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Introduction

The demand for drug-induced sedation for magnetic resonance imaging (MRI) scans have sub-
stantially increased in response to increases in MRI utilization and growing interest in anxiety in
children. Understanding the pharmacologic options for deep sedation and general anesthesia in
an MRI environment is essential to achieve immobility for the successful completion of the pro-
cedure and ensure rapid and safe discharge of children undergoing ambulatory MRI. For painless
diagnostic MR, a single sedative/anesthetic agent without analgesia is safer than a combination
of multiple sedatives. The traditional drugs, such as chloral hydrate, pentobarbital, midazolam,
and ketamine, are still used due to the ease of administration despite low sedation success rate,
prolonged recovery, and significant adverse events. Currently, dexmedetomidine, with respiratory
drive preservation, and propofol, with high effectiveness and rapid recovery, are preferred for
children undergoing ambulatory MRI. General anesthesia using propofol or sevoflurane can also
provide predictable rapid time to readiness and scan times in infants or children with comorbidi-
ties. The selection of appropriate drugs as well as sufficient monitoring equipment are vital for
effective and safe sedation and anesthesia for ambulatory pediatric MRI.
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vulsions. Given the increase in MRI utilization and growing inter-
ests in the pain and anxiety of children, the demand for drug-in-

The prevalence of magnetic resonance imaging (MRI) for diag-
nosing and monitoring a wide range of disease in children contin-
ues to expand with the efficacy benefit of providing high-resolu-
tion images of tissue anatomy and quantitative function and the
safety advantage of a lack of ionizing radiation [1,2]. Aspects of
MRI scans such as loud noises, confined bore of the magnet, and
the required immobility to prevent motion artifacts are the causes
of anxiety and barriers to successful performance of the procedure
in children younger than 6 years and those at any age with devel-

opment delay, claustrophobia, or involuntary movements or con-

duced sedation during MRI scans have substantially increased over
the past decade. Generally, pediatric MRI scans require deep seda-
tion or general anesthesia to achieve absolute immobility (some-
times with breath-holding) for up to 1 hour (Table 1) [3-5].

The greater the level of sedation, the greater the risk for compli-
cations. In addition, it is common that the child easily progresses
to a deeper level of sedation without easily recognizable signs. For
these reasons, patients who require more than conscious sedation
in an MRI suite must be provided with the same level of safety

and monitoring (pulse oximetry, capnography; electrocardiogram,
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Table 1. Levels of sedation defined by American Society of Anesthesiologists

Factor Minimal sedation Moderate sedation Deep sedation General anesthesia

Responsiveness Normal response to verbal Purposeful response to verbal  Purposeful response following  Unarousable even with painful
stimulation or tactile stimulation repeated or painful stimulation  stimulation

Airway Unaffected No intervention required Intervention may be required Intervention often required

Spontaneous ventilation  Unaffected Adequate May be inadequate Frequently inadequate

Cardiovascular function  Unaffected Usually maintained Usually maintained May be impaired

Reprinted from “Continuum of depth of sedation: definition of general anesthesia and levels of sedation/analgesia” developed by the American Society

of Anesthesiologists [5].

heart rate, and blood pressure at least S minutes interval by an in-
dependent observer) as in the operating room [6]. However, pe-
diatric sedation in an MRI environment presents unique challeng-
es that are not existent in the operating room. Powerful static and
dynamic magnetic fields with radiofrequency pulses restrict the
use of standard ferromagnetic anesthesia machines and monitor-
ing equipment and limits access to the patients throughout the
scanning process. Emergently halting MRI for patient safety takes
several minutes to be effective and is expensive. In addition, ad-
verse events including incoordination of movements, dizziness,
and agitation occurs in 64.4% patients, and a return to baseline
takes more than 9 hours after discharge in children undergoing
MRI [4]. Thus, sedation providers should have an in-depth
knowledge of drugs including a clear understanding of the sedat-
ing medication’s pharmacokinetics and pharmacodynamics, drug
interactions, and potential complications, as well as the presence
of appropriate monitoring equipment and personnel with the
skills needed to rescue a patient from adverse events for safe and
efficient sedation for pediatric MRL

This article reviews currently used sedative/anesthetic agents
for deep sedation or general anesthesia for ambulatory pediatric
MRI. The benefits and risks of deep sedation and general anes-

thesia are also included. In this article, the most commonly used

drugs in Korea will be highlighted.

