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Physics of MRI Safety
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Learning Objectives

MRI Safety for Physicists:

• Understand the major safety risks associated with MRI 
from a medical physics perspective

• Understand the potential impact MRI technology may 
have on safety considerations

• Review current FDA/IEC MR safety guidelines

Introduction

• MRI is one of the most versatile imaging modalities 
available and has an excellent safety record

• FDA considers MRI a “non-significant risk” device* 
when operating within specified parameters and 
appropriate safe practice guidelines are followed 
diligentlydiligently

• It is only via proper training and adherence to strict 
safety guidelines that the potential risks to the patient, 
accompanying family members, health care 
professionals, contractors, and other individuals 
entering the MR facility can be satisfactorily mitigated

*http://www.fda.gov/Training/CDRHLearn/ucm176481.htm

Has something changed?

• MRI use is on the rise*
– larger install base (>26,000; approximately 2x that of 2002)
– increasing number of procedures (>80 million/year)
– higher field magnets (3T accounting for ~25% in 2008)

• Technology and use patterns rapidly evolving
– medical devices and implants

– actively shielded magnets
– more powerful and faster slewing gradients 
– increased field strength

– MRI suites located outside traditional imaging centers
• intraoperative/interventional
• research & animal imaging centers
• radiation oncology

*Cosmus & Parizh, IEEE Trans App Superconductivity, 21(3):2104-09  (2011).
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Interventions in Diagnostic MRI: Breast Biopsy
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Targeting and Navigation for Prostate
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Integrated MR Suites: Intraoperative
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Modern review: Hushek SG, et al, J Magn Reson Imaging. 27(2):253-66 (2008)

Integrated MR Suites: Interventional 
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Robotic Assistance: MRBot & NeuroArm

http://www.neuroarm.org

http://urobotics.urology.jhu.edu/projects/MrBot

MR-LINAC Suite for Radiation Oncology

Fun at Utrecht

Phys. Med. Biol. 54 (2009) N229–N237

Figure 1. Sketch of  the MRI accelerator concept. 
(1) 1.5 T MRI (torqoise)
(2) 6 MV accelerator located in a ring around MRI (red)
(3) Split gradient coil (yellow)
(4) Superconducting coils (orange)
(5) Low magnetic field toroid in the fringe field (cyan)

Overview of MRI safety considerations

Source Primary Safety Concern(s)
Static Magnetic Field 
(B0 >1 Tesla)

Projectile “missile” hazards
Medical device displacement
Medical device disruption
Bioeffects

Radiofrequency Field
(B1 ~ μT for ms >32 MHz)

Tissue heating
Medical device heating
Medical device disruptionp
Interference with auxiliary equipment

(i.e., patient monitoring)

Pulsed Gradient Magnetic Field
(Gi ~ 50 mT/m with 250 μs rise times )

Peripheral nerve stimulation
Acoustic noise
Interference with auxiliary equipment

Cryogens
(Liquid Helium @ 4K)

Bodily harm
Asphyxiation

Gadolinium Based Contrast Agents nephrogenic systemic fibrosis (NSF)

Evaluation of  impact on patient, fetus, family, staff  as well as interactions 
with auxiliary equipment and medical devices is of  constant concern

Static magnetic fields and bioeffects

• No permanent bioeffects from static field reported at 
clinical strengths (<10T)

• Most bioeffects arise from induced voltages (E ∝ v X B) 
in tissues due to motion through static magnetic field:

– magnetohydrodynamic effects elevated T-wave (>0.3T)
– magnetophosphenes “flashes of light”magnetophosphenes flashes of light
– vestibular function  “feeling of vertigo”
– taste perversions “metallic taste”

• FDA considers “significant risk” when B0 is greater than
– 8T in adults, children and infants> 1 month old

– 4T in neonates <1 month old

Schenck JF, Safety of Strong, Static Magnetic Fields, JMRI 12:2–19 (2000); Jokela D & Saunders RD, Health Phys. 100(6):641– 653 (2011)
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Magnetohydrodynamic T-wave swelling

• Electrically conductive 
fluid flow in magnetic 
field induces current 
and a force opposing 
the fluid flow

