effect) 

1. Magnetic spatial gradient exposure 
2. Static field exposure 
3. Spatial and force-related effect of magnetic shielding 

a. Active 
b. Passive 

4. 3D location of maximal translational force (i.e., location of 
maximum (dB/dx)(Bo)) 

ii. Rotational Forces (Torque) 
1. 3D location of maximal rotational force (i.e., location of 

maximum Bo) 
iii. Lenz’s Forces 

1. Dependence predominantly on: 
a. Bo/static field gradient 
b. Orientation of electrical conductor relative to the 

lines of magnetic force 
c. Rate of motion of electrical conductor relative to Bo 
d. Dimensions of moving electrical conductor 

iv. Incapacitation/alteration of function of active devices 
1. Drug infusion/delivery pumps, pacemakers, defibrillators, 

oxygen tanks/regulators, fire extinguishers, etc. 
 
 

2. Time varying magnetic fields 
a. Rapidly changing - RF magnetic fields 

i. Potential biological concerns 
ii. Potential thermal concerns 

1. SAR (rate of absorbed energy by tissue) versus B1+rms 
(strength of transmitted RF energy) 

2. multifactorial determinants, including among others: 
a. Rate of exposure 
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b. Route of exposure 
c. Transmitting RF coil 
d. Proximity of patient tissue/device to transmitting 

RF coil 
e. Diameter of induced current loop 
f. Orientation of induced current loop relative to 

transmitted RF power 
g. Concentration of induced voltages/currents 

i. Predominantly at tips of leads or wires, or 
in/near devices with sharp edges/points 

ii. Points of high resistance along an induced 
electrical current pathway 

iii. Field strength/transmitted RF frequency 
relative to the object in which there is an 
induced voltage/current 

h. Presence/absence of RF reflective surfaces (e.g., 
mylar (“space”) blankets, aluminum/tin foil, 
reflective backed aluminized drug delivery patches, 
etc. 

3. Presence/absence of heat sink (other than patient tissue!) 
b. Slowly changing - Gradient magnetic fields 

i. Acoustic/auditory considerations 
ii. Direct neuromuscular stimulation potential 

1. Muscular twitching, fasciculations 
2. Arrhythmogenesis potential 

c. Very slowly changing magnetic fields 
i. System quench 

ii. Movement/motion within the static magnetic field (e.g., 
magnetophosphenes, flow potentials, magnetohydrodynamic 
effect, Lenz’s forces) 

 
 

3. Gadolinium based contrast agents (GBCA) 
i. Short term adverse effects.  Reportedly slightly lower with 

Omniscan, reportedly slightly higher with Multihance and 
Gadavist and Eovist, all likely less than 1% or so when followed 
chronically. 

ii. Non-allergic type: Nausea, emesis, headache, local injection site 
adverse reactions, etc. 

iii. Allergic type: Hives, sneezing, swelling, etc.  
iv. Anaphylaxis/anaphylactoid reactions 

b. Long term adverse effects 
i. Nephrogenic Systemic Fibrosis 

1. Predominantly or only with Omniscan, Optimark, 
Magnevist, minimally (~3 cases reported) following 
Gadavist, 1 possible case following Prohance, 1 case 
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reported following Multihance but that patient had 
essentially normal renal function for age (who would likely 
be the ONLY NSF patient ever reported/confirmed with 
normal renal function, making this case association 
questionable). 

ii. Gadolinium accumulation/retention 
1. Intracranial gadolinium accumulation/retention 

a. Dose/exposure related predominantly seen as 
dentate/globus pallidus T1 shortening 

b. T1 shortening is not as sensitive as ICP-MS for 
detecting residual/retained gadolinium; appears to 
be present with ALL GBCA albeit likely quite 
different rates/amounts for various agents 

c. T1 shortening likely NOT secondary to gadolinium 
phosphate or other forms of insoluble gadolinium 
forms.  Thus, there may be more than one form of 
residual/retained gadolinium in the brains (bodies) 
following iv administration, some of which 
contribute significantly to T1 shortening and others 
which do not. 

d. The speciation (i.e., molecular form or structure) of 
the residual/accumulated gadolinium present in the 
brain is likely the original administered chelated 
form for the three macrocyclic agents but seems to 
be a) in the original chelated form as well as b) in 
dissociated insoluble forms (e.g., gadolinium 
phosphate?) for at least some of the linear agents 
and possibly also c) associated with some as of yet 
unknown macromolecule(s)/protein(s) for at least 
some of the linear agents. 

e. The relative toxicities of these three forms below 
remains for now unknown 

i. the original ligand/chelated complex  
ii. dissociated insoluble complexes 

iii. bound to macromolecule(s)/protein(s) 
f. It has been known since 1995 (Vogler, et al) that the 

three macrocyclic agents (Dotarem, Gadavist, and 
Prohance) are more neurotoxic when injected 
directly into the CSF of rats than are the two linear 
agents (the only ones available and studied at that 
time), Magnevist and Omniscan 

2. Residual gadolinium is also found in bone, skin, liver, 
lungs, etc.  Concentration in bone dozens of times higher 
than that seen in brain.  Also seen in globes hours/day(s) 
following intravenous administration. 
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3. Seen in patients with NORMAL renal function, but is more 
pronounced in patients with reduced renal function 

4. Marked differences between the available GBCA; likely 
lower or much lower in all macrocyclic GBCA than all 
linear GBCA, but there may also be 
differences/stratification among the macrocyclic agents 
themselves and among the linear agents themselves 

5. What we DON’T know… 
a. The speciation (i.e., molecular form) of the 

residual/retained gadolinium in the brain or 
elsewhere in the body remains unclear 

i. Bound to original ligand molecule 
ii. Bound to another molecular moiety (i.e., 

transmetallation) 
iii. “Free” gadolinium (unlikely) 

b. How did the gadolinium get to the other side of the 
blood brain barrier? 

i. Likely through the glymphatic system of the 
brain via CSF pathway, although other 
pathway(s) are also possible 

c. MOST importantly, we still do not know the safety 
ramifications, if any, of residual/retained 
gadolinium, either in the brain or elsewhere 

iii. Gadolinium Associated Plaques (GAP) 
iv. Anthropogenic gadolinium 

1. In waste waters 
2. In reservoirs 
3. In tap water 
4. Internationally and in the US 
5. Contains intact as well as NOT intact GBCA chelates 
6. Now reported to have been found in plant and animals 

associated with gadolinium-containing water sources, so 
anthropogenic gadolinium can now be found to be traced to 
our food, not only water, supply 

v. www.gadoliniumtoxicity.com (The Lighthouse Project) Self-
published patients with normal renal function and complaints since 
GBCA administration; reportedly elevated 24-hour urinary 
gadolinium excretion, even higher levels of excretion following 
chelation therapy years post-most recent GBCA administration 

1. Likely NOT the same as residual or accumulated 
gadolinium, since in some of these patients symptoms 
reportedly began in hours to days after initial 
administration of the first dose of a gadolinium based 
contrast agents 
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4. Cryogen safety considerations 
a. Temperature/frostbite; should not be a factor in a successful, uneventful 

quench 
b. Hypoxia/asphyxia; should not be a factor in a successful, uneventful 

quench 
c. Relatively sudden pressure changes; should not be a factor in a successful, 

uneventful quench 
d. Changing magnetic fields 
 
 

5. Claustrophobia/Anxiety 
 
 
 
6. Monitoring 

a. MR environment effects on ability to accurately monitor 
b. Effects of the monitoring device(s) on MR imaging (artifacts) 

 
 

B. Clinical situations and considerations 
1. New ACR Manual on MR Safety – First time released in 2020, replaces all prior 

ACR Guidance Documents for Safe MR Practices (most recent version had been 
from 2019). 

 
 
2. General implant safety considerations 

a. Translation forces scale with the force product (for magnetically 
unsaturated materials; scales with dB/dx for magnetically saturated 
materials.  Different materials magnetically saturate at different magnetic 
field strengths) 

b. Maximum Bo/static field exposure (torque forces scale with Bo) 
c. Maximum spatial gradient, aka dB/dx (clinical application and decision 

making) 
i. System maximum (may be behind system shroud/enclosure) 

ii. Maximum to which the patient and health care personnel can be 
exposed 

1. Maximum to which the implant/device/foreign body can be 
expected to be exposed 

2. It is important to realize that the maximum spatial field 
gradient dB/dx reported for a given MR scanner is only 
found in a particular location or set of locations.  This may 
NOT represent the maximum spatial field gradient (dB/dx) 
that the patient’s implant, foreign bodies, or devices may 
reach or to which they may be exposed, which might be far 
smaller than this system-maximum number at that specified 
location or set of locations 
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d. Thermal (clinical application and decision making) 
e. Induced voltages 

i. direct neuromuscular excitation 
ii. Interference with device function (e.g., sensing cardiac pacemaker) 

f. Vibration 
g. Artifact induction (clinical application and decision making) 
 
 

3. Specific implant/device safety considerations 
a. Patient implants 

a. Ferromagnetic risk 
i. Magnetic implants (dental, breast implants, ICP monitors, 

etc.) 
ii. Intraocular or adjacent to other delicate tissues/organs 

iii. Artifact consideration 
i. Active implants 

1. Device interfering with the MR scanner/artifact 
2. MR fields interfering with the implanted device function 
3. Pacemakers 

a. Classical, one or more leads 
b. Some are labeled as MR Conditional 
c. Intracardiac, “leadless” 

4. Cardiac Resynchronization Therapy (CRT) for increased 
efficiency/cardiac output (3 leads, right atrium and both 
ventricles) 

a. CRT-Pacemakers (CRT-P) 
b. CRT-Defibrillators (CRT-D) 
c. Each is now available as MR Conditional 

5. ICDs 
a. Some are labeled as MR Conditional 

6. Depth electrodes 
7. Deep brain stimulators 
8. Bone growth stimulators 

ii. Passive implants 
1. Wires/leads/sutures 
2. Special consideration/circumstances 

a. Copper 7/copper T 
b. Foreign bodies (bullets, shrapnel, BBs, etc.) 
c. Tattoos 

i. Thermal 
ii. Migration 

d. Foil backed (i.e., electrically conductive) 
medication patches 

e. Multiple adjacent or contiguous implants (e.g., skin 
staples, multiple dermal anchors, piercings) 

3. Fixed Parameter Option:B Operating Mode 
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4. “ScanWise”, “Implant Suite” (not yet released; unsure if it 
will be released), Low SAR mode, and other such MR 
scanner options matching MR scanner output to FDA-
approved device/implant labeling 