Consideration in sedative/anesthetic
regimen determination

Selecting sedation or general anesthesia for MRI should be made
on an individual patient basis, considering the benefits and risks.
The goals of sedation or anesthesia for ambulatory pediatric MRI
are as follows: (1) to guard the patients safety and welfare; (2) to
minimize physical discomfort and pain; (3) to control anxiety,
minimize psychological trauma, and maximize the potential for
amnesia; (4) to control movement to allow the safe and efficient
completion of the procedure; and (S) to provide early, safe dis-
charge from the hospital [6]. The ideal drug regimen to achieve
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these goals should have the following desirable characteristics: (1)
rapid onset of action; (2) predictable duration; (3) easy titratabil-
ity within the desired range of the sedation continuum; (4) rapid
and consistent cessation of effects; (S) multiple delivery options;
(6) a wide therapeutic window; (7) minimal cardiorespiratory
depression; (8) minimal drug interaction; and (9) be minimally
affected by renal or hepatic disease [7]. Generally, decisions re-
garding the drugs to be used for sedation depends on the patient-
related (neurodevelopmental status, underlying health condition,
and previous sedation/anesthesia history) and procedure-related
factors (degree of cooperation/immobility required, invasiveness,
and duration). A single sedative/hypnotic without an analgesic is
preferred for obtaining immobility for nonpainful MRI proce-
dures [3]. A combination of two or more sedating medications

may have the potential for adverse outcomes [8,9].

Drugs for deep sedation or general
anesthesia for pediatric magnetic
resonance imaging

1. Sedative/hypnotic agents

1) Chloral hydrate

Choral hydrate is a sedative hypnotic agent with no analgesic
properties. It is believed that its sedative mechanism is mediated
by the y-aminobutyric acid type A (GABA,) receptor in the cen-
tral nervous system. Chloral hydrate is well absorbed from the
gastrointestinal tract via an oral or rectal route and rapidly metab-
olized into an active metabolite, trichloroethanol, which is respon-
sible for its sedative and hypnotic effects. The onset of action is
30-60 minutes and the duration of action is 60-120 minutes.
However, individual responses may be highly variable and seda-
tive effects may last up to 24 hours. The half-life is age dependent
and varies from 4 to 12 hours and may extend to 37 hours and 28
hours in preterm and term infants, respectively [ 10]. Thus, chloral
hydrate has the potential for resedation after initial recovery from
sedation and may produce residual effects up to 24 hours after ad-
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ministration.

Although it has little effect on the cardiovascular and respirato-
ry systems, adverse events including nausea and vomiting, gastri-
tis, diarrhea, prolonged sedation, paradoxical excitement, agita-
tion, and minor respiratory depression should be considered.
Children receiving chloral hydrate should be properly monitored
and managed by appropriately trained personnel due to the risk of
respiratory depression and desaturation especially in infants
younger than 6 months [9,11]. It should be avoided in children
with moderate to severe renal failure, severe hepatic dysfunction,
hypersensitivity to chloral hydrate, gastritis, esophagitis, peptic ul-
cer, adenoid hypertrophy, and porphyria [12].

The recommended dose of chloral hydrate is 50-100 mg/kg
(up to a maximum of 2 g) [13]. The success rate of chloral hy-
drate sedation for pediatric MRI varies from 78%-100% [14-19]
and is affected by the total dose administered, age, fasting status,
and neurodevelopmental disability [14,15,18,19]. When 100
mg/kg of chloral hydrate is administered, the sedation success rate
was 96% in children under 48 months but decreased to 86% in
those older than 48 months [20]. The United Kingdom (UK)
National Institute for Clinical Excellence (NICE) also recom-
mends the use of oral chloral hydrate with a wide margin of safety
in children under 15 kg. In contrast, chloral hydrate can be used as
a first-line sedative agent for MRI in newborns and infants with
the lowest risk of cardiorespiratory adverse events compared to
phenobarbital and propofol [17,21]. Although there are no clear
guidelines for pre-procedural fasting for chloral hydrate, fasted
children require a greater dose of chloral hydrate, which is related
to a longer onset and duration of action. Thus, children may be
encouraged to take at least clear fluids 2 hours before the proce-
dure for successful sedation without breaking institutional fasting
protocols for chloral hydrate sedation [22]. Choral hydrate should
not be used in children with neurodevelopmental disorders due
to the increased incidence of adverse effects and decreased effica-
cy as compared with neurologically intact children [18]. In con-
trast, it may be used safely and effectively in properly monitored
children who have congenital heart disease, including those with
cyanotic heart disease, for painless diagnostic procedures [23].

