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Abstract

The use of sedation and general anesthesia has facilitated the significant growth of MRI use among children over the last years.
While sedation and general anesthesia are considered to be relatively safe, their use poses potential risks in the short term and in
the long term. This manuscript reviews the reasons why MRI examinations require sedation and general anesthesia more
commonly in the pediatric population, summarizes the safety profile of sedation and general anesthesia, and discusses an
amalgam of strategies that can be implemented and can ultimately lead to the optimization of sedation and general anesthesia

care within pediatric radiology departments.
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Introduction

Magnetic resonance imaging (MRI) is increasingly used in a
variety of pediatric conditions because of its high soft-tissue
contrast resolution and utility for acquiring multiplanar im-
ages to evaluate the anatomy and function of organs in the
body without the use of ionizing radiation [1-3]. Although
MRI offers several advantages over other imaging modalities,
it is limited by long acquisition times and its environment,
which involves an enclosed space and inherently loud noises
[1, 4].
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The use of sedation and general anesthesia has facilitated
the assessment of pediatric patients with MRI, particularly in
children older than 3—6 months and younger than 6 years of
age. Sedation and general anesthesia are typically used in
infants and young children with lengthy MRI examinations
because remaining motionless and following breathing com-
mands, which are necessary to obtain the best possible MR
image quality, can be challenging during these ages [1, 4].
Quality control of sedated/anesthetized cases is essential and
should be actively performed by radiologists, along with con-
stant communication with MRI technologists, to ensure that
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each study is diagnostic prior to its completion and to avoid
potential recalls that might require a repeat MRI examination
under sedation/general anesthesia.

Although the use of sedation and general anesthesia is con-
sidered to be relatively safe, with low reported rates of serious
adverse events in institutions with well-organized sedation
services, the risk of mild and moderate adverse events at the
time of anesthesia remains substantial [5]. Additionally, the
potential for long-term effects of anesthetic exposure on sub-
sequent neurodevelopmental outcomes based on preclinical
models and some retrospective clinical data has been also
raised in recent years [6-9]. These concerns prompted the
United States Food and Drug Administration (FDA) to issue
a warning in December 2016 to caution the use of repeated
and lengthy (i.e. more than 3 h) general anesthesia and seda-
tion in children younger than 3 years [10]. Although
neurocognition in the developing brain is challenging to as-
sess given its complexity and the multiple contributing factors
involved [11], a recent multi-national multi-institutional ran-
domized controlled trial with follow-up at 2 years and 5 years
has shown that the use of single and short exposures (i.e. less
than 1 h) of sedation/general anesthesia in this young pediatric
cohort is considered to be safe [6—8]. In light of this, it is also
important to highlight that not performing an MRI examina-
tion or obtaining suboptimal MR image quality in order to
avoid sedation/general anesthesia could be detrimental to pa-
tient care, and that the ultimate decision of its use should be
based on a risk—benefit assessment.

Over the years, radiology departments around the world
have developed innovative techniques to decrease the use of
sedation and general anesthesia in pediatric MRI, including
feed-and-swaddle, fast-acquisition techniques, certified child
life specialists’ assessments, mock MRI use and dog-therapy
programs, among other initiatives [12—15]. This article offers
a comprehensive review of the nuances and safety challenges
related to the use of sedation and general anesthesia in the
pediatric population, as well as a summary of strategies to
overcome these challenges based on the collective experience
of the authors’ institutions, which have been successful in
decreasing overall MRI sedation and general anesthesia utili-
zation rates.

Magnetic resonance imaging system
properties impacting tolerance by children

Several intrinsic MR imaging characteristics affect the toler-
ance of these examinations by children, and thus image qual-
ity. MRI scan duration, which determines the length of time
children need to lie still, along with the need to suspend res-
piration during certain breath-hold acquisitions in body MRI,
are significant causes of patient anxiety [12, 16]. The enclosed
MRI environment with a built-in small-bore tunnel [17] where

patients lie can lead to claustrophobia [2]. The unfamiliar MRI
environment, along with the presence of health care profes-
sionals who are unfamiliar to the child, can create fear, agita-
tion and anxiety in young children [2, 4, 12]. In addition, the
need for intravenous cannulation for exams requiring
gadolinium-based contrast agent can be a cause of anxiety
and discomfort in the pediatric population [2, 16].