5. A new standard is being worked on as this is being written 
(April, 2021) to try to help standardize threshold data entry 
for scanning of implant/medical device patients 

b. Healthcare worker implants 
4. “Kanal Method” for implant safety risk assessment 

a. Assess individual risks for: 
i. Static fields 

1. Translation 
2. Rotation/torque 
3. Lenz’s forces 
4. Incapacitation/interference with device function 

ii. Time varying transmitted RF fields/energies 
1. Proximity burns related to near field effects; ensuring no 

part of patient’s tissues (or electrically conductive 
materials) are within the prospectively identified “danger 
zones” as defined by the MR manufacturer (e.g., outer 5 
mm, outer ¼”, outer 1 cm, etc. radially from the inner bore 
of the MR scanner bore wall for cylindrically shaped MR 
scanners) 

2. Assessment for the potential presence of large caliber 
electrically conductive loops (especially with focal regions 
of high electrical resistance) partly or fully within the 
volumes exposed to direct RF irradiation 

a. Ensuring that resonant circuitry is not established 
by electrically conductive materials and/or patient 
tissues partly or fully within the volume exposed to 
direct RF irradiation 

b. “Think like an electron”!  Watch for induced 
current pathways that might have focal regions of 
high electrical resistance 

c. Decreasing RF (i.e., B1) energy exposure rates 
i. Increased TR 

ii. Decreased flip angle 
iii. Fewer echoes in ETL/decrease Turbo Factor 
iv. Fewer slices (in multislice or serial 

acquisition modes) 
v. Turn off RF intensive options (fat saturation, 

magnetization transfer, spatial pre-saturation 
pulses) 

vi. Decrease Bo                                                                                                                                 
vii. Generally, gradient echo vs spin echo 
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viii. Generally, echo planar imaging vs                                                                                             
FSE/TSE 

ix. Generally, local (vs body) RF transmit coils 
x. Quadrature (circularly polarized) versus 

linear RF transmit coils 
d. Decreasing total RF (i.e., B1) energy exposure 

i. Decreased flip angle 
ii. Decrease number of slices in 2D multislice 

mode or 3D imaging 
iii. Fewer slices (in multislice or serial 

acquisition modes) 
iv. Turn off RF intensive options (fat saturation, 

magnetization transfer, spatial pre-saturation 
pulses) 

v. Decrease NEX/Partial NEX 
vi. Decrease Bo 

vii. Quadrature (aka, circularly polarized) 
transmitting RF coils versus linear transmit 
RF coils 

viii. Decrease Np (number of phase encoding 
samples) for routine 2DFT imaging 

ix. Spiral vs linear (line at a time) tracks 
through K-space 

x. FSE/TSE vs linear (line at a time) pathways 
through k-space 

xi. Generally, gradient echo versus spin echo 
xii. Generally, echo planar imaging vs FSE/TSE 

xiii. Generally, local (vs body) RF transmit coils 
or otherwise increasing distance between 
transmitting RF source and 
implant/device/foreign body 

xiv. “Collimation”/shielding of 
device/implant/foreign bodies from 
transmitted RF (B1) fields (e.g., RF shields) 

3. Ensuring no regions of reflected RF power (e.g., aluminum 
foil, or metallic foil backed medication patches, etc.) are 
within the volume exposed to direct RF irradiation 

4. Ensuring that no devices upon which the safety of the 
patient may be dependent are exposed to time varying 
transmitted RF magnetic fields OR THEIR 
SECONDARILY INDUCED ELECTRICAL FIELDS that 
might impeded with, alter, or otherwise interfere with the 
required functionality of that device(s) 

iii. Time varying gradient fields 
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1. Ensure that no electrically conductive materials (and 
especially wires/leads or those with points/edges) are 
exposed to time varying gradient magnetic fields 

a. If they ARE so exposed, ensuring that 
neurostimulation of the tissue(s) at the ends of these 
wires/leads/electrically conductive materials would 
not pose a neurostimulatory or health risk to the 
patient so exposed 

2. Ensuring that no devices upon which the safety of the 
patient may be dependent are exposed to time varying 
gradient magnetic fields that might impeded with, alter, or 
otherwise interfere with the required functionality of that 
device(s) 

3. Ensuring that vibration-related concerns for a given device 
that might be exposed to time varying gradient magnetic 
fields in the study about to be performed would not result 
in a safety issue for the patient (e.g., local trauma, 
incapacitation of the function of a device (e.g., lead 
dislodgement such as for a freshly placed (<6 weeks) 
intracardiac pacing lead), etc.). 

b. If the above process DOES disclose/reveal that some risk(s) is/are present, 
evaluate for possible steps to ameliorate such risks (e.g., decreasing SAR 
and/or B1+rms and/or RF duty cycle (e.g., decreasing number of slices, 
decreasing excitation flip angle, decreasing turbo factor/echo train length, 
changing to gradient instead of spin echo imaging sequences, turning off 
fat saturation or magnetization transfer pulses, etc.) or changing to a 
smaller transmitting RF coil, adjusting patient positioning, modifying 
device/implant programming prior to MR exposure, external 
fixation/pressure bandages to assist with device/implant/foreign body 
immobilization, etc.) 

c. Recognizing that the entire process above evaluates RISK but in no way 
attempts to evaluate for potential patient BENEFIT from the requested 
MR examination 

d. Assess benefit-risk ratio for the requested examination and arrive at a 
knowledge-based determination and decision as to whether to proceed or 
not 

e. Recognize that the decision to proceed with the requested MR study is 
individualized, and that with the same perceived potential benefits and 
risks some individuals may elect to advise proceeding with the requested 
MR study and others may advise against it and for cancellation of that 
same requested MR study 
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5. Pregnancy MR safety considerations 

a. Patient pregnancy issues 
i. Unenhanced 

ii. Enhanced 
b. Research subject pregnancy considerations 

i. Risk-benefit assessments we use in clinical scanning do not apply, 
as the individual undergoing the risk is not the same as the one 
receiving the potential benefit 

ii. Unenhanced 
iii. Enhanced 

c. Healthcare pregnancy issues 
i. Risk-benefit assessments we use in clinical scanning do not apply, 

as the individual undergoing the risk is not the same as the one 
receiving the potential benefit 

 
 

6. Non-MR personnel in the MR environment 
a. Anesthesiologists 
b. Referring physicians (neurosurgeons, neurologists, cardiologists, etc.) 
c. ICU personnel  (nursing, respiratory) 
d. Patient transport 
e. Security 
f. Housekeeping/maintenance 
g. Firefighters, police, first responders 

i. Training content, frequency 
h. Accompanying family/friends/guardians 
i. Prisoners, accompanying guards/police/security 

i. House arrest bracelet 
ii. Handcuffs, other restraining device(s) 

iii. Weapons 
 
 

7. Screening considerations 
a. Standardization 

i. By whom? 
ii. Of whom? 

iii. How many times? 
iv. Written?  Oral?  Both? 

b. Ferromagnetic detection; pros and cons, advances (far fewer false 
positives) 

c. Standard conventional “airport style” metal detectors are NOT 
recommended 

d. Gowning considerations 
i. Decrease risks from ferromagnetic and thermal considerations 
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ii. May increase thermal risk associated with skin to skin contact 
loops (e.g., medial thighs) 

iii. Whom?  (patient?  Accompanying family?  Accompanying 
healthcare workers?) 

iv. How much? (i.e., what constitutes gowning?  Top? Whole body?  
Underwear/socks?) 

1. Today I recommend gowning to skin in all volumes that 
will undergo direct RF (B1) irradiation 

 
 
 
 
 

8. Handling codes in the MR environment 
a. Prospective designation outside of Zone IV (except anesthesia) 

i. Location 
ii. Events/steps to execute 

b. Prospective site design (oxygen, suction, location with ability to safely and 
reliably defibrillate) 

i. Prospective assigned tasks, including someone to “man the rotor”; 
i.e., stationed in front of Zone IV and preventing inadvertent 
access (unless the entrance to Zone IV can be locked after it is 
vacated) 

 
 

9. 4 Zones concept 
a. Site access restriction 

i. Humans 
ii. Ferromagnetic devices/objects 

b. Signage 
c. Authority and responsibility for enforcement 

 
 

10. Device labeling 
a. MR Safe 
b. MR Conditional 
c. MR Unsafe 
d. New “Fourth Term”: MR Unlabeled.  This refers to any device or situation 

or set of conditions wherein the device/situation does NOT satisfy any of 
the above three definitions of MR Safe, MR Conditional, or MR Unsafe.  
This includes any/all MR Conditional devices where the conditions of 
safety are not or cannot be satisfied. 

  



BS”D 
Copyright © 2021 All Rights Reserved Emanuel Kanal, MD, FACR, FISMRM, MRMD, MRSE, AANG 
Las Vegas, NV June 6-9, 2021  Do not reproduce/distribute without permission 
 

 12 

 
11. Siting considerations for MR safety 

a. Defined at least in part by the patient population to be scanned (e.g., in-
patient versus out-patient, pediatric versus adult, sedation, anesthesia and 
recovery, monitoring, how will codes be handled, etc. etc. etc.) 

b. Access control, line of sight from MR Technologist/Operator, etc. 
c. Siting of ferromagnetic detection units 
d. Patient screening areas 
e. Area for running codes 
f. Metal/ferromagnetic material storage/quarantine area (e.g., lockers) 
g. Site planning for gases, suction, etc. access 
h. Proper quench venting pathways 
i. Don’t forget that Zone III includes the cryogenic stack egress port, 

typically on the roof 
 

 
12. Infection control (cleaning, venting between patients, etc.) 
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C)  Medicolegal implications of MR safety: “Learning from the mistakes of 
others…” 

1. Legal foundations and building blocks 
a. Standard of care 

i. This is the basis of it all 
ii. Expectation of how another similarly trained individual would 

have behaved in the same clinical situation 
iii. HOWEVER, defined by the patient’s expectation 

b. Medical malpractice 
i. Breach of standard of care = Negligence 

ii. The breach of the standard of care was a proximate cause of an 
injury 

c. “Captain of the ship” doctrine for medical malpractice in US 
i. Different for international practices; does not necessarily apply 

overseas! 
d. There can be multiple parties responsible/liable for an injury 
e. Vicarious liability 

i. NOT determined by who hires/fires the employee 
ii. If they respond to your guidance, you can be held vicariously liable 

for their actions/inactions 
 
 

2. Legal case considerations/examples 
a. Ferromagnetic 
b. Auditory 
c. Thermal 
d. Implant malfunction/safety consequences 
e. GBCA-related 

i. Serious adverse effect or anaphylaxis 
ii. NSF 

f. Missed diagnosis secondary to inappropriate sequence execution 
g. Failure to diagnose and/or failure to communicate urgent results in an 

appropriately timely fashion (not for this conference) 
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Magnetic Resonance Medical Director/Safety Officer Training Course Lectures: 

Introduction 
 

1) MR Safety Education: Why? 
a) Apparently increasing rates of reported adverse events, incidents, and accidents in 

MRI despite increasing experience and knowledge relating to all matters 
pertaining to MR safety.  This is unprecedented in the world of medicine, that the 
more we understand about the underlying potential safety hazards and the more 
we know how to control them in a given modality or science, the higher the rates 
of adverse events experienced, or even that the rates do not clearly decrease over 
time 

b) Much of the safety knowledge has still not disseminated to those charged with 
ensuring the safety of the examination.  This is why you are here! 

