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The management of the uncooperative pediatric patient undergoing minor surgical
procedures has always been a great challenge. Several sedative techniques are avail-
able that will effectively alleviate anxiety, but short of general anesthesia, no sedative
regimen is available that will enable treatment of the uncooperative child. Ketamine
produces a unique anesthetic state, dissociative anesthesia, which safely and effec-
tively enables treatment of these children. The pharmacology, proposed mecha-
nisms of action, and clinical use of ketamine (alone and in combination with other

agents) are reviewed and evaluated.
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he anesthetic management of pediatric patients un-
dergoing minor surgical procedures often is one of
the most difficult problems faced by health care provid-
ers. This is especially true of anxious and fearful pre-
school children. Unlike adults, these children are not
there of their own free will. Many are there as a result of
sickness or injury and have no desire to participate in
their treatment. They often have no prior experience and
possess inadequate coping skills. As a consequence,
many health care providers have resorted to pharmaco-
logical help in the management of these patients. Unfor-
tunately, many of the techniques used provide added risk
of injury to the patient and may greatly increase the cost
of care. Many sedative techniques are available that will
safely and effectively alleviate anxiety. Short of general
anesthesia, however, no drugs have yet been developed
that will enable treatment of the uncooperative child.
Ketamine, 2-(o-chlorophenyl)-2-(methylamino) cyclo-
hexanone, a phencyclidine (PCP) and cyclohexamine de-
rivative, was developed and introduced in the mid 1960s
(Figure 1). It produces a unique anesthetic state (disso-
ciative anesthesia) characterized by a dissociation be-
tween the thalamocortical and limbic systems. Patients
are usually unconscious and cataleptic or partially con-
scious but unable to respond purposefully to physical
stimulation or verbal command, depending on dose.
Their vital reflexes are generally intact but can be de-
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pressed. Therefore, by definition, ketamine produces a
unique state somewhere between deep sedation and gen-
eral anesthesia.

MECHANISM OF ACTION

The limbic system appears to be involved in the regu-
lation of emotions (ie, fear, anger, pleasure, and con-
tentment) (Table 1). It serves as a processing center re-
ceiving sensory input via the thalamus and brainstem
and integrates it with highly processed sensory infor-
mation (ie, visual, somatic sensory, and auditory infor-
mation, and memories of past experience) from the sen-
sory association cortex. It then invests the sensory ex-
perience with emotional significance and directly con-
trols the regulatory centers (the hypothalamus and
brainstem) that coordinate the visceral motor responses
associated with these emotions. The autonomic nervous
system, somatic motor system, and endocrine system
mediate these responses. In addition, the limbic system
plays a critical role in the development of short- and
long-term memory. The sensory association areas of the
cortex, components of the limbic system, and thalamus
are directly depressed by ketamine. Consequently, high-
er central nervous system (CNS) centers are unable to
receive or process sensory information, and its emo-
tional significance cannot be assessed.? The result of ke-
tamine administration is anesthesia, analgesia, suppres-
sion of fear and anxiety, and amnesia, which appear to
be ideal for the uncooperative child patient.

Most of the pharmacologic effects of ketamine ap-
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Figure 1. Chemical structure of ketamine; #2 carbon of cy-
clohexanone ring is optically active.

pear to be mediated by its interaction with N-methyl D-
aspartate (NMDA) receptors (Table 2).3 Ketamine is a
noncompetitive antagonist at the NMDA receptor. The
NMDA receptor is a cation-gated channel receptor per-
meable primarily to calcium and to a lesser extent to
sodium and potassium (Figure 2). The NMDA receptor
is one of several species of ion-gated receptors that bind
to excitatory amino acids (EAA) of which glutamate, gly-
cine, and aspartate are believed to be the major amino
acids.* NMDA, a derivative of aspartic acid, binds selec-
tively to the NMDA-receptor subtype (hence its name).
Two non-NMDA EAA-receptor subtypes have been
identified that are named after the agonistic amino acid
derivatives that bind selectively, but not exclusively, to
these receptors, the kainate and quisqualate (AMPA,
amino-3-hydroxy-5-methyl-isoxazole-4-propionic acid)
receptors. Unlike the NMDA receptor, both of these re-
ceptors are ion-gated channel receptors for monovalent
cations® (eg, Na* and K*). A subspecies of quisqualate
receptor does not appear to be linked to an ion-gated
channel but rather to phospholipase C (PLC) via a G

Table 1. Limbic System Functions

1. Regulation of emotions

2. Acts as processing center for sensory inputs from brain-
stem and thalamus

3. Integrates sensory information with highly processed sen-
sory information from the sensory cortex and memories of
past sensory experience

4. Invests sensory experience with emotional significance (ie,
anger, joy, fear etc)

5. Controls regulatory centers mediating visceral motor re-
sponses associated with these emotions

6. Plays a critical role in development of long- and short-term
memory
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Table 2. Ketamine: Mechanisms of Action