Currently, both the United States Food and Drug Administra-
tion (FDA) and European Medicines Agency (EMA) have with-
drawn the approval of chloral hydrate partly due to the potential
risk of carcinogenicity. In conclusion, chloral hydrate seems to
provide safe and effective sedation for children under 48 months
old undergoing MRI. However, its use is progressively decreasing
based on the high failure rate for MRI sedation, prolonged recov-
ery time, and introduction of more effective sedative agents in

many countries [24].
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2) Pentobarbital

Pentobarbital is a medium duration barbiturate that provides po-
tent sedation with no analgesic property. It can be administered
via an oral or intravenous (IV) route. Following IV administra-
tion, the onset of action is 2-3 minutes, with peak effects after
10-15 minutes and a duration of action of 45-60 minutes due to
rapid redistribution [25]. Following oral administration using an
IV formulation of pentobarbital, sedation begins at 20-30 min-
utes and lasts 60-90 minutes [16,26,27]. The oral dose of 4-8
mg/kg and IV dose of 2-3 mg/kg (to a maximum 5-8 mg/kg)
are required to achieve deep sedation. The sedation success rates
of pentobarbital for MRI in children are 87.8%-99.5% for IV ad-
ministration [16,17,26-28] and 67%-99.7% for oral administra-
tion [26,29-31] with a trend towards increasing failure rates with
increasing age and weight. Retrospective comparison analysis
found that oral pentobarbital has comparable sedation success
rate (99.5% vs. 99.7%) and time to discharge and a lower rate of
desaturation (0.2% vs. 0.9%) compared with IV pentobarbital in
2,164 infants undergoing CT or MRI [26]. Both oral and IV pen-
tobarbital are as effective as oral chloral hydrate for providing se-
dation for pediatric MRI [16,29]. However, when compared to
oral chloral hydrate, oral pentobarbital has the advantage of fewer
respiratory events in infants, whereas IV pentobarbital has the dis-
advantage of a higher incidence of more paradoxical reaction and
major motion artifacts and prolonged recovery despite the advan-
tage of earlier onset in children. Children with neurodevelopmen-
tal disability have similar dose requirements for pentobarbital but
more respiratory adverse events and hypoxemia during MRI
scans [27,32,33].

Pentobarbital is associated with adverse reactions such as oxy-
gen desaturation, nausea and vomiting, paradoxical hyperreactivi-
ty, respiratory depression, agitation, and prolonged sedation
[16,17,26-29,31]. Airway obstruction is more likely to occur in
infants. Oral pentobarbital results in a longer duration of action
and less respiratory adverse events than IV administration [26].
Pentobarbital, like other barbiturates, is contraindicated in pa-

tients with porphyria.

3) Midazolam

Midazolam is a short-acting, water soluble benzodiazepine that
has anxiolytic, sedative, amanestiec, and muscle relaxant proper-
ties. Its sedation mechanism is GABA-mediated enhancing chlo-
ride conductance in the central nervous system. Although midaz-
olam can be given for sedation via mutiple routes, IV administra-
tion is preferred, if vascular access is present. The onset of action
is typically 3-S5 minutes and lasts 30—45 minutes with IV admini-
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station at 0.1 mg/kg with successive 0.05 mg/kg every S minutes
(maximum 4 mg).