2) International efforts at MR Safety Standardization 
a) Medicines and Healthcare Products Regulatory Agency (MHRA) 

i) MR Responsible Person 
(1) Can be “clinical director, department head, clinical scientist, medical 

physicist, MR superintendent radiographer” 
(2) "May be more than one MR Responsible Person” 
(3) “The MR Responsible Person should not take on the role of MR Safety 

Advisor” 
ii) MR Safety Advisor 

(1) “Ideally a physicist” 
(2) “Adequate training, knowledge, and experience of MR equipment, its uses 

and associated requirements” 
iii) “Referring clinicians should be made fully aware of the safety aspects and 

contraindications associated with MRI equipment that are specifically relevant 
to their patients prior to submitting them for scanning” 

iv) “It is the responsibility of the referrer to identify those patients with implants 
and/or contraindications to MR before referral.” 

b) Institute of Physics and Engineering in Medicine (IPEM) 
i) MR Safety Expert; works closely with the MR Responsible Person as 

described by the MHRA (above) 
ii) Mostly advisory roles 
iii) Does, however, specify some responsibility roles, including: 

(1) “Specify roles, responsibilities and authority levels of relevant staff at 
appropriate level of detail to facilitate implementation and management of 
an MR Safety framework.” 

(2) Specify the record-keeping requirements regarding staff training, staff and 
patient exposure, volunteer exposure, contrast media and equipment 
modifications. 

(3) Identify and use appropriate measuring equipment to establish/investigate 
patient, volunteer, occupational and public exposure levels 

c) European Federation of Organisations for Medical Physics (EFOMP) 
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i) MR Safety Officer 
(1) “This level of safety provision is included… by the MR Responsible 

Person recommended by the UKs MHRA.” 
(2) “The role of MRSO may be carried out by suitably qualified personnel 

having recorded training such as Medical Physicists, Radiographers, 
Radiologists, etc.” 

ii) MR Safety Expert 
(1) “…provide high level advice on the engineering, scientific and 

administrative aspects of the safe clinical use of MR devices.” 
(2) “…higher level of knowledge, skill, and competence than the MRSO…”  

However, no European consensus re. specific skills, knowledge, and 
competence, or training.  E.g.: Germany: no requirements for the MRSE to 
be from a specific profession or to have any accredited training. 

(3) Similar to the MR Safety Adviser of the MHRA 
(4) EFOMP recommends scientific qualifications and formal accreditation 
(5) Mostly advisory; however, there is one responsibility-related role: 

(a) “Development of local rules and procedures to ensure the safe use of 
MR equipment” 

d) “Recommended Responsibilities for Management of Magnetic Resonance Safety” 
consensus document 
i) Peer reviewed/published by the Journal of Magnetic Resonance Imaging 

(JMRI) in print November, 2016 
ii) Consensus from (alphabetically): 

(1) The American Board of Magnetic Resonance Safety (ABMRS) 
(2) The European Federation of Organisations in Medical Physics (EFOMP) 
(3) The European Federation of Radiographer Societies (EFRS) 
(4) The European Society for Magnetic Resonance in Medicine and Biology 

(ESMRMB) 
(5) The European Society of Radiology (ESR) 
(6) The International Society for Magnetic Resonance in Medicine (ISMRM) 
(7) The Society for Cardiovascular Magnetic Resonance (SCMR) 
(8) The Society for Magnetic Resonance Technologists (SMRT) 

iii) Defines recommended responsibilities for management of MR safety by each 
position/title 
(1) MR Medical Director/MR Research Director 
(2) MR Safety Officer 
(3) MR Safety Expert 

e) USA Recommendations 
i) American College of Radiology 

(1) Written as of July 2015, satisfying MR safety now a criterion for ACR 
MR Site Accreditation 
(a) Went into effect as of July 1, 2016 

(2) New (2020) ACR MR Safety Manual – replaces all prior ACR Guidance 
Documents for MR Safe Practices 
(a) Now supports MRMD, MRSO, MRSE MR Safety oversight 

structure/recommendations from 2016 Consensus article noted above 
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ii) American Board of Magnetic Resonance Safety 
(1) Created in the US in 2015 
(2) Standardized examinations for MRMD, MRSO, and MRSE 
(3) Certification duration is 10 years, after which it must be renewed 
(4) No ongoing yearly educational or experience-based requirements as of 

today 
(5) Examinations now administered internationally including Australia, New 

Zealand, England. 
(6) As of late 2020, ABMRS MRSE examination is now formally supported 

by the Institute of Physics and Engineering in Medicine (IPEM) 
(7) As of 2021, >2,500 ABMRS certified diplomates since 2015 (including no 

examinations gap of almost a year due to Covid-19) 
iii) Typical US implementation of these positions 

(1) MR Medical Director, Radiologist 
(a) RESPONSIBLE PARTY for any and all aspects of the safe utilization 

of MR technology relative to patients, health care workers, other 
employees, researchers, research subjects, and the general/lay public; 
de facto “Captain of the (MR) Ship”. 

(2) MR Safety Officer 
(a) Advisory, but also (see (b)) 
(b) Responsible party if and when delegated to by the MRMD and/or 

radiologist 
(c) Frequently asked to be the one to ensure the execution of the MR 

safety practices and guidelines and policies as defined by the MR 
Medical Director/Radiologist 

(d) Expertise regarding all MR safety issues (excluding GBCA and/or 
other pharmaceuticals) and/or knows how to access such expertise 

(e) Not necessarily a physician; often an MR Technologist (or physicist) 
(f) (If not an MD,) NOT EXPECTED TO PRACTICE MEDICINE 

(3) MR Safety Expert 
(a) Safety resource for the MRMD and/or MRSO 
(b) Purely advisory role 
(c) Recognizing the scarcity of this resource, not expected to be full time 

on site, but rather available for multiple sites if/as needed 
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Magnetic Resonance Medical Director/Safety Officer Training Course Lectures: 
Static Magnetic Fields 

 
1) Potential biologic effects 

a) Magnetophosphenes 
b) Magnetohydrodynamic effect (“Lenz’s forces with fluids”) 

i) Potential effect on cardiac output; not felt to be a clinical issue at clinical field 
strengths 

c) Flow potentials/EKG perturbations 
i) Elevation of ST segments and/or T waves can result in differential diagnostic 

problems with EKG interpretation regarding patients in cardiac ischemic 
distress 

ii) Abnormal T wave augmentation can be sufficient to result in false triggers for 
QRS complex in EKG-gated studies leading to artifacts, incorrect TR 
selections, etc. 

d) Vertigo, dizziness/nystagmus, nausea with motion in the static field 
i) Typically manifests for most people of the population only at 3T or higher 

field strengths.  MUCH more prevalent at 7T 
e) Metallic taste in the mouth (“electrogustatory effect”; uncertain etiology; not 

always in patients with metallic dental fillings) 
f) Teratogenesis/carcinogenesis: Not felt to have been detected at clinically utilized 

thresholds 
g) Pregnancy-related issues studied: 

i) Spontaneous abortion (equivalent to other working mothers) 
ii) Gender of offspring (no relation seen) 
iii) Premature delivery (no relation seen) 
iv) Infertility (no relation seen) 
v) Low birth weight (no relation seen) 

2) Potential mechanical effects 
a) Translation (projectile effect) 

i) Determined by the static field strength (Bo) as well as the strength of the                
magnetic field spatial gradient (dB/dx, a.k.a. Spatial Field Gradient or SFG). 

ii) Displacement force is defined as the Force Product scales as (Bo)(dB/dx) for 
magnetically unsaturated metallic objects (and scales with dB/dx for 
magnetically saturated metallic objects) 

iii) Determined by the object itself 
(1) Ferromagnetic property/extent 
(2) Mass 
(3) Geometry/size 

iv) Maximum force 
(1) Typically at superoinferior end of magnet coil (for superconducting MR 

scanners) just inside the bore entry for superconducting MR imaging 
systems 

(2) Dependent upon presence, type, magnitude of shielding 
(a) Active shielding 
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(b) Passive shielding 
(3) Dependent upon magnet type/design 

(a) Superconducting (superoinferiorly or “horizontally” oriented magnetic 
field) 

(b) Permanent (anteroposteriorly or “vertically” oriented magnetic field) 
v) Minimum force 

(1) Center of bore (dB/dx approaching zero) 
(2) Far from magnet (e.g., Zones I and II) 

vi) Type of material in device/implant/foreign body 
(1) Stainless steel is not always ferromagnetic 

(a) Austenitic (almost always not grossly ferromagnetic) 
(b) Ferritic (ferromagnetic) 
(c) Martensitic (ferromagnetic) 
(d) Some types of cold working can alter the metal’s properties so that an 

austenitic, not grossly ferromagnetic material can acquire grossly 
detectable ferromagnetic properties 

(2) “Sand” bags may contain not sand but rather ferromagnetic/iron shot or 
iron powder 

(3) Pillows, splints, etc. may contain ferromagnetic materials 
vii) Path followed by a ferromagnetic device/object will be strongly influenced by 

the paths of the magnetic lines of force of and surrounding the MR imaging 
unit 

viii) The individual(s) bringing in the potential projectile may include: 
(1) The patient 
(2) Family members/guardians 
(3) Emergency response personnel 

(a) Ambulance 
(b) Police 
(c) Fire 

(4) Manufacturer employees 
(a) Engineers 
(b) Cryogen transfill personnel 
(c) Applications 

(5) Hospital/site healthcare or other employees 
(a) Security 
(b) Maintenance 
(c) Housekeeping 
(d) Transport 
(e) Nursing 
(f) Respiratory therapy 
(g) Physicians (note especially anesthesiologists) 
(h) Physicists 
(i) MR Technologists 
(j) Radiologists 

b) Torque (rotational forces) 
i) Determined by static field strength. 
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ii) Maximum force where field strength is greatest. 
(1) Typically at superoinferior end of magnet coil (for superconducting MR 

scanners) just inside the bore entry for superconducting MR imaging 
systems 

(2) Bore center is where the nominal MR scanner “advertised” field strength 
can be found (e.g., 1.5T, 3T) 