1. Noncompetitive antagonist of the central nervous system
NMDA receptors
a. NMDA receptor is a calcium-gated channel receptor
b. NMDA receptor agonists are excitatory amino acids: glu-
tamic acid, aspartic acid, and glycine
c. Agonist binding to receptor results in opening of ion
channel and depolarization of the neuron
d. NMDA receptor is involved in sensory input at the spinal,
thalamic, limbic, and cortical levels
e. Ketamine blocks sensory input and impairs limbic func-
tions
2. Agonist at a- and B-adrenergic receptors
3. Antagonist at muscarinic receptors of the central nervous
system
4. Blocks reuptake of catecholamines
5. Agonist at opioid sigma receptor

protein link.> PLC activation results in the conversion of
phosphatidylinositol diphosphate (a membrane phos-
pholipid) to inositol triphosphate (IP3) and diacylglycerol
(DAG). Consequently, these receptors are sometimes
referred to as metabotropic receptors. IP3 causes the
release of intracellular calcium, and DAG activates pro-
tein kinase C. This results in activation of additional en-
zymes (ie, RAS-MAP kinases and calcineurin), eventu-
ally leading to promotion of RNA transcription and pro-
tein synthesis. This process is believed to be important
in the development of long-term memory.5

These EAA receptors are located throughout the
CNS, including the spinal cord, cerebellum, thalamus,
basal ganglia, limbic system, and cortex. They are par-
ticularly important in cortico—cortical and cortical-sub-
cortical interactions. For the most part, all species of
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Figure 2. Schematic view of the NMDA-receptor ion channel.
Agonists at the NMDA, glycine, and polyamine receptors all
open the ion channel, resulting in depolarization. Antagonists
at these receptors produce a closed-channel block. NMDA-
receptor antagonists that bind to the phencyclidine receptor
(ie, ketamine) produce an open-channel block. (Modified from
Olney et al, 1995.)
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EAA receptors are coupled together and are present at
the same anatomic locations. EAA receptors do not ex-
ist in the peripheral nervous system.® The EAAs are be-
lieved to be the primary excitatory neurotransmitters of
the CNS. They are present in the brain in high concen-
trations and are released from nerves following electrical
stimulation.” EAA synaptic pathways appear to be in-
volved in sensory input at the spinal, thalamic, limbic,
and cortical levels.8® EAA binding to their receptors
causes opening of their respective channels, resulting in
cell excitatory postsynaptic potentials (EPSPs) and even-
tual depolarizations when the resting neuronal mem-
brane potential reaches firing level.1 The NMDA recep-
tors are postsynaptic receptors, which appear to trans-
mit high-frequency signals, whereas the non-NMDA re-
ceptors appear to transmit low-frequency signals and
are present at both pre- and postsynaptic locations.* In
addition, EAA-mediated pathways display a phenome-
non known as synaptic plasticity. That is, the sensitivity
of NMDA receptors to opening their respective calcium-
gated channels as a result of EAA neurotransmitter
binding can be increased by the frequency of neuronal
activation by the EAA. This phenomenon is called long-
term potentiation (LTP) and results in sustained en-
hancement of synaptic transmission.!! LTP has been
shown to last for several days or even weeks.* LTP ex-
hibits the properties of specificity, cooperativity, and as-
sociativity. LTP will only occur in those synaptic path-
ways in which there is tetanic (high-frequency) stimula-
tion (specificity). LTP will only develop if the strength of
stimulation exceeds a certain threshold. This requires
synaptic input from multiple excitatory afferent fibers
converging on a given neuron (cooperativity). Finally,
cooperative interaction occurs heterosynaptically, in-
volving multiple receptor types and neurotransmitters
(associativity).#1213 The presence of this phenomenon
(also called “‘wind-up”’) refers to the progressive increase
in the response of certain neurons when exposed to
successive stimuli of sufficient intensity and frequency
applied to the receptive field. This suggests, in the case
of C-fibers, that a noxious stimulus of sufficient intensity
and duration will facilitate the input of and increase the
sensitivity to future noxious stimuli. Consequently, it is
believed that LTP, a basic physiologic process of NMDA
receptors, is involved in neuropathic pain, neurotoxicity,
epileptiform seizures, and in the higher functions of
learning and memory, and hence it plays a key role in
limbic system functions. Ketamine, an antagonist at the
NMDA receptor, would be expected to block or inter-
fere with sensory input to higher centers of the CNS,
with the emotional response to these stimuli, and with
the processes of learning and memory.

