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CE OFFERING

ENSURING SAFETY FOR INFANTS

UNDERGOING MAGNETIC

RESONANCE IMAGING
LAURA A. STOKOWSKI, RN, MS

ABSTRACT

Magnetic resonance imaging (MRI) is a powerful and versatile diagnostic tool. Applications of MR technology
are rapidly expanding for all patient populations, including infants receiving newborn intensive care. Millions of
MR examinations have been conducted without incident or harm, yet rare accidents in the MR environment
continue to occur. The infant is vulnerable to many of the potential hazards of MRI, including projectile accidents,
radiofrequency electromagnetic field effects, noise hazards, physiologic instability, and adverse effects of transport,
positioning, handling, and sedation. The MRI-compatible incubator is a promising means for safe imaging of smaller
and less stable infants than previously possible. Proper education of staff and meticulous attention to detail in
preparing the infants for MR examinations are the keys to safety during neonatal MRI.

KEY WORDS: infant, magnetic resonance imaging (MRI), safety, hazards, accidents.
t
t
h
o

M
a
c
e
o
o
i
N
fi
h

a
p
c
i
m
p
s
o
c
o

M

A

ne look at a typical magnetic resonance imaging
(MRI) scanner is all it takes to know that it was not

esigned for an infant.1 MRI scanners are large, noisy, and
ften situated in remote locations relative to the neonatal
ntensive care unit (NICU). When the first adult patient
as scanned in 1977,2 perhaps no one envisioned that
espite these obstacles it would not be long before the
mallest and most fragile of patients would be sliding into
he scanner to take advantage of this remarkable new
echnology.

Infants now routinely undergo MRI of the head,
hest, abdomen, spine, and pelvis for a multitude of
iagnostic purposes. Although cranial ultrasonography
emains the imaging modality of choice for early se-
uential scans to detect intracranial hemorrhage,3 MRI
echniques are superior for most other diagnostic and
rognostic neuroimaging applications (Table 1).4–6

Magnetic resonance imaging, as currently practiced,
s considered biologically harmless.7 In fact, compared
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4 A
o many other diagnostic procedures, MRI is among
he most powerful, yet safest procedures created in the
istory of modern medicine.8 For a complete definition
f technical terms related to MRI see Table 2.9,10

Unlike x-rays or computed tomography (CT) scans,
RI does not use ionizing radiation. Instead, MRI uses

n extremely powerful static magnetic field, rapidly
hanging gradient magnetic fields, and radiofrequency
lectromagnetic impulses to produce detailed anatomic
r functional images of the brain and other soft tissues
f the body. For a detailed description of how MRI
mages are acquired and constructed see Sidebar 1.11,12

o short- or long-term adverse effects from MRI at
eld strengths and durations clinically used to date
ave been identified.13

Despite its relative safety, there are potential hazards
ssociated with MRI. Some are related to the physical
roperties of the MR equipment and others to the
hallenges of maintaining physiologic stability of the
nfant undergoing the examination in a location re-
ote from the NICU. This article addresses these

otential hazards and provides strategies to promote
afety for infants undergoing MRI, specifically focusing
n hospitalized infants requiring newborn intensive
are. The article does not address issues specific to
lder infants receiving MRIs in the outpatient setting.

AGNETIC FIELDS AND THE MISSILE EFFECT

small boy undergoing an MRI following surgery
to remove a benign brain tumor was struck and
illed by an oxygen tank inadvertently taken into the

dvances in Neonatal Care, Vol 5, No 1 (February), 2005: pp 14–27
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RI suite. The metal tank, about the size of a fire
xtinguisher, became a magnet-seeking missile when
rought within reach of the 10-ton magnet’s field.
ulled through the air by magnetic force into the bore
f the MRI system, the oxygen tank attached itself to
he magnet, simultaneously fracturing the immobilized
hild’s skull and causing a fatal cerebral hemorrhage.14

This tragic scenario illustrates the greatest threat to
atient safety associated with MRI: the static magnetic
eld generated by a powerful magnet. Tens of thou-
ands times stronger than the earth’s magnetic field,
he MR system’s magnet can attract objects containing
errous materials, transforming them into dangerous

Table 1. Comparing and Contrasting Neuroim

Neuroimaging Options Primary Uses A

Cranial Ultrasound 1. Screen for IVH in high-
risk premature infants

2. Monitor progression of
GMH, IVH, PVL,
ventriculomegaly

3. Define cerebral anatomy
4. Assess cerebral blood flow

velocity

●

●

●

●

●

Computed
Tomography (CT)

1. Detect intracranial
hemorrhage in infants
with history of acute
encephalopathy,
significant birth trauma,
and evidence of low
hematocrit or
coagulopathy

2. Detect basal
ganglia/thalamic lesions

3. Detect calcifications

●

●

●

●

Magnetic Resonance
Imaging (MRI)

1. Determine cause of early
neonatal seizures, with or
without signs of birth
asphyxia

2. Detect neonatal cerebral
arterial infarction (stroke)

3. Define pattern of tissue
injury in neonatal
encephalopathy

4. Diagnose cerebellar
malformations, superior
ability to visualize the
posterior fossa

5. Diagnose CNS
manifestations of
metabolic disorders

●

●

●

●

Abbreviations: CNS, central nervous system; GMH, germinal m
tricular leukomalacia; HIE, hypoxic-ischemic encephalopathy.
irborne projectiles.15 The ability of the magnet to t

dvances in Neonatal Care, Vol 5, No 1 (February), 2005: pp 14–27
ttract a ferromagnetic object and draw it rapidly into
he bore with considerable force is referred to as the
issile effect.10 Ferromagnetic objects are metallic items

ontaining iron, such as scissors, laryngoscopes, nail
lippers, pocket knives, and steel buckets. Even very
arge items, such as wheelchairs, gurneys, IV poles, and
oor buffering machines, have become unintended
R-system-induced missiles10 (Fig 1).