(3) With faceplate of magnet removed, may reveal/uncover other locations 
where maximum field strength reaches or exceeds magnet bore center 

iii) Minimum force where field strength is lowest; i.e., far from magnet (e.g., 
Zones I and II) 

c) Lenz’s forces 
i) Results from motion of electrically conductive material perpendicular to the 

spatial magnetic field gradient (and/or from motion of a magnetic field 
perpendicular to an electrical conductor) 

ii) The induced magnetic field will oppose the initial magnetic field that 
(together with the motion vector) created it 

iii) The greater the rate of motion the greater the induced voltages and therefore 
the greater the induced magnetic field opposing the motion 

d) Device interactions 
i) Motion, dislodgement 
ii) Incapacitation of the device (e.g., drug infusion pump) 
iii) Alteration of the device function (e.g., watch, fire extinguisher, pacemaker, 

defibrillator) 
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Magnetic Resonance Medical Director/Safety Officer Training Course Lectures: 
Radiofrequency Magnetic Fields 

 
1) Biologic effects 

a) Highly controversial; much debate regarding extremely low frequency (ELF) 
electromagnetic radiation and ELF modulation of RF carrier frequencies 

2) Thermal issues 
a) Most commonly reported MR-related adverse event (excluding GBCA-related 

adverse events) 
b) Is only a potential issue in the volume being exposed to the transmitted RF 

energies in the MR study being performed OR in secondarily induced electrical 
current pathways 
i) For unloaded transmitting RF coils the drop off of RF energies falls relatively 

rapidly as one leaves the volume of the transmitting RF coil(s) 
ii) It is therefore incumbent upon the site to always know and be cognizant of 

precisely which RF coil(s) is/are being used for RF transmission in the study 
to be performed (e.g. body coil, transmit/receive local coil, etc.) 

iii) Thus, one can markedly decrease the associated thermal RF risk of an MR 
examination by using a focal RF transmitting coil (perhaps also at lower RF 
powers), thus restricting the transmitted (and potentially absorbed) RF 
energies to a volume that does not include electrically conductive material in 
the bore of the scanner during MR imaging 

c) Today quantified using predominantly the specific absorption rate (SAR), a unit 
of power, which describes the rate of RF energy absorption by human tissue 
i) Varies dependent upon the square of the transmitted RF frequency (i.e., by the 

square of the static magnetic field strength of the MR imaging unit), square of 
the transmitted RF excitation flip angle, and depends on the rate and duration 
and shape of the transmitted RF pulses. 

ii) Patient tolerance of the transmitted energy bolus is itself dependent upon 
several factors, including patient health, air flow around the patient/in the 
bore, ambient air temperature, ambient air humidity, clothing type and 
thickness and layers on/around the patient, patient body habitus, etc. 

iii) SAR is known to be a highly inaccurate means of RF power quantification 
between MR systems 
(1) Different formulae and methods used by different manufacturers and even 

different models in the same manufacturers; can be based on patient 
weight, or mass of the segment(s) of the patient loading the transmitting 
RF coil, etc. etc. etc. 

(2) Proprietary formulae (!!!) used by different MR imaging device 
manufacturers 

(3) Inaccurate information input regarding patient weight will modify the 
calculated and displayed SAR values for the study to be performed 
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(4) “…using SAR to guide MR safety recommendations for neurostimulation 
systems or other implants across different MR systems is unreliable and, 
therefore, potentially dangerous.  Better, more universal measures are 
required…” (Baker KB, Tkach JA, Nyenhuis JA, et al; JMRI, 
2004;20:315-320) 

(5) B1+rms and its increasing usage for MR power regulation 
(a) Defines strength of transmitted RF (B1) energy (units of microTesla) 

d) Potential power deposition safety issues 
i) Diffuse 

(1) Not a strong clinical concern.  Generally a matter of “feeling warm”, 
overall temperature discomfort 
(a) For human thermoregulation, the greater the surface area to volume 

ratio, the faster/more efficiently a human can release an excess thermal 
load 

(b) The greater the difference between the patient and the ambient 
environment (in temperature as well as humidity) the more efficient 
the energy loss rates by the patient to the background environment 

(2) Larger patients have more difficulty handing an exogenously applied 
thermal load and are typically less efficient at thermoregulatory 
compensatory rates 
(a) Lower surface area to volume ratio 
(b) Body habitus results in greater levels of obstruction of air flow through 

the bore 
(i) Increased temperatures and humidity in the bore, lower rates of 

thermal exchange from the body to the ambient air/environment 
(c) Recommend ambient Zone IV temperatures of 67oF (19oC) (and the 

lower the ambient humidity the better) 
(3) Neonates/premature infants have difficulty with thermoregulation 

(generally vasodilated, high surface area to volume ratios) and tend to lose 
heat rapidly; diffuse heating from MRI is generally not a safety issue for 
this population 

(4) The International Electrotechnical Commission (IEC) established a 
Specific Energy Dose (SED; aka, Specific Absorbed Energy, or SAE) 
(a) This provides for a maximum amount of RF power that can be 

absorbed by the patient for an MR examination, and was set as 14,400 
kJ/kg (which equals two hours of maximal SAR at normal operating 
mode or one hour of maximal SAR at first level controlled mode). 

(b) They have apparently eased off on this requirement and permit the 
individual MR manufacturers to establish their own maximal 
thresholds, but the SED programming thresholds are already present is 
many installed MR scanners.  These are now generally advisory. 

(c) For whatever it may be worth, while I agree with their attempt to 
restrict total energy exposures to “reasonable” levels, I do NOT agree 
with the approach as it does not in any way take into consideration 
either patient cooling potential (e.g., rest periods between scans) or 
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patient potential clinical benefits/needs for the requested MR 
examination(s). 

ii) Focal 
(1) Concentrating the transmitted RF power in time and space is a real 

potential clinical MR safety concern for essentially every patient 
(2) There are multiple potential mechanisms for focal heating from MR 

imaging 
(a) Near field effects from transmitting RF coil 

(i) Perhaps the single most common type of RF burn 
(ii) Almost always a (transmitting) body coil safety issue; not 

generally seen with local RF transmitting coils 
(iii) Generally seen in larger and/or obese patients 
(iv) Generally in the lateral shoulders, elbows, or flank 
(v) Prevention: Ensure adequate minimum space/distance between 

inner bore of MR scanner and the patient’s tissues (proper 
positioning, utilization of positioning pads, etc.) 

(b) Focal concentrations of induced e-field along the induced 
voltage/current pathways 
(i) Induced current pathways can include regions of focally 

concentrated e-field and/or higher electrical resistance that can 
produce significant – and rapid – heating 

(ii) Heating can occur in the presence of exogenously placed 
electrically conductive material (e.g., wires) or the patient’s tissues 
alone 
1. Such thermal injuries/burns have occurred with human tissue 

alone (and no other electrically conductive material in the bore 
of the scanner with the patient during MRI) 
a. Medial thighs, fingers/thigh contact points 
b. The dermis contains the heat sensors (thermoreceptors); fat 

does not.  Fat is an efficient thermal insulator. 
Nocireceptors (pain receptors) are found in skin and muscle 
and other tissues, but again, not in fat. 

c.  THEORY: The greatest heating occurs deep to the 
skin/dermis, in the fat which has a significantly greater 
electrical resistance than does muscle (typically 20x 
greater).  The main injury is to the deeper layers beneath 
the dermis of the skin.  Thus, in these types of injuries, by 
the time the patient can thermally conduct the deposited 
thermal load to the thermoreceptors and nocireceptors in 
the dermis, the damage may have already occurred. 

d. Therefore, directing the patient to inform the Technologist 
if/when they feel any discomfort will often not prevent this 
type of thermal patient/tissue injury 

2. This could explain why conscious outpatients can experience 
third degree burns without knowing, during actual MR imaging 
itself, that they were being injured/burned. 
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3. This also would explain why the skin is initially intact in these 
types of burns and sloughs off (in severe such burns) 
hours/days later, being undermined by the main thermal injury 
that had occurred in the underlying fat and deeper layers. 

(iii) Prevention: Ensure that no induced voltage loops are formed by 
electrically conductive material, including that of the patient’s own 
tissues.  Place electrical insulation (even just distance) between the 
legs of the patients during MRI of lower extremities/pelvis 

(iv) If patient tissue loops “have” to be present in the volume exposed 
to the transmitted RF energies, firm pressure/large cross sectional 
area at contact point(s) is likely better than light touching/small 
cross sectional area at contact point(s) 

(v) Asking the patient to inform you if they “feel warm” may not in 
any way prevent these types of injuries 

(c) Resonant circuitry related heating; THIS MAY BE A SUBSET OF 
“(b) Focal concentrations of induced e-field along the induced voltage 
pathways”, ABOVE. 
(i) Induced e-fields will leak back into the patients at all fields.  The 

higher the field, the higher the transmitted energies. 
(ii) Anything that can concentrate the e-field will increase local 

heating. 
(iii) Under the right conditions for resonant circuitry to be established 

(impedance mismatch, match between wavelengths of the 
transmitted RF energies and the length of electrically conductive 
materials within the volume undergoing RF irradiation, etc.), 
standing waves can be established in electrical conductors exposed 
to transmitted RF energies 
1. E-field energies are concentrated at the peaks of any induced 

standing waves (typically at half wavelength for linear 
conductors and full wavelength for circular ones) 

(iv) E-field energies can also be concentrated by the presence of 
electrical insulation along the wire length, so that the induced e-
fields may now leak back into patient tissues only/predominantly 
at the non-insulated, exposed tips of the lead/wire 

(v) The combination of efficiently concentrating transmitted RF 
energies at quarter wavelength by resonant circuitry, together with 
the e-field escaping into the patient’s tissues in a restricted point 
along the induced current pathway (due to an exposed tip of an 
otherwise insulated wire) can “focus” or “concentrate” the e-field 
energies into a single “point” in space and time (metaphorically 
similar to a lens for visible light frequencies) 

(vi) Wavelength of 1.5T/64 MHz in air is roughly 4 meters, but in 
muscle it is roughly 50 cm (see below) 
1. This length shortens in other media, such as in the human body 

and especially in good electrical conductors such as wires/leads 
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2. Worst case scenario for 1.5T for linear electrical conductors 
(different for loops, etc.) would be a roughly 25 cm length 
(roughly half wavelength) wire, electrically insulated along its 
entire length except for its tips, oriented superoinferiorly, 
positioned radially peripherally (i.e., closest to the transmitting 
RF body coil of the MR imaging system and largest induced 
voltage/current magnitudes) 

3. At 3T this worst case scenario would see the length change to 
roughly 10 to 15 cm since wavelength is inversely proportional 
to field strength 

(vii) This phenomenon (resulting in patient injury) is most 
commonly seen in wires or leads with electrically non-
insulated/exposed tips 