Elevated T-wave

Normal T-wave

• Effects greatest when 
flow perpendicular to 
field (aortic arch)
– Potential across vessel ~ B0

• T-wave swelling

– Force resisting flow ~ B0
2

Gated Acquisition

F.G. Shellock and E. Kanal, Magnetic Resonance.  Bioeffects, Safety, and Patient Management, Lippincott-Raven Publishers, (1996)

Induced potentials ~ 5 mV/Tesla
=> Effect exacerbated at high-fields

Forces and torques on objects in static magnetic fields 

• Objects in static field can be magnetized
– Ferromagnetic objects saturate between 0.3-2.2T
– Saturation likely near scanner face, less likely in fringe
– Paramagnetic objects not often saturated in this range

• Torque (L) on an object in magnetic field

• Translational force on object in magnetic field

(saturated at isocenter)

(saturated near  bore face)

Nyenhuis JH, et al, IEEE Trans Dev Mat. Rel. 5(3):467-79  (2005). 
ASTM F2213: Standard Test Method for Measurement of Magnetically Induced Torque on Medical Devices in the MR Environment
ASTM F2052: Standard Test Method for Measurement of Magnetically Induced Displacement Force on Medical Devices in the MR Environment

Forces in the fringe field (a very rough calculation)

Ratio of  magnetic force to gravity: 
FB0

/Fg = B0*grad(B)/(μ0*ρ*g)
~9*0.3=2.7
~9*5.0=45

(no saturation assumed) 

Nyenhuis JH, et al, IEEE Trans Dev Mat. Rel. 5(3):467-79  (2005). 

Ferromagnetic objects are potentially deadly projectiles

• buffing machines
• cardiac monitor
• chest tube stands
• clipboards (patient charts)
• gurneys
• hairpins
• hearing aids/batteries
• hospital bed
• identification badges

• pulse oximeters
• pacemakers
• pagers
• paper clips
• pens and pencils
• prosthetic limbs
• shrapnel
• sandbags (w/metal filings)
• steel shoesg

• Insulin/infusion pumps
• IV baskets/poles
• keys
• knives
• laryngoscope
• medical gas cylinders
• mops
• nail clippers and nail
• files
• oxygen cylinders

• stethoscopes
• scissors
• staples
• tools
• vacuum cleaners
• ventilators
• watches
• wheelchairs

http://www.simplyphysics.com/flying_objects.html

The allure of 3T short bore …
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30G x = 2.00 m small motors, watches, cameras,
z = 2.80 m magnetic media, credit cards

10G x = 2.20 m hearing aids, computers, disk drives,
z = 3.40 m oscilloscopes, shielded color monitors

5 0G x = 2 50 m k i li B/W it

Fringe fields impairs or damages equipment
x

z
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froB 5.0G x = 2.50 m pacemakers, insulin pumps, B/W monitors,

z = 4.00 m     neurostimulators, magnetic media

2.0G x = 2.70 m CT (Siemens), x-ray units
z = 4.80 m cyclotrons, ultrasound

1.0G x = 3.70 m photomultipliers, image intensifiers
z = 6.60 m gamma cameras, linear accelerators

1.5T active shielding: Isogauss plot

Fault condition: 5m radial x 7m axial for t<2s 

3.0T active shielding: Isogauss plot

Fault condition: 6 m x 7.5 m  for t<100s

Fringe Fields – larger static fields

1.5T 4.0x2.5 m
3.0T 5.0x3.0 m
7.0T 7.0x5.0 m
11.7T 9.6x7.5 m

Cosmus & Parizh, IEEE Trans App Superconductivity, 21(3):2104-09  (2011).



iMRI - MR Safety - R. Jason Stafford

6

1.5T Fringe Fields – magnetic shielding

10G
5G

2G 1.5G

30G

0.5 G

Static magnetic fields and medical devices 

• Item that poses no known 
hazards in all MR 
environments

• Nonconducting, 
nonmagnetic items (plastic 
Petri dish)

MR Safe

MR C diti l

• Items may be determined to 
be MR Safe by providing a 
scientifically based 
rationale rather than test 
data

MR Conditional

Not MR Safe

ASTM F2503-05 Standard Practice for Marking Medical Devices and Other Items for Safety in the Magnetic Resonance Environment
Shellock FG, Woods TO, Crues JV, Radiology, 253(1):26-30 (2009).