Sedation and general anesthesia use
in the pediatric population

Pediatric sedation and anesthesia guidelines have evolved
since the first monitoring guidelines were published by the
American Academy of Pediatrics Section on Anesthesiology
and Pain Medicine in 1985 [18]. Overall, sedation and general
anesthesia are a continuum of central nervous system depres-
sion states that are induced by medications and allow people
to tolerate medical procedures [18]. Depending upon the level
of central nervous system depression, the different types of
sedation include minimal (awake and calm with cognitive
impairment but respondent to verbal stimulation, with regular
respirations), moderate (sleepy but still respondent to verbal
stimulation or to light tactile stimulation, with slow and shal-
low respirations) and deep (asleep but respondent to repeated
verbal or pain stimulation and possibly requiring ventilatory
assistance but with cardiovascular function typically pre-
served) [18]. With general anesthesia, the loss of conscious-
ness can be accompanied by loss of protective airway reflexes
and cardiovascular function [18]. Failure to achieve adequate
sedation during procedures, especially in pediatric patients,
might result in the need for general anesthesia [18]. In general,
vital signs monitoring is necessary because of the potential
progression in the depression state from moderate sedation
to general anesthesia [18].

The utilization rates of sedation and general anesthesia with
MRI are typically higher because other imaging modalities
(radiography, US and CT) have much shorter acquisition
times [15]. While sedation and general anesthesia have been
instrumental to increase the use and clinical importance of
MRI in the pediatric population [19], their use also carries
important disadvantages including increased risks of adverse
events and overdosage, increased length of hospital stay and
financial costs, as well as potentially longer wait times for MR
scheduling [12, 13, 19-21].

Cognitive outcomes in the developing brain
with sedation and general anesthesia use
Several publications with animal models and some reports

with human subjects prompted the FDA to issue a warning
in December 2016 to inform the public about the potential
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risks of impaired pediatric neurodevelopment related to re-
peated or lengthy exposure of general anesthetic and sedation
medications during surgeries of procedures in infants and
young children up to the age of 3 [10]. Pre-clinical models
studies have reported neurotoxicity from neuronal cell death,
disrupted neurogenesis, glial death, axon formation anoma-
lies, abnormal behaviors and impaired learning [8]. While
propofol, ketamine and volatile anesthetics (e.g., isoflurane)
have been specifically used in several of these animal models
[22-24], these reports have not been translated clinically
[25-27]. To date, studies have failed to provide unequivocal
evidence for the role of general anesthesia/sedation in
producing neurotoxicity in humans [8, 28-30]. For instance,
although a recent observational clinical study found that
repeated exposure to anesthesia/surgery during the first 2 years
of age was a significant independent risk factor for the
development of learning disabilities and the need for individ-
ualized education programs, it concluded that prospective
studies are needed to further address this potential association
[9]. In addition, there is overall scarce literature that focuses
on the effects of general anesthesia exposure in children ages
3 months to 4 years [11].

The most robust collaborative effort so far comes from a
randomized controlled trial well-known as the general
anesthesia and awake-regional anesthesia (GAS) study.
The study, with up to 5 years of follow-up, found strong
evidence indicating that short exposures (i.e. less than 1 h)
to sedation/general anesthesia are not associated with sig-
nificant neurocognitive or behavioral deficits [8].
This investigation also found no evidence of increased risk
between the use of general anesthesia and the diagnosis of
attention-deficit hyperactivity disorder (ADHD) or other
learning disabilities (e.g., autism spectrum disorder), al-
though this association was limited given the short patient
follow-up because these diagnoses are typically made in
older children [8]. However, the role of inhalational anes-
thetic exposure on neurocognitive outcomes in children re-
quiring multiple anesthetics for MRIs continues to be un-
clear because the GAS study excluded children with
preexisting congenital conditions, such as cardiovascular
or neurologic disease, which encompass many pediatric pa-
tients who already have an inherent risk for poorer
neurodevelopmental outcomes and typically undergo mul-
tiple MRI examinations.