(viii) The lead lengths that would be most efficient at heating 
would be determined by field strength (i.e., transmitted RF 
wavelengths); the greater the field strength the shorter the resonant 
lengths 

(ix)  Greatest heating occurs in the tissue just distal to the (exposed) 
wire/lead tip 

(x) Can also be seen at sharp corners/edges where e-field leaking into 
patient tissues is concentrated at the point/tip/edge 

(xi) E-field coupling with patient’s tissues can also occur through intact 
electrical insulation if the insulation is insufficient to block such 
coupling.  This may account for some burns experienced by 
patients lying on, e.g., EKG leads exposed to transmitted RF 
energies during MR imaging 

(xii) Prevention: Ensure that no unnecessary wires or leads are 
within the volume exposed to transmitted RF energies 

(xiii) If present, capped/insulated tips would be safer or far safer 
than electrically exposed tips of otherwise insulated leads/wires 

(xiv) If present, (electrical) lengths of linear wires/leads relative 
to the field strength to be used should not approach half 
wavelength of the transmitted RF frequencies (i.e., choose MR 
system field strengths to be used keeping this in mind) 

(xv) At, e.g., 7T (298 MHz), due to resonant circuitry 
considerations, we would theoretically have to start considering 
electrically conductive lengths of roughly 5 cm (stents, aneurysm 
clips, retained wires, etc.) for potential RF-induced heating 

(d) Reflected power 
(i)  RF shield 
(ii)  Mylar blanket (“space blankets”) 
(iii)  Homemade aluminum/tin foil anti-aliasing attempts 
(iv)  Aluminized backing to drug delivery patches 
(v)  Prevention: Don’t transmit RF power over a volume that is 

surrounded by a material that will reflect that RF power back into 
the patient 
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(e) Electrically conductive circuits/wires can get hot and thermally 
conduct energy to the adjacent patient’s tissues, resulting in a burn 
(i) Seen in the early MR development history with, e.g., blocking 

circuits on some receiver coils that heated during imaging and 
could result in patient burn from lying against a portion of the 
(e.g., “license plate) receiver coil that heated during imaging, thus 
thermally transferring energy to contiguous patient tissues 

(ii) Not a problem that is encountered clinically with any frequency 
today 

(iii) Prevention: Add distance/thermal insulation between patient and 
transmitting and receiving RF coils 

(3) Tattoos, permanent eyeliner, body piercings, skin staples, clothing (silver 
impregnated, metallic threads, etc.), blankets, pillows (e.g., embedded 
springs), medication patches, etc. can all become involved in induced 
current pathways and significant thermal injury/burns 

3) Practical Recommendations to help prevent MR-related thermal injury 
a) Is any part of the patient too close to the inner wall of the MR scanner, especially 

at the superior and inferior ends of the transmitting birdcage coils? 
i) Special caution: Large patients, pregnant patients, unusual patient positioning 
ii) Risk mitigation: Adjust positioning, distance, padding 

b) Are there any (especially large) loops being formed by the patient’s body/tissues? 
i) Special caution: Unusual patient positioning (e.g., Superman position), thinner 

patients 
ii) Risk mitigation: Adjust positioning, padding 

c) Are any electrically conductive materials placed into/onto the patient in the 
volume that will undergo RF (B1) irradiation (or will they be in an induced e-field 
pathway)? 
i) Special caution: Any/all patients in which there is/are electrically conductive 

material, leads, foreign bodies, devices, implants 
ii) Risk mitigation: Adjust positioning and/or centering, decrease RF rate and/or 

duration, prophylactic heat sink placement 
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Magnetic Resonance Medical Director/Safety Officer Training Course Lectures: 

Gradient Magnetic Fields 
 

 
1) Thermal effects are typically negligible and are not generally a clinical concern from 

gradient dB/dt;  However, with large electrically conductive surfaces/devices (and 
therefore large induced currents) and long studies it IS possible to produce (device 
and therefore possibly tissue) heating from gradient dB/dt. 

2) Gradient changing magnetic fields (dB/dt) are efficient at inducing voltages in 
electrically conductive material and/or tissue 
a) No significant effect on nerve conduction velocity from routine clinical MRI 
b) Induced voltages seem to be 100x to 1000x lower than those needed to induce 

arrhythmias and ventricular fibrillation 
c) EPI and other such ultra-rapid dB/dt sequences can produce direct neuromuscular 

excitation, or peripheral nerve stimulation (PNS) 
i) Reported years ago by MR researchers to have stimulated reproducible PNS at 

roughly 60 T/s 
(1) When and under what conditions PNS is actually experienced is itself 

determined by several factors, including the pulse duration and the 
magnitude of the switched magnetic field (in T/s) 

ii) Muscular twitching, e.g. at the bridge of the nose or the small of the back. 
iii) Reported to feel like “ants crawling on the skin” 

d) FDA approved safety thresholds: No significant risk if the time rate of change of 
gradient fields (dB/dt) is insufficient to produce severe discomfort or painful 
nerve stimulation 

e) We regulate to prevent cardiac stimulation (i.e., arrhythmias).  However, 
peripheral nerve stimulation (PNS) is reached significantly earlier than is cardiac 
stimulation.  Therefore, we are regulated based on or relative to the likelihood of 
inducing PNS, since if we do not induce PNS we do not believe that we will be 
inducing cardiac stimulation. 

3) Auditory safety considerations 
a) Gradient magnetic fields are switched on and off at hundreds or thousands or tens 

of thousands of times per second in typical routine clinical MR imaging 
sequences 
i) These fall into the audio frequencies range 
ii) The underlying physics principles are precisely the same as those associated 

with how a speaker works 
(1) Alternating current is run through a coil in the presence of a strong static 

magnetic field 
(2) The induced magnetic field from the current in the coil interacts with the 

background strong static magnetic field, creating a torque on the coil. 
(3) The alternating current has a frequency in the audio frequency range, thus 

producing sound (banging, buzzing, knocking, etc.) 
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(4) The gradient coils have (direct) current pulsed through them and turned 
back off, then on, then off, at audio frequencies during the MR imaging 
process 

(5) The induced vibrations create the noise and sounds that we associate with 
the MR imaging process 

(6) The faster and stronger the gradient dB/dt cycles (in switching the 
gradients both on and off) the louder the noises/sounds produced 

(7) The patient (actually, more precisely, the anatomy being imaged) is in the 
center of the gradient coils 

(8) Efforts to decrease auditory sound/noise amplitude include: 
(a) sound-insulating (e.g., vacuum enclosed) gradient coils; and/or  
(b) sound cancellation techniques 
(c) decreasing the maximum gradient amplitude needed (smaller gradient 

steps between adjacent TR cycles) resulting in lower gradient dB/dt 
(“Silent MRI”) 

iii) FDA approved safety thresholds: No significant risk if peak unweighted sound 
pressure level is <140 dB and A-weighted root mean square sound pressure 
level <99dBA with hearing protection in place. 

iv) Prevention: Always offer hearing protection 
(1) Ensure that the patient is properly educated as to its usage 
(2) Ensure that the patient confirms that it is in place and functional prior to 

starting study 
v) If research and/or off-label MR imaging sequences are to be executed which 

might exceed published auditory thresholds, do not proceed with study unless 
adequate hearing protection is confirmed to be in place 

4) Induced vibrations in electrically conductive devices. 
a) Similar etiologies as that which generates auditory sound when dB/dt is activated 

in the presence of a strong static background magnetic field 
b) Larger devices/electrical pathways would tend to have larger vibratory/motion 

considerations 
c) This is not generally a clinical concern for the end user but rather one for the 

device/medical implant manufacturers to convince the FDA/regulatory bodies that 
repeated MR exposure would not result in, e.g., lead fracture or dislodged leads as 
a result of the anticipated induced vibrations in these devices/implants. 
i) Might wish to consider vibration potential for, e.g., recently placed external 

fixation devices or relatively recently placed large intramedullary rods where 
vibration could theoretically loosen newly formed histologic bony bridges, 
thus setting back/delaying healing? 

ii) Also might wish to consider vibration potential for recently placed pacemaker 
leads; potential for dislodgement (if not yet well anchored/scarred in place) 
from gradient dB/dt induced vibrations? 
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Magnetic Resonance Medical Director/Safety Officer Training Course Lectures: 

Cryogen Safety Considerations 
 
1. Superconductive systems 

a) Niobium-titanium wire embedded in copper 
b) At specific combinations of temperature and pressure reverts to superconductive 

status 
c) Liquid helium is utilized to maintain that temperature (often ~1,500 liters; one 

relatively new system uses *** 7 *** liters total liquid helium) 
d) Extremely high current densities in looped wire generates the Bo static magnetic 

field of the MR imaging system 
2. Quench considerations 

a) Quench is the loss of superconductivity in the MR imaging unit 
b) This is accompanied by a loss of (all or part of) the static Bo magnetic field 
c) Most quenches are spontaneous and remain of unknown etiology (Vibrations? 

Earthquakes?) 
d) The decision to intentionally quench an MR imaging unit should not be taken 

lightly 
i) Costs associated with lost cryogens 
ii) Costs associated with down time/lost patient revenue 
iii) Not instantaneous; takes ten plus seconds to lose field 
iv) Accompanied by loud banging noise (ruptured pressure sensitive pop-off 

valve/graphite plate), followed by loud noises associated with gas egressing 
the vent stack at high velocities 

v) The changing magnetic fields associated with a quench do not seem to be 
associated with safety issues (no clinically significant induced voltages, etc.) 

e) If someone is being crushed by a metallic cabinet, or if a fire breaks out in Zone 
IV (or perhaps even Zone III) regions and/or if fire fighters or police insist on 
entering Zone IV with pick axes, crowbars, guns, etc. a quench is a reasonable or 
indicated option 

f) 1 liter of liquid helium expands to 757 liters of gaseous helium; pressure builds 
rapidly and impressively in the event of a quench 

g) *** IF *** the stack does not hold (should not occur today) and cryogenic gases 
escape into Zone IV (known as a quench breach), concerns include: 
i) Pressure buildup in Zone IV 

(1) Ruptured eardrums 
(2) Interference with the ability to open the door into Zone IV 

(a) Inward versus outward opening Zone IV doors 
ii) Asphyxia 
iii) Frostbite 
iv) Explosion hazard 
v) Fire hazard 

h) Manufacturers advise site design to include a pressure relief pathways for this 
reason  
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Magnetic Resonance Medical Director/Safety Officer Training Course Lectures: 
Gadolinium Based Contrast Agents 