Ketamine is a member of a chemically diverse group
of compounds that are collectively called noncompeti-
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Table 3. Ketamine Pharmacology

1. Elimination half-life 2.17 h and redistribution half-life 4.68
min after IV injection

2. Water soluble, pKa 7.5, with fat solubility of 10 X thio-
pentone

3. Liver biotransformation p450 system with norketamine as
the major metabolite

4. Produces trancelike cataleptic unconscious state with com-

5

plete amnesia and analgesia
. Produces dose- and age-dependent behavioral effects re-
sembling schizophrenia and emergence phenomena char-
acterized by vivid dreams
6. Produces sympathomimetic cardiovascular and respiratory
effects: increased heart rate, blood pressure and broncho-
dilation; cardia arrhythmias are rare
7. Produces dose-dependent shift of CO,-respiratory dose-
response curve to right (little effect at clinical doses)
8. Respiratory protective reflexes well preserved; rare cases
of apnea and respiratory obstruction reported
9. Produces increased salivary and tracheobronchial secre-
tions
10. Produces random head and extremity movements; skele-
tal muscle hypertonicity and rigidity reported at high dos-
es

tive NMDA-receptor antagonists. All of these com-
pounds bind to proteins that make up the ion channel
of the NMDA receptor. This prevents the influx of Ca*+
ions following EAA binding, thereby preventing depo-
larization. Ketamine and PCP, the benzomorphans (eg,
cyclazocine and SKF 10,047 [N-allylnormetazocin), and
morphine derivatives (eg, dextrorphan, dextromethor-
phan, and levorphanol) bind to the PCP site in the
NMDA-receptor ion channel. These compounds also
have effects at other receptor sites. They bind to the o-
receptor, which is distinct from the NMDA receptor. Ke-
tamine and PCP also block acetylcholine muscarinic re-
ceptors of central neurons and may potentiate the ef-
fects of a-aminobutyric acid (GABA) synaptic inhibi-
tion.314 Ketamine also acts as a weak agonist at opioid
p-receptors.!5 There is evidence that these compounds
potentiate the effects of catecholamines by blocking the
reuptake of these neurotransmitters.416 It is the inter-
action at all these receptor sites that mediates the phar-
macologic effects of ketamine.

PHARMACOLOGY

Ketamine is water soluble with a pKa of 7.5, which per-
mits nonirritating, intravenous, intramuscular, oral, intra-
nasal, and rectal administration!’-22 (Table 3). It is 10
times more lipid soluble than thiopentone and can quickly
cross the blood-brain barrier. Therefore, ketamine has
relatively rapid onset of effect and recovery due to redis-
tribution, similar to the thiobarbiturates. The onset of an-
esthesia/sedation, in one study, was 45 seconds after in-
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travenous injection (2 mg/kg) and 4 minutes after intra-
muscular injection (3 mg/kg) with recovery times of 18
minutes and 25 minutes respectively.!” After intravenous
injection, the distribution half-life [t(!sw)] was 24.1 sec-
onds, redistribution half-life [t(!2c)] was 4.68 minutes, and
elimination half-life [t(2B)] was 2.17 hours.2 Biotransfor-
mation takes place primarily in the liver. Multiple metab-
olites have been described. However, the most important
pathway involves N-demethylation to norketamine by the
cytochrome p450 enzyme system. Norketamine is an ac-
tive metabolite with one third the anesthetic potency of
ketamine.2* Norketamine may enter multiple metabolic
pathways leading to a multitude of compounds of which
little is known of their pharmacologic activity. The ma-
jority of norketamine is hydroxylated and conjugated to
form a water-soluble compound, which is readily secreted
in the urine and to a much lesser extent in the feces.?
Alternatively, the cyclohexanone ring can undergo oxi-
dative metabolism to several minor metabolites the phar-
macologic properties of which are little known. The phar-
macokinetics is similar in children, except that absorption
following intramuscular injection is more rapid and he-
patic conversion to norketamine is more rapid. Hence
higher concentrations of norketamine are measured.
Because of this, in addition to lower adsorption rates
compared to intramuscular injection, oral and rectal ad-
ministration is characterized by a significant first-pass ef-
fect necessitating higher doses.192227.28 Coadministration
of drugs requiring hepatic metabolism will extend the
half-life of ketamine by competing with hepatic enzymes.
Consequently, combined use of benzodiazepines or bar-
biturates will prolong recovery time by about 30%.2°
Ketamine contains a chiral center at the C-2 carbon
of the cyclohexanone ring so that 2 enantiomers exist,
S(+) ketamine and R(—) ketamine (Figure 1). Commer-
cially available racemic ketamine preparations (such as
Ketalar) contain equal concentrations of the 2 enantio-
mers. The dextro-S(—}-isomer of ketamine has approxi-
mately three- to fourfold the potency of the levo-R(—)-
isomer that correlates with the binding affinity of the iso-
mers to the PCP site.303! The S(+)-isomer appears to be
cleared more rapidly than the R(—)-isomer, resulting in a
shorter duration of effect and more rapid recovery.32
Equipotent doses of the S(+)-isomer and the racemate
appear to have similar effects on physiologic parame-
ters.33 There is evidence to suggest that the R(—)-isomer
produces a higher rate of emergence reactions and more
agitated behavior than the S(+)-isomer.3* Emergence
phenomena have been described as floating sensations,
vivid dreams (both pleasant and frightening), hallucina-
tions, and delirium. These emergence phenomena ap-
pear to occur more frequently in adults (30-50%) than
in children (5-15%), in women more than in men, and
at higher doses of ketamine.3* It is well documented that
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NMDA Receptor Hypofunction Hypothesis
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Figure 3. There are 3 excitatory inputs to the corticolimbic
pyramidal neurons (PC) mediated by 3 neurotransmitters: ace-
tylcholine (muscarinic M3 receptor), glutamate (kainic acid ex-
citatory amino acid receptor) and neuroprotein Y (o-receptor).
Hypofunction of the NMDA receptor disinhibits all 3 excitatory
inputs, resulting in dysfunction and injury to these neurons.
(Modified from Olney et al, 1995.)