Investigations to date have several limitations because of
their predominant retrospective design with small cohorts and
inherent reduced statistical power, the presence of several con-
founding factors (e.g., underlying conditions such as congen-
ital heart disease and minor versus major surgeries), selection
bias, as well as challenges and variability while assessing out-
comes and patient loss at follow-up [9, 11]. Future investiga-
tions with more rigorous study designs, outcomes evaluation,
incorporation of neuroimaging and biomarkers assessment
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need to be pursued to support a more definitive association
between neurotoxicity and general anesthesia/sedation use in
humans [8, 11].

Non-neurocognitive risks related to the use
of sedation and general anesthesia

Serious adverse events related to pediatric sedation/
general anesthesia outside the operating room are rare
[31, 32]. The Pediatric Sedation Research Consortium
(PSRC) has a large database of consecutive pediatric
sedation/anesthesia encounters at >30 centers [33].
Among nearly 50,000 sedation/anesthesia events, no
deaths occurred and only two cardiac arrests were report-
ed, with both patients recovering quickly [31]. Airway-
related events (stridor, laryngospasm, airway obstruction,
wheezing or central apnea) occurred in approximately 1 in
65 children undergoing sedation/anesthesia. One in 70
propofol administrations required airway and ventilation
interventions of various severity [31]. A subsequent anal-
ysis from the PSRC of nearly 140,000 sedation encoun-
ters showed O deaths, 10 aspirations and 75 major com-
plications [32]. This analysis specifically delved into the
relationship of nil per os (NPO, or pre-study fasting) sta-
tus and aspiration, finding that NPO status was not an
independent risk predictor of aspiration or other major
complications in this large dataset [32].

Young infants, especially those who were born pre-term,
are at higher risk of postoperative apnea related to sedation/
anesthesia, long thought to be worse in the setting of general
anesthesia [34]. A multi-institutional prospective study of 722
infants (younger than 60 weeks of postmenstrual age) ran-
domized infants to receive regional anesthesia or general an-
esthesia [6]. Overall, the rate of apnea events was very low,
occurring in 3% of participants with no evidence that regional
anesthesia reduced the overall risk of apnea. However, region-
al anesthesia was associated with reduced risk of early post-
operative apnea, the degree of postoperative desaturations,
and the level of intervention for apnea [6]. Increasingly,
propofol is a common agent for pediatric sedation/anesthesia
in radiology procedures [32, 35-37]. A retrospective review
of 304 infants younger than 6 months undergoing propofol
administration for imaging studies showed that 4.3% (13/
304) had severe adverse events, with 18.4% (56/304) requir-
ing interventions for airway-related events [36]. The PSRC
has also shown that infants younger than 6 months undergoing
propofol sedation/anesthesia are at increased risk of adverse
pulmonary events, with an odds ratio of 1.77 compared to the
reference group of 8- to 18-year-olds (P<0.001) [31]. In addi-
tion to airway-related complications, the use of sedation and
general anesthesia poses a significant risk for the development
of hypoglycemia in neonates and infants [7, 8].
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General anesthesia care nuances in pediatric
patients

General anesthesia outside the operating room is a rapidly
developing field, and many efforts have been made in the
anesthesia community to improve its safety. Pediatric anesthe-
sia is a specialized field within anesthesia because of the many
anatomical, airway and physiological differences between
infants/children and adults. Anesthesia for the pediatric MRI
is especially challenging because of several factors, discussed
next.

Anesthesia techniques for pediatric magnetic
resonance imaging

Because of MRI’s high noise level and spatial constraints,
pediatric patients who are undergoing MRI and require
anesthesia tend to require general anesthesia rather than
light sedation to minimize scan stopping and failure rate.
The advantage of general anesthesia for MRI is that it is
independent of a child’s ability to cooperate. However,
because of the limited access to the pediatric patient in
the MRI environment, and the limited time it takes for
hypoxia to occur in such children because of their in-
creased metabolic demand, the anesthesiologist caring
for the pediatric patient on the MRI scanner should be a
specialist in pediatric airway and anesthetic management.