 
1) Immediate adverse reactions 

a) Non-allergic; examples: 
i) Headache 
ii) Nausea 
iii) Emesis 
iv) Flushing 
v) Warmth/cold at injection site 
vi) In one study (Jung), total adverse events was roughly 0.12% of all patients; in 

our study, 0.18%, ranging from 0.23% in academic sites to 0.07% in 
community hospitals 

b) Allergic; examples: 
i) Hives 
ii) Sneezing 
iii) Bronchospasm 
iv) anaphylaxis 

c) Anaphylaxis/anaphylactoid reactions 
i) Up to 1:25,000 (4:100,000) in our measurements with Multihance 
ii) Roughly 35/100,000 for low osmolality contrast media (Morcos) 
iii) Roughly 71/100,000 for high osmolality contrast media (Morcos) 
iv) Severe life threatening reactions rate of 20/100,000 with low osmolality 

contrast media (Idee) 
v) Severe life threatening reactions rate of 100/100,000 with high osmolality 

contrast media (Idee) 
1. Serious adverse reactions studied at University of Pittsburgh Medical Center 

a. Multihance (2007) Initial launch, prospective study: 8/23,553 = 0.03% 
b. Magnevist (1995): 7 years post-initial launch, retrospective study) 1:4,892 

= 0.02% 
2) Nephrogenic Systemic Fibrosis (NSF) 

a) Relationship between the total cumulative dose and the incidence and possibly 
severity of NSF 

b) Predominantly stage 5 chronic kidney disease (CKD), rare in stage 4, extremely 
rare in stage 3(b); 1/8 to 1/5 of NSF patients were in acute kidney injury/acute 
renal failure (AKI) 

c) Gadolinium (unclear what form) is found in the biopsy specimens of essentially 
100% of patients with NSF 

d) As per FDA presentation 12/8/09 (all reports to 9/3/09, estimated doses 2005-
2008, single agent reports): 
i) Omniscan 382 cases out of 13 million doses 
ii) Magnevist 195 cases out of 23 million doses 
iii) Optimark 35 cases out of 4.7 million doses 
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iv) Multihance 1 case out of 2.6 million doses (unusual “diagnosis” as that patient 
apparently did not have renal failure) 

v) Prohance 0 cases out of 2.2 million doses (since then, possible 1; one patient 
with double dose Prohance six times over two years, then with reported, “mild 
case of” NSF.) 

e) MultiDistrict Litigation of Gadolinium NSF-related cases 
i) A subset of cases was generated for which there was mutual agreement 

between plaintiff and defense attorneys regarding the facts in the case 
pertaining to diagnosis and administered agents.  This dataset was provided to 
me in my work thereon and, subsequent to specific request, was subsequently 
released to the FDA (Listing of cases filed in federal court within the 
Gadolinium-Based Contrast Agents Products Liability Litigation, MDL No. 
1909 (E.D. OH). (2011)) 
(1) 382 biopsy confirmed cases (confounded and unconfounded combined) 

with specific associated GBCA agents 
(a) 291 (76%) had been exposed to Omniscan 
(b) 153 (40%) had been exposed to Magnevist 
(c) 28 (7%) had been exposed to Optimark 

(2) 279 unconfounded cases 
(a) 197 (71%) Omniscan 
(b) 74 (27%) Magnevist 
(c) 8 (3%) Optimark 
(d) ZERO unconfounded cases reported for ALL 6 of the other GBCA 

combined in this legal dataset 
f) Since early 2007, we have modified our GBCA practice worldwide by three 

major changes: 
i) Pre-screening our (at least higher risk) patients for the presence of renal 

disease 
ii) Not administering a GBCA and/or administering a lower dose of GBCA if 

significant renal disease is determined to be present 
iii) Selecting specific agent(s) to be used – and others that will specifically NOT 

be used – in patients with significant renal disease 
g) There have been very few newly diagnosed cases of NSF since roughly 

2009/2010 
h) Magnevist, Omniscan, and Optimark have been contraindicated in the US and in 

Europe in patients with CKD stages 4 or 5 or AKI 
i) In the US in December, 2010 the FDA removed the high (triple) dose indication 

for Omniscan (leaving Prohance as the only agent with FDA approval for high 
(triple total) dose administration for specific circumstances/indications 

j) Transmetallation theory: 
i) Different GBCA utilize different ligands to bind the gadolinium ion 
ii) Different ligands have different affinities, or “tightness”, of the gadolinium-

ligand bond 
iii) The strongest bonds by far are macrocyclic, relative to the weaker linear 

bonds 
iv) Ionic bonds are stronger than non-ionic ones 
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v) Thus, the weakest Gd-ligand bonds would be those that are non-ionic and 
linear (Omniscan and Optimark) 

vi) Excess ligand is present in, and ONLY in, the commercially distribute GBCA 
Omniscan and Optimark 

k) Supporting the transmetallation theory: 
i) Virtually no cases of NSF following the prior unconfounded administration of 

all the macrocyclic GBCA combined 
ii) Even accounting for the number of total relative distributed doses among the 

various agents worldwide, among the greatest apparent “incidence” or 
association with NSF following prior unconfounded GBCA administration is 
seen with Omniscan and Optimark, the linear non-ionic agents 

l) Opposing the transmetallation theory 
i) At least 3 cases of NSF have been reported following the prior unconfounded 

administration of Gadavist and possibly one following the prior unconfounded 
administration of Prohance.  There have been no cases of NSF following the 
prior unconfounded administration of Dotarem.  Although admittedly quite 
small, considering the data as to the extremely high dissociation constants for 
these agents, why is the number not zero? 

ii) There have been dozens of cases of NSF following the prior unconfounded 
administration of Magnevist, a linear ionic agent.  There have been zero cases 
of NSF following the prior unconfounded administration of all three of the 
remaining other linear ionic agents, Ablavar, Eovist, and Multihance. 

iii) This is further disturbing considering that in the US there has been, since 
2007, a considerable relative increase in the utilization of Multihance 
(typically at half dose) for patients with poor renal function for whom the 
decision is made to nevertheless administer a GBCA; yet the number of NSF 
cases following its prior unconfounded administration remains zero. 

m) Theory: Ablavar, Eovist, and Multihance are the only 3 of the clinically utilized 
GBCA that had been in clinical usage in the USA that interact with or overtly 
bind to serum proteins.  Perhaps the interaction or binding with massive protein 
molecules in some way inhibits transmetallation?  (Note that at this time Ablavar, 
Magnevist, Omniscan, and Optimark are no longer available in the US market, 
and that Clariscan, essentially the same molecule as Dotarem, was introduced into 
the US market.) 

3) Anthropogenic gadolinium 
a) Increased gadolinium concentrations have been found in water supplies/reservoirs 

and most recently in tap water 
b) These findings seem to be present only in the regions of large cities and not in the 

drinking supply or reservoirs or rivers associated with relatively small towns 
c) The absolute concentrations are still quite small, but have notably increased in the 

past few years 
d) The rate at which these are being deposited in our drinking water and reservoirs is 

significantly increasing over the past few years as well 
e) These are presumed to result from the administration and medical utilization of 

gadolinium-based contrast agents 
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i) Studies have found that the gadolinium excreted by patients into the sewage is 
not successfully removed in the sewage treatment process before the water is 
recycled for human use (in one study, only roughly 10% is removed) 

ii) Medically administered chelates of gadolinium have been found intact in 
wastewater processing plants – as well as NON-intact gadolinium moieties of 
uncertain speciation 

4) Non-NSF longer term adverse reaction claims 
a) Group of patients with multiple poorly defined complaints who have “self-

published” and ho feel that they have experienced significant, life changing 
symptomatology following GBCA-enhanced MRI examinations 
i) Several have pursued quantification of their own urinary gadolinium levels, 

some before and after chelation therapy demonstrating significant elevations 
in excreted gadolinium following chelation (and in some cases subjective 
reports of improvement in symptomatology) 

ii) The etiology and significance of these findings is uncertain 
iii) The group is small, vocal, and I believe increasing in size, but actual data 

(group size, rate of increase of group size) is hard to objectively and reliably 
determine 

5) Gadolinium retention/accumulation in patients with NORMAL renal function who 
undergo multiple contrast enhanced MR examinations with FDA approved GBCA 
a) Several studies have found increased signal/T1 shortening in several locations of 

the brain, but especially the dentate nuclei and globus pallidus, in patients with 
NORMAL renal function who had undergone multiple prior gadolinium-enhanced 
MRI examinations.  This effect is NOT seen to equal degree among all the GBCA 
available today, but is seen clearly with predominantly linear agents and not seen 
or less intensely observed with macrocyclic agents. 

b) A positive “dose”/number of exposure relationship has been seen with some of 
these agents: The greater the number of prior gadolinium-enhanced MRI 
examinations the greater the signal intensity (i.e., T1 shortening) in these regions 
of the brains of these patients 

c) At least one report of T2 shortening in these same anatomic locations as well 
d) This has been consistently and repeatedly observed/reported in patients who had 

received Omniscan or Magnevist. Also seen with Eovist.  There are conflicting 
reports regarding Multihance, with several reports (Ramalho, Schneider, Delano, 
etc.) of it not being seen with this agent and several others (Radbruch) reporting 
that T1 shortening in these same regions of the brain IS seen with this agent.  
There are several reports (Radbruch, Cao, Schlemm) that state that this effect is 
not seen with the macrocyclic agent Gadavist, and several (Stojanov, McDonald, 
Marsecano) reporting that it is seen with this agent and/or with Dotarem.  There 
have been several reports (Murata, Robert, Vatnehol, McDonald, others?) who 
have reported measuring gadolinium in animals or humans in whom Gadavist had 
been previously administered.  However, it appears very likely that “lumping 
together” all linear agents and/or “equating” or macrocyclic agents in such 
discussions (which suggests that all linear agents are quantifyingly similar in this 
regard and that all macrocyclic agents are quantifyingly similar in this regard) is 
not supported by the peer reviewed literature.  The available data at the time of 
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this writing strongly suggests that there may well be clear variations in the 
relative amounts of gadolinium that might be retained per administered dose 
among the various linear agents as well as among the various macrocyclic agents. 

e) It is important to highlight several key factors in this discussion that are not well 
recognized or understood.  These include, among others: 
i) Observing gadolinium in autopsy or biopsy specimens in animal and/or 

human tissue on electron microscopy.  As pointed out by Thakral and 
Abraham years ago, the process of preparing tissue specimens for electron 
microscopy removes water soluble moieties from the specimen.  Thus, if we 
are seeing gadolinium in the electron microscopic image, that means that we 
are detecting insoluble gadolinium.  As we clearly do not administer insoluble 
forms of gadolinium to our patients, this means that the administered 
gadolinium chelated complex de facto must have dissociate and re-complexed 
into (an) insoluble form(s).  Equally important to recognize is that the 
relaxivity of these administered GBCA (i.e., the T1 shortening potentiated by 
these gadolinium agents) results from interactions between tissue water-based 
hydrogen nuclei and the administered gadolinium ion/molecule.  Thus, in an 
insoluble form, there is little to no relaxivity from such insoluble gadolinium 
precipitates due to the lack of interactions with water molecules in the (water) 
insoluble form. Thus, the gadolinium detected and published in the peer 
reviewed articles showing gadolinium in the tissues on electron microscopic 
images is not the gadolinium that is resulting in the T1 shortening/abnormal 
signal intensity seen on MR imaging! 