AGNETIC FIELD INTERACTIONS

he static magnetic field of an MR system is always
on. No sound, sight, or smell alerts personnel to

ing Tests in Infants4–6

tages Disadvantages

bile, portable
be performed at any

e; amenable to serial
ies
side testing completed

minimal infant
urbance
intensive care

tinues during
mination
, harmless; no ionizing
ation

● Limited accuracy in
defining HIE, arterial
infarcts

● Findings do not always
correlate well with
neurodevelopmental
outcomes

en preferred over
asound in full-term
nts at low risk for IVH
higher risk for other
ial processes

mination is quick
ation not required
nitoring of patient
sible during examination

● Timing of the test impacts
accuracy in detecting
specific lesions

● Exposure to ionizing
radiation

● Involves transport to
radiology department

paralleled sensitivity to
nges in gray and white
ter and ability to
erentiate myelinated

unmyelinated white
ter
s not use ionizing
ation; biologically
mless at current field
ngths
ellent predictive value
outcomes related to
natal encephalopathy6

n more promising
niques on the horizon

● Timing of the test impacts
accuracy in detecting
specific lesions

● Must transport infant to
radiology department;
challenge to continue
provision of intensive care

● Difficult to monitor infant
during examination

● Noisy
● Safety issues related to

static magnetic field
● May require sedation of

infant; sensitive to
movement

hemorrhage; IVH, intraventricular hemorrhage; PVL, periven-
ag
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Table 2. Magnetic Resonance Imaging Definition of Terms9,10

Diffusion-weighted
imaging (DWI)

An imaging technique that analyzes the molecular motion of water in tissues such as the
brain. Clinical applications include assessment of white matter pathology in preterm
infants and term infants with neonatal encephalopathy.

Ferromagnetic A substance, such as iron, that has a large, positive, magnetic susceptibility (ability to
become magnetized when placed within a magnetic field).

5-Gauss line Perimeter around an MR system within which the static magnetic fields are higher than 5
gauss. Five gauss and below are considered “safe” levels of static magnetic field exposure
for the general public.

Flux Invisible lines of force that extend around a magnetic material.

Fringe field The region surrounding a magnet and exhibiting a magnetic field strength that is
significantly higher than the earth’s magnetic field. The size of the fringe field depends on
the magnet type and field strength. The higher the field strength, the larger the fringe
field. Fringe field is also called the stray field.

Gauss (G) A unit of magnetic flux density. Gauss is 1 of 2 units used to measure magnetic field
strength; the other and current preferred (SI) unit is the Tesla (10,000 Gauss � 1 Tesla).

Gradient magnetic
fields

A magnetic field that changes in strength in a certain direction. Gradient magnetic fields
are used in MR imaging with selective excitation to select a region for imaging and also
to encode the location of MR signals received from area being imaged.

Magnetic resonance Phenomenon resulting in the absorption and/or emission of electromagnetic energy by
nuclei or electrons in a static magnetic field, after excitation by a radiofrequency
magnetic field.

Magnetic resonance
angiography (MRA)

Imaging of the flow of blood in the arteries and veins of the body. Clinical applications
in infants include evaluation of arteriovenous malformations, vascular accidents (strokes),
and assessment of carotid artery blood flow following extracorporeal membrane
oxygenation (ECMO) therapy.

Magnetic resonance Utilizes the principle that nuclei in different chemical structures have different
spectroscopy (MRS) characteristic resonance patterns, or spectra. MRS is used to study brain biochemistry and

metabolism. Clinical applications in the newborn include hypoxic-ischemic
encephalopathy and inborn errors of metabolism. Often performed in conjunction with
MRI.

Missile effect Occurs when a ferromagnetic object rapidly and forcefully accelerates into the bore of a
magnet. Also called the projectile effect.

MR-safe The device, when used in the MR environment, has been demonstrated to present no
additional risk to the patient, but may affect the quality of the diagnostic information.

MR-compatible The device, when used in the MR environment, is MR safe and has been demonstrated
to neither significantly affect the quality of the diagnostic information nor have its
operations affected by the MR system.

Radiofrequency
electromagnetic
energy

Electromagnetic waves with a frequency band in the electromagnetic spectrum, or the
same general range as that used for transmission of radio and television signals.

Radiofrequency pulse Burst of RF energy delivered by the RF transmitter. These low-frequency pulses generate
the signal that is measured during each scan. They also generate the heat associated with
MRI (estimated by the specific absorption rate or SAR).

Room shielding Magnetic shielding with high permeability in the walls, floor, and ceiling of the magnet
room; can be complete or partial depending on the need to reduce the fringe field.

Rotational force Twisting (torque) that occurs when a ferrous object attempts to align itself with the
north-south orientation of the MRI magnet. Rotational force is greatest at the center of
the magnetic field.

Quench An unexpected loss of superconductivity caused by rapid increase in resisitivity of the
magnet. Generates heat resulting in boiling off and rapid evaporation of cryogen (liquid
helium). Can cause damage to the magnet and anoxic conditions in the atmosphere of
the magnet room if not properly vented.
Advances in Neonatal Care, Vol 5, No 1 (February), 2005: pp 14–27
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ounding the magnet in all directions. The magnetic
ull is strongest at the center of the MR-system mag-
et, and it weakens with increased distance from the
agnet, creating a spatial magnetic field gradient. The

istribution of the magnetic field outside of the main
agnet (also called the fringe field) is impossible to see,

ut it is critical to safety in the MR environment
ecause it can determine whether a ferromagnetic
bject could become a projectile.
The risk of such an event depends on features of

ach facility’s MR system and its environment. These
nclude the main magnet strength and magnet and
oom shielding (Fig 2). MR systems with large fringe
elds generally create the greatest hazard.7 Shielding
an significantly reduce the magnet’s fringe field; there-
ore, newer MR systems integrate such shielding into
heir designs. The fact that an MR system’s magnet is
hielded, does not mean it is safe to bring ferrous
bjects or equipment into the magnet’s vicinity.
There are 2 ways a ferromagnetic object can react to

he magnetic field. One is translational force; the other
s rotational force. Translational force is operating
hen an object is strongly pulled to the center of the
agnetic field, as is the case with an airborne projec-

ile. Rotational force (also known as torque) occurs
hen an object within the magnetic field tries to align

tself with the magnet. Torque can cause a stationary
erromagnetic object, even one within a person’s body,
o twist and rotate in position.