Several general anesthetic techniques can be used dur-
ing MRI. Inhalational anesthetics such as sevoflurane,
intravenous anesthetics such as propofol, or a combina-
tion of the two, are the most commonly used.
Inhalational anesthetics should be administered utilizing
an MRI safe/conditional anesthesia machine and vaporiz-
er. If intravenous anesthesia is used, it should be admin-
istered using MRI safe/conditional infusion pumps and
specialized tubing. Airway management techniques can
include natural airway with spontaneous breathing and
supplemental oxygen by nasal cannula, as well as the
more invasive laryngeal mask airway and endotracheal
tube, depending on the child’s comorbidities, anatomy
and fasting status. Complex airway management includ-
ing fiberoptic intubation or video laryngoscopy should be
performed in a controlled environment outside zone IV
because these advanced airway equipment devices are
usually not MRI-compatible. In general, the most com-
monly used airway techniques for MRI studies are natu-
ral airway and laryngeal mask airway. Ultimately, the
choice of airway management depends upon the child’s
age, size and anatomy as well as the anesthesiologist’s
preference and the availability of personnel who could
help the anesthesiologist if an airway emergency situa-
tion develops.

Routine anesthesia equipment

All children undergoing MRI under anesthesia should be
monitored in a manner consistent with the American
Society of Anesthesiologists recommended monitors. For
pediatric patients under general anesthesia, these include
electrocardiogram, blood pressure, pulse oximetry and
continuous end-tidal carbon dioxide. The pediatric anes-
thesiologist should be familiar with the expected limita-
tions of available monitoring equipment in the MRI set-
ting. All monitors used in zone IV must be
safe/conditional for MRI. A monitor should be available
for the pediatric anesthesiologist to view vital signs out-
side of zone IV when the scan is occurring. Care should
be taken when positioning the electrocardiogram and
pulse oximetry to avoid burns.

On the anesthesia workstation, any equipment with metal-
lic materials must be removed because they can impair image
quality and cause undesirable safety events. Any anesthesia
workstation that remains in an MRI environment during scan-
ning should fulfill MRI criteria to meet the highly specialized
respective needs. Specifically, anesthesia machines, gas va-
porizers, capnography, pulse oximetry, electrocardiogram
monitor and blood pressure measurement must all be MRI-
compatible because they will remain with the child during
scanning. Other routine anesthesia equipment such as airway
devices, laryngoscopes, anesthesia circuits, intravenous
tubing, syringes and medications packages/vials should also
ideally be MRI-compatible because they are used during in-
duction of anesthesia. They can be kept in an MRI-safe area
outside the MRI scanner for easy access.

Management of emergencies

Any emergency that occurs in the MRI environment is
more difficult to manage while the child is in the MRI
scanner. Hence, it is recommended that if a medical emer-
gency occurs in the scanner, the child should be immedi-
ately removed from zone IV while cardiopulmonary re-
suscitation is initiated, if indicated. The child should be
transported to a location that has resuscitation equipment
capabilities such as a defibrillator, code cart, resuscitation
drugs, airway equipment, oxygen and suction. Airway
emergencies such as aspiration, obstruction and
laryngospasm are the most common emergencies that oc-
cur during an MRI scan. These can often be managed by
an experienced pediatric anesthesiologist in the MRI suite
if an anesthesia machine, medications and suction equip-
ment are available inside the MRI suite. If the emergency
becomes more severe, such as leading to cardiopulmonary
arrest, the child should immediately be removed from the
MRI scanner and appropriate resuscitation should be
initiated.
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Post-anesthesia care

The anesthesiologist should collaborate with the radiology
team to ensure safe and appropriate post-general anesthe-
sia recovery of the pediatric patient. Pediatric patients
receiving anesthesia within the MRI suite should have
access to postanesthetic care that is consistent with that
provided in other areas of the institution after general
anesthesia, including a dedicated intensive care unit in
situations of anesthetic emergencies such as airway events
(i.e. aspiration). Recovery areas should enable close mon-
itoring of vital signs and have oxygen, suction and resus-
citation equipment available, as well as access to trained
personnel. Children and parents should be provided with
standard post-general anesthesia instructions for
discharge.