Although NICE recommends the consideration of midazolam
as one of the first-line sedative drug for painless imaging proce-
dures owing to a wide margin of safety [ 13], it is currently used as
an adjuct sedative with either dexmedetomidine or ketamine
rather than single primary agent for pediatric MRI [ 18,34-37] be-
cause of the high sedation failure rates, short duration of action, as
well as frequent significant respiratory depression at deeply sedat-
ing doses [38,39]. However, coadministration of midazolam and
other sedative agents, especially opioids, in children is not accept-
able because of siginficant increases in cardiorespiratory depres-
sion and difficulty in predicting sedation effects [9]. Paradoxical
excitement or delirium have been reported, usually following an
IV dose, and may be managed with low-dose flumazenil.

Flumazenil is a benzodiazepine antagonist used to reverse seda-
tion and/or respiratory depression caused by midazolam. Dosing
starts at 0.01-0.02 mg/kg and can be repeated until adequate re-
versal of midazolam is noted (maximum 1 mg) [40]. As flumaze-
nil is highly lipohlic, its onet of action is rapid (1-2 minutes) but
duration of action is relatively short (30-45 minutes), so monitor-

ing for resedation is necessary [41].

4) Ketamine

Ketamine is a phencyclidine analog and N-methyl-D-aspartate
(NMDA) receptor antagonist that induces sedation, dissociative
amnesia, and analgesia. Ketamine is used as a sedative for MRI
because its analgesic component is not necessary for MRI. Ad-
ministration routes are IV (0.05-2 mg/kg), intramuscular (IM;
4-S mg), oral (5-6 mg/kg), and intranasal (5-10 mg/kg). IV use
is preferable if IV access is available. The onset of action is rapid
(1-2 minutes), the duration is brief (10-15 minutes) and the re-
covery is short (30-60 minutes) [42]. Ketamine is attractive for
pediatric sedation because of its relatively short duration of action,
multiple routes of administration, preservation of airway reflexes,
and sympathomimetic properties including increase heart rates
and blood pressure. Although sedation can be achieved with min-
imal respiratory depression, ketamine has various and lengthy ad-
verse effect profiles including hallucination, emergence delirium,
agitation, nausea and vomiting, hypersalivation, and laryngo-
spasm, which may be distressing to both the child and parent. Of-
ten there are random movements of the extremities rendering this
drug less than ideal for procedures where the patient must lie per-
fectly still during MRI scans. Thus, ketamine is used with a com-
bination of other sedative agents to counterbalance the side effects
and enhance the beneficial effects for each drug rather than as a
sole sedative agent for MRI. Ketamine can counterbalance the

162

cardiorespiratory depression effect of propofol and prolonged re-
covery of dexmedetomidine by reducing the dose requirements
of each drug for MRI sedation in children [43-45].

5) Dexmedetomidine

Dexmedetomidine is a selective central a, receptor agonist that
has sedative, analgesic, anti-shivering sympatholytic, and anxiolyt-
ic properties. Its sedative mechanism results from a decrease in
norepinephrine release from presynaptic neurons with the initia-
tion of postsynaptic activation, attenuating central nervous system
excitation. The most unique characteristic of dexmedetomidine is
the preservation of respiratory drive with a low incidence of ap-
nea, respiratory depression, or airway obstruction, which is highly
advantageous in children who are prone to respiratory depression,
such as those with neurodevelopmental disabilities or obstructive
sleep apnea, while receiving sedation/analgesia [46-48].

Patients exhibit biphasic cardiovascular responses after IV ad-
ministration of dexmedetomidine [49,50]: initial transient hyper-
tension along with a baroreceptor-mediated decrease in heart rate
by a,5-adrenoreceptor vasoconstriction followed by hypotension
and bradycardia (10%-30% from baseline) by a,,-adrenorecep-
tor-mediated inhibition of central sympathetic outflow. The hy-
pertensive effect and associated bradycardia can be reduced by in-
fusion of loading dose over a 10 minutes period. Prehydration of
10 mL/kg of normal saline solution is effective in decreasing the
incidence of dexmedetomidine-related hypotension [51]. How-
ever, prophylaxis with glycopyrrolate for bradycardia is not rou-
tinely recommended because of transient severe hypertension
[52]. Children are usually able to maintain systemic blood pres-
sure with minimal impact on cardiac output and ultimately end
organ perfusion.