Static magnetic fields and medical devices 

MR Safe

MR C diti l

• Known to pose hazards in all 
MR environments

• MR Unsafe items include 
magnetic items such as a pair 
of ferromagnetic scissors.

MR Conditional

Not MR Safe

ASTM F2503-05 Standard Practice for Marking Medical Devices and Other Items for Safety in the Magnetic Resonance Environment
Shellock FG, Woods TO, Crues JV, Radiology, 253(1):26-30 (2009).

Static magnetic fields and medical devices 

MR Safe

MR C diti l

• Demonstrated to pose no 
known hazards in a specified 
MR environment with specified 
conditions of use

• Conditions include field 
strength, spatial gradient, 
dB/dt RF fields and SARMR Conditional

Not MR Safe

dB/dt, RF fields, and SAR

• Specific configurations of the 
item, may also be required.  

• Most devices are MR 
Conditional 

• NOT “compatible”

ASTM F2503-05 Standard Practice for Marking Medical Devices and Other Items for Safety in the Magnetic Resonance Environment
Shellock FG, Woods TO, Crues JV, Radiology, 253(1):26-30 (2009).



iMRI - MR Safety - R. Jason Stafford

7

MR Conditional Items

Non-clinical testing has demonstrated the (insert device name) is 
MR Conditional. It can be scanned safely under the following 
conditions:

– static magnetic field of ___ Tesla
– spatial gradient field of ___ Gauss/cm
– maximum whole body averaged specific absorption rate (SAR) of __W/kg

for  minutes of scanning. for __ minutes of scanning. 
– Normal operating mode or first level controlled operating mode

In non-clinical testing, the (insert device name) produced a 
temperature rise of less than __°C at a maximum whole body 
averaged specific absorption rate (SAR) of ___ W/kg, as assessed 
by calorimetry for ___ minutes of MR scanning in a (field 
strength__) (model__) (manufacturer__) (software version __) MR 
scanner.

ASTM F2503-05 Standard Practice for Marking Medical Devices and Other Items for Safety in the Magnetic Resonance Environment
Shellock FG, Woods TO, Crues JV, Radiology, 253(1):26-30 (2009).

Testing of passive devices in the static field

• Torque (ASTM F2213)

– measure at magnetic isocenter
– device on holder w/ torsion spring 
– rotate 360° for each principle axis 
– record angular deflection of holder
– calculate torque as function of angle

• want τmax< Fgravity*Lmaxmax gravity max

• Displacement Force (ASTM F2052)

– suspend device by thin string
– position for largest displacement 

• likely off-isocenter @ bore face
– measure deflection

• want <45° with F || B0 
• Fmax < Fgravity

Woods TO, JMRI 26:1186–1189 (2007)

Shellock, Kanal, Gilk, AJR, 196:1–4 (2011)

Compatibility Technical Specification Sheet (CTSS)*

1T/m = 100 G/cm

Rin~ 0.35m

Rin~ 0.30m

*For compliance with IEC 60601-2-33 clause 6.8.3 bb.
http://www.gehealthcare.com/usen/mr/mrsafety/docs/APX_D_E_2381696-100_Rev10.pdf

Rin  0.30m

Rin~ 0.30m

Rin~ 0.30m

“Spatial Gradient” and the deflection test

• NOT “pulsed” imaging gradients
– Much larger (on order of 720 G/cm)

• Device manufacturers usually report 
measurements at location of highest 
deflection accessible to patient

• Maximum spatial gradient values tabulated • Maximum spatial gradient values tabulated 
by MR vendors on CTSS often not clinically 
relevant

– locations not accessible by patient
– likely  to exceed device manufacturer value

• Difficulties with site measurements
– location and liability

Shellock, Kanal, Gilk, AJR, 196:1–4 (2011)

Device vendor
measurement

MR vendor
measurement
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Radiofrequency fields and the patient

• Oscillating B1 field induces local E-field (E) in tissue 
(Faraday’s Law) due to tissue conductivity (σ)
– SAR ~ σΕ2/ρ
– σ ~ 0.1-0.3 S/m