phencyclidine and (to a lesser extent) ketamine produce
behavioral effects resembling schizophrenia in healthy
adults and exacerbate symptoms in schizophrenic pa-
tients.3> These patients experience the altered sensory
perception, bizarre and impoverished thought and
speech, impaired attention, and disrupted memory char-
acteristic of schizophrenia. It is believed that these dose-
related effects of phencyclidine and ketamine are due to
their antagonism at the NMDA receptor.

Olney et al have put forth the NMDA-receptor hy-
pofunction hypothesis, which appears to explain the be-
havioral effects seen following administration of NMDA-
receptor antagonists (Figure 3).%¢ Simply stated, hypo-
function of the NMDA receptor can induce dysfunction
and injury of corticolimbic neurons by a disinhibition
principle. Similar neurons have been found in the thal-
amus, basal forebrain, and brainstem. The EAA gluta-
mate acting at NMDA receptors on GABA and norepi-
nephrine neurons maintains tonic inhibition over the
multiple convergent excitatory pathways to corticolim-
bic neurons via GABAa and a,-adrenergic receptors.
Excitatory inputs to these neurons are mediated by 3
neurotransmitters, acetylcholine (a muscarinic agonist),
a o-receptor agonist, and a non-NMDA glutamate (kain-
ic acid) receptor agonist. All 3 excitatory pathways are
disinhibited when NMDA receptors are blocked. In ad-
dition, the corticolimbic neurons provide negative feed-
back by collaterals to GABA-ergic neurons via a gluta-
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mate NMDA-receptor-mediated synapse. An NMDA-
receptor antagonist, therefore, would abolish inhibition
in the collateral feedback circuit at the same time that
the corticolimbic neurons are being hyperstimulated by
the disinhibited direct excitatory pathways, thereby
causing the signs and symptoms of schizophrenia,
emergence phenomena, and neurotoxicity.3” Consistent
with this hypothesis, it has been shown that several clas-
ses of drugs effectively inhibit the neurotoxic effects of
the NMDA antagonists, including (a) muscarinic recep-
tor antagonists, (b) GABAa receptor agonists (ie, ben-
zodiazepines and barbiturates), (c) o-receptor antago-
nists, (d) non-NMDA (kainic acid) receptor antagonists,
(e) a,-adrenergic receptor agonists, (f) certain typical an-
tipsychotic agents (haloperidol, thioridazine, loxapine),
and (g) atypical antipsychotic agents (clozapine, flupefia-
pine, olanzapine). The latter 2 groups of drugs (f and g)
are dopamine-receptor antagonists. It has been shown
that dopamine inhibits glutamate release from gluta-
mergic neurons.3%3° Dopamine hyperactivity, therefore,
will lead to NMDA-receptor hypofunction due to re-
duced glutamate release and development of schizo-
phrenic symptoms. Blockade of dopaminergic receptors
with the antipsychotic drugs will reverse this effect. Con-
sistent with this hypothesis, it has been shown that con-
comitant administration of the benzodiazepines is most
effective in preventing emergence phenomena pro-
duced by ketamine.*°42 The combination of ketamine-
midazolam was reported to be more effective than ke-
tamine—diazepam in reducing emergence reactions and
had less effect in prolonging recovery.43

Furthermore, it has been shown by Farber et al that
fetal rats and postnatal rats younger than 1.5 months
(corresponding to puberty in these animals) are totally
insensitive to the neurotoxic action of the NMDA an-
tagonists. Between puberty and full adulthood, these an-
imals gradually become fully sensitive to NMDA-recep-
tor antagonist toxicity.** This age-dependent sensitivity
is consistent with human studies that demonstrate a
much lower incidence of emergence reactions in chil-
dren than in adults following ketamine anesthetics.34 Ol-
ney et al postulate that the neurocircuitry necessary for
NMDA-receptor hypofunction effects may not be fully
developed until after puberty.36