When there is a high spatial gradient (e.g. the
agnetic field drops off rapidly at a short distance from

he magnet portal), a ferromagnetic object can appear
o be unaffected by the magnetic field until it ap-

Table 2. Magnetic Resonance Imaging Defini

Specific absorption
rate (SAR)

Energy deposited in tissues in
electromagnetic fields. The SA
watts per kg of tissue mass. In
where most of the power is ab
established by the FDA, usual

Static magnetic field A component of the MR env
not imaging. This static magn
in the center of the magnet b
roughly 20,000 times stronger

Superconducting
magnet

A type of magnet that has no
absolute zero.

Tesla The preferred (standard intern

Time-varying
magnetic fields
(TVMFs)

Also called gradients, these ar
MR signal during a scan. TVM
the rapidly changing magnetic
human body, which are all co
noises within the scanner.

Translational force The attraction that acts to dr
force that causes the projectil
roaches the magnet, at which point it can suddenly o

dvances in Neonatal Care, Vol 5, No 1 (February), 2005: pp 14–27
ecome forcefully and rapidly attracted to the magnet.
f the fringe field strength decreases more gradually
ith distance from the magnet (a low spatial gradient),

he object’s attraction to the magnet progressively
trengthens as it becomes closer to the magnet. In some
ays, a lower spatial gradient might be safer. Personnel
ithin the MR room may notice an increasingly stron-
er pull on objects they are wearing or carrying as they
alk closer to the MR system, permitting them to

etreat from the MR system magnet before an accident
ccurs.16 Table 3 provides a cogent summary of haz-
rdous magnetic field interactions.

TATIC MAGNETIC FIELD SAFETY

safety boundary, the 5-Gauss line, can be demar-
cated and controlled to help prevent static-mag-

etic-field-related accidents from occurring.7 At 5-Gauss
0.0005 Tesla, or 0.5 mT) the magnetic pull is so low that
errous objects will not become magnetized. The position
f the 5-Gauss boundary line relative to the MR system
ill vary depending on the strength of the main magnet.7

deally, the 5-Gauss line is the minimum perimeter
round the MR system beyond which all non-MRI safe
quipment and unscreened individuals, particularly those
ith pacemakers, should remain. In reality, however, the
-Gauss line can be quite far from the MR system and
ight even be located outside of the MR room. In these

acilities, a 10- or 20-Gauss line might be used within the
R room for safety purposes.
With so many variables affecting the size of the static

nd fringe fields, it is crucial that staff accompanying
nfants to MRI are aware of the factors operating in their

of Terms9,10 (Cont’d)

form of heat from the use of rapidly changing
the amount of energy dissipated in the tissues, in

ogeneity of the RF field can lead to a local exposure
ed by one body region. SAR limits (averages) are
r unit of time.

ent that is always present, even when the scanner is
field is typically between 0.2 and 2.0 tesla (T) measured
A 1.0 T magnet’s static magnetic field would be

the earth’s magnetic field.

trical resistance when operated at temperatures near

nal or SI) unit of magnetic flux density.

gnetic field changes introduced to spatially encode the
an induce currents in conductive material lying within
, such as muscles, nerves, and blood vessels of the
tive materials. TVMFs are also the source of loud

object linearly into the center of the magnet; it is the
missile effect.
tion

the
R is

hom
sorb
ly pe

ironm
etic
ore.
than

elec

atio
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field
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wn facility. Nurses working in more than 1 hospital need
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A

o be familiar with MRI configurations at each facility.
ccidents and near misses usually occur when non-MRI

ersonnel who are unfamiliar with MRI routines accom-
any a patient to the MRI suite.17 These individuals
ight not be aware of the invisible, yet very real hazards

o patients and to themselves. Before entering the scan-
ing room, NICU staff accompanying an infant to the
RI suite must comply with all safety procedures, includ-

ng systematic screening, mandated by MRI staff17 (Fig 3).
ome MRI departments use large hand-held magnets to
creen staff members and patients before they are permit-
ed to enter the MRI suite.

R SAFE VERSUS MR COMPATIBLE

he field of MRI is growing rapidly. As the number
of MR techniques increases, so will the number of

iomedical implants, products, and devices carrying
abels such as MRI safe or MRI compatible. Everyone
nvolved in MR studies needs to understand what this
abeling means.

The terms MR safe and MR compatible are not
nterchangeable.18 MR safe means that the product or
evice does not contain any ferromagnetic material
nd will not become magnetized in the vicinity of the
R system, but there is no guarantee that it will

perate properly in proximity to the magnet. MR
ompatible denotes a piece of equipment that is both
R safe and can be used in the MR environment
ithout significant effect on its operation or the quality
f its diagnostic information.9 Manufacturers should
lso report the conditions under which the product or
evice was tested for safety or compatibility so that
nd-users can determine if they are appropriate to their
espective MR environments.18

Some equipment also carries labeling that it is MR
afe or MR compatible “if secured to a non-moveable
bject,” or as long as it is kept a minimum distance
rom the magnet.19 Because it is impossible to predict
ow such an item will react in the presence of different
R scanners or at different locations in a room, the

afest location for this equipment must be determined
y MR-trained staff. No one should subsequently move
his equipment to bring it closer to the patient. Longer
ables or tubing, as appropriate, should be used instead.