• Specific Absorption Rate (SAR)  
– absorbed rf power per unit mass (W/kg)absorbed rf power per unit mass (W/kg)
– 1 W/kg => ~1 C/hr heating in an insulated tissue slab

• Tissue heating greatest at periphery and least in center
– head phantom: ΔT <2ºC and <4 cm deep (30 min @ 1-2.5 W/kg)

• Poorly perfused tissue require particular attention
– Examples: orbits; thermoregulatory compromised (fever)

2 2
0SAR (flip angle) (RF duty cycle) (Patient Size)B∝ ⋅ ⋅ ⋅

Pennes Bioheat Equation: A model for heating in the body

( ) ( )( , ) [( ( , ))] 1 ( , )i
i b b a i

T q tc k T q t C V T T P q t
t

ρ ρ κ∂
=∇ ⋅ ∇ + − − +

∂

heat diffusion heat convection heat source

Essentially, just the heat equation modified for perfusion at body temperature (Ta):

HEAT SOURCE :
P = Power absorbed (W m-3) = SAR*ρ

HEAT CONDUCTION (diffusion):
T = temperature (Kelvin) ρ = density (kg/m3)
c = specific heat of  material (J kg-1 ºC-1) k = thermal conductivity of  tissue (W m-1 ºC-1)

HEAT CONVECTION (effects of  perfusion): 
ρb = blood density (kg m-3) Cb = specific heat of  blood (J kg-1 ºC-1)
V = volume flow rate per unit volume (s-1) κ = dimensionless convection scale factor 

H. H. Pennes, “Analysis of tissue and arterial blood temperatures in the resting human forearm,” J Appl Physiol 1948;1:93–122

Radiofrequency Field Induced Heating 

F.G. Shellock and E. Kanal, Magnetic Resonance.  Bioeffects, Safety, and Patient Management, Lippincott-Raven Publishers, 1996

IEC Operating Modes & Patient Temperature

• Primary goal of SAR management is 
avoiding  temperature induced heat 
stresses in patient

• Recommendations must ALWAYS be 
interpreted in context to patient & 
ambient room conditions

Mode Core
Tmax (C°)

Local
Tmax(C°)

Core
ΔTmax(C°)

Normal 39 39 <0.5

First+ 40 40 <1

Second* >40 >40 >1

+requires medical supervision (a.k.a. “most often 
used clinical mode”)
*requires IRB approval (a.k.a. “research mode”)

• Tcore>39°C scanned in Normal Mode
• Tcore>39.5°C not be scanned at all

• Compromised thermoregulatory 
system or inability to communicate 
heat stress not scanned in First Mode

• Troom>25°C => SAR derated until 2W/kg

http://www.flickr.com/photos/mitopencourseware/

Distribution of temperature in human body

ΔT=40 C-32 C=8 C



iMRI - MR Safety - R. Jason Stafford

9

Thermal “Dose” & Risk Assessment

• Thermal damage is cumulative effect
– Isotherm characterization of bioeffects limited

• Many isoeffects can be modeled thermodynamically 
or more simply as an Arrhenius rate process (Ω)

R   = Universal Gas Constant
A   = Frequency Factor  (3.1 x 1098 s-1)
Ea = Activation Energy  (6.3 x 105 J)

laser fiber

Normal Canine Brain
5ºC

30ºC

ΔT

( )
aEt

RTA e dτ τ
−

Ω = ∫

• Cumulative Equivalent minutes @ 43 C (CEM43)
– derived  empirically from low temperature isoeffects:

– being considered  in conjunction with models of SAR induced 
heating for future IEC standards (IEC 60601-2-33 2010)

0 (Henriques FC, Arch Pathol, 1947; 43: p. 489.)

isodose models
Ω > 1

T > 57ºC
CEM43 > 240 min

( 43 )
43

0

0.25 43
CEM ( ) R , with R=

0.50 43
n

n t
nT

n
t n

T C
t t

T C

⋅Δ
−

=

< °⎧
= ⋅ Δ ⎨ ≥ °⎩
∑

(Sapareto SA, Dewey WC Int. J. Rad. Onc. Bio. Phys. 10: 787-800, 1984.)