Strategies to mitigate sedation
and anesthesia risks

Several strategies that include the implementation of support-
ive programs such as child life and therapy dogs, joint staff
efforts, use of tools that facilitate patient collaboration,
ambient optimization and MRI-specific techniques can help
mitigate the use of sedation and general anesthesia and their
associated risks. When a child fails a non-sedated MRI despite
these strategies, efforts can be made to repeat the examination
under sedation/general anesthesia during the same day, or the
study can be rescheduled to be repeated on a dedicated seda-
tion MRI timeslot at a later date.

Fig. 1 Dog-therapy program.
Clinical image of a child life
specialist demonstrating how a
dog lies on the MRI table (image
used with staff permission)
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Child life specialists, therapy-dog programs and joint
staff efforts

Child life specialists help prepare, coach, distract and support
children in an attempt to increase the likelihood that a child
can cooperate during the acquisition of MRI studies without
sedation. These specialists have added significant value at
many pediatric institutions [38]. The child life specialist might
enter the scanner room (zone IV) to help the child get com-
fortable prior to the initiation of image-acquisition and can
remain available in the MRI console (zone III) to re-enter
the room in case the child needs further support. In many
instances, the use of therapy dogs has helped minimize MRI
anxiety in children [12] (Fig. 1). Hand-in-hand collaboration
and constant communication among radiologists, anesthesiol-
ogists, technologists, child life specialists, nurses, schedulers
and families is crucial for a successful performance of non-
sedated MRI in young children [39, 40].

Facilitating tools to increase patient collaboration

Relaxation techniques, behavioral reinforcement and cogni-
tive behavioral therapy can be useful to decrease anxiety, par-
ticularly among older children [1, 13, 16]. The use of MRI-
compatible goggles to watch movies and MRI-compatible
headphones to listen to music is also helpful [1, 12]. Pre-
scanning familiarity with the MR system through the use of
photographs, educational videos and even a small-scale MRI
model (e.g., LEGO bricks) can facilitate patients’ collabora-
tion [1, 12] (Fig. 2). The use of sound-attenuating materials
such as earplugs and inner bore insulation of the magnet can
improve patients’ cooperation [1]. The use of MRI-
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Fig. 2 MRI area prototype with LEGO bricks (I love MRI build your
own MRI with LEGO bricks, an initiative lead by Dr. Ben Taragin from
the Children's Hospital at Montefiore (USA), Dr. Erik Ranschaert from
the Jeroen Bosch Hospital (The Neatherlands), and the Society for
Pediatric Radiology

customized play therapy with pediatric patients undergoing
diagnostic MRI has also been shown to significantly reduce
the use of sedation [41] (Fig. 3). The use of immobilization
devices is also critical, especially among infants [1, 14].
Another alternative is the use of a mock scanner or tunnel
to prepare children for MRI examinations [1, 16] (Fig. 4). The
mock scanner is a full-scale replica of an MRI system, without
magnets, typically located within the department of radiology
and in close proximity to the MRI suite [16]. To minimize the
use of electrical and electronic fittings, the mock scanner is
equipped with a manually operated patient table, plastic rep-
lica of a head coil, foam cushions, headphones, and earplugs.

Fig. 3 Child life program and
play therapy. A child life
specialist uses a doll to show a
child what will happen to the
child’s intravenous catheter
during the MRI scan (pre-
coronavirus disease [COVID]
image used with permission from
the child’s family and staff)

Speakers inside the bore reproduce the sounds of various scan
sequences that can be heard during actual MRI examinations.

Local environment optimization

Optimization of the local environment before and during MRI
acquisition can be achieved with a feed-and-swaddle tech-
nique along with low-intensity lighting and minimal noise
for neonates and young infants up to the age of 6 months [4,
42]. The feed-and-swaddle technique refers to the use of feed-
ing and swaddling to induce natural sleep in infants because
they tend to sleep when warmed and recently fed [14, 43].
Encouraging sleep deprivation and using melatonin hormones
before imaging are other techniques that might improve the
success of MRI studies with or without sedation [20, 44]. The
use of pacifiers and sucrose can be successful in neonates and
infants younger than 3 months [1, 4]. The success rate of sleep
induced by feeding term children younger than 3 months may
be up to 75% [45]. Decorated walls (murals), distraction
methods, educational techniques, and mock imaging effec-
tively improve rapport and decrease anxiety in older patients
[4, 16, 42] (Figs. 5 and 6).