Another effect of ketamine that sets it apart from oth-
er parenteral anesthetics is its stimulatory effect on the
cardiovascular system, despite a direct negative inotro-
pic effect. It causes an increase in cardiac rate and in
systemic and pulmonary vascular resistance, resulting in
increased systemic and pulmonary blood pressure.33.45.46
The concomitant administration of clonidine, a a,-cat-
echolamine receptor agonist that blocks the release of
norepinephrine by sympathetic nerves, significantly re-
duces the sympathomimetic effects of ketamine.4” Con-

Anesth Prog 46:10-20 1999

tinuous infusion of esmolol, a B;-receptor blocker, re-
duced the ionotropic and chronotropic effects on the
heart in a dose-dependent manner.*® Finally, cervical
epidural local anesthetic blocks significantly blunted in-
creases in cardiac rate and blood pressure.*® There is
also some evidence that ketamine has a direct adren-
ergic effect by binding directly to a- and B-adrenergic
receptors.5® These observations strongly suggest that
the sympathomimetic effects of ketamine are due to a
combination of centrally mediated increased sympathet-
ic nervous system stimulation, a possible direct effect,
and the effect of ketamine in blocking the reuptake of
catecholamines. As with emergence phenomena, ben-
zodiazepines have been reported to dampen the sym-
pathomimetic effects of ketamine because of their cen-
tral GABA-ergic inhibitory effects.*0.51.52 Cardiovascular
stability has been reported in cardiac surgery patients
under anesthesia induced by ketamine and diazepam or
midazolam.5354 However, Marlow et al reported signifi-
cant increases in heart rate and blood pressure following
intubation of primarily hypertensive patients after in-
duction of anesthesia with ketamine and midazolam.55

The effect of ketamine on cardiac rhythm is contro-
versial. Several investigators have reported enhance-
ment of myocardial sensitivity to catecholamines,56-58
while others reported a decreased arrhythmogenic po-
tential.>*° This suggests that ketamine produces a di-
rect antiarrhythmic effect on the myocardium and an
indirect arrhythmogenic effect by inducing a sympatho-
mimetic effect. Clinical experience has demonstrated
that cardiac dysrhythmias have rarely occurred under
ketamine anesthesia.é?

Ketamine is a mild respiratory depressant. Ketamine,
in a dose-related manner, causes a shift of the CO, dose-
response curve to the right but does not change the
slope of the curve.? Respiratory drive to CO, may be
depressed as much as 15 to 22%.63 This effect is similar
to that of opioids and unlike that of other parenteral
sedative hypnotics, which also alter the slope of the
curve. In one study, ketamine was administered intra-
venously at 3 mg/kg, followed by continuous infusion
of 20 pg/kg/min.* Following induction, patients were
intubated and allowed to breathe room air. Functional
residual capacity, minute volume, and tidal volume were
all maintained. Similar results have been reported in
children.®® Thus respiratory stimulation to hypercarbic
drive remains intact at clinical doses but can be signifi-
cantly depressed at higher doses. In addition, it has been
shown that spontaneous respiration and muscular tone
of the tongue and pharynx is well maintained. The pro-
tective airway reflexes, including coughing, sneezing,
and swallowing, are not depressed.55¢6 Hence, endotra-
cheal intubation is often unnecessary. However, rare
cases of apnea, airway obstruction, and pulmonary as-
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piration have been reported.6’-7° Ketamine, when used
in combination with midazolam for pediatric anesthesia,
has caused significant hypoxia.”* Hence, close monitor-
ing of patients by individuals capable of providing re-
spiratory support is essential.

Salivary and tracheobronchial secretions are in-
creased by ketamine. Ketamine has been shown to have
antimuscarinic effects and to induce centrally mediated
increased sympathomimetic effects.!* Both of these ef-
fects would tend to decrease salivary flow. The mecha-
nism responsible for the observed increased salivary
flow, therefore, is believed to be centrally mediated. The
superior salivatory nucleus receives excitatory afferent
stimulatory inputs from several afferent neurons (ie, lin-
gual and chorda tympani nerves) and from the cerebral
cortex, which is believed to mediate conditioned reflex-
es.” In addition, several animals (eg, dog and rat) that
control body temperature by hypersalivation also have
inputs from the thermal centers of the anterior hypo-
thalamus.”® Ketamine appears to produce hypersaliva-
tion by stimulating cortical centers that have afferent in-
puts to the superior salivatory nucleus. The use of an
antisialagogue (eg, glycopyrrolate or atropine) is rec-
ommended; these are equally efficacious in preventing
secretions.” Ketamine is reported to be a potent bron-
chodilator. Asthmatic patients given ketamine have de-
creased bronchospasm and airway resistance.’>7¢ The
mechanism of this response is due to a combination of
drug-induced increase in sympathetic stimulation, a di-
rect smooth-muscle dilating effect, and decreased cen-
trally mediated vagal outflow.