Foster KR, Morrissey JJ, Int. J. Hyperthermia, 27(4): 307–319 (2011)

SAR Standards (IEC 60601-2-33 2010)

IEC 2010 SAR Limits for Volume Coils (6 minute average)

Operating 
Mode

Whole Body
SAR (W/kg)

Partial Body
SAR (W/kg)

Head (modeled mass)
SAR (W/kg)

Normal 2 2-10 3.2

First+ 4 4-10 3.2

Second* >4 >4-10 >3.2

Note that Long term volume coil scanning now has a specific absorbed energy (SAE) limit:
SAE < 14.4 kJ/kg (240 min*W/kg )

+requires medical supervision (a.k.a. “most often used clinical mode”)
*requires IRB approval (a.k.a. “research mode”)

IEC 2010 SAR Limits for Local Transmit Coils (6 minute average over 10g mass)

Operating 
Mode

Head
SAR (W/kg)

Trunk
SAR (W/kg)

Extremities
SAR (W/kg)

Normal 10 10 20

First+ 20 20 40

Second* >20 >20 >40

g ( g )

Note that for both volume and local transmit coils limits: 
(SAR averaged over 10sec) < 2*(SAR limit for 6 min average)

Heating in passive medical implants (ASTM F2182)

• mount implant in phantom with similar 
electrical/thermal properties of the body

• expose to SAR>1 W/kg averaged over 
the volume of the phantom for >15 min

• identify areas of highest heating and 
make measurements heremake measurements here

• heating danger increased  when the 
“critical length” reached

– Ldevice ~ nodd*λtissue/2

• ASTM F2182 only addresses passive 
implants, active implants are a work in 
progress

Woods TO, JMRI 26:1186–1189 (2007)

Issues associated with vendor SAR and devices

• Estimated SAR differs across vendors/scanners
– SAR on scanners “conservative”

• potential problem with reporting medical device test results
• encouraged to measure WB SAR via calorimetry

• FDA & ASTM MR interlaboratory comparison
– concerns over excessive device heating in normal mode
– concerns over how to capture “worst case scenario”

• Synergistic integration of models of SAR induced implant heating
– help better plan phantom testing for reporting
– phantom testing can also provide feedback to refine models
– possibly provide patient specific modeling in future

• SAR induced in implants proportional to B1rms

– IEC considering adding as a display standard to aid in medical device 
performance reporting

Woods TO, JMRI 26:1186–1189 (2007)
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SAR versus Tissue Heating

Patient SAR Patient Temperature

Patient weight
Patient position & shape
Tissue conductivity 
Tissue permeability (B1rmsdistribution)

Field strength

SAR
Ambient bore/room temperature
Patient temperature
Location on patient anatomy
Patient thermoregulatory system

Crucial to note and understand the difference between 
SAR and actual patient temperature in assessing safety:

Field strength
Coil used (volume vs local)
Pulse Sequence Selection

RF Pulses
excitation
refocusing (echo-train)
saturation
flip angle/amplitude
duration
duty cycle

Number of  slices/Slice efficiency
TR

Patient thermoregulatory system
Perfusion in region

Managing SAR in the patient via the pulse sequence

• Largest SAR concern with fast spin echo and fast imaging 
sequences (high density of refocusing pulses) and fast sequences 
utilizing large flip angle pulses (balanced steady state free 
precession, magnetization transfer angiography, etc) 

Examples of  Modifications Potential Tradeoff

Reduce number of  k-space views
reduced phase encodes
rectangular field of  view

resolution loss
not amenable to all anatomy

parallel imaging acquisition

Modify RF pulse shape or flip angle
reduced flip excitation pulses (bSSFP)
reduced flip 180° refocusing pulses
pulse amplitude/width modulation

Scan less efficiently
reduce echo train or increase  echo spacing
increase TR
increase concatenations
less  slices

Avoid saturation/suppression pulses

Coil Selection
Local transmit/receive coils

SNR loss and potential artifacts;  reduced ETL benefits

SNR loss and contrast changes
SNR loss and contrast changes
SNR loss versus sequence timing

longer acquisition times
longer acquisition times
longer acquisition times
loss of  volume coverage or slice resolution

contrast changes; artifacts

coverage, uniformity, availability

Pulsed Gradient Field Safety Issues

• Induced voltages from the rapid switching of the imaging gradients 
can produce