Dexmedetomidine may be administered by oral, buccal, nasal,
rectal, subcutaneous, IM, and IV routes. Dosing and bioavailabili-
ty vary depending on the route of administration. When adminis-
tered through IV, the average onset of sedation is 8.6 minutes with
a recovery time of 41.4 minutes [53]. The rapid phase redistribu-
tion half-life is approximately 7 minutes, and the terminal elimina-
tion half-life is approximately 2 hours [ 54]. The success rate of se-
dation for pediatric MRI ranges from 83.3% with a 1 pg/kg bolus
followed by 0.5 pg/kg/hr infusion to 98% with a 3 pg/kg bolus
followed by 2 pg/kg/hr infusion [47,53]. Buccal (a mean of
2.20+0.38 pg/kg) and intranasal (3 pg/kg) administration of
dexmedetomidine may be useful in children with difficult IV can-
nulation, but their success rates of sedation for MRI are lower
than IV administration and more sedative supplementation is re-
quired than IV administration [34,35,55,56]. Generally, a lack of
respiratory depression combined with a relatively short half-life
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makes dexmedetomidine a useful single sedative agent for an am-
bulatory pediatric MRI setting. However, in spite of a similar suc-
cess rate, it has slower onset and longer recovery compared to
propofol in children undergoing MRI [ 54,57,58].

With the evolution of more complex MRI studies, dexmedeto-
midine is preferred to propofol for magnetoencephalography
scans, which are employed for presurgical planning with intracta-
ble epilepsy due to the preservation of epileptiform activity [59].
The MRI sleep study is a relatively new imaging technique for the
evaluation of obstructive sleep apnea. Minimal respiratory depres-
sion of dexmedetomidine decreased the use of artificial and man-
ual airway supports such as the chin lift and shoulder roll, which
can artificially alter the MRI results [60].

2. Anesthetic agents

1) Propofol

Propofol (2,6-diisopropylphenyl) is a potent IV anesthetic agent
that has hypnotic but no analgesic properties via the potentiation
of GABA, receptors and inhibition of NMDA receptors. Unlike
with other sedative agents, propofol use is limited to the IV route.
Propofol has a fast onset of action (10-50 seconds) and short dis-
tribution half-life (approximately 9 minutes in the pediatric popu-
lation) [60]. Deep sedation is typically induced with a bolus dose
of 1-3 mg/kg and 0.5-1 mg/kg supplementation every 1-2 min-
utes [61]. Higher dosing is often required for younger pediatric
patients because of their higher volume of distribution, shorter
elimination half-life, and higher plasma clearance [62]. A single
dose or intermittent bolus doses of propofol may be suitable for
brief procedures ( < 30 minutes) [63], but continuous infusion of
2-5 mg/kg/hr rather than intermittent administration is recom-
mended for longer procedures [64] in children undergoing MRIL
The use of MR-compatible infusion pumps allows for consistent
maintenance of accurate dosing and reduces the amount of
propofol need to achieve adequate and safe sedation in children
undergoing MRI [65]. Although propofol is easily titratable, its
narrow therapeutic margin combined with ultra-short-acting
pharmacokinetic profiles is associated with the rapid progression
of sedation levels leading to general anesthesia.

Because of its rapid onset, short recovery time, antiemetic prop-
erties, and low incidence of emergence delirium, propofol has
gained popularity as a primary sole sedative agent for MRI in chil-
dren. Compared to most other sedative regimens, propofol pro-
vides the shortest onset and recovery and a high sedation success
rate for pediatric MRI [66-70]. However, propofol commonly
causes hypotension and dose-dependent respiratory depression
including hypoventilation, apnea, and airway obstruction, which
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may be exaggerated with concomitant opioid use [27,71-73]. Se-
dation providers must monitor the respiratory rate and etCO, in
children receiving propofol sedation. As mentioned above, coad-
ministration of ketamine may be an option to counterbalance
propofol-induced cardiorespiratory depression [45]. Pain during
peripheral IV injection can be distressing to the parent and child
but may be limited with low-dose lidocaine, fentanyl, or ketamine
pretreatment [74]. Because propofol contains egg lecithin, patients
with a history of egg allergy are at increased risk of an allergic reac-
tion to propofol [75]. Because of its rapid acting and reliable titra-
tion of drug concentration, propofol is also used for general anes-
thesia with spontaneous ventilation, endotracheal intubation, or la-
ryngeal mask airway (LMA) for MRl in children [76-78].

