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Introduction

Ketamine has been used as an anesthetic for decades, but its use has diversified and
gained in popularity for indications in the pediatric intensive care unit (PICU) such
as intensive care sedation, procedural sedation, acute and chronic pain, prevention
and management of opioid withdrawal, bronchoconstriction, and seizure disorders
[1]. The popularity of ketamine is due to its ability to provide analgesia, but with
less respiratory depression, making it ideal for non-intubated patients undergoing
painful procedures or as an analgesic to reduce postoperative pain. It is considered
a dissociative agent and is closely related to phencyclidine (PCP).

Pharmacokinetics and Pharmacodynamics

Ketamine is a racemic mixture consisting of two optical enantiomers, R(—) and
S(+). It is frequently administered via the intravenous (IV) or intramuscular (IM)
route, which has the highest bioavailability (93%) as compared to other routes of
administration such as oral (16-29%), sublingual (29%), intranasal (45-50%), rec-
tal (25%), and epidural [2-5]. The highly lipid-soluble ketamine has a
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two-compartment pharmacokinetic profile with an alpha half-life of approximately
10-16 mins and a beta half-life of 2.5-4.9 hours [2, 5-7]. Ketamine is rapidly dis-
tributed into highly perfused tissues, including the brain, and has plasma protein
binding of 10-50% [7, 8]. Metabolism of ketamine occurs via demethylation by the
cytochrome P450 liver enzymes — CYP2B6, CYP2C9, and CYP3A4 to predomi-
nantly biologically active norketamine and further metabolized to biologically inac-
tive dehydronorketamine (DHNK) and hydroxynorketamine (HNK) [1, 9].
Elimination of ketamine is primarily performed by the kidneys, with low levels
excreted as ketamine (2%), norketamine (2%), and DHNK (16%). Clearance is
highly dependent on the liver blood flow and occurs in 2-5 hours in adults and half
that time in children [1, 6, 7].

Mechanism of Action

There is a myriad of pathways by which ketamine exerts its anesthetic and analgesic
effects. N-Methyl-d-aspartate receptor (NMDAR) antagonism is the predominant
mechanism of action. Ketamine acts in a dose-dependent manner on the NMDAR
channel, a tetrameric protein complex that forms a ligand-gated calcium ion chan-
nel. It blocks the closed NMDA channel at lower concentrations, giving rise to its
analgesic properties. At higher concentrations, both open and closed channels are
blocked, resulting in its dissociative, anesthetic, and amnesic properties becoming
more evident [10]. Its two different mechanisms at the same receptor are the block-
ing of the open channels, resulting in reduction of mean open time, and the blocking
of the closed channels through binding to the allosteric PCP site located within the
pore, resulting in a decrease in the frequency of channel opening [11]. These recep-
tors are highly permeable to calcium ions, which trigger the activation of intracel-
lular pathways in neurons and glial cells. At resting state, NMDAR channels are
tonically blocked by magnesium (Mg2+) and membrane depolarization is required
to displace Mg2+. NMDAR binding is dependent on the differential capacity for
Mg2+ binding and interactions between the drug and Mg2+ within the channel.
While NMDAR antagonism is the main mechanism for ketamine’s analgesic
property, other putative mechanisms through cholinergic, opioid, and serotoninergic
receptors may also play a role and could explain its effect in nonneuropathic pain
[12]. Binding to dopaminergic and serotoninergic receptors has also been described.
Ketamine at clinically relevant doses acts as a noncompetitive antagonist of the
nicotinic acetylcholine receptors [1]. Administration of ketamine also induces an
increase in extracellular serotonin (5-HT) levels in the prefrontal cortex and dorsal
raphe nucleus of mice and is thought to mediate its analgesic effect. Possibly con-
tributing also to its analgesic effects is ketamine’s ability to bind opioid receptors. It
is likely that ketamine is an agonist to the k opioid receptors and antagonist to the p
receptors as naloxone does not reverse its analgesic effect [13]. Interactions between
ketamine and the opioid system may be more relevant in prolonged opioid use, in
which ketamine reduces opioid tolerance. Ketamine’s actions on 9 receptors could
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be involved in the neuroplasticity-related effects of the drug [14, 15]. Lastly, ket-
amine also interacts with the hyperpolarization-activated cyclic nucleotide-gated
(HCN) channels [1]. These voltage-gated cation channels are activated by mem-
brane hyperpolarization facilitated by cyclic nucleotides, including cyclic adenos-
ine monophosphate (cAMP), and binding mediates ketamine’s anesthetic effects.