Techniques specific to magnetic resonance imaging

Numerous MRI techniques that are fast and motion-
insensitive are being incorporated in pediatric MRI protocols.
The principles underlying all of these techniques are beyond
the scope of this article; however, the reader is directed to
recent review articles that summarize these methods [3, 46,
47]. These include techniques for undersampling k-space to
accelerate image acquisition, with or without advanced recon-
struction algorithms to improve image quality of sparsely ac-
quired datasets. In addition, prospective and retrospective
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Fig.4 Mock MRI. Clinical image
shows the mock MRI scanner,
which has the same size bore as
the majority of 1.5-T and 3-T
scanners. A child life specialist
demonstrates coil placement
using a doll. After the process is
completed, depending on
preference, the child can choose
to go through the mock
experience and enter the scanner
bore (image used with staff
permission)

methods have been developed to compensate for or to correct
motion degradation.

Parallel imaging methods enable undersampling of k-space
through the use of phased-array coils with multiple receiver
elements to assist spatial localization [48]. Parallel imaging
acceleration is routinely used clinically to accelerate MR ac-
quisition by not sampling some lines of k-space in the phase-
encoding direction while estimating missing information from
coil sensitivity profiles of adjacent receiver elements. Parallel
imaging usually leads to 2- to 3-fold acceleration, although

Fig. 5 Clinical image of MRI scanner decorations
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recently developed high channel count and flexible coils offer
the promise of higher acceleration factors and are undergoing
clinical validation for applications in the pediatric population
[49, 50]. Higher signal acquired with a 3-tesla (T) versus a 1.5-
T scanner, combined with parallel imaging, has the potential
to reduce the overall scan time and thus the need for sedation/
general anesthesia. The trade-offs in signal-to-noise ratio
(SNR) with a higher parallel imaging factor can be offset by
improved surface coil design and protocol optimization to
reflect the higher signal from a 3-T scanner. Simultaneous
multi-slice imaging utilizes a multiband radiofrequency
transmission pulse that allows excitation and acquisition of
imaging data from multiple slices simultaneously to accelerate
image acquisition [51]. Simultaneous multi-slice technique
has been shown to accelerate diffusion-weighted sequences
by up to 2-fold in clinical studies [52]. Radial imaging tech-
niques utilize radially oriented blades of k-space sampling, in
contrast to conventional Cartesian sequences that sample k-
space in a row-by-row configuration [3]. This technique helps
to reduce motion degradation artifacts because the phase-
encoding direction is not coherent and motion artifact is dis-
persed along the rotating axis of the blades [53]. In addition,
the radial configuration leads to oversampling of the center of
k-space, which improves image contrast and SNR compared
to Cartesian sampling (Fig. 7). Compressed sensing
reconstruction is a technique that significantly decreases MR
image acquisition time through k-space undersampling in an
incoherent manner in combination with an iterative recon-
struction algorithm to remove incoherent noise artifacts [54,
55]. Compressed sensing is being combined with radial k-
space sampling to enable high temporal resolution multiphase
dynamic contrast-enhanced imaging in pediatric patients who
are free-breathing [56, 57]. These sequences are helpful for
young children undergoing MRI awake who cannot suspend
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Fig. 6 Clinical image of MRI
area wall decorations

respiration, as well as children undergoing MRI with sedation
who are allowed to breathe spontaneously. Finally, artificial
intelligence and deep learning algorithms are also being de-
veloped that can restore diagnostic image quality associated
with sparse or motion-degraded MR images [58].

Tailored magnetic resonance protocols with
appropriate coil selection

While many adult radiology departments have developed a
standardized set of adult MRI protocols, pediatric radiology
departments need to generate diagnostic-quality MR images
from patients spanning a wide range of sizes and phases of
development. Challenges to pediatric MR protocol standardi-
zation can stem from multiple imaging sites, MR equipment
vendors and field strengths, in addition to variations in expe-
rience among technologists, radiologists and anesthesiologists
involved with pediatric MRI. These challenges are

Fig. 7 Radially acquired imaging technique of the abdomen in a 16-year-
old girl. a Axial T1-weighted gradient echo (GRE) MR image with fat
saturation and breath-hold and conventional k-space sampling (scan time
=~20 s). b Axial T1-weighted GRE MR image with fat saturation and

exacerbated by the need to have variations of MR protocols
tailored to different patient sizes, the ability to suspend respi-
ration (free breathing versus breath-hold acquisitions) as well
as sedation needs (awake with child life specialist support
versus sedation/general anesthesia). A structured approach to
creating and standardizing pediatric MR protocols is crucial to
ensure that the clinical question is answered in each case while
minimizing unnecessary imaging and the use of sedation/
general anesthesia or contrast agents.