Never assume that objects or equipment found in or
round the MR system room are MR safe or compatible
nless these objects are clearly labeled as such.8 The
merican College of Radiology also recommends that

ortable metallic or partially metallic objects stored in or
ear the magnet room be labeled “Not MR Safe.”8

To make equipment MR safe, manufacturers can sub-
titute copper, brass, or aluminum for the major ferrous
omponents.20 However, these materials are still electri-
al conductors and, as such, pose a hazard in the MR
nvironment. Some machines have internal delicate in-
trumentation that is ferromagnetic. This instrumenta-
ion can be damaged by torque as the magnet exerts
SIDEBAR 1. HOW DOES A MAGNET

CREATE AN IMAGE?
A basic understanding of the process of MR image acquisi-

tion will help caregivers take safe actions and avoid unsafe
ones, when caring for infants undergoing MRI. When the
infant is placed in the bore of the scanner, 2 things happen
to the hydrogen atoms that comprise the fat and water of
the body’s tissues. The usually randomly oriented protons
(A) contained in the nuclei of the hydrogen molecules
become uniformly aligned either parallel or antiparallel to
the powerful magnet field (B). In addition, the protons,
which normally spin on their axes much like the earth spins
on its axis, start spinning around the direction of the
external magnetic field.11

Next, the coils surrounding the infant’s head or torso
deliver short bursts of electromagnetic waves called ra-
diofrequency (RF) pulses. This energy is absorbed by the
protons, causing them to resonate. The applied energy
deflects the protons off their alignment with the mag-
netic field and causes them all to briefly spin in phase
with one another.11

When the RF pulse is off, the superenergized protons
recover their alignment and out-of-phase spin, a process
called relaxation.11 During relaxation, protons release the
stored energy, emitting detectable RF signals. Relaxation
behavior is strongly dependent on the tissue type in which
the nucleus is located (e.g. gray matter, white matter, cere-
brospinal fluid). These differences in relaxation times are
the source of tissue contrast in the MR image.2

The signals that are returned do not have spatial
information, so 3 magnetic field gradients are switched on
and off with the RF pulses. Known as time varying
magnetic field gradients, these are brief, low-strength
currents applied to provide unique magnetic fields that
help to localize signals to the region of interest. This
encoding process allows control of the location and
thickness of the slice of tissues that will be excited by
magnetic resonance.12

The signals transmitted from the infant are transferred via
the receiving coils to a computer, where they are translated
into detailed 2- or 3-dimensional anatomic images of the
tissues of interest. A great deal of data is obtained to
generate the final MR image. The more data points col-
lected, the more detailed the final image.11

Randomly oriented spinning protons (A) aligning within
a magnetic field (B) at the start of the MRI process. BMJ.
2002;324:35. Used with permission from the BMJ Publish-
ing Group.
otational or alignment effects on the ferromagnetic

dvances in Neonatal Care, Vol 5, No 1 (February), 2005: pp 14–27
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A

arts.20 These devices might not be projectile hazards in
he MR room, but their operation will nonetheless be
ffected.

Equipment that does not operate properly in the
agnet room is more than an inconvenience—it can

e a serious safety hazard on many different levels.
ecause the magnet discharges batteries, battery-
owered devices (laryngoscopes, microinfusion
umps, monitors, etc.) can suddenly fail to operate
t a critical moment. Physiologic monitoring is es-
ential during the examination because it is almost
mpossible to visualize the infant within the bore of
he MR system.21 If the monitoring equipment is not

R compatible, the data needed to continuously
ssess the infant’s condition during the examination
ight be lost, creating a potentially dangerous situ-

tion. Accordingly, use only equipment tested and
pproved for use during MRI in this setting.16

Every NICU should develop an institution-specific
eference that lists MRI-safe and MRI-compatible
quipment and devices to assist staff who are preparing
o transport an infant to the MRI suite. This list must
nclude items that are semipermanently attached to the
nfant, such as endotracheal tube stabilization devices,
mbilical cord clamps, infant security devices, identi-
cation bands, indwelling tubes and catheters, and any
ther items that may appear in the infant’s microen-
ironment. Although it is important to remove unsafe
tems before MRI, it is also important to avoid unnec-

igure 1. Wheeled IV pole with infusion pumps flew into the
ore of this magnet. If there had been a patient on the
canning table, the patient could have been severely injured.
mage used with permission of Moriel Ness Aiver, PhD,
ww.simplyphysics.com.
ssary removal of other items. b

dvances in Neonatal Care, Vol 5, No 1 (February), 2005: pp 14–27
ADIOFREQUENCY ELECTROMAGNETIC FIELD

FFECTS

ithin the MR system are electromagnetic coils
and a transmitter that delivers the radiofre-

uency (RF) pulses during imaging. When tissues ab-
orb the RF energy, tissue heating can occur, particu-
arly in patients with poor thermoregulatory control.15

reterm infants and other sick infants fit into this
ategory; however, specific studies of body temperature
omeostasis during MRI in this population are lacking.
he rate at which RF energy is deposited in tissue is
efined as the specific absorption rate (SAR), which is
easured in units of watts per kilogram (W/kg).10 The
aximum allowable SAR is 3 W/kg (averaged over 10
inutes) for head imaging and 4 W/kg (averaged over

5 minutes) for whole body imaging.22 It is critical to
rovide the MR technologist with the infant’s actual
ody weight to avoid excessive RF exposure.
Radiofrequency fields can cause skin burns if moni-

or cables or wires are permitted to form conductive
oops with themselves or with parts of the body.8

lthough rare, skin burns have been reported in asso-
iation with pulse oximeter sensors and cardiorespira-
ory monitor cables in patients who require monitoring
uring MRI.11 Temporary metallic intracardiac pacing
ires will behave like antennae and conduct electromag-
etic waves, also resulting in thermal tissue injury.23

Thermal injuries associated with electrocardiogram
ECG) monitoring can be virtually eliminated by using
beroptic MR-compatible cables and pulse oximetry
ables.18 Use only MR-compatible ECG and pulse
ximetry accessories; remove chest leads and pulse
ximetry sensors used during transport and replace
ith MR-compatible substitutes. Place electrodes close

ogether but not touching, and braid leads so that the
ires do not form conductive loops.24 Rest wires along

he long axis of the infant’s body, avoiding skin con-
act.