Ketamine produces epileptiform electroencephalo-
gram patterns in the human limbic and thalamic regions,
suggesting that ketamine is a proconvulsive agent. How-
ever, there is no evidence that ketamine effects cortical
regions nor that clinical seizures are more likely to oc-
cur.2? NMDA-receptor agonists have been shown, by in-
creasing intracellular calcium, to either induce seizures or
to lower the threshold of seizures to such stimuli as hyp-
oxia.””7® As an NMDA-receptor -antagonist, ketamine
therefore would be expected to have anticonvulsant ac-
tivity. Recent studies have suggested that ketamine is
both anticonvulsant and neuroprotective.”.798 However,
because of species variation, animal data is difficult to
interpret.®! Consequently, the controversy over whether
ketamine is a proconvulsant or anticonvulsant persists.

Ketamine has been reported to produce skeletal mus-
cle hypertonicity and rigidity. In addition, many patients
demonstrate random head or extremity movements un-
related to noxious stimulation. However, in most cases
the severity of these phenomena has not been great
enough to interfere with the procedure being per-
formed.? The effect on muscle tonicity is dose related.
Opisthotonus, generalized extensor spasm, has been re-
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ported after administration of 14 mg/kg and 19 mg/
kg.82 Both of these doses of ketamine are considerably
greater than that used clinically. Ketamine has also been
reported to increase the effect of muscle relaxants such
as succinylcholine, d-tubocurarine, and pancuronium.8384

The effect of ketamine on intraocular pressure re-
mains controversial. Several authors report increases in
intraocular pressure,85-8° whereas others report no
change in intraocular pressures.?°°! The reason for this
discrepancy is probably the fact that multiple factors
may influence intraocular pressure. Intraocular pressure
is under the dynamic balance of aqueous humor pro-
duction by the ciliary body, the rate of elimination via
the canal of Schlemm, the regulation and control of
choroidal blood volume, the extraocular muscle tone,
and the volume of vitreous humor. Dilation of choroidal
blood vessels, relaxation of intraocular smooth muscle,
and increased tension of extraocular muscles all tend to
increase intraocular pressure. Ketamine is known to
produce sympathomimetic effects via both central and
peripheral mechanisms. Several investigators have re-
ported increases in aqueous humor catecholamines in
both humans and animals under ketamine anesthesia
associated with an increase in intraocular pressure.892-
94 Ketamine is now most frequently used in combination
with either a benzodiazepine or propofol that signifi-
cantly obtunds the sympathomimetic effect. Norbury re-
ported a significant decrease in intraocular pressure
when ketamine was used in combination with flunitra-
zepam.®> Cugini,”® who administered ketamine in com-
bination with droperidol and diazepam, reported similar
results.

PEDIATRIC CLINICAL STUDIES

Cotsen et al'’ reported the clinical results of the safety
and efficacy of ketamine anesthesia/sedation for 211
children between the ages of 3 days and 10 years who
underwent short radiologic interventional procedures.
One hundred fourteen patients were administered 2 mg/
kg ketamine with 0.01 mg atropine intravenously (IV),
and 97 patients were given 3 mg/kg ketamine with 0.02
mg/kg atropine intramuscularly (IM). The average induc-
tion time for the IV group was 45 seconds, and average
induction time for the IM group was 4 minutes. Sedation
was considered excellent in 191/211 (91%) of the pa-
tients. The sedation was considered light in the remaining
20 patients, but the procedures were still able to be per-
formed. Pulse oximetry O, saturation was greater than
95% throughout the procedure in 200/211 (95%) pa-
tients. Transient desaturation below 95%, which was rap-
idly corrected by airway manipulation and supplemental
oxygen via nasal cannula or face mask, occurred in 11
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patients. Apnea occurred in 1 7-week-old patient born
prematurely after 32 weeks gestation. Assisted ventila-
tion was required for several respirations, and the patient
promptly recovered. No patients required tracheal intu-
bation. Only minor cardiovascular changes were noted in
all patients. The average recovery time, after completion
of the procedure, was 18 minutes for the IV group and
25 minutes for the IM group.

Pruit et al reported on the results of administering 3
mg/kg ketamine, 0.05 mg/kg midazolam, and 0.005
mg/kg glycopyrrolate IM to 37 children of both sexes
between the ages of 12 months to 7 years who were to
undergo oral-maxillofacial surgical procedures of 30 to
45 minutes duration in the emergency department.®! An
additional 1 mg/kg ketamine was administered IM if
there was inadequate sedation. Twenty-six patients (70%)
were rated as cooperative or sleeping with an average
onset of 4.8 minutes (range, 3-10 minutes) after injec-
tion. The remaining 11 patients were crying or fighting
intermittently. However, the surgical procedure was able
to be completed for 6 of these patients without need for
additional ketamine. The remaining 5 patients were giv-
en an additional 1 mg/kg IM within 10 minutes after the
initial injection. Two of the children became completely
cooperative, 2 were more tranquil, and 1 was unaffected.
Sinus tachycardia was seen in most children, but no dys-
rhythmias were noted on continuous electrocardiogram
monitoring. On average, there was an 18% increase in
pulse rate. Respiratory rate also increased an average of
13% without any evidence of airway obstruction or la-
ryngospasm; the O, saturation was greater than or equal
to 96% in all cases. Two children (5%) developed emesis
during recovery, but none did during the surgical proce-
dure. One had clear liquids 30 minutes prior to drug ad-
ministration, and the other experienced emesis after be-
ing discharged. Neither patient experienced any adverse
effects, airway compromise, or aspiration as result of the
emesis. Hypersalivation was observed in 4 patients
(10%), 1 of whom required suctioning. Muscular hyper-
tonicity and random movements were observed in 1 (3%)
and 5 patients (14%), respectively. Holding the patient’s
head or using light restraints easily controlled the random
movements. Finally, a transient hyperemic rash that did
not require any intervention was seen in 4 patients
(10%). The time from injection of drugs to discharge fol-
lowing recovery averaged 76 minutes (range, 50-120
minutes). Mild agitation was observed in 10 patients dur-
ing recovery, and 1 patient had moderate agitation.
However, no patient reported experiencing hallucinations
or delirium. Ataxia was seen in all patients.