A recent study has shown a direct association between MR
scan time and patient anesthetic medication exposure in chil-
dren undergoing MRI with sedation [59], highlighting the
importance of short MRI protocols that better conform to the
definition of a short exposure to sedation and general anesthe-
sia, as stated by the GAS study. Within a given protocol, the
most important pulse sequences for lesion detection/
characterization and the most motion-sensitive sequences
should be performed at the beginning of the scan. For children

radial k-space sampling (scan time = ~3 min). Breathing and parallel
imaging artifacts are observed on the conventional image, whereas no
such artifacts are identified on the radially acquired image
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undergoing non-sedated MRI, this increases the likelihood of
a diagnostic study, while for the MRI under anesthesia, it
minimizes the need for repeat images. The selection of an
appropriate well-fitted coil, typically a phased-array coil, is
also critical for optimizing the SNR in pediatric patients over
arange of sizes [15] and specific to the body region of interest

[1].
Magnetic resonance imaging acoustic noise reduction

Inherently, MRI scanners generate loud noises during the spa-
tial encoding of the MR signal when current pulses are pushed
through the gradient coil [60]. Because the gradient coil is
placed inside a strong magnetic field, a pulsed Lorentz force
that is induced causes vibrations of the coil structure and ulti-
mately generates a compression wave in the air that is per-
ceived as the “scanner noise” [60]. Depending on the acquisi-
tion method, current MRI systems report noise levels of 70—
110 dB [61, 62]. The consequences of acoustic noise might
manifest as increased stimulation in neonates, confusion in
pediatric patients of other ages, and additional discomfort
from increased hearing sensitivity caused by certain medica-
tions in sedated patients [63]. In addition, scanner manufac-
turers provide active noise-cancelling headphones. Studies
have shown that the use of headphones during MRI examina-
tions under general anesthesia reduces patients’ spontaneous
arm and leg movements significantly [64]. Newer methods
such as construction of “quiet gradient coils,” with applica-
tions of reduced gradient slew rate or compensation of net
Lorentz force between current pathways, are now becoming
clinically available [65]. These new acquisition methods also
use a radial center-out sampling where endpoints of each
spoke ultimately follow a spiral pattern. The gradient steps
that are used in this sequence are relatively small in contrast
to classic repetitive gradient ramp-up and -down steps during
gradient-echo sequences, reducing gradient noise. The draw-
back to this method is a relative loss of image sharpness that
might be perceived as increased noise or decreased SNR. As
these new methods continue to evolve and become widely
used, special patient groups, such as pediatric, claustrophobic
and non-cooperative patients, are expected to benefit from
MRI at ambient sound levels.

Additional benefits of reducing the use
of sedation and general anesthesia
in pediatric magnetic resonance imaging

In addition to reducing patient risks associated with sedatives
and anesthetic drugs, the ability to perform MRI in children
without these medications carries other benefits to patients,
families, and the health care system at large. When performing
MRI without sedation or anesthesia, the health care team’s
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rapport with patients and parents/caregivers is improved [4]
because the short-term effects (e.g., pain, anxiety, increased
heart rate and blood pressure) and long-term effects (e.g.,
post-traumatic stress disorder, fear) that can be elicited during
and after stressful medical procedures can be mitigated [13].
Visit and examination times, as well as financial costs associ-
ated with sedated/anesthetized MRI exams, are all reduced
when pediatric MRI can be performed awake without
sedatives/anesthetics [66]. Access to MRI is also improved
because typically many more non-sedated MRI time slots
are available relative to anesthesia appointments. Finally, safe-
ty and efficiency gains are associated with MRI performed
without anesthesia. A recent study showed that the use of
sedation/anesthesia for pediatric MRI was associated with
higher rates of safety reports, including those related to service
coordination issues such as patient transport, scan delays, and
communication among care providers [67].