A concentration of electrical current sufficient to
ause excessive heating and burns can occur if items
ith the potential to conduct electricity are placed
ithin the RF field.16 Inspect the infant, blankets, and
lothing for electrically conductive items before imag-
ng begins.7 It is easy to overlook a safety pin attached
o an armboard or tape flag, or a metal clamp on a
astrostomy tube. Check umbilical or limb security
evices and name bands with metal parts for MR safety
efore entering the MRI suite; remove them if deemed
nsafe.17 Apply MR-safe identification bands for the
rocedures; these can be replaced with standard secu-
ity devices after the MRI is completed. Conventional
emperature probes used for servo-controlled incuba-
ors and radiant warmers are not safe for use during

RI and must be removed.
Radiofrequency signals emitted during the MR ex-

mination can affect non-MR-compatible programma-

le infusion pumps, resulting in erratic performance.
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20 LAURA A. STOKOWSKI
ithout warning, affected pumps could deliver higher
r lower than desired volumes of pressor agents, anal-
esics, sedatives, or dextrose and electrolyte solu-
ions—all of which could have serious physiologic
onsequences for the infant. Secure an essential infu-
ion pump well outside of the fringe field of the magnet
sing enough extension tubing to reach the scanning
able.25

Radiofrequency interference can work both ways.
lectronic equipment in the area can interfere with the
F transmission and reception in the magnetic field.15

uch interference can be reduced with shielding. Usu-
lly, a copper RF shield, preventing the high-power RF
ulses from radiating out through the hospital, sur-
ounds the imaging room itself. Shielding prevents
xternal RF signals from television and radio stations
rom being detected by and interfering with the MR
mager.15

RADIENT MAGNETIC FIELD EFFECTS

ubjecting the infant to sudden, rapidly changing
gradient magnetic fields during imaging can in-

uce circulating currents in conductive tissues of the
ody.26 In theory, these currents are large enough to
roduce changes in nerve and muscle function, such as
eripheral nerve stimulation or pain. In extreme cases,
ardiac stimulation could occur. Safety standards limit
he maximum rates of change of magnetic field
trength that can be used, so these effects are not likely

igure 2. The superconducting magnet is an electromagnet in
hich current flowing in a circular direction in a coil of wire
roduces the intense, homogenous magnetic field required
or high-quality imaging. Most MR magnets in hospitals are 1.5
esla or lower in strength; those used for research in infants
an be up to 4 Tesla in strength. Image used with permission
f Stephen Brick, MD, www.gcmradiology.com.
o be observed during routine clinical MRI.10 p

A

COUSTIC NOISE HAZARD

nside the bore of the MR system, the imaging
process can be extremely loud. The chief source of

oise is the gradient magnetic field.15 The rapidly
hifting current causes the gradient magnetic coils to
ex and vibrate against their moorings, producing loud
lunking and knocking sounds.27 Noise levels vary,
epending on the particular pulse sequences used and
he strength of the magnetic field.27 Noise levels up to
3 dB (A) are typical during an MR examination, and
eak levels can even reach 110 dB (A) during some
equences.27 Maximum allowable sound pressure level
uring MRI is 140 dB (unweighted) or 99 dB (A) with
earing protection in place.23

Significant MRI-induced noise can produce hearing
oss in patients who are susceptible to the damaging
ffects of loud noises.27 Infants may have multiple risk
actors for hearing loss and must be protected from
dditional noise exposure. Use of disposable earplugs,
hich can reduce noise levels by 10 to 30 dB when
roperly applied, is mandatory during MRI.27 In addi-
ion to ear plugs, commercially available ear muffs are
ecommended for added hearing protection. Vacuum
xation pillows used to position and stabilize infants
uring imaging provide additional sound attenuation.21

IOMEDICAL IMPLANT HAZARDS

significant risk to some patients undergoing MRI
is the way implanted or internal ferromagnetic

aterial can react to the strong magnetic field and RF
mpulses. When implanted ferromagnetic material,
uch as a metallic aneurysm clip, is exposed to the
agnetic field, it can be subjected to torque and

ranslational forces strong enough to tear surrounding
issues.15 MR compatibility of these devices must be
emonstrated by manufacturer’s declaration (including
onditions under which testing was conducted) or
ood and Drug Administration (FDA) clearance.15 A
ist of biomedical implants and compatibility informa-
ion is available online at www.MRIsafety.com.

The metallic cardiac occluders used in infants for
atent ductus arteriosus ligation or ventricular septal
efect occlusion can be made of weakly ferromagnetic
aterial. They are considered safe 6 to 8 weeks follow-

ng surgery, when enough tissue growth has occurred to
over the occluder and keep it in place.18 Certain
ochlear implants used in infants have small internal
agnets that experience substantial magnetic field in-

eractions. These magnets must be removed by a brief
urgical procedure before an MRI can be conducted.17

afety and compatibility information about biomedical
mplants should be prominently documented in the
atient’s medical record.
Staff members accompanying infants to the MRI

uite are also screened for biomedical implants or
etallic foreign bodies that might create a hazard in
roximity to the MR magnet7 (Fig 3). In addition, the

dvances in Neonatal Care, Vol 5, No 1 (February), 2005: pp 14–27
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R system magnet can erase magnetically coded in-
ormation on credit cards and passkeys and temporarily
ffect the function of analog watches.