Similar results were reported in a smaller emergency-
room based study.®” Patients that varied in age from 6
months to 6 years were given ketamine 4 mg/kg and
atropine 0.01 mg/kg IM. All patients were adequately
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sedated, according to the surgeon’s evaluations. The on-
set of adequate sedation following drug administration
was 3 to 4 minutes, average duration was 71 to 93 min-
utes, and time to recovery and discharge was 75 to 96
minutes. Heart rate increased an average of 24 beats/
min, systolic blood pressure increased 12 mmHg, and
diastolic blood pressure increased 7 mmHg. Respiratory
rate was unchanged, and no patients required airway
support or supplemental O,. One patient experienced
postoperative emesis, and 1 patient had bad dreams.

In another recent study,?® 68 patients, ranging in age
from 4 months to 17 years of age, were sedated for 350
procedures (74 lumbar punctures, 97 bone marrow as-
pirations or biopsies, 95 imaging studies, and 84 radio-
therapy sessions). All were acceptably sedated and al-
lowed the planned procedure to be performed. At least
90% were judged to be optimally sedated, as determined
by both the parents and medical staff. In this study, pa-
tients were initially administered midazolam 0.05 mg/kg
to 0.1 mg/kg IV with a maximum single dose of 2 mg
and a total dose of 4 mg. This was followed 2 to 5 min-
utes later with 1.0 to 2.0 mg/kg ketamine IV. An addi-
tional 0.5 to 1.0 mg ketamine IV was administered, as
needed, to a maximum total dose of 6 mg/kg. An anti-
sialagogue was not administered. No serious complica-
tions were encountered; no patient required intubation,
bag or mask ventilation, or pharmacologic reversal of dis-
sociative anesthesia. Cardiac parameters were relatively
stable. Systolic blood pressure increased on average 10
mmHg, and diastolic blood pressure increased 5 mmHg,
associated with an increase in heart rate of 10 to 15
beats/min. Respiratory rates decreased on average 3 to
4 breaths per minute. Pulse oximetry demonstrated a 2
to 6% decrease in O, saturation in 70% (245/350) of
the patients. This occurred within 1 to 2 minutes after
ketamine administration and returned to baseline within
another 1 to 2 minutes. Decreasing the frequency or
dose of ketamine administered attenuated this effect.
Four patients (1%) experienced a significant drop in O,
saturation below 85% that required interruption of the
procedure and stimulation of the patient to correct the
hypoxia. All patients developed increased oral secretions,
several requiring oral suctioning. A transient macular rash
was noted in 12% of the patients. However, none de-
veloped urticaria, wheezing, or any sign of laryngeal ob-
struction. Only 2 patients experienced agitation during
recovery, and 2 patients reported transient sleep distur-
bances. Emesis occurred in 8 (3%) of 276 patients who
did not have lumbar punctures. All emesis occurred dur-
ing the recovery period when the patients were awake.
After completion of the procedure, recovery time varied
between 15 and 120 minutes, with 70% of patients re-
covering in less than 30 minutes.

Ketamine has also been successfully used via the nasal
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route of administration, either used alone or in combi-
nation with midazolam. In one study, 30 children requir-
ing dental treatment were randomly assigned to 1 of 3
groups. Group 1 received 3mg/kg ketamine; group 2
received midazolam 0.4 mg/kg, and group 3 received
either 1.5 or 1.0 gg/kg sufentanil. All drugs were ad-
ministered intranasally.?! Sedation was evaluated utilizing
a 10-point scale, with 1 being hysterical or untreatable,
5 being ideal sedation, and 10 being obtunded and de-
saturated, requiring airway management. Midazolam pro-
duced acceptable sedation with a mean sedation score of
4. Desaturation below 90% SaO, by pulse oximetry was
not observed. Ketamine also provided adequate sedation
with a mean sedation score of 4, but 2 children experi-
enced brief periods of desaturation below 90%. Sufen-
tanil 1.5 mg/kg produced much more deeply sedated
children, with a mean sedation score of 7. There was a
high incidence of desaturation below 80%. In addition,
recovery time was significantly longer than the other 2
agents. The 1 mg/kg sufentanil doses produced results
similar to the other 2 agents. Similar acceptable results
were reported by Diaz, who administered 3mg/kg intra-
nasally, and by Louon, who administered 5 mg/kg ke-
tamine plus 0.56 mg/kg midazolam intranasally.2°->°