ii) Observing T1 shortening on T1 weighted MR images.  This, too, is widely 
misunderstood as well, and holds a key piece of information that is poorly 
recognized at this time in our industry today.  As per Tweedle and Muller and 
other internationally recognized chemists in this field, the amount of 
gadolinium that has been detected and directly measured, by ICP-Mass 
Spectrometry (ICP-MS), in the few biopsy and/or autopsy specimens 
examined to date (McDonald, Kanda) is below the threshold/quantity 
detectable by these T1 weighted imaging sequences at 1.5T and 3T today.  In 
other words, if the detected gadolinium on these autopsy specimens that has 
been formally quantified by ICP-MS would be in the form of the intact 
gadolinium chelates that had been intravenously administered to these 
patients, it would be at a concentration that is too low to be detected on these 
imaging sequences and MR scanners – and thus also cannot account for the 
T1 shortening/hyperintensities in various locations in the brain that has been 
now so reproducibly reported by Kanda, Errante, McDonald, and innumerable 
others to date!  Thus, it would seem that there must be yet another form in 
which the detected gadolinium exists, such as bound to a macromolecule, 
which would potentiate significant increases in their relaxivity profiles and, 
thus, detection on clinical T1 weighted imaging sequences. 
(1) As a continuation of the above and representing yet another variable that 

has to be accounted for in these discussions about relative gadolinium 
retention among the GBCA in use today is the fact that the various GBCA 
in use today have significantly different relaxivity values.  Thus, merely 
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detecting T1 shortening in (for example) the dentate nucleus with one 
agent versus another is not necessarily in any way the same as quantifying 
the relative amounts of gadolinium that may be present in that tissue for 
agent A versus agent B.  It may be that lower concentrations/quantities of 
one GBCA are more readily detectable/seen on MR images than of 
another GBCA due to significant differences in their relative (r1) 
relaxivity values. 

iii) Some of the reported data originates from human analysis; others are from 
animal data.  It is important to recognize that rats and other animals may 
metabolize some of these GBCA at rates that differ from a) how humans do, 
and even more importantly, b) at different rates from each other.  Thus, 
quantifying relative amounts of residual gadolinium based on measurements 
in animals must take into account possible significant variations in how 
various species utilized for such studies may metabolize the agents studied 
and compared in that manuscript. 

f) Possible “washout” of this signal, but even if so, unclear if due to decreasing 
concentration of the agents in these anatomic regions versus, for example, their 
dissociation/precipitation, etc. 

g) There have been several publications that have reported that T1 shortening is seen 
or at least can be measured following the prior repeated administration of the 
macrocyclic agent, Dotarem (Espagnet, Marsecano). 

h) This T1 shortening effect does not seem to be seen with the macrocyclic agents 
Prohance in humans, but even with this agent at least one study (McDonald) has 
shown that it can be seen with significantly higher doses of this agent 
administered to rats. 

i) It has since also been clarified that although T1 shortening may not be seen with 
some or all of the macrocyclic agents, autopsy studies have confirmed that they 
too seem to be associated with elevated levels of gadolinium intracranially, albeit 
at lower levels than had been seen with several of the linear GBCA. 

j) The etiology of the T1 shortening has been attributed or “demonstrated” on 
autopsy studies (McDonald, Kanda) to be gadolinium accumulation (due to 
scaling of the signal with the amount of gadolinium seen in these sites) 

k) The clinical significance of this observed T1 shortening in these patients, if any, 
has yet to be determined. 

l) As of today, we are still awaiting publications as to whether this effect is or is not 
seen with Optimark (or Ablavar).  One not peer reviewed/published case has been 
reported to me where this effect was reportedly observed with Optimark.  Recall 
that as noted above, as of this writing Ablavar has since been removed from the 
market and Optimark is presently being phased out of the international market as 
well. 

m) Differential retention/accumulation of gadolinium among various GBCA has also 
been seen in bone (with concentrations in bone that are likely dozens of times 
higher than those seen in the brain – Murata) and other locations as well (kidneys, 
liver, spleen, etc. - McDonald). 

n) Still don’t know the speciation/form of the gadolinium in the brain (i.e., bound to 
the same ligand molecule to which it had been bound when initially injected, or 
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(as a result of transmetallation) bound to another molecule, or “free” (although the 
latter is quite unlikely as gadolinium is quite reactive), etc.).  More recent data 
suggests that the macrocyclic agents retain almost entirely as the intact water-
soluble initial form (i.e., as it had been administered to the patient as the intact 
ligand-gadolinium chelated complex) while the linear agents have three detectable 
forms in the tissues: 

(1) As administered still bound to the original ligand molecule.  In this form it 
is very likely that the quantities measured in tissue is insufficient to be 
detected as T1-shortening at 1.5T or 3T. 

(2) Water insoluble and dissociated from the original ligand molecule to 
which it had initially been bound (e.g., gadolinium phosphate); these 
would almost certainly have a very LOW relaxivity and would almost 
certainly not be detectable (at these measured quantification volumes) in 
human brain tissue at 1.5T or 3.0T. 

(3) Bound to a macromolecule such as a protein – it is this form that would 
have the highest relaxivity and is likely this form that is predominantly 
responsible for its T1 shortening detection in the brains of patients 
following repeated intravenous administration 

o) Still do not know the relative toxicities, if any, of these three forms noted above 
p) Still don’t know how the gadolinium reached the other side of the blood brain 

barrier, although it today seems that most agree that it gets there through the 
brain’s glymphatics via the blood-CSF barrier. 
i) It has been known since 1995 (Vogler et al) that the three macrocyclic GBCA 

(Dotarem, Gadavist, and Prohance) are notably MORE neurotoxic than are the 
linear agents (Magnevist and Omniscan are the two that had been available 
and tested at that time) if directly introduced into the CSF of rats. 

q) Insoluble gadolinium has been found in the brain almost exclusively for linear 
GBCA, as well as gadolinium bound to macromolecular structures (of, at the time 
of this writing, undetermined speciation).  As noted above, insoluble gadolinium 
likely does not contribute significant relaxivity/T1 shortening.  Thus, the 
gadolinium in the brain may be present in more than one form, one that 
contributes to T1 shortening (water soluble) and a water insoluble form that may 
not produce significant T1 shortening in the adjacent tissue in which it is found. 

r) Interesting to entertain the possibility that insoluble gadolinium in the brain may 
be relatively inactive and perhaps biologically “inert” in a manner that may be 
analogous to how we react to seeing the presence of calcification (calcium), or 
iron, etc. in the basal ganglia, which are known to attract metals (for unclear 
reasons);  YET, this same form of insoluble gadolinium (e.g., gadolinium 
phosphate) may be precisely that which “causes” or induced NSF if retained in 
this speciation/form elsewhere in the body.  Recall that the brain does not heal by 
fibrosis, but rather heals by gliosis, whereas elsewhere in the body healing and 
inflammatory reactions are often accompanied by fibrosis, the hallmark of NSF…  
This is, of course, merely my theory at the time, and nothing more. 
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6) Recommendations for future… 
a) There was an international gadolinium expert meeting in February, 2018 hosted 

by the ACR, NIH, and RSNA that specifically met to review what is known and 
what is not known today. 

b) The proceedings of this meeting were published in Radiology and are available as 
follows:  McDonald RJ, Levine D, Weinreb J, Kanal E, Davenport MS, Ellis JH, 
Jacobs, PM, Lenkinski RE, Maravilla KR, Prince MR, Rowley HA, Tweedle MF, 
Kressel HY. Gadolinium Retention: A Research Roadmap from the 2018 
NIH/ACR/RSNA Workshop on Gadolinium Chelates. Radiology 2018; 00:1–18.  
Published online September 11, 2018.  I strongly recommend reviewing this 
article for those interested in determining what was known (and not known) as of 
that time frame. 
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Magnetic Resonance Medical Director/Safety Officer Training Course Lectures: 

Pacemakers, Implanted Cardiac Defibrillators 
 
1. Potential problems 

a) Static magnetic field (Bo, dB/dx) 
i) Force, torque 
ii) Device malfunction 
iii) Loss of therapy 
iv) Arrhythmogenesis (indirectly; re-programming) 
v) Vibration 

b) Gradients (dB/dt) 
i) Arrhythmogenesis 
ii) Vibration 
iii) Loss of therapy 
iv) Device malfunction 

c) RF (B1 fields) 
i) Heating 
ii) Arrhythmogenesis 
iii) Loss of therapy 
iv) Device malfunction 

2. Potential risks 
a) Difficulties with monitoring 

i) Flow potentials 
ii) EMI from MR imaging process 

b) Inadvertent programming changes (with or without a power on reset) 
c) Asynchronous pacing 

i) Difficulty predicting reed switch behavior 
d) Other arrhythmogenesis 

i) Tachyarrhythmias from induced cardiac stimulation 
ii) If not pacer dependent, R on T => induction of ventricular fibrillation 

e) Inhibition of device output 
i) False sensing of flow potentials 
ii) Unanticipated battery depletion 
iii) Alteration of programmed mode of function 

f) RF thermal effects/injuries 
i) Failure to capture 
ii) Local tissue burn/myocardial rupture 

(1) Scarring at lead/endocardial interface results in increased thresholds for 
excitation 
(a) Increased capture voltages, lower battery life 

(2) Tamponade 
(3) Hemorrhage 
(4) Valve insufficiency 

3. Much written about “modern” pacemakers being safe 
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a) ? Definition of “modern”??? 
b) Some claim safety if post-2000 

i) Nothing specific has changed in the industry since the year 2000 
ii) There HAVE been rare serious issues, including asystole, in pacemaker 

patients with “modern” pacemakers 
4. Magnasafe registry 

a) 1.5T, pacemakers and ICDs, non-thoracic MRIs 
b) Requires cardiologist monitoring during the study, pacemaker pre-programming, 

monitoring during the MR study, pacemaker programming resumption post MRI, 
post scan pacemaker interrogation, follow up interrogation(s) 

c) If ICD pacemaker is pacer dependent, excluded from the study 
d) 2009-2013: 1189 studies (881 pacemakers, 308 ICDs), 19 clinical sites.  <battery 

voltage in 9% of ICDs. 
e) One or more clinically-relevant device parameter changes occurred in 11% of 

pacemaker and 26% of ICD cases 
f) Specific protocol is as follows: 

i)  A cardiologist or other qualified physician with appropriate training and 
experience in pacemaker/ICD function will supervise the study 

ii) ACLS trained personnel and a “crash cart,” including a non-MRI compatible 
defibrillator and transcutaneous pacemaker, will be available throughout the 
procedure to respond to an adverse clinical event 

iii) All patients will undergo device interrogation in the MRI suite, but outside of 
the magnet room, immediately prior to and following the scan 
(1) Document baseline device parameter settings, determine patient’s 

underlying rhythm 
(2) Measure battery voltage, P- and R-wave amplitudes, and lead impedance 

and pacing threshold for all leads 
(3) For ICDs, determine shock impedance only if this can be done in a 

painless fashion 
iv) Device programming during the scan: 