ISKS TO PHYSIOLOGIC STABILITY

lthough studies are few, available evidence
shows that exposure to a strong static magnetic

eld does not threaten physiologic stability of the
nfant.28,29 Changes in vital signs during MR examina-
ions in term and preterm infants have been docu-
ented by several studies; the cause of vital sign

hanges remains speculative.29,30 Tachycardia, brady-
ardia, and oxygen desaturation could be related to
nadequate cardiorespiratory support during the exam-
nation.28 Significant fluctuations of heart rate and
lood pressure might also reflect the response of the
mmature autonomic nervous system to sensory stimu-
ation during MRI.28,29

Continuous physiologic monitoring is an essential
afety precaution during MRI in infants.17 Monitoring
evices must31:

● Function normally during imaging
● Not pose a danger to patients or personnel
● Not impair the quality of imaging

To fulfill these requirements, MR-compatible
onitors with integrated noise filters to ensure reli-

ble tracings during image acquisition are used.
eart rate, respiratory rate, pulse oximetry, and

nd-tidal carbon dioxide (EtCO2 or capnography) are
onitored continuously for all infants undergoing
RI. Respiratory impedance monitoring tends to be

nreliable; instead, closely observe capnography and
ulse oximetry to monitor for respiratory depression.
oninvasive blood pressure can be obtained, but

Table 3. Hazardous Magnetic Field Interactio

Magnetic Field Type Hazard

Static magnetic field Translational force: power
of ferromagnetic object to
magnetic field.

Rotational force/torque: rot
object to align with the m
field.

Radiofrequency
electromagnetic fields

Heating due to absorbed
Electromagnetic interfere

Gradient magnetic field Induced currents in cond
tissues.
Induced currents in elect

Adapted from Center for Devices and Radiological Health. A
Imaging Systems. U.S. Department of Health and Human Servi
nflation of the blood pressure cuff during the exam- b

dvances in Neonatal Care, Vol 5, No 1 (February), 2005: pp 14–27
nation may disturb the infant and disrupt the ex-
mination. Time blood pressure assessment carefully.
osition monitoring equipment so that readouts and
aveforms are visible to personnel observing the

nfant from a distance. Once the procedure has
egun, it is difficult to assess the infant visually
ithout crawling into the bore of the magnet.28

ome MR suites use a main room-dedicated monitor
nd a remote display monitor in the control room for
ontinuous surveillance by NICU staff.

The NICU caregiver is responsible for monitoring
he infant before, during, and after the procedure.
lthough facility-specific policy may dictate whether

his monitoring takes place from within the MR system
oom or through a window in a control room, the
esponsible NICU staff member must be satisfied with
he adequacy of monitoring display both before the
rocedure starts and after the procedure commences. If
onitor interference or artifact is a problem during the
R examination, be direct and assertive about the

eed to enter the room and/or to use a plastic stetho-
cope to directly assess heart rate and respiration of the
nfant.32 If noise, monitor interference, or artifact im-
ede the continuous assessment of the infant, or there
s any doubt about the infant’s stability during the
canning process, inform MR staff so that the scan can
e interrupted for assessment of the infant.
Infants who require ventilation or nasal continuous

ositive pressure must be maintained on these modal-
ties using either MR-compatible machines or conven-
ional ventilators located outside of the fringe field.25

n the latter circumstance, extended ventilator tubing
s necessary. Adjustments in ventilator parameters may
e needed to compensate for the increased dead
pace.25 For infants who might require free-flow oxygen
uring scanning, nasal cannulae or oxygen tubing can

Potential Adverse Effects

traction
nse

● “Missile effect”: acceleration of object
into the bore of the magnet.

● Tearing of tissues, pain, dislodgement
of some implants.

of
etic

● Tearing of tissues, pain, dislodgement
of some implants.

nergy. ● Overheating, burns (thermal,
electrical).

● Device malfunction; imaging artifact.

e

devices.

● Nerve and muscle stimulation.
● Device malfunction/failure.

er on Medical Device Interactions With Magnetic Resonance
ood and Drug Administration, 1997.
ns

ful at
inte

ation
agn

RF e
nce.

uctiv

rical

Prim
e set up in advance.21 Although blended oxygen is
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22 LAURA A. STOKOWSKI
referable, MR-compatible oxygen blenders are not
ommercially available at this time.

In most hospitals, an infant must be transported
rom the safe, continuously monitored environment of
he NICU to the hospital’s radiology department for an

RI examination.1 This presents risks to patient safety
ecause it involves multiple patient transfers in a
elatively short period of time (from NICU bed to
ransport incubator and from transport incubator to
canning table, and then the reverse of this process).
atient transfers are stressful to infants who are at high

igure 3. Form used to screen any nonpatient individual befor
ith permission of Frank G. Shellock, PhD, www.MRIsafety.c
isk for accidental extubation, intravenous or arterial t

A

ecannulation, and other adverse events that may
ccur during transfers. Furthermore, excessive move-
ent affects cerebral blood flow in premature infants,

n undesirable effect that could alter the MRI find-
ngs.33

Maintaining a safe thermal environment can be a
hallenge in conventional MRI rooms. The infant is
emoved from the warm transport incubator and
laced on the cooler MR scanning table, swaddled in
lankets with the dual aim of preventing heat loss
nd excess movement. Scanner table straps secure

or she is permitted to enter the MR environment. Image used
e he
he infant to the table. Use a hat to limit thermal

dvances in Neonatal Care, Vol 5, No 1 (February), 2005: pp 14–27
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osses from the head, and consider the use of neo-
atal-specific, MRI-safe chemical warming packs,
hich can be inserted into the blankets of smaller

nfants who require additional thermal support.32

ake an axillary temperature before and after the
xamination. Dot matrix thermometers may be use-
ul in this setting. MR-compatible temperature
robes for infants are now widely available. The
merican College of Radiology recommends their

se during neonatal MRI.34

Just as it is the responsibility of NICU staff to
onitor the infant, it is also their responsibility to

ecide when it is, or is not, appropriate to continue
ith an MRI examination. Intolerance of transport,
dverse effects of sedation, or cold stress are examples
f events that can lead to general physiologic instabil-
ty. Ensuring the infant’s safety might include request-
ng the presence of additional personnel and support,
r even terminating the examination when there are
alid reasons for doing so.