– painful nerve stimulation
– eddy currents/voltages in auxiliary equipment/devices 
– distort waveforms on patient monitoring equipment

• Auditory sound pressure levels produced by bucking of coils as 
current ramped in static fieldcurrent ramped in static field

• hearing protection must be used by patients & staff in scan room 
during imaging to minimize potential for hearing loss

• can be up to 100 dB at isocenter during fast scan techniques
• <140 dB unweighted and <99 dB over 1 hr (IEC standard )
• <90 dB over 8 hr  (OSHA)

• Effects seen most prominently in pulse sequences utilizing large, 
rapidly switched gradients

Pulsed gradient induced nerve stimulation

• Gradients reach their maximum amplitude away from isocenter
– this is where induced voltages in the conductive tissues/objects  is greatest

Mode dB/dt *
(T/s)

Isoeffect

Normal <45 none

First+ <56 none

S d* 60 i h l  ti l ti th h ld

1 .10 3

1 .10 4 IEC 60601-2-33 Limits

dB
/d

t (
T/

s)

Second* 60
90

900
3600

peripheral nerve stimulation threshold
painful nerve stimulation threshold
respiratory stimulation threshold
cardiac stimulation threshold

+requires medical supervision (a.k.a. “most often used clinical mode”)
*requires IRB approval (a.k.a. “research mode”)

0.01 0.1 1 10
10

100

Normal
First
Cardiac

Stimulus Duration (ms)

max/ 1 cdB dt f r
d

⎛ ⎞= +⎜ ⎟
⎝ ⎠

*dB/dt modeled as hyberbolic function: 
d = effective stimulus duration (see graph)
r  = rheobase (20T/s) is minimal strength needed to stimulate 
c = chronaxie (0.36 ms) is stimulated nerve time constant
f = operating mode dependent fraction (Normal = 0.8; First = 1)
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Concluding Remarks

• MRI facilities & technology are changing every day

– need to constantly adapt to new features, equipment and risks

– image artifacts are also being evaluated for medical devices (ASTM F2119-01)

• In most cases, MR benefits greatly outweigh the risks  and potentially 
improve outcomes and patient quality of life

– facilities outside traditional imaging centers are “high-risk” MR environmentsfacilities outside traditional imaging centers are high risk  MR environments

• NEED: constant vigilance from every member of the team to minimize 
potential for accidents  

– strong support of and compliance with all safety initiatives by administrations, 
management, physicians, anesthesiologists, nursing, technologists, 
researchers, and senior staff is absolutely essential

– consistent and ongoing safety training/testing for all personnel

References - Safety of Devices in MRI

• Magnetically Induced Displacement Forces
– ASTM F2052: Standard Test Method for Measurement of Magnetically 

Induced Displacement Force on Medical Devices in the Magnetic 
Resonance Environment

• Magnetically Induced Torques
– ASTM F2213: Standard Test Method for Measurement of Magnetically 

Induced Torque on Medical Devices in the Magnetic Resonance 
Environment

• Heating by RF Fields
– ASTM F2182: Standard Test Method for Measurement of Radio 

Frequency Induced Heating Near Passive Implants During Magnetic 
Resonance Imaging

• Image Artifacts
– ASTM F2119: Standard Test Method for Evaluation of MR Image 

Artifacts from Passive Implants

• Labeling Passive Implants
– ASTM F2503–05: Standard practice for marking medical devices and 

other items for safety in the magnetic resonance environment

MR Site Safety – Sources of Information (where to start)

• ACR White Paper on MR Safety (available at www.acr.org)

– Kanal, Borgstede, Barkovich, et al., AJR 178:1335-47, 2002
– Kanal, Borgstede, Barkovich, et al., AJR 182:1111-14, 2004
– Kanal, Borgstede, Barkovich, et al., AJR 188:1-27, 2007

• F.G. Shellock and J.V. Crues, MR Procedures: Biologic Effects, Safety, 
and Patient Care, Radiology 232:635-652, 2004.

• Joint Commission Sentinel Event Alert (Issue 38, February 14, 2008 )

– http://www.jointcommission.org/SentinelEvents/SentinelEventAlert/sea_38.htm

• Additional  references provided in the presentation