Future directions to further decrease sedation
and general anesthesia use in children

The strategies we discussed, employed at different times
before or during pediatric MRI scanning, greatly contribute
to reducing patient anxiety and reliance upon sedation and
general anesthesia. However, until high-quality diagnostic
MRI can be acquired in infants, children and adolescents
fast enough to avoid sedation or general anesthesia every
time at every age, there is room to improve. Strategies in
development or in the early stages of clinical adoption
include advances in MR hardware and software technology
described in the previous section. Another important area
of innovation is in patient preparation and novel patient
and family directed MRI training/preparation approaches.
This includes MRI simulation using virtual reality (VR).
This immersive experience will soon be leading the way in
patient preparation through education and desensitization
to the MRI environment, helping to alleviate anxiety relat-
ed to claustrophobia, to reduce motion artifacts and poten-
tially to avoid need for sedation and general anesthesia
[68]. Ashmore et al. [69] demonstrated MRI VR to benefit
parents and caregivers by improving their understanding of
their child’s MRI scan, thus reducing their own anxiety and
facilitating patient cooperation. MRI VR simulates the
child’s MRI journey by replicating the time in the scanner
using visuo-spatial and auditory input (Fig. 8). This often
incorporates aspects of the MRI environment within a
health care facility to further enhance familiarity.

Virtual reality in MRI is evolving along two paths. To date,
the most common approach employs a basic MRI VR model.
This typically relies on free downloadable applications such as
ChildLife VR used on the patient or parent/caregiver’s mobile
device, in conjunction with a 360° viewer, several of which
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are commercially available but can be as simple as a cardboard
viewer [68—70]. This is similar to VR used in other complex
medical settings, for example preparing a child for general
anesthesia, adapted to be specific for MRI [70]. This is low
cost, simple to use and widely available. Outcomes in a small
cohort of children ages 4-12 years showed that general anes-
thesia during these children’s MRI was avoided by 80% who
would otherwise have required it [70]. Another distinct advan-
tage of this basic MRI VR model over more complex systems
is its ability to be used in the child’s home, enabling the child
to prepare for the MRI by using the VR multiple times for as
long a period as required for the child to feel comfortable.

The more advanced approach to MRI VR builds on the
basic model, merging it with biofeedback analysis. This uses
sensors triangulated to the child’s 360° headset/viewer to in-
stantaneously detect motion, which then triggers event-
specific instructions advising the patient to cease that action
and lie still. Furthermore, biometric data such as pulse and
respiratory rates can be gathered to assess stress response, in
turn modulating information guiding the child. Physiology-
sensitive feedback combined with VR has been used in other
environments to affect behavior change such as communica-
tion in children with autism and audiovisual feedback used to
alter respiratory motion in cinematic MRI when measuring
lung tumors [71, 72]. Biofeedback training in pediatric MRI
VR is under investigation.

Comparison and validation of these differing VR ap-
proaches in pediatric MRI is a work in progress. Preliminary
data and the use of MRI simulators — with complexity rang-
ing from toys to full-scale scanners, yet all showing some
benefit — suggest that both models are likely to be effective
in improving patient compliance by reducing anxiety and mo-
tion, lessening the need for sedation and general anesthesia in
children [16, 73, 74]. The optimum age range for MRI VR has

N

Fig.8 Clinical photograph of a child using virtual reality (VR) goggles to
simulate the MRI experience. Some VR systems are incorporating
biofeedback capabilities

not been established, although it is likely to be younger than
12 years [16, 69].

Conclusion

Sedation and general anesthesia have facilitated the wide-
spread use of MRI examinations in the pediatric population.
Knowledge of the sedation and general anesthesia safety pro-
file, particularly in children younger than 3 years, is critical to
proactively modify the approaches on a case-basis
(individual) or group-basis (infants, young children and older
children) by using complementary strategies that can ultimate-
ly improve patient care by enabling safer procedures, im-
proved workflows and decreased overall costs.
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