MERGENCIES IN THE MR SUITE

f an infant requires anything more than minor
attention during the examination, such as intuba-

ion or resuscitation, the infant must be brought out
rom the MR system and the magnetic fringe field for
hese procedures.24 Unless all of the items that might
e needed to conduct a resuscitation or otherwise
tabilize the infant (stethoscopes, laryngoscopes,
edication vials, syringes, infusion pumps, suction

quipment) are MR safe, the risk of causing an
ccident by remaining in the MR room is too great.17

onventional transport supply boxes and transport
ncubators must also be left outside of the MRI suite.
n the event of a critical patient situation or code, it
s imperative to evacuate the infant from the area of
he MR system before other personnel arrive and
erhaps carry unsafe resuscitation equipment or sup-
lies into the room.8,24

Shutting down the MR system is not quick, easy,
r safe. Called a quench, an emergency shut down of
superconducting magnet involves boiling off the

ryogens (liquid helium) that keep the magnet
ooled and in a superconducting state. Without
ryogens, the magnet loses its magnetic field. A
uench can occur spontaneously due to system mal-
unction, or intentionally to free someone who has
een pinned to the magnet by a ferromagnetic pro-
ectile. When a quench occurs, evacuate yourself
nd the infant from the MR system room immedi-
tely to avoid possible asphyxiation as helium re-
laces oxygen in the room.8

AFETY AND SEDATION DURING MRI

nfant movement during an MR study causes image
artifact or distortion. This can prolong the exam-
nation, perhaps causing a misdiagnosis because of a

dvances in Neonatal Care, Vol 5, No 1 (February), 2005: pp 14–27
oor quality imaging. For this reason, infants often
edated during MRI studies.35 Procedural sedation
hould be administered by anesthesia department
taff or properly trained and credentialed NICU
linicians.34 Sedation itself poses safety risks to in-
ants. Those administering sedatives must carefully
ssess and monitor the infant and be prepared to
ntervene if the infant becomes compromised.36

onitoring the sedated infant and managing poten-
ial adverse events are more challenging in the MR
nvironment than in the NICU.

Sedation can be used for both ventilated and non-
entilated infants scheduled for MRI. Agents used in
nfants include chloral hydrate, fentanyl, and midazo-
am;36 a recent Cochrane Neonatal Review does ques-
ion the safety of intravenous midazolam in the neo-
ate.37 In preterm infants, midazolam can also cause
ypotension and a concomitant drop in middle cere-
ral artery blood flow velocity.37

Before administering sedatives or analgesics, appro-
riate physiologic monitoring should be initiated, in-
luding cardiac, respiratory, pulse oximetry, noninva-
ive blood pressure, and end-tidal carbon dioxide
onitoring for both ventilated and nonventilated pa-

ients.36 Vital signs should be recorded every 5 minutes
uring procedural sedation of the neonate.38 A seda-
ion scoring tool, such as the Neonatal Pain, Agitation
nd Sedation Scale, can be used to evaluate the in-
ant’s level of sedation.39

The most common side effect of sedation is respira-
ory depression manifested by apnea, hypoventilation,
r hypoxemia.38 An MR-compatible bag and mask
ttached to a fixed (wall) oxygen source should be
vailable for assisted ventilation if the infant becomes
pneic. Standard oxygen tanks should not be brought
nto the magnet room. Nonferromagnetic gas cylinders,
ade of aluminum, can be purchased for MR room use,

ut even these should be tethered to the ground to
revent accidents in the event of an erroneous cylinder
xchange.40

To avoid the dangers associated with sedation in
nfants, an obvious alternative is to conduct MRI
xaminations without sedation. Some centers report
uccess in acquiring a neonatal MRI series without
sing sedation.41– 44 Testing is usually conducted
uring natural sleep immediately following a feed-
ng, and careful attention is given to details such as
oise and light reduction, sensor placement to avoid
timulation, warmth, swaddling, and positioning to
inimize movement (Gary P. Zientara, PhD, per-

onal communication, January 2004). Pacifiers are
ot used because they produce motion artifact. Ob-
aining a full MRI series in an unsedated infant
sually takes more time, although administering se-
ation, managing adverse sedation reactions, and
ecovering infants from sedation are time consuming

s well.
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24 LAURA A. STOKOWSKI
HE MR-COMPATIBLE INCUBATOR

agnetic resonance imaging would be a valuable
diagnostic tool for many of the smaller, sicker

nfants cared for in the NICU, but the difficulties of
roviding a safe imaging environment for these infants
ften preclude its use.24 Dedicated scanners located
ithin the NICU might offer a higher level of safety for
R imaging of unstable infants; however, these are

are.24,44

MR-compatible incubators have recently been de-
eloped, permitting the complex and challenging task
f obtaining neonatal MRI to be accomplished in a
ontrolled microenvironment with monitoring equal
o that of the NICU.44–48 One such incubator, custom-
uilt to provide thermal support, complete physiologic
onitoring, and blended air and oxygen in a battery-

owered unit, has been successfully used to safely image
nfants �1 kg.46 This unique system incorporates a
amera that transmits continuous video of the infant to
n external monitor throughout the scanning proce-
ure.45