Animal studies indicate that at supratherapeutic doses, ketamine may potentiate
inhibitory GABAergic postsynaptic signals in neurons [16]. This was not shown to
occur at clinically relevant doses. Instead, clinically relevant concentrations of ket-
amine increased the activity of high-affinity extrasynaptic GABA, receptors in the
hippocampus and cortex, an effect that likely contributes to ketamine’s neurode-
pressive properties [16].

Dosing

Ketamine has a wide therapeutic index and the optimal dosage depends on the
intended therapeutic effect. Ketamine has been reported to effect analgesia at plasma
concentrations of 100-200 ng/ml, arousal from anesthesia at 750 ng/ml, arousal
from tactile or loud verbal stimulus at 1000 ng/ml, and arousal from painful stimu-
lus at 1500 ng/ml [2, 17]. In a population pharmacokinetics study of IM and IV
ketamine in children, the recommended procedural sedation dose for IV ketamine
was 2 mg/kg, and IM ketamine was 8 mg/kg (for children between 6 and 11 kg) and
6 mg/kg (for children 17-56 kg) to provide adequate sedation for up to 20 minutes
[5]. The US Food and Drug Administration (FDA) prescribing information lists the
anesthetic induction dose of ketamine as 1-4.5 mg/kg IV with an average dose of
2 mg/kg required for surgical anesthetic effect of 5 to 10 minutes, or 4-11 mg/kg IM
with an anesthetic effect that lasts 12 to 25 minutes [18].

Subanesthetic doses of 0.15-1.0 mg/kg IV (bolus) or 0.1-2.0 mg/kg/hour IV
(continuous infusion) have also been used in the pediatric population as an adjunct
for postoperative pain or for sedation/analgesia in the PICU. Unfortunately, sub-
anesthetic dosing of ketamine is not consistently defined in the literature, with one
review setting the cutoff at <1.2 mg/kg/h [19]. Recent consensus guidelines on the
use of IV ketamine for pain management have recommended (Grade C) that in gen-
eral, ketamine boluses should not exceed 0.35 mg/kg/dose and infusions for acute
pain should not exceed 1 mg/kg/h without intensive monitoring and that provider
discretion and training in airway management is advisable [20].

Uses of Ketamine in the Pediatric Intensive Care Unit

Ketamine’s primary benefits in PICU sedation lie in its ability to induce a dissocia-
tive state while sparing respiratory depression, its analgesic properties through its
multiple actions outside of the opioid receptor, and its utility in reducing opioid
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tolerance, central sensitization, and opioid hyperalgesia [21]. One of the driving
forces behind the resurgence in ketamine use is the push to reduce chronic opioid
exposure and risk of addiction, after acute exposure [22].

In the PICU setting, the IV route is most commonly employed, but the oral,
transdermal, intranasal, subcutaneous, epidural, per rectal, and IM routes may still
be considered [23]. For the purposes of this chapter, these will not be expounded
upon, and the authors respectfully direct the reader to other articles [23, 24]. In the
hospital, it is recognized that pain originates from several sources — medical pathol-
ogy, procedural interventions, and surgery, particularly in the postoperative period.
In the acute postoperative setting, the patients who benefit from ketamine infusions
are those expected to have severe postoperative pain, those who are non-opioid
naive and thus possibly tolerant to opioid effects, and those at risk of opioid-induced
ventilatory impairment (OIVI) [20].

Ketamine for Sedation

The safety profile of ketamine in hemodynamics and respiratory function has made
it an attractive option for sedation in the critically ill patients. Ketamine has been
used widely as a single or combination agent for procedural sedation in children in
a variety of settings. This will be discussed in further detail in the chapter on
Procedural Sedation: Ketamine.

Evidence with ketamine, as a continuous infusion in the PICU for sedation, has
been limited to small series or case reports [25-27]. It is often used an adjunct to
benzodiazepines and opioids or used to treat opioid withdrawal. Due to its broncho-
dilator effects, ketamine has been used at higher infusion rates for the treatment, or
as a sedative agent, in children with bronchospasm and status asthmaticus in the
PICU. Its use in brain injury has been debated due to its potential to cause cerebral
vasodilatation and increase intracranial pressure [28, 29]. Subsequent studies in
adults and children did not demonstrate ICP increase with ketamine in both trau-
matic and nontraumatic brain injuries and in some cases a reduction in ICP [30-32].
While the evidence is not strong for children given the small sample size of the
pediatric population in these studies, its use for sedation and analgesia in children
with traumatic brain injury is no longer an absolute contraindication.