(1) If patient has an asymptomatic intrinsic rhythm >40 bpm, program the 
device to no pacing (ODO or OVO) 

(2) For pacemaker patients, if there is no intrinsic rhythm, or symptoms are 
noted when the device is reprogrammed to 40 bpm, the patient is 
considered “dependent.” Program the device to an asynchronous pacing 
mode (DOO or VOO) at the previously programmed lower rate limit 

(3) For ICD patients, if there is no intrinsic rhythm or symptoms are noted 
when the device is reprogrammed to pacing at 40 bpm, the patient is 
considered “dependent”, and is excluded from the study 

(4) For ICDs, all tachycardia therapy functions will be disabled 
v) All patients will be monitored throughout the procedure with continuous 

cardiac rhythm recording and pulse oximetry. In addition, blood pressure will 
be obtained before, during, and after the scan 

vi) Immediately following the scan, initial pacemaker parameters will be restored 
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vii) Post-scan interrogation: Interrogate device as for pre-scan interrogation. 
Perform threshold measurements at same pacing rate and pulse width 
amplitude as pre-scan interrogation 

viii) Follow-up Interrogations: 
(1) If no significant parameter changes occur, the patient will require a single 

device follow-up interrogation between 3-6 months after the MRI 
procedure 

(2) If the device had a significant parameter change, the patient will require 
three follow-up interrogations: 
(a) Between 2-7 days after the procedure 
(b) Three months after the MRI procedure 
(c) Six months after the MRI procedure 

5. MR Conditional pacemakers now have FDA approval and more models/companies’ 
devices are in the pipeline for FDA review/approval 

6. There are now ICDs and CRT-P and CRT-D devices that have received FDA 
approved MR Conditional labels 

7. Some of the newer pacemakers are entirely intracardiac without leads 
a) Single chamber only for now 

8. Heart Rhythm Society published an extensive pacemaker, ICD, cardiovascular 
implantable electronic device (CIED) guidelines/recommendations relative to MRI 
exposure (and exposure to/irradiation with CT/ionizing radiation, radiation therapy). 
Relatively recently published – very comprehensive document!  (Indik JH, Gimbel 
JR, Abe H, Alkmim-Teixeira R, Birgersdotter-Green U, Clarke GD, Dickfeld T-ML, 
Froelich JW, Grant J, Hayes DL, Heidbuchel H, Idriss SF, Kanal E, Lampert R, 
Machado CE, Mandrola JM, Nazarian S, Patton KK, Rozner MA, Russo RJ, Shen W-
K, Shinbane JS, Teo WS, Uribe W, Verma A, Wilkoff BL, Woodard PK. 2017 HRS 
expert consensus statement on magnetic resonance imaging and radiation exposure in 
patients with cardiovascular implantable electronic devices.  Heart Rhythm, 
2017;14(7)e97-e153) 

9. Relatively recent publication by ISMRM Safety Committee (Vigen KK, Reeder SB, 
Hood MN, et al.  Recommendations for Imaging Patients with Cardiac Implantable 
Electronic Devices (CIEDs). JMRI, 2020) supporting how to safety scan MR 
Unlabeled cardiac devices. 

10. As of April 10, 2018 CMS published a (final) decision to reimburse device patients 
for their beneficiaries with the following conditions (https://www.cms.gov/medicare-
coverage-database/details/nca-decision-memo.aspx?NCAId=289): 
 

Nationally Covered MRI and MRA Indications 
3. MRI for Patients with an Implanted Pacemaker, Implantable Cardioverter 
Defibrillator, Cardiac Resynchronization Therapy Pacemaker, or Cardiac 
Resynchronization Therapy Defibrillator 

i. An MRI is covered when used according to the FDA labeling in an MRI 
environment for patients with an implanted pacemaker, implantable cardioverter 
defibrillator, cardiac resynchronization therapy pacemaker, or cardiac 
resynchronization therapy defibrillator.  
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ii. Any MRI for patients with an implanted pacemaker, implantable cardioverter 
defibrillator, cardiac resynchronization therapy pacemaker, or cardiac 
resynchronization therapy defibrillator that does not have FDA labeling specific 
to use in an MRI environment is only covered under the following conditions:   
 
 

a. MRI field strength is 1.5 Tesla using Normal Operating Mode; 
b. The implanted pacemaker, implantable cardioverter defibrillator, cardiac 

resynchronization therapy pacemaker, or cardiac resynchronization 
therapy defibrillator system has no fractured, epicardial, or abandoned 
leads; 

c. The facility has implemented a checklist which includes the following:  
§ patient assessment is performed to identify the presence of an 

implanted pacemaker, implantable cardioverter defibrillator, 
cardiac resynchronization therapy pacemaker, or cardiac 
resynchronization therapy defibrillator; 

§ prior to the MRI scan, benefits and harms of the MRI scan are 
communicated with the patient or the patient’s delegated decision-
maker; 

§ prior to the MRI scan, the implanted pacemaker, implantable 
cardioverter defibrillator, cardiac resynchronization therapy 
pacemaker, or cardiac resynchronization therapy defibrillator is 
interrogated and programmed appropriately during the scan based 
on device and patient characteristics;  

§ a qualified physician, nurse practitioner or physician assistant 
with expertise with implanted pacemakers, implantable 
cardioverter defibrillators, cardiac resynchronization therapy 
pacemakers, or cardiac resynchronization therapy defibrillators 
must directly supervise as defined in 42 CFR § §410.28 and 
410.32; 

§ patients are observed throughout the MRI scan via visual and 
voice contact and monitored with equipment to assess vital signs 
and cardiac rhythm; 

§ an advanced cardiac life support provider must be present for the 
duration of the scan; 

§ a discharge plan that includes before being discharged from the 
hospital/facility, the patient is evaluated and the implanted 
pacemaker, implantable cardioverter defibrillator, cardiac 
resynchronization therapy pacemaker, or cardiac 
resynchronization therapy defibrillator is reinterrogated 
immediately after the MRI scan to detect and correct any 
abnormalities that might have developed during the MRI. 
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Magnetic Resonance Medical Director/Safety Officer Training Course Lectures: 
Medicolegal Considerations of MR Safety 

 
 

1. Standard of Care = how a similarly trained physician might have reasonably been 
expected to act in the same clinical situation 

a. Markedly influenced/defined by the expectation of the patient 
2. Medical malpractice: 

a. Negligence (performing in a manner not c/w standard of care  
b. Injury 
c. The negligence was a proximate cause of the injury 

3. The (vast) majority of general medical malpractice cases settle in favor of the 
defense 

4. This is NOT necessarily the case for allegations of injuries in the MR 
environment! 

a. Virtually 100% of injuries and adverse events that transpire in the MR 
imaging environment are entirely avoidable 

5. Increasing numbers of AEs reported to Medwatch and increasing numbers of MR-
related legal cases seem to be paralleling each other 

6. Historically: 
a. Accurate interpretation 
b. Timely communication 

7. Third component of legal responsibility and regarding which negligence and 
malpractice can be alleged: 

a. Safe execution, as with any procedure performed on a patient 
i. This applies to all radiologic procedures – but patient injuries are 

so rare in (non--invasive) diagnostic radiology that we rarely think 
about this component 

8. Liability is triggered by patient expectation 
a. The patient expects that someone with a medical degree – namely the 

radiologist – is supervising their examination and ensuring its safe 
execution 

9. Section 324A of the Second Restatement of Torts recognizes a duty in “one who 
undertakes … for consideration … to render services to another which he should 
recognize as necessary for the protection of a third person.” 

10. Thus, a radiologist, because he/she stands in a unique position to prevent harm to 
the patient, owes a duty to the patient. 

11. Materials used to define a standard of care: 
a. Expert testimony 
b. ACR Guidance Document for MR Safe Practices: 2013 

i. The ACR written disclaimer to the contrary (i.e., not to use these 
documents to determine the legal standard of care) has NO value in 
court 

12. More than one party or entity or person can be legally liable for a patient injury 
during the performance of a radiologic examination 
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13. Vicarious liability: an individual who directs someone else to perform a task is 
responsible as if he/she performed the task him/herself 

a. Can and does exist even if one does not pay the salary or hire/fire the other 
individual(s) 

14. Captain of the Ship Doctrine: The Radiologist is the de facto Captain of the MR 
Ship and is THE expert in the entire institution or outpatient center in the MR 
modality.  S/he will be held responsible for the safe execution of the MR 
examination  (NOTE:  This is specific to the US and does not necessarily apply to 
any other legal jurisdictions/countries!) 

a. Just as the Captain of the Ship is liable for the actions of the crew 
members, a surgeon is vicariously liable for the conduct of the OR 
personnel; and a radiologist is liable for the actions of the MR technologist 
and other operating in the MR environment 

15. The unique environment and situation of GBCA administration 
a. Motivated by anti-kickback objectives (Stark Amendment), radiologists 

cannot order either the MRI study and/or the GBCA to be administered for 
the MR examination (with rare exceptions) (Technically, they can order 
these studies/agents, but they cannot legally bill CMS (Center for 
Medicaid/Medicare Services) for them without their being ordered by a 
referring physician who will not be in a position to financially benefit 
from the examination or the contrast agent being administered 

b. Thus, the referring physician orders both the MR study as well as the 
GBCA administration 

c. The radiologist, however, is the expert as to the safety and advisability of 
GBCA administration to the patient 

d. Thus, it can readily be shown that the radiologist is the only physician 
formally educated as to the safety of the prescription GBCA to be 
administered to our patients, and thus, a powerful argument can be made 
to hold the radiologist responsible for the safe administration of the 
contrast agent (e.g., GBCA) despite the fact that s/he did not order either 
the drug/contrast agent or the MR study itself 

e. NOTE: A physician MUST be “immediately available” and interruptible 
for all GBCA administrations! (It is interesting to note that as far as the 
Center for Medicare/Medicaid Services is concerned, the identical level of 
physician supervision is required for iodinated contrast administration for, 
e,g., CT studies.) 