A commercially available MR-compatible incubator
Neonate Imaging Sub-System, Advanced Research
maging, Inc, Cleveland, Ohio) has built-in RF head
oils optimized for neonatal brain volume47 (Fig 4A,
B). The double-wall incubator is temperature and
umidity controlled and attenuates acoustic noise dur-

ng scanning by 10 to 20 dB (A). The battery-powered
rolley can keep the incubator functioning up to 3
ours on a single charge, and it can be plugged into a
10V AC outlet (Fig 4B). Ports on each side and a
liding patient table allow access to the infant, if
ecessary, without compromising the microenviron-
ent of the incubator. Nonmagnetic air and oxygen

anks are integrated so that the infant can receive

igure 4 (A). Neonatal MR-compatible incubator with contro
oil. Body coils are also available. From Bluml S, Friedlich P, Er
n MR-compatible incubator with integrated radiofrequency
ith permission of the Radiological Society of North Americ

ransporting infant within the hospital. Image used with perm
leveland, Ohio, www.advimg.com.
xygen via a nasal cannula or ventilator. MR-compat- c

A

ble monitors, infusion pumps, and a ventilator can be
ounted on the incubator to create a fully mobile
ICU transport incubator.
A significant advantage of the MR-compatible incu-

ator is that once the infant is placed in the incubator
n the NICU, the infant remains in a stable environ-
ent during transit to and from the radiology depart-
ent and throughout the MR procedure. Upon arrival

t the MRI suite, it is not necessary to retransfer the
nfant to the MR scanning table because the MR
ncubator docks directly into the bore of the magnet
Fig 5). The infant is not subjected to the cool air of
he MR room or exposed to potential projectile ob-
ects.

The MR-compatible incubator appears to offer a
umber of safety advantages over current practices for
btaining MR studies in the infant, although the tech-
ology is quite new and experience is limited to a few
enters. Anecdotal reports suggest that the use of the
R-compatible incubator controls environmental

timuli and enhances comfort; therefore, less sedation
ay be necessary. In many instances, the testing was

ompleted with no sedation or anesthesia at all.42 The
uality of imaging studies obtained using MR-compat-
ble neonatal incubators is reported to be good to
xcellent.44,48

Visualization of the infant within the incubator is
ot possible from the control room; to ensure safety, a
eonatal staff member must remain in the scan room at
ll times.44 Alternatively, an MR-compatible camera
ith a remote monitor can be added to the system to
nable continuous, close-up surveillance of the infant
hroughout the scanning procedure.

There is a theoretical risk of overheating infants
hen using an external heat source (e.g., an incubator)

temperature and humidity, and built-in radiofrequency head
h S, Woods JC, Seri I, et al. MR imaging of newborns by using
: initial experience. Radiology. 2004;231:594–601. Reprinted
) Neonatal MR-compatible incubator on wheeled trolley for
n of Ravi Srinivasan, PhD, Advanced Imaging Research, Inc,
lled
berlic
coils
a. (B
issio
ombined with the effect of RF energy deposition

dvances in Neonatal Care, Vol 5, No 1 (February), 2005: pp 14–27
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A

uring MRI.48 This effect was monitored in a recent
tudy that did not observe substantial increases in skin
emperatures of infants within the MR-compatible in-
ubator when RF power was applied.48 The thermoreg-
latory requirements of infants during MRI is poorly
nderstood and further study is needed to enhance
linical care.

AFETY EDUCATION

eonatal intensive care unit staff members who
accompany infants to MRI examinations should

e included in formal MRI safety training programs.8 A
ideo/DVD training program, “Magnetic Resonance
maging Safety for Non-MRI Trained Personnel” by
rank G. Shellock, PhD, a noted MRI safety expert, is
vailable for use in formal training of hospital staff,
ncluding nurses, who might occasionally enter the MR
nvironment (Educational Symposia, Tampa, Fla).
eonatal intensive care units should develop their own

olicies and procedures regarding the safe transport,
are, and monitoring of infants undergoing MRI exam-
nations that evaluating unique institutional specific
azards and that are consistent with the policies of the
R department. When there are equipment or hard-
are changes in the MRI suite, policies and safety

raining for staff should be updated accordingly.8
NICU and MR staff should conduct team training at

egular intervals to practice handling unusual situa-
ions that pose significant threats to patient and staff
afety, such as:

● Rapid removal of an unstable infant from the
scanning table for resuscitation in a safe location
outside of the MR room;

● A quench occurring during a MR examination.

igure 5. Neonatal MR-compatible incubator docks directly
nto the bore of the magnet. Image used with permission of
avi Srinivasan, PhD, Advanced Imaging Research, Inc, Cleve-

and, Ohio, www.advimg.com.
When evaluating new products and equipment for

dvances in Neonatal Care, Vol 5, No 1 (February), 2005: pp 14–27
he NICU, consider whether or not they will be used in
he MR environment and, if so, make certain they are

R safe or MR compatible, whichever is appropriate.
oordinate these decisions with the appropriate MR
epartment personnel.

ONCLUSIONS

agnetic resonance imaging is a relatively new
technology. Dramatic improvements in tech-

ology and capabilities of this versatile modality have
lready taken place in the short time that MRI has
een in clinical use. Ongoing research promises con-
inuing progress and expanded applications beyond
imple diagnostic studies. The potential interventional
se of MRI for a variety of patient populations, includ-
ng infants, is on the horizon. Fetal MRI is becoming
ore common, suggesting that in some instances, such

s with known central nervous system anomalies, the
afest and easiest time to image the infant might be
efore birth.49 Safety must remain a top priority as we
ove forward with new clinical and research applica-

ions of MR technology for the highly vulnerable
nfant.
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