Ketamine for Acute Pain

As an analgesic, ketamine is effective either as a stand-alone, particularly in proce-
dural pain, or as an adjuvant. In the postoperative period, it is most commonly
employed at subanesthetic dose as an adjunct to opioids in view of the expected
acute nociceptive stimulus, for two important reasons — to reduce both postoperative
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pain intensity and opioid requirements. Benefits of combination therapy of ket-
amine with postoperative opioids in reducing pain scores and the requirement of
opioids are more established in adults [20]. In a meta-analysis of adult studies on
ketamine use in spine surgeries, bolus doses ranging from 0.15 to 10 mg/kg and
infusion rates ranging from 0.06 to 5.0 mg/kg/h resulted in reduced postoperative
pain scores and less morphine consumption 24 h postoperatively [33]. A longitudi-
nal cohort of children and young adults with heterogeneous medical conditions
showed that ketamine doses ranging from 0.05 to 1 mg/kg/h could achieve a signifi-
cant reduction in pain scores with minimal adverse effects. However, the effect was
more prominent in the group with cancer-related pain and inflammatory conditions.
The opioid-sparing effect in postoperative pain, however, was minimal. In a meta-
analysis of 47 adult and pediatric randomized controlled trials, ketamine was shown
to have an opioid-sparing effect, both in the reduction of opioid administered and
prolongation of time to first analgesic [34]. The greatest benefit in opioid reduction
was seen in upper abdominal and thoracic surgeries, and to lesser extent with intra-
and lower abdominal and limb and spine surgeries, but not for tonsillectomies and
dental and head and neck surgeries [12, 13]. However, the pediatric subgroup analy-
sis which was highly represented by tonsillectomy studies revealed a lack of benefit
in children. Similarly, a recent meta-analysis of 11 pediatric studies did not demon-
strate global opioid-sparing effect at 48 hours, nor did it reduce postoperative pain
intensity [35]. However, this meta-analysis was limited by the lack of power to be
conclusive about the primary outcome. Thus, it seems that despite the robust data in
the adult population, there remain questions about ketamine’s utility in the pediatric
population for postoperative analgesia.

Apart from its use as a postoperative analgesic, ketamine as an adjunct also
improves analgesia in circumstances not ascribable to surgery, such as cancer and
inflammatory pain associated with pancreatitis and Crohn’s disease, whereas
patients with functional gastrointestinal disorders had the lowest benefit [36]. Adults
and children with acute on chronic exacerbations of pain such as sickle cell disease,
renal colic, or central pain from Ehler-Danlos syndrome have also been reported to
have improved analgesia, but there have been no randomized controlled trials thus
far [37-39].

Opioid-induced ventilatory impairment (OIVI) risk is increased in patients with
obstructive sleep apnea and can be exacerbated by exposure to general anesthetics
for surgery [40]. While subanesthetic ketamine has been shown to reduce opioid
consumption postoperatively, there have been few studies that specifically address
its utility in reducing the risk of opioid-induced respiratory depression (OIRD) or
OIVI [34]. Healthy volunteers subjected to remifentanil-induced respiratory depres-
sion, in a randomized double-blind placebo-controlled crossover trial of esketamine
vs placebo, demonstrated that esketamine effectively countered the OIRD [41]. In
their statement on the principles for identifying and preventing OIVI, the Faculty of
Pain Medicine of Australia and New Zealand had endorsed low-dose ketamine as a
helpful adjuvant for opioid-sparing measure in patients who are sedated but still in
pain [42].
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Ketamine for Chronic Pain

The nonopioid-naive population includes the children with painful chronic medical
conditions, oncological or palliative cases, or children who have been on prolonged
opioid infusions for sedation and analgesia. Current data on the short-term infusions
suggest that potent analgesia is produced only during administration of ketamine,
while prolonged infusions of 4-14 days may result in long-term effects of up to
3 months in patients with chronic pain with neuropathic components [20, 41]. In
adults with complex regional pain syndrome, there is moderate evidence to support
the use of ketamine infusions [43]. The evidence for ketamine use in children with
chronic pain is scant. The use of intraoperative ketamine on a group opioid-
dependent children undergoing orthopedic surgeries demonstrated a reduction in
48-hour opioid usage and lower pain intensity scores, suggesting at least a mild
benefit for this population [44].

Ketamine has also been touted as an opioid tolerance-protective drug [45]. In
experimental models, co-administration of ketamine and opioid attenuated the
development of opioid tolerance to varying degrees [46]. Neunhoeffer described a
retrospective study wherein 32 mechanically ventilated children with tolerance
from prolonged IV infusion of opioids received ketamine infusions as an opioid
substitute on a drug rotation protocol (median ketamine dose of 4 mg/kg/h and
median duration of 3 days) [47]. This resulted in a significant reduction in subse-
quent fentanyl requirement, suggesting that ketamine has a role in reversing or
reducing tolerance development [47].