2) Sevoflurane

Generally deep sedation with spontaneous ventilation is preferred
for MRI because of limited medical resources (mechanical venti-
lation and longer surveillance period). However, general anesthe-
sia for MRI is indicated in select children with congenital heart
defects or airway abnormalities, long-duration scans for staging
investigations of malignancies, or those who have had previous se-
dation failure. Some MRI scans (cardiac, thoracic, or abdominal)
require breath-holding to obtain adequate images. In such cases
requiring the need for a secure airway, it is necessary to control
airway with LMA or endotracheal intubation and deliver general
anesthesia.

Sevoflurane is the inhalational agent of choice in children due
to its lack of airway irritability and ability to provide stable hemo-
dynamic function, together with its rapid onset and offset. Sevo-
flurane has been successfully used in newborns and infants with a
maximum vaporizer setting of 4 vol% for MRI [79,80]. Sevoflu-
rane anesthesia provides higher success rates (92% vs. 80%) and
faster onset and recovery, but a higher incidence of emergence de-
lirium than propofol anesthesia in children undergoing MRI
[70,76]. Major airway-related adverse events such as respiratory
apnea and severe airway obstruction occurred in 0.4% of children,
while preterm infants are at higher risk compared to term infants
after sevoflurane anesthesia for MRI [81]. Positive pressure venti-
lation with endotracheal intubation or LMA may result in more
extensive atelectasis in children after MRI compared to sponta-
neous ventilation in children receiving sevoflurane-based anesthe-
sia [78,82].

Sevoflurane-based anesthesia is also reported to be highly feasi-
ble and safe in children with neuropsychiatric disorders undergo-
ing MRI. Mongodi et al. [83] found that induction and mainte-
nance of sevoflurane anesthesia inhaled by a reservoir bag mask at
8.0 and 2.5 vol%, respectively, provides a median time of 15 min-
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utes for full recovery and lower rates of mechanical ventilation
compared to other pharmacological approaches in retrospective
analysis of data of 10 years at a single center. They identified chil-
dren with an American Society of Anesthesiologists (ASA)
score > 1, male sex, prolonged procedures, and neuromuscular
diseases as higher risk for general and respiratory complications in

this population.

Special consideration for pediatric drug
use and development

Many of the drugs used for sedation and analgesia in children are
not approved by the Ministry of Food and Drug Safety (MFDS),
formerly the Korean Food and Drug Administration (KFDA), for
use in children under certain ages (e.g, fentanyl < 2 years; remifen-
tanil < 1 year; propofol < 3 years for anesthesia and < 18 years for
sedation; and dexmedetomidine < 18 years of age). The lack of
MFDS approval does not imply that a drug can/should not be
used; rather, it means that pharmaceutical manufacturers never
carried out the appropriate research to gain MFDS approval.
Off-label use of drugs for sedation of children has grown expo-
nentially prior to the development of well-controlled clinical trials
in the pediatric population. A number of legislative changes are
intended to improve drug labeling for safe and efficacious seda-
tion in children [84,85].

Conclusion

As the need for deep sedation and general anesthesia for children
in an MRI suite continues to expand, anesthesiologists continue
to be frequently requested to provide anesthesia services for these
venues. The choice of agent and technique used for sedation or
general anesthesia reflects the experience of the sedation provider,
potential constraints imposed by the patient and procedure, avail-
ability of appropriate monitoring equipment, and institutional
policies in place.

The use of traditional sedative agents such as pentobarbital and
chloral hydrate has decreased due to long onset and recovery.
Midazolam and ketamine are preferred as the adjunct rather than
single use to counterbalance adverse events of other sedative
agent. Currently, the use of propofol with high effectiveness and
rapid recovery and dexmedetomidine with respiratory drive pres-
ervation have increased as the single agent for deep sedation and
general anesthesia in children undergoing ambulatory MRI.

To provide the most effective, efficient, and safe sedation and
anesthesia for children, the anesthesia service team should be fa-
miliar with MRI-specific safety issues and the requirements of op-
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timal quality images for precise diagnosis before induction. Fur-
ther improvements of quality and cost effectiveness with new

promising drugs are also necessary.
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