Several studies have reported successful use of keta-
mine alone and in combination with midazolam admin-
istered via the oral route.1227.28 The dose of ketamine
varied from 5 to 12.5 mg/kg. Most children were rated
as having good to excellent sedation. Amnesia was
more reliably produced when ketamine was adminis-
tered. Ketamine also produced superior anxiolysis and
analgesia than midazolam alone. However, significant
respiratory depression was reported at the higher doses
of ketamine, especially when midazolam was used in
combination with ketamine.

Finally, ketamine has also been successfully adminis-
tered via the rectal route of administration. Lokken re-
ported a crossover study in which children between the
ages of 1 and 7 were given either ketamine in combi-
nation with midazolam (1.0 mg/kg ketamine plus 0.3
mg/kg midazolam) or 0.3 mg/kg midazolam alone.??
Sedation was rated as good to excellent in 16/24 chil-
dren who received midazolam alone versus 18/24 with
ketamine added. However, the investigators reported
that ketamine provided improved amnesia, anxiolysis,
and significant analgesia. Similar results were reported
by Van Der Bijl, who administered 0.3 mg/kg midazo-
lam plus 5 mg/kg ketamine.1°°

It is apparent from the results of these recent studies
and from the experience with ketamine reported in the
literature over the past 35 years that ketamine is both
safe and effective as a pediatric dissociative anesthetic/
sedative agent. Especially when combined with a low
dose of a benzodiazepine (ie, midazolam) and an anti-
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Table 4. Protocols for the Administration of Ketamine for
Pediatric Sedation/Dissociative Anesthesia

Method Dose
Nasal administration® Midazolam 0.5 mg/kg
Atropine 0.02 mg/kg
Ketamine 5.0 mg/kg

Oral administration® Ketamine 5-10 mg/kg in
small-volume elixir
Midazolam 0.30 mg/kg
Ketamine 5 mg/kg
Atropine 0.02 mg/kg*
Intramuscular administration? Midazolam 0.05 mg/kg
Atropine 0.01 mg/kg
Ketamine 3.0 mg/kg
Midazolam 0.05-0.10 mg/kg®
Atropine 0.01 mg/kg
Ketamine 1.0-2.0 mg/kg/

a Dilute to 2 mL with saline, and administer 1 mL in each
nares; allow 15 min for onset of sedation.

b Allow 30 min for onset of sedation.

< Optional.

4 An additional 1.0 mg/kg of Ketamine may be injected if
dissociative anesthesia is inadequate within 10 min of initial
dose; allow 5-10 min for onset of dissociative anesthesia.

¢ To onset sedation (maximum single dose of 2 mg; maxi-
mum total dose of 4 mg).

/ An additional 0.5-1.0 mg/kg may be added if dissociative
anesthesia is inadequate (maximum single dose of 2 mg). In-
stead of incremental doses of 0.5-1.0 mg/kg, a continuous
infusion of 1-2 mg/kg/h may also be used for maintenance.

Rectal administration®

Intravenous administration

sialagogue (ie, glycopyrrolate or atropine), ketamine
provides excellent anxiolysis, dissociative anesthesia,
and analgesia while reducing the incidence and severity
of dysphoric reactions and hypersecretion. Ketamine,
even when combined with midazolam and an antisial-
agogue, can be administered via both enteral and par-
enteral routes, obviating the need for IV access. This
makes it a versatile, safe, and efficacious agent that can-
not be matched by any other in treating the fearful, un-
cooperative pediatric patient. Dissociative anesthesia is
achieved rapidly, using either the IM or IV route of ad-
ministration, and recovery time to discharge after drug
administration varies from 30 to 120 minutes. After in-
duction, maintenance of anesthesia can be achieved by
continuous infusion of 1 to 2 mg/kg/h instead of incre-
mental doses of 0.5 to 1.0 mg/kg.'°! Nasal, oral, and
rectal administration has also been shown to provide
effective sedation. The incidence and severity of adverse
events is remarkably low. However, significant hypoxic
events have been reported, although all responded rap-
idly to appropriate intervention and none required tra-
cheal intubation. Other frequent adverse events include
postoperative emesis, agitation during recovery, and oc-
casional bad dreams. Therefore, continuous monitoring
and vigilance by personnel trained in the administration
of deep sedation and general anesthesia is essential to
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permit early detection of complications and the institu-
tion of effective remedial steps (Table 4).
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