The intensive care physician should be also aware of two oft-forgotten mechanisms
which may contribute to abnormal pain hypersensitivity in the critically ill pediatric
patient — central sensitization and opioid-induced hyperalgesia (OIH). In poorly con-
trolled pain states, a prolonged but reversible increase in the excitability and synaptic
efficacy of neurons in nociceptive pathways results in central sensitization through
what is termed the “wind-up” phenomenon. In severe cases, chronification of the pain
occurs with secondary changes in brain activity, and pain becomes pathologic, mani-
festing as pain hypersensitivity, either through allodynia or hyperalgesia [48]. This
often results in pain which is refractory to the usual analgesia cocktails and thus rapid
escalation of opioid use and, hence, tolerance. Prevention of central sensitization with
low-dose ketamine infusions has been seen in basic science studies but has not always
held true in clinical trials [48, 49]. In a systematic review of 17 studies, the overall risk
of developing persistent postsurgical pain, a result of central sensitization, was not
significantly reduced in the ketamine vs placebo group, but sensitivity analysis of
exclusively IV ketamine studies did demonstrate statistically significant reductions in
the risk of developing persistent postsurgical pain at 3 months and 6 months [50].

Contributing to the problem of pain hypersensitivity, a growing body of evidence
suggests that opioids can elicit an exaggerated nociceptive response to noxious stimu-
lation after continuous delivery, a common PICU postoperative sedation practice
[51-53]. This is attributed to activation of p opioid receptor resulting in a sustained
increase in glutamate synaptic effectiveness at the level of the NMDAR with a resul-
tant paradoxical hypersensitivity, OIH [54]. This translates to a need for an alternative
or adjunctive analgesia since the use of opioids contributes to, rather than detracts, the
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pain. The evidence suggests that development of OIH can be attenuated by ketamine
in subanalgesic doses, thus potentially reducing opioid consumption [51, 55].

Ketamine Side Effects

Short-term ketamine use causes dose-dependent, transient, and self-resolving side
effects including a decrease in mental sharpness, concentration, recall, and recogni-
tion, as well as explicit (episodic and semantic) and implicit (procedural) forms of
memory [1]. Psycho-cognitive effects such as hallucinations, dreams/nightmares,
and visual disturbances are dose-related and minimal at infusion rates of less than
2.5 meg/kg/min [19]. It can lead to vestibular perturbations, including dizziness and
nausea/vomiting. Sympathetic effects include tachycardia, hypertension, and palpi-
tations. Respiratory depression is usually mild at clinically relevant doses. Other
side effects include ocular effects (e.g., nystagmus, diplopia, dilation) and musculo-
skeletal effects (e.g., myoclonus, twitching, spasms, ataxia, fasciculation) [1]. Of
note in PICU care, ketamine causes an increase in secretions which presents another
problem for the caregivers to manage.

More crucial, however, is the neurodevelopmental effects of ketamine. Indeed,
multiple other sedative drug options produce similar neurotoxic effects in the pedi-
atric brain, and the pediatric intensivist needs to carefully weigh the risks and ben-
efits of each sedative [56]. In animal and basic science studies, long-term ketamine
use has been demonstrated to have potential neurotoxic effects including reversible
neuronal vacuolation, necrosis, and loss of integrity within the posterior cingulate,
retrosplenial, prefrontal, and frontal-thalamic-temporal cortices [57-60]. Even low
doses of ketamine were shown to impair dendritic arborization [61].

It is, however, argued that unattenuated pain may also induce cell death in corti-
cal, thalamic, hypothalamic, and hippocampal areas of the neonatal rat brain and the
amygdala, and this may be followed by subsequent neurocognitive impairment,
such as an impaired cognitive, emotional, and psychosocial functioning and
impaired ability to form memories [62, 63]. Conversely, concurrent surgery and
procedural pain has been shown to attenuate ketamine-induced neuroapoptosis, and
ketamine has also been shown to inhibit pain-induced neurotoxicity in neonatal rat
brains [64]. Thus, it seems that pain, in the absence of analgesia, is detrimental to
neurodevelopment, while analgesia in the presence of pain may be protective.

Conclusion

Ketamine remains a useful drug in the anesthetic/sedative/analgesic armamentar-
ium. Its ability to provide sedation and analgesia, while preserving hemodynamics
and without blunting the respiratory reflexes and drive, makes it highly suitable for
facilitating painful procedures in non-intubated patients or in postoperative patients.
Its optimal dose, duration, and role in a multimodal regimen for acute pain will
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require further elucidation. Given the neurotoxic concerns of repetitive ketamine
exposure to the developing brain, it is not recommended for routine use in the
absence of nociceptive stimulus which in itself is neurotoxic.
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